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Abstract 

Rationale: Poor cardiovascular health is associated with reduced bone strength and 

increased risk of fragility fracture. However, direct measurement of intraosseous 

vascular health is difficult due to the density and mineral content of bone. The aim of 

this PhD project was to investigate the feasibility of near infrared spectroscopy (NIRS) 

for the investigation of vascular haemodynamics in human bone in vivo. NIRS provides 

inexpensive, non-invasive, safe, and real time data on changes in oxygenated and 

deoxygenated haemoglobin concentration at superficial anatomical sites. NIRS utilises 

a source optode of near infrared (NIR) light and detector optode that obtains 

representative data of the interactions of NIR photons with tissue. 

Method: A systematic review was performed identifying the current existing 

applications of NIRS (and similar technologies) for measuring human bone tissue in 

vivo. This review informed the development of an arterial occlusion protocol for 

obtaining haemodynamic measurements of the proximal tibia and lateral calf, including 

assessment of the protocol’s reliability. For thirty-six participants, NIRS results were 

also compared to alternative tests of bone haemodynamics involving dynamic contrast 

enhanced MRI (DCE-MRI), and measures of general bone health based on dual x-ray 

absorptiometry testing and blood markers of bone metabolism. 

Results: This thesis presents novel data demonstrating NIRS can obtain acceptably 

reliable markers of haemodynamics at the proximal tibia in vivo, comparable with 

reliability assessments of alternative modalities measuring intraosseous 

haemodynamics, and the use of NIRS for measuring muscle. Novel associations have 

been demonstrated between haemodynamic markers measured with NIRS and DCE-

MRI, giving confidence NIRS truly represents bone haemodynamics. Increased NIRS 

markers of oxygen extraction during occlusion, and greater post-ischaemic vascular 

response to occlusion, were both associated with greater bone mineral density.  

Conclusion: As a feasibility study, this PhD project has demonstrated the potential for 

NIRS to contribute to research around the potential pathophysiological role of vascular 

dysfunction within bone tissue, but also the limitations and need for further 

development of NIRS technology. 
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Key Definitions 

Absorption coefficient: A constant value for a tissue type representing the sum of 

absorption contributed by all chromophores within the tissue at a specific wavelength. 

As such this incorporates both the concentration and absorptive properties of each 

chromophore (1).  

Chromophore: Any compound of interest that attenuates (i.e. absorbs and scatters) 

different near infrared wavelengths of light in a predictable manner (2). 

Differential pathlength factor: A factor applied to modified Beer Lambert Law 

calculations to allow for the extra distance travelled by near infrared photons through 

tissue due to elastic scattering events (2). 

Normalised Total Haemoglobin Index (nTHI): The relative change in total haemoglobin 

concentration within the measured volume from the initial haemoglobin concentration 

at the commencement of measurements (2). 

Reduced scattering coefficient: A constant value for a tissue type representing the sum 

of scattering losses contributed by all chromophores within the tissue at a specific 

wavelength. As such this incorporates both the concentration and the scattering 

properties of each chromophore, as well as adjusting for the anisotropy of scattering 

(1).  

Reliability: The ability of a test to produce similar results when measuring the same 

thing (3). 

Reproducibility: The variability of repeated measurements taken during different testing 

sessions (3). 

Repeatability: The variability of repeated measurements taken during the same testing 

session (3). 

Specific extinction coefficient: A constant value representing how efficient a 

chromophore is at attenuating NIR light of a specific wavelength (2). 

Tissue Oxygenation Index (TOI): The ratio of oxygenated haemoglobin to total 

haemoglobin, presented as a percentage. This is analogous to oxygen saturation (sO2) 

measurements (2). 

Validity: The ability of a test to produce results representative of the true value of the 

measurement in question (4). 
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Chapter 1: Introduction  

1.1: Introduction to the PhD project 

Haemodynamic measurements of the vascular blood supply within any organ or tissue 

can provide invaluable diagnostic information on disease processes with a vascular 

component. Laroche 2002 contends that blood supply to bone is just as pivotal to 

homeostasis in bone as blood perfusion is to the brain or myocardium (5). The latter are 

often imaged routinely in clinical practice, however measuring the contribution and 

extent of blood supply within bone is difficult with existing methods (6). 

Typical haemodynamic measurements can include oxygen saturation in tissue (an 

indicator of general tissue health), blood perfusion rates to tissue (an indicator of 

metabolism and/or vascular function) and blood volume measurements (an indicator 

of blood demand to tissue and tissue vascularity). It is important to establish a context 

for these measures. For example, blood may be perfusing well but could be low in 

oxygenation, or blood may be well oxygenated but tissue is receiving an inadequate 

blood volume (7). 

Bone is a dynamic and vascular tissue type that is constantly self-regulating, with 

around 5% of the body’s blood volume supplying the skeleton (8). However because of 

its density and high mineral content, its vascular supply is notoriously difficult to image 

using existing modalities (6). Imaging protocols for measuring bone haemodynamics 

involve nuclear medicine scans, positron emission tomography (PET) or magnetic 

resonance imaging (MRI) (discussed further in Chapter 2). These tests are expensive, 

have limited clinical access, have logistical considerations (radiation burden for nuclear 

medicine and PET; magnetic safety for MRI), involve invasive injections, and therefore 

don’t allow easily repeated measurements over time (6, 9). In addition, oxygen 

saturations in bone tissue cannot be measured with these techniques and therefore 

neither can markers of oxygen consumption metabolism (10). These modalities 

measure markers of gross perfusion and blood volume to tissue based on quantitative 

descriptors of radiopharmaceutical or gadolinium contrast uptake (11). The gold 

standard to measure bone oxygenation at a specific anatomical site is bone biopsy, 

which is invasive and painful for the participant (12). 

Near infrared spectroscopy (NIRS) is a potential technological solution. NIRS is non-

invasive, non-destructive and non-ionising. As a diagnostic tool it is relatively 

inexpensive and convenient for repeat measurements or for continual monitoring of 
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tissue in real time (13). It can measure oxygen saturation as well as markers of gross 

blood perfusion and vascular health in tissue (14). NIRS utilises similar technology to a 

pulse oximeter, involving transmitting and receiving designated optical wavelengths 

using non-invasive probes at a specific anatomical sight (2). NIRS takes advantage of 

the difference in attenuation characteristics of oxygenated and deoxygenated 

haemoglobin to record markers of bone haemodynamics in real time (15). Therefore 

NIRS can also measure changes in haemoglobin concentration over time in response 

to different stimuli (such as a medical drug, simulated ischaemic occlusion, or exercise) 

or positional changes from the participant (14).  Although near infrared (NIR) light (700-

1000nm) is not very penetrating in human tissue, NIRS has been shown to be able to 

record data through bone to depths of up to three centimetres (16). 

1.2: Aims and objectives 

The primary aim of this PhD project was to explore the potential feasibility of NIRS as 

a research tool in the measurement of in vivo vascular haemodynamics in human bone 

tissue, including markers indicative of bone tissue oxygenation and vascular function. 

Objectives of the PhD project were: 

- To gauge the existing knowledge base on the use of NIRS (and similar NIR based 

technologies) for measuring markers of vascular blood supply within bone in vivo. 

- To determine if NIRS measurements of vascular blood supply can be: 

- representative of bone tissue;  

- reliable across different operators;  

- reliable across different participants; and, 

- tolerable for participants. 

- To investigate the performance of NIRS against a test that also measures markers of 

vascular haemodynamics within bone: dynamic contrast enhanced magnetic 

resonance imaging (DCE-MRI; discussed in Section 2.3.1). 

- To observe any potential relationships between NIRS bone haemodynamic results 

and other bone health markers, such as bone mineral density (BMD), trabecular bone 

scoring (TBS) and blood markers of bone metabolism (discussed in Section 2.4). 
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- To observe any difference in bone haemodynamics between sexes and between 

matched participants with and without type 2 diabetes mellitus (T2DM), which may 

indicate whether NIRS could be useful for investigating bone pathogenesis. 

1.3: Chapter summary 

With the above primary aim and objectives in mind, this chapter will first present a 

background on the anatomy and physiology of bone, with particular focus on 

intraosseous vascular supply (Section 1.4). This will then lead to background 

information on the role of vascular haemodynamics in normal and altered states of 

bone homeostasis (Section 1.5). Section 1.6 will discuss the tibia as an illustrative 

example, and as the primary bone of investigation in this thesis. Section 1.7 will present 

a detailed rationale for the methodological approaches adopted in this PhD project. 

Section 1.8 outlines the structure of the thesis. 

1.4: The anatomy and physiology of bone tissue 

Bone tissue is a heterogeneous form of connective tissue made of specialised cells 

surrounded by an extracellular organic collagenous matrix with associated inorganic 

mineralization (primarily hydroxyapatite) (17). Bone plays a protective and supportive 

role, as well as facilitating movement as an anchoring point for muscle and ligamentous 

attachments.  It also facilitates much of the body’s haematopoiesis (18). It is constantly 

being remodelled with an estimated 10% of bony adult skeleton turned over each year, 

with blood borne hormones and proteins often providing the triggers for these 

homeostatic processes (19). 

1.4.1: Macrostructure features of bone 

Figure 1.1 demonstrates the general macro structure of a typical long bone. Cortical 

bone (or compact bone) forms the outer dense shell of human bones and is pivotal in 

providing strength with its dense and highly mineralised structure (17). The periosteum 

is a fibrocollagenous layer on the external surface of cortical bone (17). Collagen from 

the periosteum is extrinsically cross linked by thick collagenous fibres (called 

Sharpey’s fibres) with cortical bone securing the periosteum against cortical bone (19). 

Likewise, the endosteum is a membrane which covers all internal surfaces of bone, 

including inside Haversian canals and trabeculae (17). 

Trabecular bone (also known as cancellous or spongy bone) is characterised by a 

honeycomb structure of lattice-like bony plates and bar structures (trabeculae) with 
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cavitating spaces occupied by bone marrow (17).  Trabeculae can have wide variations 

in orientation, thickness and spacing within different bones in the same individual, but 

are typically 50-200µm in diameter with bone marrow filling spaces with distances in 

the region of 200-1000µm between adjacent trabeculae (20). Trabeculae are lined with 

endosteal tissue and consist of lamellae of bone formed as described below in Section 

1.4.2. Trabecular bone is found internally within bone at the articulating ends of long 

bones, within vertebrae, and within flat bones such as the patella and skull plates. It 

provides extra strength to the external cortical bone and often supports red marrow (17, 

19). 

 

Figure 1.1: Typical long bone macro structure. Reprinted with permissions from Betts 

et al 2013 (21). 

The medullary cavity is that space within bone containing bone marrow. Typically, in 

long bones the diaphysis is the central shaft section of the medullary cavity devoid of 

trabecular bone. The diaphysis is surrounded by the cortical bone of the shaft and 

extensive areas of trabecular bone within the articulating ends of the long bone. These 
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end sections of long bones containing trabeculae are termed the epiphyses, with the 

metaphysis defined as the region of bone where the diaphysis and epiphysis have 

fused during development (21).  As the endosteum surrounds all cortical and trabecular 

bone it effectively forms a barrier between marrow (and therefore the medullary cavity) 

and cortical bone (17, 19). 

Bone marrow is a heterogeneous tissue type found within bone.  It can be broadly 

characterised into two types: red (haematopoietic) or yellow (fatty) marrow.  Red 

marrow is typically 40-60% lipids and has the higher concentration of erythrocytes. It 

is also haematopoietic, producing red and white blood cells, as well as platelets (18).  In 

humans, all marrow is haematopoietic at infancy, but in adults red marrow is typically 

found within the axial skeleton including vertebrae, skull and pelvic bones, as well as 

potentially in the epiphyseal ends of long bones where trabecular bone is also found 

(22). With age, red marrow is replaced by yellow marrow, especially in peripheral long 

bones, and as such blood cell production decreases. Yellow marrow is constituted of 

approximately 80% lipids.  Although it is vascular tissue it is not haematopoietic, but 

still plays a role in the genesis of osteoblasts and osteoclasts. It is typically found in 

the diaphysis of adult long bones (22). McCarthy 2006 (23) reports a wide variation in 

estimated mean blood flow rates between cancellous bone containing red marrow 

(20mL/min/100g), cortical bone (5mL/min/100g) and yellow marrow (1mL/min/100g) in 

animal studies. 

1.4.2: Microstructure of bone 

The base unit of cortical bone is the osteon, approximately 200µm in diameter, as 

demonstrated in Figure 1.2. At the centre of each osteon lies a Haversian canal which 

allows the neurovascular supply to the osteon. Around this lies concentric layers of 

bone, termed lamellae. Lamellae are predominantly constituted of an extracellular 

matrix based on an array of parallel but branching Type 1 collagen fibres which knit 

and network together with bone maturity.  This collagen matrix facilitates the strength 

in bone absorbing tensile, compressive and shearing forces (17, 19). 

The bone matrix within each osteon is also highly mineralised with 50-70% of mass 

attributable to inorganic mineral salts such as hydroxyapatite, making it hard, dense 

and relatively inelastic, and thus resistant to fracturing (17). Other ions containing denser 

minerals such as citrate, magnesium, sodium, potassium, and fluoride may be found 
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in trace quantities. These inorganic materials are typically in crystal-like form and slot 

into gaps left in the collagen networking of the bone matrix (19).   

Osteons generally run parallel with each other and with the long axis of a bone, but 

they may spiral, branch or deviate. Haversian canals are anastomosed together via 

vessels in Volkmann’s canals.  These canals inter connect Haversian canals and run 

obliquely or perpendicularly to osteons.  They also connect the osteon network with 

the microvascular blood supply provided via the periosteum and bone marrow (19). 

 

Figure 1.2: Typical microstructure of osteon systems within cortical bone. Reprinted 

with permissions from Betts et al 2013 (21). 

Within each osteon are osteocytes, organic cells locked within the bone matrix.  These 

cells are derived from osteoblasts (discussed below) and although comparatively 

spaced by the bone matrix (typically 20-30µm), they form a cellular network through 

dendritic processes with each other within osteons, and with the osteoblasts situated 

on bone surfaces.  These dendrites allow electrical and metabolic connections as well 

as a route for the diffusion of nutrients and waste products between osteocytes and 

adjacent blood supply (19). 

Functionally osteocytes do not contribute to new bone formation or resorption, nor do 

these cells divide or replicate. As they are placed within a rigid bone matrix, bone 
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cannot be remodelled from within the bone matrix, only from the peripheries of each 

osteon.  Osteocytes survive for a long period within the matrix (in the range of several 

years) but cannot be replaced once they die until bone resorption and replacement 

occurs as the osteon reaches the surface of the bone/trabecula.  Dead osteocytes are 

more commonly found in bone after the third decade of life and effectively reduce the 

efficiency of the osteocyte network, affecting diffusion through bone tissue (17, 19). 

On the surface of bone can be found two primary cell types, osteoblasts and 

osteoclasts, responsible for the remodelling of bone through continual synthesis and 

resorption, respectively. Osteoblasts differentiate from osteoprogenitor stem cells 

present in bone marrow. They are responsible for synthesising collagen and organic 

macro molecules such as osteonectin, osteocalcin and various growth factors and 

proteases.  As such osteoblasts are pivotal for the building and remodelling of bone as 

they lay down the organic matrix (termed osteoid) for the establishment of new 

compact bone. Osteoblasts also help promote mineralisation of osteoid by locally 

concentrating minerals such as calcium and phosphate ions using mechanisms such 

as osteocalcin production, and release of cellular vesicles containing bone-specific 

alkaline phosphatase, which can aid in the formation of hydroxyapatite (19). 

Osteoblasts can be typically found on surfaces of forming or remodelling bone 

(including at the periosteum, endosteum or within vascular canals) or at the outer 

layers of osteons undergoing remodelling (see Figure 1.3).  Once surrounded and 

locked in by the bone matrix they have constructed, they form into osteocytes (17, 19). 

Along with exogenous factors such as mechanical loading, osteoblasts also regulate 

bone formation and turnover hormonally in a wide variety of mechanisms.  Examples 

include producing receptors for parathyroid hormone and other promoters of bone 

resorption such as calcitriol (derived from Vitamin D3).  

Osteoblasts also regulate osteoclast differentiation and therefore influence bone 

resorption rates. For example, osteoblasts produce osteoprotegerin which restricts the 

development of osteoclasts. However, in the presence of parathyroid hormone, 

osteoblasts produce less osteoprotegerin and increase production of RANKL, a protein 

which binds with cell surface RANK on immature osteoclasts and encourages 

differentiation of more mature osteoclasts. 
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Figure 1.3: Micrograph of a typical “cutting cone” of cortical bone remodelling with 

osteoclasts resorbing bone and osteoblasts laying new bone matrix. Osteocytes are 

also seen contained within the bone matrix. Image sourced with permissions (24). 

Osteoclasts are responsible for bone resorption and are also found on the surfaces of 

bone where bone remodelling occurs (See Figure 1.3).  Osteoclasts play an important 

role in allowing bone remodelling by osteoblasts after resorption has occurred, initiated 

by the release of demineralising enzymes (25). Osteoclast activity is controlled by 

various metabolic mechanisms including osteoblastic mediated signals and blood 

borne factors such as parathyroid hormone, calcitriol and calcitonin.  Osteoclasts are 

formed from the fusion of monocytes in bone marrow, following a similar but distinct 

differentiation pathway to macrophages (17).  

1.5: Vascular supply to bone 

Blood flow within bone is critical just as in any other organ.  In particular, blood supply 

to bone allows for transportation of key minerals and exportation of newly derived blood 

cells from haematopoietic marrow. Blood-borne hormones and signalling proteins also 

regulate bone turnover and play an important role in homeostasis (8).  

Blood flow through cortical bone is primarily centrifugal (see Figure 1.4) (23).  Typically 

in long bone there is a primary vascular supply through a nutrient artery entering the 

diaphysis via a nutrient foramen in the cortical bone.  Once in the medullary cavity the 

nutrient vessel bifurcates into ascending and descending branches towards the 

epiphyseal regions of the long bone with branching tributaries supplying the endosteal 
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surface (19). Tributaries can then divide into cortical bone via Volkmann’s canals and 

supply Haversian systems.  Some larger canals will contain arterioles and venules, but 

most just have one capillary tributary (5). 

The microvessels of cortical bone are typically continuous capillaries with transcapillary 

exchange diffusion limited rather than flow limited. Within cortical bone there is typically 

relatively wide differences between capillaries and osteocytes of up to 100µm. 

Microvessels are fenestrated sinusoids within the marrow of the medullary cavity, 

allowing newly derived blood cells and serum proteins to enter the microcirculation (23). 

Microvascular density within bone is rarely reported quantitatively in either human or 

animal studies and is likely to be heterogenous both between bones of the body and 

within bones (such as between cortical bone, red marrow and yellow marrow). Oikawa 

et al 2010 also reports localised variability of microvessel density within haemopoetic 

marrow (26).  

Towards the epiphysis, anastomosis of the terminal nutrient branches form with 

centripetal metaphyseal and epiphyseal vessels. These are generally supplied via local 

systemic and articular arterial branches with various nutrient foramen often visible in 

the non-articulating areas of the epiphysis, forming a richer blood supply then is found 

in the diaphysis (23).  Arteriole networks also form within the periosteum serving the 

outer lamellae and osteons of cortical bone centripetally. As such articulating surfaces 

and those areas of bone without a periosteal layer have comparatively poorer 

microvascular supply (5). Irregular bones without a diaphysis such as the vertebrae may 

still have nutrient arteries supplying cancellous bone.  Alternatively smaller bones may 

be supplied completely via periosteal centripetal supply (5). 

Draining venules also follow Haversian and Volkmann canals and drain centripetally 

into venous sinusoids within the medullary cavity which supply a central venous sinus, 

which in turn drains into a central vein usually accompanying the nutrient artery through 

the nutrient foramen. Venous sinusoids play an important role in regulating 

intramedullary pressure within the rigid framework of cortical bone in combination with 

the presence of vasomotion and mechanical stressors on bone (18). Alternatively, 

venules may drain centrifugally to the periosteal surface draining through venous 

plexuses in the periosteum (5).   



32 
 

 

Figure 1.4: Typical blood supply to long bones. Reprinted with permissions from Betts 

et al 2013 (21). 

1.5.1: Microvascular regulation of oxygen supply 

Supplied by the vascular network described above, it is the role of the microvasculature 

to provide a constant supply of oxygenated red blood cells to supply oxygen to tissue 

through diffusion from capillaries to surrounding interstitial tissue. Cells will use this 

oxygen supply in the production of adenosine triphosphate (ATP) within mitochondria, 

providing energy for constant cell function. As a result it is vital that the 

microvasculature can regulate itself flexibly both systemically and locally in order to 

maintain its oxygen-providing homeostasis under a variety of conditions (27). This is 

predominantly controlled through vasomotion (i.e. the dilation and contraction of 

microvessels) which in turn mediates the flow and volume of blood cells (and therefore 

oxygen) reaching tissue (28). 

Laroche 2002 contends that intraosseous vessels are particularly distensible, 

particularly the venous circulation, having similar structure to the microvasculature of 

other parts of the body despite being within a rigid organ, allowing the critical 

homeostasis of intraosseous pressure (5).  Similarly the central sinus of the diaphysis 
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can distend fivefold in terms of volume before being drained by veins that essentially 

run parallel with the arterial network, including metaphyseal, epiphyseal and central 

medullary veins (5).   

Systemically, vascular regulation is typically triggered by neural or humoral 

mechanisms (27). Vasodilation and vasoconstriction in intraosseous vessels is in part 

mediated by sympathetic and parasympathetic nerve systems which run alongside 

vessels within Haversian canals (5).  For example, stimulation of sympathetic efferent 

fibres can trigger the release of norepinephrine leading to vasoconstriction, which 

decreases blood supply and drops intramedullary pressure (27). 

Humoral mechanisms include vasoconstrictive responses to blood-borne hormones 

such as epinephrine and angiotensin (27). Conversely hormonal factors such as the 

presence of parathyroid hormone (PTH) in blood can trigger vasodilation (5). Both 

humoral and neural mechanisms will cause systemic effects in association with 

potential cardiac and respiratory changes (28). 

Local changes in vascular supply to tissue can be categorised broadly into myogenic 

and metabolic responses. Myogenic responses involve reactions from the smooth 

muscle cells in arteriole walls responding to increases in intramural pressure with 

vasoconstriction. Conversely shear stress on the endothelium from blood flow may 

induce nitric oxide (NO) release from the endothelial lining causing smooth muscle 

relaxation and vasodilation (29). NO also inhibits cytochrome c-oxidase, reducing the 

rate of oxygen consumption by mitochondria (27).  

There are a number of metabolic pathways that trigger vasodilation when increased 

oxygen supply is required. For example, a lack of oxidative phosphorylation processes 

in tissue can lead to cellular production of adenosine, causing local vasodilation. 

During hypoxia, glycolysis occurs in the absence of adequate ATP production, with 

increased lactate as a by-product, also triggering local vasodilation. Increased carbon 

dioxide production as a by-product of oxygen consumption also vasodilates (27).  

The nature of bone microstructure appears reliant on relatively high interstitial 

pressures. Movement of interstitial fluid is important for diffusion in bone given the 

relatively wide spacing of osteocytes within bone. Movement is driven by both 

mechanical stresses and this relatively high interstitial pressure (18). In particular, 

mechanical loading causes increased interstitial pressures during compression and 

then decompression, promoting interstitial flow. This also causes shear stress on 
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osteocytes which have been shown to trigger osteogenesis in response via the release 

of NO and ATP, which suppresses osteoclast activity and aides osteoblast 

differentiation (8). 

Whilst intraosseous microvessels are in a relatively unique environment within the 

body, evidence suggests that many typical vascular regulatory processes still apply. 

However, there are also unique physiological features of the intraosseous 

microcirculation being identified. It is theorised that angiogenesis and endothelial cells 

may be precursors to osteoblast cell differentiation (18). Conversely, there is also 

evidence that osteoblasts can also trigger angiogenesis, strengthening the evidence 

that vascular function and bone self-regulation are inherently inter linked (8). 

1.5.2: Altered states of bone metabolism  

The strong link between vascular blood supply to bone and healthy bone metabolism 

is well established. Laroche 2002 contends that intraosseous vessels are comparable 

with the vasculature of any other organ, an exception being the increased distensibility 

of venules and venous sinusoids that allow regulation of intramedullary pressure. 

However, there may be unique mechanisms of vascular control in bone that are not 

fully understood (mainly due to the difficulty in measuring in vivo bone 

haemodynamics) and may contribute to bone pathologies (18). It stands to reason that 

the vasculature of bone is also just as susceptible to vascular diseases such as 

atherosclerosis and thrombosis, which can lead to secondary effects on bone such as 

avascular bone necrosis if acute, or osteoporosis in more chronic pathogenesis (5). 

What is known is that vascular supply to bone plays a key part in the regulation of bone 

formation and resorption. For example, it is known that those mechanisms which 

control angiogenesis within bone (triggers such as cytokines and growth factors) also 

trigger bone regulation metabolism (18). Likewise arterioles lie at the centre of bone 

resorption bays suggesting they play the primary role in mediating resorption first, 

before reformative osteoblastic activity (5). With respect to normal homeostasis, 

intraosseous blood flow may regulate by adjustments to flow in existing vessels or by 

angiogenesis of new vessels (5). Kristensen et al 2013 observed an increased capillary 

density on the surface of cortical bone where active remodelling is taking place, 

demonstrating the importance of direct proximity of vascular supply with active cells, 

and the potential stimulus for osteoblast differentiation (30).  
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Relationships between altered vasomotion and blood flow with metabolic bone disease 

have been established, but the underlying mechanisms are not fully understood. Some 

examples relevant to this project are explored more in the following sub sections. 

1.5.2.1: Osteoporosis 

Osteoporosis is a chronic progressive bone disease characterized by a loss of bone 

mineral density (BMD) and structural integrity resulting in fragility fractures, defined as 

fracture occurring from a standing height fall or less. It is currently clinically diagnosed 

using dual energy X-ray absorptiometry (DXA) as a loss of BMD of more than 2.5 times 

less than the mean peak bone density for sex (i.e. a T-score of -2.5) (31). The resulting 

increased risk of fragility fractures has wide ranging and increasing socioeconomic, 

morbidity, and mortality effects. The most common fracture sites are vertebral, at the 

hip, and distal radius. Indeed, there are approximately 300,000 fragility fractures in the 

UK each year, and with the growing elderly population, fragility fractures are predicted 

to cost the UK healthcare economy up to £2.2 billion by 2025 (32). 

There is an epidemiological link between arteriosclerotic disease, reduced BMD and 

fracture incidence. The two occurrences have shared environmental risk factors such 

as poor diet, sedentary lifestyle and smoking (5). However, there is also more direct 

evidence suggesting a causal link. Laroche et al. 1994 found significantly reduced 

unilateral BMD where peripheral arterial disease was identified in only one leg (33). 

Several studies have demonstrated increased fatty involution and loss of arterioles in 

osteoporotic bone (5) including reduced capillary density at remodelling sites in 

osteoporotic bone (30). Similarly Karampinos et al 2017 reported a corresponding higher 

fat fraction in many regions of long bones in those with osteoporosis, identified using 

MRI spectroscopy (22). A higher fat fraction, and increased yellow marrow is conducive 

to reduced marrow perfusion and a lower capillary density. A number of MRI based 

studies have concluded an association between reduced bone perfusion, increased 

marrow fat percentage, and reduced BMD (34-37). Mesenchymal stem cell production is 

also reduced in yellow marrow, reducing the potential development of formative 

osteoblasts (22). McCarthy 2006 postulates that osteoclasts are sensitive to hypoxia, 

and therefore increased bone resorption may also be linked with poor vascular supply 

to bone (23).  
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1.5.2.2: Ageing 

Natural ageing has been associated with a number of different intraosseous vascular 

changes, including decreased endothelial response, reduced capillary density, as well 

as increased risk of atherosclerosis and vascular calcification (18). MRI has highlighted 

decreased haemodynamic markers and increased marrow fat percentage with age (34, 

36). There is also evidence from human bone biopsies that atherosclerotic processes 

may occur in intraosseous vessels first, and that these vessels are more prone to 

calcification, producing potential microvascular “dead space” that leads to areas of 

reduced bone health due to decreased regional vasomotion and microvascular 

permeability (38). Reduced perfusion within the diaphysis of long bones has been 

reported to be associated with increased age, and this is believed to be suggestive that 

intraosseous vessels may be first affected, with older long bones having been shown 

to be more reliant on periosteal blood supply (38, 39) . 

Whilst the physiological pathway is not definitively established, it is generally accepted 

that angiogenesis is a key trigger for osteogenesis and normal bone turnover, so it 

follows that with reduced age-related vascular function, reduced bone health may 

follow (18). Findings from Bousson et al. 2012 support this with trabecular bone scores 

(a marker of architectural bone quality discussed in more detail in Section 2.4.2) 

observed to drop at an accelerated rate from the age of 65 (40). 

1.5.2.3: Sex 

Accelerated bone resorption in post-menopausal females is a commonly accepted 

phenomena that is widely agreed to be related to reduced oestrogen levels post 

menopause. Oestrogen reductions associated with menopause have been linked to 

both reduced BMD and the risk of cardiovascular disease (41).  Prisby et al 2017 argues 

a lack of oestrogen can degrade bone health by a failure of two key roles of oestrogen: 

1) reducing osteoclast resorption activity, and 2) protection of vasomotor function in 

microvascular endothelial cells (8). With regards to the latter, whilst endothelial 

dysfunction is linked with ageing, it may also be further accelerated in post-

menopausal females, with studies demonstrating reduced vascular function with 

oestrogen depletion (42), and eventual decreases in capillary density (8). Murine studies 

involving oophorectomy have demonstrated more directly that reduction of oestrogen 

levels may precipitate vascular dysfunction and reduced capillary density before 

changes to bone quality, suggesting a causal pathway (43, 44). 
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1.5.2.4: Type 2 Diabetes Mellitus (T2DM) 

T2DM, although considered a disease of glucose regulation, is associated with wide-

ranging derangement of metabolic and vascular homeostasis. Worldwide in 2014, 

approximately 422 million people had diabetes, of which approximately 90% had type 

two (45). The prevalence of T2DM increases dramatically in ageing populations with 

around two-thirds of cases in those aged over 60 (32). 

It is generally accepted that T2DM diagnosis confers an increased fragility fracture risk 

which has been shown to be dependent on the duration and severity of T2DM and 

different medications involved (46). This is often an underestimated secondary effect of 

T2DM despite the increased morbidity and associated costs of fragility fracture, and 

the delayed healing and increased complication risk of those with T2DM (32). 

Some of the increased fracture risk in those with T2DM may be accounted for by the 

increased risk of falling due to, for example, hypoglycaemia, peripheral neuropathy, 

nocturia, retinopathy or impaired vascular homeostasis leading to postural hypotension 

(32). However, even allowing for increased falls risk, there does still appear to be a 

physiological link between reduced bone health and T2DM. This association is likely 

to be linked with bone metabolism and architectural bone quality, as T2DM appears 

not to affect BMD, and may even be protective of BMD (although this is likely to be 

confounded by increased BMI in people with T2DM) (32, 46).  

People with T2DM have been shown to have poorer quality collagen fibres, increased 

bone porosity (47) and slower mineral apposition rates (46). Leslie 2012 argues this 

decline is preferential in cortical bone, explaining increased fracture risk and poorer 

bone healing in the long bone extremities such as the radius and tibia (48). Burghardt 

et al 2010 found that those with T2DM had increased cortical porosity, but increased 

trabecular thickness suggesting pathophysiological changes in distribution on bone 

mass, which may lead to impaired bone strength (49). 

Potential physiological links between T2DM and bone health include reduced bone 

turnover and flawed bone matrix remodelling caused by reduced microvascular 

function associated with T2DM, which may prohibit the angiogenetic driven processes 

of osteogenesis. Chronic hyperglycaemia can lead to an increase in advanced 

glycation end-products, which is linked with decreased bone-forming osteocalcin 

production, osteoblast apoptosis, and increased osteoclastic activity. Hyperglycaemia 

may also increase oxidative stress and inflammatory processes within bone, and 
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glycosuria is associated with hypercalcuria, which can lower calcium levels, affecting 

bone quality (32). 

Treatment of T2DM with thiazolidiones has been shown to increase the risk of 

osteoporosis by suppressing the differentiation of mesenchymal stem cells into 

osteoblasts. Treatment with insulin is associated with increased fracture risk and may 

have the unwanted secondary effect of stimulating osteoclasts (46). However, metformin 

is generally considered to increase bone mass (50).  

Many people with T2DM are prescribed statins to protect against the associated 

increased risk of cardiovascular disease and stroke. Statins are generally considered 

to provide a small but significant benefit to bone health (51), although this may be dose 

dependent and those at high risk of osteoporosis should be monitored in cases where 

higher doses of statin are prescribed (52). 

T2DM is characterised by systemic microvascular disease, raising the question 

whether poor microvascular blood supply to bone reduces bone metabolism and bone 

strength, and if this predisposes people with T2DM to fracture, independent of BMD. 

Given the increasing incidence of T2DM in an ageing population, and the associated 

mortality and morbidity of fragility fracture, NIRS could play an important role in 

understanding this under researched mechanism of disease, informing better 

preventative treatment options and improving early prediction of those “at-risk” of 

fragility fracture in this sub-population. Lasschuit et al 2019 argues there is a demand 

for simple testing methods for those at risk of poor bone health independent of BMD 

(53). This is especially important, as those with T2DM may not respond as well to current 

preventative osteoporosis treatments as those without T2DM (32).  

1.6: The tibia 

The tibia is of particular interest for this PhD project, being the predominant site of 

NIRS measurements. The tibia (see Figure 1.5) is the second longest bone in the body, 

second only to the femur. Its dimensions expand at either end, facilitating articulations 

with the ankle and knee joints, with the narrowest part of the tibial shaft around the 

junction of the middle and distal third (19).   

The proximal tibia is expanded with two condyles forming superior articulations with 

the medial and lateral condyles of the femur. The proximal tibia also articulates 

postero-laterally with the fibula at the proximal tibiofibular joint.  Between the tibial 

condyles superiorly is an irregular intercondylar area. Anteriorly between the condyles 
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is the easily palpable tibial tuberosity, which is a roughening of the bone where the 

patellar tendon attaches.  This is roughly triangular in shape with the apex pointing 

distally.  The apex of the tibial tuberosity is then continuous distally with the sharp 

anterior border of the tibial shaft (19). 

 
Figure 1.5: Anatomical landmarks of the tibia. Reproduced with permissions from 

Netter 2014 (54). 

The shaft or diaphysis of the tibia is broadly triangular with anteromedial, anterolateral 

and posterior facing surfaces. These are demarcated by anterior, medial, and lateral 

(interosseous) borders. The lateral border is the attachment point for the interosseous 

membrane connecting the tibia and fibula for most of its length. The anterior border is 

easily palpable and continuous with the anterior margin of the medial malleolus.  Both 

the anterior border and anteromedial surface are subcutaneous with the anteromedial 
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surface forming a broad and smooth plane. The medial border is also palpable on most 

individuals.  It begins at the medial surface of the medial condyle and continues to form 

the posterior margin of the medial malleolus.  The posterior surface has a distal-medial 

line running at the point of attachment of the soleus (marked as the soleal line on Figure 

1.5), with the nutrient foramen of the tibia usually on the posterior surface at the distal 

end of this line, around where the proximal third of the tibia meets the middle third (19).  

The distal third of the tibia again begins to expand forming anterior, medial, posterior, 

lateral, and distal surfaces.  The lateral surface facilitates distal articulation with the 

fibula via the fibular notch concavity. The distal surface is saddle shaped and 

articulates directly with the talus.  The anteromedial surface of the tibia is continuous 

with the medial surface of the distal tibia which becomes prominent at the medial 

malleolus. The medial malleolus is the most distal extension of the distal tibia. It is 

subcutaneous and articulates with the medial surface of the talus as well as being a 

point of attachment for the deltoid ligament (19). 

1.6.1: Relevant tibial vasculature 

Figure 1.6 demonstrates the main arterial supply of the tibia. The popliteal artery is 

continuous distally with the femoral artery and passes through the intercondylar fossa 

of the femur before branching into the anterior and posterior tibial arteries at the level 

of the proximal tibial metaphysis. It also gives rise distally to various genicular branches 

that anastomose to supply the proximal tibia, distal femur and patella. Local muscle 

and cutaneous tissue posterior to the knee are supplied by cutaneous, sural and 

muscular branches (19). 

As the anterior tibial artery is a branch of the popliteal artery, it initially starts posteriorly 

before traversing through the oval aperture at the proximal interosseous membrane 

and travelling anteriorly to the intraosseous membrane closest to the anterolateral 

surface of the tibia, and beneath the tibialis anterior muscle.  Distally it goes on to 

become the dorsalis pedis artery. The anterior tibial artery has several branches. The 

posterior tibial recurrent artery and anterior tibial recurrent artery help supply the 

proximal tibiofibular joint and the knee joint, also anastomosing with genicular 

branches of the popliteal artery.  Distally anterior medial and lateral malleolar arteries 

supply the ankle joint.  Several muscular branches and perforating branches also 

supply local muscle and skin tissue (19). 
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The posterior tibial artery is the other major branch arising from the popliteal artery.  It 

courses closely with the tibial nerve, running distally through the flexor compartment, 

medio-posteriorly within the lower leg, and posterior to the tibialis posterior muscle and 

posterior surface of the tibia.  Distally it diverts into the medial and lateral plantar 

arteries of the foot.  Superficially covering the posterior tibial artery lies the soleus and 

gastrocnemius muscles (19). 

 

Figure 1.6: Anterior view (A) and posterior view (B) of the lower leg arterial blood 

supply. This figure demonstrates the anterior tibial artery (1) and branches (1a); the 

posterior tibial artery (2) and branches (2a); the peroneal artery (3); and, the nutrient 

artery (4) prior to entering the medullary cavity through the cortex of the tibia.  

Reproduced with permissions from Santolini et al 2014 (55). 
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The posterior tibial artery gives rise to the nutrient artery of the tibia soon after its origin.  

This enters the tibia at the posterior surface around where the proximal and middle 

thirds of the tibia meet, landmarked by the distal extent of the soleal line.  Some normal 

variants include branches of the anterior tibial artery or branches at the level of the 

popliteal bifurcation becoming the nutrient artery of the tibia.  Once entering the shaft 

of the tibia this nutrient artery bifurcates into ascending and descending branches (55).   

The circumflex fibular artery also supplies the proximal tibia and knee joint structures.  

It passes around the neck of the fibula and also anastomoses with genicular arteries 

arising from the popliteal.  The posterior tibial artery also gives rise to several muscular 

and perforator branches to supply local muscle, fascia and cutaneous tissue.  Distally, 

medial malleolar and calcaneal branches anastomose to supply soft tissue in this area 

(19). 

The peroneal artery is a branch of the posterior tibial artery that runs obliquely along 

the medial crest of the fibula, deep to the soleus and posterior to the intraosseous 

membrane, towards the distal tibiofibular joint where it branches into calcaneal 

branches supplying the tarsal, and posterior and lateral areas of the calcaneus and 

surrounding soft tissue.  Again the peroneal artery has muscular and perforator 

branches.  It also provides a nutrient artery supplying the fibula and entering at the 

middle third of the fibula (19). 

Deep venous return follows the anterior and posterior tibial arteries with anterior and 

posterior tibial veins.  These communicate via perforator veins with superficial venous 

return facilitated by the greater and lesser saphenous veins.  The greater saphenous 

vein runs the length of the leg medially over the medial malleolus and medial condyle 

of the femur to drain into the common femoral vein.  The small saphenous vein runs 

laterally around the lateral malleolus and then courses posteriorly between the heads 

of the gastrocnemius muscle to typically drain into the popliteal vein around the level 

of the knee joint (19). 

1.6.2: Superficial muscles of the leg 

The gastrocnemius is a dual headed bipennate muscle. It has a medial and lateral 

head which attaches at the medial and lateral condyle of the femur, respectively.  Both 

heads merge distally to form the Achilles tendon which attaches at the posterior 

calcaneus at the calcaneal tuberosity.  The soleus muscle also forms part of this tendon 

distally as well as attaching to the posterior surface of the tibia at the soleus line.  These 
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two muscles form the bulk of the muscular volume of the lower leg and are 

demonstrated in Figure 1.7. The tibialis anterior is also often observable lateral to the 

anterior border of the tibia (19). 

 

Figure 1.7: Illustration of relevant muscles of the lower leg. Reproduced with 

permissions from Netter 2014 (54). 

1.7: Rationale for the PhD project 

As discussed in this chapter, there is a clear rationale for further research into the 

vascular supply of bone tissue, with indirect evidence that poor vascular supply in bone 

is associated with poor bone health (18).  At the same time, it is evident that measuring 

bone haemodynamics is difficult (6), and the limitations of existing methods are 

discussed in more detail in Chapter 2. If successful, NIRS technology has the potential 

to become an inexpensive, fast and effective way to measure blood supply to bone 
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that is safe for the participant. This could be useful when researching common bone 

diseases like osteoporosis, poor fracture healing, arthritis and potentially blood-borne 

cancers like leukaemia (6, 13, 56). 

The structure and methodological approach of this PhD project has been designed in 

consideration with the Medical Research Council (MRC) Complex Interventions 

Framework (57). This suggests development of an intervention or test by four main 

stages: development; feasibility/piloting; evaluation; and, implementation (outlined in 

Figure 1.8). 

 

Figure 1.8: Key elements of the development and evaluation process from the Medical 

Research Council Complex Interventions Framework 2008 (57) (reproduced from Craig 

et al 2008 with permission). 

Using this model, “development” has taken the form of a systematic review of the use 

of near infrared (NIR) technologies when measuring haemodynamic markers in human 

bone tissue in vivo in order to establish existing knowledge on the topic and guide 

further studies. 

This process fed into “feasibility” in the form of protocol development to demonstrate 

whether the available NIRS equipment (Hamamatsu NIRO-200NX, discussed in 

Section 2.2.1) could be used in a way that warranted further evaluation. This included 

establishing preliminary evidence that NIRS measurements are able to potentially 

represent bone tissue haemodynamics, the ideal anatomical location for 

measurements, that protocols that are tolerable to participants, and that protocols 

appear potentially reliable enough to warrant formal evaluation.  Suitable protocols 

were developed that are in line with existing local use of the equipment at the University 
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of Exeter Diabetes and Vascular Research Centre (DVRC) and the existing evidence 

base.  

“Evaluation” was then undertaken in a representative population using NIRS via the 

validation and reliability aspects reported in this PhD thesis (57). Reliability evaluation 

includes inter and intra operator reproducibility assessments. Validation of NIRS was 

also attempted through evaluation of NIRS results against MRI sequences including 

dynamic contrast enhanced MRI (DCE-MRI). This will assess for any correlation 

between NIRS measurements and this reference standard measuring markers of gross 

perfusion and blood volume in bone. NIRS results were also compared against other 

markers of bone health including bone density, blood markers of global bone 

metabolism and trabecular bone scoring (TBS).  

The discussion in this thesis includes consideration of the required improvements and 

research required before “implementation” of NIRS in further post-doctoral research 

(57). Feasibility data for the recruitment of participants with T2DM for the potential 

research applications of NIRS for measuring bone health in this sub-population has 

also been considered via recruitment of participants with and without T2DM (matched 

for age, sex, BMI and ethnicity). 

1.8: Overview of PhD Project 

Chapter 2 of the thesis explores in detail the current available methods of measuring 

in vivo haemodynamics in bone tissue using NIR and imaging modalities, with 

particular focus on NIRS technology. This chapter also describes the other measures 

of bone health utilised in this project. 

Chapter 3 presents a systematic review of the existing evidence base around the use 

of NIR technologies for measuring in vivo haemodynamics in bone tissue. This work 

sets the foundation for the PhD project by outlining the gaps in the evidence base that 

require addressing. 

Chapter 4 provides the methodological detail for the protocol development component 

of the PhD project. This includes the development of suitable protocols for NIRS testing 

of the tibia, the results of which are presented in Chapter 5.  

Chapter 6 presents the methodological approach taken for the reliability assessment 

of NIRS measurements taken at the proximal tibia (with results presented in Chapter 

7) and the approach to validating NIRS measurements against external comparators 
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of bone health. Chapters 8, 9 and 10 present results on this attempted validation. As 

feasibility work, this allows judgement on whether there is potential for NIRS to be a 

useful research tool warranting further investigation. Chapter 11 summarises the thesis 

and draws conclusions relating to the initial aims and objectives of the project 

discussed above in Section 1.2. This includes recommendations for future research on 

the topic. 
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Chapter 2: Measuring bone health 

2.1: Overview 

Chapter 1 has outlined the anatomy and physiology of bone tissue and the role of 

macro and micro vascular function in the metabolism of bone tissue. This chapter will 

outline existing methods for measuring bone tissue haemodynamics using near 

infrared (NIR) systems (Section 2.2) and imaging modalities (Section 2.3), as well as 

other commonly used tests of bone health relevant to this thesis (Section 2.4). 

2.2: Measuring bone haemodynamics with NIR systems 

This section will explore current research methods for measuring haemodynamic 

markers of bone tissue in humans in vivo utilizing three commonly used approaches 

involving NIR light systems: Near Infrared Spectroscopy (NIRS; Section 2.2.1); 

Photoplethysmography (PPG, Section 2.2.2); and, laser Doppler flowmetry (LDF; 

Section 2.2.3). Although not used in the experimental components of this PhD project, 

PPG and LDF are introduced as they are relevant to the systematic review presented 

in Chapter 3. 

2.2.1: Near infrared spectroscopy (NIRS) 

In the broadest sense, NIRS involves the use of multiple near infrared (NIR) 

wavelengths to provide spectroscopic information on the concentrations of 

chromophores that contribute to a material of interest. In this context, a chromophore 

is any compound that attenuates (i.e. absorbs and scatters) different NIR wavelengths 

of light in a predictable manner (2). The NIR range is a small window of infrared 

wavelengths (700-1000nm) near visible red light on the electromagnetic spectrum 

(hence “near infrared”), whereby most tissue types are comparatively less attenuating 

and more “transparent” to these wavelengths (58).  

The ability of NIRS to measure compounds with known attenuation characteristics 

means NIRS has quality control applications in agriculture, pharmaceuticals and 

manufacturing (58). In particular the ability of NIRS to measure dynamic changes in 

haemoglobin oxygenation status has made NIRS attractive as a medical research tool. 

This use of NIRS systems was first described in 1977 by Jobsis for use in measuring 

cerebral oxygenation (59). There are now wide ranging medical research applications 

using NIRS, predominantly including cerebral oxygenation monitoring, muscle 

physiology research, and microvascular studies of the skin (58).  
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NIRS offers a medical research tool that allows relatively inexpensive, portable, safe, 

non-invasive haemodynamic measurements that can be taken in continuous real time 

on in vivo tissue during interventions. This offers advantages over the inherent 

logistical and analytical limitations of other methods of measuring haemodynamics 

involving medical imaging modalities (outlined in Section 2.3). Unlike these modalities, 

NIRS also offers oxygenation information otherwise only identifiable via blood samples, 

which are typically invasive to obtain (6).  

Figure 2.1 presents the Hamamatsu NIRO-200NX system that was used in this PhD 

project. This NIRS system essentially comprises a central processing unit and two 

optodes. The first optode is capable of producing several monochromatic wavelengths 

of NIR light using semiconducting LED laser diodes. Pulses of different wavelengths 

can be applied rapidly (i.e. less than 100 nanoseconds in duration) providing virtually 

simultaneous measurements (2). The second optode detects NIR light photons that 

have been transmitted through tissue using two photodiodes. Photodiodes are ideal as 

they are small and compact with high quantum efficiency, sampling at frequencies of 

up to 20 Hz (60).  

(a)    

(b)     (c) 

Figure 2.1:  These images demonstrate the Hamamatsu NIRO-200NX equipment that 

the PhD project used. (a) demonstrates the near infrared emitting sensor optode (left) 

and the detector optode (right) housed in a optode holder; (b) shows the optodes 

connected with the system components; (c) demonstrates typical positioning of the 

optodes for measurement of the tibial diaphysis. 
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When applied to tissue, light from the source optode may be absorbed by tissue (with 

energy transferred to thermal energy), scattered within tissue (typically elastically 

without energy loss), or transmitted through tissue without interaction. When probes 

are placed in “reflectance” mode (as per this PhD), with probes placed in parallel a 

short distance apart (typically up to 5cm maximum (61)), photons detected by the 

receiving optode will be those which have scattered within the “banana shaped” tissue 

volume between the probes (6). As such NIRS measurements are representative of this 

volume of tissue. This is schematically represented in Figure 2.2 below.  

NIRS technology itself poses no appreciable risk to the participant as it uses near 

infrared non-ionising wavelengths of light. The Hamamatsu NIRO-200NX system is a 

class 1M laser, meaning tissue heating caused by laser use is negligible, and minimal 

specific safety requirements are required for its usage (61). Section 2.2.1.2 below 

describes in more depth how NIRS systems calculate haemodynamic markers based 

on the absorption spectrum of oxygenated haemoglobin (O2Hb) and deoxygenated 

haemoglobin (HHb).  

 

Figure 2.2: When the source optode is applied to tissue, light will be scattered in all 

directions, but the detector optode will detect photons from the “banana-shaped” 

volume between the two optodes (6). Increased distance between the optodes will 

increase the depth of measurements but lead to greater attenuation of the emitted NIR 

light. The maximum depth measured has been evidenced to be around half the 

interoptode spacing (2, 10). 

2.2.1.1: Relevant chromophores 

Prior to explaining the methodological approaches NIRS uses to measure 

haemodynamics in more depth, it is important to consider the properties of those 

organic chromophores of interest that will contribute to the attenuation of NIR light. 

NIRS can take advantage of the known differences in scattering and absorption 
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characteristics of different chromophores to measure changes in their concentration 

within tissue so long as there is an abundance of the chromophore in the tissue 

sampled. The absorption and scattering characteristics of the chromophore also need 

to be well defined, and can be quantifiably represented with the specific extinction 

coefficient of the chromophore (2). This coefficient is also dependent on the specific 

wavelength of NIR light employed (62).  

NIRS becomes particularly useful when assessing chromophores which vary in 

concentration in relatively short spans of real time, such as O2Hb and HHb (62). 

Haemoglobin is a protein found abundantly in red blood cells, with the primary function 

of transporting oxygen. Each haemoglobin unit has four reversible binding points for 

oxygen molecules (27). Red blood cells (RBC) make up 40-45% of blood by volume, 

with haemoglobin making up around 33% of RBC mass. Thus, haemoglobin is a 

suitable indicator for blood haemodynamics. Both types of haemoglobin are mostly 

transparent to light between 650-1000nm, however crucially there is differences in the 

attenuation profile of O2Hb and HHb at different wavelengths of NIR light (see Figure 

2.3). This allows NIRS systems to tease out the differing contributions of each 

chromophore to attenuation of each wavelength of NIR light applied, using the methods 

outlined below in Section 2.2.1.2 (2, 62). 

 

Figure 2.3: Specific extinction coefficients of deoxygenated haemoglobin (HHb), 

oxygenated haemoglobin (O2Hb) and water at different wavelengths of NIR light. The 

specific extinction coefficient of HHb and O2Hb are equal (i.e. isobestic) around 800nm. 

Water increasingly attenuates NIR light greater than 900nm, making NIRS less feasible 

at these greater wavelengths. Reproduced from Bakker et al 2012 with permissions 
(62). 
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It can be seen from Figure 2.3 that HHb has a higher specific extinction coefficient than 

oxygenated haemoglobin at the frequencies of red visible light (~680nm). This explains 

why arterial blood is predominantly bright red (i.e. it is relatively transparent to red 

wavelengths) whilst venous blood is more tinged blue/purple (as it attenuates red 

wavelengths more efficiently) (58).  This colour difference can be used as an analogy 

for how NIRS differentiates between chromophores based on differences in 

attenuation of NIR wavelengths either side of the isobestic point of approximately 

800nm (i.e. the wavelength where attenuation is comparable between both oxygenated 

and deoxygenated haemoglobin). Utilising the 800nm isobestic wavelength can also 

be used to calculate total haemoglobin concentration independent of oxygenation 

status (63).  

It should be noted that other related forms of haemoglobin exist, such as 

carboxyhaemoglobin, haemiglobin, and sulfhaemoglobin. However these are all found 

in low concentrations in human blood and are estimated to contribute less than 1% to 

NIR attenuation (2). 

Cytochrome c-oxidase (CCO) is also a potential chromophore of interest as it has 

oxygenated and deoxygenated forms, and is an essential component of the oxygen 

metabolism cycle of mitochondria (27). Thus obtaining measurements of changes in 

CCO concentration could provide indications of direct cellular oxygen consumption, as 

opposed to the indirect haemoglobin markers of vascular oxygen supply to tissue (62). 

Unfortunately, CCO is difficult to monitor as it is less abundant (contributing 

approximately one tenth of the attenuation to NIR signal) and with a less distinctive 

attenuation spectrum across NIR wavelengths (64). Monitoring CCO remains an area 

of interest for future NIRS technology development, and is discussed further in Chapter 

11. 

Myoglobin is another potentially relevant chromophore for NIRS measurements as a 

protein responsible for storing oxygen in muscle tissue. The absorption spectrum of 

oxygenated and deoxygenated myoglobin are indistinguishable from O2Hb and HHb, 

however oxygenation concentrations within myoglobin will only change with oxygen 

saturation (sO2) values typically below 25%. It is generally accepted myoglobin does 

not contribute significantly to NIRS signal changes in muscle, and remains constant 

even during ischaemic muscle challenges such as exercise or induced occlusions (65, 

66). This has been confirmed using NIRS alongside MRI spectroscopy (63). 



52 
 

There are a number of other chromophores which contribute to the attenuation of NIR 

wavelengths, but are not affected by oxygenation status. Vascular NIRS 

measurements are based on an assumption that the attenuation of NIR light by tissue 

is expected to be constant and unaffected by oxygenation changes, outside of vascular 

related changes. This includes chromophores such as water, lipids, and melanin.   

Water and lipids have a relative window of transparency of 200nm to 900nm.  As 

human tissue has such a high combined concentration of both, this effectively limits 

NIRS to a maximum 900nm wavelength. However between 200nm-900nm 

wavelengths the absorption profile of water and lipids is effectively constant, and not 

expected to change dynamically (2).  

Melanin is another relevant attenuating compound found in the epidermis of the skin. 

This will be constant for within subject measurements but may need considering 

when comparing participant results of different ethnicity (although all participants in 

this project were Caucasian) (62, 67). 

2.2.1.2: Principles of NIRS 

As introduced in Section 2.2.1, NIRS utilizes NIR wavelengths that are comparatively 

transparent in tissue. However even at NIR wavelengths, attenuation is dominant with 

an approximate 1.0x10-6 % transmission rate ( i.e. one photon of  NIR light is 

transmitted through tissue for every 100 million photons based on typical reflectance 

NIRS usage as in this project) (2).  

With respect to attenuation, the ability of a specific tissue within a volume to absorb 

and scatter NIR light will be dependent on the specific wavelength of light and the 

properties of the tissue’s inherent chromophores (such as the concentration of the 

chromophores in tissue and their molecular mass and surface area). Elastic scattering 

is generally the more dominant photon interaction, attributing around 80% of 

interactions in tissue. However, as photons are scattered in essentially random 

directions a NIRS light detector will receive less photons, with the result being an 

effective contribution to attenuation that is greater than absorption interactions alone 

(2).  

Table 2.1 presents representative absorption and reduced scattering coefficients of 

different tissue types found in the evidence base, although it should be stressed that 

these values can differ depending on the wavelength of NIR light, between individuals, 

and even within individuals at different anatomical sites (68). Table 2.1 demonstrates 
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that bone (i.e. skull) is comparatively transparent compared with other tissue types (as 

indicated by the absorption coefficients demonstrated). This is evidenced in practice 

by the common use of NIRS for non-invasive cerebral measurements despite the need 

for NIR light to travel through two layers of cortical skull bone. This suggests the use 

of NIRS for measuring bone tissue is feasible in principle.  

Table 2.1 also demonstrates that bone does have a comparatively high reduced 

scattering coefficient. This is partly explained by the probability of scattering events 

also incorporating the influence of different densities within tissue, causing light 

refraction. Thus light photons travelling through bone tissue are more prone to 

scattering events due to the relative heterogeneity of this tissue type (2). 

Table 2.1: Summary table of the absorption and reduced scattering coefficient of 

different tissue types used by Niwayama et al 2018 in their modelling study. 

Reproduced with permissions (68). 

 

With the known attenuation properties of different chromophores of interest, NIRS 

technology can quantify changes in haemoglobin concentration using several different 

approaches.  Measurements made by the Hamamatsu NIRO-200NX used in this study 

are primarily based on two approaches; the Modified Beer Lambert Law (MBL; 

discussed in Section 2.2.1.3), and Spatially Resolved Spectroscopy (SRS; discussed 

in Section 2.2.1.4).  Some other emerging approaches to NIRS measurements relevant 
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to the systematic review presented in Chapter 3 will also be briefly described in Section 

2.2.1.6, including frequency domain, time resolved, and diffuse correlation 

spectroscopy systems. 

2.2.1.3: The modified Beer Lambert (MBL) law 

The MBL law is an approach to deriving NIRS measurements adapted from the Beer 

Lambert Law, which calculates the intensity of light that remains (or that should be 

detected) due to absorption after an incident intensity of light is directed at a volume of 

interest. It is intuitive that if an intensity of NIR light (Io) was directed at a volume 

containing only one chromophore capable of only absorbing NIR light (and not 

scattering), then the intensity of light leaving the volume (I) would be dependent on: 

- The absorption properties of the chromophore, as indicated by a specific extinction 

coefficient for a specific wavelength of NIR light (𝜀) measured in µM-1cm-1; 

- The concentration of the chromophore in the volume (c), in µMolar; and, 

- The thickness of the volume (i.e. the distance between the light source and detector), 

in centimetres (d). 

As such the Beer Lambert Law states: 

𝐴 = 𝑙𝑜𝑔10 (
𝐼

𝐼𝑜
) =  𝜀. 𝑐. 𝑑      [Eq. 2.1] 

Where A represents the amount of absorption of light from the volume in arbitrary units 

of optical density. This is a logarithmic unit demonstrating the magnitude of the 

reduction in light intensity, and is therefore unitless. It is worth noting that with a known 

volume thickness and specific extinction coefficient, the concentration of the 

chromophore can easily be derived from the recorded change in intensity caused by 

attenuation (2). 

In the more complex case of several different NIR attenuating chromophores being 

present in the volume, total absorption is simply calculated using a sum of the 

absorption caused by each chromophore: 

𝐴 = [𝜀1 . 𝑐1 + 𝜀2 . 𝑐2 + ⋯ 𝜀𝑛 . 𝑐𝑛]𝑑    [Eq. 2.2] 

However, adding to the complication of measurements using the Beer Lambert Law is 

that both scattering and absorption interactions occur within human tissue, with 

scattering much more probable than absorption in human tissues (approximately 80% 
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of interactions) (2).  To allow for this high scattering, the Beer Lambert law is modified 

(i.e. the Modified Beer Lambert (MBL) Law) to include an additive term (G) to allow for 

the attenuation effect of scattering, and a multiplier to allow for the added distance 

travelled by photons due to multiple elastic scattering events. The latter is called the 

differential pathlength factor (B) and again is dependent on the specific wavelength of 

NIR light used (62). Calculations for B in soft tissues such as brain and muscle have 

produced results for B ranging approximately from 3.57 to 6.26 (2), meaning photons 

travel approximately 3 to 6 times further on average then the direct pathlength between 

source and detector.  

So the Modified Beer Lambert Law applied for attenuation in a homogenous material 

becomes: 

𝐴 = 𝑙𝑜𝑔10 (
𝐼

𝐼𝑜
) =  𝜀. 𝑐. 𝑑. 𝐵 + 𝐺   [Eq. 2.3] 

Where the specific extinction coefficient (𝜀) of attenuation now incorporates both 

absorption and scattering properties of a specific chromophore (16).  

A notable limitation of the modified Beer Lambert Law is that G cannot be reliably 

calculated without knowing the reduced scattering coefficient of the medium and the 

precise measurement geometry of photon pathways.  This is rarely achievable in vivo 

outside of controlled conditions. As such, absolute concentration of chromophores can 

no longer be derived using Equation 2.3. However if G is assumed to remain constant 

during measurements then absolute changes in chromophore concentration can still 

be calculated relative to the starting point of measurements.  For example, if more of 

a chromophore (such as O2Hb) is added to a volume, and factors 𝜀, d, B and G are 

assumed to remain constant, the change in attenuation of NIR light will be proportional 

to the absolute change in chromophore concentration (2). Therefore,   

Δ𝐴 =  𝜀. 𝛥𝑐. 𝑑. 𝐵     [Eq. 2.4] 

Should G and B be estimated prior in controlled conditions, calculating absolute 

chromophore concentration is still possible, but this remains rarely reported in the 

literature, and so limited reference information on the scattering properties of different 

tissue types and their interactions with NIR light exist. Specifically, calculating B in 

bone tissue will be very complex due to the heterogeneity of bone (and is yet to be 

done as far as literature searches indicate). Even in homogenous tissue types 

differential pathlength is variable and depends on a number of factors including the 
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wavelength used, the reduced scattering coefficient of tissue, optode geometry, and is 

also likely to change with dynamic blood volume changes (62, 69).  

When trying to calculate the changes in chromophore concentration of several 

chromophores (such as oxygenated and deoxygenated haemoglobin), the attenuation 

changes at several wavelengths (e.g. 735, 810 and 850nm using the Hamamatsu 

NIRO-200NX system (60)) can be utilised to produce simultaneous computations 

involving a matrix algorithm. Whilst absolute concentrations of chromophores are not 

able to be calculated, absolute changes in chromophore can be expressed (in µMolar) 

from an arbitrary zero point set by the user at the start of the measurement period.  

With use of the Hamamatsu NIRO-200NX in this project, measurements have been 

made without a differential pathlength factor being indicated, meaning measurements 

are taken in µMolar.cm. This is because an accepted differential pathlength in bone 

tissue has not been agreed, and may even vary between participants. However with 

the same interoptode separation used between participants, comparison of results 

between participants is still warranted (2).  

2.2.1.4: Spatially resolved spectroscopy (SRS) 

SRS utilises a fundamentally different approach to deriving haemodynamic markers 

than MBL. SRS requires a light source with two detectors in parallel, one slightly further 

from the light source than the other. SRS relies on the principle that the difference in 

attenuation recorded by each detector is inherently linked with the difference in 

distance of the detectors from the light source (see Figure 2.4). This is intuitive as 

photons reaching the detector further away from the light source are more likely to be 

attenuated, and hence a decreased intensity is expected at the most distant detector 

(62).  A limitation of SRS compared with MBL is that it inherently can only work in 

reflectance mode, and not in transmission through tissue, as both detectors would be 

equal distance from the light source (61).  

With the Hamamatsu NIRO-200NX, SRS detectors will compare the change in 

attenuation at the differently spaced detectors for three different wavelengths (735, 810 

and 850nm). By calculating the rate of change in the received detector amplitude with 

interoptode distance, at multiple wavelengths, relative absorption from oxygenated and 

deoxygenated haemoglobin can be calculated using simultaneous computations using 

a matrix algorithm (akin to MBL calculations). In order to do this, the scattering of light 

is assumed constant for both oxygenated and deoxygenated haemoglobin, leaving 
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differences to be attributable to absorption alone (61). The absolute absorption 

coefficients are not calculated, only relative contributions of absorption between 

oxygenated haemoglobin and deoxygenated haemoglobin are derived (62). Therefore, 

absolute haemoglobin concentrations can still not be calculated, as for MBL.   

Two main SRS-derived haemodynamic markers are produced using the Hamamatsu 

NIRO-200NX. As the relative concentrations of oxygenated and deoxygenated 

haemoglobin are known, “Tissue oxygenation index” (TOI) percentage can be 

calculated using the equation: 

TOI (%) = O2Hb / (O2Hb + HHb) *100   [Eq. 2.5] 

This is representative of the oxygen saturation (sO2) of the sampled tissue and is 

presented as a percentage. Likewise relative changes in total haemoglobin 

concentration (termed “normalised total haemoglobin index” (nTHI)) can be calculated 

as the sum of oxygenated and deoxygenated haemoglobin relative to the initial total 

haemoglobin concentration, expressed as a unitless ratio. SRS offers an advantage 

over MBL-derived parameters as TOI and nTHI are both ratio values, and therefore 

effectively normalised for comparison between participants (61). As can be seen from 

Equation 2.4, comparisons of MBL concentration changes between participants could 

be influenced by between-participant differences in differential pathlength factors or 

the inherent attenuation properties of tissue. 

 

Figure 2.4: Schematic diagram of spatially resolved spectroscopy. The difference in 

intensity of three different wavelengths (λ) incident on two detectors set at different 

distances from the NIR source (in red) can be used to calculate the relative contribution 

to attenuation by oxygenated and deoxygenated haemoglobin. 
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For both MBL and SRS measurement approaches, the optode spacing will determine 

the depth of tissue sampled, with the deepest measurement depth being half the 

internode spacing, with the tissue sampled considered to be a “banana shaped” 

volume (16). It is important to also note that haemoglobin influencing NIRS 

measurements could be in arterioles, capillaries or venules. Ferrari et al 2004 reports 

that in most soft tissues around 5% of blood is in capillaries with about 20% arterial 

and 75% venous (69). 

2.2.1.5: NIRS parameters relevant to this PhD project 

Utilizing the MBL and SRS approaches to measurement outlined above, the 

Hamamatsu NIRO-200NX system allows measurement of several parameters as 

outlined in Table 2.2. Measurements in this project were taken at a sampling interval 

of 1 second. The system was “zeroed” prior to commencing measurements, as many 

parameters are relative to the initial starting measurement when measuring 

haemodynamic changes to a stimulus. 

Table 2.2: Table of haemodynamic parameters measurable with the Hamamatsu 

NIRO-200NX NIRS system (SRS = spatially resolved spectroscopy; MBL = modified 

Beer Lambert) (2, 61). 

Haemodynamic 

Marker 

Measurement 

Approach 

Description 

Tissue 

Oxygenation Index 

(TOI) 

SRS The ratio of oxygenated haemoglobin to total 

haemoglobin, presented as a percentage. 

 

Normalised Total 

Haemoglobin 

Index (nTHI) 

SRS The relative change in total haemoglobin 

concentration within the measured volume 

from the initial haemoglobin concentration at 

the commencement of measurements. 

Oxygenated 

Haemoglobin 

Concentration 

Change (O2Hb) 

MBL The absolute change in concentration of 

oxygenated haemoglobin from the initial 

measured zero point within the measured 

volume sampled (in µM.cm).   

Deoxygenated 

Haemoglobin 

Concentration 

Change (HHb) 

MBL The absolute change in concentration of 

deoxygenated haemoglobin from the initial 

measured zero point within the measured 

volume sampled (in µM.cm).   

Total Haemoglobin 

Concentration 

Change (cHb) 

MBL The absolute change in total concentration of 

haemoglobin from the initial measured zero 

point within the measured volume sampled, 

equal to O2Hb + HHb (in µM.cm).   
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2.2.1.6: Other NIRS Systems: 

Both SRS and MBL rely on the intensity of light incident on the detector as an indicator 

on the amount of NIR photons attenuated, and therefore the concentration of O2Hb 

and HHb present. Systems utilising SRS and MBL methods are typically coined 

continuous wave (CW) systems. There are alternative ways being developed for NIRS 

systems to measure relevant haemodynamics that offer advantages over the existing 

SRS and MBL techniques. However, these systems are still relatively new and typically 

not commercially available.  

Time resolved spectroscopy (TRS) systems measure the time taken for photons to 

travel from light source to detector (i.e. time-of-flight) using ultra short laser pulses (in 

picoseconds). By doing this differential path length factors can be estimated and data 

on the attenuation and variation of photon time-of-flight can lead to calculation of 

absorption and scattering coefficients, allowing calculation of absolute concentrations 

of oxygenated and deoxygenated haemoglobin (6, 64). Lange et al 2018 report on a new 

multichannel, time domain NIRS system utilising 16 different wavelengths that can 

measure absolute concentrations of oxygenated and deoxygenated haemoglobin as 

well as cytochrome-c-oxidase (64). Such systems offer definite advantages but a current 

limitation is increased sampling time, which typically takes a few minutes per reading. 

The development of photonics equipment means there is a trade-off between 

acquisition time and the number of wavelengths sampled (9, 70). TRS systems are also 

typically more expensive and bulkier units (62). 

Frequency domain (FD) systems (or intensity modulated spectroscopy) rely on 

modulation of the amplitude and phase of the laser light source, and measures of the 

resultant output light detected at the photodetector can determine absolute oxygenated 

and deoxygenated haemoglobin concentrations (6). Frequency shifts dependent on the 

distance of the photon pathlength can be detected, which allows calculation of 

absorption and reduced scattering coefficients, and therefore absolute chromophore 

concentrations (2, 71). 

TRS and FD systems have a distinct advantage in that they can calculate attenuation 

coefficients for each individual participant, which may differ between individuals based 

on tissue characteristics and/or potential pathological changes, where many current 

studies utilising CW systems assume uniform differential pathlength factors for their 

calculations based on previous studies (68, 72). In Van Beekvelt et al 2000, this was 
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estimated to introduce a potential variation between individuals of up to 12% when 

studying muscle (73). This is likely to be higher in a heterogeneous tissue such as bone. 

Diffuse Correlation Spectroscopy (DCS) systems use a continuous source of 

monochromatic NIR light and observe fluctuations in the photon detection count at the 

detector. These fluctuations are attributable to photon scattering produced from 

interactions with moving chromophores (i.e. haemoglobin within RBC) which alter the 

pathlength of these photons. As such, DCS can produce a blood flow index 

representing blood flux changes (i.e. changes in velocity and/or number of moving 

RBC) relative to the starting point of the measurement. DCS is a relatively new 

technology that can be used in parallel with TRS or FD systems to provide 

complimentary blood flow information. It has the advantage of sampling deeper tissues 

than existing alternative PPG and LDF systems which also measure blood flux indices, 

discussed in Section 2.2.2 and 2.2.3 (74, 75). 

Table 2.3 outlines a number of parameters also relevant to this thesis, but not 

measurable with the Hamamatsu NIRO-200NX. These parameters are typically 

identifiable with more advanced TRS, FD or DCS NIRS systems. 

2.2.1.7: Interventions for NIRS measurements 

As has been summarised in Table 2.2, there are a number of parameters measurable 

with the Hamamatsu NIRO-200NX system used in this PhD project. However, all but 

one of these parameters (i.e. TOI) rely on measuring temporal changes. So to facilitate 

their use in research, and allow comparison between participants, CW-NIRS 

measurements typically need to be taken during a measurement intervention.  

There are a number of different approaches to stimulating changes in O2Hb and HHb 

concentration. Cerebral research studies often rely on controlled changes in inspired 

oxygen levels (2) or functional activity changing blood flow demands in the brain (62). 

Studies investigating microvascular health in muscle often use variations in activity and 

recovery through exercise protocols (76). Alternative approaches may be local or 

systemic use of a vasodilatory or vasoconstricting medication or stimulus (28, 77), or 

changes in external pressure using positional changes or hyperbaric chamber systems 

(78). This PhD project predominantly relies on arterial occlusion of tissue using a high 

pressure cuff system to occlude proximal blood vessels and induce distal ischaemia to 

tissue, with observation of the subsequent recovery post occlusion release as well. 

This protocol is outlined in more detail in Section 4.4.1. 
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Table 2.3: Table of haemodynamic parameters measurable with time-resolved, 

frequency domain, and/or diffuse correlation spectroscopy NIRS systems (1, 62). 

Haemodynamic 

Marker 

Units Description 

Specific Extinction 

Coefficient (𝜀)  

 

µM-1cm-1 A constant value representing how efficient a 

chromophore is at attenuating NIR light of a 

specific wavelength. 

Absorption 

Coefficient (μ(a)) 

cm-1 Representative value of a tissue type representing 

the sum of absorption contributed by all 

chromophores within the tissue. As such this 

incorporates both the concentration and 

absorptive properties of each chromophore. This 

is also NIR wavelength dependent. 

 

Reduced 

Scattering 

Coefficient (μ(s)’) 

cm-1 Representative value of a tissue type representing 

the sum of scattering losses contributed by all 

chromophores within the tissue. As such this 

incorporates both the concentration and the 

scattering properties of each chromophore, as well 

as adjusting for the anisotropy of scattering. This 

is also NIR wavelength dependent. 

 

Absolute 

Haemoglobin 

Concentration 

µM The absolute concentration of haemoglobin (total, 

oxygenated or deoxygenated) within the 

measured volume sampled by NIRS.  

 

Blood Flow Index 

(BFI) 

cm2/s Marker of blood flux proportional to the rate of 

temporal NIR photon light fluctuations, which are 

caused by moving scatterers (and therefore most 

likely representative of moving red blood cells). 

Where μ(a) and μ(s)’ are unknown, results are 

presented as relative BFI change from an initial 

measurement, expressed as a percentage. 

 

 

The choice of intervention or stimulus is influenced by the tissue of interest, key NIRS 

parameters being adopted, the perceived reliability of the technique across different 

participants, and logistical considerations around availability of the required equipment. 

