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i .  Abstract  

Stress testing is an important concept in cardiovascular medicine. Feeding is a 

common cardiovascular stressor. Unlike metabolic or immunological stress, the 

links between feeding-induced haemodynamic stress and cardiovascular risk 

and dysfunction have not yet been explored in humans.  

 

Therefore, cardiovascular responses to a meal were firstly characterised 

comprehensively in healthy volunteers using a novel rapid MRI protocol. It was 

shown that the ingestion of food decreased mesenteric vascular resistance 

substantially, and that this was compensated for by a rise in cardiac output 

primarily. 

 

Previous research demonstrated that mesenteric vasoreactivity was blunted in 

obese animals and those on a lipid-rich diet. This was linked to greater 

myocardial mass, an important and independent risk factor for cardiovascular 

disease in early life. Therefore, the proposed protocol was conducted in 

adolescents of varying weight to investigate links between mesenteric 

vasoreactivity and indicators of cardiovascular risk. Blunted postprandial 

mesenteric vasoreactivity was associated with raised systolic blood pressure 

and greater left ventricular mass. Importantly, this was independent of other 

factors known to influence these variables, such as pubertal stage, obesity, 

insulin resistance, and resting blood pressure. 

 

Abnormal vascular resistance of the limbs and the intestine has been described 

in Fontan-palliated patients with univentricular congenital heart disease, 

possibly in order to maintain organ perfusion in the presence of low cardiac 

output and chronic venous congestion. It was hypothesised that this mechanism 

could interfere with the common cardiovascular responses to feeding. Using the 

established protocol, vasoconstriction of the legs, but not the intestine, was 

found in fasting Fontan patients compared to controls. While the mesenteric 

responses to the meal were similar, Fontan patients had abnormal responses of 

the celiac axis and the lower limbs.  
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In conclusion, cardiovascular stress testing by controlled administration of a 

standardised meal may yield novel biomarkers in different settings of 

cardiovascular disorders. 
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i i .  Impact statement  

The presented research demonstrates that postprandial cardiovascular 

physiology in humans can be studied safely and in a dynamic fashion using 

MRI. The proposed study protocol may help reduce, or even obviate, the need 

for animal trials for in vivo cardiovascular studies, and may serve as future basis 

to investigate the role of vasoreactivity, in particular of the intestine, in various 

clinical settings and populations. 

 

Exploration of mesenteric vasoreactivity after a meal could yield new diagnostic 

tools and even, perhaps, lead to interventions in the earliest stages of 

cardiovascular disease. For example, vascular responses to a high-fat, high-

sugar meal could be used to identify young people at increased cardiovascular 

risk before other more established risk factors are diagnosed, allowing for 

earlier preventative measures. The links highlighted between altered 

postprandial vasoreactivity and myocardial hypertrophy may also stimulate 

further research into new, previously unrecognised mechanisms for 

cardiovascular risk and dysfunction. 

 

Testing postprandial vasoreactivity may further provide new insights on the 

long-term complications of the Fontan circulation, such as reduced exercise 

capacity and protein-losing enteropathy. This may yield new strategies to 

identify patients at risk before overt derangement of resting (fasting) physiology 

is seen. 
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Chapter 1. Introduction 
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1.1 . Introduction 

Stress testing is one of the cornerstones in the diagnostics, the risk stratification 

and the pathophysiological understanding of cardiovascular disease (CVD). 

While various types of cardiovascular stress diagnostics exist (e.g., 

cardiopulmonary exercise testing, tilt table test, etc.), one important aspect of 

cardiovascular physiology has remained largely unexplored in the context of 

CVD: the postprandial state.  

 

Feeding triggers a variety of cardiovascular responses, similar to orthostatic 

manoeuvres, mental stress, or physical exercise.(1) While the links between the 

metabolic and immunological responses to a meal and cardiovascular risk are 

well-established,(2) the significance of the haemodynamic responses have yet 

to be determined. This raises the possibility that stressing the cardiovascular 

system with a meal in a controlled setting may reveal previously unrecognised 

biomarkers of cardiovascular risk and dysfunction, or could identify new 

mechanisms in the pathophysiology of CVD. 

 

Therefore, the objectives of the research presented herein were:  

 

o To establish a magnetic resonance imaging (MRI) protocol to study 

cardiovascular physiology dynamically in the setting of feeding;  

o To characterise the cardiovascular responses to food ingestion in 

humans, and 

o Based on these findings, to explore new potential markers of 

cardiovascular risk and dysfunction in 2 different populations with CVD or 

at risk of it; 

o To generate new hypotheses for future research on cardiovascular risk in 

these populations. 

  

In the first 2 chapters of this thesis, an overview of various aspects and topics 

relevant for the understanding of this thesis will be provided, including the 

principles of MRI. Following this, the general methods used universally 

throughout the conducted experiments will be described in Chapter 3. 
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Experiments and research findings will be presented in the following 3 chapters. 

Each contains a brief introduction to set out the scientific context and the 

study’s rationale. Variations in methodology, and study-specific methods will be 

discussed separately in a brief ‘Methods’ sub-section. In the final chapter, all 

findings will be summarised, and perspectives for future research discussed. 

 

The results of this thesis were published in peer-reviewed scientific journals.(3-

5) Permissions to use certain elements, such as tables or images, were 

obtained as necessary.  

1.2. The postprandial  state 

1.2.1. Definition and significance 

The term, ‘postprandial state’, generally refers to the period that comprises and 

follows a meal. Its onset coincides with the initiation of food intake, as 

physiological changes can be observed within very short time once feeding 

starts.(2, 6) No universally agreed definition exists for its duration, as the 

persistence of the physiological changes varies by organ system and is 

influenced by meal size and composition (e.g., fat content).(7, 8) Most literature 

suggests a 4-hour interval by which most physiological responses have 

normally returned to baseline (fasting) conditions.(8, 9) Considering the eating 

habits in the industrialised world, this means that most people in Western 

societies spend the better proportion of the nychthemeral period in the 

postprandial state.(10) 

 

1.2.2. Metabolic and immunologica l changes 

It is now well-established that impaired postprandial lipid and glucose 

homeostasis is linked to cardiovascular risk independently of fasting 

metabolism.(2, 11) For example, measuring the postprandial responses in blood 

glucose (and insulin) to an oral glucose tolerance test (OGTT) can detect 

abnormalities in glucose metabolism and identify people at risk of type 2 

diabetes mellitus (T2DM) even before disturbances in fasting glucose 

homeostasis can be detected.(12) Glycaemia after food ingestion has also been 
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linked to leukocyte activation, and endothelial damage and dysfunction.(13) 

These factors are also thought to promote CVD, but their significance has yet to 

be established in prospective or interventional studies. 

 

Similarly to oral glucose challenges, the potential diagnostic and prognostic 

advantages of assessing lipid metabolism after an oral lipid challenge are now 

increasingly recognised.(14) For example, postprandial triglyceride-rich remnant 

lipoproteins have been linked, directly and indirectly, to raised levels of systemic 

inflammation, platelet activation and greater thrombogenicity, proliferation of 

smooth muscle cells, as well as to increased adhesion and migration of immune 

cells to and into the arterial wall.(11, 15) These findings are known promotors of 

atherosclerosis and CVD. However, as the protocol for such an oral lipid 

challenge, and the biochemical markers to measure the responses to it, have 

yet to be agreed upon, this type of test is still less established in clinical routine 

and research. 

 

In summary, metabolic ‘stress tests’ such as the OGTT are now essential tools 

in the risk stratification, the diagnosis and for the pathophysiological 

understanding of CVD and associated disorders.  

 

1.2.3. The cardiovascular system in the postprandial state 

The ingestion of a meal triggers a number of cardiovascular responses serving 

different physiological purposes.(1, 16) Two main phases are differentiated, 

each characterised by distinct changes. 

 

During the first phase, the anticipation and ingestion of a meal is accompanied 

by increases in heart rate (HR), cardiac output (CO) and blood pressure (BP), 

as well as by minor increases in regional vascular resistance of the skin and 

skeletal muscles.(16) These adaptations appear to be mediated predominantly 

by sympathetic signalling, which is why this phase is also referred to as the 

cephalic phase. Physiological changes during this phase prepare the body for 

the imminent rise in gastrointestinal blood flow, support the production of gastric 
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acid and supply blood to body regions involved in the process of food 

ingestion.(16)  

 

The second phase of digestion and absorption typically commences in overlap 

with the mid-late ingestion phase. It is characterised by a rise in gastrointestinal 

blood flow, which can be observed within minutes after the onset of feeding.(7, 

16) During this phase, segmental increases in regional perfusion of the stomach 

and the intestine are observed, depending on the location of the chyme. 

Following a brisk, transient increase in celiac flow, a steady rise in CO and 

mesenteric perfusion is typically seen, caused by a drop in both splanchnic and 

total systemic vascular resistance (SVR).(7, 17) Inconsistent data exist 

regarding the vascular responses of the kidneys and the limbs following the 

ingestion of a meal.(1, 7, 18-20) 

 

1.2.4. Regulation of cardiovascular responses 

Global haemodynamics 

The postprandial rise in CO is due to an increment in both, HR and stroke 

volume (SV), both of which are mediated by sympathetic nervous activity and 

catecholamine release. Raised sympathetic nervous activity is in part mediated 

by insulin release postprandially. Insulin has also been shown to have direct 

positive chronotropic and inotropic effects on the heart.(1) Similar observations 

have been made for the vasoactive intestinal peptide and glucagon-like peptide 

(GLP).(1, 21) 

 

Regional vascular function 

In the unfed state, blood flow to the abdominal organs is restricted through 

multiple mechanisms. In the mesenteric and renal arteries (i.e., the large, 

proximal vessels), blood flow is inhibited mainly centrally via α1-adrenergic 

vasoconstrictive signalling from the medulla oblongata and via a number of 

humoral pathways.(16) This includes hormones that regulate vascular tone 

systemically, such as vasopressin, and such that are involved in local 

regulation, such as serotonin. Fasting increases intestinal production of 

serotonin, which causes mesenteric vasoconstriction through paracrine effects. 
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Interestingly, intestinal serotonin has also been shown to be up-regulated by a 

high-fat diet in animals, suggesting that this hormone may be involved in some 

of the cardiovascular sequelae of an unhealthy diet in humans.(22)  

 

Another gut-specific mechanism that regulates vascular tone of the mesenteric 

arteries regionally is autoregulation through mechanical and metabolic 

feedback. Similar to other arteries, such as the renal or the cerebral arteries, 

vascular tone in the smaller mesenteric arteries responds to changes in 

transmural pressure (e.g., due to fluctuations in BP). This is mediated by both, 

L- and T-type Ca2+-channels, which respond to raised wall tension of the vessel 

with a Ca2+-influx and thus, depolarisation and constriction of the vessel.(23) In 

the more distal, smaller vessels (e.g., the villus arterioles and submucosal 

capillaries of the intestine), paracrine factors, such as local endothelin-1, restrict 

perfusion. Another important mechanism is metabolic autoregulation via partial 

oxygen pressure (pO2), which causes changes in vascular tone that are 

dependent on the metabolic activity of the gut: greater activity reduces pO2, 

which diminished O2-mediated vasoconstriction and, thus, increases delivery of 

blood. As a result of these mechanisms, only 20-30% of the intestinal capillaries 

are perfused under fasting conditions, and only a small proportion of CO is 

commanded by the gut.(16) 

 

A hormone centrally involved in the regulation of splanchnic blood flow is leptin. 

It exerts both, systemic (as adipocyte-derived hormone) and paracrine effects 

(as gastric hormone), the 2 of which are mutually distinct. Adipocyte-derived 

leptin is involved in energy homeostasis and appetite regulation (e.g., 

upregulation of thermogenesis), as well as in cardiovascular signalling. This 

includes both, pressor signals (i.e., sympathetic activation) and depressor 

signals (via endothelial nitric oxide release). Obesity appears to cause 

resistance to some of the more beneficial of its systemic effects (e.g., nitric 

oxide release), but less so to the potentially detrimental ones (e.g., sympathetic 

activation), suggesting that it may play a role in the development of CVD.(24)  
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Leptin is also stored in gastric epithelial cells and appears to be released 

acutely within few minutes by feeding as well as by local release of 

cholecystokinin from the enteroendocrine cells lining the gastrointestinal 

mucosa. It should be noted that the local concentrations of leptin are several 

orders of magnitude above those typically measured in the serum and cannot 

be quantified in the peripheral blood. Following the ingestion of food, the 

vasoconstrictive signals to the gut and the kidneys described above appear to 

be inhibited centrally via vagal feedback by these 2 hormones.(24) This 

‘sympathoinhibitory reflex’ triggers vasodilation of the splanchnic and, possibly, 

the renal arteries. In the limbs, this mechanism is thought to have reciprocal – 

i.e., sympathoexcitatory – effects, which may be mediated via different synaptic 

pathways, resulting in an increase in vascular tone and thus, vasoconstriction of 

the skeletal muscles.(24) Therefore, this mechanism may play a pivotal role in 

the distribution of blood flow and the regulation of BP in the fed state. Findings 

from animal studies have also suggested that blunting of this mechanism may 

be a key mechanism for the development of hypertension in the context of 

obesity and an unhealthy diet.(25, 26) 

 

In the smaller, more distal vessels, it has been suggested that enzymatic 

reactions in the intestine, an increased activity of its muscular layer, as well as 

transportation of nutrients, and active osmotic regulation cause a fall in 

interstitial pO2, in pH and osmolarity, as well as a rise in carbon dioxide partial 

pressure (pCO2), resulting in a drop in mesenteric vascular resistance through 

recruitment of previously non-perfused capillaries.(16, 27) Other mechanisms, 

such as the involvement of cholinergic signalling and molecules of the GLP-

family, have been described.(1, 21) GLP-2, for example, is produced by the 

enteroendocrine cells of the ileum and colon, and is released by the presence 

of nutrients in the intestinal lumen. Both, food-induced GLP-2 release and GLP-

2 administration trigger decreases in mesenteric vascular resistance, 

accompanied by a rise in CO and HR, that are similar in extent.(28) 

 

The magnitude and the duration of these changes can vary widely. Meal size 

and calorie load correlate positively with the increase in intestinal blood flow, 
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and a liquid consistency is believed to accelerate this effect.(29, 30) However, 

osmolality, volume and consistency of the food bolus alone do not seem to alter 

intestinal haemodynamics significantly.(30) Meals rich in lipids and 

carbohydrates appear to provoke a more pronounced and sustained change 

(especially meals rich in lipids), whereas peptides and amino acids appear to 

have the smallest effect.(31) The presence of bile salts in the intestinal lumen 

appears to potentiate the effects of lipids considerably.(16)   

1.3. Assessment of postprandial  haemodynamics  

Overview 

Numerous techniques have been established to measure blood flow. Invasive 

methods such as thermodilution, electromagnetic flowmetry, or the direct Fick 

method can quantify blood flow with reasonable accuracy, but are associated 

with patient discomfort and are not without risks. Moreover, many are 

technically complex and susceptible to measurement error.(32) While invasive 

techniques have been used in both, human and animal studies in the past, they 

are now largely considered obsolete for experiments in human volunteers.(1) 

MRI is the gold standard for the measurement of blood flow as it is largely user-

independent, safe and highly reliable, and measures blood flow directly, unlike 

the other methods discussed.(32) 

 

1.3.1. Invasive methods 

Direct Fick method 

Based on the assumption that tissue oxygen extraction at rest is directly 

proportional to blood flow, the arterio-venous difference in blood oxygen can be 

used to calculate blood flow. This is typically done to measure CO invasively, 

but can be applied to virtually any compartment in which venous oxygen can be 

measured. However, this requirement to sample venous blood makes blood 

flow measurement of the internal organs challenging and bears procedural risk. 

Moreover, the necessity for frequent blood sampling in multiple compartments 

as part of a stress protocol could exceed the acceptable safety margins for 
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blood sampling. Therefore, the direct Fick method has strong limitations as 

measurement technique of postprandial blood flow in volunteers.(33, 34)  

 

Thermodilution 

This method relies on the fact that in the blood pool, variations in temperature 

caused by the injection of a fluid bolus are inversely correlated to blood flow in 

that vessel. In practical terms, an ice-cold saline bolus of known volume and 

temperature is injected into a vessel of interest, and temperature is measured 

distally to the site of injection. Greater dilution of the bolus (i.e., through greater 

blood volume circulating in the vessel during the observed period) will cause a 

smaller drop in temperature at the site of measurement. Flow can be calculated 

from the observed fluctuations in temperature. 

 

Thermodilution is typically used to measure CO in the pulmonary artery (PA), 

but can be used in practically any vessel, if large enough to insert a catheter. 

While technically relatively easy to perform and well-correlated with other 

techniques such as Doppler-ultrasound, this method has a number of 

disadvantages. Like most other techniques, thermodilution does not allow for a 

direct measurement of blood flow, but estimates it from other observations. 

Flow is not determined in real time, but as an average over several 

measurements. Therefore, temporal resolution is poor due to the relatively long 

time required to measure blood flow. As a result, this technique is poorly 

suitable for dynamic whole-body studies where blood flow must be measured in 

multiple sites at rapid succession. Moreover, the repeated injection of saline can 

lead to haemodilution, if many measurements are performed.(32) 

 

Dye-dilution  

In analogy to thermodilution, optical dye can be injected (e.g., indocyanine 

green), and blood flow extrapolated via photo-densitometry from any dilution 

observed further downstream. Similar to thermodilution, this technique requires 

vascular access and is, therefore, invasive by default. Moreover, temporal 

resolution is particularly poor due to the need for dye to clear prior to repeating 
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a measurement. Allergic reactions to dye can also occur, adding further 

potential limitation to its use in healthy volunteers.(32) 

 

Electromagnetic flowmetry 

The basis for this technique is Faraday’s law of electromagnetic induction, 

according to which a voltage is induced if a conductor moves through a 

magnetic field. The resulting current is proportional to the velocity and length of 

the conductor, as well as the density of the magnetic field. If a magnetic field is 

generated in or around a body part, the blood flowing through it can act as 

conductor and thus, generate a current. This voltage can be measured and is 

proportional to flow velocity.  

 

An advantage of this technique is its high temporal resolution, as the 

electromagnetic signal is picked up in real time. Moreover, electromagnetic 

flowmetry can, in principle, be performed either invasively or non-invasively. 