Thorn et al 2016 argues the most established method of obtaining markers of oxygen 

extraction from blood to tissue is through use of occlusion techniques, based around 

the rate that O2Hb is converted to HHb within the occluded tissue. With a well 
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performed arterial occlusion the total blood volume will be constant, and blood flux 

should be negated, representing a closed system, unlike exercise protocols and 

stimulus responses, where changes in blood volume and blood flow can be 

confounding variables. Therefore changes to NIRS measurements during arterial 

occlusions are typically interpreted as being representative of the oxygen extraction 

metabolism of tissue, and not changes in haemodynamics (65).  

Another advantage of arterial occlusion is that in principle it should only demonstrate 

local functional responses in the tissue sampled, representative of the tissue health of 

the volume sampled by NIRS. Unlike exercise, arterial occlusion should be minimally 

confounded by systemic changes such as pulse and respiratory changes triggered by 

humoral responses (such as epinephrine production) or neural responses via the 

sympathetic nervous system (although the discomfort of the occlusion may 

involuntarily induce some changes) (27). 

During occlusion, in response to ischaemia, vasodilation of arterioles and microvessels 

typically occurs in response to hypoxia in attempts to increase blood flow (although in 

reality this is restricted by the occlusion) (79). This is triggered by the production of 

vasodilatory agents (such as CO2, lactate, and adenosine) from hypoxic local tissue 

and increased production of vasodilatory nitrous oxide (NO) triggered from the 

endothelium of the vascular supply itself (as discussed in Section 1.5.1), which 

continue to build up locally during occlusion (65). Meanwhile, without new arterial blood 

supply, NIRS can observe the rate of oxygen extracted from RBC by tissue by 

observing the drop in O2Hb and synchronised increase in HHb concentrations (65). 

Occlusion protocols will also observe the rate and extent of increased blood perfusion 

in recovery following release of the occlusion cuff, termed post occlusive reactive 

hyperaemia (PORH). Following arterial occlusion release in soft tissues, the 

vasodilated state of microvessels facilitates a rapid hyperaemic response, typically 

seen involving elevated blood flow and increased tissue oxygen saturation 

“overshooting” initial pre-occlusion baseline measurements, followed by a slower 

recovery period back to baseline measurements (see Figure 2.5) (27, 80).  
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Figure 2.5: An example of NIRS parameters during an arterial occlusion. TOI (yellow) 

drops during the occlusion as local tissue uses oxygen within the closed system. This 

is also represented by a mirrored drop in oxygenated haemoglobin (O2Hb; red) and 

increase in deoxygenated haemoglobin (HHb; blue). When the occlusion is released, 

TOI and O2Hb rapidly recover and “overshoot” initial baseline values in a post occlusive 

reactive hyperaemic (PORH) response, before slowly returning to resting baseline 

conditions. 

Rosenberry et al 2018 describes that dilation of arterioles occurs during ischaemia 

alongside build-up of vasodilatory mediators. When the cuff is released, vascular 

resistance is also reduced, leading to hyperaemia with increased shear stress on larger 

supply arteries also encouraging proximal flow mediated dilation (79). Previously closed 

capillaries may also open in attempts to increase the proximity of tissue to oxygen 

supply and increase the potential surface area for diffusion of oxygen (27). 

The PORH response is not fully understood, and there are several potential autonomic, 

myogenic and metabolic mechanisms that contribute. As such, PORH response can 
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only be considered an overall marker of microvascular function, but with many potential 

underlining contributory mechanisms (81). A strong PORH response is generally 

considered a marker of good vascular health in the tissue sampled, suggesting strong 

endothelial reactivity and high capillary density. However, Clough et al 2016 argues 

PORH is confounded by the oxygen metabolism demands of cells, which may differ 

between participants or different tissue types (28). Pereira et al. 2007 supports this with 

evidence that PORH response has been shown to correlate with aerobic cellular 

activity in muscle during exercise protocols (63). Rosenberry et al 2018 demonstrates 

the extent of PORH response in muscle is also associated with the pre-occlusion blood 

flow markers taken at rest (79). 

There are also variations in the application of arterial occlusion protocols and PORH 

results observed. Roustit et al 2012 describes a lack of consensus with how PORH is 

investigated in terms of occlusive cuff pressure used (ranging between 160-250 

mmHg), the duration of the occlusion (typically between 3 and 5 minutes), and 

quantitative representative markers used. PORH can be quantified in many different 

ways including peak values, time to peak response, or area under the curve analysis 

(81).  The approaches to quantifying NIRS haemodynamics during and after arterial 

occlusion taken in this PhD project are outlined in Section 4.5. 

2.2.2: Photoplethysmography 

Photoplethysmography (PPG) uses a single wavelength of NIR light to measure 

haemodynamic markers in tissue. As such, PPG systems involve two optodes; a 

source of monochromatic NIR light (typically a light emitting diode (LED)) and a 

detector optode (such as a photodetector). Measurements are based on the intensity 

of NIR attenuation as indicated by the light intensity incident upon the photodetector, 

relative to the initial intensity of light imparted on tissue. As previously discussed with 

NIRS, the detector optode is placed adjacent to the source optode to detect the 

intensity of light attenuated through the “banana shaped” tissue volume (82).  The 

distance between optodes will determine the thickness of tissue sampled.  PPG can 

sample similar depths as NIRS although this has not been validated in bone tissue (77). 

With the assumption that all other tissue within the sampled volume is constant, PPG 

measurements are based on the change in total haemoglobin concentration. Hence 

only one wavelength is required, and typically an isobestic wavelength of around 

800nm (or 560nm for measuring superficial skin) is most appropriate, as attenuation is 
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equally probable for both oxygenated and deoxygenated haemoglobin and so 

measurements are independent of tissue oxygen saturation (82). Recordings are 

derived from the relative attenuation of haemoglobin as it enters and leaves the tissue 

sampled. PPG measurements include an AC component representative of the pulsatile 

flow in tissue as well as a quasi-static DC component representative of blood volume 

in tissue (see Figure 2.6). The DC component may be influenced by factors including 

respiration, thermoregulation and sympathetic vascular regulation (82). This DC 

component has been found to be unreliable as a marker of blood volume for essentially 

unknown reasons, although possibly due to natural biological temporal variability in 

tissue and/or fluctuations in ambient background light (77). As such the AC component 

is typically reported in PPG studies, presented as the “peak to peak” amplitude during 

systole (measured in Volts, or as “arbitrary units” with some systems).   

The advantages of PPG are that the AC component of PPG signal can measure 

pulsatile changes in blood flow in real time at a fast sampling frequency owing to its 

simple, inexpensive design. PPG is relatively simple compared to other optical 

techniques allowing faster acquisition times and within-pulse information (6). As such, 

PPG is an established technique for muscle and skin readings (82). 

 

Figure 2.6: Photoplethysmography (PPG) probe and associated example 

measurement trace (reproduced from Naslund et al 2006 with permissions) (83). The 

probe has a NIR optode (804nm) spaced 25mm from a photodetector (PD) for 

measuring bone, and green light optodes (560nm) spaced 3.5mm from the PD for 

measuring skin. The measurement trace shows recording of the “peak to peak” AC 

signal (in red). It can be seen that DC changes are greater in the 560nm trace, most 

likely representing the greater auto-regulation of skin compared with bone. 
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However there are a number of limitations to consider when interpreting PPG results. 

AC signal can be influenced by a number of haemodynamic factors including vascular 

tone, blood velocity, pulse rate, intravascular volume and intravascular pressure. It is 

not possible to distinguish the contribution of each factor to a change in PPG AC signal. 

However, it has been shown that PPG signal can be useful as a general marker of 

perfusion into tissue, as all these factors are likely to influence overall tissue perfusion 

and AC signal in tandem (77). 

Like some NIRS markers, PPG measurements cannot be used as absolute measures 

to be compared across participants, nor are PPG amplitude results clinically tangible 

in their own right. Rather it is the relative change in PPG signal in response to a 

stimulus (such as positional changes, occlusion or vaso-altering medications) that is 

compared between subjects (84). Comparing PPG measurements between participants 

can be complicated by differences in calibration of PPG for each participant based on 

skin pigmentation, inevitable variations in optode placement (including variations in 

anatomical site, optode pressure, and background ambient light), and high within-

subject variations in baseline measurements at rest (82). Biological variability is affected 

by temperature, acclimatization protocols, resting pulse and blood pressure variability. 

Often the average AC signal across a set period (for example 60 seconds) is used to 

obtain a measurement in an attempt to improve reliability (82). Compared with NIRS, 

PPG also has the limitation of not being able to measure tissue oxygenation saturation 

levels. The application of PPG for measuring bone is discussed in greater depth in 

Chapter 3. 

2.2.3: Laser Doppler flowmetry 

Laser Doppler flowmetry (LDF) also provides a marker of blood perfusion akin to PPG, 

albeit with data acquired in a different way. LDF measures blood cell flux, which 

represents the number of red blood cells present in the tissue sampled multiplied by 

their velocity. As such LDF measurements will be influenced by both blood volume and 

blood velocity, however cannot differentiate between these two parameters 

contributing to LDF signal (84). 

LDF systems also utilise a source and detector arrangement but work by detecting the 

frequency (or “Doppler”) shift of a monochromatic source light returned to the 

photodetector. When NIR light photons interacts with moving red blood cells (RBC) 

there is a Doppler shift in their wavelength and therefore spectral analysis of the  
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scattered light returned to a photodetector will be indicative of RBC flux, based on the 

assumption that other tissue within the sampled volume is non-moving. 

LDF is constrained by its depth of measurements (typically only up to 8mm) and the 

resultant small tissue volume measured (up to a few cubic millimetres).  In the context 

of measuring bone tissue this means LDF is generally confined to intraoperative 

measurements in order to remove any overlying superficial tissue (see Figure 2.7).  

Some technological advances making LDF measurements of deeper tissue feasible 

(and thus non-invasive) are emerging (84).  

 

Figure 2.7: Examples of LDF use for measuring blood flux at the patella using 

intraosseous LDF probes and hand held LDF probes. The LDF signal shows an 

example of a decrease in the mean LDF signal, and pulsatile range of signal, when 

moving the knee from extension to flexion of the knee. Images have been reproduced 

with permissions (85-87). 
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Like PPG there are some limitations with LDF to be aware of. As photons of NIR light 

undergo multiple elastic scattering events it is assumed that the angle that photons 

interact with RBCs is random. Therefore the direction of blood flow is not determinable 

using LDF, only the magnitude of flux present. Frequency shift is greatest when the 

velocity of blood flow is orthogonal/perpendicular to the orientation of the LDF optode. 

Thus positioning of the LDF optode relative to the direction of blood flux can be 

important and will affect the signal received (88). 

LDF measures represent RBC flux but absolute units should be used cautiously for 

between participant comparisons as the volume of the sampled tissue is not clearly 

defined (6). As such LDF derived blood flux is often not presented as absolute 

measures, but rather in arbitrary units derived from the signal received from the LDF 

system. Like PPG, LDF is also typically used in conjunction with a microvascular 

challenge such as delivery of vasoactive drugs, iontophoresis, temperature based 

response, or post occlusive response in order to provide relative responses to stimuli, 

allowing more appropriate comparison between participants (81). 

Reliability of LDF is also complicated by a number of factors. Due to the small tissue 

volume sampled and the known heterogeneity of vascular beds, variation in results 

can occur, even when sampling very close tissue volumes on the same organ (81). 

Likewise, should an unexpected larger vessel be present in the sample volume then 

signal will be altered by the large difference in RBC concentration and velocity that 

these contain. This is arguably an even more pronounced risk in bone, given its known 

structural heterogeneity (88).  

Also, even when measuring a static system with LDF there is some noise which can 

lead to signal (i.e. a biological zero). These could represent thermal changes to vessel 

walls or random Brownian type motion. Likewise, signal detected will be dependent on 

the initial source energy, so calibration is important when making longitudinal 

measurements. As the Doppler effect is non selective, LDF systems are also sensitive 

to movement artefact. As such the measured volume and optode need to be held 

securely, also being mindful that the optode does not change perfusion dynamics if 

held directly on to the volume of interest with pressure (88). 

Table 2.4 below is a summary of the NIR based technologies discussed in Section 2.2, 

all of which will be mentioned in the Chapter 3 systematic review. 
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Table 2.4: Summary table of near infrared (NIR) based technologies relevant to this 

thesis, adapted from Binzoni et al 2015 (6). 

NIR based method Number of light 

wavelengths 

Application of 

light source  

Measured parameters 

Continuous Wave Near 

Infrared Spectroscopy (CW-

NIRS) utilising the Modified 

Beer Lambert (MBL) 

approach 

Multiple, 

typically three  

Continuous - Deoxygenated Haemoglobin 

Concentration Change (HHb; 

µM.cm) 

- Oxygenated Haemoglobin 

Concentration Change (O2Hb; 
µM.cm) 

- Total Haemoglobin 

Concentration Change (cHb; 

µM.cm) 

Continuous Wave Near 

Infrared Spectroscopy (CW-

NIRS) utilising the Spatially 

Resolved Spectroscopy 

(SRS) approach 

Multiple, 

typically three 

Continuous - Tissue Oxygenation Index 

(TOI; %); 

- Normalised Total Haemoglobin 

Index (nTHI; unitless) 

Time Resolved NIR 

Spectroscopy (TRS) 

Multiple Pulsed - Absolute Haemoglobin 

Concentration (µM) 

- Tissue Oxygenation Index 

(TOI; %); 

- Absorption Coefficient (μ(a)) 

- Reduced Scattering Coefficient 

(μ(s)’) 

Frequency Domain Near 

Infrared Spectroscopy (FD-

NIRS) 

Multiple, 

typically three 

Amplitude 

and phase 

altered 

- Absolute Haemoglobin 

Concentration (µM) 

- Tissue Oxygenation Index 

(TOI; %); 

- Absorption Coefficient (μ(a)) 

- Reduced Scattering Coefficient 

(μ(s)’) 

Diffuse Correlation 

Spectroscopy (DCS) 

One Continuous Blood Flow Index (BFI; cm2/s or 

expressed as relative change) 

Photoplethysmography 

(PPG) 

One Continuous Change in blood flux (presented 

in mV, relative change or 

arbitrary units) 

Laser Doppler Flowmetry 

(LDF) 

One Continuous Change in blood flux (presented 

in mV, relative change or 

arbitrary units) 
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2.3: Imaging modalities for measuring bone haemodynamics 

This section will outline the most commonly used methods to measure bone 

haemodynamics using diagnostic imaging modalities. This predominantly involves 

magnetic resonance imaging (Section 2.3.1) and nuclear medicine protocols (Section 

2.3.2). Less common examples are also briefly discussed in Section 2.3.3. 

2.3.1: Magnetic resonance imaging (MRI) 

MRI has been used for a variety of different applications around haemodynamic 

measurements of bone tissue in vivo in humans. For example, previous MRI studies 

have shown a correlation between reduced bone mineral density (BMD), increased 

marrow fat and reduced bone perfusion (36, 89, 90). These associations have been linked 

with type 2 diabetes mellitus (T2DM) (91), oophorectomy (43), cardiovascular disease 

and peripheral arterial disease (36), smoking (11) and the natural aging process (89, 92, 93). 

Chen et al 2001 found bone perfusion in vertebral bodies decreased with age, more 

markedly in females, and in line with BMD changes (94). Similarly Biffar et al 2011 found 

perfusion in vertebral bodies decreased in those with lower BMD. Significant changes 

in bone perfusion were also seen in vertebral bodies with compression fractures (95).  

In a longitudinal study, Ma et al 2013 found a link with poor bone perfusion and a faster 

consequential loss of BMD (92). Griffith et al 2011 also found that people with poorer 

bone perfusion and higher fat marrow content on MRI lost BMD more rapidly over a 

four year period (37).   

There are a number of proposed theories to explain these links between bone 

haemodynamics, marrow fat content and BMD, but the true underpinning physiological 

relationships are still undetermined. However, the associations demonstrated 

strengthen the case for investigating bone haemodynamics as a predictive tool for 

BMD changes and/or susceptibility to fracture (37, 96).   

Despite the existing precedence for the use of MRI to investigate bone 

haemodynamics, there is no consensus on the most suitable approach for these types 

of investigations. This section will explore some of the MRI protocols applicable to this 

project, including justification for the approach adopted.  

2.3.1.1: Blood oxygen level dependent (BOLD) protocols 

BOLD protocols use T2* scanning parameters to take advantage of the paramagnetic 

properties of deoxygenated haemoglobin and diamagnetic properties of oxygenated 
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haemoglobin in order to demonstrate oxygenation changes as T2* signal change 

during temporal scanning of a volume (97, 98). 

BOLD imaging is recognised as an established imaging technique for perfusion in the 

brain (99) and has been used to investigate disease states in skeletal muscle due to 

conditions such as peripheral arterial disease (100). BOLD protocols have been shown 

to be reproducible is soft tissues (101, 102). In principle BOLD protocols are ideal for 

validation of NIRS haemodynamic markers as they can similarly demonstrate 

oxygenation changes in real time with temporal imaging during an intervention such as 

an arterial occlusion protocol (103). BOLD protocols have been used to demonstrate 

strong correlations with cerebral NIRS measurements obtained during motor-task 

related activities (104, 105). Likewise BOLD protocols have been used to compare NIRS-

measured changes in skeletal muscle at the calf during exercise protocols (106). 

Unfortunately, there was no previous studies identified using this protocol in bone. 

Given the potential advantages of BOLD as a validation tool, a T2* BOLD protocol was 

trialled as part of protocol development work for this PhD project but was unsuccessful, 

most likely due to susceptibility artefact and low signal intensity received from the tibial 

region of interest during imaging with the available 1.5 Tesla MRI scanner. This failed 

protocol is discussed in more detail in Section 4.9.  

2.3.1.2: Dynamic contrast enhanced MRI (DCE-MRI) 

DCE-MRI protocols are the most commonly reported MRI-based method to measure 

bone haemodynamics (89). DCE-MRI protocols involve scanning a volume of tissue 

temporally during an intravenous Gadolinium contrast injection in order to observe 

markers of Gadolinium uptake, representative of the haemodynamic vascular blood 

supply in the tissue region of interest (ROI) (107). Gadolinium contrast is paramagnetic 

and therefore works by changing the magnetic spin (and therefore MRI signal) in the 

Hydrogen nuclei immediately surrounding it. Therefore when Gadolinium is injected in 

the bloodstream via venous injection, measures of the signal change in Hydrogen 

nuclei in the ROI will be representative of its blood perfusion (99).  

DCE-MRI imaging has been shown to be a useful way of demonstrating 

haemodynamics in bone tissue in a number of different bony sites (such as vertebrae 

(43, 95), neck of femur (NOF) (108, 109), mandible (110), wrist (111, 112), and tibia (113, 114)) and 

to investigate a number of different pathologies (such as osteoporosis (92, 95), 

compression fractures (89), avascular necrosis and NOF fracture (108, 115), Paget’s 
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disease (116, 117), types of arthritis (111, 118), medial tibial pain (114), and bone-related 

cancers such as leukaemia, multiple myeloma, primary tumours and metastases (119-

122)). 

When analysing DCE-MRI scans, a time-signal intensity curve is generated graphing 

the enhancement of signal in the predetermined ROI over time (Figure 2.8 provides an 

example). From this a number of quantitative measures can be used as 

haemodynamic markers, including: 

- The time to first enhancement, which can be influenced by a number of factors such 

as the rate of contrast injection, cardiac output and/or distance of the ROI from the 

heart; 

- The rate of contrast uptake post injection, considered to represent vascular perfusion 

(incorporating blood flow velocity, capillary permeability and interstitial diffusion (123)) 

within the ROI. Measurement protocols here may vary (for example taking the steepest 

point of enhancement, or the initial period of the enhancement curve (43)); 

-  Time to peak enhancement, also considered to represent vascular perfusion within 

the ROI;  

-  Maximum amplitude of Gadolinium signal reached compared with baseline signal.  

This associates with blood volume, capillary capacitance and permeability, and 

interstitial space volume, which influence the ability of tissue to hold larger 

concentrations of contrast within the ROI (124); 

-  Area under the curve (AUC) of the time-signal enhancement curve can also be used 

as an alternative marker of maximum amplitude (108); and, 

-  Washout rates or time taken for signal to return towards baseline post enhancement 

may be used to represent venous outflow (99).   
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Figure 2.8: An illustrative example of commonly used quantitative markers of DCE-

MRI time-signal curves (in purple). Quantitative markers are calculated following curve 

fitting of raw data (represented by the orange line) with appropriate nonlinear 

regression (demonstrated in red). 

[1] Onset time to first enhancement post injection 

[2] Time to peak enhancement 

[3] Initial slope of Gadolinium uptake 

[4] Amplitude of maximum enhancement 

[5] Area under the curve to peak enhancement 

The markers in Figure 2.8 are considered indirect descriptive quantitative 

representations of the haemodynamic properties of the ROI. These are relatively easy 

to calculate but are not directly physiologically applicable, but rather simply quantitative 

descriptions of the time-signal curves obtained, which may be presumed to be 

associated with the haemodynamics of the ROI. These markers are likely to be affected 

inherently by a combination of factors such as the participant’s cardiovascular function, 

absolute blood volume, tissue perfusion, capillary permeability, and extravascular 

space. However, the individual contribution of each of these factors to the quantitative 

markers derived is not easily distinguished (35, 107). 

Also, due to these being inherently based around MRI signal changes, they may be 

susceptible to influence from the scanning parameters used and inherent features of 
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the MRI scanner itself. In the case of this project, all participants have been scanned 

on the same scanner with identical scan protocols, so this does not affect comparison 

within the cohort of participants (107). 

It is possible to make more analytical physiological measurements that are directly 

relatable to the haemodynamics of the ROI using pharmacokinetic modelling of the 

tissue of interest, such as absolute measures of capillary permeability, extravascular 

space, blood volume, and blood perfusion rates. However, this is more complex 

analysis requiring physiological assumptions on the tissue of interest, such as the 

arterial input rate to the volume of interest, and assumptions around uniform contrast 

concentration and contrast transfer within the volume. There are a number of 

approaches to pharmacokinetic modelling, with potential error introduced if adopting 

an inappropriate model (99, 107). A consensus on pharmacokinetic modelling for 

measuring bone haemodynamics has not been sufficiently developed and so 

pharmacokinetic modelling of DCE-MRI data was not attempted for this PhD project. 

Given its established use in measuring bone haemodynamics, DCE-MRI appears to 

be a sensible scanning protocol to use as a reference standard to attempt to validate 

NIRS, and was logistically feasible using the MRI facilities available. 

2.3.1.3: MRI proton spectroscopy (MRS) 

MRS does not directly image bone haemodynamics but it can be useful for measuring 

the relative fat content of bone marrow, which is known to increase in those with 

osteoporosis, and to negatively correlate with bone mineral density (34, 125). Using an 

MRS scanning protocol, spectroscopic data can be acquired on water and lipid 

concentration leading to calculation of a marrow fat fraction (22, 43). Yellow marrow is 

known to consist of around 80% lipids, while red marrow typically consists of 40-60% 

(See Figure 2.9) (22). 

Fat content within bone marrow has also been found to negatively correlate with bone 

perfusion (126). Increased marrow fat suggests a decrease in red erythropoetic marrow, 

as expected with the observed negative correlation with bone perfusion (43, 127).  This 

reduction in red marrow occurs with age (22) but also may be accelerated with pathology 

such as osteoporosis (94). MRS can also be sensitive to different types of fat, and not 

just total fat content (128). For example, Patsch et al 2013 indicated using MRS that 

there were differences in fat composition within vertebral bone marrow in those with 
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fragility fracture, and those with T2DM, both having higher proportional saturated fat 

content compared with controls (91, 129).   

MRS techniques of measuring bone have been validated against histological results, 

and both DCE-MRI and MRS parameters have been shown to be acceptably reliable 

for research purposes (22). Griffith et al 2009 found DCE-MRI and MRS parameters for 

the femoral shaft, neck and head to be reproducible with intra class correlations (ICC) 

generally above 0.75. ICC was better in areas of high perfusion (red marrow) for DCE-

MRI, and fat content (yellow marrow) for MRS, as signal is increased in both cases 

(130). Padhani et al 2002 used a pharmacokinetic model to calculate maximum contrast 

medium accumulation in the ischial bone marrow with a within subject coefficient of 

variation of 23.1%. This was similar to results in adjacent muscle (131). Yang 2009 also 

used a pharmacokinetic model to look at DCE-MRI of bone metastases. Using different 

models, within-participant coefficient of variation ranged between 9% and 15% for 

markers of contrast agent transfer rates to tissue (132). 

An MRS protocol was attempted in this study as part of MRI imaging in order to 

potentially corroborate MRS results with bone haemodynamic results found with DCE-

MRI and NIRS, and also to observe any differences in marrow fat content between 

sexes, and those participants with and without T2DM. 

 

Figure 2.9: Example MRI spectroscopy data from the yellow marrow of the femoral 

diaphysis (VOI 1); the trabeculae bone of the distal femur with yellow marrow (VOI 2); 

and the vertebral body of L3 (VOI 3). The yellow marrow of VOI 2 has a much smaller 

water peak (relative to fat peak) then at the red marrow of L3. VOI 3 displays two 

example spectra, one from a healthy 24 year old female demonstrating a lower relative 

fat fraction than the second healthy 46 year old female. Reproduced with permissions 

from Machann et al 2008 (133). 
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2.3.1.4: Alternative MRI protocols 

There are a number of alternative MRI protocols that also have the ability to take 

representative haemodynamic measurements of tissue. However, these were not 

applied in this project, mostly due to a lack of established precedence in the evidence 

base and/or the requirement of a more advanced MRI system than was available. Ryan 

et al 2013 used Phosphorus MRI spectroscopy to investigate for association between 

phosphocreatine levels (as a marker of muscle metabolism) and arterial occlusion 

NIRS markers in skeletal muscle at the calf (134). However, Phosphorus MRI is unlikely 

to produce enough signal to image temporally in bone. 

MRI based diffuse correlation spectroscopy (DCS) protocols are based around imaging 

representative of the random Brownian motion of water molecules in the tissue of 

interest. If microvascular perfusion is also assumed to be a pseudo-random motion of 

molecules given the intricate and pseudo-random orientation of capillaries, changes in 

signal caused by altered perfusion can be derived from diffusion weighted imaging (89, 

135). DCS protocols have been used for bone marrow tumours, although the technique 

is still new and mainly based in neurological imaging (89). Some initial studies on 

osteoporosis and diffusion imaging were identified but findings remain unclear and 

conflicting (35, 89, 136).  

Arterial Spin Labelling (ASL) works by effectively “labelling” red blood cells that are 

proximal to the ROI.  This is done with a radio frequency excitation to an area proximal 

to the ROI.  By then scanning the area of interest after this radio frequency excitation, 

the signal change recorded within the ROI will be a marker of the rate of flow of the 

“labelled” RBCs to the area of interest (100). This protocol has the advantage of not 

requiring contrast, but has disadvantages in that it relies on the efficiency of the 

labelling process (97). ASL has been documented to reliably measure brain, muscle 

(including use of occlusion protocols), and renal tissue, among others (97, 100, 137, 138). 

ASL was used to validate the use of NIRS for measuring oxygenation changes in 

newborns with hypoxic-ischemic encephalopathy (138). However, no evidence was 

found of the use of ASL in bone tissue. As the T2* signal in bone is low and seemingly 

untested it was deemed infeasible to use this type of MRI imaging in this PhD project.   

Ultrashort-TE (UTE) MRI is another relatively new protocol allowing better T1 and T2* 

signal delineation in cortical bone, also facilitating more reliable DCE-MRI 
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measurements specifically in cortical bone (139). However, this type of scan protocol 

was not possible on the MRI scanner available.  

2.3.2: Nuclear medicine 

Bone seeking radiopharmaceuticals such as 99mTc-labeled methylene diphosphonate 

(99mTc-MDP) can be used for a variety of dynamic nuclear medicine scan protocols to 

investigate bone perfusion and metabolic rates of turnover (140). When injected 

intravenously, 99mTc-MDP is absorbed by the inorganic matrix of bone, and this 

process is more likely in areas of mineralisation and anabolic remodelling (141). Thus in 

the first few minutes post injection, the rate and extent of uptake of 99mTc-MDP will 

reflect the vascularity supplying bone tissue at each specific anatomical site of interest, 

or as a whole body scan (123). Specifically this could be influenced by the rate of blood 

flow, the density of capillary supply, and permeability of capillary exchange, although 

quantitative results won’t be able to distinguish between these factors. Uptake rates in 

bone during delayed phases (a few hours after injection) will also reflect the mineral 

apposition rates of bone. Venous blood sampling can also compliment this by 

examining the plasma clearance rates of the injected radiopharmaceutical, indicative 

of bone metabolism activity (142). Nuclear medicine imaging has the advantage of 

acquiring data at specific bony sites and/or the whole body, unlike blood markers of 

bone metabolism (discussed in Section 2.4.4) (141). 18F-labeled sodium fluoride (18F-

NaF) is also a PET/CT compatible radiopharmaceutical allowing higher spatial 

resolution and 3D tomographic imaging utilising dynamic protocols typically only taking 

up to 60 minutes (11).  

Nuclear medicine scans can be subject to error, predominantly from the assumptions 

required for quantitative kinetic modelling of blood flow in bone (such as assuming 

uniform capillary diffusion capabilities between participants, assumptions around soft 

tissue uptake, and assuming normal renal clearance) (141). Reproducibility is difficult to 

establish for scan protocols given the time and radiation burden for participants. 

Wassberg et al 2017 reports repeatability coefficients of quantitative standardised 

uptake markers of 18F-flouride in the range of 23-35% relative to mean results, 

comparable with  other metabolic bone blood markers taken in the same 10 

participants (143). Using comparable scan protocols, Siddique et al 2011 report 

coefficients of variation ranging between 10.1% and 14.8% (144) 
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Nuclear medicine scanning has been used to research bone vascularity in humans in 

vivo, to investigate for a number of metabolic bone diseases (e.g. Paget’s disease, 

bone metastases, and non-union of fractures) (141). However it was not a viable 

logistical option for this project. It is felt the project is not severely limited by this 

methodological choice to use DCE-MRI, which appears to have comparable reliability 

and equitable use in the existing evidence base. 

2.3.3: Other methods for measuring bone haemodynamics 

There were numerous alternative testing methods identified in the literature for 

exploring vascular parameters in bone, especially in studies involving animal testing. 

Lafage-Proust et al 2015 describes multiple methods of staining blood vessels in 

murine models using molecules captured by endothelial cells or smooth muscle cells 

for capillary density counting histologically. Barium based agents can be used to fill 

microvascular spaces and allow histological or x-ray based microtomography (145). 

Radioactive particle tracers can also be used, however these methods typically involve 

sacrificing tested animals (146). In vivo murine studies can be performed using NIR 

systems with fluorescent contrast agents and/or microscopy under anaesthetic (145). 

There are examples in the evidence base of selective angiography (147) and Doppler 

ultrasound (76) imaging in humans measuring blood flow of nutrient vessels into bone. 

However, this is limited to representing the supply of blood to bone and will not 

represent the microvascular function of small vessels within bone tissue (76). Contrast 

enhanced ultrasound has been applied to measurements of in vivo human bone tissue 

including applications such as monitoring osteocutaneous fibular grafting of the 

mandible (148, 149), and monitoring of non-union at the tibia (150, 151). However, the 

application of this technique remains in its infancy with a limited evidence base and so 

was not included as a comparator for NIR technologies in the systematic review 

presented in Chapter 3. 

Bone biopsy, typically of the iliac crest, can provide histological and structural 

information on the quality of trabecular and cortical bone. When used in conjunction 

with tetracycline as a tagging agent it can also be used to investigate bone metabolism. 

However, this is a painful procedure for the participant, and longitudinal monitoring is 

restricted due to its invasive nature (152). 
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2.4: Common tests of bone health 

This section will discuss some of the commonly utilised research tools relevant to this 

PhD project that address different measures of bone health, alternative to measuring 

haemodynamics. 

2.4.1: Dual energy x-ray absorptiometry (DXA) 

DXA testing is the clinical mainstay of bone health testing, having been in clinical use 

since 1987. It has been demonstrated to have high precision when measuring bone 

mineral density (BMD) at multiple sites, but clinically the lumbar spine (L1-L4) and hips 

(including femoral head, neck of femur and intertrochanteric regions) are of most 

interest as sites of common fragility fracture that show the earliest signs of BMD loss 

(153). 

DXA is a quantitative x-ray based test that uses x-ray beams of two energy levels 

(typically 30-50 and 70-140 keV) to distinguish the differential attenuation of x-rays by 

bone, fat, or lean tissue within the region of interest scanned, and can thus give a 

measurement of BMD (153). Because DXA is a two dimensional scan of a three 

dimensional body, BMD measurements are reported as an areal density in g/cm2. 

However, clinically T-score results are most commonly reported, indicating the number 

of standard deviations that a patient’s BMD differs from a young adult reference 

population, matched for sex and ethnicity (see Figure 2.10) (153).  

The World Health Organisation’s diagnostic threshold for an osteoporosis diagnosis is 

a T-score ≤ -2.5, with osteopenia indicated with T-scores between -1.0 and -2.49 (31). 

An accepted limitation of DXA is that it is not a sole predictor of fragility fracture with 

more than 50% of fragility fractures occurring in patients who do not belong to the 

osteoporosis category by DXA testing alone (154). Here alternative diagnostic methods 

indicating bone micro architectural quality (such as trabecular bone scoring) and 

clinically relevant risk factors (such as the Fracture Risk Assessment Tool) can play a 

role. These are discussed in Section 2.4.2 and Section 2.4.3 respectively. 

Limitations of DXA are that it provides two dimensional imaging, unlike peripheral 

quantitative computed tomography (pQCT) scans which are able to provide higher 

resolution volumetric imaging and analysis of cortical and trabecular bone, albeit with 

a greater associated radiation burden for the participant. Areal bone density is also 

susceptible to overestimating fracture risk in those with small bone volume (153) and 

has reduced precision in obese populations (155). Volumetric adjustment of areal BMD 
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(a) 

(b) 

measurements are possible to adjust for differences in bone volume if required, often 

applied in paediatric testing. Low resolution imaging is produced with DXA imaging to 

rule out degenerative changes or calcification of the aorta which can lead to over 

estimations of true BMD (153). 

El Maghraoui et al 2005 demonstrate DXA has good reliability with a coefficient of 

variation of 2.02% at the lumbar spine and 1.29% for total hip measurements. This 

facilitates a “least significant change” in BMD of 5.60% and 3.56% at the lumbar spine 

and hip respectively, which would be within the expectant scale of changes over a 

biannual period for patients undergoing abnormal physiological BMD loss (156). 

   

Figure 2.10: (a) Image of the GE Lunar Prodigy Advance dual x-ray absorptiometry 

(DXA) scanner used in this thesis. (b) Illustrative example of the typical output of bone 

mineral density (BMD) measurements taken from L1 to L4. The low resolution image 

of the lumbar spine allows region of interest (ROI) placement for each vertebrae as 

well as assessment for obvious influence from degenerative spinal changes or 

overlying aortic calcification. T-scores derived from L1-L4 BMD measurements are 

graphically presented to show result comparisons with age related norms and with 

longitudinal changes (where applicable). 
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DXA has been utilised in this project to obtain measurements representative of BMD. 

DXA is the most common clinically performed test of bone health and is generally easy 

for participants who can lie supine. The test also has a small radiation burden (less 

than 50µSv). pQCT was not available and has a much higher radiation burden 

(typically 1.5-2.9 mSv) (153). It is of interest to investigate for relationships between BMD 

and vascular markers obtained with NIRS, as associations have been demonstrated 

between BMD measured with DXA and DCE-MRI parameters (36). Similar associations 

between BMD and NIRS would give confidence in NIRS as a future research tool. 

2.4.2: Trabecular bone scoring (TBS) 

TBS is a post processing application of DXA scans of the lumbar spine which gives an 

indicator of bone quality via assessment of the homogeneity of trabecular bone within 

vertebrae (coined “textural analysis” of trabecular bone) (157). TBS scores of lumbar 

vertebrae represent, and can be influenced by, the number of trabeculae, their 

thickness, their separation from adjacent trabeculae, and their connectivity with 

adjacent trabeculae, as well as the bone volume fraction relative to total volume within 

each vertebrae. A limitation of TBS is that it does not image the trabecular matrix of 

lumbar vertebrae directly, so it cannot distinguish between these contributory 

parameters, unlike histology or high resolution pQCT (158). This would be impossible 

for a 2D imaging application such as TBS due to the micro resolution and complexity 

of trabecular bone structure. Rather TBS provides a marker of “bone texture” and 

assesses the relative heterogeneity of data points obtained from the DXA lumbar spine 

as a marker of porosity in bone (40). 

Despite the relatively poor spatial resolution of DXA (pixel size is reported as four times 

greater than mean trabecular size (159)), TBS assessment of trabecular bone quality 

has been shown to have significant correlations with pQCT results on the micro-

architectural histomorphometric parameters of bone (157). TBS achieves this by using 

mathematical algorithms that can represent averaged bone quality information despite 

resolution poorer than individual components of trabecular bone. TBS is based around 

the spatial variability of pixel values by calculating the sum of squared adjacent pixel 

differences (157). 

Similar to BMD, TBS results can be compared with a population database matched for 

sex, ethnicity and ages between 40 to 90 years. Data are presented on a reference 

graph which demonstrates the normative curve for population results and colour codes 



82 
 

for fracture risk (see Figure 2.11). As for BMD measurements, TBS T-scores can be 

calculated by finding the difference between a participant’s TBS value and the typical 

TBS peak within the population of interest (matched for sex and ethnicity), and dividing 

this by the standard deviation of the population (153). 

Although not yet clinically adopted in the UK, TBS has been shown to be an 

independent predictor of fracture risk (160), including in T2DM populations (161). TBS has 

been shown to improve fracture risk prediction when combined with DXA BMD data, 

and can now contribute to estimates of fragility fracture using the Fracture Risk 

Assessment Tool (FRAX; discussed more in Section 2.4.3) (162). The precision of TBS 

has been shown to be comparable with DXA for demonstrating longitudinal change. 

Bandirali et al 2015 quotes a coefficient of variation of up to 2.0% and least significant 

change of up to 5.4% for TBS measurements (depending on scan mode), which is 

clinically comparable with DXA BMD measurements (163).  

 

Figure 2.11: An example output of trabecular bone scoring (TBS). TBS is a quantitative 

test but the image shows graphical representation of how the TBS algorithm assesses 

the heterogeneity and porosity of bone. 

In the absence of pQCT availability as the gold standard in assessing the 

microarchitecture of bone, TBS was deemed an appropriate tool for use in this project 

as a bone health comparator for NIRS haemodynamic markers. As a post processing 

application there is no further radiation burden to participants in addition to DXA. There 

is evidence of associations between trabecular bone quality and vascular properties of 

bone (5, 8) which suggests investigating for associations between NIRS markers of 

haemodynamics in bone and TBS scores of bone quality would be appropriate for this 
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project. Specifically, Biffar et al 2011 demonstrate a significant correlation between 

DCE-MRI derived haemodynamic markers of the lumbar vertebrae and markers of 

trabecular bone quality acquired using high resolution computed tomography (95). 

Similarly, Prisby et al 2012 demonstrate correlations in the reduction of both 

endothelial microvessel function and trabecular bone volume with both age and/or 

oophorectomy in a murine study (42). 

2.4.3: The fracture risk assessment tool (FRAX) 

FRAX is a predictive algorithm that primarily calculates the ten year risk of any fragility 

fracture, or alternatively any hip fracture, based on prioritised clinically associated risk 

factors. These include the participant’s age, sex, country of residence, weight, height, 

personal and family history of fracture, smoking status, glucocorticoid usage, alcohol 

consumption and history of rheumatoid arthritis or secondary osteoporosis (164). The 

participant’s femoral neck BMD and TBS score can also be entered as part of the 

scoring algorithm (162). In the absence of BMD measurements, the risk of fragility 

fracture probability in women can range from 3.5% in 50 year olds, to 31% in 80 year 

olds, assuming a BMI of 25 kg/m2 (164). 

FRAX was developed in order to capture the complexities of clinical decision making 

around treatment of osteoporosis and associated fracture risk, which lack sensitivity if 

based on BMD alone, and is known to be dependent on a wide range of clinical factors 

(164). FRAX has limitations such as the omission of other clinical risk factors such as 

bone metabolism markers, BMD at other sites, and indicators of falls risk. Likewise, 

the omission of T2DM has been topical with an evidenced increased fracture incidence 

in those with T2DM for a given FRAX score or BMD based T-score (48, 165).  

QFracture is a similar algorithm that has been developed in parallel including a wider 

range of clinical risk factors, especially useful where BMD is not available (166). Both 

are now integral to the recommended pathways for assessing the risk of fragility 

fracture and osteoporosis as per National Institute for Health and Care Excellence 

(NICE) guidance (CG146) (167). 

2.4.4: Blood markers of bone metabolism 

As discussed in Section 1.4, bone remodelling is a constant process within the human 

skeleton, and is a cohesive action between resorptive osteoclasts and anabolic 

osteoblasts.  It is when the balance between these actions is disturbed that bone loss 
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can occur, the most common example being osteoporosis where resorption is 

dominant (168). 

Use of blood markers to diagnose and monitor bone metabolism can be useful, 

providing an indication of the turnover rate of bone, unlike bone mineral densitometry. 

They can also indicate response to treatment for osteoporosis at an earlier stage (169). 

The use of bone metabolism markers is established in research applications such as 

monitoring therapy, predicting BMD loss, or predicting fragility fracture risk (in some 

cases independently of BMD) as they are easily repeated, relatively inexpensive, and 

can be sensitive to metabolic changes (25, 168).   

There are a number of available bone markers, and these can be broadly split into two 

categories: formative (based around outputs of osteoblast activity) and resorptive 

(representative of osteoclast activity and collagen degradation). Here focus is only on 

those used in this project:  N-terminal propeptide of type 1 procollagen (P1NP) and C-

terminal telopeptide of type I collagen (CTX). These two markers are recommended 

by the International Federation of Clinical Chemistry (IFCC) Bone Marker Standards 

Working Group as being most responsive to longitudinal change (170). 

P1NP and other propeptides of collagen are elevated in the presence of increased 

collagen production by osteoblasts, as type 1 collagen makes up 90% of the inorganic 

bone matrix. However collagen plays a role in various tissue types around the body, 

which is a potential confounder.  Use of P1NP has been shown to be most sensitive 

for use in monitoring anabolic treatments (168).  

CTX is left in blood as a waste product of resorptive activity and the breakdown of type 

1 collagen. As such it is a marker of osteoclast activity and has been found to inversely 

correlate with BMD in post-menopausal women (168). Post menopause, females have 

generally been shown to have sharp increases in resorptive markers such as CTX 

(circa 50-150%). Formative markers also increase (osteoblast activity is triggered by 

resorption) but not to the same extent (circa 50-100%) meaning a net bone loss with 

age (171). 

A limitation of bone metabolism markers are the various sources of biological and 

analytical variability, which has limited their acceptability in clinical usage. In particular, 

CTX varies with circadian rhythm and after eating, so testing is protocolled with a 

fasting early morning sample. Variability can also be introduced age, sex, ethnicity, 

seasonal effects, renal function, and some medications (168). In particular recent 
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fracture can be a confounder as increased bone metabolism markers are expected 

with fracture healing (170). 

With the identified sources of variability, the precision of CTX and P1NP should be kept 

in context with the expected clinical differences. There are documented within-

participant coefficient of variations for repeated longitudinal measurements of 8.4% 

and 7.5% in pre and post-menopausal women respectively, and 7.9% for CTX in post-

menopausal women (172). 

Likewise, given the wide sources of variability, “normal” ranges of these markers 

should be applied tentatively with consideration of sub groups based on age, sex, 

menopausal status, and the testing protocol used (172). With wide normal ranges across 

the population, markers tend to be used in the context of intra participant longitudinal 

changes over time, such as during treatment. 

Blood markers of bone metabolism were deemed useful in this study to compare with 

bone haemodynamics for any correlation in results. There was some precedence 

identified for comparison of bone metabolism blood markers with haemodynamic 

markers. Libicher et al 2008 found statistically significant positive associations between 

the formative alkaline phosphatase marker and DCE-MRI markers of blood perfusion 

in those with Paget’s disease (117) which subsequently both decreased with treatment 

(116). Wu et al. 2012 found participants with heart failure had raised bone resorption 

markers. After treatment with ventricular assist devices, there was a drop in resorption 

markers and increase in formative markers, suggesting improved circulation 

stimulating improved anabolic bone formation (173). 

2.5: Chapter summary 

This chapter has outlined the underlying principles of the NIR based technologies 

relevant to this PhD project, as well as other associated tests that can measure 

haemodynamics in bone tissue in vivo, and relevant alternative tests of bone health. 

Chapter 3 will present a systematic review of the NIR technologies mentioned and the 

existing evidence base around their use for measuring in vivo haemodynamics in 

human bone tissue. 
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Chapter 3: Systematic review 

3.1: Overview 

This chapter presents the rationale, methods and results of a systematic review carried 

out prior to the commencement of the experimental work reported in Chapter 4 

onwards. The protocol for this systematic review was submitted to the International 

Prospective Register of Systematic Reviews (PROSPERO; Study ID: 

CRD42015024463) (174) and updated upon completion with a published paper (14). This 

chapter is structured around the “preferred reporting items for systematic reviews and 

meta-analyses” (PRISMA) guidelines for systematic review reporting (175). 

3.2: Rationale 

Chapters 1 and 2 have outlined the vascular physiology of bone tissue and the existing 

technologies available to measure various haemodynamic parameters. As introduced, 

a range of technologies using near infrared (NIR) light have shown promise at providing 

real time measurements of haemodynamic markers in bone tissue in vivo. These 

technologies have the potential to measure markers of vascular supply to bone 

including blood oxygenation, oxygen extraction rates, and perfusion rates. NIR 

technologies also overcome some of the logistical and safety concerns of existing MRI, 

nuclear medicine and interventional testing methods, being non-invasive, non-

destructive, non-ionising, inexpensive and allowing repeat or continuous 

measurements. This could benefit research in a range of bone pathologies with 

suspected vascular elements to their pathogenesis, such as the earlier detection, 

prevention and monitoring of haematopoietic malignancies, osteoporosis, non-

osteoporotic fragility fractures, and slow fracture healing. 

There are currently no established clinical applications of near infrared spectroscopy 

(NIRS) for measuring bone tissue despite research in this field. An initial review on the 

topic suggested there was established but limited research on the use of NIRS for 

measuring haemodynamics in bone tissue. However, a systematic review on the topic 

had not been performed to date. Such a review would serve as useful to guide further 

feasibility work and ensure future research effectively adds knowledge to the existing 

evidence base. Before proceeding to experimental work with the available Hamamatsu 

NIRO-200NX system, it was essential to have a context for the existing evidence base 

around the use of NIR systems for measuring haemodynamics in human bone tissue 

in vivo. 
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3.3: Aim and objectives of the systematic review 

The primary aim of this systematic review was to gauge the existing knowledge base 

on the ability of NIRS and similar NIR-based optical techniques for measuring 

haemodynamic markers of blood supply to in vivo bone tissue in humans, and to 

investigate the potential of NIRS as a diagnostic tool in this field. The systematic review 

was also performed to guide further development of NIRS as part of this PhD project. 

To achieve this aim, the following objectives were to be investigated through the 

literature identified: 

- Whether NIRS (or similar technologies) has been shown to measure haemodynamics 

exclusively in bone tissue (and the potential influence of overlying tissue); 

- What types of haemodynamic markers are used to represent the vascular blood 

supply within bone; 

- What anatomical sites are ideal for obtaining such haemodynamic markers; 

- How accurate these haemodynamic markers are when compared to reference 

standards for measuring the haemodynamics of bone; 

- Whether measurements of bone are reproducible and precise across different 

operators and different participants; 

- Whether measurements are tolerable for participants; and, 

- Whether the use of NIRS (or similar technologies) can be optimised in terms of 

measurement protocols developed for research use. 

Secondary objectives also included: 

- Observing what types of bone pathologies have been investigated using NIR 

technology, with a specific mind to any diabetes related research. 

- Observing methodological approaches and gaps in the existing evidence to guide 

further research as part of this PhD project. 

- To observe any methodological weaknesses in the existing evidence base. 

 

 

 



88 
 

3.4 Methods 

3.4.1: Eligibility criteria 

This systematic review looked to assess the effectiveness and diagnostic accuracy 

with which NIRS (or similar technologies) measures haemodynamic markers of the 

vascular blood supply to bone, and compare identified results with existing 

comparators.  As such, eligibility criteria were based on diagnostic test accuracy 

eligibility criteria including participants, target condition, index test, and reference 

standard/comparators; as well as study design and report characteristics. However, 

much of the pre identified literature was in the form of investigative feasibility work and 

as such emphasis on eligibility for the review was on the target condition and index 

test categories as outlined below. Studies were still eligible for inclusion without a 

detailed comparator or reference standard. A diverse but relatively small evidence 

base was expected and as such broad search criteria were established as outlined 

below. 

3.4.1.1: Participants 

Only human studies were considered for the review involving either healthy and/or 

diseased participants. Studies involving children were considered eligible. 

3.4.1.2: Target conditions 

A scoping review of the topic suggested a relatively small yet wide ranging evidence 

base on the use of NIRS at measuring the vasculature of bone. As such the "target 

condition" criteria was kept broad to include any in vivo haemodynamic monitoring of 

healthy or diseased bone tissue vasculature, including any bony anatomical site.  This 

could be for the purposes of diagnosis, prognostic assessment, longitudinal monitoring 

or screening purposes.  Any logical choice of a superficial bony anatomical site was 

considered, as NIRS is limited to measuring tissue depths of several centimetres (176).  

Any haemodynamic measurements of bone tissue vasculature was considered 

eligible, and was expected to be in line with the haemodynamic measurements 

discussed in Section 2.2; including TOI, haemoglobin concentration changes, and 

markers of blood flux and blood volume. Other haemodynamic markers not previously 

identified were considered if they gave insight to the haemodynamic state of the bone 

tissue measured. 
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3.4.1.3: Index tests 

The primary index test of interest was NIRS. As an index test NIRS could include a 

wide variety of diagnostic techniques that use near infrared wavelengths (700 to 

1000nm) of light to measure the target condition. NIRS can utilize selected 

wavelengths for spectroscopy measurements or may also be “broadband” 

incorporating a wide or continuous range of wavelengths.  In addition, any adaptation 

of NIR-based technology was considered eligible for this review.  The main range of 

systems expected was NIRS, laser Doppler flowmetry (LDF) and 

photoplethysmography (PPG). 

3.4.1.4: Reference standards or comparators 

Given the broad scope of the target condition, there are a number of reference 

standards that could apply. Again, given the small number of expected eligible studies 

and the broad target condition, any suitable comparator would be considered. Also, 

given many included studies will be pilot or feasibility work, the absence of a 

comparator or reference standard test did not prohibit inclusion in the review. Example 

comparator tests are described in Section 2.3 and could include bone biopsy, nuclear 

medicine scans, positron emission tomography (PET) or magnetic resonance imaging 

(MRI) protocols.  

3.4.1.5: Report characteristics 

There were no restrictions on the geographical location of publication, nor the year of 

publication. Only studies in English were included. 

3.4.1.6: Types of studies 

Case studies of individual participants were excluded, as were opinion pieces and 

editorials. Given the small number of expected studies, any other empirical research 

meeting all other eligibility criteria was considered eligible.  

3.4.2: Information sources 

An initial search of online databases including MEDLINE, EMBASE, the Cochrane 

Library, NICE Evidence Search, PROSPERO and the Centre for Reviews and 

Dissemination (CRD) database indicated this systematic review was yet to be 

attempted. MEDLINE and EMBASE online databases were searched using the OVID 

search platform, along with CINAHL using the EBSCO platform. Grey literature 

databases including conference abstracts and unpublished works were also searched, 
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including Web of Science, OpenSIGLE, OpenGrey, Clinicaltrials.gov, the WHO 

International Clinical Trials Registry Platform, and the National Technical Information 

Service (NTIS) database.  Previous theses on eligible topics were searched for using 

the British Library EThOS database and the Proquest Dissertation and Theses 

Database. The reference list and further citations of any eligible studies were hand 

searched. Authors were contacted for full texts or for further information pertaining to 

study design or interpretation of results when required. 

3.4.3: Search strategy 

Search strategies were developed with consultation from a search methodologist and 

available experts in the field for suitable and exhaustive search terms. There were no 

search filters used, such as those for study design, date, or language of publication. 

Medical subject headings (MeSH) and text words were used as part of the search 

strategy. MEDLINE and EMBASE search strategies are included in Appendix A. Once 

finalised these were adapted for other search sources accordingly. Searches were 

performed in September 2015, with a repeated addendum search of MEDLINE and 

EMBASE performed in July 2019. 

3.4.4: Study selection  

Upon agreement of the search strategies, searches were executed and exported to 

Endnote (Version 8.0; Clarivate Analytics, Philadelphia). Duplicates were then 

removed if matched by title and authors. The title and abstract of results were then 

screened for meeting the inclusion criteria. Given there was only one person screening 

titles and abstracts, if there was any doubt over an individual study it was included for 

full text eligibility assessment. 

The remaining studies were considered for inclusion in the systematic review based 

on assessment of their full text using the aforementioned eligibility criteria. This was 

carried out independently by two reviewers, blinded to each other’s decision making.  

Full text eligibility assessment was carried out using the proforma included in Appendix 

B which had been piloted on two previously identified eligible studies. Any 

disagreements with respect to eligibility were planned to be mediated by a third 

reviewer, but this was not required. Reasons for exclusion were documented. The 

search process was summarised with a PRISMA flow chart (see Figure 3.1). 
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3.4.5: Data collection process 

Upon agreement of eligible studies, relevant data were extracted from the included 

studies by the primary author using the data extraction proforma included in Appendix 

C, which was piloted on two previously identified eligible studies. If multiple studies 

were found addressing the same data, the most comprehensive source was adopted 

and the other source excluded. 

3.4.6: Data items 

Key data were extracted on study design and publication status, report characteristics 

(geographical location, language and date of study), sample size, participant 

demographics (age, sex, BMI), anatomical bony sites used, application of the index 

test, target conditions addressed, results reported, and comparators employed.  A wide 

range of applications of the index test were expected along with different approaches 

to measuring the outcomes of target conditions. Other outcomes were also included 

such as comparison with the comparator/reference standard used, reporting of 

participant tolerability, preferred anatomical bony sites, measures of precision or 

reproducibility, and evidence that measurements are exclusively of bone tissue.  

3.4.7: Risk of bias in individual studies 

Quality assessments of included studies were carried out with a sample of ten studies 

double assessed independently for validation of the approach used. Any other 

concerns or queries were discussed with the wider supervisory team during the 

process. No studies were to be removed from the review on the basis of having a high 

risk of bias. Initially it was planned that identified studies would be scrutinised for 

potential bias or methodological weaknesses using the QUADAS-2 tool based on 

current guidance from the Cochrane Handbook for Systematic Reviews of Diagnostic 

Test Accuracy (177). This covers four broad domains including participant selection, 

index test, reference standard/comparator and “flow and timing”. Pre stated signalling 

questions were designed to investigate “applicability” and “risk of bias” for each domain 

and were piloted on two previously identified eligible studies.   

However, after the search strategy was carried out it became apparent that the majority 

of included studies were not diagnostic test accuracy study designs and that there was 

a wide range of study designs reflected in the included literature. As such a more 

flexible approach was adopted. Studies were quality assessed using the quality 

assessment tools provided by the National Heart, Lung and Blood Institute (178). This 
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package presents a checklist of reporting components to consider when assessing 

reporting quality for different study designs (such as case series, case-control, cross-

sectional, or pre-post study designs). The use of these checklists allowed quality 

assessment judgements using the six domain-based intrinsic bias assessment 

recommendations from the Cochrane Collaboration for investigating risk of bias within 

individual studies (see Table 3.1 below) (179). As these criteria were designed with 

interventional trials in mind, adaptations to the interpretation of these internal biases 

were made based on the “Risk of Bias Assessment Tool for Nonrandomized Studies” 

(RoBANS) suggested by Kim et al. 2013 (180). 

Table 3.1: The six domain-based internal biases that included studies were judged on 

in the systematic review (179, 180) 

Type of Internal Bias Description 

Selection Bias Risk of bias caused by the inadequate selection of 

participants and/or by the inadequate confirmation 

and consideration of confounding variables 

Performance Bias Risk of bias caused by the inadequate measurement 

of exposure and/or due to knowledge of the allocated 

interventions by participants and personnel during 

the study. 

Detection Bias Detection bias caused by the inadequate 

performance and/or blinding of outcome 

assessments by those performing analyses. 

Attrition Bias Attrition bias caused by the amount, or inadequate 

handling, of incomplete outcome data 

Reporting Bias Risk of bias caused by the selective reporting of 

outcomes 

Other Biases Risk of bias due to problems not covered elsewhere 

by the other five domains 

 

Responses to the six domain-based assessment signalling questions lead to 

categorising the study as “low risk” or “high risk” for each domain overall.  Where there 

was not enough information provided, an “unclear” rating was given. An overall 

judgement of reporting quality as either “good”, “fair” or “poor” was made for each 

study.  “External applicability” and “generalisability” of studies were also assessed 

using these categorical criteria (177). Methodological patterns or trends for “unclear” or 
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“high risk” areas of bias were identified and their potential effect on results discussed 

in context within the discussion of the review.   

3.4.8: Summary measures 

As discussed in Section 2.2, differing NIR systems can measure different relative and 

absolute quantitative outcomes of haemodynamics including changes in haemoglobin 

concentrations, tissue oxygenation, blood flux, and blood volume. These quantitative 

markers were the primary outcome measures reported.  

3.4.9 Synthesis of results 

Due to the heterogeneity in the identified literature, the primary approach of this review 

was a narrative synthesis of studies.  Studies were primarily grouped based on the NIR 

testing system adopted and discussed in context of the differing applications of the 

index test, participants used, comparators employed and anatomical sites of interest.  

Results from studies were compared in context to the methodological limitations 

identified from the risk of bias assessment described above in Section 3.4.7. Data were 

labelled as missing or incomplete when this was encountered, and where contact with 

authors was unsuccessful. 

 3.4.10: Statistical analysis and data synthesis 

Due to methodological heterogeneity, meta-analysis was not performed. Narrative 

synthesis of the primary outcomes mentioned in Section 3.4.8 was completed. 

Throughout the narrative synthesis, sub groups of eligible studies were described 

according to common methodological approaches, including studies: 

- Investigating similar participants (for example post-menopausal women or elderly 

populations), anatomical bony sites or disease states; 

- Investigating similar NIRS technologies (e.g. continuous wave, time-resolved or 

frequency domain based NIRS systems); 

- Measuring similar haemodynamic markers of microvascular blood supply to bone 

(such as oxygenation, perfusion or blood volume); and, 

- Adopting a feasibility or validation methodology of NIR technologies, or using NIR 

technologies for physiological research. 
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3.4.11: Risk of bias across studies 

Statistical analysis of reporting bias such as using funnel plots were unlikely to be 

meaningful with the heterogeneity of study designs and outcome measures in the 

included studies. Sub group analysis of published and unpublished “grey” data 

identified can be performed to indicate a potential for publication bias. Likewise, sub 

group analysis of studies with small sample sizes can suggest the presence of “small 

study effect” biases. However, these approaches were not adopted due to the 

heterogeneity of study designs and NIR applications compromising the validity of these 

assessments of bias (181). 

The review includes a discussion on the strength of the evidence accumulated in the 

systematic review.  This includes consideration of the risk of bias of individual studies, 

patterns in biases (such as common methodological weaknesses across studies), the 

consistency of results across studies, and the applicability and generalisability of 

results across the general population.  These are kept in context with the strengths and 

limitations of the review process. 

3.5 Results 

3.5.1: Study selection 

A summary of search results is presented in the PRISMA diagram below (Figure 3.1). 

Ninety studies were included for full text analysis. A summary of extracted data is 

available in an online supplementary resource (available at http://tiny.cc/1ybljz) 

presenting all data extracted by the primary author. Study publication dates ranged 

from 1987 to 2019 and there was wide geographical variation with publications based 

in 13 different countries. These were predominantly peer reviewed journal articles 

along with five conference proceedings (70, 182-185) and two theses (186, 187). 

Twenty-two studies were identified using NIRS (9, 10, 15, 16, 56, 70, 72, 75, 78, 183, 185, 186, 188-196) 

and eleven studies were identified using PPG non-invasively on in vivo bone sites (77, 

78, 83, 197-204). Two of these studies used both NIRS and PPG (78, 204). Fifty nine studies 

were identified using LDF in vivo (85-87, 147, 182, 184, 187, 205-256) of which 58 were used intra 

operatively during surgical procedures. Only one study using LDF attempted to 

measure bone non-invasively (254). Most studies were in adult populations with only 7 

of the 59 LDF studies including paediatric populations (207, 212, 234-236, 241, 253).   

 

http://tiny.cc/1ybljz
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Figure 3.1: PRISMA flow chart of search strategy. 

3.5.2: System characteristics 

3.5.2.1: Near infrared spectroscopy (NIRS) 

Studies most commonly utilised continuous wave (CW) NIRS systems using spatially 

resolved (SRS) or modified Beer Lambert (MBL) law algorithms, comparable with the 

Hamamatsu NIRO-200NX used in the experimental research presented in this thesis.  

These systems utilised at least two or three discrete wavelengths of NIR light in the 

first NIR window (700 nm-1000 nm), and either side of the NIR isobestic point of 

~800nm, to detect changes in oxygenated haemoglobin (O2Hb) and deoxygenated 
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haemoglobin (HHb) concentrations, taking advantage of their different attenuation 

properties at these wavelengths. This also allows these systems to measure oxygen 

saturation and total haemoglobin concentration changes in the tissue sampled. All 

were using reflectance spectroscopy (light scattered back from tissue) apart from 

studies utilising transmission spectroscopy (light scattered through tissue) to 

investigate the calcaneus (9, 70, 75) and mandible (191, 192).  

For reflectance spectroscopy, probe spacing (affecting the depth of tissue measured) 

varied including 10 mm (15, 186, 193), 20 mm (186), 25 mm (56, 70), 30 mm (10, 185, 188-190), and 

40 mm (16, 190, 196). Temporal resolution typically ranged from 1 second (10) to 12 seconds 

(56, 75). Exceptions were Farzam et al 2013, which reported an ECG gated system 

capable of measuring 14 data points per cardiac cycle (15).  Pifferi et al 2004 reported 

a ten minute acquisition time with the time resolved system used with the participant 

at rest (9). 

Use of bespoke time resolved spectroscopy (TRS) systems is reported in five studies 

(9, 56, 70, 75, 195). For example, Farzam et al. 2014 uses 687nm, 785nm, 830nm 

wavelengths at pulse widths of 400, 350, 450ps with a 50MHz repetition rate. As these 

systems record photon time of flight information, they allow measurements of 

absorption and reduced scattering coefficients for bone tissue and therefore absolute 

concentrations of O2Hb and HHb are calculated at the manubrium with participants at 

rest (in µM) (9, 15, 56, 70, 192). Farzam et al. 2013 also reports on use of a bespoke 

frequency domain based NIRS system measuring the same absolute haemoglobin 

concentration outcomes utilising 15 NIR laser sources (5 each at 3 different 

wavelengths) based around two photomultiplier detectors at the patella (15). 

Six studies used bespoke NIRS systems utilising a broadband spectrum of NIR light 

enabling the system to calculate absolute concentrations of haemoglobin and in some 

cases also water, collagen, mineral and lipid content in the bone tissues sampled (9, 56, 

70, 72, 75, 192, 195). Additionally, four studies also measured markers of blood flow rates 

utilising emerging diffuse correlation spectroscopy (DCS) NIRS technology which can 

calculate additional markers of blood flow by assessing the impact of moving red blood 

cells on the scattered path length of NIR photons (56, 70, 75, 194).   

3.5.2.2: Photoplethysmography (PPG) 

Eleven PPG studies were identified originating from two research groups investigating 

the patella (83, 198, 201, 202), tibia (77, 78, 197, 199, 203, 204) and sternum (200). These studies 
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utilised bespoke PPG systems utilising an isobestic 800 nm NIR wavelength to 

measure the amplitude of pulsatile flow in bone tissue based on attenuation changes 

in reflected signal. When reported, inter-probe spacing ranged from 15-25 mm.  Some 

studies also measured overlying skin tissue, utilising a less penetrative wavelength in 

the visible range (either 526 nm, 560 nm or 660 nm). Studies involving PPG had small 

adult participant samples (ranging from 6-42 participants). 

Studies generally used “peak to peak” amplitude during pulsatile flow as their primary 

outcome measure, typically measured and averaged over a 30-60 second period to 

gain a mean value representing the strength of pulsatile flow.  Changes were then 

typically compared to baseline measurements during and/or after an intervention in 

either relative (i.e. percentage change) or absolute terms (in Volts). An exception was 

Naslund et al. 2019 which used linear regression to model PPG amplitude readings as 

a marker of oxygen saturation at the sternum, based on corresponding CO-oximetry 

results (200).  

3.5.2.3: Laser Doppler flowmetry (LDF) 

Most studies reported the use of a commercial LDF system utilising a monochromatic 

wavelength typically at 632 nm, 780 nm, 785 nm, or 830 nm.  LDF systems derive a 

measure of flowmetry from the Doppler frequency shift induced by the moving red 

blood cells. Changes in the frequency power spectrum of the reflected light provide a 

measure of the concentration of moving red blood cells (blood flux or flowmetry) in 

arbitrary units (described as perfusion units, flux units, or detector signal measured in 

milliVolts). A mean amplitude of pulsatile flow is calculated over a set period (typically 

60s or less). Comparison of these values across participants should be done cautiously 

(as discussed in Section 2.2.3), and typically these values are used to assess relative 

changes following a vascular challenge (either expressed as absolute change or 

relative percentage change).  

LDF systems only measure to a depth typically less than 4 mm (257), and therefore 58 

of 59 studies involve intra operative use of LDF with probe placement directly on bone 

or intra-osseous measurements. Two studies utilised laser speckle techniques 

involving laser light interference from a tissue surface and then subsequently mapping 

blood flux to produce a 2D flowgraphy “heat” map.  These were used intra-operatively 

to study the flux in the surface of the bone tissue up to a depth of 2mm, namely the 

femoral head (216) and the cochlea promontory (237). Two studies used the Oxygen-To-
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See (O2C; LEA Medizintechnik, Geissen) system inter-operatively on the sternum. 

This system primarily provides blood flux measurements, but by using multiple 

wavelengths can also provide tissue oxygenation saturation percentages at shallow 

depths of 2mm and 8mm (224, 225). 

3.5.3: Study characteristics 

Studies looking to investigate bone tissue non-invasively used a wide range of 

superficial anatomical bone sites including the tibia, calcaneus, radius, ulna, greater 

trochanter of the femur, patella, mandible and manubrium/sternum. In addition, 

invasive LDF procedures also investigated deeper bone tissue including the proximal 

femur, acetabulum, cochlea, maxilla, metatarsal, humerus and lumbar vertebrae. 

Studies could broadly be split into two categories. Firstly, studies investigating the 

feasibility of NIR technologies for measuring bone tissue in healthy adults (discussed 

in Section 3.5.3.1). Secondly, studies that used previous evidence to defend the 

validation of NIR technologies, and applied these systems for a physiological research 

purpose (discussed in Section 3.5.3.2). 

3.5.3.1: Feasibility studies 

The most substantial work demonstrating NIRS and PPG could truly measure 

haemodynamic markers of bone tissue non-invasively was based around studies that 

demonstrated significantly lower oxygen extraction rates and reperfusion rates in bone 

tissue compared to adjacent muscle tissue. These two parameters were derived during 

and after extended arterial occlusions of the leg respectively, reflecting bone’s lower 

oxygen metabolism and vascular responsivity compared to muscle (15, 183, 185, 188, 189).  

Three studies demonstrated a non-significant contribution of superficial tissue to PPG 

and NIRS measurements of the patella and tibia by selectively altering superficial 

tissue haemodynamics either through the localised introduction of vasodilating or 

vasoconstricting elements such as gentle compression (77), cold packs (186), nitro-

glycerine patches (77) and liniment (83).  Whilst only illustrating that superficial tissue 

does not significantly contribute to measurements, these studies concluded that their 

systems were a suitable tool for measuring haemodynamics in superficial bone tissue.  

Conversely, Klasing et al. 2003 does report a significant negative correlation between 

superficial tissue thickness and markers of oxygen consumption taken at the tibia using 

a NIRS system (185). However, this study also suggests the tibia is truly being sampled 
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as haemoglobin concentration demonstrates a minimal increase during muscle 

contraction exercises, relative to what is observed at the adjacent tibialis anterior. 

Binzoni et al. 2013 was the only study focusing purely on non-invasive LDF 

measurements in bone through the skin surface. Feasibility work was undertaken in 

healthy participants with a source/detector spacing of 1.5 cm giving enough penetrative 

depth to measure superficial bone in vivo at four anatomical sites (254). NIRS based 

DCS technology also provides blood flux information non-invasively but at greater 

tissue depths and may supersede LDF here given the added advantages of NIRS 

systems (56, 75). Alneami 2015 also describes in vitro work demonstrating NIRS can 

penetrate through 7mm of cortical bone tissue (186).   

Other applications of NIRS and PPG systems applied to healthy populations included 

haemodynamic measurements taken during positional changes such as leg extension, 

or head up/down tilt to demonstrate oxygen saturation and blood volume changes (10, 

78, 186, 197, 203, 204).  Four studies examined the effects of positive and negative external 

pressure changes (using lower body pressure chambers) on the amplitude of PPG 

pulsatile flow and NIRS oxygen saturation (78, 198, 199, 204).  In the case of Larsson et al. 

2014, the use of hyperbaric chambers and variable respired oxygen levels were also 

used to observe their effects on bone haemodynamics at the patella (198).  

 

Figure 3.2: Example of NIRS testing used with head down tilt, and with use of a lower 

extremity pressure chamber to study the effects of negative pressure. Reproduced with 

permissions from Siamwala et al 2015 (78). 

These studies concluded that the use of pressure alterations may have applications 

for therapy by mimicking weight-bearing physiology in a microgravity environment, or 
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for potential therapeutic applications involving vascular mechanisms in bone. However, 

there are numerous variables involved, requiring further investigation including 

optimising the timing, magnitude, and application method of pressure use, and the risk 

of potentially unpredictable responses in disease states. 

Three studies investigated the response of NIR systems and the effects of exercise on 

tibia and patella haemodynamics using exercise bikes (186), rowing machines (72, 186) or 

high intensity quadriceps workloads (201). Sorensen et al 2017 investigated the effect 

of phenylephrine on oxygen saturation of the proximal tibia (196). For TRS NIRS 

systems, absolute measurements could be taken on healthy adult participants simply 

at rest (9, 56, 70, 75, 195).  

In terms of validating LDF for use in bone, there were some studies which used fairly 

basic approaches to illustrating LDF may be a useful intra operative diagnostic tool. 

This included observing a response to stimuli intra operatively (233), or following up and 

associating intra operative LDF results with patient outcomes post operatively (207, 226, 

250). Importantly none of these studies attempts to validate LDF as a research tool for 

measuring blood flux in bone by comparing LDF blood flux results with a direct 

reference standard that also measures markers of blood flux in tissue. This is most 

likely due to the lack of comparator options, with only intra operative observations, 

angiographic studies, MRI perfusion studies, and nuclear medicine studies likely to be 

appropriate in vivo in humans. 

Exceptions included Fukuoka et al 1999 which looked at the use of LDF “laser speckle” 

imaging at the femoral head intraoperatively.  This method takes the principles of LDF 

but involves exposing the scanned femoral head with a monochromatic infrared laser 

and mapping the blood flux, producing a colour coded blood flow map across the 

femoral head.  This study sought to validate laser speckle “flowgraphy” by correlating 

results against pre-operative T1 MRI scans and intra operative observation of necrotic 

collapse at the femoral head in 100 cases undergoing surgery. Laser speckle identified 

necrotic areas in 75 of 81 scans where MRI found necrosis.  In 19 cases where MRI 

was inconclusive, laser speckle identified necrotic areas in 16 cases. It was concluded 

that these results showed promise for guiding surgical approach in osteotomies, but 

were obviously limited being intra operative, as they could not be pre-operatively 

diagnostic (216). 
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Sugamoto et al 1998 also sought to compare the presence of LDF signal within the 

femoral head with the microselective angiographic presence of extraosseous vessels 

around the femoral head in 44 cases.  All cases without LDF signal also had no 

angiographic visualisation. 9 cases without angiographic visualisation did have LDF 

pulsatile readings and all 9 cases went on without developing osteonecrosis, giving 

potential claims to the use of LDF for predicting poor surgical outcomes at the hip (147). 

These studies take a more rigorous approach to validation by comparing results with 

other markers of blood flux, however with small numbers and methodological 

weaknesses, further studies are still required to build the case for LDF as a valid 

method of measuring blood flux in in vivo human bone tissue, especially when used 

for novel applications investigating diseased states. As discussed further below in 

Section 3.5.7.1, further work demonstrating reproducibility and overcoming logistical 

barriers to intra operative use of LDF is also needed. 