However, in order to measure blood flow of the internal organs, invasive 

protocols are necessary, hence limiting its use for studies on postprandial blood 

flow in volunteers.(33) Consequently, this technique has been used mostly in 

animal studies in this context.(19, 35, 36) 

 

1.3.2. Non-invasive methods 

Venous occlusion plethysmography 

Venous occlusion plethysmography relies on the observation that following 

sudden occlusion of the efferent vein(s) of a tissue compartment, the afferent 

arterial flow to that compartment is proportional to its initial increase in volume. 

Modern iterations of this technique, originally developed in the early 20th 

century, have been adapted to measure variations in electric impedance 

instead of tissue volume. While this method has been used for a considerable 

amount of time, it does not measure blood flow directly, and is technically 

limited to assessment of the limbs.(32) Therefore, it is unsuitable for the 

examination of the intraabdominal organs and thus, studies on postprandial 

haemodynamics. 
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Ultrasound 

Doppler-ultrasound is the most important non-invasive technique for the 

measurement of blood flow, and several studies have used it to assess blood 

flow of the digestive organs.(17, 37-41) It is inexpensive, widely available and 

well-tolerated by the examinee. The Doppler principle relies on the fact that the 

frequency of an acoustic wave changes when it is reflected by a moving object 

(such as erythrocytes in a blood vessel). The shift in frequency is proportional to 

the velocity of the moving object. Reflection by an object moving in the same 

direction as the soundwave will stretch it (i.e., lower the frequency of the 

reflected wave), whereas reflection by an object moving the opposite direction 

will compress it (i.e., increase its frequency). As the tissue-specific speed of the 

emitted soundwave is known, the velocity of blood flow can be measured 

(however, it should be noted that modern devices measure changes in phase to 

calculate velocities, rather than changes in frequency).  

 

Flow velocity in a vessel is typically measured by pulsed-wave Doppler, as this 

allows for accurate spatial sampling of the Doppler signal. The resulting 

velocity-time integral (VTI) is an established estimate for SV.(42) Blood flow is 

then calculated by multiplication of VTI by the vessel area. However, this 

method is prone to measurement error for a number of reasons. Firstly, flow 

velocities are non-uniform across the diameter of a vessel in the presence of 

laminar flow: velocities in the centre of the vessels are greater than at the 

periphery. Hence, positioning of the ultrasound sampling volume can affect the 

measured velocities significantly. Secondly, angulation of the ultrasound probe 

by an angle β results in underestimation of the measured velocities by a factor 

of cosβ (Figure 1).(43) Thirdly, the cross-sectional area of the vessel of interest 

must be recorded perpendicularly, and any deviation from the perpendicular 

plane by an angle β will lead to overestimation of the vessel area by a factor of 

(cosβ)-1 (Figure 2). 

 

  



 28 

 

  

 

 

Figure 1. Possible errors in Doppler-based flow measurement. 

Red colour represents higher, green lower flow velocities across the vessel. Curves 

represent velocity-time integrals (VTI).  

A: Optimal position of the sampling volume.  

B: Underestimation of velocities due to excessive angulation of the probe, and  

C: due to off-centre sampling of velocity. 

 

 

 

 

 

Figure 2. Possible errors in cross-sectional vessel imaging. 

A: Correct cross-section of the vessel should be done perpendicular to the vessel.  

B: Any deviation from this plane will produce a falsely large vessel area. 
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As a result, Doppler-ultrasound is a highly user-dependent technique and, 

therefore, susceptible to measurement error and operator bias. This is 

particularly problematic for whole-body studies of postprandial blood flow, 

where the position of the ultrasound probe has to be changed repeatedly in 

order to record flow in several different locations. This introduces a significant 

element of measurement variability. Moreover, this technique is highly 

dependent on the quality of acoustic windows, which can be limited for the 

abdominal organs, especially in obese patients. 

 

Positron emission tomography 

With this functional nuclear imaging technique, a radionuclide tracer is injected 

intravenously, and positron signals resulting from its decay recorded by gamma-

ray detectors which are positioned around the compartment of interest. The 

kinetics of the signal detected can be used to calculate blood flow. While this 

method, in theory, allows blood flow to be measured in any compartment non-

invasively and with high spatial resolution, its enormous technical complexity 

and cost, as well as its poor temporal resolution preclude its use for 

experiments on postprandial physiology.(32) 

 

Magnetic resonance imaging  

Phase-contrast MRI (PCMR) is the most widely used MRI-technique to measure 

flow velocity and volume. It relies on the inherent ability of MRI to encode 

velocity information into the phase of the detected signal.(44-46) With the 

availability of novel rapid imaging techniques, this is now an increasingly well-

established method for stress imaging.(47-49) The following chapter will discuss 

the principles of MRI, with particular focus on aspects relevant for 

cardiovascular stress imaging. 
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Chapter 2. Magnetic resonance 

imaging 
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Introduction 

Numerous publications have outlined the physical principles of magnetic 

resonance and of image generation in MRI. Reference is made to these 

publications for a basic introduction on the topic.(50-53) The present chapter 

will focus mostly on the challenges and techniques relevant to this thesis.  

2.1. Motion compensation   

Overview 

The acquisition of MRI data is a relatively time-consuming process (at least 

using conventional techniques). Hence, as both, the heart and the chest, are 

constantly in motion in order to exercise their respective functions, mechanisms 

need to be in place to compensate for motion in order to produce usable 

images. 

 

2.1.1. Cardiac gating 

Because the heart contracts and relaxes over the course of a fraction of a 

second, acquisition of data has to be timed according to the cardiac cycle. This 

timing of data acquisition termed ‘cardiac gating’ and is typically done using a 

vectorcardiogram, as conventional methods to record the electrical activity of 

the heart are too prone to interference with an MRI system’s main 

components.(50) 

 

Segmented k-space acquisition 

The duration of an image acquisition is determined by the time it takes to fill k-

space. As discussed earlier, this is proportional to spatial resolution, i.e., the 

number of phase-encode steps (lines), as well as the interval between 

successive radiofrequency (RF) excitation pulses (repetition time, TR). For 

example, to acquire an image at 128 pixels of resolution given a TR of 2.5 ms 

would, thus, require 320 ms. At a HR of 60 bpm, this would constitute 1/3 of the 

cardiac cycle, which would preclude ‘freezing’ the motion of the heart to 

produce a meaningful still image.  
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Alternatively, k-space can be divided into segments, which are filled over 

several cardiac cycles over a specified, much shorter time window. This time 

window determines how many lines can be sampled in k-space per segment. A 

longer time window allows the sampling of more data, but in turn increases 

susceptibility to motion artefact. Inversely, a shorter time window means that 

more segments are required to fill k-space, which in turn implies that more R-R 

intervals are required to acquire data, increasing the length of the breath hold 

required to achieve this (see 2.1.2.) Consequently, single phase acquisitions 

are usually done at mid-late diastole, as this is normally the longest phase of 

relative cardiac quiescence (however, this is not always true – e.g., in 

neonates).  

 

Multi-phase acquisitions 

In order to produce moving ‘cine’ images of the heart, the process above can be 

extended to acquire multiple phases. Prospective gating is one way to 

accomplish this. With this approach, the cardiac cycle is divided into multiple 

phases, which ultimately each represent a frame in the cardiac cycle. An event 

during the cardiac cycle (e.g., the R-wave) is used to trigger data acquisition. 

Following the filling of a segment in k-space of the first phase, data acquisition 

continues into the following phase to fill a new k-space etc. As with single phase 

acquisitions, the number of lines per segment define the length of a single 

frame. Consequently, there is an inverse relationship between spatial resolution 

and temporal resolution. However, if the lines per segment are decreased in 

order to improve spatial resolution, the number of cardiac cycles needed to fill k-

space increase. In order to account for variability in R-R duration, a short period 

at the end of each cardiac cycle is omitted. As a result, this approach is 

relatively robust to arrhythmia. However, data during late diastole are, therefore, 

missed. 

 

This can be imaged using retrospective gating, where lines in k-space are filled 

continuously and each line is given a time signature. After completion of data 

acquisition, lines are then assigned to different sections of the cardiac cycle 

retrospectively during reconstruction, whereby each R-R interval is stretched or 
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compressed to fit the mean calculated R-R interval recorded. This technique is 

more sensitive to arrhythmia, but can acquire data in late diastole, albeit at the 

cost of longer scan durations.(46) 

 

2.1.2. Respiratory motion 

Breath holding 

Because data are usually acquired over several cardiac cycles using 

conventional imaging techniques, breath holding is required to compensate for 

chest motion. Breaths are usually held at end-expiration as this has been 

shown to result in better reproducibility. Nevertheless, imaging parameters must 

be programmed to limit the number of cardiac cycles required, as breath holds 

are usually limited to 10-15 sec in supine position.(54) Increasing spatial or 

temporal resolution will increase image acquisition times. By contrast, several 

strategies exist to shorten them (see 2.2.). 

 

Averaged imaging 

As an alternative to breath holding, averaged imaging can be used to acquire 

data repeatedly over different points of the respiratory cycle. While this 

technique has less edge sharpness in 2D cine imaging, it is used widely for flow 

imaging as it mitigates the effects of breath holding on CO. However, this 

technique comes at the cost of relatively long acquisition times in the range of 

several minutes. 