3.5.3.2: Physiology research applications 

Studies using NIR optical systems for physiological research in diseased populations 

were predominantly LDF studies, focusing on dynamic flux changes in response to 

fixed stimuli or during various stages of a surgical intervention. Some studies used 

case-control designs to correlate these results with other clinically relevant 

observations assessing the predictive role of intra-operative LDF on outcomes.  

The proximal femur and hip joint represented one of the biggest areas of interest for 

research involving LDF in bone tissue, with 19 studies (147, 182, 205, 207-210, 214-216, 219, 223, 

229-231, 239, 240, 246, 253) found investigating a range of clinical applications including 

osteonecrosis (either idiopathic, steroid induced, or following neck of femur fracture) 

(147, 216, 229, 246), approaches to hip resurfacing arthroplasty (182, 205, 208, 231, 240) or total hip 

replacement following arthritis (147, 210, 214, 215, 223, 230), femur-acetabular impingement 

(209), hip joint debridement (239), and congenital developmental problems (207, 219, 253). 

Specifically most studies took measurements from the femoral head and neck, but 

others also looked at intra-trochanteric regions (229, 246), the greater trochanter (214, 223, 

230), proximal femoral shaft (223), medial calcar (223), or acetabulum (215, 219). 

There were six studies identified that used LDF intraoperatively to investigate patellar 

blood flux changes before and after positional changes or different surgical 

manoeuvres in adult patients having total knee arthroplasty (85-87, 220, 222, 244).  Five 

studies used LDF technology to measure blood flux in the manubrium (206) or sternum 
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(217, 224, 225, 238) during and following open cardiac surgery involving the internal 

mammary arteries. Seven studies looked at the use of LDF to measure blood flux in 

the mandible (187, 226, 250), maxilla (252, 255, 258) or both (227, 251) for patients undergoing 

maxilla-facial or dental surgery including wisdom tooth removal (187), dental implants 

(226, 250, 255), osteomyelitis (251) or corrective maxillary surgery (227, 252, 258).  Eleven studies 

reported on the use of LDF to assess blood flow in the bony wall of the cochlea (211, 212, 

232-237, 242, 243, 249) to investigate a range of inner ear pathologies including otosclerosis 

(237, 243), Meniere’s disease (242), curative treatment for uncontrolled drooling (232, 233) or 

idiopathic or congenital hearing loss and surgical implantation of hearing aid devices 

(212, 234-236). Four studies from the same research group investigated the use of LDF 

technology for assessing bone perfusion during the surgical debridement of bone 

tissue in adult patients compromised by acute trauma (such as open fracture) and/or 

osseous infections such as osteomyelitis (213, 245, 247, 248).   

LDF has also been used to investigate successful post-operative monitoring of fibular 

bone grafts (241); intra-osseous haemodynamic measurements of thoracic and lumbar 

vertebral bodies during mimicked unilateral and bilateral ligation (218); for investigating 

the predictive ability of humeral head fracture patterns for determining the risk of 

humeral ischemia (221); and for investigating the blood flux in the first metatarsal head 

during corrective surgery (184, 228). 

The clinical utility of NIRS has been explored in the mandible (190-192) and sternum (193).  

In a case-control manner, mandibular conditions such as osteoradionecrosis post 

radiotherapy (191, 192), and fibular grafting post tumour removal (190), as well as chest 

wall measurements taken post cardiac surgery (193) were explored. Results showed 

potential for the use of NIRS for post-operative monitoring using oxygen saturation 

(TOI) measurements, however the small sample sizes and shortage of adverse 

outcomes precluded the ability to identify a diagnostic predictive threshold. 

Naslund et al 2007 (202) used PPG to investigate haemodynamic differences between 

cases of Patello-Femoral Pain Syndrome (PFPS) with age, sex, and body mass index 

(BMI) matched controls. This study demonstrated cases of PFPS had significantly 

reduced PPG pulsatile amplitude when flexing their affected knee to 90 degrees for 

five minutes, supporting the hypothesised ischaemic element to pathogenesis. 

Naslund et al. 2019 used a PPG based wireless device to demonstrate its utility in 

hypoxia monitoring at the sternum by comparing PPG readings with CO-oximetry 

whilst participants breathed modified air supply of varying oxygenation (200). 
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3.5.4: Risk of bias within studies 

An overview of quality assessment ratings for all included studies is presented in 

Appendix D using the approach outlined in Section 3.4.7. Summaries of the six 

domains of intrinsic risk of bias are presented in Figure 3.3.  

A general methodological issue with many studies was the poor description of 

recruitment strategies, including inclusion and exclusion criteria. There was often poor 

detail provided on the demographic details of the participants, with mainly only age and 

sex described.  Especially in feasibility work, more detail on potential confounders such 

as superficial tissue thickness or BMI are useful, as well as other physiological markers 

such as heart rate, blood pressure, and ankle-brachial index. In the absence of specific 

details, selection biases cannot be definitively discussed.  

Similarly, most feasibility studies involved small cohorts of healthy, young and 

predominantly normal BMI participants, raising concerns around the generalisability of 

non-invasive applications of NIR systems in wider demographics and disease states.  

Many studies also included small sample sizes of participants without sample size 

justification, presumably using convenience sampling.   

Attrition or incomplete results were rarely directly addressed.  How incomplete results 

are handled can lead to biases in results and it is important these are reported in 

context with study findings. This is especially relevant at the early stages of the 

technological development of NIR optical systems in order to better understand why 

results may not be obtained, or are erroneous, from some participants.  

Generally, most studies had a low risk of performance and reporting bias as testing 

protocols were clearly pre-stated and all participants received the same testing. In the 

case of studies investigating the potential feasibility of NIR optical systems on healthy 

participants, detection bias was considered generally low, despite studies not always 

reporting if testing and data analysis was strictly protocoled, or if acquisition and data 

analysis was blinded to participant information/status.  
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Figure 3.3: Intrinsic risk of bias summaries for included studies based on primary NIR 

technology used. 
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However, in studies investigating different sub populations for physiological 

differences, this was deemed a more significant potential bias risk, especially when 

LDF or oxygen saturation with NIRS was used as an outcome measure, where probe 

placement can be easily adjusted in real time for minor subjective corrections in results, 

or the most suitable data could be selectively sampled for data analysis. It is 

acknowledged that for most intra operative LDF studies, LDF operators were not 

blinded to their participant status as they were likely performing the surgical 

procedures.  As such, detection biases are hard to avoid.   

Studies were also deemed at “unclear” risk of “other biases” as there are inherent 

unknowns around the use of NIR optical systems for these applications in bone tissue, 

as relatively weak validation exists. Along similar lines many studies involving NIRS 

and PPG systems reported use of bespoke made systems, reducing the applicability 

of results. For example, there is evidence of systematic differences in haemodynamic 

measurements across commercial systems from different manufacturers (259). Many 

studies demonstrated wide variability in haemodynamic results, even within healthy 

cohorts, which may indicate unknown sources of physiological variability or 

measurement error. Most feasibility studies only involved one measurement before 

and after an intervention for each participant, or just one representative measurement 

in the absence of an intervention protocol. When the restricted use of repeated 

measurements is incorporated with the use of small healthy cohorts, this reduces the 

confidence in results and the applicability of results for further use of NIRS testing.   

There was also an applicability issue evident when considering intra-operative LDF 

findings to guide clinical practice or normal physiology.  Often studies found reduced 

blood flux at various stages during surgical interventions, but without the ability to take 

pre and post-operative readings the clinical importance of these findings is hard to 

distinguish.  Likewise, obtaining healthy control data is also ethically difficult given the 

invasive approach taken. Similarly, some studies only presented relative percentage 

changes in haemodynamic markers with time. Whilst this demonstrates the 

responsiveness of NIR optical systems in bone, the applicability of these results is 

limited without development of absolute haemodynamic quantitative markers and 

threshold results for normal physiology that can guide research into diseased states.  
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3.5.5: Results of individual studies 

A summary of data extracted for all individual studies is available at http://tiny.cc/1ybljz. 

For brevity this section will discuss the results of those studies with direct relevance to 

the experimental work presented in this thesis, in context with the potential risks of bias 

discussed in Section 3.5.4.  

3.5.5.1: Measurements at rest 

Three studies provided results that were directly relevant to the resting TOI 

measurements taken at the proximal tibia in this PhD project. Siamwala et al. 2015 

reports a mean proximal tibia TOI of 81.3% (SD 5.5) with 11 participants in the supine 

position. Siamwala et al. 2017 looks at sex differences in microvascular responses 

between nine male and nine female participants. This study reports resting mean TOI 

values at the proximal tibia of 73.5% (SD 7.2) for females and 76.8% (SD 6.3) for men, 

although this was in a sitting position. Sorensen et al 2017 reports a median supine 

resting tibial TOI of 81% (IQR 69% to 87%) (196). Binzoni et al. 2003 reports a mean 

TOI value of 84.9% (SD 2.8) at the tibial diaphysis (189).   

Farzam et al. 2013 presents data on the mean patella TOI at rest (65% SD 9) (15). 

Farzam et al 2014 looks at the manubrium, taking repeated measurements at four 

sites. This was feasibility work prior to a potential application for NIRS screening for 

haematological malignancies in young populations. The median and inter quartile 

range values for TOI of the manubrium were reported as 71.1% (IQR 69.5% to 72.3%) 

(56).  

Takami et al 2008 describes the use of NIRS to monitor haemodynamics in the chest 

wall (including the sternum) continuously for up to 5 days post cardiac surgery in order 

to investigate the effects of coronary artery bypass grafts utilising skeletonised in situ 

left internal mammary artery grafts, and any subsequent effects on the left sided chest 

wall compared to the right. Initial TOI values are not presented, only differences pre 

and post-surgery. However, it is of relevance to this study to report there was 

significantly decreased mean TOI (3.74% SD 2.47% vs. 1.98% SD 1.67%, p = 0.036) 

and increased mean nTHI change (0.28 SD 0.19 vs. 0.13 SD 0.13, p = 0.020) in 

diabetic cases post-operatively versus non-diabetic cases.  The study concludes 

diabetes appears to be a risk factor for post-operative sternal ischaemic complications, 

and that NIRS may play a future role in post-operative monitoring (193). 

 

http://tiny.cc/1ybljz
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Cai et al 2008 investigated the use of NIRS for monitoring the mandible following fibular 

graft transplantation post mandibular tumour removal. In controls, there were no 

statistically significant differences in TOI between sides of the mandible or between 

what times of day measurements were taken. Mean TOI values at bilateral 

measurement sites at the mandibular body and ramus ranged between 68.38% (SD 

3.24) and 70.49% (SD 3.83) respectively. Post operatively it was found that the grafted 

side was in the range of 1.33%-4.2% less than the normal side in cases. A trend 

emerged where TOI was worst four to twelve hours post operatively but then 

recovered, although always just below the normal side’s TOI.  The study showed a 

promising application of NIRS, but more examples in failed cases are required to set a 

threshold for when grafts may require revision (there was only one failed case) (190).  

Table 3.2: Summary of reported TOI values on healthy participants at anatomical bone 

sites (CW=continuous wave; m/f=male/female; SRS=spatially resolved spectroscopy; 

TRS=time resolved spectroscopy). Results are means unless otherwise stated. 

Study NIRS 

System 

Anatomical 

Location 

Demographics TOI values 

Binzoni  

et al 2003 

Broadband 

CW  

Tibial diaphysis N=13 (m/f not 

stated; age range 

25-72) 

84.9% (SD 2.8) 

Cai  

et al 2008 

SRS  Mandibular 

body and ramus 

N=40 (m/f 20/20; 

age range 21-70) 

74.2% (SD 4.1) 

Farzam  

et al 2013 

Frequency 

domain 

Patella N=8 (all male; 

mean age 34.4 

(SD 9.6)) 

65% (SD 9) 

Farzam  

et al 2014 

TRS Manubrium N=32 (m/f 15/17; 

age range 24-42) 

Median 71.1%  

(IQR 69.5% to 72.3%) 

Sekar  

et al 2015 

Broadband 

TRS 

Distal radius 

and ulna; 

proximal radius 

and ulna; 

greater 

trochanter; 

calcaneus 

N=53 (m/f not 

stated; age range 

20-78) 

Distal radius (98%) 

Distal ulna (91%) 

Proximal radius (98%) 

Proximal ulna (74%) 

Greater trochanter (55%) 

Calcaneus (54%) 

(SD not reported) 

Sekar  

et al 2016 

Broadband 

TRS 

Manubrium; 

forehead 

N not reported Manubrium 72% 

Forehead 81% 

(SD not reported) 

Siamwala 

et al 2015 

SRS Proximal tibia N=11 (m/f 8/3; 

age range 20-40) 

81.3% (SD 5.5) 

Siamwala 

et al 2017 

SRS Proximal tibia N=18 (m/f 9/9; 

age range 20-40) 

Females: 73.5% (SD 7.2) 

Males: 76.8% (SD 6.3) 

Sorensen 

et al 2017 

SRS Proximal tibia N=17 (all males; 

age range 19-38) 

Median 81%  

(IQR 69% to 87%) 
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Sekar et al. 2015 presents mean TOI values at various superficial bone sites. Results 

varied from 54% at the calcaneus, to 98% at the radius (70). A follow up study by the 

same group using a different NIRS system graphically demonstrated resting median 

TOIs of around 80% at the calcaneus, and radius, however wide variability amongst 

the sample of 17 participants is graphically evident, and quantitative data are not 

presented (75). A summary of TOI results is presented in Table 3.2. 

Some studies presented absorption and reduced scattering coefficients for bone (9, 15, 

56, 75, 195), and/or absolute measures of haemoglobin concentration (in µM) (9, 15, 56, 70, 75, 

195) at rest using more advanced frequency domain or time resolved spectroscopy 

NIRS systems. No studies reported comparisons with muscle or other soft tissue types 

for these parameters. A summary table of quantitative data from these studies is 

presented in Table 3.3. Two of these studies presented DCS-derived blood flow index 

(BFI) measures in bone tissue. Farzam et al 2014 reports a median BFI at the 

manubrium of 5.0×10−9 cm2/s (IQR 4.2×10−9 to 7.4×10−9) (56). Sekar et al 2016b 

presents BFI data at six bony anatomical sites with values highly variable ranging from 

2.0x10−9 to 8.0x10−9 cm2/s (75). This variability is in keeping with the variation in blood 

flow indices presented in animal studies, which may be dependent on different 

anatomical bone sites, and different tissue types within bone (such as red marrow, 

yellow marrow and cortical bone) (23, 260). 

Overall this section demonstrates the wide variation in resting TOI values as well as 

the more advanced NIRS markers reported in bone tissue that can be measured at 

rest. This is perhaps understandable given the range of bespoke and commercially 

available NIRS systems used, and the variation in anatomical sites. However it also 

raises concerns over the applicability of using NIRS at rest as a research tool. 

 

 

 

 

 

 

 



109 
 

Table 3.3: Summary of reported NIRS parameters from healthy participants utilising 

more advanced NIRS systems at anatomical bone sites (m/f=male/female; TRS=time 

resolved spectroscopy; μ(a)=absorption coefficient; μ(s)’=reduced scattering 

coefficient). Results are means unless otherwise stated. 

Study NIRS 
system 

Anatomical 
Site and 
Demographics 

Absorption and Reduced 
Scattering coefficients 
(cm−1) 

Absolute Haemoglobin 
Concentration (µM) 

Farzam  
et al 2013 

Frequency 
domain 

Patella 
N=8 (all male; 
mean age 34.4 
(SD 9.6)) 

λ 690 nm:  
μ(a) 0.038 (SD 0.009)  
μ(s)’ 7.4 (SD 0.8) 
λ 785 nm: 
μ(a) 0.035 (SD 0.009) 
μ(s)’ 5.4 (SD 0.8) 
λ 830 nm: 
μ(a) 0.044 (SD 0.009) 
μ(s)’ 4.4 (SD 0.8) 

18µM (SD 4) 

Farzam  
et al 2014 

TRS Manubrium 
N=32 (m/f 
15/17; age 
range 24-42) 

Median λ 690 nm:  
μ(a) 0.14 (IQR 0.12, 0.17) 
μ(s)’ 10.1 (IQR 9.7, 10.9) 
Median λ 785 nm: 
μ(a) 0.15 (IQR 0.12, 0.17) 
μ(s)’ 9.6 (IQR 9.0, 10.2) 
Median λ 830 nm: 
μ(a) 0.16 (IQR 0.13, 0.18) 
μ(s)’ 8.7 (IQR 8.3, 9.5) 

Median 77.3 µM  
(IQR 62.2, 88.6) 

Pifferi  
et al 2004 

Broadband 
TRS 

Calcaneus 
N=7 (all 
females; age 
range 26-82) 

μ(a) individual ranges 
from 0.05-0.20 cm−1 and 
μ(s)’ individual ranges 
between 10-16 cm−1 
between wavelengths of 
650-1000nm 

Individual participant range 
between 17-28 µM 

Sekar  
et al 2015 

Broadband 
TRS 

Radius and 
ulna; greater 
trochanter; 
calcaneus 
N=53 (m/f not 
stated; age 
range 20-78) 

Not presented Distal radius (28.3 µM) 
Distal ulna (25.3 µM) 
Proximal radius (19.2 µM) 
Proximal ulna (52.0 µM) 
Greater trochanter (17.7 
µM) 
Calcaneus (20.5 µM) 
(SD not reported) 

Sekar  
et al 2016a 

Broadband 
TRS 

Manubrium; 
forehead 
(N not 
reported) 

μ(a) individual ranges 
from 0.1-0.7 cm−1 and 
μ(s)’ individual ranges 
between 6-13 cm−1 
between wavelengths of 
600-1000nm 

Manubrium 58.6 µM 
Forehead 29.8 µM 
(SD not reported) 

Sekar  
et al 2016b 

Broadband 
TRS  

Radius and 
ulna; greater 
trochanter; 
calcaneus 
N=17 (m/f not 
stated; age 
range 25-50) 

μ(a) ranges from 0.05-
0.45 cm−1 and 
μ(s)’ individual ranges 
between 4-12 cm−1 across 
anatomical sites between 
wavelengths of 700-
1000nm 

Not presented 

 

3.5.5.2: Arterial protocol markers 

Binzoni et al. 2002 and Binzoni et al. 2003 were the first studies to report arterial 

occlusion haemodynamic data in bone tissue at the tibia. These studies claimed 
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confidence that bone was truly being measured based on the observed smaller 

reperfusion rates of recovery in bone tissue post arterial occlusion release, compared 

with muscle. These studies quantify this using a “perfusion index” based on derivatives 

of haemoglobin time signal curves.  

Aziz et al. 2010 did not present quantitative data, but demonstrated mirrored changes 

in HHb and O2Hb concentration (in µM.cm) at the proximal tibia during and after arterial 

occlusion of the distal femur using a bespoke NIRS device on five participants (16). 

Likewise, Klasing et al. 2003 does not present quantitative data on haemoglobin 

concentration changes at the tibia during arterial occlusion (AO). However, an 

interesting finding is presented with resting oxygen consumption rates pre arterial 

occlusion reported as fivefold greater in muscle tissue than at the tibia. This study also 

finds oxygen consumption rates do not significantly change at the tibia during a 

protocol of calf muscle contraction, arguing that this provides confidence that bone is 

being sampled (185). 

Farzam et al. 2013 makes use of frequency domain NIRS to look at changes in bone 

haemodynamics within a cardiac cycle. This looked at confirming whether 

microvessels in the bone have the ability to display pulsatile vasodilation and 

constriction despite their location in rigid bone tissue.  The study found an AC mean 

fluctuation of 0.7% TOI and 3.1% total haemoglobin concentration during the cardiac 

cycle at rest, suggesting pulsatile vasodilation occurs.  The absorption coefficient also 

varied throughout the cardiac cycle, suggestive of blood volume changes. These 

changes are confirmed to be physiological as they are not present during arterial 

occlusion. These results conflict earlier theories that microvessels in bone were 

restricted in their pulsatile vasodilation and that therefore NIR signal from PPG or LDF 

was only influenced by blood flow/velocity changes (83, 254).   

Farzam et al. 2013 (15) also reports a mean 8.2% (95% CI 7.6% to 8.8%) drop in TOI 

at the patella during a 5 minute occlusion. The authors argue this demonstrates a 

slower rate of oxygen extraction compared with previous findings by Yu et al. 2005 (261) 

describing a 16.4% (SD 4.4) mean reduction in TOI for muscle tissue at the calf during 

a three minute arterial occlusion. 

3.5.5.3: Other relevant results 

Alneami 2015 showed the responsiveness of NIRS to exercise, recording tibial blood 

volume increases in the range of 19%-33%, restoring to baseline at rest.  This study 
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also used NIRS to monitor haemodynamic changes at the tibia of paraplegic 

participants using a modified rowing machine, citing this as a potential application of 

NIRS, however results were reported descriptively from two participants (186).   

Binzoni et al. 2006 showed NIRS was responsive to blood volume changes in response 

to head up tilt whilst in the supine position, and sensitive to changes from as little as 

15 degrees tilt change. Total haemoglobin concentration in the tibial diaphysis 

increased on average 120.7% (SD 9.7) with 75 degrees of head up tilt (10). Siamwala 

et al. 2015 showed statistically non-significant changes in TOI with 15 degrees of 

positional tilting of the supine participant. These manoeuvres did however produce 

statistically significant changes in blood volume (measured with strain-gauge 

plethysmography) and microvascular flow (measured with PPG) (78). 

3.5.6: Synthesis of results 

As expected there was too much methodological heterogeneity in NIR systems used, 

anatomical sites, and approaches to haemodynamic measurements to combine any 

study results in a meta-analysis. 

3.5.7: Additional analyses 

3.5.7.1: Reliability of NIR systems 

Broadly speaking, study results using NIR systems longitudinally were suggestive of 

the expected haemodynamic changes during interventions. However, across most 

studies wide variability in results between participants was evident, especially across 

applications of LDF.  Crucially, no studies were identified specifically addressing the 

reliability or reproducibility of NIR optical systems. Studies that did attempt to assess 

reliability typically did this in a superficial or ad hoc way in small samples without 

rigorous statistical analysis of agreement or reliability. Approaches included comparing 

anatomical contralateral results, describing repeat measurements in terms of their 

variability (either in the same or different sessions), or simple comparison of results 

with existing literature in animal studies or involving different tissue types. 

Specifically within NIRS studies, Reher et al 2011 reports wide variability in results on 

one patient where measurements were taken 6 times over three months.  This was 

despite using the mean of 5 repeated measurements as one data point.  Likewise there 

was no statistically significant difference between left and right mandible 

measurements in controls, however wide variability was observed and the study 
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concluded this would restrict the potential diagnostic applications of NIRS in the 

mandible (192). Farzam et al 2013 looks at comparing total haemoglobin concentration 

in absolute measures against other literature, but results have large uncertainty due to 

small sample sizes (15).  Likewise, Farzam et al 2014 (56) compares absorption and 

reduced scattering co-efficients to wide ranging results from previous literature such 

as Pifferi et al 2004 (9).  Sekar et al 2015 also presents wide ranging results of TOI, 

cHb and scattering and absorption co-efficients across bone sites when sampling 53 

participants (70). 

This wide variation in results may prohibit the development of useful diagnostic 

thresholds for NIR optical systems (225, 239). Wide biological variability in vascular 

measurements is a known barrier to research in this field (81) and this is also reflected 

in suboptimal reproducibility in alternative modalities for measuring bone tissue 

haemodynamic markers, such as with DCE-MRI protocols (130, 131).  

Variability is likely to be affected by the heterogeneity of bone tissue and the small 

sampling volume of NIR optical systems (particularly LDF) with sampling of small 

arterioles, variations in marrow composition, or less vascular trabecular striate 

potentially altering readings.  It is important to tease out what variation in results is 

attributable to measurement error and what reflects normal physiological ranges. 

Likewise, most studies typically used only one, or a small group, of operators. Few 

studies took repeat measurements, or multiple readings at adjacent sites, which is 

recommended due to this small penetration depth and sampling volume of NIR optical 

systems, especially with LDF.   

Other factors requiring more investigation on potential reliability specific effects to LDF 

studies include the comparison of results in studies where the probe is placed non-

invasively, directly on the bone surface, or intra-osseously. The sensitivity of probes to 

movement also means stable probe placements during surgical operations is important 

and some studies reported holding probes by hand or using bespoke probe holders 

(206, 217). Some study designs involved having to move probes in between 

measurements to facilitate surgery, which can introduce measurement error given the 

small sampling volume and potential for measuring a different vascular bed when 

probes are repositioned (240, 244). In addition, as these LDF studies were intra operative 

the effects of anaesthesia, blood loss during surgery and direct impact of surgery 

cannot be discounted as sources of error (207). When placing probes intra-osseously, 

the effect of drilling on intra-osseous blood flow is unknown and flushing of the probes 
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is required to remove clotting around the measurement site, which could otherwise 

prohibit flow and affect readings. 

3.5.8: Risk of bias across studies 

Formal statistical analyses of potential publication bias have not been possible due to 

the methodological heterogeneity of the included studies. The majority of studies 

presented NIR technologies in a positive light or with significant results, however it 

should be noted that most studies were from published journal articles or conference 

proceedings, which may mean collective results are prone to publication biases. 

However the two sources of grey literature (both theses) identified similar positive 

findings to the published evidence identified. 

The identified studies also generally involved small participant sample sizes putting the 

collective interpretation of results at risk of “small study effects”. This term is used to 

describe the potential of increased effect sizes being presented in studies with small 

sample sizes, either because of a potential association between small sample sizes 

and poor methodological quality, or potential heterogeneity in the sample population 

chosen (262). Given included studies generally reported the recruitment of participants 

poorly, small study effects cannot be ruled out and should be considered when judging 

the strength of evidence from the review. Likewise the difficulties in blinding assessors 

from detection biases and inconsistent handling of attrition or incomplete results also 

needs to be kept in context with the conclusions of the review. 

The assessment of internal biases of individual studies has identified that reporting 

bias was generally low minimising the risk of selective reporting biases across the 

evidence base. 

3.6 Discussion 

3.6.1: Summary of evidence 

A large number of studies have been identified utilising NIRS, PPG and LDF systems 

to investigate bone tissue either non-invasively or intra-operatively. The wide 

heterogeneity in anatomical sites and investigated applications demonstrates the 

demand for the types of information NIR technology promises. The studies identified 

are predominantly early stage studies which often illustrate the promise for future 

clinical and research applications.  However, there are a wide range of challenges that 

require addressing to advance this field of research in bone health. 
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There is yet to be conclusive evidence that haemodynamics markers obtained non-

invasively truly represent the bone tissue that is being sampled. As outlined in Section 

3.5.3.1 some studies investigated the contribution of superficial tissue to NIRS signal. 

Other studies compared NIRS results taken at bony anatomical locations to muscle 

readings, but results from these types of direct comparisons should be interpreted with 

caution in context with the differing attenuation properties and capillary densities of 

different tissue types, which may potentially confound comparative results of markers 

such as oxygen extraction rates (65).   

Validation of NIRS measurements against an external reference of comparable 

haemodynamic markers could provide further confidence that haemodynamic markers 

truly reflect bone tissue. No studies used a reference standard or comparator to 

compare results to validate this application of NIRS. Potential reference standards are 

discussed such as DCE-MRI, Nuclear Medicine, Doppler and PET (56, 192), and DXA (in 

the case of absolute measurements of collagen and mineral content) (9, 258).  

Scintigraphy of the sternum is mentioned by Takami et al 2008 but can only be done 

one week post-surgery (193). 

The need for further work on the reliability and reproducibility of NIR optical systems 

for repeat measurements across different operators and participants has been 

identified. There was a wide variation of NIRS systems and technological approaches 

used, with differing approaches to data collection, probe spacing, anatomical sites and 

microvascular challenges. Likewise, continued investigation around whether variability 

is physiological or equipment based (or both) is important, as this is still not clear from 

the literature. If physiological variability is wide at an individual level even in healthy 

participants, NIR optical systems may be unhelpful for development of individual 

diagnostic thresholds, but NIR research could perhaps still elucidate important 

haemodynamic differences between sub populations of interest given the current lack 

of alternative research tools. Reliability investigations of NIR technologies should also 

be kept in context with the reliability of other existing comparator tests measuring bone 

tissue haemodynamics in vivo. 

There is a small body of evidence that suggests there is disparity between NIRS 

manufacturers when measuring TOI at rest for other tissue types. This is another 

potential source of error to consider for future research, particularly if multi-site. Hyttel-

Sorenson et al. 2011 found similar reproducibility results across three different sets of 

commercially available spatially resolved NIRS systems when measuring muscle at 
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the forearm, but different resting mean TOIs ranging between 60.8% (SD 3.6%) and 

70.2% (SD 6.7%) (263). Ye Yang et al. 2007 presents similar variation in baseline TOI 

at the forearm between different studies (264). There was very little information provided 

in the included studies on calibration protocols or quality assurance techniques used 

to ensure accurate measurements, even where bespoke equipment is presented. 

A small number of studies attempted to validate LDF results against an external 

comparator or reference standard, such as microangiography, MRI protocols, nuclear 

medicine and PET protocols. However, those that did presented promising results (147, 

216, 221). External validation remains crucial to give credence to future NIRS optical 

systems. Alternatively, confidence could be gained through correlation with other 

relevant indicators of bone health, such as bone density, blood markers of bone 

metabolism, or longitudinal patient follow up when used to guide operative cases.  

Establishing the generalisability of results is also crucial to the development of these 

technologies. This includes gauging the expected normal physiological variability 

between different ethnicities, ages, sexes and body habitus, as well as during the 

operative state in the case of LDF. Al-Kassab 1995 reflects that differences in ethnicity 

and bone structure are not accounted for with NIRS measurements and their individual 

effects remain unknown (187). Alneami 2015 also discusses the potential effects of 

melanin levels on non-invasive NIRS measurements (186). Ethnic differences in 

microvascular function of the skin have been previously identified (265) and so may be 

expected in bone. It appears the influence of overlying tissue on non-invasive 

measurements also requires careful consideration. Most feasibility studies used non-

obese volunteers to overcome this, which limits generalisability due to the potential 

effects of greater depths of superficial tissue on NIRS measurements (56, 77, 83, 189). 

As always, participant tolerability of protocols should also be considered, as well as 

ruling out any potential negative impact of intra-operative use of LDF, which was not 

addressed by the studies identified. There was very little discussion of the participant 

tolerability of testing. Siamwala et al. 2015 was one exception stating minimal 

discomfort with no adverse effects, and that all participants completed the study (78).  

Consideration of participant tolerability is an important aspect, primarily from an ethical 

perspective, but also because measurements may be confounded by a stress 

response if uncomfortable or unfamiliar microvascular challenges are being applied. 
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Technological advances in NIR optical systems also show promise in the future of this 

application. The development of TRS NIRS systems promises the ability to measure 

absolute concentrations of oxygenated and deoxygenated haemoglobin non-invasively 

with the participant at rest. This facilitates easier measurement protocols and more 

appropriate data comparison between participants. Likewise, the possible 

development of commercially available broadband NIRS systems can allow the 

potential measurement of other relevant components of bone tissue such as mineral, 

lipid, collagen, and water concentration (9, 70, 75, 195).  With improved probe design and 

detector sensitivity, the ability to measure deeper tissues may also be feasible in the 

future. These developments are discussed further in Chapter 11. 

3.6.2: Limitations 

Sections of the review process including title and abstract searches, data extraction, 

and risk of bias assessments were carried out primarily by one reviewer. This may 

have introduced some error or subconscious biases, but steps were taken to minimise 

this subjectivity, and concerns or queries were raised with the supervisory team as 

required. 

After executing the search strategy, the searches used for MEDLINE and EMBASE 

were retrospectively audited. All additional included studies identified by reference list 

and citation tracking were retrospectively checked on the search returns of MEDLINE 

and EMBASE searches. Two studies were identified that had been included in 

database search returns but excluded incorrectly. One other study, Pifferi et al. 2004, 

was not identified in database searches despite undertaking spectroscopy of the 

calcaneus. It was likely this study was missed as the focus and terminology of the 

article is on absorption spectra of the calcaneus (rather than haemodynamic markers) 

including water, lipid and bone mineral concentration, as well as haemoglobin 

concentrations (9). Seven studies were indexed on MEDLINE but not returned in the 

search used. All seven studies were primarily investigating the cochlea with LDF and 

were likely to be missed by the search as cochlea was not a specific search term used, 

as it was an unexpected field of research.  

A protocol change was made to the approach for the intrinsic risk of bias assessment 

of included studies. Whilst deviations from pre stated protocols may introduce biases 

to the review process, it was felt this change was necessary to allow for the unexpected 

range of study designs encountered.  
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3.6.3: Conclusions 

Further work is required before NIR optical systems can be considered a valid and 

reliable research tool of vascular bone health.  However, the wide and varied literature 

base identified in this review ultimately highlights the strong promise of this application 

of NIR optical systems, which potentially offers real time, safe and inexpensive 

measurements of bone tissue haemodynamics. 

This thesis will aim to address some of the most pressing gaps in the evidence base 

around the use of NIRS for measuring haemodynamics in human bone tissue in vivo.  

This includes development of an arterial occlusion protocol and a formal assessment 

of reliability for related NIRS measurements. It also includes an attempt to validate 

NIRS measurements with comparison of results with other tests of bone 

haemodynamics using a dynamic contrast enhanced MRI (DCE-MRI) protocol, and 

other indicators of bone health including bone mineral density measurements and 

trabecular bone scoring, as well as blood markers of bone metabolism.  
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Chapter 4: Methodology of protocol development 

The outcomes of the systematic review in Chapter 3 have highlighted the potential 

applications of NIRS for measuring haemodynamic markers of bone tissue, but also 

the current gaps in the evidence base around reliability, and validation against external 

markers of bone health. This leads to the experimental component of this PhD project 

hoping to address these concerns around this application of NIRS. The experimental 

work involved three main stages and are presented in the following order: 

Chapter 4: Methodology of protocol development for obtaining in vivo NIRS 

measurements in human bone, with results from the adopted protocols 

presented in Chapter 5. 

Section 6.1: Methodology for the reliability assessment of the adopted protocols, 

with associated results presented in Chapter 7. 

Section 6.2: Methodology for the validation assessment of the adopted 

protocols against other markers of bone health, with associated results 

presented in Chapters 8, 9 and 10. 

4.1: Aim and objectives of protocol development 

The systematic review in Chapter 3 identified a number of feasibility studies with small 

sample sizes and a variety of methodological approaches, which indicate that NIRS 

has the potential for providing useful haemodynamic information for in vivo bone tissue. 

Building on this, the aim of this protocol development work was to demonstrate if the 

available NIRS equipment (Hamamatsu NIRO-200NX, outlined in Section 2.2.1) could 

be used to develop protocols for use in bone that were worthy of more rigorous 

assessments of reliability and validation.   

Ethical approval for protocol development was obtained from the University of Exeter 

Medical School (UEMS) Research Ethics Committee to carry out testing on healthy 

volunteers recruited internally from UEMS (application 14/11/063). Recruitment of 

participants involved recruiting volunteers from the Diabetes and Vascular Research 

Centre (where the research was carried out) and at the University of Exeter St Luke’s 

campus, using convenience sampling. This primarily included staff volunteers and 

stage 3 undergraduate student volunteers from the Medical Imaging programme.  

Recruitment was non-intrusive and involved selected email addresses, visiting 
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teaching sessions, and word of mouth.  There were no incentivisations or pressure put 

on potential participants to participate. 

Protocol development included answering the following key objectives, with 

justification of methods addressed further in the following sub sections: 

4.2: Determining the best anatomical location for measurements; 

4.3: Optimising placement of NIRS optodes; 

4.4: Establishing NIRS protocols to be adopted for reliability and validation 

evaluation; 

4.5: Establishing appropriate haemodynamic markers from protocols; 

4.6: Confirming haemodynamic markers derived from proposed protocols are 

representative of bone tissue and can detect changes in real time; 

4.7: Ensuring protocols are tolerable for participants; 

4.8: Determining initial impressions of reliability to justify further investigation; 

and, 

4.9: MRI protocol development for potential validation against NIRS. 

4.2: Determining the best anatomical location for measurements 

As discussed in Section 2.2.1, only anatomically superficial bony sites are suitable for 

NIRS measurements. Previous studies have measured bone haemodynamics at a 

variety of superficial bony sites including the tibia (10, 16, 78, 186, 188, 189), calcaneus (9, 70), 

radius and ulna (70), greater trochanter of the femur (70), patella (266) and manubrium (56).   

A number of anatomical sites were ruled out initially following consideration: 

- Frontal bone/skull vault: The anticipated variation in frontal sinuses across 

participants was considered a risk. There was also concerns of controlling the depth of 

measurements (since NIRS is used routinely for measuring deeper cerebral tissue). 

- Calcaneus: Due to the variation in foot size and overlying soft tissue in the population, 

it was considered that the calcaneus could be too small for some participants and its 

irregular shape may prohibit reliable reflectance spectroscopy measurement. There is 

potential to measure the calcaneus using transmission mode NIRS (9), but this option 

would prohibit use of spatially resolved NIRS markers which rely on reflectance 

spectroscopy (as described in Section 2.2.1.4). 
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- Metatarsal and metacarpals: Were considered too small to guarantee sampling of 

bone tissue. 

- Sternum: Was excluded due to logistical and ethical considerations of measuring 

female participants and also the potential variability in overlying soft tissue. Also, given 

its anatomical location, interventions to simulate haemodynamic changes are limited. 

- Distal Radius and Ulna: This would be a site of interest given its susceptibility to 

fragility fracture (167). However, there were concerns over whether bone tissue alone 

would be sampled given the relatively small bone volume of these two bones and the 

various different tissue types passing through the wrist (including nervous tissue and 

connective tissue such as large blood vessels, ligaments and tendons). 

- Olecranon: Excluded due to positioning difficulties keeping optodes in parallel, as 

required using the spatially resolved system available. 

As such, it was decided to focus on the following four anatomical sites (with optode 

positioning demonstrated in Figure 4.1) for further protocol development: 

- Patella: Optodes were placed transversely across both superior angles of this 

approximately triangular shaped bone. The patella is generally very superficial, easily 

palpated and generally large enough to allow optode separation of 4 cm. 

- Proximal Tibia (TP): The proximal optode was placed just medial to the palpable tibial 

tuberosity with both optodes on the medial plane of the tibia, medial to the anterior 

tibial ridge. 

- Diaphysis of Tibia (TD): Optodes were placed at the mid shaft at the tibial diaphysis 

on the medial plane of the tibia at a point mid-way between the medial malleolus and 

the tibial tuberosity. 

- Medial Malleolus: Optodes were placed just proximal to the bony prominence of the 

medial malleolus, on the distal medial plane of the tibia. 

For the assessment of potential protocols involving monitoring haemodynamic 

changes during occlusion interventions it was decided to focus on the proximal tibia 

and tibial diaphysis, given that there was anecdotal optode positioning issues with the 

patella and medial malleolus leading to the most variability at these two sites 

(discussed further in Section 5.3.1). The proximal tibia and tibial diaphysis are both 

superficial bony landmarks, with a comparatively large bone volume to sample, best 

suited for reliability of optode placement and ensuring bone tissue is predominantly 
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sampled. Both sites are also in weight bearing bone that is likely to be representative 

of poor systemic bone health, with the tibia a relatively common site for fragility fracture 

(267). Popp et al 2009 identified tibial BMD changes were as predictive of clinical fracture 

risk as traditional BMD measurement sites at the hip and lumbar vertebrae (268). 

These two sites are potentially measuring two predominantly different types of bone 

(trabecular bone at the proximal tibia, as opposed to yellow marrow in the diaphysis) 

(55).  For comparison measurements of the lateral calf were also obtained, likely to 

represent the lateral head of the gastrocnemius muscle and soleus muscle, which is a 

more established site of measurement in the scientific literature (269, 270). 

 

Figure 4.1: (a) Typical placement of NIRS laser optode (orange) and detector optode 

(blue) at relevant anatomical sites. (b) positioning at the proximal tibia using double 

sided adhesive and the 4cm optode “hood” for light shielding and ensuring consistent 

spacing between optodes. (c) demonstrates the same positioning at the proximal tibia 

using the preferred method of stabilisation using tubular bandages. 

4.3: Optimising placement of NIRS optodes  

4.3.1: Securing optodes 

Initially optodes were placed on the skin at the above anatomical locations using 

double sided adhesives provided by the manufacturer. However these were designed 

with soft tissue measurements in mind and initial testing found these hard to make 

small adjustments when positioning optodes more precisely on bony anatomy. They 

also proved difficult to ensure adequate pressure for stable readings over a long period 
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of up to 15 minutes for some of the proposed intervention protocols. The adhesive was 

also unpleasant for the participant, as it pulled hair when being removed. 

An alternative solution was to use tubular bandages which could hold the optodes in a 

stable position and allow small adjustments more easily.  This also had the advantage 

of shielding external light from the optodes and applying a small amount of pressure 

to the optodes on the skin surface. Small incisions were cut into the bandage to allow 

the optode to be inserted and held underneath whilst allowing space for optode cabling 

(see Figure 4.1). 

With soft tissue measurements, too much skin pressure may lead to partial occlusion 

of superficial micro vessels, thus altering readings. However this is less of a concern 

with bone readings where bone tissue haemodynamics are expected to be minimally 

affected by pressure put on the skin surface. Conversely, gentle pressure is proposed 

to be beneficial by reducing the superficial soft tissue thickness being sampled (56, 77, 

191). There is precedence of using bandages to aid optode placement, and previous 

evidence supports that applying optodes with pressure can aid measurement of deeper 

tissue types (77, 254). Anecdotally, subjects preferred the bandage to the use of 

adhesives, which can cause discomfort to remove. Operators also found positioning 

optodes easier using the bandages without adhesives. 

4.3.2: Shielding light 

Previous studies recommend covering optodes with a black blanket to shield any 

surrounding light from affecting detector readings (3, 4).  Upon trialling this it was found 

that the weight of the cloth had potential to move optode position. Instead, by using a 

combination of the manufacturer’s optode holders and tubular bandages to secure 

optode position (as per Figure 4.1), external light sources were suitably shielded from 

the detectors. Lighting in the room was also kept consistent in the testing lab. 

Anecdotal testing was performed using this optode set up to test for any effect from 

external light pollution. Once a rest baseline was established, continuous 

measurements were taken on one participant with normal lighting, then using a black 

cloth to cover optodes, then without the cloth but with room lights off, and finally shining 

a torch directly on the optode set up from a distance of 10cm.  There was no observable 

systematic changes in any NIRS measurement parameters as external light was 

varied. This gave confidence that the optode set up was adequately shielding from 

external light sources, without using a black cloth. 
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4.3.3: Optode spacing 

As discussed in Section 2.2.1, when using continuous wave NIRS the light emitting 

optode is placed a set distance from the light detecting optode, and the distance set 

will determine the volume and depth of tissue sampled. Aziz et al. 2010 demonstrates 

a maximum depth measured of half the internode spacing (16).  The Hamamatsu system 

comes with 3cm and 4cm premanufactured optode “hoods” to shield external light and 

ensure consistency with optode spacing (demonstrated in Figure 4.1).  As spatially 

resolved spectroscopy relies on parallel optode placement, any potential anatomical 

protocols need to consider the parallel spacing of optodes to ensure it facilitates 

sampling of bone tissue and is logistically feasible. 

For use of NIRS at superficial bony sites, it was initially considered whether optode 

spacing should be altered depending on participant size or superficial tissue thickness, 

allowing for these differences in superficial tissue or cortical bone thickness.  However, 

without reliable data on how much variation exists in overlying soft tissue depths across 

the population, it was decided to keep optode spacing consistent, with any systematic 

confounding based on superficial tissue thickness to be investigated during data 

analysis.  

As such, measurements of leg circumference were taken at the knee, calf and ankle, 

along with skin calliper measurements at measurement sites at the patella, proximal 

tibia, tibial diaphysis and medial malleolus. Previous studies have also performed such 

analysis on the effects of superficial tissue variation on measurements at the tibia and 

patella, demonstrating negligible effects of variations in superficial tissue in healthy 

participants with normal BMI (56, 77). 

Some feasibility work was undertaken to investigate for any systematic effects of 

optode spacing between 2.5cm and 5cm, as the existing literature mentions using a 

variety of spacing distances within this range, as discussed in Section 3.5.2.1. Results 

of this work are presented in Appendix E. Given these observations it was decided to 

use a 4cm spacing between optode and detector using the premanufactured light 

hood. This was considered the best balance between penetrating tissue depth and the 

decreased signal to noise ratio attributable to wider inter optode separations (2). 

Anecdotal feasibility work was also carried out to ensure the arrangement of light 

source and detector did not alter readings depending on which was placed proximally 
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and distally on the anatomy in question. No obvious trends were noticed, but for 

consistency, the laser light source optode was kept proximal for all participants. 

4.4: Establishing NIRS protocols for reliability and validation evaluation 

Several protocols were explored before deciding on the eventual AO protocol 

developed for further reliability and validation assessment in this thesis. These 

protocols were predominantly guided by the evidence base identified in Chapter 3 and 

past studies looking at skin and muscle tissue performed at the Diabetes and Vascular 

Research Centre (DVRC).  

Three protocols were attempted that were promising, but turned out to be unlikely to 

be reliable enough for further reliability evaluation.  This included a mid-calf occlusion 

protocol, a venous occlusion protocol, and replicating a study that looked at NIRS 

response to gravitational positional changes. These protocols all showed differences 

between proposed bone haemodynamics and measurements at the lateral calf, giving 

confidence that a different tissue type was being measured. However, these protocols 

were clearly not reliable enough to pursue more rigorous reliability and validation 

assessment. Details of the methods and results of these three protocols are presented 

in Appendix F.   

4.4.1: Arterial occlusion protocol 

Of the protocols that were attempted and considered for further reliability and validation 

assessment, it was decided an AO protocol was most appropriate, and as such this 

will be explained in more detail in this section. The AO protocol was observed as the 

most likely to be objectively and consistently applied as a protocol, and therefore most 

likely to be reproducible. As a technique it also has the most precedence in the existing 

NIRS evidence base involving in vivo bone haemodynamic measurements (16, 56, 185, 

188, 189). AO protocols are also established for NIRS studies of muscle and skin and are 

used routinely at the DVRC where this PhD is based (65, 271).   

The AO protocol involved simultaneously taking NIRS measurements of a tibial site 

and the lateral calf before, during and after occluding blood flow to the leg proximally 

at the distal femur. Recordings were zeroed at the commencement of the protocol and 

a sampling rate of one second was used. Only one leg was measured, but occlusions 

were repeated so both the TP and TD site could be measured on each participant, with 

optode placement as outlined above in Section 4.2.  
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Positioning pads were considered to stabilise the leg, however these did not appear to 

offer any advantages over supine positioning. Feet were kept in a relaxed position 

without dorsiflexion and care was taken to ensure feet were not overhanging the 

mattress, which could cause compression over the course of testing.  Supine 

positioning was preferred to avoid gravitational effects and compression changes to 

lower limb perfusion over the course of testing (272). 

 

 

Participants were required to lie supine for 15 minutes to allow acclimatisation prior to 

commencement of the AO (272). Two minutes of baseline readings were then taken with 
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the participant at rest. Arterial occlusions were performed using a blood pressure cuff 

around the distal femur with a second non inflatable cuff placed around it to prevent 

any movement or loosening of the cuff during inflation (see Figure 4.2).  A quick 

inflation system was connected to the cuff to allow for a rapid and smooth AO inflation 

(see Figure 4.2). The blood pressure cuff was typically inflated to 200mmg of pressure 

(65). If higher resting blood pressure was recorded for a participant, a higher pressure 

was considered if the participant could tolerate this. The integrity of the occlusion using 

the blood pressure cuff was assessed during testing using laser Doppler flowmetry of 

the skin distal to the occlusion site on the dorsal surface of the foot.  A successful AO 

was confirmed by a reduction in blood flow to biological zero during occlusion (273).  

Four minutes of arterial occlusion was sustained as is standard practice in vascular 

occlusion studies carried out at the DVRC alongside evidence suggesting typical use 

of AO between three to five minutes (65, 79, 272). NIRS measurements were then taken 

for five minutes following instantaneous release of the occlusion. Arterial occlusion has 

been demonstrated to be very low risk in terms of inducing irreversible ischaemia or 

any other adverse effects (272). Some moderate discomfort may be experienced by 

participants but the cuff can be quickly released if requested with any discomfort 

quickly alleviated. 

The integrity of the inflation was also assessed using the resulting readings taken using 

NIRS. This typically results in simultaneous and matched increases in deoxygenated 

haemoglobin (HHb) and decreases in oxygenated haemoglobin (O2Hb) concentration 

as oxygen extraction continues in the occluded leg, with a mirrored return to baseline 

once the cuff is released (65). An acceptable AO was also required to have a change of 

total haemoglobin concentration (nTHI) of less than +/- 15%, suggesting a valid arterial 

occlusion with stable blood volume during the occlusion (80). Due to the non-

instantaneous inflation of the cuff, it is expected that there may be some change in 

nTHI as the cuff is inflated, as venous flow is occluded prior to arterial flow (which flows 

at a greater pressure). As such there is sometimes a momentary change in blood 

volume going into the leg prior to full AO (266). However, this should plateau post 

occlusion and was considered a successful occlusion if this plateau was within +/-15% 

of the pre-occlusion nTHI (see Figure 4.3 for an example).   
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Figure 4.3: An individual example of acceptable arterial occlusion data for bone. (a) 

the overall TOI drops during occlusion and responds upon occlusion release; (b) O2Hb 

and HHb experience equal and opposite changes during occlusion; (c) nTHI remains 

+/- 15% during occlusion (i.e. between 0.85 and 1.15). Some nTHI change is expected 

during inflation of the cuff as pressure will momentarily occlude venous blood return 

but not arterial inflow. 
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Systemic arterial oxygen saturation readings, pulse readings, and foot temperature 

were also monitored throughout the process to observe any systemic changes to 

oxygenation or body temperature during the course of the experiment, in order to rule 

out any confounding systemic changes during the testing period. The testing labs used 

have a controlled temperature of 22.5 +/-0.5 ºC (65). Using the data collected, potential 

haemodynamic markers were investigated, as outlined below in Section 4.5. Data were 

downloaded from the NIRO-200NX system software and imported into Microsoft Excel 

(Microsoft Office, Professional Plus 2013) for data analysis.  

4.5: Justification of the haemodynamic markers to be assessed 

As discussed in Section 3.5.5.2, there is a lack of consensus on how the changes 

observed during and after arterial occlusion should be quantified. As this project aims 

for validation of the use of NIRS in bone tissue, it is important to identify which 

approach to quantifying the haemodynamic changes observed during occlusion is 

most appropriate, both from a physiological and reliability standpoint. This choice of 

markers investigated is discussed in this section and was determined by examining 

data from AO protocol development, as well as from studies identified utilising AO 

protocols for investigation of bone, skin and muscle tissue haemodynamics. 

As previously introduced in Section 2.2.1, NIRS can measure several parameters in 

real time including tissue oxygenation index (TOI), absolute oxygenated haemoglobin 

concentration change (O2Hb), absolute deoxygenated haemoglobin concentration 

change (HHb), and normalised total haemoglobin index (nTHI). This section will outline 

and justify a range of haemodynamic markers based on the above parameters that are 

physiologically warranted, and therefore had statistical assessment of their reliability. 

There are a number of markers considered, which leaves the statistical analysis open 

to criticism of multiple testing. However, given the context of early feasibility 

investigations of this potential application of NIRS, it was felt this was warranted in 

order to investigate the most reliable parameters to take forward. 

4.5.1: During occlusion (DO) haemodynamic markers 

In order for AO data to be included in analysis, it was essential that blood volume in 

the leg was observed to be relatively constant during the four minute occlusion period 

(i.e. an nTHI +/-15% from baseline). In this context, measurements of nTHI are only of 

interest for establishing that a closed system has been achieved by occlusion.  When 

blood volume is constant, changes in HHb and O2Hb are physiologically relevant 
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during this phase, as they are representative of oxygen extraction metabolism in a 

closed physiological system (65). TOI naturally reflects this too as a ratio of O2Hb to 

total haemoglobin concentration. It should be noted that this only represents the 

extraction of oxygen from haemoglobin. However, the rate that oxygen is extracted 

from haemoglobin could be influenced by the oxygen consumption metabolism and 

health of cellular tissue, the capillary density of tissue, and/or the microcirculatory 

function within the measured volume (272). Stronger measures of oxygen extraction are 

generally considered to indirectly represent better microvascular health (65, 272). 

Investigation of the rates of change in O2Hb and HHb is potentially useful and 

physiologically representative of oxygen extraction rates during the occlusion.  There 

is precedence for looking at the first 60 seconds of occlusion (65, 274).  However based 

on this protocol development process, it was observed this initial period was potentially 

prone to sources of variability including participant movement, and the short time to 

inflate the cuff, with nTHI changes most volatile in the first minute of occlusion (275). If 

blood volume (as measured by nTHI) is changing during measurements, then there 

cannot be confidence that the rates measured are representative of oxygen extraction 

alone (276).   

As such, the last 120s and the last 60s of oxygen extraction rates during occlusion 

were investigated, as this is the period most likely to have a stable blood volume, and 

continuous linear rates of change, whilst still providing a sufficient period of data to 

allow potentially reliable calculations of rates. Hence data were assessed for the rate 

of change during the last 120s and 60s for all three relevant parameters (TOI, HHb, 

and O2Hb). This was conditional on an nTHI change of less than 5% within the 

60s/120s period of measurement to ensure blood volume changes do not confound 

these measurements of oxygen extraction rates. Again, data were also not included if 

nTHI fluctuated more than +/-15% during the whole four minute occlusion. Data were 

also excluded if they were non-linear as indicated by a Pearson’s r-value of <0.90 (65).  

These parameters are represented in Figure 4.4. 
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Figure 4.4: Graphical representation of proposed haemodynamic markers for NIRS 

analysis during occlusion (DO). 

[1] Baseline TOI at rest prior to the occlusion (TOI_rest; (%)) 

[2] Rate of TOI decrease in the last 120s of occlusion (TOI_DO_120s (%/s)) 

[3] Rate of TOI decrease in the last 60s of occlusion (TOI_DO_ 60s (%/s)) 

[4] Absolute change in TOI DO (TOI_DO_absΔ (%)) 
[5] Rate of HHb increase in the last 120s of occlusion (HHb_DO_120s (µM.cm/s)) 

[6] Rate of HHb increase in the last 60s of occlusion (HHb_DO_60s (µM.cm/s)) 

[7] Absolute change in HHb DO (HHb_DO_absΔ (µM.cm)) 
[8] Rate of O2Hb decrease in the last 120s of occlusion (O2Hb_DO_120s (µM.cm/s)) 

[9] Rate of O2Hb decrease in the last 60s of occlusion (O2Hb_DO_60s (µM.cm/s)) 

[10] Absolute change in O2Hb DO (O2Hb_DO_absΔ (µM.cm)) 
[11] Observation that the change in nTHI is less than 5% during the 120s period 
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The absolute changes in concentration of O2Hb and HHb during occlusion over the 

four minute occlusion period (measured in µM.cm) were also investigated as a 

potential marker of oxygen extraction in a closed system. There is some precedence 

for investigating changes across the full four minute occlusion time (277), however these 

may also potentially be non-linear and confounded by the first minute of “settling” of 

nTHI. These markers also need to be approached with some caution, because these 

are taken from an arbitrary baseline of zero. Hence a change of a certain absolute 

concentration of O2Hb or HHb in a participant could represent any range of relative 

change when there is an unknown initial haemoglobin concentration for comparison 

(272). The total TOI percentage change during occlusion was also recorded. These 

markers are also represented in Figure 4.4. 

4.5.2: Post occlusion release (PO) haemodynamic markers 

Chapter 3 has identified no meaningful consensus for quantitative analysis of 

haemodynamic markers post AO based on NIRS studies of bone tissue.  Other studies 

using NIRS in muscle or skin rely on markers based primarily on the extent of the post 

occlusive reactive hyperaemic (PORH) response (such as maximal response relative 

to baseline measurements, recovery rates to maximum values, or time to full recovery), 

as introduced in Section 2.2.1.7 (76, 274, 276). These were considered unlikely to be 

transferable for use in bone tissue, as this pattern of PORH response was not observed 

during AO observations of TOI at the tibia during protocol development testing. Figure 

4.5 provides an illustrative example of the typical differences in PORH response 

between the lateral calf and tibia. As reported in Section 5.3.2, this difference was 

quantifiably confirmed with respect to the hyperaemic response upon occlusion 

release. This was performed by measuring the maximum TOI and O2Hb differences 

past initial baseline values post cuff release ([4] and [8] on Figure 4.6). 

When considering bone health, NIRS markers of arterial inflow and reperfusion rates 

are of interest and may be directly related to DCE-MRI perfusion markers. 

Physiologically, O2Hb haemodynamic markers post occlusion release should intuitively 

resemble the rate of arterial inflow and be heavily influenced by endothelial 

vasodilatory function, although are also likely to be influenced by the initial blood 

volume and capillary density of tissue (272). The rate of TOI recovery also could be 

representative of this and is commonly used in other studies using AO, However, it 

also inherently incorporates total haemoglobin concentration, so will be influenced by 

venous changes post occlusion release (61).   
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Figure 4.5: Graphical demonstration of the minimal post occlusive reactive 

hyperaemic (PORH) response seen at the tibia compared with the calf. Unlike the tibia, 

the TOI of the calf is seen to “overshoot” the baseline TOI measurement indicated by 

the purple arrow. 

Following observation of AO on 15 participants in protocol development work, the time 

period post occlusion release which appears to be most useful is around the first 10 to 

20 seconds post occlusion release. Data after 20 seconds post occlusion risks 

becoming non-linear.  Precedence also exists for rates of change in TOI and O2Hb 

around 10s (278) and 20s post occlusion (279).  

As such it was decided to assess the resaturation rates of TOI and O2Hb during the 

first 10s and 20s post occlusion release, taken from the time of cuff release 

(represented by the lowest data point). All data were tested for linearity with a 

statistically significant Pearson correlation of r-value ≥0.90 required. These parameters 

are represented in Figure 4.6. The absolute change in TOI and O2Hb post occlusion 

release from the point of cuff release, and relative to initial resting baseline, was also 

investigated, as demonstrated in Figure 4.6. 

Rates or absolute amounts of total haemoglobin concentration increase post occlusion 

release (such as indicated by nTHI) could also theoretically be relevant, representing 

the blood volume increase post occlusion release (and therefore a marker of 

perfusion). However, this could also be confounded by differing levels of venous 

drainage or high venous pressure following the occlusion release, as it also 

incorporates deoxygenated haemoglobin. Similarly, as nTHI is a relative measure, a 
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10% increase in blood volume could mean very different rates of reperfusion in different 

participants relative to the baseline absolute blood volume (which is unknown with the 

NIRO-200NX system) (61).  HHb markers are not considered physiologically relevant 

post occlusion as they mainly represent venous vascularity as well as HHb derived 

from oxygen extraction, as opposed to tissue reperfusion during PO recovery. 

 

Figure 4.6: Graphical representation of proposed haemodynamic markers for NIRS 

analysis post occlusion release (PO). 

[1] Rate of TOI increase in first 10s post occlusion release (TOI_PO_10s (%/s)) 

[2] Rate of TOI increase in first 20s post occlusion release (TOI_PO_20s (%/s)) 

[3] Maximal absolute change in TOI post occlusion (TOI_PO_absΔ (%)) 

[4] Absolute hyperaemic change in TOI post occlusion (TOI_PO_hyperΔ (%)). Note 

this is small in bone but can be observed in muscle by the purple arrow in Figure 4.5. 

[5] Rate of O2Hb increase in first 10s post occlusion release (O2Hb_PO_10s 

(µM.cm/s)) 

[6] Rate of O2Hb increase in first 20s post occlusion release (O2Hb_PO_20s 

(µM.cm/s)) 

[7] Maximal absolute change in O2Hb post occlusion (O2Hb_PO_absΔ (µM.cm)) 

[8] Absolute hyperaemic change in O2Hb post occlusion (O2Hb_PO_hyperΔ (µM.cm)) 
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Another approach could be to use markers that are relative to baseline values.  Here 

there is precedence with muscle tissue studies that use time taken and/or rate of 

change up to recovery of 25%, 50% and/or 75% of baseline values (274, 280-282). 

However, given the short time intervals of recovery identified during protocol 

development, this approach does not appear to offer any real benefit, as there needs 

to be enough time to sample data for a meaningful rate, yet still ensuring linearity. 

There is also some precedence for looking at non-linear markers of post occlusion 

response in studies performed on muscle tissue using non-linear modelling (80, 280, 283, 

284). As demonstrated in Figure 4.6, data on TOI and O2Hb presented as time-signal 

curves suggests the potential for non-linear modelling to provide quantitative markers 

of PO tissue recovery. However there are no existing data proposing the type of non-

linear response that should be physiologically expected in bone tissue post occlusion 

release. As such, one phase exponential modelling of TOI and O2Hb response was 

considered based on its observed close fit with PO response in both muscle and bone. 

This modelling provides data on the time constant and amplitude of the recovery 

observed (285). Non-linear post occlusion markers were explored but found to be less 

reproducible than linear markers and were therefore not adopted. For brevity the work 

around assessment of non-linear markers is presented in Appendix G. 

4.6: Confirming haemodynamic markers are representative of bone tissue 

One of the important steps in protocol development work was to demonstrate that the 

Hamamatsu NIRO-200NX NIRS equipment available may truly represent 

haemodynamics in bone tissue, and that it is receptive to changes in oxygenation to 

bone tissue in real time. Previous studies presented in Chapter 3 have concluded that 

NIRS can take measurements representative of superficial bone tissue (10, 56, 186, 189). 

However this remains a small body of evidence, using a variety of methods that only 

compare results with soft tissue comparators, and only in small studies of 13 

participants or less. As such, the methods used in previous studies to demonstrate 

bone tissue is being measured are not conclusive, and only demonstrate measurement 

of a deep tissue that produces different readings to muscle or overlying skin, rather 

than definitively demonstrating that it is truly bone tissue being measured. Because 

bone and muscle are different tissue types, with different capillary densities, 

conclusions drawn from direct comparison of oxygen extraction and perfusion using 

NIRS should be tentative. Likewise, muscle and bone have different absorption and 

scattering properties which can confound results (1, 65). As such it can only be concluded 
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that the measurements taken on what is proposed to be bone are significantly different 

to muscle readings.   

Confirmation that NIRS is truly representing bone tissue cannot be confirmed without 

comparison of NIRS results with an external reference that also produces comparable 

and reliable measures of bone haemodynamics. This is yet to be published in the 

evidence base but is attempted in the methodology outlined in Section 6.2 of this 

thesis. 

As the AO protocol used in protocol development work involves optode placement 

directly onto superficial bone, and that bone is likely to make up most of the sampled 

tissue volume from NIRS measurements, a suggestion may be made that bone tissue 

is being represented if statistically significant differences between tissue types are 

observed for the haemodynamic markers proposed, in line with the existing evidence 

base. This would then justify further more rigorous validation that bone is truly being 

measured with assessment against external tests of bone health, as presented in 

Chapters 8, 9 and 10. 

This has been best achieved with data from the AO protocol and relies primarily on 

comparison of simultaneous measurements taken at tibial sites and over the lateral 

calf for haemodynamic markers taken at rest, during occlusion, and post occlusion 

release. Paired t-tests of muscle and bone haemodynamics at these sites have been 

performed to assess for statistically significant differences based on a threshold p-

value of 0.05 using StataSE software (Version 14.0, StataCorp, Texas). Before using 

t-tests the assumptions of this statistical approach were considered, including 

normality assessment of paired differences, assessed descriptively using boxplots and 

using a Shapiro-Wilks test, and assessment of comparable variance between groups 

using the Levene test, including consideration of any outliers (286). 

4.6.1: Recruitment 

Recruitment of healthy participants was undertaken in order to develop the arterial 

occlusion protocol and perform a preliminary assessment that NIRS was taking 

representative measurements of bone tissue, under the ethical approval outlined in 

Section 4.1.  

Sample size calculations were performed on expected differences based on previous 

literature. As identified in Chapter 3, such previous evidence is sparse. Siamwala et al. 

2015 provides mean TOI results of the tibia (81.3% (SD 5.5)) using similar supine 
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positioning and a healthy population of 11 participants (78). Comerota et al. 2003 reports 

a resting mean TOI at the calf of 65% (SD 19) in 35 healthy participants (287).  A sample 

size calculator using StataSE software (Version 14.0, StataCorp, Texas) was used to 

calculate that based on these data a sample size of 14 participants is required to 

demonstrate a statistically significant difference between tissue types for NIRS-derived 

resting TOI markers, using a t-test with a significance threshold of 0.05 and power of 

0.80.  

Mean and standard deviation of during and post occlusion AO markers are not 

presented in those NIRS studies identified investigating both bone and muscle tissue. 

However, Klasing et al. 2003 reports a resting molar oxygen extraction rate of 11.16 

µmol/(Litre.min) (SD 3.99) at rest, compared with a resting molar oxygen extraction 

rate of 2.04 µmol/(Litre.min) (SD 1.08) in bone tissue (185). It was determined that similar 

magnitudes of difference in the haemodynamic markers proposed in AO protocol 

development work would also be identifiable as statistically significantly different, using 

paired t-tests with a significance threshold of 0.05 and power of 0.80 utilising 14 

participants. 

All participants were consented before starting and had the right to withdraw at any 

stage. It was expected that the methods used in the AO protocol would be low risk with 

some moderate discomfort only when AO occurred, as outlined in Section 4.7. 

Participants were generally in good health and were screened prior to participation for 

any history of serious injury or pathology affecting the vascularisation of their legs. This 

was to ensure their safety and avoid any potential confounding of results caused by 

health status. Participants were also screened for any history of smoking, 

osteoporosis, diabetes, arthritis, any current medications and menopausal status (if 

female).  Participants were advised not to smoke, eat or have caffeinated drinks two 

hours prior to testing as high sugar content and caffeine can cause vasodilation and 

affect haemodynamic measurements (65, 201).  

4.6.2: Initial physiological measurements 

Physiological measurements were taken in order to investigate any potential 

confounders. Measurements included height and weight (and henceforth body mass 

index (BMI)) and initial baseline blood pressure and pulse. Measurements of leg 

circumference were also taken at the knee, calf and ankle, along with skin calliper 

measurements at measurement sites at the patella, proximal tibia, tibial diaphysis and 
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medial malleolus. Intra operator reproducibility assessment was carried out prior to 

recruitment to ensure the reproducibility of my ability to precisely take these 

physiological measurements. This was achieved by taking three repeated 

measurements on three participants on three separate occasions, in line with DVRC 

policy. At this stage it was observed that leg circumference measurements were 

noticeably more reproducible than skin calliper measurements, and so were adopted 

moving forward. 

At baseline and during testing, pulse rates, arterial oxygen saturation, and foot 

temperature were monitored. Cutaneous blood TOI and blood flow measurements 

were also continuously monitored at the dorsal surface of the foot of the leg of interest 

using the O2C system (Oxygen to See; LEA Medizintechnik, Gießen, Germany), which 

utilises white light to take superficial measurements of cutaneous tissue. This allowed 

real time data when assessing the success of applying the AO (see Appendix H for 

example data). 

Results are presented in two parts: comparison of differences in TOI between the 

lateral calf and tibia taken at rest, and differences in the lateral calf and tibial response 

to AO. Methods for both approaches are outlined in more detail below in Sections 4.6.3 

and 4.6.4. Corresponding results are presented in Section 5.3.1 and 5.3.2. 

4.6.3 Initial differences in TOI between the lateral calf and bone sites 

Prior to AO protocols and after 15 minutes of supine rest, initial measurements of TOI 

were taken on each participant at the four bony sites described in Section 4.2 in a 

randomised order. Once optode position was stable, sample measurements were 

taken at a one second sampling rate for 20 seconds, with TOI results averaged to 

produce a mean TOI value.   

A simultaneous oxygen saturation measurement was taken postero-laterally over the 

lateral calf muscle.  It was expected that if NIRS was measuring oxygenation of bone 

tissue then the oxygen saturation levels will differ markedly from those taken at the 

lateral calf based on the previous evidence used to inform sample size calculations (78, 

287). Results were obtained from 15 participants and are presented in Section 5.3.1. 

4.6.4: Differences in the lateral calf and bone sites during AO protocol 

Two arterial occlusions were performed on each participant whilst measuring at the TD 

and TP sites, with corresponding measurements of the lateral calf muscle also taken 
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during both AO. Only one leg was measured per participant but this was alternated 

between right and left using a predetermined randomisation template. One participant 

had testing on both legs and both sets of data were included, as they had revealed a 

unilateral sympathectomy that was of interest and later published as a case report (288). 

Likewise, the order of occlusions was alternated to avoid any systematic confounding 

with leg laterality or the order of occlusions. 

Arterial occlusions followed the protocol outlined in 4.4.1. If NIRS is truly representing 

bone tissue it would be expected that there would be differences in the oxygen 

extraction of both bone and muscle being measured simultaneously, as has been 

observed in the evidence base (185, 188, 189). Based on this literature, it was expected 

that deoxygenation should occur at a slower rate in bone compared with muscle. 

Likewise upon occlusion release, the return of O2Hb and HHb to baseline levels should 

take longer, without the hyperaemic response of TOI that is known to be observed 

when measuring muscle. Results are presented in Section 5.3.2. 

4.7: Ensuring protocols are tolerable for participants  

Arterial protocols are known to be potentially painful, which in turn may have varying 

physiological effects on the microcirculation of participants, especially in response to 

cardiac and respiratory changes (272). Serious adverse effects are reported to be rare 

anecdotally in the DVRC, and there is little documented evidence of risk with AO 

occlusion protocols. A national survey of Kaatsu training in Japan reported a very low 

occurrence of side effects such as venous thrombus (0.055%), pulmonary embolism 

(0.008%), and rhabdomyolysis (0.008%) based on records of 12,642 participants. 

Subcutaneous haemorrhage at the site of occlusion had a higher incidence of 13.1%, 

but this is in the context of AO protocols to the limb sustained during exercise, for 

potential extended periods greater than five minutes, and regularly repeated as part of 

a Kaatsu training protocol (289). 

Participants were asked to rate how uncomfortable they found the AO at its worst point 

using a pain scale of 1-10 (with 10 being the worst pain they had experienced) as well 

as whether they thought the testing they had undergone would be feasible in the wider 

population for clinical testing. Results are discussed descriptively in Section 5.4. 

4.8: Determining initial estimates of reliability 

Some initial work was also carried out around the reliability of the AO protocol. This 

was intra operator reproducibility testing with the primary author taking all 
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measurements. Three participants underwent repeated TP arterial occlusions on three 

different days. The aim of this initial work was to gauge initial impressions around 

whether the reproducibility of AO was worth further investigation in a larger, more 

representative reliability study as outlined in Section 6.1 (with results presented in 

Chapter 7).   

Upon graphing these repeated occlusions, the reproducibility within participants of 

repeated results at tibial sites and the lateral calf was assessed graphically and 

appeared acceptable enough to warrant further investigation in a larger sample 

(graphs are presented in Appendix I). Intra participant coefficients of variation 

supported this and are presented in Section 5.4, although statistical analysis of these 

three initial participants was considered tentatively, as the sample size was too small 

for meaningful reproducibility assessment. Their data have contributed to the reliability 

results presented in Chapter 7 which utilises a larger sample size.  

4.9: MRI protocol development 

As discussed in Section 2.3.1, there are a number of MRI techniques available to 

measure haemodynamic markers in bone tissue. As a result of this literature review, a 

number of potential protocols were ruled out due to the technical limitations of the 1.5T 

MRI scanner available. However, one promising MRI protocol was tested for feasibility. 

This blood oxygen level dependent (BOLD) non-contrast MRI protocol could potentially 

provide temporal scanning of a participants leg during AO whilst in the MRI scanner, 

with signal changes representing changes in oxygenation status of bone tissue, thus 

potentially providing a direct comparison with the NIRS arterial occlusion protocol (97). 

This type of temporal BOLD protocol has been performed successfully in studies on 

muscle and brain tissue (98), but without precedence in bone tissue. Previous studies 

have also used BOLD protocols to validate NIRS measurements (or vice versa) during 

exercise interventions of skeletal muscle (106) and brain function (104, 105). There are 

known limitations with BOLD protocols including the need for a high signal to noise 

ratio (due to the small changes in signal indicating oxygenation changes) and 

susceptibility to field inhomogeneities, such as between cortical bone interfaces (98). It 

was clear from this feasibility work on four participants that MRI signal was too low in 

bone tissue for this protocol to be feasible, and so it was not adopted moving forward. 

Results are presented in Appendix J.  



140 
 

As a result, a dynamic contrast enhanced MRI protocol was adopted instead, which 

has precedence for reliable use in bone tissue (89). This protocol is outlined in more 

detail in Section 6.2.4. This protocol does give information on the perfusion of 

Gadolinium at the calf and tibia, but with the disadvantage of measuring tissue at rest 

and not during ischaemic conditions, as per the BOLD protocol and NIRS arterial 

occlusion protocol.  

4.10: Summary of protocol development 

Table 4.1 presents a summary of the different protocol development activities 

undertaken as part of this PhD project and described in Chapter 4, including where 

corresponding results can be found. 

Table 4.1: Summary of protocol development work carried out. 

Protocol 
Participants 
Enrolled 

Main Outcome 
Link to 
Section 

Mid-calf occlusion 
protocol 
 

6 
Protocol Abandoned: 
confounding results 

Appendix F 

Positional protocol 

3 

Protocol Abandoned: 
replicates one study 
but small existing 
evidence base 
 

Appendix F 

Venous occlusion 
protocol 

14 

Protocol Abandoned: 
poor reliability of 
obtaining true venous 
occlusions 
 

Appendix F 

Arterial occlusion 
(AO) protocol 

15 

Protocol adopted for 
further evaluation in 
Chapters 8,9&10 
 

5.3.2 

TOI at rest for 
different anatomical 
sties 

15 

Protocol adopted for 
further evaluation in 
Chapter 8,9&10 

5.3.1 

Intra operator 
different day AO 
test/retest feasibility 

3 

Adopted for further 
reliability evaluation in 
Chapter 7 
 

5.4 and 
Appendix I 

MRI BOLD arterial 
occlusion protocol 
feasibility  

4 
Protocol abandoned 
due to low bone signal 
 

Appendix J 
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Chapter 5: Protocol development of NIRS 

5.1: Chapter overview 

This chapter presents results of the first stage of experimental work for the PhD project. 

The primary aim was to develop an arterial occlusion (AO) protocol using the 

Hamamatsu NIRO 200NX near infrared spectrometer available. This protocol needed 

to build on the existing evidence base and provide sufficient rigour to warrant further 

assessment of reliability and validation. 

This chapter represents protocol development results in line with the following 

objectives presented in Chapter 4: 

- Gaining confidence that haemodynamic markers derived from proposed protocols are 

representative of bone tissue and can detect changes in real time; 

- Establishing appropriate haemodynamic markers from protocols; 

- Ensuring protocols are tolerable for participants;  

- Determining initial impressions of reliability to justify further investigation; and, 

- Determining the best anatomical location for measurements and optimising 

placement of NIRS probes. 

5.2: Demographics 

Fifteen healthy participants were recruited to assist with protocol development work. A 

summary of demographic information is presented in Table 5.1. All participants were 

current non-smokers and reported good general health. Two participants had T2DM, 

one of which also had osteoporosis but unfortunately did not contribute AO data as 

they could not tolerate the occlusion. Three participants reported mild osteoarthritis 

that was not being treated medically. One participant was taking Dextroamphetamine 

as treatment for idiopathic hypersomnia. Of the seven female participants, three were 

pre-menopausal, one was peri-menopausal, and three were post-menopausal. 
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Table 5.1: Summary of key demographics for recruited participants (N=15) in protocol 

development work (mean values presented with standard deviation in parentheses). 

Demographic Mean (SD) 

Age (years) 40.3 (16.9) 

Sex (m/f) 8/7 

Height (m) 1.74 (0.08) 

Weight (kg) 76.0 (15.4) 

BMI (kg/m2) 25.4 (4.5) 

Systolic Blood Pressure (mmHg) 125 (12) 

Diastolic Blood Pressure (mmHg) 75 (10) 

Resting Pulse Rate (beats/min) 71 (15) 

Resting Arterial Oxygen Saturation (%) 97 (2) 

Foot Temperature (°C) 30.1 (1.9) 

Knee Circumference (mm) 380 (28) 

Calf Circumference (mm) 368 (40) 

Ankle Circumference (mm) 244 (12) 

 

5.3 Establishing if NIRS is representative of bone tissue 

One of the primary objectives of using the protocols outlined in Chapter 4 was to gain 

confidence that NIRS was measuring haemodynamic markers representative of bone 

tissue based on the known physiological differences between bone and muscle. This 

was based on investigating initial differences in resting tissue oxygenation index (TOI) 

between the lateral calf muscle and anatomical bone sites (presented in Section 5.3.1). 

Differences were also investigated between the lateral calf muscle and tibial sites in 

response to arterial occlusion at the distal femur, with simultaneous measurements 

taken at tibial sites and over the lateral calf (presented in Section 5.3.2). 

5.3.1: Resting TOI results 

Participants initially rested supine on a bed for 15 minutes to acclimatise to the room 

conditions and reach a relaxed baseline for consistency in results. Initial 

measurements of TOI were taken on each participant at four bony sites (as outlined in 

Section 4.2) in a randomised order. Anatomical sites included the patella; the proximal 

tibia (TP); midway on the tibial diaphysis (TD); and, the medial malleolus (MM).  Once 

probe position was stable, sample TOI measurements were taken every second for 20 
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seconds, with mean results obtained. The use of 20 second samples enabled 

investigation of the variability of the TOI signal being recorded (an indicator of signal 

to noise), as indicated by the “within reading” coefficient of variation for these 

measurements presented in Table 5.2. Results were obtained from all 15 participants. 

All data and paired differences were tested for normality using a Shapiro-Wilks 

parametric test, confirming parametric statistics were appropriate.  

Summary results are presented in Table 5.2 below, indicating statistically significant 

differences in resting TOI at all four bony anatomical sites compared with the lateral 

calf muscle using paired t-tests. The “within reading” coefficient of variation (CV) also 

indicates how variable readings were within the 20 second sample used to calculate 

mean TOI. It can be seen that the proximal tibia site is most comparable with the lateral 

calf in terms of the stability of readings taken during 20 second samples. These data 

supported anecdotal findings that the medial malleolus and patella were the most 

difficult sites to position NIRS probes. This was likely a contributor to the increased 

variability at these sites, as opposed to increased physiological variability between 

participants. 

Table 5.2: Summary of mean resting TOI results (N=15) for each anatomical site.   

Mean difference (%), 95% confidence intervals of differences, and p-values from 

paired t-tests are also presented for each bone site versus lateral calf muscle 

measurements. 

Anatomical Site “Within Reading” 

Coefficient of Variation 

(%)  

Mean TOI 

% (SD) 

Paired t-test mean 

difference (95% CI) vs 

lateral calf  

TP  0.19  83.0 (4.1) 11.8 (5.9-13.5); p<0.001 

TD 0.22  80.6 (4.6) 9.7 (5.9-13.5); p<0.001 

MM 0.33  81.2 (6.1) 9.5 (5.4-13.5); p<0.001 

Patella  0.25  82.2 (8.4) 10.3 (3.7-16.9); p=0.005 

Lateral Calf  0.16  70.9 (4.8) 
 

 

5.3.2: Tibial and lateral calf response to arterial occlusion 

Two arterial occlusions (AO) were performed on each of the 15 participants. 

Measurements were taken at the medial surface of the midshaft of the tibia (tibial 

diaphysis (TD)) and the proximal tibia slightly medial and distal to the tibial tuberosity 

(TP) for each occlusion, with corresponding readings taken at the lateral calf in all 
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occlusions. From the 15 participants, 12 pairs of paired AO data were obtained for the 

TP site, and 11 for the TD site. Two participants were unable to tolerate the arterial 

occlusion and the other excluded data were due to the conditions of the AO not being 

met (i.e. an nTHI change >15% and O2Hb not decreasing during occlusion as 

expected). There were no obvious reasons for the failure of the AO in these cases. 

The most plausible explanation is an inadequate occlusion due to inadequate 

application of the cuff or for physiological and/or anatomical reasons (for example, 

calcified arteries not compressing, or deep arteries not affected by the external cuff). 

The haemodynamic markers outlined in Section 4.5 were calculated for all participants. 

Shapiro-Wilks testing of variables and paired differences confirmed parametric testing 

was appropriate for all markers. Of the usable data obtained, there was a significant 

statistical difference demonstrated using paired t-tests between tibial bone sites and 

the simultaneous lateral calf muscle data for all haemodynamic parameters measured 

(p-values <0.05). For paired data between bone (at both TP and TD sites) and the 

lateral calf there were clear trends demonstrating bone sites had slower and weaker 

haemodynamic responses to arterial occlusion compared with simultaneous lateral calf 

tissue data obtained. This included both the rates of oxygen extraction and absolute 

haemoglobin concentration changes during occlusion, and the rates of recovery and 

absolute haemoglobin concentration changes upon release of the occlusion. Figures 

5.1 and 5.2 graphically present these results. 
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Figure 5.1: Graphs of mean rates of change and mean absolute change in tissue 

oxygenation index (TOI) during and post arterial occlusion for each measurement site 

(N=15). Error bars represent 95% confidence intervals. Calf measurements are 

presented twice corresponding with the arterial occlusions of the proximal tibia (TP) 

and tibial diaphysis (TD). 
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Figure 5.2: Graphs of the mean rates of change and mean absolute change in 

oxygenated haemoglobin (O2Hb) and deoxygenated haemoglobin (HHb) during and 

post arterial occlusion for each measurement site (N=15). Error bars represent 95% 

confidence intervals. Calf measurements are presented twice as these were recorded 

during both arterial occlusions for the proximal tibia (TP) and tibial diaphysis (TD). 
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5.4: Participant tolerability 

Pain scale scores from the 15 participants varied widely from 3 to 10 (mean 6.5; SD 

2.0). However, most stated they could see the test potentially being used as a 

screening test or research tool if it could lead to a clinically important finding. Two 

participants commented that the experience was analogous to the discomfort of 

mammography, which could be endured if clinically useful outcomes were obtained. 

It was noted that most participants found the second occlusion easier and this may be 

related to psychological factors during the first occlusion, with participants being more 

familiar with the process in the second inflation. Experience of the cuff also varied in 

terms of being described as painful, alternatively being described as “pressure”, a 

“continuous dull ache” and “pins and needles”. Koch et al 2011 (290) asked participants 

to rate their pain using a visual analogue scale (VAS) from 0-10 following a therapeutic 

ischaemic pre conditioning protocol involving three repeated five minute AO protocols 

at the thigh. This was repeated for a mean 7.7 sessions for each of 21 participants. 

Mean VAS scores were 3.6 (SD 3.4). These scores were lower and may support 

familiarisation with multiple occlusions lowering the perceived discomfort for 

participants. 

Adverse feelings were quickly alleviated post cuff removal in all cases. Some red skin 

marks of the leg did result in some instances, resolving without bruising. Two 

participants out of the 15 who undertook arterial occlusions throughout protocol 

development work could not tolerate the occlusion.  It was felt this was an acceptable 

rate of tolerance in terms of adopting the protocol for further research given the 

advantages that the AO protocol offered, and previous experiences using AO at the 

DVRC research facility. 

5.5: Initial impressions of reliability 

As discussed in Section 4.8, three participants volunteered to undertake repeat arterial 

occlusion protocols on three different occasions. These participants were all healthy 

young males between the ages of 21 and 26. Figure 5.3 presents intra participant 

coefficients of variation for proposed NIRS haemodynamic markers at baseline, during 

occlusion, and post occlusion release. It was felt these data showed enough potential 

for producing reproducible haemodynamic parameters for further investigation in a 

larger sample of participants, which is presented in Chapter 7. Graphical examples of 

the repeated arterial occlusions for all three participants is presented in Appendix I. 
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NIRS marker Intra Participant Coefficient of Variation (%) 

Participant 1 Participant 2 Participant 3 

[1] TOI_rest; (%) 0.5 1.9 0.4 

[2] TOI_DO_ 60s (%/s) 27.6 11.3 6.0 

[3] TOI_DO_absΔ (%) 13.7 12.0 19.9 

[4] TOI_PO_20s (%/s) 7.8 15.9 24.7 

[5] TOI_PO_absΔ (%) 16.2 18.4 10.7 

[6] HHb_DO_60s (µM.cm/s) 23.7 49.5 9.4 

[7] HHb_DO_absΔ (µM.cm) 11.0 10.7 24.3 

[8] O2Hb_DO_60s (µM.cm/s) 27.1 27.7 10.4 

[9] O2Hb_DO_absΔ (µM.cm) 5.9 15.4 27.1 

[10] O2Hb_PO_20s (µM.cm/s) 4.6 4.7 28.2 

[11] O2Hb_PO_absΔ (µM.cm) 17.2 9.5 7.7 

 

 

Figure 5.3: Intra participant coefficients of variation for three repeat arterial occlusions 

on three participants. All occlusions were performed on separate days. Results for 

eleven haemodynamic markers from the parameters of interest (TOI, HHb, and O2Hb) 

are presented, which are also demonstrated on the corresponding graphical figures.  
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5.6: Discussion 

5.6.1: TOI measurements at rest 

Simultaneous TOI measurements were taken at four anatomical bony sites and 

postero-laterally over the lateral calf. As was expected based on previous evidence 

(189), TOI was significantly higher at all four bony sites compared with the muscular site. 

It was also identified that TOI measurements at the tibia were comparable in mean 

value and inter participant variability with the most methodologically comparable 

studies (see Table 5.3) (78, 196). Likewise, TOI values at the lateral head of the calf are 

similar to previously published literature (270, 287). Binzoni et al 2003 argue that the 

higher resting TOI observed at the tibia compared with the calf may be explained by 

the lower metabolic rate of bone leading to lower oxygen extraction (189). Likewise, this 

will result in higher venous oxygen saturation, which has been estimated to contribute 

up to 70% of the sampled volume in NIRS when measuring muscle (62). Klasing 2003 

(185) supports this reporting a resting oxygen extraction rate that is five-fold lower in 

tibial bone compared with the tibialis anterior muscle.  As TOI is a ratio of oxygenated 

haemoglobin to total haemoglobin, relatively smaller microvascular venous reservoirs 

within bone could also increase TOI (189). 

Table 5.3: Summary table of TOI results from protocol development work (N=15) in 

comparison with relevant existing evidence.  

Anatomical 

Location 

Mean TOI (SD) 

from protocol 

development   

Comparator 

Study 

NIRS 

System 

TOI values 

Proximal 

tibia 

83.0% (4.1) Siamwala et 

al 2015 (78) 

SRS 81.3% (SD 5.5; N=11) 

Siamwala et 

al 2017 (204) 

SRS Females: 73.5% (SD 7.2; N=9) 

Males: 76.8% (SD 6.3; N=9) 

Sorensen et 

al 2017 (196) 

SRS Median 81% (IQR 69 to 87; 

N=17) 

Tibial 

diaphysis 

80.6% (4.6) Binzoni  

et al 2003 
(189) 

Broadband 

CW  

84.9% (SD 2.8; N=13) 

Patella 82.2 (8.4) Farzam  

et al 2013 
(15) 

Frequency 

domain 

65% (SD 9; N=8) 

Lateral 

Calf  

70.9 (4.8) Torricelli et 

al 2004 (270) 

TRS 70.5% (SD 1.7; N=5) 

Comerota et 

al 2003 (287) 

SRS 65% (SD 19; N=35) 
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Statistical analyses supported anecdotal findings that the proximal tibia and tibial 

diaphysis were the most reliable and stable bony measurement sites.  Amongst the 

four bony sites these had the lowest standard deviation amongst participants, 

comparable to the muscle readings of the more established measurement site of the 

calf. Likewise, within the 20 second samples taken, the “within reading” CV of samples 

were lower than the MM and patella readings, and again comparable with the muscle 

readings taken at the calf, suggesting a more stable monitoring site. It was also noted 

that TOI values at the patella varied widely from the single study identified in the 

Chapter 3 systematic review investigating the TOI of the patella (see Table 5.3) (15).  

It was of interest to note a statistically significant difference in resting TOI between the 

proximal tibia and tibial diaphysis using a paired t-test (p=0.02), although the clinical 

significance of this difference is likely to be small. There was little evidence of 

differences in AO haemodynamic markers between the TD and TP sites. It may be that 

there is better arterial blood supply leading to more oxygenation in the trabecular bone 

of TP compared with TD. But this may also be confounded by the TP site being more 

proximal to the central arterial blood supply. Santolini et al 2014 reports that 

anatomically the proximal tibia is the most vascularised part of the tibia, with the distal 

third of the tibia least vascularised (55). As TOI is a ratio of oxygenated haemoglobin to 

total haemoglobin, it may also be that the tibial shaft has greater venous reserves 

leading to a decreased TOI (5).  

Results in this chapter support taking proximal tibia measurements forward to the next 

stages of the PhD. The proximal tibia was superior in terms of reduced variability and 

stability of TOI readings compared with other bone sites. The proximal tibia appears to 

be the most stable site with the largest bone volume. It is also more likely to represent 

trabecular bone than the tibial diaphysis, making it arguably more relevant to 

exploration of bone strength and potential future research applications, especially 

around prediction of fragility fracture. 

5.6.2: Arterial occlusion measurements 

In consideration of arterial occlusion results, expected differences in haemodynamic 

markers at both the tibial diaphysis and proximal tibia sites were observed when 

compared with the lateral calf muscle being measured simultaneously. It was expected 

the tibia would have a slower resting metabolic rate than muscle (185, 291), so 

deoxygenation should occur at a slower rate than in muscle during occlusion, as 
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measured by the rate of increase in deoxygenated haemoglobin, and the rate of TOI 

reduction. Klasing 2003 (185) reports mean muscle VO2 (a marker of oxygen 

consumption) increased twenty-fold during muscle contraction, whereas mean bone 

VO2 only increased 16%. Nagasawa et al 2003 demonstrates that oxygen consumption 

rates with NIRS are typically associated with oxidative capacity of muscle tissue, 

despite not being directly representative (284). These results are in keeping with the 

reduced oxygen extraction NIRS markers at the tibia observed in this PhD project, and 

the previously documented reduced oxidative capacity of bone tissue when compared 

with muscle sites (185, 291). 

The results presented in this chapter are also in line with the previously demonstrated 

differences between bone and muscle during arterial occlusion (188, 189). The magnitude 

of TOI reduction during arterial occlusion is comparable with the 8.2% (95% CI 7.6% 

to 8.8%) mean reduction in TOI reported at the patella by Farzam et al 2013 (15). Yu et 

al 2005 reports a mean TOI reduction of 16.4% (SD 4.4) at the calf during occlusion, 

and a PORH “overshoot” of mean 3.8% (SD 1.7), in line with the results presented in 

this chapter (261). 

Results from this chapter have demonstrated that there was typically a negligible post 

occlusive reactive hyperaemic (PORH) response in TOI at the tibia, despite strong 

PORH responses seen when measuring the calf. This strengthens the argument that 

bone is being sampled by NIRS at the tibia, and that the contribution of overlying soft 

tissue is minimal, as PORH has been observed in both cutaneous and adipose tissue 

as well as muscle (65, 292). This is supported by TOI data collected from cutaneous tissue 

at the dorsal surface of the foot using O2C during AO testing, further discussed in 

Appendix H. 

It is expected that reduced oxygen extraction rates during occlusion should lead to 

reduced PORH (79), but it is possible with the rigid structure of bone and relatively high 

intraosseous pressures within bone tissue, that reactive vasodilation of intraosseous 

microvessels is further limited (5). Reduced capillary density in bone may also be an 

explanator for reduced PORH response. Direct comparisons of capillary density 

between bone and muscle could not be found in the evidence base in either animal or 

human studies. However comparison of unrelated murine studies utilising similar 

immunohistochemistry techniques have reported microvessel density in plantaris 

muscle (293) and femora (26) demonstrating a fivefold greater capillary density in muscle. 
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Furthermore, Laughlin et al 2011 reports large animal studies have shown that 

vascular resistance can increase in bone marrow during acute exercise-induced 

ischaemia, with a potential mammalian response of vasoconstriction in bone to redirect 

blood to skeletal muscle during exercise, driven by sympathetic response (294). This 

may also potentially explain the lack of post occlusive hyperaemic response in bone 

observed in this PhD project, but further research is required to confirm this unique 

response in bone. 

Heinonen et al 2013 (295) reports response in the femur of 15 human participants to a 

ten minute exercise intervention measured using positron emission tomography (PET). 

Mean blood flow does increase from 1.8 mL/100 g/min (SD 0.6) to 4.1 mL/100 g/min 

(SD 1.5; p=0.01) with low intensity exercise, however appears to then be 

physiologically limited in the presence of further increased exercise intensity, despite 

a fivefold increase in glucose metabolism. This again supports a potential unique vaso-

regulatory response in bone in line with the lack of PORH response seen at the tibia in 

this study.  

It is generally accepted that the microvascular supply to bone is affected by the same 

neural, humoral, myogenic and metabolic parameters as the rest of the body, 

responding to most vasoconstricting and vasodilatory substances (23). A case report 

related to this PhD project also supports this, with observed reduced vascular response 

in the leg of a participant suffering from unilateral lumbar sympathectomy (288). 

However, unique vaso-regulatory mechanisms within bone may exist and this idea is 

supported by the data in this chapter.  

5.6.3: Limitations 

These comparisons in 15 participants have shown that when measuring the tibial bone 

sites described, there is a statistically significant difference between haemodynamic 

markers recorded and corresponding measurements taken at the lateral calf.  

However, some caution needs to be taken before concluding that measurements are 

truly representative of bone tissue alone.  Although statistically significant physiological 

differences have been identified, the physiological relevance of these remains 

essentially unknown.  Likewise there is no evidence base identified for which to directly 

externally validate these results against known haemodynamics for bone tissue (this 

is attempted in Chapters 8, 9 and 10).  
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An important limitation of NIRS is that during occlusion it only represents oxygen 

extraction from haemoglobin. This is assumed to represent the efficiency and 

responsiveness of the microvascular system. However when comparing between 

different tissue types such as the tibia and the calf, comparison may also be influenced 

by differences in the oxygen consumption demand from cellular tissue being supplied, 

the inherent rate of oxygen diffusion within the tissue, and the arrangement and density 

of capillaries (27). Although no direct evidence was found quantifying capillary density 

between tissue types, it is assumed this is different given the active metabolic 

requirements of muscle. Capillary density has indirectly been reported as up to fivefold 

greater in muscle than bone (26, 293), and eightfold higher in muscle than in skin (65) 

meaning a different volume of surrounding tissue is supplied by each capillary. 

Likewise, Klasing et al 2003 reports that resting oxygen consumption was more than 

five times greater in muscle at the tibialis anterior then at the tibia, suggesting a more 

metabolically active cellular basis (185). 

As such it remains a limitation of NIRS that the reasons for differences between the 

calf and tibia cannot be definitively elucidated. For example, slower oxygen extraction 

during occlusion could be representative of a lower oxygen demand from surrounding 

tissue and/or lower capillary density supplying this tissue. Future time-resolved and 

frequency domain NIRS systems may be able to gain more insight by investigating 

cytochrome-c-oxidase levels, directly indicative of cellular oxygen consumption, and 

by taking total haemoglobin concentration measurements indicative of blood volume 

within the sampled tissue (discussed further in Chapter 11). 

Likewise the differing scattering properties of differing tissue types can also affect the 

differential path lengths of which modified Beer Lambert (MBL) calculations are based 

on, confounding direct comparison of haemodynamic markers between different tissue 

types (1, 65). Although in this chapter differences between measurement sites were 

consistent between MBL derived parameters and spatially resolved TOI parameters. 

An inherent limitation of the continuous wave NIRS system used in this PhD project is 

that markers are not indicative of total blood volume, which is of interest for bone 

research. Existing studies using time resolved NIRS suggest a higher capillary density 

and higher concentration of haemoglobin in the measured NIRS volume at the calf 

compared to the tibia. Toricelli et al 2004 reports a mean resting total haemoglobin at 

the lateral head of the gastrocnemius of 135.9 µM (SD 8.2) (270). Table 3.3 has 

previously reported the variability of total haemoglobin concentration results across 
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bony sites (ranging from 17.7 µM to 77.3 µM), however all are much lower than what 

has been reported at the calf (9, 15, 56, 70, 75, 195). As such it cannot be elucidated whether 

differences in PO markers between tibial sites and the lateral calf are due to blood 

volume differences, differences in capillary density, or differences in vaso-function in 

response to ischaemia.  

Likewise, indices of resting blood flow cannot be measured by the Hamamatsu NIRO-

200NX. Only two studies from Chapter 3 presented diffusion correlated spectroscopy 

derived blood flow index (BFI) measures in bone tissue. Farzam et al 2014 reports a 

median BFI at the manubrium of 5.0×10−9 cm2/s (IQR 4.2×10−9 cm2/s to 7.4×10−9 

cm2/s) (56). Sekar et al 2016b presents BFI data at six bony anatomical sites with mean 

values highly variable ranging from 2.0x10−9 to 8.0x10−9 cm2/s (75). Baker et al 2017 

reports a similar mean BFI at the calf at rest of 5.3x10−9 cm2/s (SD 5.07x10−9 cm2/s). 

However it is likely that it is the greater ability of the microvascularity of the calf to 

increase BFI when required that is different to bone. No human studies directly 

identifying these differences in BFI response to induced ischaemia were identified, 

however Gross et al 1979 illustrate these differences in an animal study (260). With high 

intensity exercise, mean blood flow increased from 11 ml/min/100g (SD 5) to 119 

ml/min/100g (SD 47) at the vastus lateralis muscle in 8 dogs tested using microsphere 

techniques. Mean blood flow in the red marrow of the femur only increased from 26 

ml/min/100g (SD 11) to 30 ml/min/100g (SD 17) (260).  

A potential criticism of this protocol development work is the multiple comparisons that 

have been made across different anatomical sites and potential haemodynamic 

markers. It is possible to correct for multiple testing using methods such as Bonferroni 

corrections, which make allowances for the increased likelihood of a significant result 

when multiple comparisons are made. However such corrections may be too 

conservative, and are inappropriate when many of the comparisons made are 

inherently linked (296). As such the approach suggested by Perneger 1998 has been 

adopted (297). This involves reporting significance levels tentatively, and in the context 

of the biological plausibility of individual associations. It is felt this is justified by the 

exploratory nature of this PhD project. It has been observed that the interpretational 

trends of these multiple comparisons appear to be consistent, with bone sites 

consistently showing differences with muscle, and these differences being consistent 

with the existing evidence base. 
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With these limitations in mind, the difference in haemodynamics results strongly 

suggest a different tissue type other than muscle is being measured.  With evidence 

to suggest that superficial tissue contributes minimally with haemodynamic 

measurements (77), and knowledge that the depth of measurements at 4cm internode 

spacing is up to 2cm depth, its seems plausible that haemodynamic measurements 

are representing bone tissue using the TP and TD probe placement sites, where bone 

tissue is very superficial and occupies a relatively large volume. Validation work 

presented in Chapters 8, 9 and 10 of the project was attempted to further help confirm 

this by comparing AO haemodynamic results with external measurements of bone 

haemodynamics acquired using a DCE-MRI protocol. 

5.7: Conclusion 

Protocol development work outlined in this chapter has built on evidence based AO 

protocols to add enough justification that, using the AO protocol developed, NIRS can 

potentially take measurements representative of bone tissue in real time, and that this 

was worthy of further investigations in reliability (Chapter 7) and validation (Chapter 8, 

9 and 10) using a comparison of NIRS results against other markers of bone health 

(such as bone density, trabecular bone scoring, and bone metabolism blood markers), 

and other markers of bone haemodynamics (provided by DCE-MRI). An AO protocol 

has been developed that is tolerable for participants and appears to utilise the most 

reliable and relevant anatomical sites available. 
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Chapter 6: Methodology for reliability and validation assessments of NIRS 

This chapter will outline the methodological approach to assessing the reliability of 

haemodynamic NIRS markers at the proximal tibia and lateral calf derived from the 

arterial occlusion (AO) protocol discussed in Chapters 4 and 5 (see Section 6.1). The 

methodological approach to assessing the validity of NIRS AO haemodynamic markers 

with comparison against relevant markers of bone health is outlined in Section 6.2.  

6.1: Methodology for reliability assessment of NIRS 

6.1.1: Background and aims of reliability assessment 

An important aspect of determining the potential of NIRS for measuring 

haemodynamics in bone tissue is to assess the reliability of the observations made. In 

this context, reliability can be defined as the ability of a test to produce similar results 

when measuring the same thing (3). This can be reflected by the reproducibility of a test 

and/or the repeatability of a test. Definitions of these terms are varied in the evidence 

base, but for this thesis reproducibility refers to the variability of repeated measures 

obtained by a test when repeated on the same participant longitudinally (assuming no 

appreciable change to the participant being measured). Repeatability refers to the 

variability of measurements taken during the same testing session (3). In the context of 

NIRS it is important that when measurements are taken longitudinally on the same 

participant, changes in observations can be attributed to a change in the participant’s 

haemodynamics, and not measurement error from the NIRS protocol used. Higher 

reproducibility will therefore also make a test measure more sensitive to smaller real 

clinical changes in the participant’s haemodynamics (3, 298). 

Accordingly, as part of feasibility work on NIRS use in bone, the within participant 

reproducibility and repeatability of NIRS measurements taken on participants was 

based around the AO protocol outlined in Section 4.4.1. The approach to assessing 

reproducibility needs to take into account the following potential sources of 

measurement error to the AO protocol: 

- Biological variations: including natural variations in microvascular haemodynamics 

caused by the time of day, recent diet, recent exercise, body temperature and stress 

levels (65, 272). Familiarity with the AO protocol for the second AO measurements could 

also be a potential source of systematic error. Biological variation was minimised by 

testing participants using protocols that controlled for time of day, room temperature, 
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participant diet before testing, exercise and smoking status (discussed further in 

Section 6.2.1.3). 

- Optode placement: including the ability to follow anatomical protocols for placing 

optodes, and minimising variations in optode spacing. A protocol for optode placement 

was developed and is described in Section 4.2, and a commercially available optode 

holder was used to minimise variation in optode spacing. 

- Execution of arterial occlusion: including potential variations in cuff pressures used 

and speed of delivery of cuff execution. A pre-inflation cuff system was used to 

standardise and minimise the time of AO delivery. 

- Inherent inaccuracies in the NIRS equipment’s ability to produce and detect photons, 

and produce corresponding measurements.  

- Data analysis: There are potentially subjective aspects to how data are analysed, 

despite data analysis being designed to be as objective as possible. 

6.1.2: Outline of reliability assessments 

To investigate these potential sources of error, the reliability aspect of the project 

included three primary approaches outlined in the following sections: 

6.1.4: Intra operator reliability of AO protocol measurements on both same day 

repeatability and different day reproducibility test/retest measurements, incorporating 

the DO and PO NIRS markers justified in Section 4.5. 

6.1.5: Inter operator repeatability of optode placement to obtain resting TOI 

measurements. 

6.1.6: Inter operator reproducibility of data analysis of AO haemodynamic markers. 

The best reproducibility results could be expected when the same participant is 

measured in the same session, by the same operator, using the same equipment (i.e. 

the repeatability of the test) (298).  By performing this same session analysis, the best 

possible indication of how much error is attributable inherently to the NIRS system and 

the operator can be gained, as the participant and equipment are kept as close to 

consistent as possible (although in practice when measuring precision in living tissue, 

it is very difficult to completely separate biological variation and measurement error 

from the testing system (299)). 
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If NIRS is to be a useful research tool it is also important to estimate the biological 

variation of results on different days, despite participants following the same protocol 

(i.e. the reproducibility of the test) (298).  This will give some indication of how different 

future measurements would need to be before an operator could be confident that 

changes in haemodynamic measurements were attributable to a real change in the 

participants test status, as opposed to expected biological variation and/or 

measurement error. This was investigated by measuring participants on different days, 

with the same operator, protocol and equipment. This testing should give insight into 

how much variability can be attributed to normal biological variation when 

measurements are taken longitudinally, in context with the variability represented by 

same day test/retest repeatability data, were error is primarily inherent within the NIRS 

system and protocol used (3).   

A limitation of the above approach is results will only apply to one operator, with 

different operators being another potential source of error.  It is also important to 

assess the variability introduced by having measurements taken by different operators 

and using different equipment. Here a compromise was made in order to not over 

burden participants with too much repeat testing with an AO protocol.  As inter operator 

variability is likely to be attributable to subjective elements of optode placement and 

subsequent data analysis, these two aspects alone were assessed for their inter 

operator repeatability. It is not feasible to undertake reliability work using different NIRS 

systems, with only one NIRS system available, and therefore this will remain a 

limitation of this research project. 

Some participants recruited for reliability assessments were recruited under the same 

ethical approval of the University of Exeter Medical School Research Ethics Committee 

(application 14/11/063) as the protocol development work outlined in Section 4.1 

involving recruitment of staff and students internally from the University. Volunteers 

were recruited as participants but also as operators in some instances, following tuition 

on the principles of NIRS and practical instruction on how to use the equipment. 

Additionally to aid in the generalisability of intra operator reliability assessment outlined 

in Section 6.1.4, further recruitment of participants from the general public was carried 

out with ethical approval from the NHS Health Research Authority via the Integrated 

Research Application System process (REC ref:16/SW/0254). Recruitment was 

carried out via the existing “Exeter Ten Thousand (EXTEND)” research register. This 

recruitment process is outlined in more detail in Section 6.2.3. 
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6.1.3: Statistical approaches to reliability analysis 

There are a number of possible approaches to assessing the reliability of a test 

statistically. In reality no one measure is appropriate on its own due to the limited scope 

of each measure. As such, a number of approaches will be used to assess the reliability 

of results derived in the three reliability assessments performed, as there is a lack of 

consensus on which combination is appropriate (298). An overview of the data analysis 

techniques adopted is provided in this section. All analysis was carried out after 

reliability testing protocols were completed, ensuring blinding of all results during 

reliability assessments. 

6.1.3.1: Descriptive analysis of variation 

In the context of test/retest data, the dispersion of results from within participant 

measurements can be presented as a within participant root mean square standard 

deviation (RMSSD) by calculating the root of the mean squared standard deviation of 

within participant results (300). RMSSD represents the variability of a repeated 

measurement from an individual participant, with a low RMSSD indicating little 

dispersion of results from the mean test result obtained.  However presenting RMSSD 

alone has its limitations, including difficulty comparing it as a measure of variability 

against tests using different units (as is the case when comparing different 

haemodynamic markers). Also variation may change depending on the mean value 

and this is not reflected by RMSSD (299, 301). 

6.1.3.2: Root mean square coefficient of variation (RMSCV) 

Root mean square coefficient of variation (RMSCV) represents the ratio of the within 

participant RMSSD of a repeated measure relative to the within participant mean value 

of that measure (302). As such RMSCV will be used to represent reliability for within 

participant measurements. It can be more useful than measuring RMSSD alone as it 

provides an indication of how much variability there is in measurements, independent 

of the mean value (i.e. not just in absolute terms). Being a percentage measure, 

RMSCV also allows more meaningful comparison of precision across different 

measures or test systems (299). 

6.1.3.3: Intra Class Correlation (ICC) 

ICC is a measure of reliability that provides a correlation result (with 95% confidence 

intervals) between -1 and 1. ICC represents the ratio of true variation in measurements 
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(i.e. the “real” difference between measurements) to the total variability between 

measurements (i.e. true variation plus measurement error combined). As such an ICC 

of 1 means any difference between two results is attributable to “real” differences with 

no contribution of measurement error.  An ICC of 0.6 would indicate 40% of the 

variability between results was due to measurement error and 60% was attributable to 

“real” participant differences (298).  

There are several approaches to ICC analysis. For intra operator analysis in this 

project, one way random effects ICC analysis is appropriate, as error is attributable to 

either random error or true variability between measurements on participants (i.e. there 

is no error attributable to different operators). For inter operator analysis, two way 

random effects ICC analysis is appropriate as results should incorporate error 

attributable to random error and error attributable to differences in the operators who 

acquired measurement results (303). 

A weakness of ICC is that it is dependent on the variability of the measure, with wider 

variability across a measured population more likely to increase ICC, since the 

variability inherently attributable to the population increases, relative to the fixed 

measurement error of the test (298). This means it is important to undertake any 

reproducibility testing in a representative population. Likewise, ICC is a unitless 

measure and defining a threshold of an acceptable ICC is essentially arbitrary. For this 

thesis the criterion proposed by Evans 1996 will be adopted, which describes 

commonly adopted thresholds of an ICC of 0.8-1.00 as “very strong”, with ICC higher 

than 0.60 described as “strong”, and an ICC of 0.4-0.6 as “moderate” (304).  

6.1.3.4: Bland-Altman plots 

Bland-Altman plots allow visualisation of the difference between test/retest 

measurements plotted against the mean of the two repeated measurements. They can 

help to assess whether the differences between measurements follow a normal 

distribution, and whether there is systematic bias in the differences between test/retest 

measurements. Bland-Altman plots can also demonstrate any changes in the variance 

of differences as the mean measurement value increases (305, 306). Bland-Altman plots 

were produced for the haemodynamic markers assessed in test/retest reliability work 

in Chapter 7 in order to rule out any systematic changes between test/retest 

measurements. Examples are presented in Appendix K. 
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6.1.3.5: Repeatability coefficient 

In the case of test/retest measurements where Bland-Altman plots have confirmed no 

systematic biases and normally distributed differences in test/retest results, Bland and 

Altman 2003 propose the use of a repeatability coefficient. This measure represents 

the difference in repeat measurements that will only be exceeded by 5% of repeat 

measurements, assuming no physiological change in the participant. This value is 

calculated by multiplying the standard deviation of the mean difference between 

test/retest measurements by 1.96 (305).  

Whilst there is no clinically accepted threshold for repeatability coefficients, it may still 

give useful context to the error of the measurement in question, especially if compared 

with the typical mean measurement taken across the sample population (305). This can 

then be compared with what might be considered the minimum clinically important 

difference to determine if the test may be a useful research or clinical tool for identifying 

the desired clinical change of interest. 

6.1.3.6: Paired t-tests 

Paired t-tests of initial test results with retest results were performed to rule out a 

statistically significant systematic difference between test/retest measurements (286). A 

threshold p-value of 0.05 was adopted to indicate a statistically significant difference. 

6.1.3.7: Testing for normality 

All reproducibility datasets were continuous variables and so were inspected for 

normality to meet the assumptions of the above statistical methods adopted. This was 

carried out by observational comparison of mean and median data, via observation of 

boxplots, and via Shapiro-Wilk testing of normality. In the case of the repeatability 

coefficient and paired t-tests, it was the differences between within participant 

test/retest results that were assessed for normality. 

6.1.4: Intra operator reliability of AO protocol measurements  

The AO protocol outlined in Section 4.4.1 was adopted. All testing was carried out by 

the same operator using the same equipment. Same day repeatability involved 

carrying out the AO protocol within the same testing session concurrently, allowing for 

recovery time back to baseline between application of the AO protocol for at least 10 

minutes. 
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Different day reproducibility involved test/retest measurements using the AO protocols 

on two separate days within a four week period. It was felt four weeks was a suitable 

period to allow flexibility for participants whilst minimising any contribution of any 

confounding pathological changes, as bone pathologies are generally chronic in 

nature. Testing was carried out after the same 15 minute rest period, at the same time 

of day, and with protocolled participant preparation outlined below in Section 6.2.1. 

Sample size was based on key outcome measures. Test-retest measurements on 30 

participants will allow identification of an ICC of 0.8 with a 95% confidence interval 

width of 0.28 (307). McAlinden et al 2015 reports that precision studies obtaining repeat 

measurements in 30 participants can identify if repeat measurements are likely to fall 

within 25% of the initial measured value, providing a reliability estimate with 25% 

uncertainty (3). In the context of the aims of this project, this was seen as acceptable 

for allowing judgement of whether further investigation of using NIRS as a tool for 

measurement in bone haemodynamics is warranted. This sample size is also in line 

with the International Society of Clinical Densitometry recommendation of 30 test/retest 

scans to assess intra operator precision for DXA BMD measurements (308).  

Ultimately, sample size calculations for recruitment for this project were primarily based 

around validation assessments (discussed in Section 6.2.9.1) which were greater than 

the 30 participants required in the above estimate. This resulted in a target sample of 

36 participants. With 36 participants in addition to the reproducibility data already 

obtained from participants as part of initial protocol development work (as discussed 

in Section 4.8), reaching 30 sets of test/retest data was achievable, even allowing for 

data loss from participants unable to tolerate the arterial occlusion, or producing data 

not suitable for inclusion.  

6.1.5: Inter operator repeatability of optode placement 

As a compromise on the burden of repeat AO on participants, inter operator 

repeatability was assessed on the main suspected source of inter operator error: 

optode placement. Previous evidence with NIR technologies such as laser Doppler 

flowmetry has identified heterogeneity in microvascular beds can contribute to 

variability in results, even when testing vascular beds adjacent to each other on the 

same participant (81). Differences in optode pressure applied, application of the 

bandages and optode holder, and subjective variations in interpretation of the optode 

positioning protocol could all lead to potential sources of error (14). 
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This protocol involved five operators placing optodes on 16 participants within the 

same session to assess inter operator repeatability. Resting TOI was used as the 

haemodynamic marker of interest as it is the only measure provided by NIRS data that 

does not require an arterial occlusion to provide meaningful data. Inter operator 

repeatability was assessed using the statistical approaches outlined in Section 6.1.3, 

including use of a two way random effects ICC analysis. Using five operators to repeat 

measurements on 16 participants can allow demonstration of an ICC of 0.80 or higher 

with confidence interval width of 0.30 (307). Operators for this work were identified and 

data collection was carried out over a two week period. 

Operators were asked to carry out their optode positioning twice on each participant 

within the same session. This allowed each operator’s intra-operator repeatability to 

also be assessed using a one way random effects ICC analysis. By carrying out 

measurements in the same session for each participant, variation caused by biological 

variation was minimised. As error inherent to the NIRS equipment is assumed 

constant, and by having each operator’s intra-operator repeatability as well, this testing 

will give the best assessment of how much error might be attributable to different 

operators alone. 

6.1.6: Inter operator reproducibility of data analysis 

Analysis of AO data has been protocolled to be as objective as possible. Data are 

predominantly obtained through use of a template and macro actions making the 

process predominantly objective, so there was an expectation that agreement should 

be high between data analysts. However there is still some subjective decision making 

inherent to data analysis, which is making the decision on the end point of the occlusion 

and the start point of the post occlusion release markers. This is typically easily 

identified as the lowest (or highest as applicable) point of data before the occlusion 

release, but there is some subjectivity owing to noise and potential movement artefact 

at the point of occlusion release. 

As this is another potential source of inter operator error, an inter operator reliability 

analysis of NIRS data analysis was carried out.  It was planned that this would involve 

three operators’ data analysing 20 sets of previously obtained arterial occlusion data 

using the Microsoft Excel template constructed during development of the AO protocol 

described in Section 4.5. Inter operator reproducibility was assessed using a one way 

random effects ICC analysis, as in this case error can only be attributed to the data 
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analysts, and not participants. Using three operators to repeat measurements on 20 

participants will allow demonstration of an ICC of 0.80 or higher with a 95% confidence 

interval width of 0.30 (307).  

6.1.7: Summary of reliability assessment 

Table 6.2 below summarises the activities undertaken to assess the reliability of NIRS 

parameters in this PhD project, and the corresponding sections where results can be 

found. 

Table 6.2: Summary of reliability evaluations. 

Protocol 
 

Intra operator 
same day AO 
repeatability  
 

Intra operator 
different day 
AO 
reproducibility 

Inter operator 
optode 
placement 
reproducibility  

Inter operator 
data analysis 
reproducibility 

Link to 
Section  

7.2 7.2 7.3 7.4 

 

6.2: Methodology for the validation assessment of NIRS 

Following successful determination of a NIRS protocol, an important aspect of 

establishing the potential of NIRS for measuring haemodynamics in bone tissue is to 

assess not only the reliability of NIRS measurements, but also the validity of the 

observations made. In this context, validity refers to the ability for a test measure to 

represent the “true” value that it aims to measure (299).  This is difficult to demonstrate 

in the context of NIRS, where there are limited options for obtaining a gold standard 

value for directly comparable haemodynamics with which to compare NIRS 

observations (6).   

However, attempts of validating NIRS were made in this project by comparison of NIRS 

measurements against other tests measuring markers of haemodynamics and health 

in bone tissue. Although not using an established gold standard, if NIRS 

measurements were to show an association with corresponding measures of bone 

health on the same participants, more confidence could be gained in the potential 

ability of NIRS to reflect “true” bone tissue haemodynamics.  

This type of comparison of NIRS results against external reference standards is also 

yet to be attempted for this application of NIRS in bone tissue, as identified in the 

systematic review in Chapter 3. Comparison of NIRS results against other markers of 

bone health could also give early indications of where NIRS may be potentially useful 

as a research tool. 
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The approach adopted for validation of NIRS for the measurement of haemodynamics 

in bone tissue is discussed in this section. The methodology used for the appropriate 

tests are outlined in the following sub sections: 

6.2.1: Recruitment of participants and testing regime 

6.2.2: Baseline data and physiological testing 

6.2.3: NIRS testing 

6.2.4: MRI testing  

6.2.5: Dual X-ray Absorptiometry (DXA) testing 

6.2.6: Trabecular Bone Scoring (TBS) 

6.2.7: Use of the Fracture Risk Assessment (FRAX) Tool  

6.2.8: Blood and urine testing 

6.2.9: Data analysis 

During the recruitment approach to this validation assessment, the opportunity was 

also taken to observe any potential significant difference in bone haemodynamics in 

participants with and without T2DM as a secondary objective. This offers a novel 

feasibility investigation into an established and expanding healthcare problem, i.e. the 

susceptibility of those with T2DM to suffer fragility fracture (32), as discussed earlier in 

Section 1.5.2.4. Differences between the sexes of participants was also investigated. 

This could also potentially illustrate the ability of NIRS to distinguish differences 

between sub groups, given the known sex-based differences in bone aging, discussed 

earlier in Section 1.5.2.3 (8). 

6.2.1: Recruitment of participants and testing regime 

Participants were recruited from a variety of age ranges and from both sexes in order 

to strengthen the generalisability of results to the wider population. Recruitment of 

participants from the general public was carried out under ethical approval from the 

NHS Health Research Authority via the Integrated Research Application System 

process (REC ref: 16/SW/0254). This also allowed for approval for the research to be 

undertaken in conjunction with the Royal Devon and Exeter Research and 

Development department and for inclusion in the National Institute of Health Research 

Clinical Research Network Portfolio, utilising the Exeter Clinical Research Facility. 
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Recruitment was carried out using the existing “Exeter Ten Thousand” (EXTEND) 

research register. This register includes the details of potential volunteers who have 

pre consented for approach in Exeter CRF research projects. There was no other 

advertising of the study, incentives, or pressure put on potential participants to 

volunteer. This approach to recruitment also allowed for the recruitment of participants 

with and without T2DM, matched for age, sex, BMI and ethnicity, as this information 

was available via the EXTEND database. 

6.2.1.1: Eligibility criteria 

Potential participants were considered if they were generally healthy non-smoking 

adults with a BMI of <35 kg/m2, with capacity to consent, and if not meeting any of the 

exclusion criteria mentioned below. Participants were matched against T2DM status 

and controlled for age (within 3 years), sex, ethnicity, and BMI (within 3 kg/m2). For this 

study a participant with T2DM was defined as someone who has been formally 

diagnosed with T2DM by a medical practitioner. Participants with either diet controlled 

or medically dependent T2DM were considered. During analysis, participants were 

assessed on the severity of their T2DM based on markers of nephropathy, neuropathy 

and HbA1c results (discussed below in Section 6.2.2). 

Exclusion criteria were:  

- Those with type 1 diabetes mellitus. It was felt this could confound the secondary 

objective of looking for differences in those with T2DM. 

- Any contraindications to MRI such as severe claustrophobia, an inability to lie flat, or 

metallic or electrical implants (for example pacemakers, internal cardio-defibrillators, 

cranial aneurysm clips or metallic ocular foreign bodies) identified using an MRI 

screening questionnaire. 

- Known allergies to Gadolinium contrast or established poor renal function. 

- Women who were breast feeding, pregnant or planning to become pregnant. 

- Any history of recent serious injury or disease in the legs in the past twelve months 

that could prohibit the use of the NIRS arterial occlusion protocol, including 

symptomatic deep vein thrombosis, or active claudication. 

- Active participation in another research study that may affect results in either study; 
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- Undergoing medical treatment or supplementation for osteoporosis or any bone 

related health condition (including bisphosphonates, hormone replacement therapy, or 

calcium and/or vitamin D supplementation). 

-  Use of glucocorticoids at a daily dose of 2.5mg or greater for three or more months 

in 2 years prior to the study, as this may affect bone health and confound results (167). 

-  Any other significant disease or disorder which, in the opinion of the investigators, 

may have put the participant at risk because of participation in the study, or may have 

influenced the result of the study, or the participants’ ability to participate in the study. 

6.2.1.2: Recruitment process  

The EXTEND database was filtered by Exeter CRF staff using identifiable eligibility 

criteria data already available in order to produce a shortlisted database of potential 

participants. These potential participants were then contacted in batches via post with 

a brief overview of the study and a request slip to return if interested in participating. 

Batches were used to manage workload and to also allow better matching, with T2DM 

participants typically contacted first to enable easier matching with a non-diabetic 

control.  

Once returned “expression of interest” slips were collated, a phone call was made to 

the participant by the primary author to provide further basic information on the study, 

answer any initial queries, and provide a background check for eligibility in the study. 

If the participant was still interested and eligible for the study, a participant information 

sheet (Appendix L) was sent with further information on the study. This was followed 

up by another phone call around a week later to answer any queries and confirm if the 

participant was still interested in participating. If they were, it was confirmed that the 

participant would like to book an initial appointment and a letter was sent in the post 

for the initial appointment. Informed pre consent was also obtained verbally over the 

phone for a fasting blood test at this initial consultation, with a pre-consent form 

(Appendix M) completed upon attendance prior to the blood test. This was because 

this blood test involves a 10 hour fast prior to testing (discussed further in Section 

6.2.8). 

At the initial appointment, participants of this research programme underwent a full 

consent process (Appendix N) outlining the rationale behind the testing; the duration 

of the study; the risks involved with participation; confidentiality and data storage; and, 
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their right to withdraw consent at any time. Consent was rechecked at every 

attendance with the participant free to withdraw at any stage. 

6.2.1.3: Testing regime 

The tests outlined below were performed over at least two appointments, with the 

possibility of a third should the participant prefer it. Repeat testing of NIRS needed to 

be carried out within a four week period. NIRS and MRI testing needed to be carried 

out on the same day, with NIRS testing performed first.  

Each participant was asked to limit strenuous exercise for 48 hours prior to testing 

(described as any exercise resulting in a raised heart rate for more than 20 minutes).  

The first appointment involved a ten hour fast for blood testing, so caffeine and dietary 

requirements were inherently restricted. For the second attendance participants were 

instructed to avoid food and caffeinated drinks two hours prior to attendance. All 

appointments were scheduled as early morning appointments to control for biological 

variation during the day. 

Figure 6.1 shows the intended pathway for testing during validation work (and including 

intra operator AO reliability work described in Section 6.1.4). The first attendance 

involved consent, fasting blood tests (including bone metabolism markers and diabetic 

profiling), obtaining medical history, and NIRS testing including a first attempt at the 

AO protocol.  

The second attendance involved retesting participants undergoing the AO NIRS 

protocols (twice for same day repeatability). Participants then underwent MRI protocols 

and DXA scanning on the same day. This approach minimised any participant related 

changes in bone health during the testing period. All DXA, NIRS and MRI analysis was 

performed blinded to other test results. 
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Figure 6.1: Flowchart of validation study testing regime (ACR=albumin to creatinine 

ratio; AO=arterial occlusion; BMD=bone mineral density; CRF=clinical research facility; 

DXA=dual x-ray absorptiometry; eGFR=estimated glomerular filtration rate; 

EXTEND=Exeter Ten Thousand Research Register; NIHR=National Institute for 

Health Research; NIRS=near infrared spectroscopy; MRI=magnetic resonance 

imaging; T2DM= Type 2 Diabetes Mellitus; UoE=University of Exeter). 
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6.2.2 Baseline data and physiological testing 

Following informed consent, participants were asked to complete a screening 

questionnaire of medical history (Appendix O) as well as a pre MRI safety 

questionnaire (Appendix P). This was used for data analysis and ensuring eligibility 

criteria were met. Data were also taken on relevant medical history such as duration 

of T2DM (as appropriate), arthritis or fracture history, menopausal status, and current 

medications. Physiological measurements were taken, including: 

-  Basic observations such as brachial blood pressure, pulse rate, arterial oxygen 

saturations, and height and weight measurements measured using standard 

equipment; 

- Measurements of leg circumference taken around the knee, widest aspect of the calf, 

and the ankle as a marker of the amount of soft tissue overlying the tibia; 

-  Peripheral neuropathy tests including monofilament sensation testing and vibration 

sensitometry testing using a neurothesiometer; and, 

- Ankle brachial index (ABI) in order to rule out any obvious unexpected vascular 

pathology in the legs and to gauge lower limb systolic blood pressure prior to 

commencing the AO NIRS protocol. 

6.2.3: NIRS testing 

At the first attendance after physiological measurements were taken and a supine rest 

period of at least 15 minutes, NIRS measurements were taken at the left leg unless 

contraindicated. The left leg was chose for consistency, and for pragmatic reasons 

when preparing for the DCE-MRI examination. Resting mean TOI measurements 

based on a 20 second sample were taken at the lateral calf muscle and TP as outlined 

in Section 4.2. 

Following this an AO protocol was performed as outlined in Section 4.4.1. 

Measurements were taken at the lateral calf and TP sites for all AO protocols. This 

contributed towards different day intra operator reproducibility work (outlined in Section 

6.1.4) and also ensured the participant could tolerate arterial occlusions used during 

testing to ensure better participant compliance during testing at the second attendance. 

This also allowed an opt out point should the participant not want to undergo any more 

arterial occlusion testing, with the option to still undergo the second attendance in an 

abbreviated form, as shown in the trial flowchart in Figure 6.1. Alternatively if the 
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participant wanted to stop participation in the study they could avoid unnecessary 

preparation (and wasted laboratory/MRI scanner time) should they not wish to tolerate 

further leg occlusions. Arterial occlusions lasted for four minutes with a pressure of 

200mmHg adopted. In cases where blood pressure was recorded as high (i.e. greater 

than 140mmHg systolic), arterial occlusion pressure may have been increased where 

participants could tolerate this to ensure a satisfactory arterial occlusion.  

Assuming the participant tolerated the test arterial occlusion at the first attendance, the 

participant would attend for repeated NIRS testing at their second attendance. 

Following the minimum 15 minute supine rest period, participants would undergo some 

repeated physiological testing to monitor for biological variation (blood pressure, pulse, 

arterial oxygen saturation, and peripheral neuropathy testing). Testing would then 

proceed with more resting TOI measurements and two repeated arterial occlusion 

protocols. The first AO data would be used for validation analysis and both sets of AO 

data would contribute to the intra operator repeatability work outlined in Section 6.1.4. 

Should the data from the first AO protocol fail to meet the required inclusion criteria for 

analysis outlined in Section 4.5, the second arterial occlusion data could be adopted 

for validation analysis if meeting the required inclusion criteria. 

After completing testing for the study, participants were asked to complete a 

questionnaire reflecting on their experience during testing (Appendix Q). This was 

primarily designed to help optimise the NIRS test for potential future clinical use. As 

per previous protocol development work, participants were asked to rate the pain of an 

arterial occlusion on a scale of 1-10, with one being no pain and 10 being the worst 

pain they had experienced. Participants were asked for any feedback on the 

experience, including how it was described at consent and how it was carried out. 

Participants were also asked for their thoughts on undergoing the AO protocol if it were 

to become a clinically utilised test for bone health. 

6.2.4: MRI testing 

Participants underwent MRI scanning on their second attendance. Undertaking MRI 

scanning as a participant involves some risk of injury due to the high magnetic field 

subjected to the participant and the potential attraction of metallic implants or items 

(such as wallets, keys etc.) or potential damage to electronic implants. However risk 

was minimised by initiation of established MRI safety standards and thorough pre-

screening of the participant prior to entering the MRI scanner (Appendix P). 
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There was also risk of participant discomfort psychologically in terms of the closed in 

nature and noise produced by the MRI scanner. The participant was also required to 

remain lying still for up to an hour. Again, pre-screening and thorough prior description 

of the test helped to ensure compliance and participant comfort. All MRI scans were 

reported by a consultant radiologist for any incidental clinically relevant findings which 

were reported back to the participant and to the participant’s GP (where consent had 

been given to do so). 

Scanning was performed using a Phillips Intera (1.5T) scanner with a dual element 

“Sense-Flex” coil. Initially, sagittal and axial anatomical scans of the proximal tibia 

tested with NIRS were taken using proton density protocols with fat suppression. 

Coronal scans were then taken using a T1 spoiled gradient echo protocol with water 

selective excitation. A cod liver oil tablet was placed at a point marked on the skin of 

the proximal tibia, representing the inter optode point from the previously obtained 

NIRS measurements. 

An MRI spectroscopy (MRS) protocol was used to attempt to assess relative fat content 

in marrow at the proximal tibia, as introduced in Section 2.3.1.3. This was attempted 

as part of the MRI imaging protocol in order to investigate for potential associations 

between bone marrow fat fraction, haemodynamic markers measured with NIRS, 

DCE-MRI results, and BMD measurements taken with DXA using Pearson’s 

correlation. MRS data could also be used to investigate for potential differences 

between sub groups of interest: sex and T2DM status, using independent t-tests. A 

point resolved spectroscopy sequence (PRESS) was adopted with a volume of interest 

10mm x 10mm x 30mm within the bone marrow, repetition time of 2000ms, and echo 

time of 46ms with 96 acquisitions. Using the spectroscopic data obtained a percentage 

fat fraction was calculated by dividing the integral of the fat peak (representing the area 

under the curve) by the sum of the water and fat peak integrals (22, 43).  

A DCE-MRI protocol of the proximal tibia was then employed using a fat supressed 3D 

T1 weighted gradient echo sequence with a 12 sequential 3mm slice sagittal volume, 

utilising a 200x164mm field of view and 156x130 matrix size, resulting in 0.78mm x 

0.79mm x 3mm voxel size. A flip angle of 10 degrees was used with repetition time 

(TR) of 3.4ms and echo time (TE) of 1.76ms. A 15 minute temporal scanning sequence 

was employed including a 30 second pre contrast scan time. A Gadolinium-based 

injection (Gadovist; 1.0mmol/mL concentration) was given intravenously at the cubital 

fossa at an injection rate of 2.0 mL/s. The contrast volume delivered was 0.1mmol per 
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kilogram of the participant’s weight, with a standard 20 mL bolus of saline delivered 

immediately after. 

Gadolinium contrast has a small reaction rate (around 1 in 100) and this can include 

nausea, dizziness, coldness at the injection site or headaches. More serious allergic 

reactions are even rarer (around 1 in 1000). However, risk is further reduced by 

screening the participant for any previous adverse reactions to Gadolinium, for any 

previous anaphylactic reactions in general, for pregnancy, and/or poor renal function 

(99).  Estimated glomerular filtration rate (eGFR) was also tested on all participants as 

a marker of renal function within four weeks prior to scanning, as nephrogenic systemic 

fibrosis is an uncommon but serious side effect of Gadolinium contrast which 

predominantly only occurs in those with poor renal function (99). MRI scanning was also 

carried out under the direct supervision of a medical doctor with emergency response 

equipment in the scanner area. 

The DCE-MRI scans were reformatted to obtain a non-orthogonal sagittal slice of 5mm 

thickness that contained the cod liver oil tablet and ran through the centre of the tibial 

shaft (see Figure 6.2). Regions of interest (ROI) of 600mm2 were used at the proximal 

tibia within the bone marrow of the tibia and over the muscular tissue of the calf to 

produce time signal curve data for the two tissue types of interest. 

There was no existing evidence based consensus for analysis of time-signal curve data 

in bone obtained from the DCE-MRI protocol. Likewise there is no evidenced 

physiological model for the “typical” enhancement of bone marrow at the tibia 

identified. As such, non-linear analysis was performed using GraphPad Prism software 

(Version 8.1.0; GraphPad Software, San Diego) by fitting a non-linear curve, applied 

using the “plateau followed by one phase association” settings using a least squares 

fit approach (see Figure 6.2). This approach was adopted as it appeared to fit data well 

with all data returning an R-squared value of greater than 0.8 for muscle, and greater 

than 0.6 for the tibia (the difference owing to increased signal noise in tibial data).  

Markers of interest included the amplitude of signal change within the ROI as a marker 

of absolute signal enhancement and extracellular space incorporating both intra 

vascular volume and interstitial space. A linear model was also applied for the first 60 

seconds of signal enhancement post Gadolinium injection as a marker of initial 

perfusion, vascular permeability and vascular density (116). These two markers are 

generally considered the most robust without using pharmacokinetic modelling (123). 
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(a)  (b)  

(c)  

Figure 6.2: Examples of DCE-MRI region of interest for (a) the proximal tibia, and (b) 

the calf muscle. (c) demonstrates time signal data from both the calf and tibia including 

the two markers of interest: the linear initial rate of uptake over the initial 60 seconds 

of contrast uptake, and the amplitude of maximum signal enhancement from baseline. 

Axial images of cortical bone area were used to calculate a marker of cortical bone 

thickness post hoc. It was decided not to directly measure cortical thickness as there 

would likely be error introduced because this is a small measurement. It would 

therefore be difficult to ensure this measurement was accurately taken from the internal 

and external borders of the cortex. Likewise it would be impossible to ensure 

measurements were taken in parallel with the plane of NIRS measurements.  As such 

it was decided to calculate total bone area and cortical bone area as general markers 

of volume at the proximal tibia, and the contribution of cortical bone to NIRS and DXA 

measurements taken at the proximal tibia (309). This was performed using freehand ROI 

placement (see Figure 6.3 for an example). 
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Figure 6.3: Example of total bone area measurements (i.e. the area within the outer 

cortical border) and cortical bone area measurements (i.e. the difference between the 

area within outer and inner cortical borders). A cod liver oil tablet is present to indicate 

the position of NIRS optodes. 

6.2.5: Dual X-ray absorptiometry (DXA) testing 

DXA scans were performed on all participants using a GE Lunar Prodigy Advance 

2005 DXA scanner, using Encore 11.40.004 software. All scans were performed by 

the same technician. Protocols involved whole body scans and dedicated scan 

protocols of the hip and lumbar spine as per accepted clinical positioning standards 

(310). From the whole body scans, areal bone mineral density (BMD; g/cm2) 

measurements of the whole body, both legs combined, and the measured lower leg 

were taken. Whole body and lower leg composition was also taken including measures 

of percentage bone, lean tissue and fat body mass. Lumbar spine BMD of L1-L4 was 

recorded with omission of vertebral data if affected by degenerative changes. Total hip 

and femoral neck BMD were recorded. All BMD measurements were reported in areal 

density (g/cm2) to allow comparison within the cohort of participants, as opposed to 

population based T-scores. 

The proximal tibia of the leg measured with NIRS was also scanned with DXA. The 

participant was positioned supine with the leg extended with minor internal rotation to 

achieve a true anatomical antero-posterior (AP) position. Without dedicated lower limb 

software, DXA analysis was performed using an AP lumbar spine protocol on a “thin” 

Cod Liver Oil 

Tablet 

Outer Cortical 

Border 

Inner Cortical 

Border 
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scan setting, designed where tissue thickness is expected to be less than 13cm. 

Because of this it was vital that sandbags were positioned either side of the calf to 

mimic soft tissue that the DXA algorithm would anticipate for a lumbar spine scan. For 

BMD analysis of the tibia, two ROI were placed, with a standardised 3x10cm size. One 

on the proximal tibia resting just under the articulating surface of the tibia, and a second 

just below this representing the likely position of NIRS optodes during NIRS 

measurements (see Figure 6.4 for an example). 

All DXA scans were reported by a qualified DXA reporter. Any relevant clinical findings 

were reported back to the participant and to the participant’s GP (where consent had 

been given to do so). This whole process involved one hour maximum of DXA scanning 

time for the participant. 

(a) (b)  

Figure 6.4: (a) Illustrative example of the two regions of interest (ROI) for measuring 

areal bone mineral densitometry measurements for the proximal tibia, one placed just 

under the articulating surface of the tibia and a second immediately below this 

representing the likely position of NIRS optodes during NIRS measurements. (b) 

Illustrative example of the ROI placement for measurements of the lower leg including 

the entire tibia. 

6.2.6: Trabecular bone scoring (TBS) 

TBS was also performed using TBS iNsight software (Medimaps Group, Geneva, 

Switzerland). This is a software-based post processing application that provides a 

marker of bone architectural strength, which is an indicator of fracture risk, independent 

of bone mineral density, as discussed in Section 2.4.2. TBS software analyses L1-L4 
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vertebral bodies as identified in the corresponding DXA scan, although vertebrae are 

excluded if previously excluded from BMD measurement. TBS algorithms allow for BMI 

ranges between 15-37 kg/m2, meaning all participants were eligible for analysis. 

As our DXA has not been calibrated for TBS using the required scanning of a phantom, 

values were only comparable within the cohort (as all had the same scan protocol), 

and not against population normative data. As such only raw unitless TBS scores were 

used, as opposed to population based T-scores. Figure 6.5 provides an example of 

TBS outputs. 

(a)  

(b)  

Figure 6.5: Example outputs from iNsight TBS software. (a) demonstrates the lowest 

TBS results from the cohort, and (b) the highest. The images demonstrate graphically 

the assessment of heterogeneity and porosity in bone. 

6.2.7: Fracture risk assessment tool 

It was decided that utilisation of the clinical tool for assessing fragility fracture would 

be useful to assess for an association with NIRS markers, as introduced in Section 

2.4.3. As DXA and TBS data were available for all participants, FRAX was chosen over 
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QFracture as the predictive algorithm. FRAX scores were calculated for all participants 

utilising their TBS and femoral neck BMD results, and the medical history provided, to 

provide a percentage estimation of a fragility fracture in the next ten years. As this was 

post hoc analysis, medical history had not been taken on alcohol consumption and 

family history of fracture. As such, these conditions were entered as a negative for 

these two questions, as this was the approach adopted for missing data during the 

initial development stages of the FRAX algorithm (311). 

6.2.8: Blood and urine testing 

Participants had blood samples taken to test for blood markers of bone metabolism, 

namely N-terminal propeptide of type 1 procollagen (P1NP) and C-terminal telopeptide 

of type I collagen (CTX). Measurements were made using the Elecsys total P1NP and 

Elecsys b-CrossLaps/serum CTX assays utilising a Cobas e411 analyser (Roche 

Diagnostics). Blood samples for CTX were required to be taken after 10 hours fasting 

so were performed initially at presentation at the first appointment, early in the morning 

after an overnight 10 hour fast. To facilitate the participant, pre consenting for blood 

testing was attempted so this could be carried out at the first appointment with fasting.  

Blood samples were immediately labelled with the participant’s personal details with 

some samples stored at -80°C as required using existing CRF facilities.  Once all blood 

samples were obtained from participants, serum samples were sent and batch 

processed by the Metabolic Bone Centre, (Northern General Hospital, Herries Road, 

Sheffield, South Yorkshire). The remainder of blood testing was processed at the 

Exeter Clinical Research Facility.  

A number of tests were performed to provide background data on participants’ T2DM 

severity and microvascular health including liver function tests, lipid profiling, and 

HbA1c. Testing methods are reported in Appendix R. A urine albumin to creatinine 

ratio (ACR) test was performed post consent to assess for nephropathy linked with 

T2DM microvascular disease. This involves a simple urine sample provided by the 

participant without any specific preparation required. Urine samples were tested 

immediately at the CRF testing site.   

An eGFR test (utilising the Chronic Kidney Disease Epidemiology Collaboration (CKD-

EPI) equation) was also performed to assess renal function for consideration of using 

Gadolinium based MRI contrast. The second attendance was booked in within four 

weeks of blood samples being taken at the first attendance to ensure eGFR results 
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were current, and that blood marker results remain medically relevant to MRI, NIRS 

and DXA results. 

Vitamin D and parathyroid hormone (PTH) levels were also tested to rule out potential 

confounders on bone health. Vitamin D deficiency can affect the ability of the body to 

absorb and store calcium (8). PTH plays an important role in activating Vitamin D to aid 

calcium absorption.  PTH also triggers bone resorption by bonding to osteoblasts and 

triggering RANKL release and suppression of osteoprotegerin. Increased levels of PTH 

linked to conditions such as hyperparathyroidism are linked with low bone mineral 

density (i.e. secondary osteoporosis) (312). Interestingly, PTH also can stimulate 

angiogenesis and improve vasodilatory response, whilst Vitamin D also plays a dual 

role in bone as it helps regulate vasomotion in small vessels (8). 

6.2.9: Statistical analysis 

The primary objective of the validation aspect of this PhD project is to investigate the 

association between NIRS haemodynamic results and external markers of bone health 

obtained from the same participants using the methods described above. This 

validation process would ideally be a diagnostic test validation study aiming to validate 

the use of NIRS for measuring bone tissue haemodynamics against existing tests 

measuring the same outcome. Typically a diagnostic test accuracy study would 

compare the sensitivity and specificity of a new test (in this case NIRS) at diagnosing 

a disease compared with a reference standard (in this case DCE-MRI) based on a 

threshold score that indicates the presence or absence of disease (177). Since there is 

no pre-existing threshold of what constitutes pathologically poor bone perfusion, and 

testing involves different outcome measures, Pearson’s correlation of NIRS results 

with other bone health markers is more appropriate. This will assess the strength of 

any association between the haemodynamics measured in bone by NIRS and the 

external markers of bone health indicating bone metabolism, bone strength and BMD. 

The use of Pearson’s correlation for data analysis has limitations. Linear relationships 

are assumed but this may not be the case as there is no precedence for comparison 

of these markers. Data were examined graphically using scatterplots to rule out any 

obvious non-linear associations. Lines of best fit are presented on scatterplots, 

calculated using simple linear regression using a least squares method. However, this 

is not for the purpose of generating regression equations, but rather to use lines of best 

fit to illustrate possible linear trends in the data presented (9). 
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Whilst correlation demonstrates association, it does not indicate agreement. If one 

marker was systematically over estimating a value it could still correlate well with other 

markers (305). Correlation values are also inherently dependent on the range and 

distribution of the sample population (286). Steps have been made to ensure participants 

are obtained from range of representative ages and sexes, but are unlikely to represent 

the ethnic mix of the wider population, or the incidence of some of the key pathologies 

of interest (i.e. T2DM, osteoporosis, or other metabolic bone conditions) (305). However, 

with the primary aim of the project to investigate the feasibility of NIRS for measuring 

bone tissue, Pearson’s correlation should demonstrate the expected associations 

between microvascular haemodynamics and other markers of bone health if NIRS is 

reliably measuring the proximal tibia. 

In cases where there was a suspected confounding variable(s) behind an observed 

association, post hoc partial correlation analysis was performed to investigate the 

association whilst controlling for the suspected confounder (313). All analysis was 

performed using Stata V16.0 (StataCorp, Texas). 

In order to meet the statistical assumptions of Pearson’s correlation, the normality of 

all continuous variables was assessed by examining boxplots and using the Shapiro-

Wilk test for each continuous variable. Where outliers have been identified, data have 

been checked for analytical error. Assuming no error, outliers have been assumed to 

be genuine results, but findings may be presented with and without the outlying data 

in some instances. 

Sub group analysis was also performed using independent t-tests on continuous 

variables comparing NIRS and bone health markers between groups according to 

T2DM status and sex. Before using t-tests, the normality of all continuous variables 

was assessed and outliers considered as above. The variance of measurements in 

sub groups were also compared using Levene’s test of equal variance between sub 

groups (286). 

6.2.9.1: Sample size 

In order to meet the primary aim of validation, giving confidence in NIRS as a test and 

to justify further study in this area, a Pearson’s correlation co-efficient of 0.8 or higher 

was desired between NIRS haemodynamic markers and external markers of bone 

health. A sample size of 26 participants will allow a statistically significant correlation 

coefficient of 0.8 to be estimated with a 95% confidence interval of 0.60 to 0.91 (307). 



181 
 

Similar measurements of the lateral calf will also be taken to further validate correlation 

between NIRS and DCE-MRI, as well as re-confirming any metabolic differences in 

bone and muscle tissue types. 

Protocol development involved 15 volunteer participants. Successful baseline TOI 

readings were obtained from all 15 participants, however there were 4 failed arterial 

occlusions when measuring the proximal tibia from the 15 participants. This was due 

to issues with compliance or with executing arterial occlusions.  With this 73% success 

rate, 36 participants would be required to obtain 26 successful datasets. Any withdrawn 

or missing data, or participants lost to follow up, have been narratively reported to give 

context and consider any systematic biases they may have introduced.  Any adverse 

events experienced have also been reported. 

It was felt appropriate to only consider sample size calculations for the primary 

objective of validation (i.e. the correlation of NIRS markers with other markers of bone 

health). Given the nature of the project as a feasibility study, it was acknowledged that 

sub group analyses between participants with and without T2DM, and between sexes, 

would potentially be underpowered. As secondary objectives of the project, these 

analyses were interpreted tentatively and in the context of their biological plausibility, 

based on the existing evidence base. This was seen as justified given the exploratory 

nature of the project, which has been designed to inform further research. 

6.3: Chapter Summary 

This chapter has presented the experimental methodology for an assessment of the 

reliability of AO haemodynamic markers obtained with NIRS, with corresponding 

results presented in Chapter 7. Chapters 8, 9 and 10 will present results comparing 

NIRS-derived haemodynamic markers of the proximal tibia against other recognised 

tests of bone health using the methods outlined in Section 6.2 of this chapter. 
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Chapter 7: Reliability assessment of NIRS 

This chapter presents data on the reliability assessment of the AO protocol developed 

and outlined in Chapters 4 and 5. It is important to have confidence that haemodynamic 

markers are acceptably reliable alongside attempts to validate them against external 

markers of bone health, as is done in Chapters 8, 9 and 10. Reliability has been 

assessed in three primary ways: 

Section 7.1 outlines intra operator reliability results for the arterial occlusion (AO) 

protocol developed. This assesses the repeatability of same day measurements and 

the reproducibility of measurements taken on different days (but within a four week 

period) by the same operator. 