 

Respiratory navigator gating 

For certain applications it is not possible to keep imaging times short enough for 

breath held imaging (e.g., acquisition of larger 3-dimensional [3D] datasets). In 

such cases, respiratory navigating can be used to time image acquisition 

according to a specific position of the diaphragm. This is typically achieved by 

placing a navigator (i.e., an additional RF pulse exciting a thin cylinder of tissue) 

over the right diaphragmatic dome in order to track shifts in phase due to 

respiratory motion. The diaphragm can subsequently be tracked in real time, 

and an acceptance window for the acquisition of data is set by the operator. 
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2.1.3. Rapid imaging 

Single shot imaging describes the non-segmented filling of k-space within a 

single cardiac cycle. This can be achieved in a number of ways. Reducing the 

number of phase-encoding steps (and thus, spatial resolution) is an obvious 

measure to decrease imaging times, but comes at the cost of image quality. In 

order to accelerate imaging without compromising on spatial resolution, a 

number of strategies have been developed (see 2.2.).  

 

If the concept of single shot imaging is extended to multi-phase acquisitions, it 

is called real-time imaging. Although these techniques are still far from 

becoming the norm at most centres, they have strong advantages in situations 

where breath holding is not possible. As their temporal resolution depends 

critically on the time required to fill k-space, they rely strongly on acceleration 

techniques.(55) 

2.2. Acceleration techniques 

Overview 

A range of strategies to accelerate data acquisition have been developed, to 

summarise the whole of which lies beyond the scope of this thesis. Therefore, a 

brief overview of techniques including those applied in the presented research 

is provided. 

 

2.2.1. k-Space sampling strategies 

Imaging time is proportional to the number of lines in k-space and to TR. 

Conventional techniques sample 1 line per phase-encoding step in k-space, 

following a rectilinear (Cartesian) trajectory. This is repeated until all phase-

encoding steps have been acquired and k-space is filled. Thus, multiple phase-

encoding steps are normally required with this approach, which increases 

image acquisition time proportionally. Other readout schemes, such as radial or 

spiral trajectories, can sample data in k-space more efficiently, and thus reduce 

acquisition times substantially (Figure 3). By sampling more data in the centre of 
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k-space, they have been shown to be particularly useful for flow imaging, due to 

their reduced susceptibility to artefact.(56) 

 

 

 

 

Figure 3. Different trajectories for filling of k-space. 

A. Cartesian (rectilinear); B. echo planar imaging; C. radial, and D. spiral.  

Reprinted with permission from Dr Michael A. Quail. 

 

 

2.2.2. Parallel imaging 

Another approach to accelerate data acquisition is parallel imaging, whereby 

differences in signal strengths received from each of an array of receiver coils 

are used to reconstruct images accurately despite under-sampling of data. This 

relies on the fact that each point in k-space includes spatial frequency 

information about all other points. Sampling data incompletely in k-space 

normally leads to wrapping (aliasing) of the image. One way to overcome this is 

sensitivity encoding (SENSE), which uses the different spatial sensitivities of the 

different receiver coils in an array due to their different positions relative to the 

body to ‘un-wrap’ under-sampled data in the image reconstruction process 

(Figure 4).(55)  
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Figure 4. Sensitivity encoding (SENSE) reconstruction. 

Under-sampling of data by a factor of 2 halves imaging time but leads to aliasing (fold over) of the reconstructed image. SENSE uses 

differences in sensitivity of different receiver coils due to their position relative to the body to un-wrap data in the reconstruction process.  

From: Bogaert J., Dymarkowski S., Taylor A. M., Muthurangu V. (Eds.): Clinical Cardiac MRI. Cardiac MRI Physics (Chapter), (2)1-30. 

Copyright © 2012 Springer Verlag Berlin-Heidelberg. Reprinted with permission from Vivek Muthurangu.
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2.3. Anatomical  imaging 

2.3.1. Fast gradient echo imaging 

Spoiled gradient echo imaging 

In gradient echo sequences, excitation by a 90° RF pulse transfers the entire 

longitudinal magnetisation Mz into the transverse (xy-) plane. Consequently, TR 

is determined by T1, as recovery of longitudinal magnetisation is the 

prerequisite for the following excitation. This can be accelerated by the 

application of a partial flip angle of less than 90°, which results in the presence 

of residual longitudinal magnetisation. This allows for a short TR, making this 

approach suitable for rapid/dynamic imaging.  

 

Consequently, because Mz has only recovered partially, the available 

magnetisation to be flipped back into the transverse plane following TR is 

limited. However, this does not apply to new, unsaturated spins entering the 

imaging plane, such as blood. Such spins have greater Mz to be excited and 

thus, will produce greater signal. As a result, this approach produces good 

contrast between cardiac structures and blood, adding further to its utility for 

cardiac imaging. However, because this effect depends on the presence of 

flow, this effect is only present during certain phases of the cardiac cycle. 

 

An issue related to this technique is residual coherent transverse magnetisation 

prior to the next excitation, which will be added to the transverse magnetisation 

created by the subsequent pulse, and thus may cause artefact. This can be 

prevented by ‘spoiling’ any residual transverse magnetisation using RF or 

spoiler gradients prior to the following repetition.(55)  

 

Balanced steady state free precession imaging 

As an alternative to spoiling residual transverse magnetisation, a series of RF 

pulses can be applied in rapid succession, hence producing a succession of 

both, gradient and spin echoes. As each will merge into the following, this 

eventually results in a steady state between longitudinal and transverse 
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magnetisation, giving rise to this technique’s name: steady-state free 

precession (SSFP). Consequently, the net magnetic vector M0 is fixed at an 

angle relative to B0, around which it precesses. The addition of additional, 

‘balancing’ gradients at multiple steps results in improved coherence of M0 prior 

to excitation. As longitudinal magnetisation is never recovered fully, the signal is 

strongly determined by T1 effects, while also being T2-dependent.(52) 

 

The advantage of this technique is the excellent and always-present contrast 

between blood pool and cardiac structures. Therefore, balanced SSFP (b-

SSFP) has become the standard sequence for cardiac cine imaging. In order to 

compensate for its inherent susceptibility to field inhomogeneity, TR is typically 

kept very short (in the range of 2 to 3 ms). 

 

2.3.2. Radial k-t SENSE imaging 

An excellent approach to obtain anatomical cine imaging data rapidly and at 

high spatiotemporal resolution is k-space and time (k-t) SENSE imaging.(55, 

57) This technique accelerates imaging by under-sampling k-space, and un-

wraps the resulting, aliased dataset using sensitivity maps from multiple 

receiver coils, as well as information of the spatiotemporal correlations of the 

wrapped data in k-space, determined from low-spatial-resolution training data. 

The combination with a radial sampling trajectory of k-space mitigates the 

artefacts related to under-sampling, resulting in imaging datasets that allow 

accurate diagnostics even in congenital heart disease (CHD).(55) This 

technique can be applied in free breathing and uses prospective cardiac gating. 

2.4. Flow imaging 

2.4.1. Phase-contrast MRI 

Flow measurement by PCMR is based on spoiled gradient echo imaging, with 

the addition of a velocity-encoding gradient along the direction of blood flow. 

When such a gradient is applied, the magnetic moments of spins will be de-

phased along its direction. If an inverse gradient is applied subsequently, the 

spins will re-phase, resulting in no net phase shift – provided that they have 
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been stationary. However, as spins move through the field (e.g., blood along a 

vessel), spins in the imaging plane will have been replaced by spins from a 

different location along the field gradient by the time the second, inverse 

gradient is applied. As a result, spins (blood) moving into the imaging plane will 

be in different phase than the slice (stationary, surrounding tissue) they move 

into. Because the change in phase of these moving spins is proportional to the 

physical distance they travel along the field gradient, the net change in phase is 

proportional to their velocity.(45, 46) 

 

In practical terms, data are acquired in a plane that is orthogonal to a region of 

interest (ROI; e.g., a vessel), and a velocity-encoding gradient applied along the 

z-direction. As the product of the duration and the field strength of the gradient 

applied determines the shift in phase, stronger gradients are typically used in 

order to keep imaging times as short as possible.(46) After application of the 2 

bipolar gradients exemplified above, the signal is acquired, and the moving 

spins will exhibit a change in phase that is proportional to their velocity. 

Additionally, the same data are acquired without the addition of the velocity-

encoding gradient, and subtracted from the first dataset. This is done in order to 

neutralise the effects of phase due to other causes (e.g., field inhomogeneity). 

 

Once reconstructed, PCMR typically produces 2 images: a phase image, which 

contains information about the direction and velocity of flow, and a magnitude 

image containing anatomical information (Figure 5).(45, 46) 

 

 

Figure 5. Phase-contrast MRI of the ascending aorta. 

Left: magnitude (modulus) image; right: phase image. 
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Velocity encoding 

The velocity-encoding gradient parameter (Venc) defines the range of velocities, 

which the flow acquisition is sensitive to, and is determined by the strength and 

duration of the field gradient applied. It is set by the operator and corresponds 

to the maximum velocity that can be registered in either direction of the imaging 

plane without aliasing of velocity data. Changes in phase (in this case, Venc) can 

range from 0 to 180°. If the measured velocity exceeds the Venc, phase will 

rotate past 180° and back to 0°, resulting fold over (aliasing) of the registered 

velocity. Conversely, if the Venc set too high, signal/noise-ratio (SNR) worsens. 