Section 7.2 outlines inter operator reliability results for obtaining baseline TOI 

measurements at rest. This highlights the ability of different operators to place NIRS 

probes using the protocols developed. 

Section 7.3 outlines inter operator reliability results on the data analysis approach used 

to derive the haemodynamic parameters associated with the AO protocol developed. 

7.1: Intra operator reliability of AO protocol measurements 

7.1.1: Demographics 

Table 7.1 shows the demographics of participants who undertook same day 

repeatability and different day reproducibility measurements. Participants were free 

from any history of metabolic bone disease, stroke or transient ischaemic attack (TIA), 

arrhythmias, cardiovascular disease, renal disease, peripheral artery disease, or deep 

vein thrombosis. Eighteen participants had T2DM and their case-control recruitment is 

discussed in more depth in Section 8.2.1.1. 

In terms of bone health, none of the participants had a diagnosis of osteoporosis or 

history of recent low impact fracture, except one participant reporting a low impact neck 

of humerus fracture leading to a diagnosis of osteopenia and subsequent calcium and 

cholecalciferol (iCalD3) supplementation on prescription for 4 years. In eight instances 

participants did report osteoarthritis, but all cases were mild and not being medically 

treated. One participant reported early onset arthritis secondary to chemotherapy 

treatment at age 25 and a fibromyalgia diagnosis. One participant reported rheumatoid 

arthritis diagnosed from age 21, but again these conditions were not medically treated. 
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The age of participants ranged from 21-77 years. All participants were generally in 

good health and all participants were currently non-smokers for at least the past 5 

years, with 14 having never smoked (7 of which had T2DM). Three participants had 

successfully been treated for cancer (2 breast, 1 eye) in the past but had ceased 

treatment for at least 12 months. All participants reported being normotensive with 

normal resting pulse at consent, however eight participants presented with high 

systolic blood pressure. It should be acknowledged that this could be caused by 

psychological factors whilst obtaining blood pressure readings in an unfamiliar 

research environment (314). All 14 female participants were post-menopausal for a 

mean of 14.4 years (range 6 months to 35 years), with one participant with a history of 

hysterectomy at age 40. 

Table 7.1: Summary of key demographics for recruited participants in same day 

repeatability and different day reproducibility testing (mean values presented with 

standard deviation in parentheses). 

Demographic Same day 
repeatability (N=38) 

Different day 
reproducibility (N=41) 

Age (years) 60.4 (10.7) 57.7 (14.2) 

Height (m) 1.70 (0.09) 1.71 (0.09) 

Weight (kg) 77.9 (12.1) 77.7 (11.9) 

BMI (kg/m2) 26.8 (3.1) 26.6 (3.2) 

Sex 24m/14f 27m/14f 

Diastolic Blood Pressure (mmHg) 76 (8.3) 76 (8.1) 

Systolic Blood Pressure (mmHg) 132 (18.1) 132 (17.8) 

Pulse (beats/min) 64 (9.7) 66 (11.8) 

Resting Arterial Oxygen Saturation (%) 97 (1.4) 97 (1.6) 

Resting Foot Temperature (°C) 28.2 (1.7) 29.1(2.0) 

Knee Circumference (mm) 380 (25) 380 (25) 

Calf Circumference (mm) 373 (26) 373 (25) 

Ankle Circumference (mm) 252 (17) 251 (17) 
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7.1.2 Intra operator reproducibility of AO protocol measurements 

Demographic data and data for each haemodynamic marker of the tibia and calf were 

assessed for normality using the methods described in Section 6.1.3.7. There was no 

evidence of non-normality, meaning parametric statistical analysis was appropriate for 

all analyses.  

Reproducibility results of measurements taken on separate occasions were prioritised 

over repeatability results when assessing haemodynamic markers for adoption in 

further analysis against external markers of bone health. This is because these will 

incorporate typical biological variation and pragmatically replicates the potential future 

longitudinal use of NIRS for measuring bone haemodynamics. Same day repeatability 

results are still affected by some biological variability, but this is minimised as much as 

possible by testing within the same session, so results predominantly reflect the 

amount of variability inherent to the testing method and NIRS equipment alone. 

Tables 7.2-7.9 present the measures of reliability, calculated using the statistical 

methods outlined in Section 6.1.3 and the NIRS haemodynamic markers graphically 

demonstrated in Figures 4.4 and 4.6. When selecting the most reliable markers to take 

forward, root mean square coefficient of variation (RMSCV) was considered the priority 

marker of consideration. RMSCV allows comparisons of reproducibility across different 

units of measure and by its nature objectively compares the variability of individual 

measurements against the typical (i.e. mean) results obtained. 

Repeatability Coefficients (RC) are also of interest as these demonstrate the minimally 

detectable clinical change that the haemodynamic marker will be able to detect. It is 

therefore possible to get a feel for the sensitivity of a marker to clinical change by 

comparing the RC to the mean value of the marker.  

Intraclass correlation (ICC) is also of interest as it represents the ability of a marker to 

distinguish between real clinical changes in the context of longitudinal measurements, 

relative to the differences in results caused by measurement error. However, ICC has 

been used cautiously for determining haemodynamic markers of choice moving 

forward. This is because the cohort of participants is essentially a healthy population 

and therefore there may be little variance between participants. As such, ICC may 

underestimate the potential of some markers in these situations despite having 

acceptable precision in terms of RMSCV values (298). Examples of this are illustrated 
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within this chapter. More appropriate assessment of ICC would involve the use of NIRS 

amongst inherently different/diseased populations of interest.  

 7.1.2.1 Different day reproducibility at the proximal tibia 

Tables 7.2 and 7.3 summarise the different day reproducibility data of haemodynamic 

markers of the proximal tibia during occlusion (DO) and post occlusion (PO). There 

was a mean of 12 days between testing (SD 7 days). Of the 41 participants tested for 

different day reproducibility, usable test/retest data were achieved from 26 participants. 

Reasons for missing data included twelve instances where data were excluded due to 

nTHI changes of >15% during an occlusion (including three instances where this 

affected both occlusions); one instance where HHb did not meet the criteria for 

inclusion in one AO (as it did not mirror O2Hb changes); one instance of equipment 

error where nTHI data were not recording; and, one withdrawal due to the discomfort 

of occlusions. In addition, within the 26 participants who provided usable test/retest 

data, there were some individual haemodynamic markers assessing rates of change 

that were removed when not meeting the straight line condition of a Pearson’s r-value 

of >0.9 and/or where the condition of a <5% change in nTHI within the measurement 

period was not met. The “paired data” rows of Tables 7.2 and 7.3 indicate the final 

number of paired data for each haemodynamic marker. 

When assessing DO markers of the proximal tibia it can be seen in Table 7.2 that 

TOI_rest and TOI_DO_60s have the best performing RMSCV values. The RC values 

of these two markers are the smallest, relative to the mean values for their respective 

markers. The next most reliable markers during occlusion were the HHb_DO_120s 

and HHb_DO_60s markers. 

In terms of post occlusion (PO) markers, O2Hb_PO_20s and O2Hb_PO_absΔ were 

clearly the best in terms of RMSCV and when comparing the magnitude of RC relative 

to the typical mean score across the cohort. These markers also had strong ICC results 

of greater than 0.8. 
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Table 7.2: Different day test/retest reproducibility data on haemodynamic markers of the proximal tibia during occlusion. Markers in 

green were used for validation analysis into Chapters 8, 9 and 10. (DO=During Occlusion; SD=Standard Deviation; RMS=Root Mean 

Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

DIFFERENT DAY DATA DURING 
OCCLUSION (TIBIA) 

TOI_rest 
(%) 

TOI_DO_120s 
(%/s) 

TOI_DO_60s 
(%/s) 

TOI_DO_absΔ 
(%) 

Paired data (N) 26 21 22 26 

Mean 78.4 -0.028 -0.026 -7.3 

Between Participant SD 4.2 0.009 0.005 2.2 

Within Participant RMSSD 2.3 0.009 0.004 1.9 

Within Participant RMSCV  
(%, with 95% CI) 

3.0 
(0-6.0) 

30.8 
(0-68.8) 

16.3 
(0-36.3) 

24.8 
(0.1-49.4) 

Repeatability Coefficient  6.4 0.025 0.011 5.2 

ICC (with 95% CI) 0.71 
(0.46-0.86) 

-0.18 
(-0.55-0.26) 

0.28 
(-0.14-0.62) 

0.36 
(0.0-0.65) 

 

 
DIFFERENT DAY DATA 
DURING OCCLUSION (TIBIA) 

HHb_DO_120s 
(µM.cm/s) 

HHb_DO_60s 
 (µM.cm/s) 

HHb_DO_absΔ 
(µM.cm) 

O2Hb_DO_120s  
(µM.cm/s) 

O2Hb_DO_60s 
(µM.cm/s) 

O2Hb_DO_absΔ 
(µM.cm) 

Paired data (N) 21 26 26 21 26 26 

Mean 0.356 0.326 98.9 -0.357 -0.329 -99.2 

Between Participant SD 0.119 0.107 36.1 0.131 0.110 55.8 

Within Participant RMSSD 0.073 0.074 24.7 0.095 0.094 23.9 

Within Participant RMSCV  
(%, with 95% CI) 

21.3 
(1.3-41.4) 

25.9 
(0-56.1) 

31.4 
(0-73.1) 

27.8 
(0-56.7) 

29.9 
(0-62.1) 

27.7 
(0-58.6) 

Repeatability Coefficient 0.203 0.204 68.4 0.264 0.261 66.2 

ICC (with 95% CI) 0.65 
(0.32-0.84) 

0.53 
(0.19-0.76) 

0.55 
(0.21-0.77) 

0.51 
(0.12-0.77) 

0.33 
(-0.05-0.63) 

0.83 
(0.67-0.92) 
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Table 7.3: Different day test/retest reproducibility data on haemodynamic markers of the proximal tibia post arterial occlusion release. 

Markers in green were used for validation analysis into Chapters 8, 9 and 10. (PO=Post Occlusion Release; SD=Standard Deviation; 

RMS=Root Mean Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

DIFFERENT DAY DATA POST 
OCCLUSION (TIBIA) 

O2Hb_PO_20s  
(µM.cm/s) 

O2Hb_PO_10s  
(µM.cm/s) 

O2Hb_PO_absΔ 
(µM.cm) 

O2Hb_PO_hyperΔ 
(µM.cm) 

Paired data (N) 26 26 26 26 

Mean 7.328 10.81 186.2 87.0 

Between Participant SD 2.803 5.009 59.5 47.7 

Within Participant RMSSD 1.114 2.589 24.8 21.2 

Within Participant RMSCV  
(%, with 95% CI) 

19.1 
(0.0-39.7) 

28.3 
(0-58.8) 

18.6 
(0-41.0) 

50.9 
(0-133.5) 

Repeatability Coefficient  3.086 7.17 68.8 58.7 

ICC (with 95% CI) 0.86  
(0.71-0.93) 

0.76  
(0.54-0.88) 

0.85 
(0.69-0.93) 

0.82 
(0.64-0.91) 

 

DIFFERENT DAY DATA POST 
OCCLUSION (TIBIA)   

TOI_PO_20s 
(%/s) 

TOI_PO_10s 
 (%/s) 

TOI_PO_absΔ 
(%) 

TOI_PO_hyperΔ 
(%) 

Paired data (N) 23 20 26 26 

Mean 0.256 0.355 7.8 0.6 

Between Participant SD 0.117 0.175 2.6 1.8 

Within Participant  RMSSD 0.100 0.128 2.3 1.2 

Within Participant  RMSCV   
(%, with 95% CI) 

43.0  
(3.8-82.1) 

45.1 
(2.1-88.1) 

27.6 
(0-57.6) 

837.7 
(0.0-2138.9) 

Repeatability Coefficient  0.278 0.353 6.4 3.3 

ICC (with 95% CI) 0.15  
(-0.26-0.52) 

0.47  
(0.06-0.75) 

0.30 
(0.0-0.61) 

0.53 
(0.19-0.76) 
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7.1.2.2: Different day reproducibility at the lateral calf 

Tables 7.4 and 7.5 summarise the different day reproducibility data of haemodynamic 

markers of the lateral calf DO and PO. Of the 41 participants tested for different day 

reproducibility, usable test/retest data were achieved from 30 participants. Reasons for 

missing data included eight instances where data were excluded due to nTHI changes of 

>15% during an occlusion (including one instance where this affected both occlusions); two 

instances of probe movement; and, one participant withdrawal due to the discomfort of 

occlusions. In addition, within the 30 participants who provided usable test/retest data, there 

were some individual haemodynamic marker results for rates of change that were removed 

when not meeting the straight line condition of a Pearson’s r-value of >0.9 and/or where the 

condition of a <5% change in nTHI within the measurement period was not met, as indicated 

on Tables 7.4 and 7.5 in the “paired data” row. 
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Table 7.4: Different day test/retest reproducibility data on haemodynamic markers of the calf muscle during occlusion. Markers in 

green were used for validation analysis into Chapters 8, 9 and 10. (DO=During Occlusion; SD=Standard Deviation; RMS=Root Mean 

Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

DIFFERENT DAY DATA DURING 
OCCLUSION (CALF) 

TOI_rest 
(%) 

TOI_DO_120s 
(%/s) 

TOI_DO_60s 
(%/s) 

TOI_DO_absΔ 
(%) 

Paired data (N) 29 22 27 29 

Mean 68.8 -0.065 -0.060 -17.0 

Between Participant SD 4.3 0.024 0.023 9.6 

Within Participant RMSSD 2.1 0.011 0.011 8.5 

Within Participant RMSCV  
(%, with 95% CI) 

3.1 
(0-6.9) 

14.6 
(0-30.2) 

17.2 
(1.2-33.2) 

22.8 
(0-55.5) 

Repeatability Coefficient  5.8 0.031 0.032 23.5 

ICC (with 95% CI) 0.78 
(0.58-0.89) 

0.73 
(0.45-0.88) 

0.74 
(0.51-0.87) 

0.29 
(0.0-0.59) 

 

 
DIFFERENT DAY DATA 
DURING OCCLUSION (CALF) 

HHb_DO_120s 
(µM.cm/s) 

HHb_DO_60s 
 (µM.cm/s) 

HHb_DO_absΔ 
(µM.cm) 

O2Hb_DO_120s  
(µM.cm/s) 

O2Hb_DO_60s 
(µM.cm/s) 

O2Hb_DO_absΔ 
(µM.cm) 

Paired data (N) 22 29 29 22 28 28 

Mean 0.925 0.874 246.7 -0.786 -0.755 -182.3 

Between Participant SD 0.432 0.431 104.3 0.377 0.364 88.5 

Within Participant RMSSD 0.202 0.176 47.0 0.158 0.176 37.1 

Within Participant RMSCV  
(%, with 95% CI) 

22.0 
(1.1-43.0) 

18.5 
(1.8-35.2) 

19.9 
(0-40.0) 

24.4 
(0-53.9) 

27.6 
(0-56.6) 

21.3 
(0.7-42.0) 

Repeatability Coefficient  0.558 0.487 130.2 0.437 0.487 102.6 

ICC (with 95% CI) 0.77  
(0.52-0.89) 

0.84  
(0.69-0.92) 

0.81 
(0.63-0.90) 

0.83 
 (0.64-0.92) 

0.79 
 (0.59-0.89) 

0.80 
(0.62-0.90) 
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Table 7.5: Different day test/retest reproducibility data on haemodynamic markers of the calf muscle post arterial occlusion release. 

Markers in green were used for validation analysis into Chapters 8, 9 and 10. (PO=Post Occlusion Release; SD=Standard Deviation; 

RMS=Root Mean Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

DIFFERENT DAY DATA POST 
OCCLUSION (CALF) 

O2Hb_PO_20s  
(µM.cm/s) 

O2Hb_PO_10s  
(µM.cm/s) 

O2Hb_PO_absΔ 
(µM.cm) 

O2Hb_PO_hyperΔ 
(µM.cm) 

Paired data (N) 29 30 28 28 

Mean 18.92 24.10 354.4 172.1 

Between Participant SD 7.92 10.20 133.5 67.6 

Within Participant RMSSD 3.14 4.34 51.3 30.8 

Within Participant RMSCV  
(%, with 95% CI) 

17.0 
(0.3-33.7) 

19.1 
(0.4-37.9) 

13.9 
(0-28.3) 

19.4 
(1.7-37.2) 

Repeatability Coefficient  8.71 12.02 142.2 85.3 

ICC (with 95% CI) 0.84 
(0.69-0.92) 

0.79 
(0.60-0.89) 

0.84 
(0.69-0.92) 

0.77 
(0.58-0.89) 

 

 

DIFFERENT DAY DATA POST 
OCCLUSION (CALF)   

TOI_PO_20s 
(%/s) 

TOI_PO_10s 
 (%/s) 

TOI_PO_absΔ 
(%) 

TOI_PO_hyperΔ 
(%) 

Paired data (N) 30 29 29 29 

Mean 1.232 1.416 22.9 6.8 

Between Participant SD 0.439 0.584 7.7 3.1 

Within Participant  RMSSD 0.249 0.430 3.1 1.6 

Within Participant  RMSCV   
(%, with 95% CI) 

29.1 
(0-77.3) 

34.2 
(0-83.3) 

13.7 
(0-28.4) 

34.6 
(0.0-84.7) 

Repeatability Coefficient  0.689 1.190 8.6 4.4 

ICC (with 95% CI) 0.78 
(0.60-0.89) 

0.61 
(0.32-0.79) 

0.35 
(0.0-0.63) 

0.73 
(0.51-0.87) 
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Results for the lateral calf demonstrate similar trends to the proximal tibia results 

presented in Tables 7.2 and 7.3. TOI_rest is the best performing marker and 

TOI_DO_60s is the second best performing marker in terms of RMSCV. Therefore it 

is sensible to use these markers moving forward to validation work. It can be seen that 

the TOIs_DO_60s marker has similar RMSCV values at the tibia and the calf (16.3% 

(95%CI 0% to 36.3%) versus 17.2% (95%CI 1.2% to 33.3%), respectively). However 

these two markers have markedly different ICC values (0.28 (95%CI -0.14 to 0.62) 

versus 0.74 (95%CI 0.51 to 0.87)). The reason for this is best illustrated graphically in 

Figure 7.1. This demonstrates that despite comparable precision with RMSCV, the 

range of TOI_DO_60s values at the tibia is very narrow compared with the lateral calf. 

As a result ICC is lower for the proximal tibia because between participant differences 

are small compared with the wider range of between participant values evident at the 

lateral calf (298). As only relatively healthy participants have been recruited, it would be 

unwise to exclude TOI_DO_60s at this stage based on a low ICC value, in light of 

comparable RMSCV values with the calf. 

 

Figure 7.1: Graphical demonstration of different day reproducibility test/retest scores 

of the TOI_DO_60s marker for the proximal tibia and lateral calf representing the rate 

of TOI reduction during the last 60 seconds of arterial occlusion. This demonstrates 

the relatively low between-participant variation at the proximal tibia contributing to a 

lower ICC score, despite comparable RMSCV% with the lateral calf. 
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In light of this potential limitation of TOI_DO_60s as a haemodynamic marker at the 

tibia it was also decided to take the HHb_DO_60s marker moving forward. This was 

the next best alternative DO marker identified in muscle, with less data loss compared 

with HHb_DO_120s. This is likely due to the shorter sampling time leading to more 

stable nTHI during the measured time period and less data loss. Similarly, the 

O2Hb_DO_absΔ marker was also taken forward for validation in Chapter 7 as the best 

performing DO O2Hb marker for both the proximal tibia and lateral calf. 

In terms of post occlusion markers, as for the proximal tibia, O2Hb_PO_20s and 

O2Hb_PO_absΔ were clearly the best in terms of RMSCV and when comparing the 

magnitude of RC relative to the typical mean score across the cohort. These markers 

also had strong ICC results of greater than 0.8. As such it was decided to use these 

markers for validation analysis. The TOI_PO_absΔ was also used in validation work 

as the best performing TOI marker PO at both the proximal tibia and the lateral calf. 

Results presented are in line with the sparse existing evidence base around reliability 

of NIRS use in muscle tissue. Rosenberry et al 2018 reports a similarly low CV of 4.9% 

for repeated resting TOI measurements at the forearm in 14 participants (79). Crenshaw 

et al. 2012 found comparable ICC reproducibility in inter day test/retest DO data for 

HHb rates representing oxygen extraction of muscles in the forearm (ICC 0.83 (95% 

CI 0.64 to 0.92)) (279). 

Kragelj et al. 2000 reports mean within participant CV results ranging from 6%-30% 

(n=6) for DO and PO arterial occlusion parameters of the calf, arguing these are still 

acceptable for research applications (274).  Willingham et al. 2016 also investigated 

O2Hb rates of recovery in the calf PO, adopting multiple haemodynamic markers. The 

most reproducible parameter (comparable with O2Hb_PO_20s) produced a coefficient 

of variation of 7.12% (SD 3.95; N=20) (281). Lacroix et al. 2012 also concluded O2Hb 

recovery time was reproducible with an ICC of 0.63 and CV of 6.68% (CI not presented; 

N=24) (282).  McLay et al. 2016 reported high reproducibility of TOI recovery 10s post 

AO release at the tibialis anterior muscle with a CV of 14% (SD 5%). This study 

involved 9 healthy participants being tested on five different days (278). 

Results from the evidence base are in keeping with those achieved in the presented 

reliability work and generally support the choices of haemodynamic markers moving 

forward to Chapter 8. 
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7.1.3: Intra operator repeatability assessment of AO protocol 

7.1.3.1 Same day repeatability of the proximal tibia 

Tables 7.6 and 7.7 summarise the same day repeatability data of haemodynamic markers 

of the proximal tibia DO and PO. Of the 38 participants tested for same day repeatability, 

usable test/retest data were achieved from 28 participants. Reasons for missing data 

included five instances where data were excluded due to nTHI changes of >15% during an 

occlusion (including one instance where this affected both occlusions); one instance where 

HHb did not meet the criteria for inclusion in one AO (as it did not mirror O2Hb changes); 

one instance of equipment error where nTHI was not recording; and, three withdrawals due 

to the discomfort of occlusions. In addition, within the 28 participants who provided usable 

test/retest data, there were some individual haemodynamic marker results removed 

involving rates of change not meeting the straight line condition of a Pearson’s r-value of 

>0.9 and/or where the condition of a <5% change in nTHI within the measurement period 

was not met, as indicated on Tables 7.6 and 7.7 in the “paired data” row. 

There is generally lower RMSCV values at the tibia for same day repeatability across all 

haemodynamic markers when compared with the different day reproducibility results 

presented in Table 7.2 and 7.3. This is expected without the contribution of “different day” 

biological variation and probe repositioning as potential sources of error. However the 

markers already identified as best performing across different days are still amongst the best 

performing markers for repeatability at the proximal tibia. 
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Table 7.6: Same day test/retest repeatability data on haemodynamic markers of the proximal tibia during occlusion. Markers in green 

were used for validation analysis into Chapters 8, 9 and 10. (DO=During Occlusion; SD=Standard Deviation; RMS=Root Mean 

Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

SAME DAY DATA DURING 
OCCLUSION (TIBIA) 

TOI_rest 
(%) 

TOI_DO_120s 
(%/s) 

TOI_DO_60s 
(%/s) 

TOI_DO_absΔ 
(%) 

Paired data (N) 28 23 25 28 

Mean 77.1 -0.028 -0.027 -7.4 

Between Participant SD 4.1 0.007 0.005 1.7 

Within Participant RMSSD 1.1 0.005 0.004 0.8 

Within Participant RMSCV  
(%, with 95% CI) 

1.4 
(0-3.0) 

16.7 
(0-37.8) 

14.2 
(0-30.4) 

10.6 
(0-23.0) 

Repeatability Coefficient  3.0 0.013 0.011 2.1 

ICC (with 95% CI) 0.93 
(0.86-0.97) 

0.58 
(0.23-0.79) 

0.42 
(0.05-0.70) 

0.79 
(0.60-0.90) 

 

 
SAME DAY DATA DURING 
OCCLUSION (TIBIA) 

HHb_DO_120s 
(µM.cm/s) 

HHb_DO_60s 
 (µM.cm/s) 

HHb_DO_absΔ 
(µM.cm) 

ΔO2Hb_DO_120s  
(µM.cm/s) 

ΔO2Hb_DO_60s 
(µM.cm/s) 

O2Hb_DO_absΔ 
(µM.cm) 

Paired data (N) 23 28 28 23 28 28 

Mean 0.356 0.313 95.8 -0.383 -0.363 -105.0 

Between Participant SD 0.105 0.096 28.2 0.122 0.123 52.5 

Within Participant RMSSD 0.048 0.061 12.4 0.075 0.078 17.2 

Within Participant RMSCV  
(%, with 95% CI) 

14.9 
(0-31.8) 

21.9 
(0-48.6) 

18.3 
(0-42.8) 

20.6 
(0-41.0) 

23.3 
(0.5-46.1) 

27.4 
(0-63.3) 

Repeatability Coefficient  0.133 0.170 34.3 0.207 0.216 47.5 

ICC (with 95% CI) 0.82 
(0.62-0.92) 

0.61 
(0.32-0.80) 

0.81 
(0.63-0.91) 

0.66  
(0.36-0.84) 

0.63  
(0.35-0.81) 

0.89 
(0.79-0.95) 
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Table 7.7: Same day test/retest repeatability data on haemodynamic markers of the proximal tibia post arterial occlusion release. 

Markers in green were used for validation analysis into Chapters 8, 9 and 10. (PO=Post Occlusion Release; SD=Standard 

Deviation; RMS=Root Mean Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
SAME DAY DATA POST 
OCCLUSION (TIBIA) 

ΔO2Hb_PO_20s  
(µM.cm/s) 

ΔO2Hb_PO_10s  
(µM.cm/s) 

O2Hb_PO_absΔ 
(µM.cm) 

O2Hb_PO_hyperΔ 
(µM.cm) 

Paired data (N) 28 28 28 28 

Mean 7.58 11.36 184.7 79.7 

Between Participant SD 2.85 5.21 56.9 42.5 

Within Participant RMSSD 0.77 1.47 17.6 25.0 

Within Participant RMSCV  
(%, with 95% CI) 

11.2 
(0.2-22.2) 

14.5 
(0.0-29.1) 

9.3 
(0-19.5) 

29.7 
(1.4-57.9) 

Repeatability Coefficient 2.13 4.08 48.6 69.1 

ICC (with 95% CI) 0.93 
 (0.86-0.97) 

0.92 
 (0.85-0.96) 

0.91 
(0.82-0.96) 

0.66 
(0.39-0.82) 

SAME DAY DATA POST 
OCCLUSION (TIBIA)   

TOI_PO_20s 
(%/s) 

TOI_PO_10s 
 (%/s) 

TOI_PO_absΔ 
(%) 

TOI_PO_hyperΔ 
(%) 

Paired data (N) 22 22 28 28 

Mean 0.272 0.379 7.9 0.5 

Between Participant SD 0.107 0.160 2.0 1.8 

Within Participant  RMSSD 0.037 0.062 1.0 0.8 

Within Participant  RMSCV   
(%, with 95% CI) 

15.7 
(0-33.4) 

17.8 
(0-36.8) 

13.1 
(0-26.3) 

276.6 
(0-692.9) 

Repeatability Coefficient  0.101 0.172 2.9 2.1 

ICC (with 95% CI) 0.85 
(0.67-0.93) 

0.77  
(0.52-0.90) 

0.71 
(0.47-0.86) 

0.78 
(0.58-0.89) 
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7.1.3.2: Same day repeatability of the lateral calf 

Tables 7.8 and 7.9 summarise the same day repeatability data of haemodynamic markers 

of the lateral calf DO and PO. Of the 38 participants who were tested for same day 

repeatability, 31 contributed usable test/retest data. Reasons for missing data included two 

participants where data were excluded due to nTHI changes of >15% during an occlusion 

(including one where this affected both occlusions); two instances where there was probe 

movement during one attempt; and, three withdrawals due to the discomfort of occlusions. 

In addition, within the 31 participants who provided usable test/retest data, there were some 

individual haemodynamic marker results removed involving rates of change not meeting the 

straight line condition of a Pearson’s r-value of >0.9 and/or where the condition of a <5% 

change in nTHI within the measurement period was not met, as indicated on Tables 7.8 and 

7.9 in the “paired data” row. 

With respect to same day repeatability for haemodynamic markers of the lateral calf, most 

markers appeared to be reliable with RMSCV below 10% and ICC of greater than 0.8. Same 

day repeatability results for haemodynamic markers at the proximal tibia were generally not 

as reliable as those at the lateral calf. However, RMSCV results at the tibia were below 20% 

and ICC results were generally within the “strong” categories of 0.6 and above proposed by 

Evans 1996 (304). Similarly, different day reproducibility results at the proximal tibia were 

generally not as reliable as at the lateral calf. However, RMSCV results of the markers 

identified as best performing for reproducibility in both bone and muscle were also mostly 

less than 20%. 
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Table 7.8: Same day test/retest repeatability data on haemodynamic markers of the calf muscle during occlusion. Markers in green 

were used for validation analysis into Chapters 8, 9 and 10. (DO=During Occlusion; SD=Standard Deviation; RMS=Root Mean 

Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

SAME DAY DATA DURING 
OCCLUSION (CALF) 

TOI_rest 
(%) 

TOI_DO_120s 
(%/s) 

TOI_DO_60s 
(%/s) 

TOI_DO_absΔ 
(%) 

Paired data (N) 30 29 28 30 

Mean 68.3 -0.065 -0.060 -16.3 

Between Participant SD 3.5 0.023 0.023 5.7 

Within Participant RMSSD 0.8 0.005 0.006 1.2 

Within Participant RMSCV  
(%, with 95% CI) 

1.2 
(0.0-2.5) 

9.2 
(0-24.3) 

11.0 
(0-29.3) 

6.4 
(0.0-15.6) 

Repeatability Coefficient  2.2 0.015 0.016 3.5 

ICC (with 95% CI) 0.95 
(0.90-0.98) 

0.94 
(0.88-0.97) 

0.93 
(0.86-0.97) 

0.95 
(0.90-0.98) 

 

 
SAME DAY DATA DURING 
OCCLUSION (CALF) 

HHb_DO_120s 
(µM.cm/s) 

HHb_DO_60s 
 (µM.cm/s) 

HHb_DO_absΔ 
(µM.cm) 

O2Hb_DO_120s  
(µM.cm/s) 

O2Hb_DO_60s 
(µM.cm/s) 

O2Hb_DO_absΔ 
(µM.cm) 

Paired data (N) 29 30 30 29 29 29 

Mean 0.951 0.891 253.2 -0.828 -0.802 -191.8 

Between Participant SD 0.483 0.473 114.7 0.403 0.392 99.4 

Within Participant RMSSD 0.062 0.067 14.3 0.064 0.068 19.8 

Within Participant RMSCV  
(%, with 95% CI) 

8.0 
(0-19.8) 

9.7 
(0-22.9) 

6.4 
(0.0-14.1) 

8.8 
(0-18.5) 

12.3 
(0-26.3) 

12.7 
(0.0-26.6) 

Repeatability Coefficient  0.171 0.186 39.5 0.178 0.188 54.8 

ICC (with 95% CI) 0.98 
(0.97-0.99) 

0.98 
(0.96-0.99) 

0.98 
(0.97-0.99) 

0.98 
(0.95-0.99) 

0.97 
(0.94-0.99) 

0.96 
(0.92-0.98) 
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Table 7.9: Same day test/retest repeatability data on haemodynamic markers of the calf muscle post arterial occlusion release. 

Markers in green were used for validation analysis into Chapters 8, 9 and 10. (PO=Post Occlusion Release; SD=Standard Deviation; 

RMS=Root Mean Square; CV=Coefficient of Variation; ICC=intra class correlation). 

 

  

 

 

 

 

 

 

 

 

 

 

 

 
SAME DAY DATA POST 
OCCLUSION (CALF) 

O2Hb_PO_20s  
(µM.cm/s) 

O2Hb_PO_10s  
(µM.cm/s) 

O2Hb_PO_absΔ 
(µM.cm) 

O2Hb_PO_hyperΔ 
(µM.cm) 

Paired data (N) 30 31 30 30 

Mean 19.47 24.52 365.2 173.4 

Between Participant SD 8.69 11.15 146.1 64.2 

Within Participant RMSSD 1.36 2.06 22.5 16.8 

Within Participant RMSCV  
(%, with 95% CI) 

9.4 
(0-22.2) 

10.3 
(0-22.5) 

6.0 
(0.03-12.1) 

11.6 
(0.0-28.1) 

Repeatability Coefficient  3.77 5.70 62.3 46.6 

ICC (with 95% CI) 0.97 
(0.95 - 0.99) 

0.96 
(0.92 - 0.98) 

0.97 
(0.95-0.99) 

0.92 
(0.84-0.96) 

 

 

 

SAME DAY DATA POST 
OCCLUSION (CALF)   

TOI_PO_20s 
(%/s) 

TOI_PO_10s 
 (%/s) 

TOI_PO_absΔ 
(%) 

TOI_PO_hyperΔ 
(%) 

Paired data (N) 31 31 30 30 

Mean 1.245 1.394 23.4 7.1 

Between Participant SD 0.435 0.561 7.8 2.9 

Within Participant  RMSSD 0.203 0.192 1.1 1.1 

Within Participant  RMSCV   
(%, with 95% CI) 

25.4 
(0-73.2) 

25.5 
(0-71.7) 

5.1 
(0-10.5) 

16.9 
(0-37.8) 

Repeatability Coefficient  
 

0.563 0.533 3.2 3.0 

ICC (with 95% CI) 0.96 
(0.93- 0.98) 

0.95 
(0.90 - 0.98) 

0.98 
(0.95-0.99) 

0.86 
(0.72-0.93) 
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7.1.4: Discussion of intra operator reliability of AO protocol measurements 

7.1.4.1: Comparison with existing evidence 

When judging if the reliability results presented for NIRS at the proximal tibia are 

acceptable, two main factors have been considered: 

1) How does reliability compare to accepted norms and comparable evidence in this 

field of research?  

2) Is reliability sufficient to identify real changes in bone haemodynamics that could 

justify NIRS usage for future research applications?  

With regards to the first question, as identified by the systematic review in Chapter 3, 

no studies have carried out a meaningful analysis on the reliability of NIRS for 

measuring bone haemodynamics in any capacity, let alone for arterial occlusions.  

However arterial occlusions have been used as a protocol for studies of skin and 

muscle tissue, and there is some evidence from which to draw comparison for 

reliability. Unfortunately, few studies identified reported repeatability coefficients of 

similar units for comparison, but most studies presented RMSCV or ICC data (or both). 

Direct comparison with reproducibility results are presented above in Section 7.1.2.2. 

Similar conclusions are drawn when investigating reliability of alternative NIR systems, 

such as LDF, with reliability particularly affected in microvascular studies by 

susceptibility to biological variations from a wide range of potential sources. One 

specific example is the small sampling volume and heterogeneity of vascular beds, 

where even measuring a small distance away from the first site can produce variation 

in results (81). A comprehensive review by Roustit et al. 2012 describes iontophoresis 

with laser speckle imaging reproducibility as good with a 22% CV, and 0.72 ICC (CI 

not included). This paper also describes use of LDF for measurement of PORH in a 

variety of contexts, stating acceptable reproducibility at 25% CV for the finger pad, and 

poor CV at 45% or higher (81). 

Reliability results are also in line with the alternative imaging modalities that may be 

applicable to measuring haemodynamic markers in bone. Griffith et al 2009 found 

DCE-MRI parameters for the femoral shaft, neck and head to be reproducible with ICC 

generally above 0.75 (130). Padhani et al 2002 used a pharmacokinetic model to 

calculate maximum contrast medium accumulation in the ischial bone marrow using 

DCE-MRI with a within participant coefficient of variation of 23.1%. This was similar to 
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results in adjacent muscle (131). Yang 2009 also used a pharmacokinetic model to look 

at DCE-MRI of bone metastases. Using different models, within participant coefficient 

of variation ranged between 9% and 15% for markers of contrast agent transfer rates 

to tissue (132). Wassberg et al 2017 reports repeatability coefficients of quantitative 

standardised uptake markers of 18F-NaF using PET/CT in the range of 23%-35% 

relative to mean results (143). 

Whilst the results obtained may fall outside ranges of reproducibility considered ideal 

for clinical tests at an individual participant level, it is reassuring that reliability results 

are comparable with the existing evidence base of systems that measure differences 

in haemodynamics between sub groups of interest. Buchheit et al. 2011 makes the 

point that when assessing new research tests, the presence of reliability results outside 

ideal ranges (such as CV>10%) should not necessarily condemn the test for future 

research use. Reliability results should be kept in context with the expected “minimum 

clinically important difference” (MCID) of interest for the research application (277). This 

of course does not excuse less than ideal reliability. However, it does give context to 

reliability results in the field of measuring microvascular haemodynamics, where 

reproducibility is known to be difficult.   

The second question to consider is whether the reliability of NIRS is sufficient for 

detecting the expected physiological differences between disease states. In particular 

the repeatability coefficient represents the maximum absolute difference expected 

between two repeated measurements 95% of the time. This is useful as an absolute 

measure of reliability when compared with the MCID using the same method during 

longitudinal testing (305).  

The systematic review carried out in Chapter 3 has not identified any NIRS based 

assessments of clinically important differences in bone haemodynamics during AO (or 

comparable microvascular challenges). Likewise, there is a paucity of research around 

bone haemodynamics due to the inherent difficulties in measuring it reliably.  However 

there are some studies that suggest reliability results in keeping with the presented 

reliability data in this Chapter could still allow useful research of in vivo bone 

haemodynamics with NIRS.  

For example, in murine studies mean bone perfusion at the tibia was found to be 

reduced from 0.18 (SD 0.03) mL/min/g in controls to 0.11(SD 0.01) mL/min/g in mice 

with T1DM using fluorescent microspheres, representing a 38.9% reduction (26). 
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Stabley et al. 2015 also demonstrated reduced femoral blood flow in mice with T2DM 

compared with controls using radiolabelled microspheres, with 30-50% reductions 

observed across various sites of the femur (315). 

No human studies on bone perfusion were found pertaining directly to diabetes. 

However, Griffith et al. 2008 has demonstrated that in those with osteoporosis, 

maximum signal enhancement and enhancement rates using DCE-MRI were reduced 

around 50% compared with healthy controls (36). Libicher et al. 2008 also demonstrated 

using DCE-MRI that areas of Pagetic bone had markers of signal enhancement and 

rates of enhancement more than double that of healthy bone sites (117). 

This evidence suggests that based on the repeatability coefficient results reported in 

Tables 7.2 and 7.3, meaningful clinical differences of similar magnitude between 

groups of interest (such as those with T2DM or osteoporosis) could potentially be 

identified using NIRS assessment of bone haemodynamics. Given the advantages 

NIRS holds as a safe and inexpensive test, and the lack of alternative options for 

measuring bone haemodynamics in bone tissue, this warrants further investigation of 

NIRS validation in Chapters 8, 9 and 10. 

7.1.4.2: Justification of haemodynamic markers for validation 

It was noted that TOI data typically had lower ICCs compared with HHb and O2Hb 

measurements at the same stage of the occlusion, despite having similar or even better 

RMSCVs. Section 7.1.2.2 and Figure 7.1 discusses an example of this. Brandmaier et 

al. 2018 illustrates how this is possible given that RMSCV represents the relative error 

of a marker to its mean value, whilst ICC calculations incorporate the ratio of between 

participant variance to within participant variance (316). Since it is desirable for NIRS to 

be able to identify useful haemodynamic differences between participants, or clinically 

important changes longitudinally within participants, opting for HHb and O2Hb markers 

with better ICC results is sensible, however TOI markers have also been included in 

validation work to ensure that markers achieved using both the modified Beer Lambert 

law (MBL) and spatially resolved spectroscopy (SRS) are taken forward. 

HHb_DO_60s and TOI_DO_60s provide physiologically relevant markers. It would be 

expected that increased rates of these markers would be greater in those participants 

where oxygen is extracted more rapidly in the closed system provided by AO. Binzoni 

et al. 2003 also found HHb to be a more reliable marker that is less sensitive to small 

blood volume changes when compared with O2Hb (189). Measuring O2Hb_PO_20s post 
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occlusion release also makes physiological sense as this represents the rate of 

increase in oxygenated haemoglobin following release of occlusion, which may be 

representative of microvascular reperfusion function. O2Hb_DO_absΔ and 

O2Hb_PO_absΔ also are physiologically relevant representing the absolute maximum 

concentration change from oxygen extraction DO, and the absolute maximal increase 

in O2Hb concentration following the release of the occlusion. Likewise TOI_PO_absΔ 

represents the maximum increase in oxygen saturation in tissue during the post 

occlusive period. Pragmatically, there was less data loss for these DO marker rates 

taken over 60s, PO marker rates over 20s, and markers looking at absolute changes 

of O2Hb and TOI DO and PO.  

 
Figure 7.2: Graphical display of the haemodynamic parameters adopted for analysis 

in Chapters 8, 9 and 10. 

[1] Baseline TOI at rest prior to the occlusion (TOI_rest; (%)) 

[2] Rate of TOI decrease in the last 60s of occlusion (TOI_DO_ 60s (%/s)) 

[3] Rate of HHb increase in the last 60s of occlusion (HHb_DO_60s (µM.cm/s)) 

[4] Absolute change in O2Hb during the occlusion (µM.cm; O2Hb_DO_absΔ) 

[5] Maximal absolute change in TOI post occlusion (TOI_PO_absΔ (%)) 

[6] Rate of O2Hb increase in first 20s post occlusion release (O2Hb_PO_20s 

(µM.cm/s)) 

[7] Maximal absolute change in O2Hb post occlusion (O2Hb_PO_absΔ (µM.cm)) 



203 
 

These seven haemodynamic markers are used for validation comparisons in Chapters 

8, 9 and 10 and are presented in Figure 7.2. They are deemed to offer the most reliable 

and physiologically relevant indicators of in vivo bone haemodynamics of those 

markers investigated. 

As discussed in more detail in Appendix G, a non-linear modelling approach to PO 

markers was also attempted, but was not taken forward as results did not offer any 

clear reliability advantages over the markers presented here in Chapter 7. Markers 

looking solely at the hyperaemic response were also abandoned as they produced 

high RMSCV values that are unlikely to be acceptable. This is due to the small 

magnitude of hyperaemic response at the tibia, which was also negative in some 

individual cases. 

7.1.4.3: Sources of Error 

As discussed above in Section 7.1.4.1, reliability testing of the lateral calf has shown 

results generally in keeping with the wider literature base on this more established use 

of NIRS. Results from testing at the tibia have shown this measurement site generally 

to be not as reliable as the calf, with more missing data. However, some markers (see 

Figure 7.2) have still been identified that have produced reliability results in line with 

the more established use of NIRS at the calf. 

Differences between the lateral calf and proximal tibia may be attributable to the 

heterogeneity of bone tissue leading to a higher reduced scattering coefficient of near 

infrared light (1, 2). A suggestive example of this is that RMSCV values of the same day 

repeatability at the proximal tibia were typically poorer than at the calf. This suggests 

an inherent increased error due to the tissue type, as measurements were taken with 

the same probe positioning in the same session, and with no other obvious systematic 

error contributing. In terms of different day reproducibility, there is also generally a 

smaller target volume at the tibia compared with the lateral calf, potentially increasing 

the effects of probe placement differences on repeated measurements taken 

longitudinally (9).  

Figure 7.3 and 7.4 below demonstrate the test/retest scores of the HHb_DO_60s, 

O2Hb_DO_absΔ, O2Hb_PO_20s and O2Hb_PO_absΔ markers across all participants. 

It was noted across both proximal tibia and lateral calf measurements that there was 

wide variability in results between participants for these markers. This is also indicated 

by the magnitude of the between participant SD relative to the mean for each 
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haemodynamic marker presented in Tables 7.2-7.9 above. It is interesting to note the 

wider between participant variation at the proximal tibia for these markers derived 

using MBL conflicts with the earlier example in Section 7.1.2.2 (including Figure 7.1) 

based on the SRS-derived TOI_DO_60s marker. This variability between participants 

may be explained by the differences in NIRS algorithms used to derive MBL and SRS 

calculations. This is discussed in more detail in Section 10.2.2.1.  

There is also noticeable variation between the differences in test/retest scores in some 

individual cases illustrated in Figures 7.2 and 7.3. Retrospective investigation of those 

participants with larger differences between test/retest scores was carried out on 

potential explanatory factors such as predisposing medical conditions, how well 

occlusions were tolerated, or increased calf circumference (and therefore increased 

overlying superficial tissue). There was no obvious explanation as to why these 

participants may have been susceptible to poorer reliability. It was also noted that these 

instances of poorer reliability were typically isolated to one tissue type and/or one 

marker for each participant. As such it was deemed suitable to keep these results in 

the analysis with these wide differences interpreted as measurement error, rather than 

rule them out as confounded or outliers. Sub group analysis was also carried out 

looking for any differences in reliability between sex and T2DM sub groups with no 

obvious differences identified. 
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a)   

b)   

Figure 7.3: Different day proximal tibia and lateral calf test/retest results of two 

favoured MBL based DO markers (a) HHb_DO_60s and (b) O2Hb_DO_absΔ.  
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a)  

b)  

Figure 7.4: Different day proximal tibia and lateral calf test/retest results of two 

favoured MBL based PO markers (a) O2Hb_PO_20s and (b) O2Hb_PO_absΔ.  
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7.1.4.4: Potential for systematic error 

Paired t-tests and Bland-Altman plots were inspected for any systematic differences 

between test/retest results. It was noted that there were potential systematic 

differences observed in the same day test/retest measurements. At the lateral calf, PO 

measurements demonstrated statistically significant faster (O2Hb_PO_20s) and 

stronger (O2Hb_PO_absΔ) PO results for the retest measurements. This could 

suggest increased reperfusion following the release of the second occlusion due to a 

cumulative hypoxic effect of the two occlusion protocols in the same session. It is 

unlikely that this was a psychological effect of the second occlusion being better 

tolerated, as the same effect was not observed for tibial PO measurements. Despite 

the statistically significant differences, and in context of the strong repeatability results 

obtained, the clinical relevance of any systematic change between the test/retest 

means for this marker was considered likely to be small. Harris et al 2006 support that 

repeat arterial occlusions taken within the same testing session is appropriate without 

accounting for systematic effects (317). 

No other obvious systematic differences in test/retest measurements were found for 

different day repeated measurements at the calf or tibia, generally suggesting no 

learned response from the participant. 

7.1.4.5: Limitations of intra operator reliability testing 

The results presented should be kept in context of the limitations of this reliability 

assessment. By nature of being an intra operator assessment, only one operator and 

one piece of NIRS equipment has been used. As a feasibility study it was considered 

unethical to request participants undergo the number of arterial occlusions that would 

be required to assess inter operator reliability of several operators.  

The use of different NIRS systems was not pragmatically possible, with only one 

system available. However, use of multiple systems could be of potential interest in 

the future, given the previously documented disparities in NIRS results obtained from 

systems from different manufacturers, particularly if considering multi-site studies. 

Hyttel-Sorenson et al. 2011 found similar reproducibility results across three different 

sets of commercially available SRS NIRS systems when measuring resting TOI for 

muscle at the forearm, but significantly different resting mean TOI values were 

obtained of 60.8% (SD 3.6%) and 70.2% (SD 6.7%) (263). Yang et al. 2007 present 

similar variation in resting TOI at the forearm between different studies (264). Matcher 
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et al. 1995 discusses the differences in results that may occur during interventional 

protocols due to the differences in algorithms and the associated assumptions used 

to derive continuous wave NIRS parameters (318). 

The loss of data due to inadequate arterial occlusion conditions also requires 

consideration. This is a source of potential attrition bias, although there was no obvious 

predictor for which participants would be more likely to be unable to tolerate occlusions, 

or produce data meeting the pre-stated conditions for data inclusion. Likewise there 

was no obvious changes to the arterial protocol that could have minimised this loss of 

data.  

Ideally reliability work should be carried out in a varied and representative population 

of those who are likely to benefit from the test. For example Maggio et al 1998 found 

reproducibility of BMD measurements of the hip were decreased in the elderly, owing 

to degenerative change and more variability when positioning participants (319). This 

reliability study has a wide age range including both sexes from a potential target 

population of those who may benefit from bone health testing.  

Similarly, a suitable population for reliability testing should include those with 

pathological conditions that may be predictive from the test of interest. The sampled 

population includes those with T2DM as per the rationale outlined in Section 4.5.2.4. 

Participants of varying osteoporotic status are also included. Despite this, as discussed 

in Section 7.1.2.2, there was small variation in the TOI_DO_60s marker observed 

between participants. This is considered an unforeseeable limitation as there was 

variation observed between participants at the calf as expected, and within the MBL-

derived haemodynamic markers.  

As this study was part of feasibility work, participants had a BMI of less than 35 kg/m2 

in order to minimise the potential effect of overlying tissue at the tibia. As such, the 

effect of obesity on the reliability of NIRS measurements remains unexplored (although 

there was no obvious effects from within the sampled population). A pragmatic decision 

was also made to recruit only Caucasian participants given the ethnic distribution of 

the recruitment catchment in the South West of England. Skin pigmentation can have 

a potential effect on NIRS measurements (2) although this is likely to only affect 

variation between participants. 
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7.1.4.6: Potential improvement of reliability 

Many steps were taken in order to maximise the reliability of the NIRS arterial occlusion 

protocol used. It is felt that inherent biological variability has been minimised as 

participants were tested at the same time of day following the same fasting protocol. 

Laboratory conditions and acclimatisation protocols were standardised as per all 

vascular testing performed at the DVRC. The arterial occlusion and probe placement 

protocols were also consistently used, benefitting from the protocol development work 

previously discussed in Chapter 5.  

There were few modifications identified that could improve reliability. One potential 

suggestion is development of a designated probe holder for the proximal tibia. There 

is precedence with DXA around the importance of strict protocol adherence for 

improved longitudinal testing reliability (310). Although probe placement in this work 

followed a pre-stated objective protocol, perhaps improvements here are the most 

likely way to improve reliability results as even small differences in probe placement 

may lead to different volumes of tissue being sampled and error being introduced. 

A range of approaches to deriving haemodynamic markers from time-signal data have 

been attempted including linear and non-linear methods. However it is acknowledged 

that there may be more advanced modelling algorithms that may produce more reliable 

haemodynamic markers from the time-signal data produced by the NIRS system. 

Likewise with the further advances in optical technologies, inherent inaccuracies within 

future NIRS systems may be reduced, although this is beyond the scope of this thesis.  

7.1.4.7: Conclusions of intra operator reliability 

The main conclusion of this reliability analysis is that results support the potential of 

seven haemodynamic markers derived from arterial occlusions for further investigation 

and validation in Chapters 8, 9 and 10. These AO markers have demonstrated 

reliability in line with existing comparable tests, suggesting they may potentially prove 

useful for research applications investigating the haemodynamics of bone tissue. This 

should also be kept in context with the lack of alternative options for measuring 

haemodynamics in bone tissue, and the convenience and practicality of NIRS systems 

compared with current techniques.  
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7.2: Inter operator repeatability of probe placement 

7.2.1: Overview 

This section presents inter operator repeatability of resting TOI measurements taken 

by five operators on participants. It was considered unethical to take multiple arterial 

occlusions on participants to facilitate inter operator repeatability assessment of the 

AO protocol, and so it was considered a suitable compromise to consider the 

repeatability of resting TOI measurements, which should reflect the potential error from 

probe placement of different operators, with minimised biological variation from 

participants. 

7.2.2: Results of inter operator repeatability of probe placement 

Table 7.10 shows the demographics of the 12 participants who undertook testing by 

five operators. The target of 16 participants was not reached due to time constraints 

of the availability of the operators, who were undergraduate medical imaging 

students. All participants were generally healthy with a BMI within a range of 22-36 

kg/m2 and an age range of 20 to 32 years. All participants had stable peripheral 

arterial SO2 readings at rest of 97% or higher. Temperature at the foot was monitored 

with a mean change of -2.2°C (range -0.2°C to -6.5°C) during the testing session, 

which typically took around 60 minutes. All variables were considered normally 

distributed after following the approach described in Section 6.1.3.7.  

Table 7.10: Demographics of participants (N=12) for inter operator reproducibility 

(mean with standard deviation in parenthesis). 

Demographic Mean (SD) 

Age (years) 22.1 (3.6) 

Height (m) 1.704 (0.076) 

Weight (kg) 79.1 (12.9) 

BMI (kg/m2) 27.5 (4.8) 

Sex (m/f) 5/7 

Maximum calf circumference (mm) 385 (41.4) 

Calf circumference at level of tibial tuberosity (mm) 368 (34.4) 
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Table 7.11 shows a summary of inter operator repeatability outcomes for both the 

proximal tibia and lateral calf across five operators. Measurements were 20s samples 

of TOI percentage taken at rest after 15 minutes acclimatisation. In the last five 

minutes of acclimatisation, TOI was constantly monitored in order to gauge the 

natural biological variability of TOI, which may be affected by homeostatic regulation 

of the vascular system (as discussed in Section 1.5.1). Mean TOI variability during 

this five minute period at the proximal tibia was 1.7% (SD 0.4%; range 1.0%-2.4%) 

and 2.3% (SD 1.2%; range 1.3%-5.1%) at the lateral calf. 

Table 7.11: Summary of inter operator probe placement repeatability results for 

measurements of resting TOI. (RMS= Root Mean Square; SD= Standard Deviation; 

CV=Coefficient of Variation; ICC=intra class correlation). 

  Proximal Tibia Lateral Calf 

Number of measurements (N=12) 60 60 

Mean TOI (%) 81.6 73.7 

Between Participant TOI SD (%) 4.0 4.5 

Within Participant TOI RMSSD (%) 3.1 2.0 

Within Participant RMSCV  
(%, with 95% CI) 

3.8 (0.4-7.1) 2.7 (0-5.5) 

Repeatability Coefficient (%) 8.5 5.5 

ICC (with 95% CI) 0.28 (0.06-0.62) 0.77 (0.57-0.91) 

 

When looking at the intra operator results of the five operators (presented in Table 

7.12 and 7.13) it can be seen that, as expected, RMSCV and ICC reproducibility 

results are improved marginally compared with inter operator results, without the 

potential source of inter operator differences in probe placement. As for inter operator 

results, lateral calf TOI measurements had better repeatability than the proximal tibia 

for most operators with regards to RMSCV, with results generally in line with inter 

operator results across the five operators.  
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Table 7.12: Same day test/retest repeatability data on TOI measurements of the proximal tibia at rest. (RMS= Root Mean Square; SD= 

Standard Deviation; CV=Coefficient of Variation; ICC=intra class correlation). 

INTRA-OPERATOR PROBE PLACEMENT (TIBIA) Operator 1 Operator 2 Operator 3 Operator 4 Operator 5 

Paired data (N) 12 12 12 12 12 

Mean (%) 81.0 80.8 82.7 81.6 80.7 

Between Participant SD (%) 4.1 4.1 3.8 4.1 3.8 

Within Participant RMSSD (%) 2.0 2.4 1.9 1.8 2.6 

Within Participant RMSCV  
(%, with 95% CI) 

2.5  
(0-5.0) 

3.1 
(0-7.1) 

2.3 
(0-5.3) 

2.1 
(0-5.2) 

3.1 
(0-7.1) 

Repeatability Coefficient (%) 5.5 6.7 5.2 4.8 7.1 

ICC (with 95% CI) 0.53 
(0.00-0.84) 

0.30 
(-0.28-0.73) 

0.53 
(-0.01-0.83) 

0.65 
(0.17-0.88) 

0.12 
(-0.45-0.63) 

 

Table 7.13: Same day test/retest repeatability data on TOI measurements of the lateral calf at rest. (RMS= Root Mean Square; SD= 

Standard Deviation; CV=Coefficient of Variation; ICC=intra class correlation). 

INTRA-OPERATOR PROBE PLACEMENT (CALF) Operator 1 Operator 2 Operator 3 Operator 4 Operator 5 

Paired data (N) 12 12 12 12 12 

Mean (%) 73.7 73.1 73.2 73.9 73.9 

Between Participant SD (%) 4.7 4.3 4.4 4.2 5.0 

Within Participant RMSSD (%) 2.0 0.9 0.8 1.1 0.7 

Within Participant RMSCV  
(%, with 95% CI) 

2.8 
(0-6.8) 

1.2 
(0-2.6) 

1.2 
(0-2.3) 

1.6 
(0-3.4) 

1.0 
(0-2.1) 

Repeatability Coefficient (%) 5.5 2.3 2.3 3.1 2.0 

ICC (with 95% CI) 0.66 
(0.20-0.89) 

0.93 
(0.77-0.98) 

0.93 
(0.78-0.98) 

0.86 
(0.59-0.96) 

0.96 
(0.87-0.99) 
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7.2.3: Discussion of inter operator repeatability of probe placement 

As discussed in Chapter 3, there was no existing evidence base on NIRS reliability in 

bone to compare results with. However, reliability results for calf measurements were 

in line with existing evidence. Adami et al. 2017 found a mean resting TOI of 68% (SD 

5%) at the medial head of the gastrocnemius using a comparable SRS NIRS system 

(320). Re et al. 2018 also demonstrated CVs <3% when repeating calf measurements 

30 times on one participant during one session (with probes replaced between 

measurements) using a time domain NIRS system (321). Ubbink et al. 2006 found very 

good reproducibility at the calf when investigating test/retest TOI at rest on different 

testing days using a comparable NIRS system (ICC 0.91; 95% CI 0.77 to 0.96) and 

reproducibility was also higher than other comparable vascular measurements such 

as transcutaneous oxygen pressure, ankle-brachial blood pressure index, and toe 

systolic blood pressure (322). 

Regarding other muscular sites, Fulford et al. 2014 found different day repeated 

measures on 10 participants repeated 3 times at the paraspinal muscles had a CV of 

5% (95% CI 2% to 7%) and ICC of 0.75 (95% CI 0.46 to 0.92) (323). Choo et al. 2017 

measured test/retest TOI recordings of the vastus lateralis on nine healthy males using 

comparable NIRS equipment and recorded a CV of 3.9% (95% CI 2.6% to 7.7%) and 

ICC of 0.75 (95% CI 0.23 to 0.94) (324). Lucero et al. 2018 performed baseline TOI 

measurements on the vastus lateralis muscle on 12 participants on four separate days 

using a comparable NIRS system. Resting TOI was found to be reproducible with an 

ICC of 0.71 (90%CI 0.44 to 0.88) and CV of 2.4% (90%CI 1.9% to 3.5%), comparable 

with the results presented in Table 7.11 (325). Niemeijer et al. 2017 reported on 

test/retest measurements at the same site on 28 healthy participants using a SRS 

NIRS system with similar ICC of 0.74 (95% CI 0.51 to 0.87) and CV of 4.7% (CI not 

reported) (326). None of these studies specifically reported the number of operators, so 

are assumed to represent intra operator reliability. 

This suggests probe placement has been carried out with comparable reliability to the 

existing evidence base despite the relative novice status of four of five operators. The 

results at the proximal tibia appear to generally be more variable, with higher within 

participant standard deviation and RMSCV. However, results are comparable to that 

of the lateral calf and the evidence base around muscular data.  
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The exception is the inferior performance of the proximal tibia with respect to ICC, rated 

as “poor” with an ICC <0.4 (304). As ICC calculations incorporate between participant 

variation and within participant variation of repeated measurements, it is suspected the 

ICC is lower at the proximal tibia due to relatively low between participant variation in 

resting TOI amongst the 12 participants, and comparatively high within participant 

variation (relative to between participant variation) compared with results at the lateral 

calf (316). Figure 7.5 demonstrates the wider between participant variability for the 

lateral calf measurements when compared with the proximal tibia. It is known that in 

instances where mean results between participants are close, ICC will be lower as it 

inherently reflects the ability of a test to identify real variance between measurements 

from error (327).  

The repeatability coefficients presented in Table 7.11 are of interest as these suggest 

the minimum detectable clinical difference. There was no identified existing evidence 

of what TOI change may indicate a specific type of pathology, but a repeatability 

coefficient of 8.5% suggests only large physiological changes in TOI could be 

definitively identifiable at the proximal tibia. In line with the discussion of AO 

haemodynamic markers above, this suggests TOI is unlikely to be useful at an 

individual level bearing in mind the cyclical variation of TOI that also occurred even at 

rest during the same session (with a range of 1.0%-2.4% in the sampled population). 

The repeatability coefficient could also likely be worse with biological variation if 

measurements had been taken on separate days.  

Upon looking at those participants with the poorest precision, anecdotally there was 

no obvious predictor in terms of participants with higher BMI, smaller or larger calf 

circumference, or who had more variable TOI measurements observed during the 

initial 5 minute measuring period at rest, although the small number of participants 

prohibits any formal statistical analysis of these potential sources of error. 

This inter operator repeatability study has similar methodological limitations to those 

already identified in Section 7.1.4.5. Only one NIRS system was available for use 

and the small sample of participants were healthy and under 32 years of age, with a 

maximum BMI of 36 kg/m2. 
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a)  

b)  

Figure 7.5: Dot plots of repeated inter operator TOI measurements from five operators 

for the proximal tibia (a) and lateral calf (b). Orange triangles represent the mean value 

for each participant. Dot plots demonstrate greater between participant variance and 

lower within participant variance at the lateral calf, explaining the higher ICC values at 

the lateral calf compared to the proximal tibia. 
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7.2.4: Conclusion of inter operator reliability 

This exercise in investigating inter operator repeatability of baseline TOI 

measurements suggests that some variability in probe placement technique between 

operators is present but is not a significant contributor to measurement error. This is 

mainly evident in inter operator repeatability markers being only slightly inferior to the 

intra operator results obtained by the participating operators. 

The exercise has highlighted the limitations of using resting TOI as a marker of tibial 

health, given its natural cyclical variation, low ICC, and relatively high minimum 

detectable difference produced (as indicated by the repeatability coefficient of 8.5%). 

Despite this, RMSCV reliability results are in line with the published evidence base for 

similar studies in muscle tissue and provide reassurance that reliability and validation 

studies carried out by one operator may still be representative in terms of probe 

placement, in the absence of any significant potential variation in technique that may 

be caused by different operators. 

7.3: Inter operator reliability of data analysis 

Using the approach outlined in Section 6.1.6, an investigation was carried out to ensure 

data analysis of haemodynamic markers undertaken from the arterial oclusion protocol 

was reproducible. The results obtained from two independent blinded assessors were 

compared and quantified using one way random effects ICC. One assessor was the 

author and the second assessor was a novice medical student who had been trained 

to analyse NIRS data. The reproduciblity of two haemodynamic markers, 

HHb_DO_60s, and O2Hb_PO_20s, were assessed. 17 datasets were analysed, falling 

short of the initial 20 planned due to time limitations around the availability of the 

medical student. 

Initial analysis demonstrated an ICC of 0.68 (95% CI 0.31 to 0.88) for calculation of 

O2Hb_PO_20s markers. 13 of 17 results were matched perfectly. On inspection of the 

four discrepancies, four were due to data input errors from the novice user. Correcting 

these meant 100% agreement and demonstrated that deriving the O2Hb_PO_20s 

marker was not prone to subjectivity. However, the potential for data input error was 

flagged. It was agreed this could be improved with clearer instructions if the data 

analysis was to be carried out by mulitple users. 
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Analysis demonstrated an ICC of 0.62 (95% CI 0.22 to 0.84) for calculation of 

HHb_60s_DO markers. 8 of 17 results were matched perfectly. On inspection of the 

nine discrepancies, it was observed these were due to differences in interpetation of 

what was considered the end point of the occlusion. The novice user objectively took 

the highest HHb value as the end point. However this was confounded by a commonly 

observed spike in HHb at the point of occlusion release (see Figure 7.6 below for an 

example). The author had been adjusting for this by taking the end point as the last 

HHb reading before the sudden upturn of this PO spike. This exercise in data analysis 

reproducibility demonstrated the importance of visualising arterial occlusion data 

graphically for signal artefact, rather than a fully automated data analysis approach. 

Correcting for this difference in interpretation lead to perfect agreement. 

 

Figure 7.6: Demonstration of a common spike in HHb following occlusion release 

(signalled by the red arrow) which could lead to error in calculation of HHb_DO_60s 

measurements. 

This artefact in HHb upon occlusion release has been observed in previous papers 

where graphical raw data are presented for ischaemic protocols in both bone (16) and 

muscle (277) tissue, however the reasons behind this occurrence are not discussed. A 

potential explanation is that following the removal of ischaemic stimuli, such as an AO 

cuff or exercise, there is a sudden muscular and/or vascular recovery response 

causing a short surge in pooled venous deoxygenated blood in response to the 

suddenly improved arterial inflow. When examining the microcirculation of the skin, 

Adingupu et al 2015 (271) report a sub group of participants who demonstrate a sudden 

rapid increase in blood flow immediately following the release of an arterial occlusion,  
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that is subsequently quickly overcome by vasoconstriction, presumed to be a myogenic 

response. 

It should be noted that it was felt that analysis by a third reviewer was not required as 

initially planned as there was perfect agreement allowing for data input errors or 

misinterpretation from the novice user. Overall this exercise demonstrated the potential 

of the data analysis approach to be adopted by mulitple users, but also the importance 

of initial piloting to identify any potential misunderstandings in approach.  

7.4: Chapter conclusion 

This chapter has identified haemodynamic markers from the arterial occlusion protocol 

developed in Chapter 5 that have comparable reliability with the wider evidence base 

around NIRS usage. These are also considered physiologically relevant for 

comparisons against alternative tests of bone health that will be reported in Chapters 

9 and 10. Reliability work around inter operator positioning of NIRS probes and data 

analysis have also been performed, with acceptable reliability demonstrated. 
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Chapter 8: NIRS validation results 

8.1 Overview 

This chapter will present a descriptive summary of participant recruitment for the 

validation of NIRS in Section 8.2. Descriptive summaries of NIRS haemodynamic 

parameters taken from 36 participants at both the proximal tibia and the lateral calf are 

presented in in Section 8.3, with discussion of results including comparison with the 

existing evidence base in Section 8.4. 

8.2: Recruitment summary 

Stage 3 recruitment successfully reached its target of 36 participants, 18 with T2DM 

and 18 without. Table 8.1 presents the summary demographic data for the recruited 

participants. Despite a slightly smaller sample population than was used for reliability 

work, the description of participants for validation work is consistent with Section 7.1.1. 

Participants were free from any other history of metabolic bone disease, type 1 

diabetes, stroke or TIA, arrhythmias, cardiovascular disease, renal disease, peripheral 

artery disease, or deep vein thrombosis. In some cases participants did report 

osteoarthritis which was mild and not being medically treated. There was one 

participant with early onset arthritis secondary to chemotherapy treatment at age 25 

and a fibromyalgia diagnosis. One participant reported rheumatoid arthritis diagnosed 

from age 21, but again these conditions were not medically treated. 

The age of participants ranged from 41 to 77 years. BMI ranged from 20.4 to 32.5 

kg/m2. All 14 female participants were post-menopausal for a mean of 14.4 years 

(range 6 months to 35 years), with one participant having a history of hysterectomy at 

age 40. All participants were currently non-smokers for at least the past 5 years, with 

14 having never smoked (7 of which had T2DM). All participants were generally in 

good health. Three participants had successfully been treated for cancer (two for 

breast cancer, one ophthalmological cancer). 

In terms of bone health, no participants had a previous diagnosis of osteoporosis or 

history of recent low impact fracture, with one exception. This participant reported a 

low impact neck of humerus fracture leading to a diagnosis of osteopenia and 

subsequent calcium and cholecalciferol (iCalD3) supplementation on prescription for 

four years. 
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All participants reported being normotensive with normal resting pulse rates at consent, 

however eight participants presented with high systolic blood pressure. It should be 

acknowledged that this could be influenced by the unfamiliar research environment at 

the time of measurement (314). Testing was carried out on the left leg by default but on 

nine occasions the right leg was tested due to previous injury, surgery or varicose veins 

in the left leg. 

Table 8.1: Summary of key demographics for recruited participants, including sub 

group data for those with and without T2DM. Results presented are means with 

standard deviation in parentheses. p-values are from independent t-tests between 

those with and without T2DM (* denotes statistical significance). 

 Total  
(N=36) 

T2DM  
(n=18) 

Non-T2DM 
(n=18) 

p-value 
between  
sub groups 

Age (years) 62.0 (8.4) 62.6 (7.3) 61.7 (9.7) 0.86 

Height (m) 1.70 (0.09) 1.70 (0.09) 1.70 (0.10) 0.87 

Weight (kg) 76.8 (11.3) 76.0 (12.1) 77.6 (10.8) 0.67 

BMI (kg/m2) 26.5 (2.9) 26.3 (3.1) 26.7 (2.7) 0.63 

Sex (m/f) 22/14 11/7 11/7 n/a 

Diastolic Blood 
Pressure (mmHg) 

77 (9) 78 (7) 76 (7) 0.52 

Systolic Blood 
Pressure (mmHg) 

133 (17) 138 (19) 128 (14) 0.08 

Pulse (beats/min) 64 (9) 67 (8) 62 (9) 0.16 

Resting Arterial 
Oxygen Saturation 
(%) 

97 (1) 97 (1) 97 (1) 1.00 

Resting Foot 
Temperature (°C) 

28.8 (2.1) 28.8 (2.2) 28.7 (2.0) 0.83 

Knee Circumference 
(mm) 

379 (26) 374 (24) 384 (27) 0.24 

Calf Circumference 
(mm) 

372 (26) 372 (25) 371 (27) 0.97 

Ankle Circumference 
(mm) 

251 (16) 250 (17) 253 (17) 0.65 

Right Ankle Brachial 
Index 

1.26 (0.16) 1.29 (0.16) 1.23 (0.15) 0.25 

Left Ankle Brachial 
Index 

1.24 (0.13) 1.24 (0.13) 1.23 (0.14) 0.78 

Tibial Length (cm) 37.9 (3.1) 37.9 (3.8) 37.9 (2.4) 0.99 

Lower Leg Fat 
Content (%) 

25.2 (9.8) 23.4 (7.5) 27.1 (11.6) 0.26 

HbA1c (mmol/mol) 45 (10) 53 (7) 36 (3) <0.001* 

Vitamin D (nmol/L) 61 (25) 57 (21) 65 (29) 0.38 

Parathyroid Hormone 
(pmol/L) 

4.2 (1.2) 4.1 (1.3) 4.2 (1.1) 0.78 

Estimated Glomerular 
Filtration Rate 
(ml/min/1.73m²) 

77.7 (11.9) 77.0 (13.7) 78.4 (10.2) 0.73 

Menopausal Duration 
(years) 

14.4 (10.4) 
(n=14) 

11.6 (10.1) 
(n=7) 

17.1 (10.7) 
(n=7) 

0.34 
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8.2.1: Sub group demographics 

8.2.1.1 Diabetes status 

In terms of case-control matching between those with and without T2DM, participants 

were successfully matched for sex (11 male pairs and 7 female pairs) and ethnicity (all 

“white British”). All case-control pairs were matched for BMI to within 4.2 kg/m2. Most 

pairs were matched within 2 years of age, although this had to be widened to find 

matches in six recruitment pairs where there was difficulty matching younger 

participants with normal BMI and T2DM. As demonstrated in Table 8.1, there was no 

statistically significant difference between those with and without T2DM in any of the 

presented demographic data (apart from HbA1c, as expected). 

Of those 18 participants with T2DM, four were diet controlled and the mean duration 

since diagnosis was 6.2 years (range 1-16 years). It is noted that the sub group of 

those with T2DM is likely to have a lower mean time since diagnosis then the general 

population of those with T2DM. As research participants, these participants are also 

likely to have better controlled diabetes and this is reflected by HbA1c results in the 

T2DM group (mean 53 mmol/mol; SD 7.2; range 41 to 68) generally being close to the 

diagnostic threshold for T2DM of 48 mmol/mol (328). Similarly only one participant with 

T2DM demonstrated neuropathy using microfilament and neurothesiometry 

assessment on the plantar surface of the foot. There was also very little indication of 

nephropathy amongst the T2DM sub group, with only three participants with T2DM 

returning urine ACR results above the commonly used threshold of 3mg/mmol, and 

with the lowest eGFR result 50 ml/min/1.73m². Eight participants with T2DM were on 

statin medications to reduce cholesterol, with three also on anti-hypertensive drugs 

(Ramipril or Amlodipine). No non-diabetics were on these medications. 

Nevertheless, there was a statistically significant difference in HbA1c (p<0.001; 

independent t-test) to allow comparison between subgroups, whilst there was little 

evidence of differences between sub groups for some of the key potential confounders 

in bone health (such as Vitamin D levels, parathyroid hormone levels, age, sex, BMI, 

and ethnicity), as demonstrated in Table 8.1.  

8.2.1.2 Sex 

There was little evidence of differences between sexes for most key demographics. 

Exceptions were significant differences with shorter height and lower weight in females 
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(but with no significant difference in BMI), and smaller ankle circumference but higher 

percentage fat content at the lower leg in females (as measured with DXA). Results 

are presented in Table 8.2. 

Table 8.2: Summary of key demographics for recruited participants, including sub 

group date based on sex. Results presented are means with standard deviation in 

parentheses. p-values are from independent t-tests between sexes (* denotes 

statistical significance). 

 Total  
(N=36) 

Male  
(n=22) 

Female 
 (n=14) 

p-value 
between  
sub groups 

Age (years) 62.0 (8.4) 61.8 (9.4) 62.3 (7.0) 0.86 

Height (m) 1.70 (0.09) 1.74 (0.08) 1.63 (0.06) <0.001* 

Weight (kg) 76.8 (11.3) 80.2 (9.5) 71.54 (12.3) 0.02* 

BMI (kg/m2) 26.5 (2.9) 26.3 (2.4) 26.7 (3.6) 0.72 

Diastolic Blood 
Pressure (mmHg) 

77 (9) 77 (7) 77 (7) 0.92 

Systolic Blood 
Pressure (mmHg) 

133 (17) 134 (17) 
 

131 (17) 
 

0.60 

Pulse (beats/min) 64 (9) 62 (9) 
 

68 (7) 0.05* 

Resting Arterial 
Oxygen Saturation 
(%) 

97 (1) 97 (1) 
 

98 (2) 0.06 

Resting Foot 
Temperature (°C) 

28.8 (2.1) 28.7 (2.0) 
 

28.9 (2.2) 0.80 

Knee Circumference 
(mm) 

379 (26) 378 (20) 382 (33) 0.63 

Calf Circumference 
(mm) 

372 (26) 373 (22) 369 (31) 0.62 

Ankle Circumference 
(mm) 

251 (16) 257 (13) 242 (17) 0.01* 

Right Ankle Brachial 
Index 

1.26 (0.16) 1.26 (0.17) 1.26 (0.14) 0.91 

Left Ankle Brachial 
Index 

1.24 (0.13) 1.23 (0.14) 1.24 (0.12) 0.82 

Tibial Length (cm) 37.9 (3.1) 38.7 (3.5) 36.7 (2.0) 0.07 

Lower Leg Fat 
Content (%) 

25.2 (9.8) 19.1 (3.9) 34.9 (8.4) <0.001* 

HbA1c (mmol/mol) 45 (10) 45 (11) 
 

44 (9) 0.83 

Vitamin D (nmol/L) 61 (25) 62 (28) 
 

60 (21) 0.85 

Parathyroid Hormone 
(pmol/L) 

4.2 (1.2) 4.4 (1.3) 
 

3.8 (1.1) 
 

0.21 

T2DM Duration 
(years) 

6.2 (4.5) 
(n=18) 

7.2 (5.1) 
(n=11) 

4.7 (3.2) 
(n=7) 

0.27 

Estimated Glomerular 
Filtration Rate 
(ml/min/1.73m²) 

77.7 (11.9) 78.7 (11.5) 76.1 (12.9) 0.54 

Menopausal Duration 
(years) 

n/a n/a 14.4 (10.4) 
 

n/a 
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8.3 NIRS results 

8.3.1: Statistical assumptions 

Pearson’s correlations have been used for comparing NIRS haemodynamic markers 

with other demographic variables and tests of bone health, as any relationships 

observed are expected to be linear (as will be confirmed by observing scatterplots). All 

r-values reported in Chapters 8, 9 and 10 are from Pearson’s correlation analysis. The 

following statistical assumptions (329) for the use of Pearson’s correlation have been 

met for its use throughout Chapters 8, 9 and 10: 

- All data are continuous. 

- Outliers have been assessed and results are presented with and without the 

outlier in cases where outliers are believed not to be resulting from 

measurement error, but are influencing associations disproportionately. 

- All variables are normally distributed. This has been confirmed using the 

Shapiro Wilk test for each continuous variable. 

Sub group analysis has also been performed using independent t-tests comparing 

continuous variables of NIRS and bone health markers against categorical variables 

T2DM status and sex. The following statistical assumptions (286) have been met: 

- Groups are independent without overlap and as such all observations are 

independent. 

- Variance is similar in the sub-groups being compared, confirmed using Levene’s 

test and as demonstrated in Tables 8.1 and 8.2. 

- All continuous data are normally distributed, again confirmed with use of the 

Shapiro-Wilk test for each continuous variable sub group. 

For analysis of differences between the lateral calf and proximal tibia, paired t-tests 

have been used with the above assumptions regarding variance and normality met, 

with the difference between paired measurements also assessed for normality using 

Shapiro-Wilk tests (286). 

8.3.2: Summary of NIRS markers  

As discussed in Chapter 7.1, the seven arterial occlusion (AO) haemodynamic markers 

presented in Figure 8.1 have been adopted for further analysis in Chapters 8, 9 and 

10, based on physiological relevance and having demonstrated suitable reliability in 

Chapter 7. 
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Figure 8.1: Graphical display of the haemodynamic parameters adopted for analysis 

in Chapters 8, 9 and 10. 

[1] Baseline TOI at rest prior to the occlusion (TOI_rest; (%)) 

[2] Rate of TOI decrease in the last 60s of occlusion (TOI_DO_ 60s (%/s)) 

[3] Rate of HHb increase in the last 60s of occlusion (HHb_DO_60s (µM.cm/s)) 

[4] Absolute change in O2Hb during the occlusion (µM.cm; O2Hb_DO_absΔ) 

[5] Maximal absolute change in TOI post occlusion (TOI_PO_absΔ (%)) 

[6] Rate of O2Hb increase in first 20s post occlusion release (O2Hb_PO_20s 

(µM.cm/s)) 

[7] Maximal absolute change in O2Hb post occlusion (O2Hb_PO_absΔ (µM.cm)) 

8.3.3: Summary of NIRS results  

Table 8.3 presents the summary statistics of NIRS haemodynamic markers at the 

proximal tibia and lateral calf. As was identified in Chapter 5, there was a strong 

statistically significant difference between measurements taken at the proximal tibia 

and lateral calf, with the calf demonstrating stronger during occlusion (DO) and post 

occlusion (PO) responses. Of the 36 participants, 34 contributed AO data. One 

participant could not tolerate the arterial occlusions. For the tibia, one participant’s data 

were removed due to a system error affecting all data (the system was not recording 

nTHI data). For the lateral calf, one participant had all data excluded as all AO attempts 

resulted in data with nTHI changes greater than 15%. 
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Table 8.3: Summary of NIRS haemodynamic markers. Results presented are means 

with standard deviation in parentheses. Mean difference, 95% confidence intervals of 

differences, and p-values from paired t-tests between anatomical sites are also 

presented for each NIRS marker (* denotes statistical significance of p–value <0.05).  

NIRS Marker Proximal Tibia 

(N=34) 

Lateral Calf 

Muscle (N=34) 

Paired t-test mean 

difference (95% CI) 

TOI_rest  

(%) 
77.1 (4.0) 68.0 (3.5) 

9.2 (7.3-11.0);  

p<0.001* 

TOI_DO_60s  

(%/s) 
-0.027 (0.007) -0.063 (0.024) 

0.036 (0.026-0.046); 

p<0.001* 

HHb_DO_60s 

(µM.cm/s) 
0.321 (0.104) 0.957 (0.463) 

0.636 (0.473-0.799); 

p<0.001* 

O2Hb_DO_absΔ 

(µM.cm) 
-102.8 (53.8) -194.7 (99.1) 

91.9 (53.3-130.5);  

p<0.001* 

TOI_PO_absΔ 

(%) 
8.2 (2.3) 24.0 (7.7) 

15.9 (12.9-18.9); 

p<0.001* 

O2Hb_PO_20s 

(µM.cm/s) 
7.56 (2.99) 20.20 (8.45) 

12.64 (9.87-15.41); 

p<0.001* 

O2Hb_PO_absΔ 

(µM.cm) 
188.7 (55.9) 381.5 (136.8) 

192.8 (147.1-238.6); 

p<0.001* 

 

Figure 8.2 also demonstrates these markers graphically for both the proximal tibia and 

lateral calf, stratified by sex. Females had significantly reduced oxygen extraction 

during occlusion at the lateral calf as indicated by statistically significant differences for 

all three DO markers based on independent t-tests (p<0.05). These were also reduced 

at the proximal tibia but only statistically significant for the O2Hb_DO_absΔ marker 

(p<0.001). Both O2Hb_PO_20s and O2Hb_PO_absΔ markers demonstrated 

statistically significant differences between sexes at both the proximal tibia and the 

lateral calf (p<0.05), with a reduced PORH response in females compared with males, 

whilst TOI_PO_absΔ was only significantly different at the lateral calf.  

There was little evidence of differences between those with and without T2DM for any 

markers at either the lateral calf or the proximal tibia. 
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Figure 8.2: Summary of mean haemodynamic markers for both the proximal tibia 

and lateral calf stratified by sex (male = blue (n=22); female = pink (n=14)). Error bars 

represent 95% confidence intervals of mean values, * denotes statistically significant 

differences (p-value <0.05) based on independent t-tests between sexes. 
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There were some statistically significant associations of interest between 

haemodynamic NIRS markers and the demographics presented in Table 8.1. There 

was a statistically significant positive association between percentage fat content in 

the lower leg and resting TOI at the lateral calf (r=0.54; p=0.001). Percentage fat 

content in the lower leg was also significantly negatively associated with all DO and 

PO NIRS markers taken at the lateral calf, with Pearson’s r-values ranging in 

magnitude from 0.61-0.79 (p<0.001), meaning higher percentage fat content in the 

lower leg associated with lower oxygen extraction response DO, and lower PO 

response upon occlusion release. Similar significant associations were also seen with 

DO and PO O2Hb markers at the proximal tibia (Pearson’s r-values ranged in 

magnitude from 0.44 to 0.63; p≤0.01; see Table 8.4), but not for TOI and HHb markers.  

However, higher fat content in the leg may be confounding for sex-dependent effects 

as there was also significant differences in percentage fat content in the lower leg 

between males and females (p<0.001, independent t-test). Partial correlation analysis 

indicates that sex does confound associations between DO and PO O2Hb markers of 

the proximal tibia and percentage fat content at the lower leg. These associations 

become non-significant when adjusting for the influence of sex. However significant 

negative associations still exist between AO markers at the lateral calf and percentage 

fat content at the lower leg, even controlling for sex (see Table 8.4).  

Table 8.4: Pearson correlation r-values between lower leg percentage fat content and 

O2Hb DO and PO NIRS markers taken at the proximal tibia and lateral calf. Partial 

correlation coefficients are also presented adjusting for sex. Asterisks indicate a 

statistically significant correlation with p-value <0.05 (N=34). 

Proximal Tibia O2Hb_DO_absΔ O2Hb_PO_20s O2Hb_PO_absΔ 

Lower Leg % Fat Content 
 

0.63* -0.44* -0.57* 

Lower Leg % Fat Content 
(partial correlation adjusting 
for sex) 

0.12 -0.33 -0.06 

 

Lateral Calf O2Hb_DO_absΔ O2Hb_PO_20s O2Hb_PO_absΔ 

Lower Leg % Fat Content 
 

0.61* -0.79* -0.76* 

Lower Leg % Fat Content 
(partial correlation adjusting 
for sex) 

0.57* -0.68* -0.59* 
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Associations between age and NIRS markers were also of interest. As the healthy 

participants testing as part of protocol development work (presented in Chapter 5) were 

generally of a younger age, it was deemed appropriate to merge these data to look at 

a wider age range (21-71 years; N=51). None of the AO parameters were significantly 

associated with age. However, interestingly age was significantly negatively 

associated with resting TOI values at both the proximal tibia (r=-0.45; p=0.001) and the 

lateral calf (r=-0.51; p=<0.001). It appears resting TOI is reduced with age in both 

tissues, as demonstrated in Figure 8.3. 

 

Figure 8.3: Association between resting TOI and age at the proximal tibia (r=-0.45; 

p=0.001) and the calf (r=-0.51; p=<0.001) with associated lines of best fit. 

8.3.3.1: During occlusion (DO) versus post occlusion (PO) NIRS results 

At the lateral calf, the rate of reoxygenation upon occlusion release (O2Hb_PO_20s) 

strongly correlated with the two markers representing rates of deoxygenation during 

occlusion (TOI_DO_60s and HHb_DO_60s; r=-0.84 (p<0.001) and r=0.90 (p<0.001) 

respectively). Non-significant weak associations with O2Hb_PO_20s were seen at the 

proximal tibia between TOI_DO_60s (r=0.04; p=0.85) and HHb_DO_60s (r=0.16; 

p=0.37). These relationships are demonstrated graphically in Figure 8.4. It appears the 

weak associations at the proximal tibia are influenced by the relatively low variance 

within the cohort for these two DO markers. 
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 (a)  

(b)  

Figure 8.4: (a) Graph demonstrating weak non-significant correlation at the proximal 

tibia between O2Hb_PO_20s and HHb_DO_60s (r=0.16; p=0.37). The correlation at 

the lateral calf is strong and statistically significant (r=0.90; p<0.001). (b) Graph 

demonstrating weak non-significant correlation at the proximal tibia between 

O2Hb_PO_20s and TOI_DO_60s (r=0.04; p=0.85). The correlation at the lateral calf is 

strong and statistically significant (r=-0.84; p<0.001).   
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The absolute change in O2Hb concentration during occlusion (O2Hb_DO_absΔ) 

correlated strongly with the absolute change in O2Hb concentration post occlusion 

release (O2Hb_PO_absΔ; (r=-0.91; p<0.001) at the lateral calf. Although weaker, this 

correlation was statistically significant at the proximal tibia (r=-0.70; p<0.001). These 

associations are presented in Figure 8.5. 

 
Figure 8.5: Graph demonstrating the strong correlation of both the proximal tibia (r=-

0.70; p<0.001) and lateral calf data (r=-0.91; p<0.001) between O2Hb_DO_absΔ and 

O2Hb_PO_absΔ with associated lines of best fit. 

As expected, after occlusion release in both the tibia and calf, the rate of O2Hb recovery 

(O2Hb_PO_20s) correlated strongly with the absolute O2Hb concentration change 

(O2Hb_PO_absΔ) (r= 0.88; p<0.001 and r=0.98; p<0.001, respectively). This suggests 

that the rate and extent of reoxygenation are linked during recovery from ischaemic 

events. 

8.3.3.2: Proximal tibia versus lateral calf NIRS results 

NIRS results at the lateral calf during occlusion generally correlated weakly with the 

proximal tibia, with the strongest association found for HHb_DO_60s (r=0.21; p=0.24). 

There was a moderate correlation between the tibia and calf for post occlusion markers 

O2Hb_PO_20s (r=0.46; p=0.009) and O2Hb_PO_absΔ (r=0.41; p=0.02). These 

associations are presented in Figure 8.6.  
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(a)   

(b)   

Figure 8.6: Scatter plots with associated lines of best fit demonstrating the moderate 

but statistically significant correlations between the proximal tibia and lateral calf for 

the (a) O2Hb_PO_20s marker (r=0.46; p=0.009) and (b) the O2Hb_PO_absΔ (r=0.41; 

p=0.02) marker.  
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8.3.4: Participant acceptability of arterial occlusion protocol 

No serious complications were observed resulting from the AO protocols carried out 

on participants, although the protocol could leave temporary red marks on the skin due 

to compression, and participants were pre warned about this. Participants were asked 

about their thoughts on the AO protocol following participation in the study. Specifically, 

participants were asked to score the occlusion at its most painful using a pain scale of 

0-10, with 10 being the worst pain they had experienced. This question highlighted the 

high variability in subjective experience from participants observed during testing. 

Scores ranged from 1-9 with a mean score of 6.4 (SD 2.4). 

There are a number of possible contributing explanations to this variability in 

experience. Pain scoring systems may be more suited for monitoring longitudinal 

changes in pain within participants rather than comparing pain experienced between 

participants. How a participant scores pain can be influenced by many factors including 

their past experiences with pain and general anxiety levels relating to participation in 

the study. There is some evidence also suggesting differing pain thresholds based on 

physiological differences based around age and sex (330, 331). 

Anecdotally, most participants were generally more comfortable with the arterial 

occlusions on the second attendance, suggesting there is a psychological element to 

experiencing more pain during an arterial occlusion when it is an unfamiliar experience. 

Participants also suggested some distraction techniques that could help such as 

listening to music, reading or mindfulness techniques. These may help, but caution 

needs to be exercised that the participant remains in a resting state for testing and 

does not inadvertently move their leg.  

Participants were also asked to comment on whether they thought they would 

participate in an AO test if it would provide information on their bone health in a 

screening situation. Most participants agreed they would, provided they considered the 

potential clinical gain was worth the discomfort. This feedback is confounded by the 

sample being those who are willing to volunteer for such research, and some 

participants commented that they knew others who would not tolerate the protocol. The 

fact the protocol was uncomfortable but not potentially harmful was an important 

consideration highlighted by one participant. Another participant commented that a 

thorough explanation at the point of consent was also important (and had been 

provided). 
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8.4: Discussion of NIRS results 

Figure 8.7 presents a summary of key trends from the NIRS results reported in Section 

8.3. The results in this section have reiterated the significant differences identified in 

Chapter 5 between haemodynamic markers from what is likely to represent both 

muscle and bone tissue haemodynamics at the lateral calf and proximal tibia 

respectively. Furthermore, analysis presented in this chapter has also given 

confidence in the application of NIRS in this project, as results were generally in 

keeping with the existing evidence base, which is more established when looking at 

the lateral calf muscle and which will be discussed in this section.  

Variable Tibia  
(vs Calf) 

T2DM  
(vs non-T2DM) 

Female  
(vs Male) 

Increasing 
Fat % in 
Lower Leg 

Increasing 
Age 

NIRS DO 
Markers 

↓ ↔ ↓ ↓ ↔ 

NIRS PO 
Markers 

↓ ↔ ↓ ↓ ↔ 

Resting 
TOI 

↑ ↔ ↓ ↑ (calf only) ↓ 

Fat % in 
Lower Leg 

 ↔ ↑  ↔ 

Figure 8.7: Summary trends from Section 8.3. Arrows indicate statistically significant 

differences between groups, or associations between continuous variables of interest. 

Both the rate and extent of O2Hb response post occlusion release were strongly 

correlated at both the proximal tibia and the lateral calf as expected, and as also 

demonstrated at the calf by Rosenberry et al. 2018 (79) using occlusion protocols. This 

study makes an interesting point that if future research is interested specifically in 

PORH response differences between participants, it may be worth controlling for the 

metabolic use of oxygen during the occlusion. This way post occlusive response will 

not be confounded by differences in the metabolic oxidative capacity of different 

participants. Rosenberry et al. 2018 showed that when controlling for increased oxygen 

extraction in younger participants by using a shorter occlusion time, there was little 

evidence of differences between elderly participants in terms of PORH response (79). 

At the proximal tibia, DO NIRS parameters were weakly associated with PO markers. 

This may be expected with the weaker magnitude of responses in bone, but may also 
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be due to potential unique regulatory mechanisms in bone, limiting increased blood 

flow capabilities in physiological response to ischaemia in bone, as previously 

discussed previously in Section 5.6.2 (294, 332). 

At the lateral calf, DO NIRS parameters correlated strongly with PO markers. The 

evidence base seems to support healthier tissue having a stronger response both DO 

and PO. Literature looking at runners suggests oxygen extraction rates increase with 

increased general fitness (283, 333). Conversely, studies have demonstrated reduced 

oxygen consumption rates and hyperaemic response in those with sepsis, and in 

smokers (272). Adelnia et al 2019 concludes that reduced oxidative capacity may be 

influenced by reduced mitochondrial function and density, or potentially a reduced 

microvascular blood volume and capillary density at rest (334). A murine study by Frikha-

Benayed et al 2016 suggests similar variation in oxidative capacity may exist within 

bone, where mitochondrial density and the function of osteocytes was variable 

depending on cell age and location within the cortex (335). 

Duteil et al 2004 (336) reports that trained athletes had a higher concentration of 

myoglobin in skeletal muscle, which was associated with more efficient oxidative 

metabolism (i.e. creatine phosphorylation) and greater vascular reactivity during 

exercise. Although the role of myoglobin is generally considered not definitively 

understood, the results of Duteil et al 2004 suggest an improved efficiency in oxygen 

regulation in healthier muscle tissue during ischaemic challenge. 

There also has been demonstrated to be a higher capillary density in muscle of 

athletes, which may explain the stronger and faster PORH of those with a lower fat 

percentage in the lower leg (337). There is some encouraging research that similar 

results may extend to bone tissue. Stabley et al 2014 demonstrated in a murine model 

that exercise training led to a stronger hyperaemic response in the femoral diaphysis 

(338). Rats have also shown increased capillary density in muscle (293) and cortical bone 

(8) with exercise, with the latter found to precede positive changes to BMD. 

8.4.1: Sex 

Whilst sex-based differences to AO response in muscle were not found in the evidence 

base, studies comparing sex-based differences to ischaemia-inducing exercise have 

found a stronger desaturation response in males using NIRS (339-341) , in line with results 

found at the lateral calf in this chapter. In particular, the rationale for one of these 

studies (Paradis-Deschenes et al. 2017) is based on the known reduced response 
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observed in females during ischaemia-inducing exercise (340). Sader et al 2002 argue 

that oestrogen has been shown to stimulate NO synthase, meaning females may have 

physiologically different coping mechanisms for ischaemic events, leading to lower DO 

and PO responses indicated by NIRS (29). 

There is no existing evidence specifically addressing sex differences to ischaemic 

response in bone tissue. However Siamwala et al 2017 observed greater response in 

males when undergoing positional changes (head down tilt) and lower body negative 

pressure for 10 minutes (204). Differences observed in resting TOI at the proximal tibia 

between sexes in this chapter were also in line with Siamwala et al. 2017, which reports 

resting mean TOI values at the proximal tibia of 73.5% (SD 7.2) for females and 76.8% 

(SD 6.3) for males (204). Farzam et al 2014 found resting TOI at the manubrium was 

2% higher in males (56). 

Mantooth et al 2018 demonstrated sex-specific differences with greater deoxygenation 

in males than females during forearm exercises of comparable intensity. The authors 

contend this may be due to differences in muscle mass and/or morphology (339). Kao 

and Sun 2015 also postulate that differences in muscle to fat ratios in the sampled 

tissue may contribute to sex-based differences. This study found males were two-fold 

more vaso-reactive to superficial temperature changes induced using far-infrared 

illumination (342).  Unfortunately indicators of muscle morphology, including exercise 

levels or general fitness, were not recorded in this study. 

8.4.2: Percentage fat content in the lower leg 

Sex-based differences at the proximal tibia and lateral calf may be partially explained 

by the significantly higher percentage fat content in the lower leg of female participants, 

either directly influencing NIRS measurements within the measured volume, or 

indirectly if related to reduced muscle strength and/or cardiovascular health in female 

participants. It is expected that females may have a greater proportion of fat in the 

lower limbs due to the known sexual dimorphism of fat distribution (343), and that 

females may have a greater total body fat percentage even when controlling for activity 

levels (344). On the other hand, Lorbergs et al 2015 (313) presents data demonstrating 

negative associations between increased intra and inter muscular fat and markers of 

physical performance and activity within an all-female cohort. This study also 

demonstrates a negative association between increased intra-muscular fat at the calf, 

and markers of tibial bone health (313). Gomes et al 2017 demonstrate capillary 



236 
 

rarefaction at the soleus muscle in sedentary rats with increased intramuscular fat, 

likely to reduce the efficiency of oxygen extraction DO and reduce the extent of PORH 

response (345). Karampinos et al 2017 also discusses evidence that increases in 

visceral fat can lead to increased fat fraction in bone marrow, impacting negatively on 

bone health (22). 

It is possible that the increased fat content observed in females may not be intra 

muscular but may be related to increased superficial fat thickness at measurement 

sites with NIRS, systematically reducing NIRS changes due to the reduced metabolism 

of adipose tissue (346). However, there was no obvious associations between NIRS 

markers and calf circumference or BMI. Taking more objective measurements of 

superficial tissue thickness at the proximal tibia with callipers was abandoned in this 

study at the protocol development phase, predominantly because these were difficult 

measurements to take on healthy participants, as there was often a very small 

superficial thickness to measure, and because compression was likely anyway with 

probe placement. Superficial tissue thickness could be observed on axial MRI scans 

and it was observed that when the skin marker was applied with tape, using similar 

gentle pressure to the bandage used to stabilise NIRS probe placement, that 

superficial tissue thickness generally became very small (circa up to 8-10 millimetres 

maximum). This analysis was not formalised as it was felt there were too many 

potentially influential variables such as error in replicating the exact location and 

pressure of NIRS probes used in testing. However, examples are presented in Figure 

8.8. 

The evidence base is divided on how much superficial tissue might influence NIRS 

measurements taken on bone. As discussed in Chapter 3, three studies conducted 

small experiments to rule out the confounding effects of overlying tissue by selectively 

altering superficial tissue haemodynamics either through the localised introduction of 

vasodilating or vasoconstricting elements such as gentle compression (77), cold packs 

(186), nitro-glycerine patches (77) and liniment (83).  Whilst only illustrating that superficial 

tissue does not significantly contribute to measurements, these studies concluded that 

their systems were a suitable tool for measuring haemodynamics in superficial bone 

tissue. Farzam et al 2014 also found little evidence of association between skin tissue 

thickness and NIRS measurements taken (56). Conversely, Klasing et al. 2003 does 

report a significant negative correlation between superficial tissue thickness and 

markers of oxygen consumption taken at the tibia using a NIRS system (185). However, 
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in the latter study there is difficulty in teasing out whether systematic differences are 

directly related to increased superficial tissue layers or reflect a systemic decrease in 

microvascular function and health that may relate with increased systemic adiposity.  

a)  b)      

Figure 8.8: Examples of soft tissue thickness in the participants with the (a) smallest 

(314mm) and (b) greatest (412mm) calf circumference measured. With the probe 

spacing of 40mm used, NIRS measurements reflect a depth of up to 20mm (16), which 

is indicated on the images with red arrows, demonstrating NIRS penetration to the 

centre of the tibia. 

Elwell 1995 argues the reduced absorption coefficient of fat relative to muscle (0.003 

mm-1 versus 0.025 mm-1 (68)) is also suggestive of minimal attenuation effects of 

superficial adipose tissue to measurements of deeper tissue (2). In the context of 

cerebral NIRS, Kohri et al 2002 calculated using time resolved NIRS that with 

interoptode spacing of four centimetres, 69% of signal detected would be attributable 

to cerebral tissue despite overlying skin and skull tissue (347). 

It was felt in this PhD project that recruiting healthy weight participants (and observing 

only non-significant associations between NIRS measurements and calf circumference 

or BMI) was enough to rule out significant influence from overlying soft tissue. This 

decision also took consideration of previous evidence supporting that firm pressure 

with probes is a sensible approach to removing the influence of overlying tissue on 

measurements (56). As discussed in Section 5.6.2 and Appendix H, the absence of a 

PORH response in NIRS TOI measurements at the tibia also suggests minimal 

contribution from overlying soft tissue, as both skin and adipose tissue have been 

evidenced to show PORH response (65, 292).  
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8.4.3: Age 

It was of interest to investigate for any associations between NIRS markers and age. 

Age has been found to be associated with increased endothelial dysfunction with lower 

levels of endothelium derived nitric oxide (NO) and lower levels of endothelial derived 

dilatory prostaglandins during ischaemic events, reducing vasodilatory response and 

the extent of reactive hyperaemia (29, 79). However, occlusion protocols at the calf and 

proximal tibia presented in this chapter found little evidence of associations between 

NIRS markers and age for any DO or PO markers. Olive et al 2002 also found older 

participants (>60 years) had no difference in post ischaemic recovery at the calf 

compared with younger participants (<40 years) and identified that activity levels and 

general fitness may be more influential than age for preserving vascular function (348). 

Moderate physical activity is proposed to be protective of cardiovascular function and 

so in our cohort of relatively healthy, non-obese participants, any age related 

differences may not have been as prominent. 

Significant negative correlations were observed between age and resting TOI at both 

the lateral calf and the proximal tibia. This conflicts with Binzoni et al 2003, which only 

found this association at the calf and not the tibia, although this study used a smaller 

cohort of 13 participants (189). Costes et al 1999 also found lower resting TOI at the 

vastus lateralis muscle with aging, despite little evidence of differences with age in 

ischaemic recovery post AO. Without impaired vascular regulation, it was concluded 

by the authors that reduced TOI is most likely related to reduced capillary density 

and/or lower blood flow rates, meaning muscle at rest has reduced arterial oxygen 

supply leading to a reduced resting TOI, independent of vascular reactivity to 

ischaemic events (349). Binzoni et al 2003 supports this, arguing that resting TOI in 

muscle may be more effected by aging due to its faster resting metabolism than bone 

(189). 

8.4.4: T2DM 

Perhaps one expected observation that did not eventuate was a difference in DO and 

PO markers between those with and without T2DM. There was no existing evidence 

identified utilising NIRS regarding differences in bone tissue in those with and without 

T2DM. However differences in bone marrow microvascular density and perfusion 

associated with diabetes have been identified in murine studies (26, 315). Significant 

differences in NIRS-derived parameters in muscle between those with and without 
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T2DM are well documented in the evidence base whilst undergoing ischaemic inducing 

exercise, particularly with slower recovery post-ischaemia expected in those with 

T2DM (350-352). Thorn et al. 2016 argues that oxygen extraction DO NIRS markers may 

be altered in those with T2DM in muscle and skin if endothelial response or 

mitochondrial function is impaired (65). It may be that in our case, the sampled 

population of T2DM participants was too small to observe a significant difference. 

Perhaps more likely is that the T2DM population sampled generally had well controlled 

T2DM with relatively short duration and a lack of relevant co-morbidities (such as 

obesity or diagnosed peripheral arterial disease). 

8.5: Conclusion 

The NIRS results presented in this chapter suggest some DO and PO NIRS markers 

taken at the proximal tibia are associated with each other. Likewise the rate and extent 

of post ischaemic response has shown to be associated as expected. NIRS results 

identified significant differences between calf muscle and the proximal tibia, whilst also 

still showing associations between measurements at the two anatomical sites. 

Differences between sexes were demonstrated at both anatomical sites, although 

failed to identify any significant differences between those with and without T2DM. 

Results from the seven haemodynamic markers presented in this chapter will now be 

compared with DCE-MRI parameters in Chapter 9, and markers of bone health in 

Chapter 10. 
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Chapter 9: MRI validation results 

This chapter will summarise MRI spectroscopy results (Section 9.1) and dynamic 

contrast enhanced MRI (DCE-MRI) results (Section 9.2). Comparison of DCE-MRI 

results with NIRS-derived haemodynamic markers will also be presented in Section 

9.3. Associations of interest will be presented with discussion of potential explanatory 

relationships based on the results obtained, and the existing related evidence base, in 

Section 9.4. 

9.1: MRI spectroscopy (MRS) results 

Thirty-five participants contributed MRS data. There was one set of missing data as 

the participant was unexpectedly not suitable for MRI due to an anterior cruciate 

ligament knee repair that unexpectedly caused too much artefact on MRI scans. Table 

9.1 presents summary data of bone marrow fat fraction amongst participants, including 

for subgroups of interest based on sex and T2DM status. This table demonstrates there 

was little evidence of differences between sub-groups using independent t-tests. 

Likewise no statistically significant associations were observed between MRS fat 

fraction and any haemodynamic markers obtained with NIRS; nor between fat fraction 

and other markers of bone health such as DXA measurements, TBS, FRAX, age, CTX, 

or P1NP. Figure 9.1 provides an example of the output data from the MRS protocol.  

Table 9.1: Summary of mean MRS percentage fat fraction (%) of bone marrow at the 

proximal tibial site of NIRS measurements, including sub groups based on T2DM and 

sex status (standard deviation in parentheses). p-values are from independent t-tests 

of the corresponding subgroups. 

 Total  
(N=35) 

T2DM  
(n=18) 

Non-T2DM  
(n=17) 

p-value between  
sub groups 

MRS Fat Fraction (%) 96.1 (1.8) 96.1 (1.8) 96.1 (1.9) 0.93 

 
 Total  

(N=35) 
Males  
(n=21) 

Females  
(n=14) 

p-value between  
sub groups 

MRS Fat Fraction (%) 96.1 (1.8) 96.1 (2.0) 96.1 (1.4) 0.84 
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Figure 9.1: Example MRI spectroscopy data from the proximal tibia demonstrates 

comparable spectra to the trabecular bone of the distal femur (VOI 2) reproduced with 

permissions from Machann et al 2008 (133). 

9.1.1: Discussion of MRS results 

Although MRS does not directly image bone haemodynamics, results were of interest 

to investigate the relative fat content (i.e. fat fraction) of the bone marrow within the 

volume of tissue measured with NIRS. It has been demonstrated in the evidence base 

that increases in the fat fraction of bone marrow is known to associate with reduced 

bone mineral density (34, 125). Fat fraction within bone marrow has also been found to 

negatively correlate with bone perfusion (126). Relative increases in marrow fat suggests 
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a corresponding decrease in red erythropoetic marrow, tying in with the observed 

negative correlation in reduced bone perfusion in previous studies (43, 127).  

MRS data could also be used to elucidate the type of marrow being sampled within the 

NIRS volume based on the fat fraction obtained. Yellow marrow is known to chemically 

constitute of around 80% lipids, with red marrow typically 40-60% lipids, with the 

remaining tissue consisting predominantly of water, as well as protein (including 

haemoglobin) (22, 353). Water signal stems predominantly from fluid in cellular tissue, 

interstitial fluid, and blood within the circulation of the marrow (133). 

The MRS results presented in Table 9.1 have demonstrated a very high fat fraction in 

all participants with a narrow range of results (from 91.2% to 98.5%). As such, MRS 

data has proven useful in determining that NIRS has likely been sampling yellow 

marrow at the proximal tibia for all participants. This was one of the initial objectives 

for including an MRS sequence into MRI data collection. This finding supports the 

observations that DCE-MRI enhancement patterns also follow that of yellow marrow, 

discussed in Section 9.4.5 with reference to Budvik et al 2014 (109), who found that red 

bone marrow in the hip had faster perfusion, earlier washout of contrast, and greater 

blood volume than yellow bone marrow. 

The initial selection of the proximal tibia over the tibial diaphysis as the primary 

anatomical site of interest for NIRS measurements was partly justified in that it may 

better represent trabecular bone and potentially red marrow at the metaphysis of this 

long bone. The bone marrow of peripheral long bones is known to be predominantly 

red marrow in infancy (133), with conversion to yellow marrow into adulthood, occurring 

initially in the diaphysis and epiphyses, and finally in the metaphyseal areas (22). As 

such, red marrow would be most likely found at the proximal tibia site around the 

metaphyseal area of the proximal tibia. However, the MRS results presented support 

Vandeberg et al 1998  (353), who report changes in the location of red marrow with 

maturity culminating typically to negligible red marrow in the distal femur and entire 

tibia after 25 years of age. From this age onwards, red marrow is typically concentrated 

in the axial skeleton. Future research into the anatomically superficial sternum may be 

of interest in the future, allowing direct comparison between NIRS measurements and 

a known red marrow site prevailing through adulthood. Although the proximal tibia has 

been shown to represent yellow marrow, it is still arguably the optimal site for 

comparison in this PhD study, as it still represents trabecular bone and has other 

advantages in terms of the ease of positioning, suitability for the arterial occlusion 
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protocol, precedence in the evidence base, and greater bone volume for NIRS 

sampling relative to the tibial diaphysis. 

The small range of fat fraction amongst the sample population may also be beneficial 

when considering DCE-MRI results. Biffer et al 2010a (354) suggests marrow fat fraction 

is a potential confounder for DCE-MRI parameters and proposes consideration of 

correction factors based on fat fraction, which may be highly variable at red marrow 

sites. This may be particularly important for longitudinal studies where changes in 

DCE-MRI parameters may be confounded by physiological changes in marrow 

composition. McCarthy 2006 reports a wide variation in blood flow rates between 

cancellous bone containing red marrow (approximately 20mL/min/100g) and yellow 

marrow (approximately 1mL/min/100g) in microsphere-based animal studies (23). 

Moorthi et al 2015 reports a marrow fat percentage at the tibial diaphysis of 84.8% (SD 

2.6) in five healthy controls of similar age using a comparable MRS protocol (355). This 

is more in keeping with the wider published literature estimating lipid chemical 

composition to be approximately 80% in yellow marrow (22, 353). However Jensen et al 

1990 has previously reported tibial fat fractions of mean 94% (range 92-99%) in 19 

normal adult controls, more closely replicating results from this PhD study (356). 

Furthermore, two studies were identified reporting negligible water peaks with MRS 

when assessing the differences in lipid characteristics in tibial bone marrow in adult 

populations (357, 358).  

MRS data has not been successful at demonstrating correlations with NIRS markers 

(or any other measurements of interest). This is likely to be explained by the small 

range of fat fraction results within the cohort, with correlation results known to be 

reduced by sample populations with small variance (298). Associations are also 

complicated by the physiological comparisons being made. MRS presents the 

chemical composition of the measured volume of bone marrow, where BMD is 

predominantly representative of cortical bone, and NIRS is representative of vascular 

reactivity with influence from blood volume and/or capillary density. Whilst it may be 

hypothesised these measurements would be indirectly linked, and there is previously 

discussed precedence for the association between fat fraction, bone density, and 

microvascular haemodynamics in bone; it remains that they measure fundamentally 

different elements of bone health. 
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It was observed that there was little evidence of differences between sexes in sub 

group analysis. There are evidenced differences in the onset and rate of age-related 

changes in marrow conversion from red marrow to yellow marrow. Initially during 

adulthood, marrow fat is 10-15% more abundant in males due to conversion of red 

marrow, however post menopause red marrow is rapidly converted in females (22, 123). 

With all females in the sample population post-menopausal, and the mean age 62 

years (SD 8) it seems plausible that sex-dependent differences were negligible in the 

sampled population. 

9.1.2: Limitations of MRS protocol 

There are a number of reasons why the MRS results presented should be considered 

tentatively, despite existing evidence that MRS of long bones can be a reproducible 

technique (109, 130). As the bone marrow volume sampled had small water peaks, small 

variations and measurement error of integrals are potentially enhanced by the fat 

fraction calculation. MRS relies on the differing chemical shift caused by different 

chemical components within the region of interest and a large volume of interest is 

required due to the relatively poor spatial resolution of MRS (123). However the volume 

of bone marrow available at the proximal tibia is anatomically restricted (355). MRS is 

also sensitive to susceptibility artefacts which is relevant to the analysis of bone 

marrow, which lies close to cortical bone interfaces, introducing potential local 

magnetic field inhomogeneity (353). MRS is also inherently limited in that it demonstrates 

chemical composition, which may be indicative, but not necessarily representative, of 

cellularity or associated physiological function (133). 

Another limitation of PRESS MRS sequences is that only one volume of interest can 

be explored during one scan sequence (which takes approximately ten minutes of 

scanning time), and analysis cannot be performed retrospectively on imaging data sets 

(355). This ruled out the potentially interesting post hoc analysis of fat infiltration at the 

calf muscles. It was observed that participants with a higher percentage fat content in 

the lower leg (as measured by DXA) also had lower tibial bone density (Pearson’s r=-

0.49; p=0.002). MRS data may have been able to provide more specific information on 

the distribution of fat within the lower leg (133). Lorbergs et al 2015 (313) investigated 

associations between intramuscular fat percentage and BMD at the tibia in a 

comparable cohort of 35 post-menopausal women, adjusting for age, BMI, and activity 

levels. This study found that increased intramuscular fat percentage was negatively 
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associated with markers of tibial bone density and bone strength measured with 

peripheral quantitative CT. 

MRS data obtained was not able to distinguish between different types of fat present 

within bone marrow due to low signal to noise using a 1.5T MRI scanner. Lidell and 

Enerback report in their 2015 review that there is research interest into the properties 

of bone marrow fat and associated adipocytes. It is proposed that brown adipocytes 

with increased mitochondria and nearby microcirculation may be more conducive to 

osteogenesis, whilst also improving glucose metabolism (359). This may have particular 

application in investigations of bone health in those with T2DM, where 

pathophysiological mechanisms are suspected to be independent of BMD. For 

example, evidence suggests that there may be MRS detectable increases in the 

relative proportion of saturated lipids in bone marrow in those with T2DM, also 

associated with increased risk of fracture. These differences in lipid composition may 

be a useful predictor of poor bone health (91, 129).  

Grey et al 2012 also found that treatment for T2DM with Pioglitazone (a type of 

thiazolidinedione) increased marrow fat fraction significantly within a six month period 

to the detriment of bone health. It is believed this drug modulates mesenchymal stem 

cells to prioritise adipogenesis over osteogenesis (360). Sheu et al 2017 found men with 

T2DM who were not taking thiazolidinediones still had a significantly higher bone 

marrow fat fraction than those without diabetes in a cohort of 156 men over 74 years 

of age (361). Patsch et al 2013 (91) found no significant difference in marrow fat fraction 

in those with and without T2DM, but did find that those with T2DM had proportionally 

higher saturated fat, as did those with recent vertebral fracture. The authors link this 

with existing epidemiological data stating diets high in saturated fat are linked with 

fragility fracture, however reflecting that proving direct pathophysiological mechanisms 

requires more research. 

9.2: DCE-MRI results  

As discussed in Section 6.2.4, analysis in this section focuses on the initial slope of 

signal enhancement of Gadolinium, and the amplitude of Gadolinium enhancement at 

the proximal tibia and calf during a dynamic T1 DCE-MRI scan protocol. These 

parameters are illustrated in Figure 9.2. 
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Figure 9.2: DCE-MRI haemodynamic markers reported in this chapter. This includes 

the linear rate of signal enhancement in the first 60 seconds of Gadolinium uptake, 

and the maximum span of Gadolinium enhancement after curve fitting with a one 

phase exponential association. 

Thirty four of the 36 participants underwent DCE-MRI scans. One participant did not 

undergo the scan due to a logistical issue with the scan (no available medical 

supervision), whilst one other had an anterior cruciate ligament knee repair that 

unexpectedly caused too much artefact on MRI scans.  

There were five other instances of data not being included for analysis of tibial DCE-

MRI parameters as there was no obvious pattern of enhancement in these cases. In 

one instance, data from the calf was also removed as there was also no typical pattern 

of enhancement, meaning the Gadolinium injection may have failed (possibly due to 

extravasation). However, in the four other cases muscle enhancement was as 

expected. In these latter cases it was assumed that enhancement in bone was 

negligible to the noise in the time signal curve produced. 

Figure 9.3 presents descriptive data of the primary DCE-MRI haemodynamic markers 

of interest taken at the proximal tibia and the calf muscle, stratified by sex. As for NIRS 

results, there are statistically significant differences between the two tissue types for 

both DCE-MRI markers using independent t-tests (p<0.001), with muscle having faster 

and greater Gadolinium enhancement in both sexes. 
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Females had a statistically significant faster uptake of Gadolinium than males at the 

tibia (p=0.03) and the calf (p=0.005) based on independent t-test results. Females also 

had a greater amplitude of Gadolinium enhancement at both these sites, although 

differences in enhancement were not statistically significant with independent t-tests.  

 

 

Figure 9.3: Summary of mean DCE-MRI haemodynamic markers for both the proximal 

tibia and calf stratified by sex (male = blue (n=20); female = pink (n=14)). Error bars 

represent 95% confidence intervals of mean values, * denotes statistically significant 

differences based on independent t-tests between sexes, + denotes statistically 

significant differences between tissue types.  

Similar to NIRS, DCE-MRI based parameters at both the calf and proximal tibia also 

had some statistically significant correlations with percentage fat content in the lower 

leg, presented in Table 9.2. These were positive associations with r-values ranging 

between 0.43-0.51 (p<0.05) suggesting increased percentage fat content in the lower 

leg was associated with increased Gadolinium rate and amplitude of enhancement. 

Again, there may be confounding here, as females generally had increased DCE-MRI 

markers and also had significantly increased percentage fat content in the lower leg 

compared to males (mean in females 34.9% (SD8.4) versus mean in males 19.1% 

(SD3.9); p<0.001; independent t-test). Partial correlation analysis was performed to 

adjust for the effect of sex, and these associations between DCE-MRI markers and 

percentage fat in the lower leg became weaker (results presented in Table 9.2).  

There were no other associations between DCE-MRI parameters at either the proximal 

tibia or calf and the demographic data presented in Table 8.1. As for NIRS there was 

little evidence of differences between those with and without T2DM for any DCE-MRI 
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markers at either the calf or the proximal tibia. There were also little evidence of 

associations between age and DCE-MRI markers at either anatomical site.  

Table 9.2: Pearson correlation r-values between lower leg percentage fat content and 

DCE-MRI haemodynamic markers taken at the proximal tibia and lateral calf. Partial 

correlation coefficients are also presented adjusting for sex. Asterisks indicate a 

statistically significant correlation with p-value <0.05. 

Proximal Tibia (N=29) Gd enhancement 

Rate (au/s) 

Gd enhancement 

Amplitude (au) 

Lower Leg % Fat Content 
 

0.46* 0.43* 

Lower Leg % Fat Content  
(partial correlation adjusting for sex) 

0.24 0.37* 

 

Lateral Calf (N=33) Gd enhancement 

Rate (au/s) 

Gd enhancement 

Amplitude (au) 

Lower Leg % Fat Content 
 

0.51* 0.33 

Lower Leg % Fat Content  
(partial correlation adjusting for sex) 

0.23 0.32 

 

9.2.1: Enhancement rate and amplitude of Gadolinium enhancement 

There were positive statistically significant associations between the rate of gadolinium 

enhancement and amplitude of gadolinium enhancement at both the calf (r=0.64; 

p<0.001) and the proximal tibia (r=0.52; p=0.004). This is comparable with NIRS 

results where the rate of O2Hb increase post occlusion release was strongly associated 

with the amplitude of O2Hb increase post occlusion release. Figure 9.4 demonstrates 

these relationships. 
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Figure 9.4: Graph demonstrating the associations between the rate of Gadolinium 

enhancement and amplitude of Gadolinium enhancement at both the calf (r=0.64; 

p<0.001) and the proximal tibia (r=0.52; p=0.004) with associated lines of best fit. 

9.2.2: Proximal tibia versus calf DCE-MRI results 

Analogous with NIRS results, the rate and amplitude of signal enhancement with DCE-

MRI was significantly greater at the calf than at the proximal tibia. With respect to the 

amplitude of Gadolinium enhancement, enhancement at the proximal tibia and calf 

were strongly associated (r=0.60; p=<0.001). This is demonstrated graphically in 

Figure 9.5. It is clear there is an outlier data point which is enhancing the correlation 

coefficient. Without the outlier data point the correlation is weaker but still approaching 

statistical significance (r=0.36; p=0.06). This outlying data point has not been excluded 

from analysis in this section as there has been no obvious error or confounding 

contributor to explain it, so has been assumed to be physiologically representative of 

the participant. The association between the rate of enhancement at the calf and the 

proximal tibia was weak and non-significant (r=0.29; p=0.13). This is graphically 

demonstrated in Figure 9.6.  
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Figure 9.5: Scatterplot demonstrating the association between the amplitude of 

Gadolinium enhancement with DCE-MRI at the proximal tibia and calf (r=0.60; 

p=<0.001) and an associated line of best fit. Without the outlying data point the 

association is weaker (r=0.36; p=0.06). 

 

Figure 9.6: Scatterplot demonstrating the association between the rate of 

Gadolinium enhancement with DCE-MRI at the proximal tibia and calf (r=0.29; 

p=0.13) and an associated line of best fit.  
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9.3: NIRS versus DCE-MRI results 

It is of interest to investigate whether haemodynamic markers obtained through the 

use of NIRS associate with those haemodynamic markers obtained with DCE-MRI in 

the same participants. As discussed in Section 4.9, these two tests do not measure 

markers of the same haemodynamic properties of tissue, but are a compromise given 

the existing scarcity in available techniques for measuring bone haemodynamics in 

vivo. Intuitively, if NIRS is representing bone tissue, an association between the 

reperfusion markers of NIRS post arterial occlusion release and the Gadolinium 

enhancement markers obtained at rest with DCE-MRI may be expected. This section 

presents the associations between these markers at both the proximal tibia (Section 

9.3.1) and the calf (Section 9.3.2). 

9.3.1: NIRS versus DCE-MRI at the proximal tibia 

A weak negative correlation is demonstrated between the NIRS PO reperfusion rate 

(O2Hb_PO_20s) and the rate of Gadolinium enhancement at the proximal tibia during 

DCE-MRI (r=-0.35; p=0.08). There is a similar association between the absolute 

concentration change of O2Hb post occlusion release (O2Hb_PO_absΔ) and the 

amplitude of Gadolinium enhancement (r=-0.27; p=0.17). These associations are 

presented in Figure 9.7. There was a weak non-significant association between the 

absolute change in TOI post occlusion release (TOI_PO_absΔ) and the amplitude of 

Gadolinium enhancement (r=0.10; p=0.59). 

9.3.2: NIRS versus DCE-MRI at the calf 

A moderate statistically significant negative correlation is demonstrated between the 

O2Hb_PO_20s NIRS marker and the rate of Gadolinium enhancement at the calf 

during DCE-MRI (r=-0.58; p=0.001). There is a similar association between the 

absolute concentration change of O2Hb post occlusion release (O2Hb_PO_absΔ) and 

the amplitude of Gadolinium enhancement (r=-0.42; p=0.02). These associations are 

presented in Figure 9.7. There was also a significant association between the absolute 

change in TOI post occlusion release (TOI_PO_absΔ) and the amplitude of 

Gadolinium enhancement (r=-0.49; p=0.006). 
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(a)  

(b)  

Figure 9.7: Scatter plots with associated lines of best fit demonstrating the 

associations between (a) O2Hb_PO_20s NIRS marker and the rate of Gadolinium 

enhancement during DCE-MRI (proximal tibia r=-0.35; p=0.08; calf r=-0.58; p=0.001) 

(b) O2Hb_PO_absΔ and the amplitude of Gadolinium enhancement (proximal tibia r=-

0.27; p=0.17; calf r=-0.42; p=0.02). 
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9.4: Discussion of DCE-MRI results 

Figure 9.8 presents a summary of key trends from Chapters 8 and 9. DCE-MRI results 

were reassuring in that they shared similar trends with NIRS data. Compared with the 

proximal tibia, the calf demonstrated significantly stronger results for haemodynamic 

markers derived from both NIRS and DCE-MRI. Analogous markers of DCE-MRI and 

NIRS correlated significantly at the calf, and in the same direction as associations at 

the tibia, although these associations were weaker at the tibia. Haemodynamic 

markers taken at the tibia and the calf were significantly associated with each other 

with both modalities. Enhancement rate and amplitude of Gadolinium enhancement 

were associated at both the calf and tibia, just as post occlusion markers of rate and 

absolute change in O2Hb were with NIRS. Whilst not conclusive, and whilst the 

underlying physiological explanations for these observations cannot be definitively 

determined from these results, the observed results generally support that NIRS 

measurements may be representative of the vascular health of the proximal tibia. 

Variable Tibia 
(vs 
Calf) 

T2DM  
(vs non T2DM) 

Female  
(vs Male) 

Increasing 
Fat % in 
Lower Leg 

Increasing 
Age 

NIRS DO 
Markers 

↓ ↔ ↓ ↓ ↔ 

NIRS PO 
Markers 

↓ ↔ ↓ ↓ ↔ 

Resting TOI ↑ ↔ ↓ ↑ (calf only) ↓ 

Fat % in 
Lower Leg 

 ↔ ↑  ↔ 

DCE-MRI Gd 
Uptake Rate 
at Rest 

↓ ↔ ↑ ↑ ↔ 

DCE-MRI Gd 
Amplitude at 
Rest 

↓ ↔ ↑* ↑ ↔ 

Figure 9.8: Summary trends from Chapter 8 and 9. Arrows indicate statistically 

significant differences between groups, or associations between continuous variables 

of interest (* denotes association not statistically significant but considered clinically 

relevant). 
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The observed correlation between PO recovery rate and absolute change in O2Hb with 

NIRS, as well as between the rate and amplitude of Gadolinium enhancement at rest 

with DCE-MRI, is consistent with the findings of Farzam et al 2014 (56). This study found 

statistically significant positive correlations between total haemoglobin concentration 

and blood flow rates using time resolved NIRS at rest at the manubrium (56). 

9.4.1: Sex 

Just as for NIRS results, there were significant differences observed between the 

sexes with DCE-MRI haemodynamic markers. However, it was unexpected that in the 

case of DCE-MRI, females had a faster rate and greater enhancement of Gadolinium 

than males, when with NIRS females had slower DO oxygen extraction rates and 

weaker PO hyperaemic reactivity. This may be explained by the difference in what 

vascular properties these markers represent. DCE-MRI markers represent the resting 

blood flux, capillary density, blood volume and interstitial space within tissue that allows 

Gadolinium to enhance the region of interest. Whereas NIRS markers represent the 

oxygen extraction demand and capabilities of tissue during ischaemia, and vascular 

function in recovery post ischaemia.  

DCE-MRI results are in line with El Rafei et al 2018, who found the initial slope of 

Gadolinium enhancement in muscle was over double in females compared with males 

in a middle aged population (362). Savvopoulou et al 2008 identified faster Gadolinium 

uptake in the lumbar spine of females over 50 years of age, compared with males in 

the same age bracket (93). Libicher et al 2008 found increased vascularity with DCE-

MRI in areas of increased bone turnover in those with Paget’s disease (117), and the 

post-menopausal female cohort in this PhD project also have higher bone turnover 

than males (markers of bone metabolism are presented in Section 10.5). Likewise 

Kristensen et al 2013 identified increased capillary density in areas of increased bone 

turnover using bone biopsies from the iliac crest (30). As such, it may be expected that 

those participants with anticipated higher bone turnover (i.e. post-menopausal women) 

had greater Gadolinium enhancement.  

This potential relationship between resting haemodynamics measured with DCE-MRI 

and bone metabolism may be independent of the ischaemic vascular reactivity 

represented by NIRS. Prisby et al 2015 identifies micro calcification of blood vessels 

in murine blood vessels as an example of bone tissue that may still have blood flow, 
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but has impaired microvascular regulatory capacity (38). The authors propose that these 

microvessels in bone may be the first to calcify in the body. 

Conversely, there is evidence that supports a relationship of reduced DCE-MRI 

markers at rest in females with lower bone mineral density (34, 36, 37). These studies 

investigate the spine and hip, arguing that reductions in bone mineral density are 

associated with increased fatty marrow with reduced vascularity. These studies differ 

in that they typically had cohorts of participants diagnosed with more severe 

osteoporosis. It is clear that whilst significant associations between DCE-MRI and 

NIRS markers have been identified, the underlying microvascular explanation remains 

undetermined and requires more research. 

9.4.2: Percentage fat content in the lower leg 

The results between sexes may also partially be explained by confounding relating to 

the percentage fat content of the lower leg. This was significantly higher in females and 

also positively correlated with DCE-MRI markers of interest (as presented in Table 

9.2). Gadolinium contrast was injected at a concentration determined per kilogram of 

body mass. Given that contrast entering the leg was therefore theoretically equalised 

for body mass with each participant, those with greater percentage fat may be 

expected to have greater signal enhancement in the calf and tibia, as fat is relatively 

less vascularised compared to these tissue types (demonstrated in Figure 9.9), and 

proportionately more concentrated Gadolinium may therefore be distributed to the 

remaining muscle and bone tissue. 

Tyml et al. 1995 observed in a murine model that induced muscle atrophy led to a 

relative increase in capillary density within muscle tissue, and a subsequent increase 

in blood velocity caused by reduced vascular resistance. In the case of the DCE-MRI 

data, this may also be accentuated by increased relative percentage fat content 

effectively concentrating more Gadolinium in muscle tissue. This would explain greater 

(and faster) uptake of Gadolinium at rest, independent of reduced oxygen extraction 

metabolism and reduced post ischaemic response as observed by NIRS as a result of 

poorer muscle tone and/or vascular health (363). A review by the same authors also 

provided evidence of poorer hyperaemic response associated with disuse or muscle 

atrophy (364). 
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Figure 9.9: DCE-MRI enhancement curves for adipose tissue (red) and calf muscle 

(green) demonstrates the relatively minimal Gadolinium enhancement of adipose 

tissue.  

Alternatively, if assumed to be a marker of poor general cardiovascular health (313), 

increased percentage fat content in the leg may also explain faster and greater uptake 

of Gadolinium at rest. Thorn et al 2016 argues increased oxygen extraction 

requirements at rest may be a result of mitochondrial dysfunction in those who are 

obese or have T2DM (65). There is evidence within diabetes research to support this 

with Jan et al 2019 (365) demonstrating faster resting skin blood flow in those with T2DM 

compared with controls. Tibirica et al 2009 (366) demonstrates greater capillary density 

in skin at rest in those with T1DM compared with controls, yet impaired capillary 

recruitment which weakens PORH response after AO. Both articles cite impaired 

mechanical and myogenic vasoregulation as potential causes. Although these articles 

are in the context of diabetes research, they demonstrate a relationship where 

haemodynamic markers may be increased at rest, yet impaired with ischaemic 

challenge. Adingupu et al 2015 supports this with data suggesting higher resting 

perfusion in the skin of participants with altered microvascular reactivity during post 

occlusive response (271). This could support the observations in this chapter for those 
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with increased relative fat content in the leg, if taken as a marker of poorer 

cardiovascular health. 

Similarly, those with low AO responses (as a marker of poorer vascular reactivity) may 

also be expected to be showing signs of increased irregular microvascular 

permeability. van Hinseberg 1997 (367) reports increased vascular permeability being 

related to other indicators of poor microvascular health such as hypercholesterolemia 

and atherosclerosis. This pattern could also be expected in both post-menopausal 

females (due to the protective effect of oestrogen on endothelial health being 

withdrawn (368)) and those with poorer cardiovascular health (represented by increased 

percentage fat content in the lower leg) (369). As such, those requiring more oxygen 

extraction at rest may also expect to have increased capillary permeability, which 

would also lead to increased uptake of Gadolinium contrast in the interstitium of tissue. 

As mentioned in Section 8.4, conversely there is evidence to support that healthier 

tissue has increased efficiency in metabolising oxygen supply during ischaemia (336). 

This may support lower resting perfusion at rest in healthier tissue (as demonstrated 

by slower enhancement rates of Gadolinium with DCE-MRI in those with lower 

percentage lower leg fat) with reduced demand for systemic oxygen supply to maintain 

homeostasis, yet stronger vascular regulatory responses during ischaemic events. 

Brizendine et al 2013 supports this potential interpretation, demonstrating a lower 

resting oxygen extraction rate in endurance-trained athletes (283). Jones et al 2017 also 

demonstrated a reduction in resting oxygen extraction rates in participants following 

an endurance training regime (333).  

9.4.3: Missing data 

Considering the above suggestion that increased percentage fat content is associated 

with greater resting DCE-MRI parameters, it was of interest to note that three of the 

participants’ data who were excluded from data analysis due to no perceivable signal 

enhancement in bone were males with the lowest percentage fat content (ranging 

between 14.8% and 16.6%). The fourth remaining participant was female with a higher 

percentage fat content (32.2%), but was diagnosed with osteoporosis in the lumbar 

spine and had the lowest tibial BMD within the cohort. It was noted that these four 

participants were all older (age range 61-68) with low trabecular bone scores (T-score 

range -1.0 to -2.2). It is unclear how missing data from these four participants may 

have affected the associations observed, had any minimal signal enhancement been 
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detectable and contributed to the data sets analysed, but this remains a potential 

source of attrition bias. 

9.4.4: T2DM 

As for NIRS results, there was little evidence of differences between those with and 

without T2DM for any DCE-MRI markers at either the calf or the proximal tibia. There 

is very little prior evidence with DCE-MRI to compare these observations with. Zheng 

et al. 2014 found those with T2DM had a significantly reduced oxygen extraction 

response and reduced muscle perfusion response to exercise when scanned using a 

non-contrast arterial spin labelled MRI protocol. However this was a small study of 

participants with a long duration of T2DM and secondary complications such as 

cardiovascular disease and peripheral neuropathy (370). Two MRI-based studies cite 

increased marrow fat in those with T2DM, but haemodynamic parameters are not 

reported (22, 91).  

9.4.5: Limitations 

As discussed in Section 4.9 and Appendix J, the use of a BOLD MRI protocol that 

observes oxygenation changes in real time during AO was the initial comparator of 

choice. This protocol would have allowed direct comparison between BOLD MRI and 

NIRS AO haemodynamic markers, but was not feasible using the MRI equipment 

available. DCE-MRI allows measurement of haemodynamic markers representative of 

tissue health at rest, however these are not directly relatable to NIRS markers, which 

are based around changes in tissue during ischaemic challenge. 

There were also a number of unavoidable limitations with the DCE-MRI protocol that 

may have affected the reliability of the data collected, and the ability to discern low 

levels of signal in the aforementioned participants with missing data. Some 

inaccuracies may be introduced by fixed magnetic field (B0) inhomogeneities inherent 

within the MRI scanner. It is not possible to quantify this error but it is likely to have 

been minimised as a smaller field of view was used for imaging the lower leg. Likewise, 

application of the radiofrequency field (B1) was likely to be imperfect with the 

positioning of the coil around the lower leg, leading to potential localised field 

inhomogeneities (99).  

Imaging of cortical bone, and adjacent tissue, presents a challenge with MRI as the 

density of bone introduces the potential for magnetic susceptibility artefact where 
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differences in the local magnetic properties of adjacent tissue types can cause 

misregistration of signal (22, 139). Using a higher field strength than the 1.5T scanner 

available for DCE-MRI protocols may improve signal to noise ratios, although tissue 

interface magnetic susceptibility artefacts around cortical bone could also be enhanced 

(109). Perhaps more importantly, newer scanners can use faster “ultra-short” T1 

sequences that can improve signal detection in bone (139). Such developments with 

newer scanners could improve the temporal resolution and signal to noise ratio of DCE-

MRI protocols, improving reliability (362). 

Regions of interest for DCE-MRI analysis were standardised for size, but placement 

within the bone marrow inevitably varied between participants due to the different 

shape and volume of the tibia. Similar to many of the NIRS markers, it was also 

observed that DCE-MRI markers appeared highly variable across participants. El Rafei 

et al 2018 (362) also reflects that haemodynamic parameters taken in muscle using 

DCE-MRI were highly variable, and that variability exists even within different muscles 

at the hip. This has also been demonstrated using contrast enhanced ultrasound at the 

calf at rest (371). Padhani et al 2002 (131) also notes a high within participant variability 

in DCE-MRI results and argues that this means longitudinal monitoring with DCE-MRI 

should be used cautiously, with a reliability component recommended inherently with 

any future work. This study also comments that the use of DCE-MRI may only be 

suitable for between group comparisons, not at an individual level (131).  

Yang et al 2009 used a pharmacokinetic model to look at DCE-MRI of bone metastases 

(132). This article reports wide variability within and between participants for arterial input 

functions which are representative of cardiac function and may affect the rate at which 

Gadolinium is transported by the circulatory system around the body. This is not 

accounted for in our non-pharmacokinetic DCE-MRI analysis. 

The above markers are considered indirect descriptive quantitative representations of 

the haemodynamic properties of the ROI. These are not directly physiologically 

applicable, but rather simply quantitative descriptions of the time-signal curves 

obtained, which are likely to be associated with the haemodynamics of the ROI. These 

markers are likely to be affected inherently by a combination of factors such as the 

participant’s cardiovascular function, blood volume, tissue perfusion and capillary 

permeability, but the contribution of each of these factors to the quantitative markers 

derived are not easily distinguished (35). 
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Also, due to these being inherently based around MRI signal changes, they may be 

susceptible to influence from the scanning parameters used and inherent features of 

the MRI scanner itself. In the case of this project, all participants have been scanned 

on the same scanner with identical scan protocols, so this does not affect comparison 

within the cohort of participants (107). 

It is possible to make more analytical physiological measurements that are directly 

relatable to the haemodynamics of the ROI using pharmacokinetic modelling of the 

tissue of interest, such as absolute measures of capillary permeability, extravascular 

space, blood volume, and blood perfusion rates. However, this is much more complex 

analysis requiring physiological assumptions on the tissue of interest (107). This has not 

been developed sufficiently in the case of bone tissue and has ruled out this approach 

to DCE-MRI analysis in this project. For example, El Rafei 2018 found pharmacokinetic 

markers had reduced reliability compared with indirect descriptive markers when 

assessing DCE-MRI data for muscles at the hip (362). 

One inherent potential source of variability between participants is the properties of 

bone marrow within the measured ROI and whether the bone marrow sampled is 

haematopoietic red marrow or fatty yellow marrow, which are known to have varied fat 

composition, blood volume and blood flow rates (8, 22, 260). Biffer et al 2010a suggests 

correcting signal readings based on initial fat content as water/fat content influences 

signal and can be highly variable depending on age, sex, bone health, and marrow 

type (354). However, all participants were over the age of 40, and therefore past the age 

of peak bone mass, and with standardised positioning of NIRS probes at the proximal 

tibia, the risk of different marrow types being sampled between participants is believed 

to be minimised. This was confirmed by the low variance in bone marrow fat fraction 

reported in MRS results presented in Section 9.1. 

Typical enhancement patterns with DCE-MRI were similar with all participants 

regardless of BMD, demonstrating a fast initial uptake and then slower continuous 

uptake or eventual plateau (see Figure 9.10). Budvik et al 2014 supports that this 

pattern of enhancement is suggestive of yellow marrow being measured, as red 

marrow typically displays a contrast “washout” phase due to a faster blood flow and 

more extensive and dynamic capillary bed (109, 260). Ma et al 2010 argues that slow 

washout may be induced by increased presence of fat in marrow, which may limit 

interstitial diffusion and potentially increase intraosseous pressure (372). This is 

supported by the MRS results presented in Section 9.1 which report consistently high 
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relative fat content in the sampled area of bone marrow across all participants (fat 

fraction range 91.2% to 98.5%), suggesting fatty yellow marrow was present in the 

measured ROI. As such, it is considered unlikely that the relative adiposity of bone 

marrow was a confounding factor in DCE-MRI results for the sampled population. 

 

Figure 9.10: Enhancement curves, reproduced with permissions from Budvik et al 

2014 (109) typical of (a) red marrow demonstrating Gadolinium washout, and (b) yellow 

marrow demonstrating more gradual enhancement in keeping with the observed 

enhancement profiles at the proximal tibia in this PhD study, demonstrated in (c). 

The proximal tibia was selected as a weight bearing bone site that represents 

trabecular bone, which is typically associated with the presence of red marrow at axial 

and proximal long bone sites (353). However, MRS results suggest yellow marrow is 

being sampled. This remains a limitation of the study as sampling more vascular 

dynamic red marrow is desirable. This remains difficult with the limitation of 

measurement depth with NIRS and ideal red marrow sites such as vertebrae and the 

proximal femur. The sternum offers a red marrow site, however simulating ischaemic 

challenges at this central site is difficult. Despite this, the results obtained still facilitate 

the primary aim of the project, i.e. associating NIRS haemodynamics markers with 

other markers of bone health, including DCE-MRI analysis at the same anatomical site. 

c 
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9.5: Chapter summary 

This chapter has outlined the results obtained with MRS and DCE-MRI protocols taken 

at the same anatomical sites as NIRS measurements. Comparison has been made 

with reliable NIRS haemodynamic markers taken at the lateral calf and the proximal 

tibia during and after an arterial occlusion protocol applied at the distal thigh.  

MRS results confirmed that yellow marrow was being sampled by NIRS in all 

participants. NIRS markers were associated with analogous DCE-MRI markers, 

however this was an unexpected negative association. Identifying potential causal 

explanations for these associations is difficult with a small but varied existing evidence 

base to consider. There are also inherent limitations to the two vascular testing 

methods, and potential confounding variables (such as sex-dependent differences and 

percentage fat content in the lower leg), as well as other bone health markers to 

consider (e.g. bone mineral density, trabecular bone score, and bone metabolism) 

discussed further in Chapter 10. 

Whilst the haemodynamic results presented leave a number of questions around the 

vascular physiology of bone unanswered, the results in this chapter have identified the 

potential merit in further exploration of NIRS as a research tool for investigating 

haemodynamics in bone. 
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Chapter 10: Validation of NIRS against markers of bone health 

10.1: Overview 

This chapter will provide a descriptive summary of the bone health markers obtained 

from participants including bone mineral densitometry measurements (Section 10.2); 

trabecular bone scoring (Section 10.3); FRAX scores (Section 10.4); and, blood 

markers of bone metabolism (Section 10.5). These sections will also include 

associations between NIRS markers and discussion of potential explanatory 

relationships. 

10.2: Bone mineral densitometry 

Table 10.1 presents the descriptive results of areal bone mineral density (BMD) 

measurements and related DXA results taken at various different anatomical sites, as 

per the protocol outlined in Section 6.2.5.  

Table 10.1: Summary of mean areal bone mineral densitometry (BMD in g/cm2) and 

associated DXA results, including sub groups based on type 2 diabetes mellitus 

(T2DM) status (standard deviation in parentheses). p-values are from independent t-

tests between those with and without T2DM. 

 Total  
(N=36) 

T2DM  
(n=18) 

Non-T2DM  
(n=18) 

p-value between  
sub groups 

L1-L4 BMD 
 

1.168 (0.150) 1.198 (0.125) 1.138 (0.170) 0.24 

Average Hip BMD 
 

1.049 (0.124) 1.074 (0.111) 1.025 (0.135) 0.24 

Total Body % Bone 
 

3.847 (0.447) 3.850 (0.417) 3.843 (0.487) 0.96 

Total Body % Fat 
 

31.56 (7.70) 30.86 (6.60) 32.26 (8.81) 0.59 

Total Body BMD 
 

1.237 (0.096) 1.245 (0.081) 1.229 (0.110) 0.62 

Both Legs BMD 1.369 (0.142) 
 

1.377 (0.107) 1.361 (0.173) 0.75 

Whole Tibia BMD 
(measured leg) 

1.251 (0.144) 1.253 (0.125) 1.250 (0.165) 0.94 

Proximal Tibia BMD 
(measured leg) 

0.982 (0.112) 
 

0.984 (0.107) 0.979 (0.120) 0.91 

Lower Leg % Fat Content  
 

25.2 (9.8) 23.4 (7.5) 27.1 (11.6) 0.26 
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There was little evidence of differences between those with and without T2DM for all 

DXA measurements (see Table 10.1), although it can be seen that those with T2DM 

typically have higher BMD results across most measurement sites. There were some 

expected associations observed such as positive associations between BMI and BMD 

at all sites (r-values ranging between 0.01 and 0.27). These were weak and statistically 

non-significant, likely influenced by the small overall sample size of participants, all 

with BMI less than 35 kg/m2. There was also weak to moderate negative correlations 

between menopausal duration and BMD at all lower limb sites, as expected (r-values 

ranging between -0.32 to -0.58; p-values ranging between 0.27 to 0.03). 

Table 10.2 shows that males had higher BMD across all sites, and statistically 

significant higher total body BMD, leg BMD, tibial BMD, and overall percentage bone 

tissue. This was expected with the known sex-dependent BMD changes associated 

with the post-menopausal women recruited in this study (8). Males also had significantly 

reduced total body fat percentage and lower leg fat percentage. 

Table 10.2: Summary of mean areal bone mineral densitometry (BMD in g/cm2) and 

associated DXA results including sub groups based on sex status (standard deviation 

in parentheses). p-values are from independent t-tests between sexes, * denotes 

statistical significance of p-value <0.05. 

 Total  
(N=36) 

Males  
(n=22) 

Females  
(n=14) 

p-value between  
sub groups 

L1-L4 BMD 
 

1.168 (0.150) 1.189 (0.152) 1.135 (0.146) 0.30 

Average Hip BMD 
 

1.049 (0.124) 1.068 (0.103) 1.019 (0.151) 0.25 

Total Body % Bone 
 

3.847 (0.447) 4.008 (0.307) 3.594 (0.522) 0.005* 

Total Body % Fat 
 

31.56 (7.70) 26.85 (3.74) 38.96 (6.38) <0.001* 

Total Body BMD 
 

1.237 (0.096) 1.273 (0.080) 1.179 (0.091) 0.003* 

Both Legs BMD 1.369 (0.142) 
 

1.441 (0.102) 1.256 (0.123) <0.001* 

Whole Tibia BMD 
(measured leg) 

1.251 (0.144) 1.320 (0.123) 1.144 (0.106) <0.001* 

Proximal Tibia BMD 
(measured leg) 

0.982 (0.112) 
 

0.999 (0.117) 0.957 (0.105) 0.30 

Lower Leg % Fat 
Content  

25.2 (9.8) 19.1 (3.9) 34.9 (8.4) <0.001* 
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Supplementary data were collected on the cortical area of bone, acquired from axial 

MRI scans as outlined in Section 6.2.4. Table 10.3 presents these results. It can be 

seen that there was no significant difference between those with and without T2DM. 

As expected, males had a significantly larger cross sectional area of bone at the 

proximal tibia, in line with their significantly greater height (reported in Table 8.2). 

Table 10.3: Summary of mean total bone area and cortical bone area (in mm2) of the 

axial plane of the proximal tibia at the site of NIRS measurements including sub groups 

based on T2DM and sex status (standard deviation in parentheses). p-values are from 

independent t-tests between sub groups, * denotes statistical significance of p-value 

<0.05. 