 

Temporal resolution 

Flow data are usually sampled in a discrete (frame-wise, time-resolved) manner 

by multi-phase acquisition. In order to resolve flow-curves accurately, data must 

be sampled at sufficient temporal resolution. At normal HR, the typical temporal 

resolution required is 30-40 ms for imaging of large vessels with pulsatile flow. 

Lower temporal resolution may smoothen flow curves and thus, underestimate 

velocity and flow volumes.(46) Consequently, higher HR necessitate greater 

temporal resolution. Because breath holding has been shown to affect 

haemodynamic measurements, free breathing sequences are often used as an 

alternative.(58)  

 

Anatomical planning  

Data should be acquired perpendicularly to the vessel, as deviation from its axis 

at an angle β reduces the measured velocities by a factor of cosβ, and 

increases the apparent area of a vessel by a factor of (cosβ)-1, with partial 

volume effects as consequence (see also Chapter 1, Figure 2). Deviations of 

less than 15° from the orthogonal plane of a vessel do not result in a significant 

measurement error.(46) 

 

In conventional (i.e., 2D) flow imaging, the imaging plane is usually defined 

using anatomical imaging, such b-SSFP single shot imaging, for large vessels. 

Single shot ‘scout’ images are acquired firstly at pre-defined planes throughout 

the body (this is normally done at least in transverse orientation, but can be 
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done in any orientation). Based on the resulting images, landmarks are used for 

orientation in order to set standard imaging planes of the vessels of interest. 

Additional single shot images may be acquired to aid slice location. 

 

For smaller vessels, 3D ‘whole heart’-imaging can be used alternatively. Three-

dimensional data can be reformatted freely by the operator using 3 orthogonal 

planes (multi-plane reformatting, MPR). Accurate (i.e., perpendicular) planning 

is achieved by aligning 2 of these planes with the vessel of interest for 

orientation (see Chapter 3, Figure 8). The third plane is then perpendicular to 

that vessel, and can be moved along it to determine the position for data 

acquisition, if possible on a straight segment. 

 

Reliability and comparison with other techniques 

The advantage of PCMR is that it is highly reliable, safe and largely operator-

independent. Intra- and interobserver variability has been reported to be as low 

as 2% and 3%, respectively, and in vivo validation studies (e.g., comparing 

aortic with pulmonary blood flow) typically show very low variability within the 

range of 3-5%.(46) No adverse effects are known, and the only relevant issue 

related to tolerability are anxiety and claustrophobia in the scanner, which are 

relatively rare.  

 

2.4.2. Small vessel imaging 

Challenges in stress imaging 

In a cross-sectional image of a vessel, the lumen is represented by a number of 

voxels, depending on the spatial resolution set by the operator. If resolution is 

low, a proportionately greater number of voxels will cover both, intravascular 

and extravascular space at the edges of a vessel, resulting in underestimation 

of velocity and flow data (partial volume effect). A minimum number of voxels 

relative to the vessel diameter are therefore required to ensure accurate 

acquisition of flow data.(45) Consequently, smaller vessels require greater 

spatial resolution and as a result, longer scans. As the resulting imaging times 

exceed those compatible with breath holding, respiratory navigator gating is 
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necessary. This narrows the window for data acquisition further and thus, 

extends imaging times additionally.  

 

As a result, for example, measuring blood flow in a renal artery using 

conventional cardiac gated, respiratory navigated PCMR takes ~5 min, or 

longer.(47) This makes conventional imaging techniques unsuitable for stress 

imaging, where data must be sampled frequently enough to record dynamic 

changes over time accurately. This is especially problematic for the assessment 

of whole-body responses, where flow is measured in several different locations 

in rapid succession. (Importantly, measuring flow responses by Doppler-

sonography in such a protocol would neither be a suitable technique due to its 

user-dependency and poor reproducibility. This is even more relevant in whole-

body stress imaging due to the need to change the position of the ultrasound 

probe repeatedly, resulting in greater variability.) 

 

Averaged imaging for rapid organ blood flow measurement 

In stress imaging, the temporal resolution of single blood flow datasets is of 

secondary importance, as absolute flow data, acquired with high repetition to 

describe dynamic changes over time, are of greater interest than the description 

of flow curves. Therefore, temporal resolution can be omitted entirely by using 

averaged imaging in order to overcome the long acquisition times of 

conventional, time-resolved sequences for blood flow imaging of organ specific 

vessels. This can be achieved by R-R interval averaged imaging, which 

acquires flow data over an integer number of R-R intervals in an ungated 

fashion, providing single, ‘time-averaged’ magnitude and phase images. By 

dividing flow by the number of R-R intervals recorded, it provides the average 

flow per beat over the time period assessed. Park et al. demonstrated that this 

method could be used to measure blood flow in relatively small vessels, such as 

the renal arteries, within substantially shorter time than using conventional, 

time-resolved techniques (typically in the order of ~6 sec, within a single breath 

hold).(59) Pairing this approach with a spiral readout scheme was further shown 

to convey a number of key advantages.(60) 
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This is due to the fact that spiral trajectories start at the centre of k-space and 

spiral towards the periphery. This is more time-efficient than other sampling 

strategies (e.g., echo planar imaging) and ensures that important low-spatial 

frequency flow information is always sampled, independently of HR. By 

contrast, other sampling patterns, such as Cartesian trajectories or echo planar 

imaging (Figure 8), may populate the periphery of k-space but under-sample the 

centre at higher HR, and thus cause aliasing of low-spatial frequency 

information. Spiral trajectories have moreover been shown to be more robust to 

ghosting artefact in the presence of pulsatile flow, which is a key advantage in 

small vessel flow imaging.(60) 

 

R-R interval averaged golden angle spiral PCMR 

An iteration of this technique is R-R interval averaged golden angle spiral 

(RAGS) PCMR, which was subsequently proposed by Steeden et al.(47) One of 

the novelties of their approach was that it used the vectorcardiogram-system of 

the MRI setup to track R-waves, whereas previous, ungated techniques 

estimated R-waves from the MRI-dataset itself.(60) This approach was chosen 

to facilitate image reconstruction. Moreover, their technique employed a golden 

angle spiral ordering scheme, in which each consecutive spiral interleave was 

rotated by 222.5º, rather than a pseudo-random or manual spiral ordering 

scheme in order to fill k-space optimally and flexibly at all HR.(60)  

 

Using this technique, data were combined over ~5 R-R intervals to produce a 

single ‘time-averaged’ image. As a result, continuous PCMR data were acquired 

with very high spatial resolution (0.78 × 0.78 mm), and acquisition times 

typically lasting only ~6 sec (Figure 6). The use of a golden angle spiral readout 

scheme resulted in superior SNR and a comparable edge sharpness to that of 

conventional techniques.(47)  
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Figure 6. Respiratory triggered, cardiac gated (left) versus R-R interval averaged 

golden angle spiral (RAGS) (right) phase-contrast MRI of the superior mesenteric 

artery (arrows; magnitude images).  

Image acquisition times were ~7 min versus ~6 sec.  

 

 

In the renal arteries, the authors demonstrated excellent agreement of flow data 

with conventional high-resolution respiratory-navigated cine techniques using, 

both, correlation (r = 0.9823) and Bland-Altman analysis (bias: 0.01 L.min-1; 

limits of agreement: -0.04 to 0.06 L.min-1). However, the authors noted that HR, 

as well as radial and translational vessel movement had to be within certain 

boundaries for the technique to be accurate.(47) This was demonstrated by an 

in silico simulation, in which the authors determined that the effect of HR was 

likely a result of the asymmetric nature of translational motion, expansion, and 

flow. It was shown that at lower HR, vessel translation caused spatial 

misalignment, as the phase image, which was used to calculate flow, was 

influenced predominantly by systole, while the magnitude image, which was 

used for segmentation, was determined more by diastole. Furthermore, vessel 

expansion caused phase information to be dispersed over a larger area than in 

the magnitude image. At higher HR, the cardiac cycle becomes more 

symmetrical, hence mitigating this issue. However, translational movement of 

the vessel caused blurring of the vessel and hence affected accuracy at high 

HR. Therefore, while it was acknowledged that this technique may be less 
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suitable for large, pulsating vessels such as the aorta, it was proposed as a 

good technique for imaging of the abdominal vessels, such as the celiac or the 

SMA.    

 

Validation of the imaging technique 

Reliability and reproducibility of RAGS PCMR were confirmed for the purpose of 

this thesis. In order to assess intra- and interobserver variability, SMA flow data 

of 16 randomly selected cases from Chapter 5 were re-segmented by 2 

independent investigators. Intraclass correlation analysis demonstrated very 

good intra- and interobserver agreement, with intraclass correlation coefficients 

of 0.95 [95% CI: 0.86, 0.98] and 0.91 [95% CI: 0.76, 0.97], respectively.(4)  

 

Further, reproducibility of data acquisition using RAGS PCMR was assessed 

using 2 independent fasting datasets from 10 subjects from Chapter 4 (fat/sugar 

experiment and water experiment). Bland-Altman analysis showed good 

reproducibility of this technique (bias: 0.04 L.min-1; limits of agreement: -0.56 to 

0.48 L.min-1; Figure 7). It should be noted that the 2 measurements used for this 

analysis were acquired several days apart and thus, part of the variance may be 

explained by inter-day variability.  