 Total  
(N=35) 

T2DM  
(n=18) 

Non-T2DM  
(n=17) 

p-value between  
sub groups 

Total Bone Area 
(mm2) 

939.9 (243.1) 871.8 (170.0) 1012.0 (290.1) 0.09 

Cortical Bone Area 
(mm2) 

320.7 (59.2) 317.0 (46.9) 325.0 (73.0) 0.74 

 

 Total  
(N=35) 

Males  
(n=21) 

Females  
(n=14) 

p-value between  
sub groups 

Total Bone Area  
(mm2) 

939.9 (243.1) 1030.2 (255.2) 804.3 (146.3) 0.005* 

Cortical Bone Area 
(mm2) 

320.7 (59.2) 350.3 (44.6) 280.4 (53.6) 0.001* 

 

10.2.1: NIRS results versus BMD 

There were a number of statistically significant moderate positive associations 

between NIRS markers and BMD at various measurement sites. Table 10.4 presents 

a matrix of these associations. As discussed in Section 8.3.5, it is generally accepted 

that stronger DO and PO responses are indicators of better vascular health, and this 

appears consistent with the results in Table 10.4 as increased response in AO NIRS 

markers are significantly associated with higher BMD at several anatomical sites, and 

cortical area at the proximal tibia. Conversely, several NIRS markers show a reduced 

NIRS response is significantly correlated with higher body fat and lower limb fat 

percentages. 
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Table 10.4: Pearson correlation r-values between haemodynamic NIRS markers taken at the proximal tibia and areal bone mineral density 

(BMD in g/cm2) results at different measurement sites. Measurements of percentage tissue composition and cross-sectional area (in mm2) 

are also presented. Asterisks indicate a statistically significant correlation with p-value <0.05. Associations colour coded were statistically 

significant and considered poor (<0.40; orange), moderate (0.4-0.6; yellow) and strong (>0.60; green) based on the criteria set out in Evans 

1996 (304). 

 TOI_rest TOI_DO_60s HHb_DO_60s O2Hb_DO_absΔ TOI_PO_absΔ O2Hb_PO_20s O2Hb_PO_absΔ 

L1-L4 BMD 0.09 0.17 0.22 -0.24 0.25 0.38* 0.45* 

Total Hip BMD 0.03 -0.08 0.39* -0.16 0.00 0.30 0.38* 

Total Body % Bone 0.00 0.07 0.46* -0.41* -0.03 0.38* 0.39* 

Total Body % Fat -0.12 0.12 -0.34* 0.63* 0.11 -0.34* -0.42* 

Total body BMD 0.08 0.02 0.43* -0.51* 0.01 0.42* 0.56* 

Both legs BMD 0.16 -0.01 0.44* -0.63* -0.05 0.45* 0.57* 

Whole Tibia BMD 

(measured leg) 

0.20 -0.03 0.33 -0.55* 0.02 0.37* 0.44* 

Proximal Tibia BMD 

(measured leg) 

-0.01 0.14 0.44* -0.09 -0.22 0.24 0.28 

Lower Leg % Fat 

Content 

-0.13 0.15 -0.31 0.63* 0.08 -0.44* -0.57* 

Total Bone Area 

(mm2) 

0.26 -0.39* 0.26 -0.33 -0.16 0.08 0.13 

Cortical Bone Area 

(mm2) 

0.15 -0.06 0.39* -0.63* -0.08 0.42* 0.59* 
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Bearing in mind there was little evidence of differences in BMD between those with 

and without T2DM (demonstrated in Table 10.1), Figure 10.1 explores the T2DM status 

with respect to one of the strongest correlations identified in Table 10.3 between 

ΔO2Hb_DO_absΔ and BMD of both legs (r=-0.63; p<0.001); Correlations in those with 

and without T2DM appear to be comparable. 

 

Figure 10.1: Scatter plot of O2Hb_DO_absΔ at the proximal tibia and BMD of both legs 

(r=-0.63; p<0.001). Sub group associations and lines of best fit are presented for those 

with T2DM (r=-0.66; p=0.003) and those without T2DM (r=-0.74; p=<0.001). 

Figures 10.2 and 10.3 explore sex subgroups with respect to two of the strongest BMD 

correlations identified in Table 10.4: ΔO2Hb_DO_absΔ and BMD of both legs (r=-0.63; 

p<0.001); and, O2Hb_PO_absΔ and total body BMD (r=0.56; p<0.001). Correlations in 

males appear to be slightly weaker. However perhaps more interestingly, these figures 

show an obvious difference between sexes in terms of absolute values. 
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Figure 10.2: Scatterplot of O2Hb_DO_absΔ of the proximal tibia and BMD of both legs 

(r=-0.63; p<0.001). Sub group associations and lines of best fit are presented for males 

(r=-0.35; p=0.11) and females (r=-0.47; p=0.01). 

 

Figure 10.3: Scatter plot of O2Hb_PO_absΔ at the proximal tibia and total body BMD 

(r=0.56; p<0.001). Sub group associations and lines of best fit are presented for males 

(r=0.42; p=0.05) and females (r=0.52; p=0.08). 
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10.2.2: Discussion 

Statistically significant correlations were identified between DO and PO markers of 

NIRS and BMD measurements of the whole body, legs, lower leg, and proximal tibia 

measurement site. These suggest that stronger AO responses, indicative of stronger 

oxygen extraction DO and better microvascular regulatory function PO, associate with 

higher BMD. Associations of a similar magnitude were also evident between DCE-MRI 

haemodynamic markers and BMD measurements taken at multiple sites. For brevity, 

these results are presented and discussed in Appendix S. 

Associations were often statistically significant but weaker for the clinically relevant 

spine and hip, but this is perhaps to be expected as they are different regions of the 

body, and regional variation in BMD and bone composition at specific anatomical sites 

is known to exist. For example, Clarke 2008 reports the ratio of cortical bone to 

trabecular bone may vary highly from 1:3 at vertebral bodies to 19:1 at the long bone 

diaphysis (17). 

Associations were also generally weaker at the proximal tibia site, despite being the 

most closely aligned anatomical site with NIRS measurements. This may be due to 

increased error introduced by the smaller volume from which BMD measurements 

were calculated. Knapp et al 2012 also observed precision error was close to double 

when measuring the femoral neck, compared to the total hip (300). In keeping with this 

it may be expected that BMD measurements of the whole tibia and legs were more 

reliable for comparisons with NIRS, incorporating a wider bone volume. 

It is physiologically intuitive that poor microvascular function may precede poor bone 

density as regulatory bone metabolism is inherently linked with microvascular 

processes, as discussed in Section 1.5.2. However, to date there is little direct 

evidence of this causal pathway in vivo in humans, in part due to the difficulties of 

measuring haemodynamics in bone tissue that this study seeks to investigate. As the 

results presented in this section only represent association between NIRS markers and 

BMD (as opposed to causation), it is pertinent to consider potential confounding 

variables. For example, even if not truly directly associated, positive associations 

between microvascular health and bone density may be expected given the number of 

shared environmental and lifestyle factors that promote (or are a risk) to both positive 

cardiovascular health and bone health. For example, high levels of weight bearing 
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exercise would independently promote both improved cardiovascular fitness, whilst 

also stimulating increased BMD (373). 

10.2.2.1: Bone attenuation properties as a confounder 

It is observed from Table 10.4 that there were no significant associations between TOI 

markers and BMD at any anatomical site. This may be an important technical 

observation requiring consideration for future research. As identified in Chapter 7, TOI 

markers had low ICC results at the proximal tibia, most likely due to relatively small 

between-participant variance. It is therefore not surprising to see lower correlation 

results with BMD if TOI markers have small variance across the sampled participants.  

Appendix S supports that haemodynamic differences between participants did truly 

exist, with DCE-MRI haemodynamic results also correlating with BMD measurements. 

This raises the question why TOI markers (which are derived using spatially resolved 

spectroscopy (SRS) methods) do not have significant associations, whilst modified 

Beer Lambert (MBL) derived markers have produced moderate statistically significant 

associations.  

This may be explained in part by the differences in how NIRS markers are derived. As 

previously discussed in Section 2.2.1.3, Equation 2.4 (restated below) outlines how 

MBL parameters are derived: 

Δ𝐴 =  𝜀. 𝛥𝑐. 𝑑. 𝐵 

MBL parameters such as HHb and O2Hb concentration change are measured by 

changes in light intensity (ΔA) that indicate changes in the concentration of oxygenated 

or deoxygenated haemoglobin (Δc), based on the assumption that the attenuation 

properties of the volume (represented by the specific extinction coefficient (𝜀)) are 

constant, as is the distance between the optodes (d) and the differential pathlength 

factor (B) of NIR photons (2). This assumption is more likely to hold for longitudinal 

within-participant comparisons, but when between-participant comparisons are made, 

as with the results in this chapter, changes in HHb and O2Hb may potentially be 

confounded by differences in the attenuation properties of bone. It may be that the 

associations between MBL derived parameters and BMD measurements are 

confounded by the differences in attenuation properties of bone between participants, 

which intuitively would be likely to also be linked with BMD and cortical cross-sectional 

area at the proximal tibia. Takeuchi et al 1997 has demonstrated in an ex vivo study 
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that absorption and reduced scattering coefficients of bone are directly associated with 

BMD using a time resolved spectroscopy system (374).  

There is very little evidence around representative absorption and scattering properties 

of bone in the existing evidence base. Examples previously presented in Table 3.3 

demonstrate a wide range of obtained values, which may be indicative of 

methodological variation (and the difficulties of obtaining these data using existing 

methods) or a true wide range of attenuation properties of bone across the population 

(or both). For example, Farzam et al 2014 presents a highly variable range in 

absorption coefficients at the manubrium between 0.06 cm-1 and 0.22 cm-1 and a 

reduced scattering coefficient range between 8.3 cm-1 and 12.6 cm-1 across 32 

participants (56). Table 3.3 results also highlight the potential differences in attenuation 

properties of different bone sites. 

Another complicating factor is that different participants also have a different thickness 

of cortical bone within the measured NIRS volume. This variable thickness of denser 

bone could also alter NIR attenuation, independent of inherent differences in the 

attenuating properties of cortical bone between participants. Changes in SRS 

parameters involving TOI were not affected by the same confounding as these indicate 

a change in oxygenation status calculated independent of the scattering properties of 

bone, as described in Section 2.2.1.4. Binzoni et al 2003 also argues differences in 

cortical thickness should still be normalised in the case of SRS-derived NIRS 

measurements (189). The lack of variation between participants may also be explained 

by TOI parameters being a ratio value of oxygenated to total haemoglobin, and 

therefore normalised for blood volume changes. This may limit TOI parameters at 

distinguishing response between participants if absolute concentration changes in 

O2Hb and/or HHb are being normalised for between-participant comparisons (61). 

If the use of NIRS in bone is to be developed, future research will need to involve 

determination of how much variation in attenuation properties exists in bone, and how 

this can be compensated for when trying to produce NIRS measurements solely 

representing haemodynamic changes. Attenuation properties of tissue are also 

dynamic and will be affected by fluid shifts within the measured volume. Farzam et al 

2013 demonstrated up to 3.5% variation in the absorption coefficient of the patella 

during pulsatile flow, attributing this to the 3.1% change in total haemoglobin 

concentration during pulsatile blood volume changes (15). 
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This issue is not unique to bone tissue and there is evidence of variation in muscle and 

skin attenuation properties across the general population (1). These tissue types should 

in principle have less variation as they are more homogenous in structure than bone, 

however there has still been shown to be significant variation across participants. Van 

Beekvelt et al 2017 (73) assumed constant attenuation properties between participants 

in their investigation of NIRS derived haemodynamics at the forearm, adopting a 

constant differential pathlength factor of 4.0 between participants. The authors 

estimated differences in attenuation properties in muscle may have attributed to up to 

12% variation in between-participant results based on the published range of 

differential path length factors for muscle (ranging between 3.59 and 4.57). 

Section 11.3 discusses future technological improvements in NIRS utilising frequency 

domain and time resolved NIRS systems that are able to determine the absorption and 

scattering properties of sampled bone tissue in real time, providing markers of 

haemoglobin change independent of changes in attenuation properties of the volume 

sampled.  

In the case of this study, the inability to rule out confounding from changes in 

attenuation properties is a limitation. However given the demonstrated association with 

BMD, the results in this section still show the potential utility of NIRS. With potential 

improvements in NIRS technology, discussed further in Chapter 11, NIRS systems 

could facilitate both bone density and microvascular information in a point of care 

diagnostic device, and explore if differences in bone properties are confounding MBL 

derived NIRS parameters. 

10.2.2.2: Other potential limitations of NIRS markers 

It was observed that the strongest associations were demonstrated involving the two 

O2Hb markers based on absolute concentration change DO and PO. This was 

interesting to note and was not expected, as the total change in concentration should 

be closely linked with the rate of change, if assuming linear observations. A potential 

explanation is that as the O2Hb_DO_absΔ marker is taken over the full four minute 

occlusion period, and the O2Hb_PO_absΔ marker taken up to maximum hyperaemia, 

and these two markers may better represent these periods during and post induced 

ischaemia, than the rate markers taken over 60 seconds (DO) and 20 seconds (PO).  

Previous evidence in muscle and skin has demonstrated differing periods of response 

during 3-5 minute occlusions, with initial oxygen extraction in the first 60 seconds 
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occurring faster than the final 60 seconds (65, 276). Corretti et al 2002 reports that 

vasodilation does not peak until around three to four minutes, remaining relatively 

constant only after reaching this maximal dilation (375). The influence of different phases 

of ischaemic response mediated by different physiological regulatory responses (such 

as endothelial, myogenic or neurogenic responses) also regulate at different 

frequencies  (28, 376). Clough et al 2017 demonstrated using LDF that the time constant 

of myogenic and sympathetic response is quicker than endothelial-derived responses, 

and as such vascular response to occlusion induced ischaemia may be phased or non-

linear, although it is very difficult to demonstrate the individual contributions of these 

different physiological responses in the artificial conditions of an arterial occlusion (28). 

Alternatively oxygen extraction rates may also vary as the available oxygenated 

haemoglobin levels and localised cellular demand of oxygen dynamically change 

during the occlusion. As such, NIRS measurements within the last 60 seconds of the 

occlusion period, and first 20 seconds post occlusion may not be representative of the 

full time period in terms of ischaemic response in tissue. 

10.2.2.3: T2DM  

As discussed in Chapter 8, there was little evidence of differences between those with 

and without T2DM for any NIRS parameter. Likewise, there was little evidence of 

differences in BMD, although those with T2DM typically had higher BMD and lower 

TBS (presented below in Section 10.3) as expected (32, 46). A review by Moayeri et al 

2017 reports that fracture risk was positively associated with T2DM of duration greater 

than 10 years, insulin therapy and corticosteroid use, which was generally not 

applicable to the participants in this study. The review found T2DM was a predictive 

risk factor for fracture risk with a relative risk of 1.20 (95% CI 1.17 to 1.23). However, 

8 of 30 studies included in the review found no difference between fracture risk in those 

with and without T2DM, suggesting there may be regional genetic or lifestyle variations 

that are potentially unexplored confounders (377). Lasschuit et al 2019 found those with 

T2DM with fragility fracture were more likely to have dyslipidaemia, cerebrovascular 

disease and/or chronic renal disease than those without T2DM with fragility fracture, 

which again did not generally apply to the sample of those with T2DM included in this 

PhD project (53). It has been proposed that those with T2DM may even have reduced 

risk in the initial years following diagnosis (although this may be confounded by 

increased BMI) (50). The recruited sample of participants with T2DM may have had a 

mean T2DM duration that was too short (mean 6.2 years SD 4.5) to identify significant 
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differences, or their well-controlled diabetes and general lack of co-morbidities may 

have introduced bias.   

10.2.2.4: Sex 

Although the strength of associations between NIRS and BMD measurements were 

similar between sexes, there was an obvious difference between sexes in absolute 

terms. As a sub group, female participants had lower BMD at all anatomical sites, and 

lower NIRS-derived haemodynamic markers. 

This may be explained by post-menopausal changes, with evidence to suggest 

reduced oestrogen levels can affect both BMD and microvascular function. Majmudar 

et al 2000 reports post-menopausal women have reduced flow mediated vessel 

dilation, representative of reduced endothelial response, associated with reduced 

vaso-protective oestrogen levels (378). Prisby et al 2017 outlines the role of oestrogen 

in regulating normal bone turnover, promoting osteoblast activity and inhibiting bone 

resorption (8). Prisby et al 2012 demonstrates a close association between these two 

oestrogen dependent effects, demonstrating reduced vascular endothelial function and 

reduced trabecular bone volume in an experimental murine study design (42). 

However, given the observed greater relative fat content in the whole body and the 

lower limbs of females, lifestyle factors around fitness and exercise levels may also be 

confounding here, as this would be expected to affect both vascular NIRS 

measurements and BMD levels (313). Unfortunately, this information was not gathered 

from participants but it is deemed more likely that sex-based differences are likely to 

cause the observed differences than a higher percentage fat content in the leg. 

Bradbury et al 2017 demonstrates that females are expected to have a greater 

percentage fat content than males when controlling for activities levels. The mean 

percentage body fat and BMI recorded for males and females in the sampled 

population place both sexes in the low activity categories presented in Bradbury et al 

2017 (344). Section 8.3.3 outlines that associations between NIRS markers and 

percentage fat content became non-significant when adjusted for sex, suggesting sex 

is the more influential variable on NIRS markers at the tibia. 

Another consideration was potential confounding from differences in bone volume 

between sexes at the proximal tibia and BMD, as females were significantly shorter. A 

known limitation of areal BMD measurements taken with DXA is that smaller bone 

volume may lead to underestimated BMD (379). However no significant association was 
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observed between bone area at the proximal tibia and tibial BMD, meaning corrections 

such as bone mineral apparent density (BMAD) were not adopted. 

Likewise with smaller bone volume and lower BMD as a sub group, it is plausible that 

NIRS results from female participants had a relatively smaller cortical bone 

contribution. As discussed above in Section 10.2.2.1, relatively thinner dense cortical 

bone may have contributed to less attenuation of NIRS photons, underestimating MBL-

derived NIRS parameters.  

10.3: Trabecular bone scoring 

Table 10.5 presents descriptive results of TBS scores taken from L1 to L4 for each 

participant, and includes sub group results for those with and without T2DM, and based 

on sex. There was little evidence of an association between TBS results and BMD 

measurements taken at any site. This is expected and is inherently the rationale for 

including TBS as an indicator of bone health. TBS has been shown to be representative 

of bone strength inherently through the architectural integrity of bone, independent of 

bone density. As such both BMD and TBS are complimentary as they indicate fracture 

risk through different risk factors of poor bone health (40, 160). 

Table 10.5: Mean trabecular bone scores (TBS) taken from L1 to L4, including sub 

group results for those with and without T2DM, and based on sex (standard deviation 

in parentheses). p-values are from independent t-tests between sub groups, * denotes 

statistical significance of p-value <0.05. 

 Total  
(N=36) 

T2DM  
(n=18) 

Non-T2DM  
(n=18) 

p-value between  
sub groups 

Mean 
TBS 

1.329 (0.087) 1.325 (0.095) 1.333  (0.080) 0.79 

 Total  
(N=36) 

Males  
(n=22) 

Females  
(n=14) 

p-value between  
sub groups 

Mean 
TBS 

1.329 (0.087) 1.339 (0.093) 1.314 (0.076) 0.42 

 

There was also little evidence of associations between NIRS parameters and TBS 

results. It was anticipated that a decrease in bone strength and increased porosity in 

bone, with a representative lower TBS score, may have associated with poor 

ischaemic response in bone, as indicated by NIRS. Whilst there is evidence of an 

association between poor vascular supply and bone quality (8), there was no existing 

evidence found for comparison directly between TBS and markers of vascular supply 

in bone with any haemodynamic testing method. 
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There may be a number of reasons why this association has not been identified in this 

study. It may be that there is only a weak association between microvascular function 

and bone quality. TBS is based on measurements taken at the lumbar spine and 

regional variations in bone quality exist, although are typically associated. NIRS 

parameters taken at the proximal tibia compared with peripheral QCT would have been 

a more direct comparison, if this had been available. TBS is only measured at the spine 

as this anatomical site has been shown to respond most quickly to treatment and is 

more predictive of future osteoporotic fractures than other sites, such as the hip. The 

hip is also more prone to positioning variability, and TBS analysis has proven to be 

more complex at this anatomical site (380). 

NIRS measurements taken at the proximal tibia must incorporate the tibial cortical 

bone as well as trabecular bone. The blood flow rates between these two types of bone 

are likely to vary, and this has been demonstrated in murine studies (8). TBS does not 

represent cortical porosity, and trabecular bone is likely to be more influential to TBS 

results at the spine, with a documented ratio of trabecular to cortical bone of 3:1 (40, 

157).  

Bousson et al 2012 argues TBS has been shown to help prediction of fragility fracture 

based on bone quality, but may not reflect microarchitecture directly, which is a 

limitation of its usage in the context of this project. A number of studies have shown 

associations between microarchitectural features and TBS, however the effect of each 

microarchitectural property (i.e. trabecular size, connectivity, and spacing) on TBS 

individually, and in relation with each other, still requires elucidation. Likewise TBS 

results are influenced by other external factors such as soft tissue composition over 

the lumbar spine and inherent image noise (159).  

It is possible the small relatively healthy sample may have hindered demonstration of 

associations in the wider population of interest. However it is noted that there was a 

wide range of TBS results recorded (1.130-1.565), with four participants having “high 

risk” TBS results below 1.23, and ten at “intermediate risk” according to thresholds 

outlined in McCloskey et al 2016 (162). 

10.3.1: Sub group analysis 

Table 10.3 has demonstrated a lower TBS score in those with T2DM compared to 

those without, as is consistent with the literature (381), although differences were 

statistically non-significant. Table 10.1 also demonstrates higher BMD results across 
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most measurement sites in those with T2DM, controlled for BMI. Although differences 

are non-significant, this finding is also consistent with the evidence base (32, 46). 

Leslie et al 2013 found that TBS was an independent predictor of fragility fracture in 

those with T2DM and more effective than BMD at predicting diabetes associated 

fracture risk (381). Dhaliwal et al 2014 and Kim et al 2015 both found higher BMD but 

lower TBS in those with T2DM in US and Korean populations respectively (382, 383). Both 

studies found an association between glycaemic control and TBS which may explain 

why TBS did not differ significantly in this study’s sample population, who generally 

had relatively good glycaemic control amongst those with T2DM. Zhukouskaya et al 

2015 found that BMD and TBS scores were not significantly different between those 

with and without T2DM, although those with T2DM had higher BMD. This is more in 

keeping with the results observed in Table 10.5, and is likely explained by comparable 

cohorts, both generally having well controlled T2DM (384). 

Males had slightly higher TBS than females. Leib et al 2014 reports a number of studies 

which typically found TBS lower in males then females (158). However, sex comparisons 

are complex and age dependent, as two studies report a faster reduction of TBS with 

age in females post-menopause (158, 383). Apart from the established physiological 

differences in bone health between sexes with aging, it is also not entirely clear how 

the typically larger vertebral size of men affects the textural analysis of TBS and if this 

relates to sex-based differences in results. More research has been suggested to 

explore sex-based differences in TBS (157, 158).  

10.4: Fracture risk assessment tool (FRAX): 

As described in Section 6.2.7, FRAX scores were calculated for all participants based 

on their TBS and DXA results, and the medical history provided, to provide a 

percentage estimation of a fragility fracture in the next ten years. Descriptive results 

are presented in Table 10.6. As expected females had a significantly higher fracture 

risk than males using FRAX based on independent t-tests (p<0.001). This is primarily 

because FRAX uses female sex as a risk factor for fragility fracture based on the well 

documented post-menopausal influence on bone health and epidemiological 

differences in sex, observed during the development of FRAX (164). There was little 

evidence of difference between FRAX score for those with and without T2DM (p=0.29; 

independent t-test). 
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Table 10.6: Mean fracture risk assessment (FRAX) scores for the percentage risk of 

fragility fracture within the next ten years, including sub group results for those with 

and without T2DM, and based on sex (standard deviation in parentheses). p-values 

are from independent t-tests between sub groups, * denotes statistical significance of 

p-value <0.05. 

 Total  
(N=36) 

T2DM  
(n=18) 

Non-T2DM  
(n=18) 

p-value between  
sub groups 

FRAX 
(%) 

5.5 (2.7) 5.1 (2.0) 6.0 (3.2) 0.29 

 Total  
(N=36) 

Males  
(n=22) 

Females  
(n=14) 

p-value between  
sub groups 

FRAX 
(%) 

5.5 (2.7) 4.3 (1.2) 7.4 (3.2) <0.001* 

 

10.4.1: NIRS versus FRAX results 

There were significant associations between FRAX scores with the O2Hb_DO_absΔ 

marker (r=0.45; p=0.008), and the O2Hb_PO_absΔ marker (r=-0.41; p=0.02). No other 

statistically significant associations were found. It is perhaps not surprising that 

associations were not quite as strong between FRAX score and NIRS markers, when 

compared with associations between BMD results and FRAX markers. This is because 

FRAX also inherently considers TBS scores, where no associations were found with 

NIRS markers.  

Likewise as the sampled cohort were generally healthy with a BMI less than 35 kg/m2, 

and environmental factors such as smoking, glucocorticoid use, previous fracture, 

secondary osteoporosis and rheumatoid arthritis were almost uniformly answered no, 

these factors had minimal impact on FRAX scores within the sampled population. 

Section 10.2.2.1 above has discussed possible reasons why the O2Hb_DO_absΔ 

marker and the O2Hb_PO_absΔ marker may be the most likely to associate with BMD, 

and the same principles apply here with FRAX. 

When looking at the correlations between FRAX and the O2Hb_DO_absΔ marker and 

between FRAX and the O2Hb_PO_absΔ marker for those with and without T2DM, no 

obvious differences between these two sub groups were observed. These data are 

presented in Figure 10.4. 
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(a)   

(b)  

Figure 10.4: Demonstrations of the associations and lines of best fit between FRAX 

scores of the percentage risk of fragility fracture in the next ten years with (a) 

O2Hb_DO_absΔ (r=0.45; p=0.008) and (b) O2Hb_PO_absΔ (r=-0.41; p=0.02) at the 

proximal tibia, stratified by those with T2DM ((a) r=0.29; p=0.27; (b) r=-0.26; p=0.31), 

and those without ((a) r=0.63; p=0.007 (b) r=-0.56; p=0.02)) 
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Figure 10.5 presents data on FRAX with the O2Hb_DO_absΔ and O2Hb_PO_absΔ 

markers stratified by sex. Although associations are weak, there is a clear difference 

in the overall levels of these markers between sexes. This is mainly attributable to post-

menopausal females having a higher fragility fracture risk assigned (164). Figure 10.5 

also clearly shows females have lower DO and PO responses than males. This may 

be indicative of a relationship between poor vascular function and higher fracture risk 

in females but this needs more investigation outside the scope of this exploratory 

project to confirm this relationship in a larger representative population, and to 

elucidate the underlying reasons why this sex-dependent association may exist.  

As discussed in Section 10.2.2, potential confounding variables relating to cortical 

thickness and attenuation properties in bone also need considering when investigating 

sex-based differences. There is also evidence suggestive of indirect associations 

between poor bone health, low bone density and cardiovascular disease in post-

menopausal women, with proposed shared mechanisms from the effects of low 

oestrogen levels. However there is limited definitive causal evidence between these 

factors (90, 385, 386). 
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(a)  

(b)  

Figure 10.5: Demonstrations of the associations and lines of best fit between FRAX 

scores of the percentage risk of fragility fracture in the next ten years with (a) 

O2Hb_DO_absΔ (r=0.45; p=0.008) and (b) O2Hb_PO_absΔ (r=-0.41; p=0.02), at the 

proximal tibia, stratified by males ((a) r=-0.12; p=0.58; (b) r=-0.17; p=0.44) and 

females ((a) r=0.44; p=0.15; (b) r=-0.27; p=0.40). 
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10.5: Blood turnover markers of bone metabolism 

Descriptive results of CTX and P1NP are presented in Table 10.7 and Figure 10.6. 

Results between CTX and P1NP were strongly correlated as expected (r=0.75; 

p<0.001). However CTX and P1NP did not significantly correlate with any of the 

demographic variables previously presented in Table 8.1. Nor did CTX and P1NP 

significantly correlate with any DXA, TBS or FRAX results. All correlations with NIRS 

markers were non-significant except with O2Hb_PO_absΔ, which had weak 

associations with CTX (r=-0.34; p=0.05) and P1NP (r=-0.34; p=0.05). However, these 

became non-significant when performed without one outlying data point (r=-0.19; 

p=0.30 and r=-0.13; p=0.48 respectively). 

Table 10.7: Summary table of mean CTX and P1NP results including sub group results 

for those with and without T2DM, and based on sex (standard deviation in 

parentheses). p-values are from independent t-tests between sub groups, * denotes 

statistical significance of p-value <0.05. 

 Total  

(N=36) 

T2DM  

(n=18) 

Non-T2DM  

(n=18) 

p-value between  

sub groups 

CTX (ng/mL) 0.34 (0.14) 0.28 (0.12) 0.41 (0.14) 0.006* 

P1NP (ng/mL) 44.9 (15.5) 37.7 (12.6) 52.1 (15.0) 0.004* 

   Total  

(N=36) 

Males  

(n=22) 

Females  

(n=14) 

p-value between  

sub groups 

CTX (ng/mL) 0.34 (0.14) 0.31 (0.11) 0.39 (0.17) 0.10 

P1NP (ng/mL) 44.9 (15.5) 40.2 (12.4) 52.3 (17.4) 0.02* 

 

 

 

 

 

 

 



283 
 

      

    

Figure 10.6: Box plots of CTX and P1NP results according to T2DM status and sex. 

10.5.1: T2DM and sex sub groups 

CTX and P1NP were significantly lower in those with T2DM, supporting the idea that 

T2DM may suppress bone metabolism. Likewise, HbA1c was moderately negatively 

correlated with CTX (r=-0.45; p=0.006) and P1NP (r=-0.40; p=0.01). These results are 

in line with the systematic review of Starup-Linde 2013 regarding bone metabolism 

markers in those with diabetes. This review indicated reduced bone turnover in those 

with T2DM (with reduced CTX, P1NP, and several other markers of bone metabolism), 

concluding that altered glucose metabolism and associated microvascular dysfunction 

may alter normal bone remodelling (387). 

CTX and P1NP were both higher in females. In females there were also weak positive 

correlations between years since menopause and CTX (r=0.32; p=0.27) and P1NP 

(r=0.26; p=0.36). As oestrogen plays a role in suppressing bone resorption, higher 

bone metabolism markers were expected in the post-menopausal females recruited, 

as previously reported (172). 
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10.5.2: Discussion 

Confidence can be taken that CTX and P1NP results are representative of the sampled 

population, as there was expected statistically significant associations between CTX 

and P1NP, and expected differences in CTX and P1NP observed between T2DM and 

sex sub groups. However, it is perhaps surprising that bone metabolism markers did 

not correlate with any of the other bone health markers obtained. This may be due to 

the small range of CTX and P1NP results obtained, despite recruiting participants of 

varying age, sex, T2DM status and BMD. In particular, CTX results representing bone 

resorption rates in females were generally lower than the range of results presented in 

Naylor et al. 2016 for post-menopausal females being medically treated for 

osteoporosis (169). A wider range of CTX and P1NP results may have demonstrated 

associations more representative of the population of interest. 

Previous research synthesised in a systematic review by Burch et al. 2014 also found 

numerous studies generally demonstrating weak correlations between bone mineral 

density and bone metabolism marker response to different medical treatments for 

osteoporosis, raising concerns over the suitability of bone metabolism markers for 

monitoring osteoporosis treatment (388). As discussed in Section 2.4.4, the wide range 

of physiological factors affecting bone metabolism markers (including age, sex and 

ethnicity) may mean that observation of longitudinal changes within participants is 

more appropriate than the cross sectional design utilised in this project, with wide 

“normal” ranges observed across the population (172). 

10.6: Chapter summary 

Figure 10.7 presents a summary of results from Chapters 8, 9 and 10. Alongside the 

acceptable reproducibility of NIRS markers demonstrated in Chapter 7, confidence is 

also taken from the significant associations demonstrated in Chapter 8 between DO 

and PO NIRS markers, and between tibial and calf NIRS markers taken 

simultaneously. Likewise DCE-MRI showed similar associations between tibial and calf 

measurements, albeit slightly weaker. This chapter has demonstrated statistically 

significant associations between NIRS markers and BMD and FRAX results, 

supporting that NIRS is taking representative measurements of bone tissue that may 

have useful predictive research applications. Whilst demonstrating the potential utility 

of NIRS, these associations should be interpreted tentatively, as potential confounding 

factors such as cortical thickness and inter participant variation in the attenuation 
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properties of bone need further investigation. Chapter 11 will discuss potential future 

research applications to address this. 

Variable Tibia 
(vs 
Calf) 

T2DM  
(vs non T2DM) 

Female  
(vs Male) 

Increasing 
Fat % in 
Lower Leg 

Increasing Age Decreasing 
BMD 

NIRS DO 
Markers 

↓ ↔ ↓ ↓ ↔ ↓ 

NIRS PO 
Markers 

↓ ↔ ↓ ↓ ↔ ↓ 

Resting TOI ↑ ↔ ↓ ↑ (calf only) ↓ ↔ 

Fat % in 
Lower Leg 

 ↔ ↑  ↔ ↑ 

DCE-MRI 
Uptake 
Rate at 
Rest 

↓ ↔ ↑ ↑ ↔ ↑ 

DCE-MRI 
Amplitude 
at Rest 

↓ ↔ ↑* ↑ ↔ ↑ 

BMD  ↔ ↓ ↓ ↓*  

Cortical 
Area 

 ↔ ↓ ↓ ↓* ↓ 

TBS  ↔ ↔ ↔ ↔ ↔ 

FRAX  ↔ ↑ ↑ ↑ ↑ 

CTX  ↓ ↑ ↔ ↔ ↔ 

P1NP  ↓ ↑ ↔ ↔ ↔ 

Potential 
NIRS 
Confounder 

  Volunteer 
sampling in this 
study may have 
underestimated 
T2DM effects 

Female sex 
potentially 
confounding 
with 
significantly 
higher fat % 
in the lower 
leg 

Female sex 
potentially 
confounding 
with 
significantly 
higher fat % 
in the lower 
leg 

Volunteer 
sampling in this 
study may have 
underestimated 
ageing effects 

Scattering 
and 
absorption 
properties of 
bone 

Figure 10.7: Summary of key results from Chapters 8, 9 and 10. Arrows represent 

statistically significant differences or associations between variables (* denotes result 

not statistically significant but considered clinically relevant). 

Blood markers of bone metabolism and TBS had weak associations with all other 

measures of bone health. However both are known to have wide variability in the 

healthy population and are ideally used for monitoring within-participant change, rather 

than cross sectional comparison between participants.  

A limitation of this PhD project is the multiple hypothesis testing that has been carried 

out, seeking to find associations between various indicators of bone health, and a 

number of NIRS markers. It is possible to correct for multiple testing using methods 
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such as Bonferroni corrections, which make allowances for the increased likelihood of 

a significant result when multiple comparisons are made. However such corrections 

may be too conservative, and are inappropriate when many of the comparisons made 

are inherently linked (296). As such the approach suggested by Perneger 1998 has been 

adopted (297). This involves reporting significance levels tentatively, and in the context 

of the biological plausibility of individual associations, as well as their consistency 

across what trends might be expected across comparisons between different testing 

methods. This was seen as justified given the exploratory nature of the project, which 

has been designed to inform further research. 

Sub groups of interest (T2DM and sex status) were generally well controlled for 

potential confounding variables such as ethnicity, age and BMI. Those with T2DM did 

not significantly differ from non-diabetics in terms of DXA, TBS, FRAX, MRI or NIRS 

markers. Associations were generally comparable when split into sub groups of those 

with and without T2DM. However, there was significantly reduced bone metabolism 

blood markers, and non-significant reductions in TBS, in those with T2DM suggesting 

there may be differences in bone metabolism within this subgroup. This feasibility study 

may be underpowered to demonstrate other associated effects on bone health related 

with this. There is also potential recruitment bias in the sampled population of those 

with T2DM. 

Females demonstrated significantly reduced vascular markers with NIRS compared 

with males during ischaemic conditions. This related to significantly increased markers 

of enhancement with DCE-MRI at rest. Females also had significantly lower BMD than 

males at the tibia, significantly higher risk of fracture through FRAX scoring, and higher 

blood markers of bone metabolism. By demonstrating differences in post-menopausal 

females with NIRS that are in keeping with other markers of bone health, there is 

optimism that NIRS may be a useful research tool in investigating associations 

between bone vascularity and clinical measures of bone health, and observing 

differences between relevant sub groups, or monitoring longitudinal change. 

Chapter 11 will further summarise the PhD project, with reference to the initial aim and 

objectives stated in Section 1.2. Chapter 11 will also propose future directions in 

research around the applications of NIRS for measuring in vivo bone tissue, building 

on the exploratory results of this project. 
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Chapter 11: Thesis summary 

This chapter will summarise the findings of this PhD project in the context of its 

strengths and limitations. Potential future research will also be explored. 

11.1: Summary of findings 

When summarising the findings of this thesis, it is pertinent to refer back to the aims 

and objectives stated in Section 1.2. The primary aim of exploring the potential 

feasibility of NIRS as a diagnostic research tool in the measurement of in vivo vascular 

haemodynamics in human bone tissue has been achieved.  

The systematic review presented in Chapter 3 highlighted the breadth of applications 

for NIR technologies, and the demand for testing methods of bone haemodynamics 

that are safe, inexpensive, non-invasive, and logistically feasible. But this review also 

highlighted the need for more rigorous assessment of the reliability of NIRS, and for 

validation of NIRS by comparison of results against suitable comparator tests. The 

experimental work in this PhD project has made the first contributions towards these 

gaps in the existing evidence base. 

An arterial occlusion (AO) protocol utilising NIRS was developed using a continuous 

wave NIRS spectrometer. This involved selecting haemodynamic markers of oxygen 

extraction during AO, and post occlusive markers representative of microvascular 

response to ischaemic conditions. This project represents the first study to rigorously 

assess the reliability of haemodynamic NIRS markers for measuring bone in vivo in 

humans. A sub selection of these markers has been demonstrated to be suitably 

reliable compared with NIRS based markers used in the evidence base for measuring 

muscle and skin, as well as alternative imaging tests obtaining markers of bone 

haemodynamics. This AO protocol has been shown to be generally tolerable for 

participants, and likely to be reliably performed by different operators. 

The AO protocol has been demonstrated to be highly likely to be representing bone 

tissue at the proximal tibia, as significant differences were identified with the lateral 

calf, and a unique post occlusive response (i.e. a lack of TOI post occlusive reactive 

hyperaemia (PORH)) has been demonstrated. Likewise haemodynamic markers at the 

proximal tibia have demonstrated significant associations with DCE-MRI 

haemodynamic markers and DXA based measurements of bone health, the first 

attempt in the evidence base to make such comparisons. There were limitations to the 

methodological approach taken to obtain these associations (discussed in Section 
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11.2), but overall the merit of further investigation into NIRS based technology for the 

assessment of bone haemodynamics has been further strengthened by the novel 

components of this PhD project.  

The thesis did not identify differences between those with and without T2DM, most 

likely because of selection bias leading to a sampled population of participants with 

well controlled and shorter duration of T2DM. However, sex-based differences have 

been illustrated, highlighting the potential of NIRS for researching differences in bone 

haemodynamics between sub groups of interest. 

11.2: Limitations and risk of bias 

In order to consider the limitations of this PhD project, the six domain-based intrinsic 

biases (presented in Table 3.1) used to assess included studies in the systematic 

review of Chapter 3 were considered. 

Like many of the studies on NIR technologies, this thesis reports on a feasibility project 

with a small sample population recruited using convenience sampling. This leaves the 

results susceptible to selection biases. Again this may have led to an underestimation 

of differences between those with and without T2DM, as participants were otherwise 

generally healthy with few co-morbidities. The approach to recruitment has also 

reduced the generalisability of results, with eligibility restrictions on BMI greater than 

35 kg/m2 and with only Caucasians recruited. When assessing the tolerability of the 

AO protocol, it is also more likely that volunteers for research are able to withstand the 

pressure applied to the distal thigh.  

Although participants of different sexes and from a wide age range were recruited, 

there is a likelihood that associations have been affected by reduced variability within 

the sampled population. It is recommended that further studies involve diseased sub 

groups. The promising reliability and validation results in this thesis would support this 

research being pursued, as is discussed further in Section 11.3. 

There is a low risk of performance bias for the experimental results presented, as all 

participants received the same testing. NIRS protocols were performed using an 

objective pre-stated protocol, with only one operator in the case of all AO data. 

Likewise detection bias is also low. Data analysis was performed by the same operator 

who carried out testing and was therefore not performed blinded, however was 

performed using predominantly objective measures that were shown to be 

reproducible when performed by different analysts in Section 7.3. Reporting biases are 
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also believed to have been minimised. The systematic review followed a pre stated 

protocol, made publically available via PROSPERO (174). Likewise, experimental 

studies were conducted using pre stated protocols. 

The number of missing data points has been reported throughout the thesis, with 

description of the underlying reasons. There is a risk of attritional biases with the results 

presented in this thesis that should be considered in context. For example when 

assessing different day reproducibility of NIRS markers at the proximal tibia, 15 of 41 

participants did not contribute successful test and retest data. These participants are 

potentially more likely to be participants who struggled to tolerate the AO or may have 

had physiological differences that led to their data not meeting the inclusion criteria for 

analysis. Thus reliability of NIRS markers may be overestimated due to attrition bias. 

Likewise for DCE-MRI data there was four participants who had data excluded due to 

low signal to noise, and these participants were identified as having poor bone health 

compared to the rest of the sampled cohort of participants. Thus their exclusion may 

have introduced a bias to the association of NIRS results with DCE-MRI. 

As feasibility work, the study designs of the experimental aspects of the PhD do have 

limitations. The desired comparator offering direct comparison of AO NIRS-derived 

haemodynamic markers was attempted but deemed to be unreliable (BOLD MRI; 

discussed in Appendix J). Attempts to validate NIRS against other external 

comparators used a cross sectional design looking at association only. As such, there 

are potential confounding variables which cannot be ruled out but have been discussed 

throughout the thesis. In particular, it appears the variability in bone attenuation 

properties between participants may be affecting MBL-derived NIRS measurements. 

This is an important consideration for future research, and technological developments 

with NIRS may help here, discussed further in Section 11.3. 

The study looked at comparisons between multiple haemodynamic markers derived 

by NIRS and DCE-MRI, and multiple indicative tests of bone health. This was 

considered a justifiable approach to a feasibility study, but results should be considered 

more tentative in light of these multiple comparisons (297). 

Although the thesis reinforces the potential of NIRS for measuring bone 

haemodynamics in vivo, the project has raised issues with the applicability of the AO 

protocol, and the future use of continuous wave NIRS systems. NIRS is inherently 

restricted to superficial bone sites, but the AO protocol is further restricted to peripheral 
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sites which facilitate proximal cuffing. In adult populations over the age of 40, this 

restricts NIRS measurements to sites of yellow marrow (353), although trabecular bone 

such as at the proximal tibia is still of interest.  

The protocol is restricted to those who can tolerate the four minutes of AO. AO is also 

a forced experimental protocol, which does not facilitate haemodynamic 

measurements that may be more representative of normal physiology, such as 

measurements taken at rest or during exercise. 

The CW-NIRS system used also has inherent limitations attributable to the MBL and 

SRS derived parameters that it can measure. Although the Hamamatsu NIRO-200NX 

benefits from being a commercially available and relatively inexpensive system, the 

applicability of MBL results are hampered by representing concentration change which 

remains relative to an unknown initial blood volume. Likewise, SRS-derived nTHI 

measurements monitor blood volume change relative to an initial unknown blood 

volume, and TOI measurements represent a ratio value independent of blood volume. 

Similarly, although post occlusion markers using CW-NIRS systems broadly represent 

the reperfusion characteristics of tissue experiencing ischaemia, they are influenced 

by multiple factors which cannot be distinguished. This includes the vaso-regulatory 

function of the microvessels, the blood volume and capillary density of the measured 

tissue (366), the prior rate of perfusion (65), and the extent of oxygen extraction during 

the occlusion (79). Direct measurements of blood flux are not possible with CW-NIRS 

and it is clear this is clinically desirable from the breadth of research utilising LDF and 

PPG technology outlined in the systematic review of Chapter 3. 

CW-NIRS markers have been shown to be reliable, and associated with other markers 

of bone health. However, a primary recommendation for future research on this topic 

would be to investigate technological advancements with NIRS equipment given the 

inherent restrictions of the applicability of the AO protocol developed in this thesis, in 

terms of the anatomical sites and haemodynamic markers that are measurable. Such 

technologies are discussed in Section 11.3.1 and have the potential to build on the 

results of this thesis. Section 11.3.2 will also discuss parallel recommendations for 

further development of CW-NIRS. 
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11.3: Further research 

11.3.1: Technological advances 

11.3.1.1: Facilitating absolute haemodynamic measurements at rest 

As discussed in Section 11.2, the inherent limitations of CW-NIRS systems reduce the 

applicability of testing options due to the inherent need for an intervention such as AO, 

and the limitations of not observing absolute markers of blood volume and/or blood flux 

that might facilitate comparison between participants with measurements taken at rest. 

Section 2.2.1.6 introduced alternative time-resolved spectroscopy (TRS) (195, 321) and 

frequency domain (FD) NIRS systems (266) that are emerging in more recent literature 

that can obtain absorption and reduced scattering coefficients of the volume measured. 

This allows calculation of absolute haemoglobin (total, oxygenated or deoxygenated) 

concentration within the measured volume. Although the measured volume is not 

definitively measurable, this can be assumed to be constant between participants if the 

same inter optode spacing is used (2, 62). 

Calculation of absorption and reduced scattering coefficients for each individual 

participant should also improve the accuracy of absolute haemoglobin measurements 

for between-participant comparisons. Typically in muscle studies utilising NIRS to 

calculate maximal oxygen consumption (VO2 max) or absolute haemoglobin 

concentration, values for differential path length and attenuation factors are assumed 

constant between participants. This introduces error as all participants will have 

attenuation differences based on tissue properties and haemoglobin concentration (71). 

Van Beekvelt et al 2000 estimated this error to be 12% when measuring oxygen 

consumption during AO at the forearm (73). 

The use of constants for NIRS studies in muscle is based on the assumption of 

homogeneity in muscle tissue (2). As discussed in Section 9.2.2.1, MBL-derived NIRS 

markers may be more confounded by individual differences in scattering properties 

when measuring bone tissue, due to the heterogeneity of the measured sample 

(including cortical bone, trabecular bone and bone marrow), as well the increased 

variability in BMD and bone marrow fat fraction across the population, relative to 

variability in muscle. It is for this reason that a primary recommendation for future 

research into the application of NIRS for measuring bone haemodynamics should be 

focussed on development of technologies that can calculate the absorption and 
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reduced scattering coefficients of individual participants, allowing adjustment for this 

potential confounding when measuring haemoglobin concentrations. 

Section 2.2.1.6 also introduced diffuse correlation spectroscopy (DCS), which can 

work in parallel with TRS and FD-NIRS systems to provide a marker of blood flux by 

measuring temporal fluctuations in signal with a monochromatic wavelength of NIR 

light (74). However, DCS is generally limited to measuring relative changes in blood flux, 

just as CW-NIRS, PPG and LDF systems are, although technological developments 

are being researched to incorporate TRS data with DCS to calculate absolute markers 

of blood flux (389). DCS also has the distinct advantage over LDF and PPG in that it can 

take measurements from a deeper sampled volume, and offers the additional 

advantages of incorporation with a TRS or FD-NIRS system (75, 389). 

Development of more advanced NIRS systems able to take measurements of bone 

tissue at rest would open the applicability of NIRS research to multiple uses. This could 

include further investigation for unique regulatory mechanisms in human bone, as has 

been hypothesised in animal studies (23) and in human in vivo studies (332). With NIRS 

systems able to obtain absolute measurements of blood volume, more likely to be 

representative of capillary density, diagnosis and monitoring of metabolic bone 

conditions may become feasible. Farzam et al 2014 justifies its feasibility study of a 

TRS and DCS NIRS system for measurement of absolute haemoglobin concentration 

and blood flux at the manubrium as a potential anatomical testing site for increased 

vascularity in red marrow consistent with haematological malignancies (56). Similarly, 

precedence exists with DCE-MRI for the monitoring of treatment for multiple myeloma 

with longitudinal assessment of reductions in haemodynamic markers of capillary 

density and blood volume in identified lesions (119).  NIRS could feasibly be a simple 

testing method for diagnosing or monitoring treatment in these diseased populations 

more regularly.  

Previous studies also exist using DCE-MRI to monitor bisphosphonate treatment for 

Paget’s disease. Paget’s disease is a metabolic bone disease which results in 

excessive osteoclast activity, promoting overactive bone turnover and resultant 

disorganised bone micro architecture, leaving patients prone to bone pain and fracture.  

Increased angiogenesis is known to be correlated with disease development (116). 

DCE-MRI markers of perfusion have been shown to be decreased with 

bisphosphonate treatment, in line with bone metabolism blood markers, suggesting 

that excessive perfusion in bone is a contributory element to Paget’s disease (116, 117).  
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As such, again NIRS measurements at diseased bone sites could potentially be useful 

in diagnosis or treatment monitoring for patients with Paget’s disease, with TRS and 

FD-NIRS systems able to monitor red marrow sites of the axial skeleton at rest (176). 

There is evidence that bone pain associated with osteoarthritis (OA) is linked with high 

intraosseous pressure and altered bone perfusion, although the role of altered 

microvascular bone perfusion in OA is not fully understood (11, 113, 390). NIRS systems 

with the technological advances discussed in this section could play a role investigating 

haemodynamics in subchondral bone (such as at the proximal tibia) at various stages 

of OA, to see if symptoms or progression of disease correlate with haemodynamic 

markers in bone. NIRS may also be useful for monitoring treatment methods. 

11.3.1.2: Measuring additional properties of bone 

The discussion of alternative NIRS systems above is in the context of a system with 

comparable use of up to three wavelengths of NIR light, as with CW-NIRS. However, 

there is also great potential with TRS and FD-NIRS systems that collect data from 

multiple wavelengths (9, 195, 391). As introduced in Sections 2.2.1.3 and 2.2.1.4, MBL and 

SRS derived parameters rely on multiple wavelengths to calculate relative 

contributions of O2Hb and HHb to attenuation, based on their different attenuation 

profiles across the NIR wavelength range. However, utilization of more wavelengths 

offers the potential to decipher the concentration of multiple chromophores of interest 

(2). Collecting data with more wavelengths requires greater sampling and processing 

time, and increases the expense of the system, but could allow valuable information 

collection relevant to bone health (62). 

Although the radiation burden of DXA is low for participants, it does add expense and 

logistical difficulty when providing services for measuring BMD. There is a demand for 

inexpensive point of care devices that can screen for BMD. Osteoporosis and 

subsequent fragility fracture has a large societal and economic effect, but effective 

screening for those at risk can lead to preventative lifestyle and medical interventions 

that can help (31). A number of ultrasound based systems have been introduced 

measuring markers of BMD at the calcaneus (53), tibia (392), hip and lumbar spine (393). 

Development of broadband NIRS systems could also contribute here, calculating 

markers of BMD with the added value of haemodynamic markers as well (9, 394). The 

incorporation of TBS into fracture risk assessment tools such as FRAX demonstrates 
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the advantages of alternative measures of bone health, which may indicate 

pathophysiological change in bone, independent of BMD (157).  

A number of studies have reported the use of NIR wavelengths to measure markers of 

bone density. These build on previous attempts to profile the absorption and scattering 

properties of in vitro cortical bone from equine (395) and porcine (396) bone samples. 

Takeuchi et al 1997 also used a TRS system to demonstrate associations between 

BMD and attenuation properties of in vitro bovine trabecular bone (374). 

Pifferi et al 2004 (9) is the first identified study that obtains values for attenuation and 

scattering properties of in vivo human bone at the calcaneus across a broad spectrum 

of NIR wavelengths. Results are comparable with previously obtained in vitro data. By 

considering the known attenuation spectrums of water and lipids, the relative 

contribution of bone mineral to NIR attenuation was estimated and shown to decrease 

with age across a sample of seven female participants (age 26 to 82 years). Absolute 

concentrations of haemoglobin were also measurable using this system. It should be 

noted this system had a 10 minute sampling time, highlighting the need for further 

development in TRS systems. Sekar et al 2016 report outcomes from a comparable 

TRS broadband system measuring at multiple superficial bone sites, quoting a 

sampling time of one second per wavelength sampled (195). 

Afara et al 2018 (397) also presents data on the attenuation profiles across NIR 

wavelengths of subchondral bone specimens taken from the femur and tibia of 

cadaveric knees. Data from NIRS was strongly associated with markers of bone 

strength (such as subchondral plate thickness, trabecular thickness and bone volume 

fraction) derived from peripheral quantitative computed tomography (pQCT). Although 

taken from specimens of subchondral bone, the authors contend that the findings could 

lead to the development of arthroscopic NIRS systems that could assess the integrity 

of cartilage and subchondral bone in vivo. 

More recently, Chung et al 2018 demonstrated that attenuation of monochromatic 

850nm NIR light transmitted posterior to anterior through the distal radius was strongly 

correlated with BMD at the same site measured with DXA (398). Shanas et al 2020 

presents pilot data of a broadband NIR system that profiles the shaft of the second 

metacarpal, producing spectral data on water, collagen, fat and protein which was 

found to be associated with other markers of bone health, based on projection 
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radiographs of the hand (399). Although pilot studies, these show the potential of NIRS 

for screening multiple indicators of bone health. 

There are also technological advances in NIRS research utilising multiple wavelengths 

of NIR light in order to measure cytochrome c-oxidase (CCO), particularly in the field 

of cerebral research. This chromophore forms part of cellular oxygen metabolism and 

as such it more directly represents oxygen metabolism in mitochondria from tissue 

within the sampled volume (2). However, it is difficult to measure as it has a 10 fold 

weaker concentration than haemoglobin and a broad profile of absorption across the 

NIR spectrum, making it harder to distinguish from other chromophores (62). However, 

TRS broadband systems can allow measurements of the change in concentration of 

CCO. Lange et al 2018 (64) report on a new multichannel, time domain NIRS system 

utilising 16 different wavelengths that can measure absolute concentrations of 

oxygenated and deoxygenated haemoglobin as well as absolute concentration 

changes in CCO. This technology has been used for cerebral monitoring of neonates, 

with CCO changes demonstrated as a better predictor of brain hypoxia and poor brain 

development (as indicated by MRI spectroscopy), compared with haemoglobin based 

markers (400). Similar investigations with bone tissue may give better insight into the 

metabolic demands of cellular activity within bone marrow and cortical bone, instead 

of indirect markers of oxygen metabolism derived from haemoglobin oxygenation 

changes, which can be confounded by variables such as microvascular function and 

capillary density. 

11.3.1.3: Wearables 

Regardless of the acquisition mode of NIRS parameters, there is also interest in the 

development of smaller NIRS measurement devices that might facilitate NIRS to 

become a wearable, wireless testing tool. Likewise as light sources and detectors 

become smaller and cheaper, multi-channel devices are becoming more common. 

These developments could make NIRS more flexible as a monitoring or diagnostic 

device, taking real time measurements during everyday activities longitudinally and 

storing data remotely on a device, with the potential for data to be accessed by 

participants themselves (401, 402). The use of multichannel devices also allows better 

differentiation of spatial resolution. Using different optode spacing and time-of-flight 

data from TRS systems can better delineate the depth of tissue which NIRS data 

represents (64). 
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Along with reduced size of NIRS monitoring, comes the potential of implantable NIRS 

devices, which could help to overcome the issues with sampling depth of non-invasive 

systems, and could facilitate more long term measurements. Goguin et al 2010 report 

on the implantation of a NIRS device saddled around the vertebral body of felines in 

order to measure haemodynamics of the spinal cord (403). 

An interesting field of research involving the application of NIRS for measurement of 

bone haemodynamics is the effect of microgravity from longer term space travel on 

bone health, which is known to rapidly deteriorate BMD. Here NIRS offers portable 

inexpensive monitoring of bone health changes for astronauts, and has facilitated 

research into interventions to reverse the effects of microgravity on bone health, such 

as use of lower body negative pressure (LBNP) chambers. Using NIRS and PPG, 

Siamwala et al 2015 argue their results demonstrate that LBNP increases interstitial 

fluid pressure in the medullary cavity reducing blood velocity, increasing lower limb 

blood volume, and restoring the role of normal microvascular function in regulatory 

bone metabolism (78). 

11.3.1.4: Use of contrast 

The theoretical basis of NIRS systems relevant to this PhD has relied on a source of 

NIR light with detection of the attenuated photons through naturally occurring 

chromophores within tissue. An extension of this concept would be to introduce an 

artificial NIR-attenuating chromophore to the vascular system in order to measure 

markers of perfusion and blood volume. An example is Indocyanine Green (ICG) which 

has been used for this purpose in human in vivo studies within breast tissue and 

cerebral studies (404). As it is non-toxic, inert and not naturally occurring, any relative 

changes observed with NIRS can be presented as absolute values for the purpose of 

between-participant comparison (62). The intravenous injection of ICG could make a 

comparable protocol for validation of NIRS haemodynamics against DCE-MRI in bone, 

as both involve injection of a contrast agent at rest. 

An alternative approach to using NIRS technology is taking advantage of the relative 

transparency of tissue at NIRS wavelengths with use of intravascular contrast agents 

which fluoresce NIR light, and would therefore be detectable with NIR photodetectors. 

In its simplest form, injection of a NIR emitting contrast agent (fluorophore) could be 

used for detecting a marker of blood perfusion in a volume of interest. However, more 

advanced fluorophores can be utilised that have changing properties depending on an 
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interaction of interest. For example, Le et al 2018 (405) report on use of an injectable 

subcutaneous hydrogel that contains glucose sensitive nanoparticles that are activated 

to fluoresce NIR light once interacting with glucose. Application of a non-invasive NIR 

detector can therefore detect a marker of glucose concentration proportional to the 

intensity of fluorescent light detected. Similar tagging of drugs with fluorophores could 

allow monitoring of targeted drug delivery where fluorophores are activated by 

chemical interactions at the target site (404). 

11.3.2: Development of CW-NIRS 

Section 11.3.1 has highlighted a number of future potential developments around NIRS 

equipment that may extend and improve the diagnostic capabilities of NIRS when 

measuring bone haemodynamics. However, this thesis has also highlighted the 

potential for CW-NIRS protocols to produce reliable haemodynamic markers 

associated with other comparators of bone health. Whilst the technological advances 

around NIRS continue, there is still a place for CW-NIRS and the AO protocol 

developed in this thesis, despite the limitations discussed in Section 11.2. However, 

as a feasibility study this thesis has also highlighted a number of recommendations 

that are required for further development of the CW-NIRS technology.  

It is perhaps understandable that a variety of protocol variations and analytical 

approaches to quantifying NIRS markers were identified in the existing evidence base, 

given these studies were predominantly feasibility or pilot studies on small samples. 

This field of research would benefit from further networking and collaboration from like-

minded researchers working towards a consensus on the approaches to collecting 

data with CW-NIRS, allowing better comparison of results between studies. There is 

precedence for this type of consensus, with guidance documents provided by working 

groups on the use of DCE-MRI (99) and DXA (31). 

The results identified in Chapter 3 and presented in this thesis have highlighted the 

wide variability amongst the population when measuring haemodynamic markers, 

which is also complicated by the heterogeneity in testing methods and lack of 

established reliability data in this field. Whilst it is tempting to utilise NIRS technology 

solely for the investigation of diseased sub groups of interest, it is also imperative that 

more data representing the bounds of normal variability in bone haemodynamics are 

disseminated, given the known responsiveness and wide range of factors known to 

affect microvascular circulation in bone. This includes age and sex related differences 
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(29, 79, 339), ethnic differences (67), regional differences between different anatomical sites 

(e.g. axial vs appendicular skeleton; long bones vs flat bones) and bone tissue (e.g. 

cortical bone vs marrow; red marrow vs yellow marrow) (23). Similarly, further 

investigation into the generalisability of NIRS measurements to the wider population is 

warranted, with special focus on the application of NIRS in obese populations and 

attempts to improve the tolerability of NIRS protocols. Once confidence is gained on 

the bounds on normal variation in bone vascular haemodynamics, more meaningful 

development of diagnostic thresholds for disease can be elucidated.  

The ability of NIRS to monitor participants in real time with a safe inexpensive test 

appeals to applications of longitudinal monitoring for interventions on bone health. It is 

recommended that such studies utilising CW-NIRS should incorporate a reliability 

assessment similar to that presented in Chapter 7 of this thesis in order to assess the 

likelihood of longitudinal changes being attributable to reliability error. 

An example of a potential application of existing commercially available CW-NIRS 

systems (such as the Hamamatsu NIRO-200NX) is for the current parallel field of 

research involving the use of repeated vascular occlusions (RVO) for therapeutic use 

to stimulate microvascular function and prevent muscle wastage in sedentary patients, 

and to promote healing of traumatic injury to limbs (406, 407). Park et al 2008 

demonstrated that RVO improved microvascular supply within bone tissue in rabbits, 

using intraosseous LDF probes (408). Murine studies have also demonstrated RVO was 

associated with acceleration of fracture healing (409, 410). The AO protocol used in this 

thesis could conveniently support measurement of NIRS haemodynamic changes in 

peripheral human bone in conjunction with the therapeutic RVO protocol. 

If proven to be beneficial, RVO may offer a treatment option in patients with high risk 

of fracture non-union, such as those with a peripheral arterial disease or T2DM. 

Despite its limitations, CW-NIRS may still offer a potential monitoring tool for assessing 

vascular response to RVO treatment as a marker of the vascular component of fracture 

healing (77), which is known to heavily rely on angiogenesis to stimulate bone 

regeneration (8). DCE-MRI sets precedence here with evidence of altered perfusion in 

vertebral bodies having suffered from compression fracture (89, 95). The authors in these 

studies argue that DCE-MRI could be useful for diagnosing occult fractures, or 

longitudinally monitoring vertebral fracture healing. 
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11.4: Conclusion 

This PhD project has contributed valuably to the existing evidence base. It has 

presented the first objective and comprehensive synthesis of the wide ranging 

literature available on the use of NIR based systems for the measurement of bone 

haemodynamics in vivo, highlighting the existing challenges and gaps in evidence 

around this topic. Development of an AO protocol has reinforced confidence in this 

technique, building on previously identified literature. This thesis also presents the first 

rigorous assessment of reliability for NIRS-derived haemodynamic markers measuring 

bone tissue in vivo. Likewise, it is the first attempt at comparison of NIRS-derived 

haemodynamic markers in bone against external comparator tests of bone health. 

The results of this PhD have added confidence in this potential application of NIRS as 

a research tool in the field of bone health. However it is clear that further research on 

the application of NIRS should continue, including consideration of the imminent 

technological advancements in NIR based equipment, discussed in Section 11.3. 

There remains a clear demand for testing methods that can take representative 

measures of bone haemodynamics in humans in vivo in order to explore the potential 

role of the intraosseous vasculature in normal bone regulation, and altered 

pathophysiological states. This thesis has contributed in part to a wider movement 

towards development of NIR testing methods that have desirable features for bone 

health research, including safe, inexpensive and real time protocols of measurement.  
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Appendix A: MEDLINE and EMBASE search terms 

MEDLINE: 

 

Index Test Terms: designed to identify the technology 

used to measure (ie NIR technologies) 

1. NIRS.tw. 

2. infrared.tw. 

3. mid-wave.tw.7 

4. near-wave.tw. 

5. doppler.tw. 

6. (light adj5 wavelength*).tw. 

7. (light adj5 frequenc*).tw. 

8. (optical adj5 (frequenc* or wavelength* or light*)).tw. 

9. (visible adj5 (frequenc* or wavelength* or light*)).tw. 

10. spectroscop*.tw. 

11. photoplethysmograph*.tw. 

12. spectrophotometr*.tw. 

13. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 

14. exp Spectrum Analysis, Raman/ 

15. exp Laser-Doppler Flowmetry/ 

16. exp infrared rays/ 

17. exp luminescence/ 

18. exp Plethysmography/ 

19. exp Optical Imaging/ 

20. exp spectroscopy, near-infrared/ 

21. exp spectrometry, fluorescence/ 

22. exp Spectroscopy, Fourier Transform Infrared/ 

23. exp Spectrophotometry, Infrared/ 

24. 14 or 15 or 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23 

25. 13 or 24 

 

“Participant” terms, which in this context is any bone tissue 

site 

26. bone*.tw. 

27. orthopaed*.tw. 

28. orthoped*.tw. 

29. calcan*.tw. 

30. tibia*.tw. 

31. patella*.tw. 

32. femur*.tw. 

33. femor*.tw. 

34. radius.tw. 

35. radial.tw. 

36. ulna*.tw. 

37. olecranon.tw. 

38. manubrium.tw. 

39. stern*.tw. 

40. mandib*.tw. 

41. skull.tw. 

42. 26 or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34 or 35 

or 36 or 37 or 38 or 39 or 40 or 41 

43. exp "Bone and Bones"/ 

44. exp Orthopedics/ 

45. exp Bone Density/ 

46. exp Osteoporosis/ 

47. exp Bone Marrow/ 

48. exp Calcaneus/ 

49. exp Tibia/ 

50. exp Patella/ 

51. exp Femur Head/ or exp Femur/ or exp Femur Neck/ 

52. exp Radius/ 

53. exp Olecranon Process/ 

54. exp Ulna/ 

55. exp Manubrium/ 

56. exp Sternum/ 

57. exp Mandible/ 

58. exp Skull/ 

59. 43 or 44 or 45 or 46 or 47 or 48 or 49 or 50 or 51 or 52 

or 53 or 54 or 55 or 56 or 57 or 58 

60. 42 or 59 

 

“Target condition” terms: any haemodynamic marker 

measured using NIR technology at a bone site 

61. exp Oximetry/ 

62. exp Oxygen Consumption/ 

63. exp Blood Volume/ 

64. exp Perfusion Imaging/ or exp Perfusion/ 

65. exp Regional Blood Flow/ 

66. exp Blood Flow Velocity/ 

67. exp Microvessels/ 

68. exp Microcirculation/ or exp Capillaries/ 

69. exp Blood Volume Determination/ 

70. hemodynamics/ or exp vasoconstriction/ or exp 

vasodilation/ or exp vascular patency/ 

71. exp Pulsatile Flow/ 

72. 61 or 62 or 63 or 64 or 65 or 66 or 67 or 68 or 69 or 70 

or 71 

73. saturat*.tw. 

74. TOI.tw. 

75. nTHI.tw. 

76. haemoglobin.tw. 

77. hemoglobin.tw. 

78. AC amplitude.tw. 

79. perfusion.tw. 

80. haemodynamic*.tw. 

81. hemodynamic*.tw. 

82. capillar*.tw. 

83. microvascul*.tw. 

84. microvessel*.tw. 

85. (oxygen adj5 consumption).tw. 

86. (oxygen adj5 metabolism).tw. 
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87. (blood adj5 flow).tw. 

88. (blood adj5 volume).tw. 

89. (blood adj5 velocity).tw. 

90. oxygenat*.tw. 

91. pulsatil*.tw. 

92. 73 or 74 or 75 or 76 or 77 or 78 or 79 or 80 or 81 or 82 

or 83 or 84 or 85 or 86 or 87 or 88 or 89 or 90 or 91 

93. 72 or 92 

 

The three sub categories are cross filtered with “AND” and 

I have used a human filter to exclude animal studies. 

94. 25 and 60 and 93 

95. human/ 

96. animal/ 

97. 95 not (95 and 96) 

98. 94 and 97 
 

EMBASE: 

 

Index Test Terms: designed to identify the technology 

used to measure (ie NIR technologies) 

1. NIRS.tw. 

2. infrared.tw. 

3. mid-wave.tw. 

4. near-wave.tw. 

5. doppler.tw. 

6. (light adj5 wavelength*).tw. 

7. (light adj5 frequenc*).tw. 

8. (optical adj5 (frequenc* or wavelength* or light*)).tw. 

9. (visible adj5 (frequenc* or wavelength* or light*)).tw. 

10. spectroscop*.tw. 

11. photoplethysmograph*.tw. 

12. spectrophotometr*.tw. 

13. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 

14. exp plethysmography/ 

15. exp spectroscopy/ 

16. exp laser Doppler flowmetry/ or exp Doppler flowmetry/ 

17. exp infrared radiation/ or exp infrared spectrometry/ or 

exp infrared spectrophotometry/ or exp infrared 

spectroscopy/ or exp infrared thermometer/ 

18. exp fluorescence correlation spectroscopy/ or exp 

fluorescence imaging/ 

19. exp Raman spectrometry/ or exp infrared 

spectrometry/ 

20. 14 or 15 or 16 or 17 or 18 or 19 

21. 13 or 20 

 

“Participant” terms, which in this context is any bone tissue 

site 

22. bone*.tw. 

23. orthopaed*.tw. 

24. orthoped*.tw. 

25. calcan*.tw. 

26. tibia*.tw. 

27. patella*.tw. 

28. femur*.tw. 

29. femor*.tw. 

30. radius.tw. 

31. radial.tw. 

32. ulna*.tw. 

33. olecranon.tw. 

34. manubrium.tw. 

35. stern*.tw. 

36. mandib*.tw. 

37. skull.tw. 

38. 22 or 23 or 24 or 25 or 26 or 27 or 28 or 29 or 30 or 31 

or 32 or 33 or 34 or 35 or 36 or 37 

39. exp orthopedics/ 

40. exp bone marrow/ 

41. exp trabecular bone/ 

42. exp cortical bone/ 

43. exp calcaneus/ 

44. exp tibia/ 

45. exp patella/ 

46. exp femur/ 

47. exp radius/ 

48. exp olecranon/ 

49. exp ulna/ 

50. exp sternum/ 

51. exp mandible/ 

52. exp skull/ 

53. 39 or 40 or 41 or 42 or 43 or 44 or 45 or 46 or 47 or 48 

or 49 or 50 or 51 or 52 

54. 38 or 53 

 

“Target condition” terms: any haemodynamic marker 

measured using NIR technology at a bone site 

55. saturat*.tw. 

56. TOI.tw. 

57. nTHI.tw. 

58. haemoglobin.tw. 

59. hemoglobin.tw. 

60. AC amplitude.tw. 

61. perfusion.tw. 

62. haemodynamic*.tw. 

63. hemodynamic*.tw. 

64. capillar*.tw. 

65. microvascul*.tw. 

66. microvessel*.tw. 

67. (oxygen adj5 consumption).tw. 

68. (oxygen adj5 metabolism).tw. 

69. (blood adj5 flow).tw. 

70. (blood adj5 volume).tw. 

71. (blood adj5 velocity).tw. 

72. oxygenat*.tw. 

73. pulsatil*.tw. 
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74. 55 or 56 or 57 or 58 or 59 or 60 or 61 or 62 or 63 or 64 

or 65 or 66 or 67 or 68 or 69 or 70 or 71 or 72 or 73 

75. exp oximetry/ 

76. exp oxygen consumption/ 

77. exp blood volume/ 

78. exp artery perfusion/ or exp tissue perfusion/ or exp 

organ perfusion/ 

79. exp perfusion/ 

80. exp blood flow/ 

81. exp blood flow velocity/ 

82. exp microvasculature/ 

83. exp microcirculation/ 

84. exp capillary/ 

85. *hemodynamics/ 

86. exp vasoconstriction/ 

87. exp vasodilatation/ 

88. exp vascular patency/ 

89. exp pulsatile flow/ 

90. exp oxygen saturation/ 

91. exp hemoglobin determination/ 

92. exp oxyhemoglobin/ 

93. exp deoxyhemoglobin/ 

94. 75 or 76 or 77 or 78 or 79 or 80 or 81 or 82 or 83 or 84 

or 85 or 86 or 87 or 88 or 89 or 90 or 91 or 92 or 93 

95. 74 or 94 

 

The three sub categories are cross filtered with “AND” and 

I have used a human filter to exclude animal studies. 

96. 21 and 54 and 95 

97. animal/ 

98. human/ 

99. 98 not (97 and 98) 

100. 96 and 99 
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Appendix B: Full text eligibility screening form 

Study  

Year of Publication  

Language of Publication  

Country of Publication  

Study Design  

Form of publication (peer 
reviewed, grey literature etc.) 

 

Sample Size  

Human/Animal Study?  

Adult/Paediatric Study?  

Healthy/diseased participants?  
If diseased, provide details. 

 

Does the index test utilise 
wavelengths between 400-
25000nm? 

 

Index Test measuring a 
suitable haemodynamic marker 
of bone tissue? (If so, what?) 

 

Suitable bony anatomical site?  
(if so, what?) 

 

Reference 
Standard/comparator used 

 

INCLUDE/REJECT?  

If rejected, state why  
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Appendix C: Data extraction template 

Study  

Year of Publication   

Language of Publication   

Country of Publication  

Study Design  

Status of publication (peer reviewed, grey 

literature etc.) 