 

 

Figure 7. Bland-Altman plot for reproducibility of splanchnic blood flow 
acquisition.  
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2.4.3. Aortic imaging 

Challenges in aortic imaging 

In order to characterise aortic physiology accurately, a number of factors must 

be considered. Firstly, data must be acquired at high enough spatial and 

temporal resolution to describe physiological changes in vessel motion, 

expansion, and flow accurately and without artefact.  

 

Secondly, cardiovascular functions, such as vessel expansion, pressure, and 

blood flow over time are ‘analogue’ signals, which can be described 

mathematically by continuous, oscillating, wave-like functions. Due to the 

technical nature of MRI explained earlier, data from these signals can only be 

sampled at discrete timepoints, whereby the sampling frequency is determined 

by temporal resolution. The higher sampling frequency (temporal resolution), 

the more accurate the digital representation of the analogue signal (e.g., time-

area curve). Conversely, data sampling of a signal at less than 2 times the 

frequency of the highest frequency component results in misrepresentation of 

data, when using them to reconstruct a continuous function (Nyquist-Shannon 

theorem)(61). Therefore, in order to describe physiological functions such as 

pressure or flow accurately, imaging data must be sampled at high temporal 

resolution. For simple cardiovascular applications, such as the description of 

aortic flow curves, a temporal resolution of 30 ms is usually sufficient. However, 

for cardiovascular functions that oscillate at higher frequencies, such as the 

early systolic upstroke in aortic cross-sectional area, temporal resolution must 

be 10 ms, assuming a normal HR at rest.(62)  

 

High spatiotemporal resolution gated spiral PCMR 

To cover the technical requirements needed to resolve such cardiovascular 

functions, Steeden et al. proposed a prospectively triggered spiral PCMR 

sequence accelerated with SENSE.(56) This sequence used a uniform-density 

spiral trajectory with 36 spiral interleaves, under-sampled by a factor of 3, 

resulting in only 12 spiral interleaves being acquired in each cardiac phase. 

Two spiral interleaves were acquired per R-R interval, resulting in 6 R-R 

intervals being used for the entire data acquisition. For each cardiac phase, the 
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sampling pattern was rotated, so that 3 consecutive cardiac phases resulted in 

a fully sampled k-space with 36 spiral readouts.  

 

The proposed sequence resulted in significantly shorter imaging times 

compared to a reference technique (~5 sec vs. ~16 sec), making it more 

suitable for paediatric imaging, where long breath-holds are oftentimes not 

feasible. The authors measured SV in a range of vessels in a population of 

adults and children with congenital heart disease using a standard sequence 

and spiral SENSE PCMR imaging and found good agreement between the 2 

(spiral breath-hold PCMR: 20.7 mL; standard breath-hold PCMR: 20.5 mL; 

limits of agreement: 24.4 mL, 2.9 mL vs. 210.3 mL, 9.3 mL, respectively; 

correlation r = 0.998 vs. r = 0.984, respectively). Quail et al. subsequently used 

this technique to derive central aortic systolic pressure from aortic area-

distension waveforms.(62) 
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Chapter 3. General methods 
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3.1. Oral  stress protocol  

3.1.1. Protocol 

In order to investigate the cardiovascular effects of food ingestion non-

invasively and comprehensively, a novel MRI-based oral stress protocol was 

developed. It was subsequently validated and published in peer-reviewed 

publications.(3-5)  

 

On the evening prior to study attendance, participants were instructed to eat a 

standardised meal (margarita pizza), and to then fast overnight and consume 

nothing but water until after the experiment. Subjects were also asked to 

abstain from tobacco, alcohol, recreational drugs, caffeine and formal exercise 

for the preceding 24 h due to possible effects on endothelial function and 

postprandial blood flow.(63-65) 

 

Study visits took place at 9:00 a.m. after at least 12 h of fasting. An MRI 

assessment of ventricular volumes, segmental aortic and organ-specific blood 

flows was performed at baseline (see 3.2.2.). After baseline scanning, the 

subjects were asked to sit up on the scanner table and drink a standardised 

liquid meal. Subjects were instructed to finish this within less than 5 min. After 

returning to supine position, flow measurements were repeated subsequently 

every 7-10 min for up to 1 h of follow-up. BP was recorded non-invasively 

before the meal, and repeatedly every 5 min thereafter. 

 

Exclusion criteria were: Chronic diseases requiring hospital management; 

endocrine or congenital obesity; known or possible pregnancy; MRI-

incompatible metal implants; regular use of medication, and known dairy 

allergy. 

 

All experiments were conducted at Great Ormond Street Hospital for Children, 

London, UK. 
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3.1.2. Study meal 

The standardised liquid meal consisted of 300 mL of double cream (Waitrose, 

Bracknell, UK), 89 g of maltose syrup (C*Sweet M 10170, Cargill, UK) and 

natural custard flavouring (Foodie Flavours Ltd., Tring, UK). Maltose syrup was 

used due to the relatively lower sweetness compared to glucose and the 

subsequently better tolerance.(66) At a total fluid volume of ~350 mL, this 

amounted to the following nutritional contents: fat 142 g, protein 5.1 g, glucose 

equivalent 75 g, energy 1,635 kcal.  

3.2. Imaging 

3.2.1. Imaging setup 

All MRI was performed on a 1.5 T system (Avanto, Siemens AG, Berlin, 

Germany) using 2 spine coils, 1 neck coil, and 1 body matrix coil, resulting in 12 

coil elements in total. A vectorcardiogram was used for cardiac gating and HR 

monitoring. 

 

3.2.2. Stress imaging protocol 

Image planning and protocol 

Imaging planes for aortic and cranial blood flow measurements were planned 

by 2D b-SSFP single shot imaging. After acquisition of ~15 images each in 

axial, sagittal and coronal orientation (slice thickness 8 mm, gap 8 mm), an 

additional stack of ~5 images were obtained of the neck in perpendicular 

orientation to the common carotid arteries (slice thickness 10 mm, gap 10 mm). 

This was done in order to select the optimal slice for neck vessel imaging 

(defined as mid-cervical slice on a straight segment, where the vertebral and 

the common carotid arteries were clearly visible).  

 

Subsequently, images were obtained of the left ventricular (LV) and the right 

ventricular (RV) long axes, as well as at basal valve level. These data were 

used to plan 4-chamber cine imaging. The 4-chamber view and the LV long axis 

were used to plan LV short axis stack cines. Additional images were obtained of 

the LV outflow tract to plan ascending aortic blood flow measurement. This was 
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done at the sinotubular junction. Blood flow of the descending aorta was 

planned at the level of the diaphragm. 

 

In order to plan blood flow to the legs, an image of the abdominal aorta was 

acquired in coronal orientation, and an imaging plane proximal to the iliac 

bifurcation selected using a sagittal view for additional orientation. 

 

Respiratory navigated, cardiac gated, 3D b-SSFP (‘whole heart’) data were 

acquired from the diaphragm to the base of the kidneys in order to plan flow 

measurement of the smaller, abdominal vessels (spatial resolution 1.6 × 1.6 × 

1.6 mm).(3) Imaging planes were planned by MPR using 3 perpendicular 

planes. This was accomplished by aligning each vessel of interest with 2 

orthogonal imaging planes, resulting in the third plane being perpendicular to 

the vessel. The plane for flow imaging was then set to be located on a straight 

segment (Figure 8). The planning process took approximately 10-12 min. 

 

Planning was repeated after meal ingestion due to patient movement and 

displacement of abdominal contents by the meal. The average interval between 

bouts of MRI data acquisition was 7-10 min. The last imaging cycle started 

between 40 and 50 min after ingestion of the meal, resulting in a postprandial 

scanning time of ~50 min to ~1 h. Total scanning time was ~90 min. 
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Figure 8. Multi-plane reformatting of 3D balanced SSFP data of the abdomen. 

Imaging planes for flow measurements (centre panes) were set using 2 orthogonal 

cross-sectional views of the vessel of interest for orientation (arrows).  

A: Celiac artery;  

B: superior mesenteric artery;  

C: right, and  

D: left renal artery. 
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Aortic blood flow measurement 

Aortic blood flow was measured using in-house high-spatiotemporal resolution 

cardiac gated spiral PCMR (Figure 9, A & B).(56) This sequence uses efficient 

spiral trajectories (with 36 spiral interleaves required to fully sample k-space) 

combined with data under-sampling (SENSE, factor of 3) in order to achieve 

high spatial and temporal resolution imaging (spatial resolution 2.1 x 2.1 mm; 

temporal resolution 9.6 ms) in a breath hold of ~11 sec.(56) Blood flow to the 

legs was measured proximal to the iliac bifurcation using standard cardiac 

gated PCMR (spatial resolution 1.56 x 1.56 mm; temporal resolution 32 ms) in a 

short ~5 sec breath hold; Figure 9, C). 

 

Next page: 

Figure 9. Cardiac gated phase-contrast MRI of the aorta. 

Note the difference in phase depending on the direction of blood flow (white: cranial 

flow; black: caudal flow). Top: magnitude (modulus) image; bottom: phase image. 