 

Sample Size  

Participant Demographics provided (e.g. 

age, BMI, sex) 

 

Adult/Paediatric Study?   

Healthy/diseased participants?  If diseased, 

provide details. 

 

Did the study demonstrate NIRS measuring 

bone tissue exclusively, if so, how? 

 

Anatomical Sites Investigated  

Wavelengths utilised by the index test, 

(narrow or broadband NIRS?) 

 

Details on the application of the index test  

Types of Haemodynamic Markers 

measured (and if relative or absolute 

values) 

 

Corresponding results  

Reference Standard/ Comparators used 

and corresponding results 

 

Comments on patient tolerability  

Measurements or comments on 

reproducibility across operators 

 

Measurements or comments on 

applicability across the general population 

 

Suggested amendments and/or 

applications for clinical use 
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Appendix D: Risk of bias assessment summary 
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Alnaemi 2015 ? LOW LOW ? LOW ? POOR POOR POOR

Aziz et al 2010 ? LOW LOW ? LOW ? POOR POOR POOR

Binzoni et al 2002 ? LOW LOW ? LOW ? FAIR POOR FAIR

Binzoni et al 2003 ? LOW LOW ? LOW ? FAIR POOR FAIR

Binzoni et al 2006 ? LOW LOW ? LOW ? FAIR POOR FAIR

Binzoni et al 2016 ? LOW LOW ? LOW ? FAIR POOR FAIR

Cai et al 2008 ? LOW HIGH HIGH LOW ? POOR FAIR POOR

Draghici et al 2017 ? LOW ? ? LOW ? FAIR POOR POOR

Farzam et al 2013 ? LOW LOW ? LOW ? FAIR POOR FAIR

Farzam et al 2014 ? LOW LOW ? LOW ? POOR POOR FAIR

Hutchinson et al 1990 ? LOW HIGH ? LOW ? POOR FAIR POOR

Klasing et al 2003 ? LOW LOW ? LOW ? FAIR POOR FAIR

Meertens et al 2016 HIGH LOW LOW HIGH LOW ? FAIR FAIR FAIR

Pifferi et al 2004 ? LOW LOW ? LOW ? FAIR POOR FAIR

Reher et al 2011 ? LOW ? ? LOW ? POOR FAIR POOR

Sekar et al 2015 ? LOW LOW ? LOW ? POOR POOR POOR

Sekar et al. 2016 ? LOW LOW ? LOW ? POOR POOR FAIR

Sekar et al. 2016b ? LOW LOW ? LOW ? FAIR POOR FAIR

Siamwala et al 2015 ? LOW LOW LOW LOW ? FAIR POOR FAIR

Siamwala et al 2017 ? LOW LOW ? LOW ? FAIR FAIR FAIR

Sorensen et al 2017 ? LOW ? ? LOW ? FAIR POOR FAIR

Takami et al 2008 ? LOW ? ? LOW ? POOR FAIR POOR

NIRS STUDIES
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Amarakesara et al. 2008 ? HIGH ? ? LOW ? POOR FAIR POOR

Bassett et al. 1997 ? ? ? LOW LOW ? POOR FAIR POOR

Beaule et al. 2006 ? LOW ? LOW LOW ? POOR FAIR POOR

Beaule et al. 2007 ? LOW ? LOW LOW ? POOR FAIR POOR

Beck et al. 2004 HIGH LOW ? LOW LOW ? POOR POOR POOR

Bogehoj et al. 2007 ? LOW ? LOW LOW ? POOR FAIR POOR

El Maraghy et al. 1999 ? LOW ? LOW LOW ? POOR FAIR POOR

El Maraghy et al. 2000 ? LOW ? LOW LOW ? POOR FAIR POOR

Fukuoka et al. 1999 ? LOW ? LOW LOW ? POOR FAIR FAIR

Halawi et al 2019 ? LOW ? ? LOW ? POOR FAIR FAIR

Hempfing et al. 2003 ? LOW ? LOW LOW ? POOR FAIR POOR

Hupel et al. 2000 ? LOW ? LOW LOW ? POOR FAIR POOR

Lausten et al. 1993b ? ? ? ? LOW ? POOR FAIR POOR

Lausten et al. 1993 ? LOW ? LOW LOW ? POOR POOR POOR

Lorenzen et al. 2013 ? HIGH HIGH HIGH LOW ? POOR FAIR POOR

Notzli et al. 2002 ? LOW ? ? LOW ? POOR FAIR POOR

Schoeniger et al. 2009 ? LOW ? ? LOW ? POOR FAIR POOR

Sugamoto et al. 1998 ? LOW ? LOW LOW ? POOR POOR POOR

Swiontkowski et al. 1987 ? LOW ? LOW LOW ? POOR POOR POOR

Ziebarth et al. 2013 ? ? ? ? LOW ? POOR POOR POOR

Stoffel et al. 2007 ? LOW ? ? LOW ? POOR FAIR POOR

Nicholls et al. 2006 ? LOW ? ? LOW ? POOR FAIR POOR

Kohl et al. 2011 ? LOW ? ? LOW ? POOR FAIR POOR

Hughes et al. 1998 ? LOW ? ? LOW ? POOR FAIR POOR

Hempfing et al. 2007 ? LOW ? ? LOW ? POOR FAIR POOR

Hasegawa et al. 2009 ? LOW ? LOW LOW ? POOR FAIR POOR

Bahn et al. 1990 ? LOW LOW HIGH LOW ? POOR FAIR POOR

Green et al. 1993 ? LOW ? LOW LOW ? POOR FAIR POOR

Kamiya et al. 2008 ? HIGH HIGH LOW LOW ? POOR FAIR POOR

Knobloch et al. 2003 ? LOW ? ? LOW ? POOR FAIR POOR

Nishi et al. 2011 ? LOW ? LOW LOW ? POOR FAIR POOR

Duwelius et al. 1992 ? ? HIGH ? LOW ? POOR POOR POOR

Swiontkowski et al. 1999 ? LOW ? ? LOW ? FAIR FAIR FAIR

Swiontkowski 1989 ? ? HIGH ? LOW ? POOR POOR POOR

Swiontkowski et al. 1989b ? ? HIGH ? LOW ? POOR POOR POOR

DEBRIDEMENT LDF STUDIES

LDF STUDIES

HIP/ACETABULAR LDF STUDIES

PATELLA LDF STUDIES

STERNUM LDF STUDIES
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Al-Kassab 1995 LOW LOW ? LOW LOW ? FAIR GOOD FAIR

Kokovic et al. 2014 ? ? ? ? LOW ? POOR POOR POOR

Kretschmer et al. 2009 ? LOW ? LOW LOW ? POOR FAIR POOR

Verdonck et al. 2009 ? LOW ? LOW LOW ? POOR POOR POOR

Wannfors et al. 1991 ? ? ? ? LOW ? POOR FAIR POOR

Wong 2000 ? LOW ? LOW LOW ? POOR POOR POOR

Vasovic et al. 2017 ? LOW ? LOW LOW ? POOR POOR POOR

Degoute et al. 1997 ? LOW ? LOW LOW ? POOR POOR POOR

Drinias et al. 2007 ? LOW ? LOW LOW ? FAIR FAIR POOR

Miller et al. 1994 ? LOW ? LOW LOW ? POOR POOR POOR

Miller et al. 1995 ? LOW ? ? ? ? POOR POOR POOR

Nakashima et al. 2002 ? LOW ? ? ? ? POOR POOR POOR

Nakashima et al. 2004 ? LOW ? ? ? ? POOR POOR POOR

Nakashima et al. 2006 ? ? ? ? ? ? POOR POOR POOR

Nakashima et al. 2012 ? LOW ? ? LOW ? POOR FAIR POOR

Selmani et al. 2001 ? LOW ? ? LOW ? POOR FAIR POOR

Sone et al. 2013 ? LOW ? ? LOW ? POOR FAIR POOR

Tono et al. 1998 ? LOW ? LOW LOW ? POOR POOR POOR

Schuurman et al. 1987 ? LOW ? LOW ? ? POOR POOR POOR

Hempfing et al. 2005 ? LOW ? LOW LOW ? POOR POOR POOR

Hertel et al. 2004 ? LOW ? LOW LOW ? POOR FAIR POOR

Kuhn et al. 2005 ? LOW ? LOW LOW ? FAIR FAIR POOR

Minokawa et al. 2016 ? LOW ? ? LOW ? POOR POOR POOR

Binzoni et al. 2013 HIGH LOW LOW LOW LOW HIGH FAIR POOR FAIR

MANDIBLE/MAXILLA LDF STUDIES

COCHLEA LDF STUDIES

MISCELLANEOUS LDF STUDIES

NON INVASIVE LDF STUDY

LDF STUDIES
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Becker et al 2018 ? LOW LOW ? LOW ? FAIR FAIR FAIR

Howden et al 2017 ? LOW LOW LOW LOW ? FAIR FAIR FAIR

Larsson et al 2014 ? LOW LOW LOW LOW ? FAIR FAIR FAIR

Mateus et al. 2012 ? LOW LOW LOW LOW ? FAIR FAIR FAIR

Mateus et al 2013 ? LOW LOW LOW LOW ? FAIR FAIR FAIR

Naslund 2006 ? LOW LOW ? LOW ? FAIR POOR FAIR

Naslund et al. 2007 LOW ? LOW ? LOW ? FAIR POOR FAIR

Naslund et al. 2011 ? LOW LOW ? LOW ? FAIR POOR FAIR

Naslund et al. 2019 ? LOW LOW LOW LOW ? FAIR POOR FAIR

Siamwala et al. 2015 ? LOW LOW LOW LOW ? FAIR FAIR FAIR

Siamwala et al 2017 ? LOW LOW ? LOW ? FAIR FAIR FAIR

PPG STUDIES
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Appendix E: Optode spacing experiment 

An early protocol development experiment was undertaken to investigate any 

systematic effects of optode spacing between 2.5cm and 5cm, as the existing literature 

identified in the systematic review mentions using a variety of spacing distances within 

this range, as discussed in Section 3.5.2.1. Increasing inter optode spacing will 

increase the depth and volume of the tissue sampled, but at the expense of signal to 

noise ratio, as photons are more likely to be attenuated travelling a greater distance 

through tissue (see Figure E.1). It is generally accepted that the depth of tissue 

measured is approximately half the inter optode spacing (2, 10). The experiment involved 

monitoring tissue oxygenation index (TOI) in real time. TOI was selected as the only 

parameter that is physiologically relevant at rest without any intervention protocol (as 

described in Section 2.2.1.4).  

 

Figure E.1: Schematic diagram representing the increased volume and depth of 

measurements at the tibia with increased interoptode spacing. 

Following a resting acclimatisation period of 15 minutes, the light emitting optode was 

placed at the proximal tibia medial to the tibial tuberosity. The light detecting optode 

was then initially placed 2.5cm away (from the centre of one optode to the other).  

Continuous monitoring was performed and after one minute the light detecting optode 

was placed a further 0.5cm apart.  The system was zeroed with each new inter optode 

separation and a one second sampling rate was used. This sequence was continued 

up to an inter optode separation of 5cm. This test was performed twice each on three 

different participants. 

Figure E.2 demonstrates that the trends in results were fairly consistent across all three 

participants. TOI generally peaked around 3.0cm to 3.5cm suggesting there may be 
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an interface where the system is more affected by cortical bone.  From this point, as 

inter optode distance increased, TOI generally reduced slightly, presumably as more 

bone marrow was sampled at a greater depth.  

 

Figure E.2: Graph demonstrating the mean TOI of sample measurements taken at 

increasing increments of inter optode spacing (dark blue trendline). Individual trend 

lines of three participants measured twice each are shown with light blue trend lines. 

At inter optode spacing of 4.5cm and 5cm, noise in the signal began to noticeably 

increase (see Figure E.3). The increased distance between source and detector 

means more attenuation of light photons before reaching the detector and thus a 

reduced signal to noise ratio.  This was confirmed with the mean coefficient of variation 

(CV) within 50 second readings being 0.28% at 3cm, 0.46% at 4cm and 1.20% at 5cm. 

CV was calculated by dividing the standard deviation of the 50 individual 

measurements taken within the measurement period by the mean TOI measurement 

of the 50 second sample.  

Given these observations it was decided to use a 4cm spacing between optode and 

detector. This was decided as a compromise between the potential inconsistency and 

unpredictability of cortical bone volume contributing more to measurements at 3cm 

inter optode spacing, and the decreased signal to noise ratio of 4.5cm and 5cm inter 

optode separations. The Hamamatsu NIRO-200NX also conveniently has a 
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premanufactured light hood for shielding light from optodes and maintaining a 

consistent 4cm spacing between participants. 

 

Figure E.3: Representative data from one participant, demonstrating the decreased 

signal to noise of TOI measurements as the inter optode spacing is increased. 
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Appendix F: Alternative NIRS intervention protocols 

F.1: Mid-calf occlusion protocol 

The aim of this protocol was primarily to demonstrate if NIRS optodes were taking 

measurements representative of bone tissue. NIRS measurements were taken at the 

medial malleolus of the tibia using the positioning outlined in Section 4.2. The medial 

malleolus was selected as a suitable measurement site as it is a superficial bony 

landmark in a weight bearing bone that is thick enough to suggest that NIRS signal will 

only travel through the tibia from optode to detector (apart from minimal overlying 

superficial tissue). Also the predominantly proximal vascularisation of the tibial 

medullary cavity via the tibial nutrient artery (55) allowed for an experimental design that 

could potentially observe if NIRS represented the vascular properties of bone, as 

further described below. 

Two sets of NIRS measurement optodes were used. The first was placed at the medial 

malleolus and the second was placed over soft tissue laterally on the distal calf.  After 

a resting period of 15 minutes, the vascular supply to the leg of the participant was 

then occluded at the midpoint of the lower leg using a blood pressure cuff inflated to 

200mmHg for up to four minutes (see Figure F.1).   

 

Figure F.1: Schematic of the mid-calf occlusion protocol set up. NIRS optodes are 

shown at the medial malleolus, and also placed at the lateral calf distal to the cuff 

around the mid-calf. The placement of the cuff should not occlude intraosseous blood 

supply from the nutrient artery. 
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It was hypothesised that if NIRS optodes were truly measuring bone oxygenation there 

would be minimal to no decrease in oxygenation at the medial malleolus when 

compared to the muscular site, as blood supply would be sustained through bone. This 

is because it was expected that the medullary cavity of the tibia predominantly receives 

its blood supply from a proximal artery supply through a nutrient foramen in the 

proximal end of the tibia, and being intraosseous should be protected from a mid-calf 

occlusion. It was expected that the oxygen saturation of the muscular site would still 

decrease due to inhibited arterial blood supply.   

After a further rest period of ten minutes, a second occlusion was performed across 

the distal femur (using the same arterial occlusion protocol outlined in Section 4.4.1). 

Here both the muscular site and medial malleolus would be expected to deoxygenate, 

with occlusion of arterial blood supply at the distal femoral artery affecting both tissue 

sites.   

This protocol was abandoned after six participants as no obvious differences between 

NIRS parameters at the medial malleolus were seen between the distal femur and mid-

calf occlusions. Whilst this could potentially indicate NIRS was not truly measuring the 

medial malleolus, it was concluded that it was more likely that the influence of 

alternative blood supply to long bones via periosteal anastomosis had been potentially 

underestimated. McCarthy 2006 discusses the adaptability of long bone blood supply, 

citing examples of surgical reaming of the medullary cavity in sheep leading to no 

detectable change in cortical bone perfusion (23). Santolini et al 2014 also argue that 

the distal third of the tibia and medial malleolus may be equally reliant on centripetal 

metaphyseal-epiphyseal vessels (55). Likewise there may be variability amongst the 

population regarding the entry position of the tibial nutrient artery (55), and so there 

could not be certainty that this artery was not being inadvertently occluded during the 

mid-tibia occlusion. As mentioned in Section 5.3.1, the medial malleolus was also 

anecdotally more difficult to obtain stable optode placement, which may have 

contributed to measurement error.  

F.2: Positional protocol 

Testing was performed to demonstrate if NIRS was responsive to physiological 

haemodynamic changes caused by gravitational positional changes of the lower leg, 

as has previously been demonstrated in the literature (10, 78, 196, 204).  After 15 minutes 

supine rest, participants were continuously monitored at the proximal tibia and lateral 
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calf.  With support of a tilting bed, participants raised and lowered their leg 15 degrees 

for 2 minutes each, with measurements at a neutral supine position taken before, 

between and after positional changes. This was repeated for three participants. 

Normalised total haemoglobin index (nTHI) was the NIRS parameter of interest as this 

can reflect relative changes in blood volume (as discussed in Section 2.2.1.4) that were 

expected due to the gravitational effects of differing leg positions. A mean nTHI was 

taken over 100 seconds for each position with a sampling rate of once per second. 

 

Figure F.2: Representative image of NIRS measurements taken at the lateral calf and 

proximal tibia with leg up tilt. 

Results are presented graphically in Figure F.3 below. During positional movements, 

total blood volume, as measured by nTHI, dropped in both the tibia (13.0% mean 

reduction; SD 6.0%) and lateral calf (4.0% mean reduction; SD 0.2%) when the leg 

was raised, as was expected with gravity. Likewise nTHI increased as the leg was 

dropped, again as expected with gravity, in both the tibia (16.2% mean increase; SD 

16.4%) and the calf (2.2% mean increase, SD 3.7%). It would appear that bone had 

more marked relative changes in blood volume with positional changes than muscle. 

However this potentially highlights a limitation of the nTHI parameter. As discussed in 

Section 2.2.1.4, changes in nTHI represent relative changes in total haemoglobin 

concentration relative to the initial measurement point, with the initial absolute 

haemoglobin concentration unknown. It is expected that if the bone site has a smaller 

initial absolute blood volume (as is expected, see discussion in Section 5.6.3, page 

153), then comparable changes in absolute haemoglobin concentration between the 

tibia and calf could be reflected as very different relative changes, with nTHI changes 
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at the tibia exaggerated compared with muscle due to a potentially smaller initial 

haemoglobin concentration.  

  

 
 

 
 

 

Figure F.3: nTHI changes (representative of relative blood volume changes) during 

positional movement of the proximal tibia and lateral calf with 15 degrees tilt of the leg 

up and down (N=3). 

The results of this experiment were in keeping with previous similar feasibility work, 

demonstrating the responsiveness of NIRS to detect gravitational changes in blood 

volume, as represented by nTHI. Binzoni et al 2006 (10) discusses similar changes in 

NIRS parameters using similar positioning protocols. The authors reflect that the 

physiological vascular response underpinning the observed changes is unknown, and 
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may differ between muscle and bone, suggesting potentially unique vasoregulatory 

response at the tibia. 

Siamwala et al 2015 (78) report a significant reduction in calf circumference with leg up 

tilt using strain-gauge plethysmography, suggestive of general blood volume reduction 

at the calf. This study also reported increases in blood flux at the tibial diaphysis 

measured using photoplethysmography (PPG). The authors were interested in 

applying lower body negative pressure using a pressure chamber (see Figure 3.2) in 

order to reverse these changes, as they hypothesised this may be a potential treatment 

option to reverse bone health changes in astronauts exposed to longer periods of 

microgravity. The authors also reflect that the physiological responses to positional 

changes are essentially unknown. Later work by the same author’s also suggests sex-

specific differences in response (204).  

Despite these interesting observations, this protocol was not adopted further as there 

was only a small external evidence base around haemodynamic regulation in bone 

due to positional changes with which to compare results. This would prohibit validation 

of this protocol against external comparators, and make the clinical utility of NIRS 

results much harder to establish. Results also suggested wide variability in individual 

results despite similar trends in nTHI changes (as shown graphically in Figure F.3), 

suggesting the reproducibility of the testing may not be sufficient for further research. 

F.3: Venous occlusion protocol 

A venous occlusion protocol was attempted to assess if it would be a feasible protocol 

for obtaining haemodynamic measurements of bone tissue, and to try to demonstrate 

confidence that bone tissue was being measured at TP and TD sites, based on the 

differences between these sites and measurements taken at the lateral calf.  This was 

achieved by applying an occlusion with only enough pressure to block venous return, 

but still allowing arterial inflow into the tissue being sampled. It was hypothesised there 

may be a difference between tissue types affecting the rate of inflow of arterial blood, 

detectable by NIRS. This could be because of differences in the size of feeder arteries 

or capillary density between tissue types, or differences in interstitial pressure within 

the differing tissue types (5).   

A four minute femoral venous occlusion was performed at a personalised pressure 

midway between the previously observed diastolic and systolic brachial blood pressure 

of the participant. A venous occlusion was deemed successful if there was an increase 
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in both deoxygenated haemoglobin (HHb) and oxygenated haemoglobin (O2Hb) during 

occlusion, with a corresponding increase in blood volume, as represented by 

normalised total haemoglobin index (nTHI) and total haemoglobin concentration 

change (cHb; equal to O2Hb + HHb) (275). With respect to blood volume changes, an 

increase during venous occlusion is expected as there is arterial inflow without venous 

outflow.  As such, the rate of cHb increase can be used as a marker of blood flow into 

tissue (73). Tissue oxygenation index (TOI) was also expected to decrease during 

occlusion as venous deoxygenated haemoglobin accumulates in tissue due to venous 

occlusion (see Figure F.4 for an example). 

Gaining a true venous occlusion proved less reliable than for the arterial occlusion 

protocol outlined in Section 4.4.1. Six of 14 occlusions performed on participants did 

not meet the desired criteria. This may have been in part due to unknown differences 

between femoral and brachial blood pressures resulting in poor venous occlusion, or 

alternatively undesirable arterial occlusion. There was no obvious difference in 

complication rates between measurements taken at the proximal tibia and tibial 

diaphysis sites. 

For the eight successful datasets obtained, analysis was performed on the rate of 

increase in cHb, HHb, O2Hb and nTHI changes during the last 3 minutes of the 

occlusion (with the first minute of data excluded to allow for variable cuff inflation time 

and initial noise in data due to cuff inflation). cHb and HHb were the most reliable 

measures from the venous occlusions with linear change observed (represented by a 

Pearson’s r-value of >0.9) for all eight successful venous occlusions, at both the tibia 

and calf. O2Hb and nTHI changes were far less reliable, with non-linear change in 

either tibial and/or calf readings ruling out 50% of data for comparison between 

anatomical measurement sites for these two parameters amongst the eight successful 

venous occlusions. 

Using paired t-tests, a significant difference in the mean rate of increase in HHb during 

occlusion was observed between the tibia and the lateral calf across the eight 

participants providing data (tibia 0.64 µM.cm/s (SD 0.36) vs lateral calf 1.28 µM.cm/s 

(SD 0.36); p<0.01). There was also a significant difference in the rate of increase in 

cHb during occlusion between the tibia and the lateral calf across the eight participants 

providing data (tibia 1.23 µM.cm/s (SD 0.43) vs muscle 1.82 µM.cm/s (SD 0.64); 

p<0.01).  
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Figure F.4: An individual example of successful venous occlusion data at the proximal 

tibia. (a) The overall TOI drops during occlusion and responds upon occlusion release; 

(b) O2Hb, HHb and cHb all increase as arterial inflow continues alongside venous 

pooling and oxygen extraction during occlusion. All return to approaching baseline 

during occlusion release; (c) nTHI increases during occlusion, again because of arterial 

inflow and venous pooling, returning to baseline once the occlusion is released. 

 



319 
 

Despite the statistically significant differences in results, the physiological importance 

of these differences is not possible to definitively determine. The results do support the 

arterial occlusion results presented in Section 5.3.2 that the lateral calf has a higher 

oxygen metabolism (as indicated by faster HHb rates of accumulation during 

occlusion), and greater tissue perfusion (as indicated by greater cHb rates of 

accumulation during occlusion). This supports the discussion in Section 5.6.2 that 

muscle has a higher physiological metabolism than bone, and that it has a greater 

blood volume capacity. 

Venous occlusions were more tolerable for participants and provided some support 

that NIRS measurements at the tibia were responsive to microvascular change. Those 

changes were statistically significantly different to calf readings, and as such they could 

potentially represent tibial tissue. However, the venous occlusion protocol was not 

taken forward for reliability and validation assessment due to the poor success rate 

experienced when attempting adequate venous occlusions.  

Van Beekvelt et al 2001 (73) also found venous occlusions unreliable compared with 

arterial occlusions of the upper limb when investigating forearm muscle with NIRS. The 

authors of this study made similar conclusions that venous occlusions may be more 

susceptible to localised changes to the limb being measured, whereas arterial 

occlusions offer a more definitive physiological change (i.e. total occlusion). Arterial 

occlusions were shown to be more reliable in Hassan et al 1999 (275) when examining 

peripheral oxygen utilisation in the forearm on neonates.  

Venous occlusions also have other limitations. TOI data is by definition a ratio of O2Hb 

and cHb and as such is affected by multiple confounding factors when measured 

during a period with changing blood volume, inherent during venous occlusion. 

Likewise using O2Hb and HHb concentration changes as a marker of oxygen extraction 

is complicated by rising blood volume inherent with a venous occlusion. Venous 

occlusions also do not offer the same advantages of arterial occlusions when 

observing changes during cuff release and post occlusion recovery. 

In principle, venous occlusions may be useful at observing the rate of O2Hb increase 

during occlusion.  In an occlusion system that does not allow outflow but only venous 

inflow, O2Hb changes could be seen as a marker of the rate of arterial inflow into the 

tissue being sampled during occlusion. However, in practice O2Hb was found to be an 

unreliable marker for venous occlusions.  
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Although cHb and HHb measurements were more reliable, they too have limitations. 

HHb and cHb readings measure absolute changes in haemoglobin concentration, but 

their value is relative to the initial readings taken at the time of first measurement, which 

remains unknown as a limitation of the continuous wave NIRS system used (2, 62). It is 

likely that the rate at which HHb and cHb increases could be inherently dependent on 

the initial absolute blood volume at the time of measurement, the available space within 

tissue to facilitate increased blood volume, and the rate of arterial inflow during venous 

occlusion (275). However it is impossible to distinguish between these potential 

variables, making comparison between individuals complex (especially when also 

considering the observed high failure rate of venous occlusion).  

Measuring changes in HHb during venous occlusion has been previously attempted in 

NIRS research of the forearm and is most useful when considering oxygen metabolism 

(i.e. conversion of O2Hb to HHb) (73, 275). However, again this is a multifaceted 

haemodynamic marker during venous occlusion as oxygen metabolism will also be 

affected by differing rates of inter-participant arterial inflow and baseline arterial 

oxygenation (275). As such it was decided that HHb changes would be more meaningful 

to be observed as a marker of oxygen extraction in the closed system of an arterial 

occlusion with constant blood volume. There was also no previous evidence identified 

investigating bone tissue through use of venous occlusion, unlike with arterial 

occlusions. 
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Appendix G: Non-linear modelling of post occlusion response 

Non-linear modelling of time signal response curves is appropriate where linear 

responses are not observed. There are a number of different non-linear approaches 

possible (including variations of exponential and polynomial curves) but ideally the 

choice of non-linear model should be based on the physiological principles of the 

expected changes (286). In this case, non-linear changes are evident in the NIRS-

derived parameters of interest following the release of an arterial occlusion (see Figure 

G.1). These parameters are tissue oxygenation index (TOI), representing the 

percentage oxygenation of haemoglobin within the measured volume, and the change 

in oxygenated haemoglobin concentration (O2Hb), representing the increase in O2Hb 

concentration once arterial blood flow is restored. 

Unfortunately there is no precedence for use of non-linear modelling for NIRS 

measurements of bone tissue and likewise no evidence based position on what type 

of non-linear response may be physiologically expected. However, there is some 

precedence for looking at non-linear markers of post occlusion response in studies 

performed on muscle tissue using non-linear modelling (80, 280, 283, 284).  

These studies typically use exponential curve fitting to derive time constants (tau) that 

represent the time taken for the haemodynamic parameter to reach 63.2% of its 

recovery. Non-linear modelling using exponential modelling can also provide a 

measurement of amplitude or “span”, which in this context will provide the total 

maximum change in a haemodynamic parameter from the initial period of occlusion 

release to the maximum value obtained (286). These markers of interest are graphically 

presented in Figure G.1. 

Bopp et al 2014 used similar exponential curve fitting to investigate time constants of 

the change in total haemoglobin concentration in the forearm post occlusion release 

after arterial occlusion using a frequency domain NIRS system (80). Nagasawa et al 

2003 investigated the time constant of recovery in muscle oxygen consumption in 

muscles of the forearm of eight participants following hand grip exercise using a one 

phase exponential model (284). Brizendine et al 2013 used a similar time constant of 

muscle oxygen consumption recovery to compare endurance athletes with controls, 

showing recovery rates two fold faster in athletes (283). 
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Figure G.1: Figure illustrating the sampling of the post occlusion period for non-linear one phase exponential analysis. The time 

period analysed is indicated by purple arrows and includes the start of the post occlusion period to the maximum value obtained. The 

four non-linear haemodynamic markers are presented in blue including span (amplitude) and tau (time constant) measurements for 

both tissue oxygenation index (TOI) and oxygenated haemoglobin concentration change (O2Hb).
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Based on the observation of exponential type responses post occlusion release, and 

the existing precedence in NIRS use of muscle, exponential curve fitting was explored. 

Non-linear analysis was performed using GraphPad Prism software (Version 8.1.0; 

GraphPad Software, San Diego) using the “one phase association” settings using a 

least squares fit approach (285). Curves were fitted to data from the initial value of 

occlusion release to the maximum value observed (see Figure G.1 for examples), or 

for 120 seconds of recovery in instances were a typical post occlusive hyperaemic 

peak was not observed.  

Non-linear markers were attempted for all participants who contributed to the intra 

operator reliability assessment presented in Section 7.1. Summary data are presented 

in Tables G.1 and G.2. This approach appeared to fit data well with all data returning 

an R-squared value of greater than 0.8, except for the tibial measurements in one 

participant. However, time constant markers (TOI_PO_tau and O2Hb_PO_tau) 

demonstrated poorer reproducibility markers than comparable linear markers of the 

post occlusion recovery rate in the initial 20 seconds of the occlusion release 

(TOI_PO_20s and O2Hb_PO_20s). The markers of span were analogous to the 

TOI_PO_absΔ and O2Hb_PO_absΔ markers, with no clear advantage in 

reproducibility. As such, non-linear markers were abandoned for the validation 

analyses performed in Chapters 8, 9 and 10. 
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Table G.1: Same day test/retest repeatability data on non-linear haemodynamic markers of the proximal tibia and lateral calf post arterial 

occlusion release. (PO=Post Occlusion Release; SD=Standard Deviation; RMS=Root Mean Square; CV=Coefficient of Variation; ICC=Intra 

Class Correlation). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SAME DAY DATA POST OCCLUSION (TIBIA)   TOI_PO_span 
(%) 

TOI_PO_tau 
(s) 

O2Hb_PO_span 
(µM.cm) 

O2Hb_PO_tau 
(s) 

Paired data (N) 27 27 27 27 

Mean 7.9 20.7 195.5 14.4 

Between Participant SD 2.3 9.7 62.9 6.9 

Within Participant RMSSD 1.1 5.8 15.2 3.8 

Within Participant RMSCV  
(%, with 95% CI) 

14.4 
(0-29.2) 

25.9 
(0-59.4) 

8.4 
(0-17.1) 

18.3 
(0-37.2) 

Repeatability Coefficient  3.0 16.1 42.0 10.5 

ICC (with 95% CI) 0.76 
(0.55-0.88) 

0.63 
(0.33-0.81) 

0.95 
(0.89-0.98) 

0.72 
(0.47-0.86) 

SAME DAY DATA POST OCCLUSION (CALF)   TOI_PO_span 
(%) 

TOI_PO_tau 
(s) 

O2Hb_PO_span 
(µM.cm) 

O2Hb_PO_tau 
(s) 

Paired data (N) 31 31 31 31 

Mean 33.5 16.7 500.95 14.16 

Between Participant SD 13.7 14.0 244.78 8.94 

Within Participant RMSSD 5.8 8.3 129.9 7.7 

Within Participant RMSCV  
(%, with 95% CI) 

13.7 
(0-28.3) 

21.9 
(0-45.5) 

21.0 
(0-47.2) 

28.3 
(0-59.3) 

Repeatability Coefficient  16.2 22.9 359.7 21.2 

ICC (with 95% CI) 0.82 
(0.66-0.91) 

0.67 
(0.42-0.82) 

0.71 
(0.48-0.85) 

0.29 
(0.0-0.58) 
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Table G.2: Different day test/retest reproducibility data on non-linear haemodynamic markers of the proximal tibia and lateral calf post 

occlusion release (DO=During Occlusion; PO=Post Occlusion Release; SD=Standard Deviation; RMS=Root Mean Square; CV=Coefficient 

of Variation; ICC=Intra Class Correlation). 

 

 

 

 

 

 

 

 

 

DIFFERENT DAY DATA DURING OCCLUSION 
(TIBIA) 

TOI_PO_span 
(%) 

TOI_PO_tau 
(s) 

O2Hb_PO_span 
(µM.cm) 

O2Hb_PO_tau 
(s) 

Paired data (N) 25 25 26 26 

Mean 8.0 22.6 193.2 15.0 

Between Participant SD 2.6 17.1 61.9 7.1 

Within Participant RMSSD 2.4 17.3 26.3 4.6 

Within Participant RMSCV  
(%, with 95% CI) 

30.9 
(0.0-62.2) 

45.1 
(3.4-86.7) 

17.9 
(0-39.6) 

25.2 
(0-55.6) 

Repeatability Coefficient  6.6 48.0 72.7 12.6 

ICC (with 95% CI) 0.21 
(0.0-0.55) 

0.12 
(0.0-0.48) 

0.83 
(0.67-0.92) 

0.62 
(0.32-0.81) 

DIFFERENT DAY DATA POST OCCLUSION 
(CALF)   

TOI_PO_span 
(%) 

TOI_PO_tau 
(s) 

O2Hb_PO_span 
(µM.cm) 

O2Hb_PO_tau 
(s) 

Paired data (N) 30 30 30 30 

Mean 31.5 14.9 458.7 12.3 

Between Participant SD 12.5 12.2 199.3 4.3 

Within Participant RMSSD 7.1 9.6 83.0 3.3 

Within Participant RMSCV  
(%, with 95% CI) 

17.9 
(0-36.0) 

25.9 
(0-54.7) 

20.3 
(1.2-39.4) 

24.9 
(0-53.2) 

Repeatability Coefficient  19.8 26.7 229.8 9.2 

ICC (with 95% CI) 0.65 
(0.39-0.82) 

0.45 
(0.11-0.69) 

0.82 
(0.66-0.91) 

0.45 
(0.11-0.69) 
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Appendix H: Oxygen to See (O2C) measurements 

The Oxygen-To-See system (O2C; LEA Medizintechnik, Geissen) is an optical device 

designed to take non-invasive haemodynamic measurements of microcirculation within 

superficial tissue. This includes tissue oxygenation index (TOI) measurements representing 

the ratio of oxygenated haemoglobin to total haemoglobin using spectrometry methods 

discussed in Section 2.2.1. Markers of blood flow based on relative arbitrary units (au) are 

also possible using laser Doppler technology discussed in Section 2.2.3. 

For measurements used in this appendix, data from the “deep” channel of the O2C probe 

have been used, primarily as it samples a larger tissue volume than the superficial channel. 

This involves a source to detector spacing of 8mm likely to represent cutaneous skin and 

some subcutaneous tissue of less than 4mm depth. Measurements were obtained with a 

two second sampling rate and utilising a range of optical wavelengths between 650-795nm 

for TOI measurements, and 830nm for blood flow measurements (224, 225). 

Blood TOI and blood flow measurements were continuously monitored at the dorsal surface 

of the foot of the leg of interest. The primary rationale for this was to allow real time data 

when assessing the success of applying the arterial occlusion by assessing changes in 

blood flow to superficial tissue in the foot, which should become negligible with successful 

occlusion of pulsatile arterial flow. Figure H.1 provides an individual example of blood flow 

measurements of tissue at the dorsal surface of the foot, demonstrating the reduction of 

blood flow during arterial occlusion, with a rapid increase in blood flow upon occlusion 

release, as expected. It is noted blood flow does not reach zero during arterial occlusion, 

most likely due to Brownian motion of fluid within the sampled volume, termed biological 

zero (273). TOI measurements taken at the foot using O2C, as well as at the proximal tibia 

with NIRS, are also presented in Figure H.1. 
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Figure H.1: Illustrative example of TOI and blood flow measurements taken from an 

individual participant during an arterial occlusion protocol. TOI data show clear differences 

in resting TOI between the tibial and foot measurement sites. There is also a difference in 

post occlusive reactive hyperaemia between tissue types when the occlusion is released. 

Blood flow data from the foot measurement site demonstrates a clear reduction in blood 

flow during arterial occlusion, with strong response, as expected, when the occlusion is 

released. This monitoring of blood flow was used in real time to help determine the 

integrity of the arterial occlusion applied. 

Whilst the primary rationale for the use of O2C was for monitoring the integrity of arterial 

occlusions in real time, the data obtained from the O2C equipment also allowed for 

opportunistic post hoc analysis comparing the changes in TOI during arterial occlusion 

between NIRS and O2C equipment, where data are proposed to represent bone tissue at 

the tibia and superficial tissue at the foot, respectively. This was possible for 23 participants. 
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Figure H.2 demonstrates graphically the differences in resting TOI between sites, as well as 

the differences in TOI change during occlusion. Importantly, there is also a large difference 

in TOI response post occlusion release, with O2C measurements at the foot demonstrating 

a large PORH response, where there is negligible PORH response shown at the tibial 

measurement site with NIRS. Differences between measurement sites were confirmed to 

be statistically significant using paired t-tests (p<0.05) for all five haemodynamic markers of 

interest presented in Figure H.2. 

Whilst it is acknowledged that potential confounders exist, such as the use of two different 

optical systems (259), the results gave confidence that NIRS and O2C data represent different 

tissue types. Similar observations were made in Figure 5.1 between NIRS measurements 

taken at tibial sites and over the lateral calf during arterial occlusion. 

Whilst the results in this appendix cannot definitively rule out or quantify the contribution of 

overlying tissue to NIRS measurements taken at the proximal tibia, the results support the 

evidence based discussion presented in Section 8.4.2 around the likely minimal contribution 

of overlying superficial tissue to measurements of the proximal tibia in the data presented in 

this thesis. 
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Figure H.2: Graphs of tissue oxygenation index (TOI) haemodynamic markers obtained 

before, during and after arterial occlusion for measurement sites at the proximal tibia and at 

the dorsal surface of the foot (N=23). Error bars represent 95% confidence intervals.  
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Appendix I: Intra participant reproducibility pilot 

This appendix graphically presents the TOI, HHb, and O2Hb data from arterial occlusion 

protocols repeated three times on three separate days, as described in Section 4.8. Data 

are presented for three participants. The graphs provide an example of the visual 

reproducibility of within-participant NIRS time signal curves, which as a pilot suggested 

further formal reliability assessment was warranted. These data also contributed to the 

quantitative assessment of reliability presented in Chapter 7. 

 

Participant 1: 
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Participant 2: 
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Participant 3: 
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Appendix J: Blood oxygenation level dependent (BOLD) MRI case series 

J.1: Rationale and aim 

BOLD MRI protocols use T2* weighted sequences to demonstrate temporal changes of 

oxygenation levels in haemoglobin within tissues of interest, taking advantage of the 

diamagnetic properties of oxygenated haemoglobin (O2Hb) and paramagnetic properties of 

deoxygenated haemoglobin (HHb). Assuming constant blood volume, a relative increase in 

HHb will decrease T2* signal due to the localised effect of HHb on the magnetic properties 

of Hydrogen atoms in the surrounding tissue (98). BOLD protocols are commonly used to 

image oxygenation changes in the brain during functional MRI protocols. They have also 

been used to demonstrate oxygenation changes in muscle during arterial occlusion (103). 

However, no precedence was identified for the use of BOLD imaging in bone tissue. 

A BOLD non-contrast MRI protocol for imaging bone is of interest as it could potentially 

provide temporal scanning of a participants leg during arterial occlusion whilst in the MRI 

scanner, with signal changes representing changes in oxygenation status of bone tissue, 

thus potentially providing a direct comparison with the NIRS arterial occlusion protocol (97). 

In principle BOLD protocols are ideal for validation of NIRS haemodynamic markers as they 

can similarly demonstrate oxygenation changes in real time with temporal imaging during 

an intervention such as an arterial occlusion protocol. BOLD protocols have been used to 

demonstrate strong correlations with cerebral NIRS measurements obtained during motor-

task related activities (104, 105) and in skeletal muscle during exercise (106). 

As part of the protocol development stage of this PhD project, a small feasibility study was 

performed with the aim of investigating whether T2* derived signal changes in bone marrow 

during arterial occlusion could be reliably recorded using a BOLD protocol, and if so, whether 

these changes were associated with recorded NIRS changes measured simultaneously with 

MRI compatible NIRS optodes. This feasibility work would determine if a BOLD protocol 

might be useful for validation of NIRS for measuring bone tissue haemodynamics in a more 

diversely sampled population. 

J.2: Methods 

Four participants undertook the imaging protocol, which was repeated twice at both the 

proximal tibia (TP) and tibial diaphysis (TD) sites, producing eight datasets in total. Ethical 

approval was not sought as participants all formed part of the immediate research team. 

Following MRI safety screening processes, the participant was positioned supine on the 
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scanner, with some propping of legs to allow placement of an occlusion cuff at the distal 

thigh, and to minimise movement during distal thigh cuff expansion. NIRS optodes were 

placed at either the TP or TD position using the positioning protocols previously described 

in Section 4.2. There was a 15 minute acclimatisation period before commencing MRI 

scanning. Two minutes of temporal imaging of the tissue of interest was then performed 

before initiating the distal thigh arterial occlusion to 200mmHg of pressure for up to four 

minutes, followed by up to four minutes of imaging post occlusion release. NIRS data were 

recorded simultaneously, with the NIRS based haemodynamic markers outlined in Section 

4.4 used for data analysis.  

During the occlusion protocol, BOLD MRI scans were acquired using a Phillips Intera 1.5T 

scanner and a dual element “sense flex” coil. Axial volumes were selected at the proximal 

tibia and tibial diaphysis (see Figure J.1). An echo-planar imaging (EPI) sequence with fat 

suppression was used with an echo time (TE) of 11ms and repetition time (TR) of 4 seconds. 

A single slice volume of 5mm thickness was obtained.  

 

Figure J.1: Example ROI placement of (a) the proximal tibia and (b) the tibial diaphysis for 

time-signal analysis during the BOLD MRI arterial occlusion protocol. 

NIRS readings of the lateral calf were unable to be taken, with only one set of MRI 

compatible optodes available. However BOLD measurements were also taken at the lateral 
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calf, as this anatomy was included within the scanned volume. Finger pulse and arterial 

saturation measurements were taken throughout the protocol to rule out confounding 

systematic physiological changes.  

Following imaging, a region of interest (ROI) was placed over the marrow of the bone and 

over the lateral calf muscle. The signal in cortical bone was not measured as the volume of 

interest was deemed too small to measure changes in oxygenation accurately. The average 

signal intensity within the ROI for each scan was measured and graphed temporally to 

observe MRI signal changes (see Figure J.2 for examples).  

 

Figure J.2: Examples of MRI signal change at the lateral calf muscle. All eight occlusions 

showed a decrease in signal suggesting good arterial occlusion. However two patterns 

emerged: (a) a continuous decrease in signal, and more commonly (b) a sharp decrease 

and plateau of lower signal. All eight data sets demonstrated a post occlusive hyperaemic 

response (PORH) post occlusion release at the calf. 

Pearson’s correlation was used to assess for associations between haemodynamic markers 

obtained using NIRS and BOLD MRI. A p-value of 0.05 was deemed the threshold for 
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statistical significance. The strength of associations was assessed using the scale proposed 

by Evans 1996 with an r-value of <0.4 deemed “poor”, 0.4 to 0.6 deemed “moderate”, 0.6 to 

0.8 deemed “strong”, and >0.8 deemed “very strong” (304). 

J.3: Results 

MRI signal changes at the lateral calf appeared reliable at registering signal change in line 

with oxygenation changes during and after arterial occlusion. On all eight data sets, signal 

intensity decreased with arterial occlusion and recorded a post occlusive hyperaemic 

response (PORH) at occlusion release (see Figure J.2 (a) for an example). Interestingly, 

signal decrease was typically not a regular continuous decrease as observed with NIRS, but 

rather showed a sharper initial decrease followed by a plateau of decreased signal during 

occlusion (see Figure J.2 (b)). Unfortunately, NIRS readings of the lateral calf were not taken 

simultaneously for comparison as only one set of MRI compatible NIRS probes were 

available. Despite this, MRI signal changes at the lateral calf gave confidence that arterial 

occlusions were effective at occluding arterial blood flow to the leg, and that the BOLD 

imaging sequence was sensitive to oxygenation changes. 

MRI signal changes at the tibia were less consistent than at the lateral calf. Three of eight 

data sets showed a paradoxical increase in MRI signal, and so these data were removed 

from analysis. The remaining five data sets had high levels of noise in time-signal data, but 

did seem to show signal decreases corresponding with occlusion (see Figure J.3 for an 

individual example).  

The high variability within time signal results was not surprising as signal at tibial sites was 

far lower than at the lateral calf, leaving these readings susceptible to low signal to noise. 

Results at tibial sites also often followed the pattern of signal change most commonly seen 

at the lateral calf, with an initial drop in signal and subsequent plateau until occlusion release. 

As such, in order to allow for low signal to noise and produce markers indicative of 

oxygenation change in response to occlusion, the differences in mean signal values were 

taken between a 60 second period at pre occlusion, during the last 60 seconds of occlusion, 

and from the point of peak recovery of signal post occlusion release. This approach is 

consistent with the data analysis of Towse et al 2016 (103).  
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Figure J.3: An example of MRI signal change during arterial occlusion at the tibia.  A 

decrease in signal is seen although it is not a continuous linear decrease as observed with 

NIRS. No discernible post occlusive hyperaemic response (PORH) is seen upon occlusion 

release as observed at the lateral calf (see Figure J.2). This is comparable with NIRS where 

PORH is generally not observed in TOI post occlusion markers at the tibia, but is observed 

at the calf. Red arrows indicate the measurement periods of mean MRI signal results taken 

over 60 seconds before arterial occlusion, during the last 60s of occlusion, and 60s following 

the peak post occlusion signal measurement observed. 

NIRS measurements were successfully obtained from the tibia for all eight data sets with 

TOI decreases observed during occlusion, and mirrored changes in O2Hb and HHb 

observed during and after occlusion, as expected. The NIRS markers previously discussed 

in Section 4.5 (and presented below in Figure J.4) are referred to in the following results. 

A poor non-significant negative Pearson’s correlation was found between resting tibial TOI 

values on NIRS and corresponding resting MRI signal (-0.123; p=0.77). This was anticipated 

to be a stronger positive correlation as the relative increase in O2Hb associated with higher 

TOI should theoretically reflect in higher MRI signal. It is theorised this unexpected finding 

is explained by the fact that when using raw data from MRI signal, signal intensity is 

proportional to the absolute amount of O2Hb and HHb present, which is dependent on blood 

volume. However, baseline TOI is a ratio value, and as such is independent of blood volume. 

This fundamental difference may be key to why these results do not correlate. Similarly, 

correlations between MRI signal changes and other relevant TOI NIRS markers during 

occlusion and post occlusion release (TOI_DO_60s and TOI_PO_absΔ) were weak and 

non-significant.  
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Figure J.4: Graphical display of the NIRS haemodynamic markers relevant to this appendix. 

[1] Baseline TOI at rest prior to the occlusion (TOI_rest; (%)) 

[2] Rate of TOI decrease in the last 60s of occlusion (TOI_DO_ 60s (%/s)) 

[3] Rate of HHb increase in the last 60s of occlusion (HHb_DO_60s (µM.cm/s)) 

[4] Absolute change in O2Hb during the occlusion (µM.cm; O2Hb_DO_absΔ) 

[5] Maximal absolute change in TOI post occlusion (TOI_PO_absΔ (%)) 

[6] Rate of O2Hb increase in first 20s post occlusion release (O2Hb_PO_20s (µM.cm/s)) 

[7] Maximal absolute change in O2Hb post occlusion (O2Hb_PO_absΔ (µM.cm)) 

Some correlations between MRI signal changes and modified Beer Lambert derived NIRS 

markers involving HHb and O2Hb were stronger, as described below. This may be in part 

because these readings represent change in absolute haemoglobin concentration, rather 

than being a ratio value like TOI. A moderate positive correlation was found between 

HHb_DO_60s and MRI signal change during occlusion (r=0.54; p=0.35; see Figure J.5). 

This demonstrates an expected association, that a stronger drop in MRI signal during 

occlusion associated with more rapid accumulation of deoxygenated haemoglobin detected 

by NIRS. The correlation between MRI signal change during occlusion and O2Hb_DO_absΔ 

was in the expected direction, with increased differences in MRI signal at occlusion 

correlating with increased drops in O2Hb during occlusion, however the observed correlation 

was weak (r=0.25; p=0.68).   
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Figure J.5: A scatterplot of HHb_DO_60s NIRS results and MRI signal changes during 

occlusion at the tibia. The line of best fit demonstrates a positive correlation between rates 

of HHb accumulation during occlusion (measured with NIRS), and MRI signal change from 

BOLD MRI scans during occlusion (r=0.54; p=0.35).  

Differences in MRI signal post occlusion release correlated strongly with rates of O2Hb 

recovery (O2Hb_PO_20s; r=0.85; p=0.07; see Figure J.6). This is also an expected 

association, as MRI signal change increases with increased oxygenation and arterial blood 

volume post occlusion release. The correlation between MRI signal change post occlusion 

release and O2Hb_PO_absΔ was in the expected direction, with increased differences in 

MRI signal post occlusion release correlating with increased changes in O2Hb concentration 

post occlusion release, however the observed correlation was weaker (r=0.54; p=0.35).   
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Figure J.6: A plot of O2Hb_PO_20s NIRS results and MRI signal changes post occlusion 

(PO) release at the tibia. The line of best fit demonstrates a positive correlation between 

rates of O2Hb accumulation post occlusion release measured with NIRS, and MRI signal 

change from BOLD MRI scans post occlusion release (r=0.85; p=0.07).  

J.4: Conclusion 

The results presented suggest MRI signal changes at the tibia during and after a mid-thigh 

arterial occlusion protocol showed some notable associations with NIRS-based 

haemodynamic markers taken simultaneously. This demonstrated some promise in the 

BOLD MRI protocol which was otherwise untested in the wider evidence base in bone tissue. 

The associations demonstrated also gave confidence in the approach to validate NIRS-

based haemodynamic markers in bone with alternative tests of haemodynamics at the same 

anatomical site. However it was decided not to adopt this BOLD arterial occlusion protocol 

further as a validation comparator with NIRS. This was for a number of reasons explained 

in this section, also with reference to the advantages of the dynamic contrast enhanced MRI 

(DCE-MRI) protocol which was adopted instead. 

Although participant numbers were low in this pilot testing, three of eight datasets were 

excluded from data analysis as they showed a physiologically unexpected rise in MRI signal 

during occlusion. This is likely to be an unacceptable rate of data loss, which may be 

expected to be worse in a wider volunteer population, given the potential stress to the 

participant of an arterial occlusion protocol, combined with the intimidating environment of 

the MRI scan room.  
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Anecdotally, the arterial occlusion protocol was also more susceptible to issues with the 

execution of the arterial occlusion in the MRI setting. A MRI compatible blood pressure 

inflation system was required that did not facilitate the rapid inflation used with the NIRS 

arterial occlusion protocol, as described in Section 4.4. The risk of a slow inflation is that 

unacceptable blood volume increases occur during cuff inflation (measured by the nTHI 

parameter), as partial venous occlusion is sustained for longer before full arterial occlusion. 

It was expected that MRI signal in bone would be much lower than muscle due to its lower 

water content, resulting in lower Hydrogen density and mobility within bone. It is especially 

important to have high signal with BOLD protocols as signal changes due to changes in 

oxygenation status are typically small. BOLD protocols are also prone to susceptibility 

artefact potentially introduced by adjacent cortical bone, which may have potentially added 

error to signal measurements (98). The tibial BOLD data sets that were included 

demonstrated unacceptably low signal to noise, as demonstrated in Figure J.3 above, with 

many following an unexpected non-linear change in MRI signal during occlusion.  

That said, the reduced MRI signal observed at the calf during occlusion is in line with the 

decreases in MRI signal at the medial gastrocnemius muscle reported by Muller et al 2016 

(106) during an exercise protocol involving plantar flexion of the foot. Likewise in this study 

the magnitude of MRI signal changes was positively associated with NIRS changes in 

oxygenation observed during the exercise protocol. Muller et al 2016 (106) also reports a 

pattern of increased initial signal reduction and subsequent plateau of reduced signal 

comparable to the pattern demonstrated in Figure J.2(b) and J.3. It may be that increased 

quantities of paramagnetic HHb accumulating in the imaged volume reach a threshold where 

the susceptibility effects that cause MRI signal change are saturated. The authors argue this 

pattern of signal change may be due to T2* signal changes representing “intravascular” 

signal changes within larger vessels, as opposed to “extravascular” T2* signal changes 

representative of the response to oxygenation changes from cellular demand immediately 

surrounding capillaries within tissue.  

Towse et al 2016 (103) supports this and argues BOLD sequences at greater field strengths 

of 7 Tesla may provide signal change that is more representative of oxygen extraction from 

microcirculation in tissue. This study demonstrates more linear continuous T2* signal 

decreases at greater field strengths and proposes that this is because the greater field 

strength vastly reduces the relaxation time of “intravascular” MRI signal in whole blood, 

relative to relaxation times of haemoglobin in and around capillary flow supplying tissue, 

therefore better distinguishing the two more than can be achieved at lower field strengths.  
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A higher field strength of 7T may be a beneficial development as BOLD protocols would 

better represent the direct oxygen extraction of tissue. Towse et al 2016 (103) also 

demonstrated significantly greater signal to noise ratio and contrast to noise ratio of BOLD 

sequences of skeletal muscle involving arterial occlusion when increasing from a 3 Tesla 

field strength MRI to a 7 Tesla system (results presented in this appendix were acquired 

with a 1.5 Tesla field strength). However, these technological developments remain in the 

development stages, even in more established measurements sites such as the brain and 

skeletal muscle. More research is required as BOLD protocols are especially prone to 

susceptibility artefact especially when imaging heterogeneous tissues such as bone, and 

this risk of this artefact is increased with increasing field strength (98). 

There also remains some uncertainty around what contributes (and may confound) BOLD 

signal changes, including factors such as changes in blood flow, blood volume, and systemic 

physiological changes (such as pulse rate and systemic blood pressure). This is further 

complicated by a lack of consensus in intervention protocols adopted (such as around the 

tissue of interest and duration of intervention). This has led to conflicting results reported in 

the evidence base around BOLD signal changes, for example when looking at skeletal 

muscle during exercise (106). Arterial occlusion protocols are likely to produce more controlled 

conditions than exercise protocols, with blood volume and blood flow minimised by a well-

executed arterial occlusion.  

As a result of the feasibility work presented in this appendix, it was decided to opt for a DCE-

MRI protocol, which is outlined in Section 6.2.4. This protocol has a more established 

evidence base for measurement of in vivo bone haemodynamics for comparison, with 

evidenced reproducibility (130-132). DCE-MRI was also expected to be more tolerable than the 

BOLD protocol as participants were only required to remain still for the duration of the scan, 

without an arterial occlusion protocol. This was deemed to be more acceptable, even in 

consideration of the requirements of a Gadolinium injection, and the small risks associated 

(discussed in Section 6.2.4). 
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Appendix K: Bland-Altman plots 

Bland-Altman plots were used to visualise the differences between test/retest 

measurements plotted against the mean of the two repeated measurements. This was 

performed in order to help to assess whether the differences between test/retest 

measurements follow a normal distribution, and whether there is any systematic bias in the 

differences between test/retest measurements. Bland-Altman plots can also demonstrate 

any changes in the variance of differences as the mean measurement value increases (305, 

306). Bland-Altman plots were produced for all the haemodynamic markers assessed in 

test/retest reliability work in Chapter 7. There were no obvious systematic differences or bias 

observed across markers for same day or different day test/retest analysis at either the 

lateral calf or proximal tibia. 

This appendix presents the Bland-Altman plots for test/retest reproducibility data (i.e. 

test/retest data taken on different days) at the proximal tibia. Plots include the seven 

haemodynamic markers which were adopted in the analysis presented in Chapters 8, 9 and 

10, presented in Figure 7.2 (page 202). 
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Appendix L: Participant information sheet 
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Appendix M: Pre consent form for fasting blood test 
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Appendix N: Consent form 
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Appendix O: Participant questionnaire 

 

 

The use of near infrared spectroscopy (NIRS) to 

measure haemodynamics in bone tissue 

PARTICIPANT INFORMATION FORM 

VERSION NUMBER 2.0  DATE:  13/09/2016 

What is your age?:   …………………. 

What is your sex?  …………………. 

What is your ethnicity?:  ……………………………………… 

Which is your dominate leg?: ….………….. 

Are you or have you been a smoker?  If yes, please provide details:  

…………………………………………………………………………………………………………………………………………………………… 

Do you have Type 2 Diabetes?  If so, describe treatment for this and provide time since diagnosis: 

……………………………………………………………………………………………………………………………………………………………. 

……………………………………………………………………………………………………………………………………………………………. 

How would you describe your general health? 

           Poor            Satisfactory      Good          Very Good          Other      

         

If not Good or Very Good, what is limiting your health? 

……………………………………………………………………………………………………………………………………………………………. 

Have you recently had a fracture?  If so, please provide details of the fracture and if the treatment of 

your fracture: 

…………………………………………………………………………………………………………………………………………………………… 

Have you ever taken medications for your bone health (including medications, HRT or 

Calcium/Vitamin D supplementation)?  If yes, please provide details: 

……………………………………………………………………………………………………………………………………………………………

………………………………………………………………………………………………………………………………………………………… 
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Have you ever taken glucocorticoid steroids for an extended period?  If yes, please provide details 

here: 

……………………………………………………………………………………………………………………………………………………………

…………………………………………………………………………………………………………………………………………………………… 

Are you currently on any other medications?  If so, please list here: 

………………………………………………..…………………………………………………………………………………………………………

………………………………………………………………………………………………………………………………………………………….. 

Are you currently participating in any other research programmes? If so, please provide details: 

……………………………………………………………………………………………………………………………………………………………

…………………………………………………………………………………………………………………………………………………………… 

Do you have any medical history of the following? 

Type 1 Diabetes:       Y   /   N 

Any form of Heart Disease or Cardiovascular disease:   Y   /   N 

Osteoporosis:        Y   /   N 

Any form of Arthritis:       Y   /   N 

Serious Injury or disease to either leg:     Y   /   N 

Any other form of disease affecting your bones:    Y   /   N 

Any history of stroke or TIA:      Y   /   N 

Any form of Heart Arrhythmias:      Y   /   N 

Hypertension:        Y   /   N 

Kidney disease or poor kidney function:     Y   /   N 

Peripheral Artery Disease or leg pain after exercise (claudication): Y   /   N 

DVT:         Y   /   N 

Claustrophobia:        Y   /   N 

Needle Phobia:        Y   /   N 

 

If you have answered Yes to any questions please add details as appropriate: 

……………………………………………………………………………………………………………………………………………….. 

………………………………………………………………………………………………………………………………………………… 

IF FEMALE: 

What is your menopausal status?  If post-menopausal, for how many years?  

…………………………………………………………………………………………………………………………………………………. 

Are you breastfeeding or pregnant (or trying)?  ………………………………………………………………………. 
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Measurements to be taken by PI 

Participant identifier  ……………………………. 

Date and Time  ……………………………. 

Leg of measurement ……………………………. 

Height:   ………………. 

Weight:   ………………. 

BMI:    ………………. 

BP:    ………………. 

Pulse rate:   ………………. 

Baseline sO2   ……………… 

Foot Temperature  ……………… 

O2C Foot Sats  ……………… 

O2C Baseline Foot Flow ……………… 

O2C Foot Velocity  ……………… 

Leg Circumferences: 

 Knee   ………………. 

 Calf   ………………. 

 Ankle   ………………. 

Microfilament Score: ………………. 

Vibration Sensitometry: ………………. 

Any other notes: 

…………………………………………………………………………………………………

…………………………………………………………………………………………………

………………………………………………………………………………………………... 
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Appendix P: MRI screening questionnaire 

Participant Safety Checklist 
 

Name:       Date of Birth: 

Weight:      Name of Study/Volunteer Number: 

 

Please check the following list carefully, answering all appropriate questions. 

Please do not hesitate to ask staff, if you have any queries regarding these questions. 

 

1. Do you have a pacemaker, artificial heart valve or coronary stent?   Yes/No 

 

2. Have you ever had major surgery?   Yes/No 

If yes, please give brief details.    

 

3. Do you have any aneurysm clips (clips put around blood vessels during surgery)?   

Yes/No 

 

4. Do you have any implants in your body 

 

Yes □ No □ Joint replacements, pins or wires 

Yes □ No □ Implanted cardioverter defibrillator (ICD) 
Yes □ No □ Electronic implant or device 

Yes □ No □ Magnetically-activated implant or device 
Yes □ No □ Neurostimulation system 
Yes □ No □ Spinal cord stimulator 
Yes □ No □ Insulin or infusion pump 
Yes □ No □ Implanted drug infusion pump 

Yes □ No □ Internal electrodes or wires 

Yes □ No □ Bone growth/bone fusion stimulator 

Yes □ No □ Any type of prosthesis 

Yes □ No □ Heart valve prosthesis 

Yes □ No □ Eyelid spring or wire 

Yes □ No □ Metallic stent, filter or coil 

Yes □ No □ Shunt (spinal or intraventricular) 

Yes □ No □ Vascular access port and/or catheter 

Yes □ No □ Wire mesh implant 

Yes □ No □ Bone/joint pin, screw, nail, wire, plate etc. 
Yes □ No □ Other Implant______________________ 

 

5. Do you have an artificial limb, calliper or surgical corset?   Yes/No 

 

6. Do you have any shrapnel or metal fragments, for example from working in a machine 

tool shop?   Yes/No 
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7. Do you have a cochlear implant?   Yes/No 

 

8. Do you wear dentures, plate or a hearing aid?   Yes/No 

 

9. Are you wearing a skin patch (e.g. anti-smoking medication), have any tattoos, body 

piercing, permanent makeup or coloured contact lenses?   Yes/No 

 

10. Are you aware of any metal objects present within or about your body, other than 

those described above?    Yes/No 

 

11. Are you susceptible to claustrophobia?   Yes/No 

 

12. Do you suffer from blackout, diabetes, epilepsy or fits?   Yes/No 

 

 

 

For women: 

13. Are you pregnant or experiencing a late menstrual period? Yes/No 

 

14. Do you have an intra-uterine contraceptive device fitted?    Yes/No 

 

15. Are you taking any type of fertility medication or having fertility treatment? Yes/No 

 

 

 

Important Instructions 

 

 

Remove all metallic objects before entering the scanner room including hearing aids, 

mobile phones, keys, glasses, hair pins, jewellery, watches, safety pins, paperclips, credit 

cards, magnetic strip cards, coins, pens, pocket knives, nail clippers, steel-toed 

boots/shoes and all tools. Loose metallic objects are especially prohibited within the MR 

environment. 
I have understood the above questions and have marked the answers correctly. 

 

 

Signature       Date 

(Participant/Parent/Guardian) 

 

MR Centre Staff Signature 
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Appendix Q: Post participation questionnaire 

 

 

 

The use of near infrared spectroscopy (NIRS) to 

measure haemodynamics in bone tissue 

POST PARTICIPATION QUESTIONNAIRE 

VERSION NUMBER 1.0  DATE:  05/04/2016 

  

To be answered after testing: 

Did you experience any adverse reactions to any of the testing you undertook for this 

research study?:  

……………………………………………………………………………………………………………

…………………………………………………………………………………………………………… 

How painful would you rate the occlusion from your blood pressure cuff at its worst point on a 

scale from zero to ten (ten being the worst pain imaginable)? ………………………………… 

Would you be willing to go through this type of testing if it was a screening test that provided 

potential diagnostic information about your bone health?  

……………………………………………………………………………………………………………

…………………………………………………………………………………………………………… 

Would you be willing to be contacted for further research similar to what you have just 

undertaken?  If yes, the contact details provided on your consent will be used: ………………. 

Did you have any other feedback or comments regarding the study? 

……………………………………………………………………………………………………………

……………………………………………………………………………………………………………

……………………………………………………………………………………………………………

…………………………………………………………………………………………………………… 
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Appendix R: Blood and urine testing methods 

Serum/Urine Test Assay/Method Used 

Sodium (mmol/L) ISE Indirect Na-K-Cl for Gen.2 test using Cobas 8000 DIRECT Ion Selective Electrode (ISE) 

Pottasium (mmol/L) ISE Indirect Na-K-Cl for Gen.2 test using Cobas 8000 DIRECT Ion Selective Electrode (ISE) 

Creatinine (umol/L) Creatinine Jaffe Gen.2 test using the Cobas 8000 702 Module 

Alanine amino transferase 

(iu/L) 

Aspartate aminotransferase acc. to IFCC without pyridoxal phosphate activation test using 

the Cobas 8000 702 Module 

Total bilirubin (umol/L) Bilirubin Total Gen.3 test using the Cobas 8000 702 Module 

Alkaline Phosphatase (iu/L) Alkaline phosphatase acc. to IFCC Gen.2 test using the Cobas 8000 702 Module 

Albumin (g/L) Albumin Gen.2 test using the Cobas 8000 702 Module 

HbA1c (mmol/mol) Ion exchange high performance liquid chromatography method 

Vit D (nmol/L) Elecsys Vitamin D total II test using the Cobas 8000 801 Module 

Parathyroid Hormone 

(pmol/L) 
Elecsys PTH assay using the Cobas 8000 801 Module 

Cholesterol (mmol/L) Cholesterol Gen.2 test using the Cobas 8000 702 Module 

Triglycerides (mmol/L) Triglycerides test using Cobas 8000 702 Module 

HDL-Cholesterol (mmol/L) HDL-Cholesterol plus 3rd Generation test using the Cobas 8000 702 Module 

Urine Cr (mmol/L) Creatinine Jaffe Gen.2 test using the Cobas 8000 702 Module 

Urine Alb (mg/L) Tina-quant Albumin Gen.2 test using the Cobas 8000 702 Module 
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Appendix S: DCE-MRI results versus DXA results 

The primary aim of the approach to validation of NIRS for in vivo use in measuring 

tibial haemodynamics is to compare NIRS results with comparator tests also 

measuring bone haemodynamics (DCE-MRI), as well as other measures of bone 

health, primarily bone mineral density (BMD; measured with DXA). However, it is also 

of interest to investigate for associations between DCE-MRI and BMD results. If 

significant associations are present and in keeping with associations between NIRS 

and BMD, confidence can be gained in how these comparator tests were performed. 

This would also support the underpinning assumption of the validation approach; that 

vascular haemodynamics (as a marker of microvascular health) are associated with 

other markers of bone health, such as BMD. 

Table S.1: Pearson correlation r-values between haemodynamic DCE-MRI markers 

taken at the proximal tibia and areal bone mineral density (BMD in g/cm2) results at 

different measurement sites. Measurements of percentage tissue composition and 

cross-sectional area (in mm2) are also presented. Asterisks indicate a statistically 

significant correlation with p-value <0.05. Associations that are colour coded were 

statistically significant and considered poor (<0.40; orange), moderate (0.4-0.6; yellow) 

and strong (>0.60; green), in line with the criteria set out in Evans 1996 (304). 

 
Gadolinium 

Enhancement 

Rate (au/s) 

Gadolinium 

Enhancement 

Amplitude (au) 

L1-L4 BMD -0.39* -0.33 

Total Hip BMD -0.24 -0.50* 

Total Body % Bone -0.62* -0.43* 

Total Body % Fat 0.48* 0.34 

Total body BMD -0.38* -0.46* 

Both legs BMD -0.39* -0.49* 

Whole Tibia BMD (measured leg) -0.32 -0.41* 

Proximal Tibia BMD (measured 

leg) 
-0.38* -0.40* 

Lower Leg % Fat Content 0.46* 0.43* 

Total Bone Area (mm2) -0.19 -0.27 

Cortical Bone Area (mm2) -0.29 -0.43* 
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Table S.1 shows associations involving the two DCE-MRI haemodynamic markers of 

interest: the initial linear rate of the first 60 seconds of Gadolinium enhancement, and 

the amplitude of maximum signal change following Gadolinium injection. Pearson’s 

correlations were performed between these two markers and areal bone mineral 

density measured using DXA at various anatomical sites. Associations were generally 

statistically significant but of poor to moderate strength, based on Evans’ scale of 

association strength (304). The direction of the associations suggests that faster and 

greater Gadolinium signal enhancement at rest is associated with poorer bone mineral 

density.  

There was also moderate statistically significant positive associations between the 

percentage fat content in the lower leg of the participant, and both DCE-MRI 

haemodynamic markers. The direction of these associations suggests that faster and 

greater Gadolinium signal enhancement at rest is associated with higher percentage 

fat content in the lower leg.  

Figures S.1 and S.2 illustrate the associations of both DCE-MRI haemodynamic 

markers with BMD results of the legs, allowing the comparison with Figures 9.2 and 

9.3 which demonstrates the strongest associations obtained between BMD results of 

the legs with O2Hb_DO_absΔ (r=-0.63; p<0.001) and total body BMD with 

O2Hb_PO_absΔ (r=0.56; p<0.001). Associations between DCE-MRI markers and 

BMD of the legs are slightly lower in strength but comparable with these NIRS 

associations. 

Figure S.1 presents an outlying data point. Without the outlying data point the 

correlation is weaker but still statistically significant (r=-0.41; p=0.03). This outlying 

data point has not been excluded from analysis in this section as there has been no 

obvious error or confounding contributor to explain it, so has been assumed to be 

physiologically representative of the participant. 
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Figure S.1: Scatterplot with line of best fit demonstrating the association between BMD 

of both legs and DCE-MRI results for the amplitude of Gadolinium enhancement at the 

proximal tibia (r=-0.49; (p=0.006). Without the outlying data point the association is 

weaker (r=-0.41 p=0.03). 

 

Figure S.2: Scatterplot with line of best fit demonstrating the association between BMD 

of both legs and DCE-MRI results for the initial rate of Gadolinium enhancement at the 

proximal tibia (r=-0.39; (p=0.04). 
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The associations between DCE-MRI and DXA measurements generally support, and 

are consistent with, the associations demonstrated between these data and with NIRS 

measurements. Associations are generally of comparable magnitude with those 

between NIRS markers and DCE-MRI presented in Chapter 9, and associations 

between NIRS and DXA measurements presented in Chapter 10. Associations 

presented in Section 10.2.1 generally demonstrated that stronger microvascular 

response to ischaemic stimuli, represented with NIRS markers, are associated with 

increased BMD. NIRS markers also generally inversely associated with DCE-MRI 

markers, showing stronger microvascular response associated with lower resting 

microvascular perfusion markers represented by DCE-MRI. As such, the results in this 

appendix are in keeping with the associations observed with NIRS, as BMD results 

were inversely correlated with DCE-MRI markers, suggesting lower resting perfusion 

markers (represented by DCE-MRI) may be associated with increased BMD. 

Associations presented in Table S.1 demonstrate statistically significant positive 

associations between DCE-MRI markers and the percentage fat content in the lower 

leg and total body. The direction of these associations is expected as greater 

percentage fat content has also been negatively associated with BMD. Sex may also 

confound here, with the females in the sampled population having a statistically 

significant higher percentage fat content (mean 34.9% (SD 8.4) in females vs mean 

19.1% (SD 3.9) in males; independent t-test p<0.001). Discussion on the relationships 

between sex and percentage fat content in the leg have been discussed in more depth 

in Section 9.4.2 regarding DCE-MRI, and Section 10.2.2.4 regarding BMD. 

As discussed in Section 9.4, there is some indirect evidence to support the 

associations observed in this appendix. Whilst BMD measurements were not taken, 

Savvopoulou et al 2008 identified faster Gadolinium uptake in the lumbar spine of 

females over 50 years of age (with post-menopausal females expected to have lower 

BMD) compared with males in the same age bracket (93). Libicher et al 2008 found 

increased vascularity with DCE-MRI in areas of increased bone turnover in those with 

Paget’s disease (117), and the post-menopausal female cohort in this PhD project also 

have higher bone turnover and lower BMD than males (based on markers of bone 

metabolism presented in Section 10.5). Likewise Kristensen et al 2013 identified 

increased capillary density in areas of increased bone turnover using bone biopsies 

from the iliac crest (30). As such, it may be expected that those participants with 



368 
 

anticipated higher bone turnover (i.e. post-menopausal women) had greater 

Gadolinium enhancement. 

Conversely, there is more direct evidence that supports a relationship of reduced DCE-

MRI markers at rest in participants with lower bone mineral density (34, 36, 37). These 

studies investigate the spine and hip, arguing that reductions in bone mineral density 

are associated with increased fatty marrow with reduced vascularity. These studies 

contradict the associations observed in this appendix, however they differ in that they 

typically had larger cohorts of participants diagnosed with more severe osteoporosis 

and so may be highlighting a different pathophysiological relationship.  
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