Arrows:  

A: Ascending aorta, above the sinuses;  

B: descending aorta, diaphragm level;  

C: distal aorta, proximal to iliac bifurcation. 
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Organ-specific blood flow measurement 

In-house RAGS PCMR was used for rapid and accurate measurement of blood 

flow in the carotid and vertebral arteries, the celiac trunk, the SMA, as well as 

the renal arteries.(47) This sequence acquires continuous spiral PCMR data 

with very high spatial resolution (0.78 × 0.78 mm) over a short breath-hold of ~6 

sec. A golden-angle ordering scheme was used (where each consecutive spiral 

interleave was rotated by 222.5º) to produce even filling of k-space at all HR. 

The resultant data is then simply combined over ~5 R-R intervals to produce a 

single ‘time-averaged’ image (see 2.4.2.).  

 

Intraclass correlation analysis of SMA flow data from 16 randomly selected 

cases, which were re-segmented by 2 independent investigators, showed very 

good intra- and interobserver agreement, with intraclass correlation coefficients 

of 0.95 [95% CI: 0.86, 0.98] and 0.91 [95% CI: 0.76, 0.97], respectively. 

Reproducibility of data acquisition was assessed using 2 fasting datasets from 

10 subjects (fat/sugar vs. water, Chapter 4). Bland-Altman analysis showed 

good reproducibility of this technique (bias: 0.04 L.min-1; limits of agreement: -

0.56 to 0.48 L.min-1; Figure 7).  

 

 

Following 2 pages: 

 

Figure 10. R-R interval averaged golden-angle spiral phase-contrast MRI.  

This technique acquires data over ~5 R-R intervals to yield a single ‘time-averaged’ 

image that can be used to calculate mean flow through a vessel (resolution 0.78 × 0.78 

mm, breath hold ~6 sec). Top: Magnitude (modulus) image; bottom: phase image. 

Arrows:  

A: celiac artery;  

B: superior mesenteric artery;  

C: left, and  

D: right renal artery;  

E: common carotid and vertebral arteries. 
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Anatomic imaging 

LV volume and mass were acquired from a stack of short axis cine images 

encompassing the heart from the apex to the atria using real time radial b-SSFP 

k-t SENSE during free breathing (128 radial spokes per slice, with k-t SENSE 

under-sampling factor of 8; Figure 12).(55) Eleven to 13 contiguous slices were 

acquired in the short axis to ensure coverage of the LV. An additional 4-

chamber view was acquired to allow for identification of the basal slices during 

the post processing (Figure 11). Real-time data for each slice was acquired for 

1.5 sec and the slice was then automatically moved down the ventricle. This 

resulted in scan time of ~30 sec, with good spatial and temporal resolution (3.1 

× 3.1 × 10.0 mm / 35.7 ms, respectively).(55) While this technique may not be 

optimal for the morphological assessment of the atrioventricular (AV-) valves, it 

is nevertheless a key sequence used for volumetric assessment in some 

centres (e.g., Great Ormond Street Hospital for Children, where the studies for 

this PhD were conducted), and excellent agreement has been demonstrated 

with b-SSFP breath-held cine imaging.(55) Moreover, using a conventional 

technique with higher spatial resolution would have come at the cost of 

unacceptably longer acquisition times. 

 

Figure 11. Four-chamber view of the heart. 

This cine image was acquired to identify the base of the heart and the atrioventricular 

valves during postprocessing (i.e., to distinguish ventricular volume from atrial volume). 
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Figure 12. Short axis stack cine images of the left ventricle. 

Cine images were acquired in a series perpendicular to the long axis of the heart, reaching from the apex (top left) to the left atrium (bottom 

right) at a slice thickness of 10 mm using k-t SENSE during free breathing. 
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Image post processing 

Imaging data were processed offline using custom plugins for OsiriX software 

for Mac OS X, version 6.5.2 or later (Pixmeo, Bernex, Switzerland). LV 

myocardial volume was obtained by manual contouring and subtraction of the 

endocardial from the epicardial volume (Figure 13). Papillary muscles were 

included in the myocardial volume. LV mass (LVM) was calculated by 

multiplying myocardial volume by a density estimate of 1.05 g/mL. LV volume 

was measured by manual segmentation of the endocardial borders in diastole 

and systole, whereas diastole was defined as the frame that coincided with 

closure of the AV-valves, and systole as the frame preceding their opening. A 

cine image in 4-chamber view was used to identify the AV-valves.  

 

Segmentation of aortic magnitude and phase images from PCMR was 

performed in a semi-automated fashion using an in-house algorithm, followed 

by manual, frame-wise adjustments of the contours. Organ-specific blood flow 

was derived from the mean volume flow across one cardiac cycle within the ROI 

on the respective, single RAGS PCMR magnitude image. 

 

 

 

 

Figure 13. Short axis cine image (diastolic frame, midventricular slice). 

LV myocardial volume was obtained by manual contouring and subtraction of the 

endocardial (orange) from the epicardial volume (blue). 
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3.3. Blood pressure  

BP was measured every 5 min in the non-dominant arm in supine position with 

each study participant’s arms by their side while in the scanner, using an 

oscillometer device (Datex Ohmeda, General Electric, Boston, MA, USA).  

3.4. Anthropometry 

Height was measured to the nearest 1 mm using a calibrated stadiometer, 

without shoes and with the Frankfurt plane of the participant’s head aligned by 

eye to be parallel to the ground. Weight was measured to the nearest 10 g, 

using a calibrated scale, with the participant wearing only light clothing and no 

shoes. Waist and hip circumferences were determined using a flexible 

measuring tape according to standard practice.(67) Body surface area (BSA) 

was calculated using Du Bois’ formula in adults (BSA = 0.007184 × weight 

[kg]0.425 × height [m]0.725), and using the Haycock formula in adolescents (BSA = 

0.024265 × weight [kg]0.5378 × height [m]0.3964). Body mass index (BMI) was 

calculated as weight [kg] / height [m]2.  

3.5. Statist ics 

3.5.1. Software 

Statistical analyses were performed using Stata SE software for Mac OS X, 

version 13 or later (StataCorp, College Station, TX, USA).  

 

3.5.2. Descriptive statistics 

Normally distributed data are expressed as mean ± standard deviation (SD). 

For non-normally distributed data, the median (interquartile range [IQR]) is 

presented. Group comparisons were done with Student t-test or Mann-Whitney-

U test, as appropriate. Skewed data were log-transformed prior to parametric 

testing and group means were back-transformed to geometric means for 

presentation in natural units.  
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Blood flow, SV and LVM were indexed to BSA, unless indicated otherwise. 

Indexed variables are indicated by an ‘i’-suffix, e.g. SVi. 

 

3.5.3. Regression analysis of longitudinal data 

To account for variations of synchronisation between measures, BP and MRI 

data were linearly interpolated at 10-min intervals, starting from the beginning of 

meal ingestion, and truncated at 50 min. Changes in data over time and the 

effect of various covariates (e.g., sex, BMI) were assessed using repeated 

measures mixed models. These models account for the correlated nature of 

repeated measures over time. The coefficients of these models for each time 

point after baseline represent the time-dependent change from baseline, and 

their P-values represent the significance of that change. These P-values are 

reported to illustrate the significance of postprandial responses. 

 

A significance level of P≤0.05 was assumed, and 95% confidence intervals (CI) 

are provided where applicable.  

3.6. Ethics 

All experiments were conducted in accordance with the Declaration of Helsinki. 

Ethics approval was sought and obtained from National Research Ethics 

Service London – Queen Square prior to initiation (reference no. 13/LO/1750 

and 16/LO/1649). Informed consent was obtained from all participants and/or 

their parents, as applicable.  



 64 

  



 65 

Chapter 4. Cardiovascular 

responses to food ingestion in 

humans  
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Abstract 

Ingestion of food is known to increase mesenteric blood flow. However, whether 

this increased flow demand is compensated for by a rise in CO alone, or by 

redistribution of blood flow from other organs, is unclear. To test this, a new 

comprehensive imaging method to assess the human cardiovascular response 

to food ingestion was developed and validated in the following chapter.  

 

Blood flow in segments of the aorta and in organ-specific arteries, and 

ventricular volumes were assessed in 20 healthy adults using MRI under fasting 

conditions and repeatedly for up to 50 min following ingestion of a high-energy 

liquid meal. After meal ingestion, SVR fell substantially and CO rose 

significantly. BP remained stable. These changes were driven predominantly by 

a rapid fall in mesenteric vascular resistance, resulting in over 4 times more 

intestinal blood flow. Renal vascular resistance also declined but less 

dramatically so. No changes in celiac, brain or limb perfusion were observed.  

 

The following chapter is the first study to fully characterise systemic and 

regional changes in vascular resistance after food ingestion in humans. It was 

shown that the postprandial drop in SVR is fully compensated for by increased 

CO and not by redistribution of blood from other organs in healthy adults. With 

the exception of a modest increase in renal blood flow, there was no evidence 

of altered perfusion of non-digestive organs. Moreover, it was demonstrated 

that the proposed oral stress protocol can be applied safely in an MRI 

environment, allowing further, detailed study of the involvement of the gut in 

systemic disorders or CVD.  
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4.1. Background 

4.1.1. Gaps in knowledge in postprandial physiology 

Overview 

The cardiovascular responses to food ingestion have been the subject of 

extensive research in, both, humans and animals over the past several 

decades.(1, 7, 16, 20) While the global haemodynamic responses are well-

understood, several unknowns and inconsistencies exist regarding the regional 

vascular responses to a meal. This may be because previous human studies 

have had to rely upon observer-dependent and inconsistent measurement 

techniques, and have been limited in sample size.(7, 20)  

 

As already set out in Chapter 1, the ingestion of food triggers a transient, 

moderate drop in celiac vascular resistance, followed by a more sustained and 

substantial decrease in mesenteric vascular resistance. This is accompanied by 

a simultaneous rise in CO in order to maintain BP whilst providing the additional 

blood flow commanded by the intestine. There is debate about whether this is 

achieved by increasing CO alone, or whether there is blood flow redistribution 

from non-digestive organs. Such redistribution would require regional disparities 

in vascular resistance.  

 

The MRI techniques described in Chapter 2 allow rapid and accurate flow 

measurement in vessels that are too small for dynamic stress studies using 

commonly used sequences. These techniques now allow to address the open 

questions about the cardiovascular responses to food ingestion in humans. 

 

Cardiac output responses 

Data on the CO responses after food ingestion vary. Using radionuclide 

cardiography in a small sample of 8 volunteers, Kelbaek et al. demonstrated a 

62% increase in CO after ingestion of a sizeable ~1,500 kcal mixed meal.(68) 

Using Doppler ultrasound, other authors administered meals of varying 

composition to volunteers, and found a 32% increase after a carbohydrate-rich 

meal, compared to 22% following a lipid-rich meal of the same calorie-load 
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(~600 kcal).(7) Other studies confirmed that the magnitude of the postprandial 

increase in CO depends on meal size and composition.(69)  

 

Mesenteric blood flow 

Under fasting conditions, mean blood flow to the SMA has been reported to 

vary widely from 0.22-0.54 L·min-1 in different studies.(41) However, few 

authors reported this measurement relative to indices of body size (e.g., BSA), 

making meaningful comparison between studies challenging. 

 

Considerable variability has also been reported on postprandial increases in 

SMA blood flow, ranging from 58-64%(17) to 125-164%(37, 38) assessed by 

similar methods after liquid meals of similar energy content. Larger meals of 

750 to ~1,150 kcal have been reported to provoke increases of up to 240-250% 

of fasting blood flow.(37, 70) A very informative and concise overview by 

Someya et al. demonstrates that a liquid consistency, higher calorie content, as 

well as a mixed composition of, both, lipids and carbohydrates induce more 

pronounced rises in mesenteric blood flow.(41)  

 

Differences in the time course of these responses are generally attributed to 

consistency and meal composition, in particular to protein content. This was 

addressed by one of the larger studies related to this topic, which demonstrated 

that the timing, but not the magnitude, of the postprandial increase in SMA 

blood flow was determined by meal composition.(17) 

 

Renal blood flow 

Data on renal blood flow changes after the ingestion of a meal have been 

inconsistent and sparse. Avasthi et al. used transabdominal Doppler ultrasound 

and validated it against an invasive Doppler measurement technique in animals. 

Subsequently, this group administered 3 different meals of different 

compositions (protein, carbohydrate, and water with electrolytes), and found 

that all meals increased renal blood flow, albeit to different extent and over 

differing time courses. However, the authors highlighted the complexity of the 

Doppler measurement technique they employed. Moreover, their study was 
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limited by a small sample size (N=5).(20) Others have compared a single 

postprandial MRI measurement of renal blood with fasting measurements and 

found a moderate increase.(71) 

 

By contrast, Iwao and colleagues found evidence of increased renal vascular 

tone in a substantially larger cohort following the ingestion of a liquid meal.(18) 

 

Limb blood flow 

Previous research suggests that meals of different composition may alter limb 

blood flow in different ways. Using venous occlusion plethysmography, one 

study showed a decrease in calf blood flow postprandially. Meals high in lipid 

content provoked a greater and more sustained fall in limb blood flow than 

meals high in carbohydrates did. As the high-lipid meal also resulted in a more 

pronounced and prolonged increase in mesenteric blood than the high-

carbohydrate meal did – despite an equal rise in CO in both meals – this finding 

suggests that blood flow is redistributed from the limbs in order to cover the 

increased blood flow demand of the digestive organs postprandially.(7) 

However, this study was limited by a small sample size (N=6), as well as the 

small effect size demonstrated relative to the reproducibility of the method used. 

Moreover, blood flow to the upper extremity was not assessed.  

 

This was investigated by a more recent study, which confirmed that blood flow 

decreased postprandially.(41) Others found similar decreases in lower limb 

blood flow postprandially.(71, 72) 

 

However, these findings were contrasted by a study in a slightly larger sample 

using thermodilution, which found that blood flow to the legs actually increased 

after the ingestion of glucose.(73) By contrast, an experiment in dogs using 

radioactive microbeads showed that blood flow to the limbs did not change 

postprandially.(74) 

 



 70 

4.1.2. Purpose of the study 

To test the hypothesis that, following ingestion of a meal, blood flow to the gut is 

driven by organ-specific falls in vascular resistance, and compensated for by 

increased CO, without any redistribution from other organs. 

 

4.1.3. Publication 

Findings from this chapter were published as original article in the American 

Journal of Physiology: Regulatory, Integrative and Comparative Physiology.(3)  

4.2. Methods 

4.2.1. Subjects 

Twenty healthy adults (7 female; mean age 30 ± 9 years, range 18-52 years) 

took part in this study. Staff members volunteered for this experiment.  

 

4.2.2. Study protocol 

The experiment was conducted as detailed in 3.1. and repeated with a volume 

of water equivalent to that of the liquid meal in 10 randomly selected subjects. 

These ‘control’ experiments took place on a different day, either before or after 

the liquid meal experiments at random, to control for the influence of past 

experience with the protocol. 

 

4.2.3. Imaging 

Aortic blood flow was acquired at sinus level, at diaphragmatic level, and 

proximal to the iliac bifurcation, and regional blood flow was acquired for the 

common carotid and vertebral arteries, the celiac artery, the SMA, and each 

renal artery, as described in 3.2. Flow to the arms was estimated by subtraction 

of the neck- and descending aortic blood flows from total CO. SV at all time 

points was obtained using PCMR, but at 3 postprandial time points, it was also 

calculated as the difference between LV end diastolic volume (LVEDV) and LV 

end systolic volume (LVESV) and the values were compared to ensure internal 

consistency.  
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Vascular resistance was calculated by division of mean arterial pressure (MAP 

[mmHg]) by indexed blood flow, and expressed as Wood Units (WU) × m2. 

Ejection fraction (EF, %) was obtained with the formula EF = (SV / LVEDV) × 

100. Total arterial compliance (TAC) was calculated as SVi / (systolic BP [SBP] 

– diastolic BP [DBP]).(75) 

 

4.2.4. Statistics  

Repeated measures mixed models for the assessment of quantitative changes 

in physiological data over time (as described in 3.5.) included sex, BMI, age and 

control (water) as covariates.  

4.3. Resul ts 

4.3.1. Systemic haemodynamic responses  

Demographics and resting data are shown in Table 1. After ingestion of the 

study meal, BP remained stable throughout the entire observed period. From 10 

min onwards, mean SVR fell continuously until the end of the experiment (20% 

fall, P<0.001). There was a parallel rise in CO of 20% (P<0.001), which was 

predominantly driven by a continuous rise in HR. This association was 

significant from 20 min onwards (P<0.001). At 60 min, a mild decrease in 

LVEDV was seen (6% fall, P<0.05) and there was a trend towards an increase 

in EF (8% increase, P=0.052). Ingestion of water had no effect on any of the 

measured metrics (Figure 14). 
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Table 1. Subject characteristics and resting data. 

N=20 (7 female) Mean ± SD Minimum Maximum 

Age (y) 30 ± 9 18 52 

Height (m) 1.76 ± 0.1 1.57 1.93 

Weight (kg) 79 ± 19 52 118 

Body mass index 25.5 ± 5.5 18.7 39.9 

Heart rate (bpm) 63 ± 10 46 89 

Stroke volume (mL·m-2) 49 ± 7 36 63 

LV diastolic volume (mL·m-2) 80 ± 13 58 105 

LV systolic volume (mL·m-2) 32 ± 8 23 45 

LV ejection fraction (%) 60 ± 5 51 68 

TAC (mL·mmHg-1·m-2) 0.58 ± 0.1 0.40 0.78 

Systolic BP (mmHg) 118 ± 7 104 131 

Mean BP (mmHg) 87 ± 5 81 97 

Diastolic BP (mmHg) 65 ± 6 56 81 
 

BP = blood pressure; LV = left ventricle; SD = standard deviation; TAC = total 

arterial compliance. Adapted and reprinted with permission from: (3) 
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Figure 14. Haemodynamic changes over time.  

Repeated measures mixed model adjusted for sex, body mass index, and age. The 

solid line shows changes after ingestion of the sugar/fat liquid meal (N=20); the dashed 

line shows responses to the control experiment (water; N=10). Resting metrics did not 

differ significantly. P-values are for differences between groups at each time point with 

respect to baseline: *P<0.05; **P<0.01; ***P<0.001. Standard error bars are used. EDV 

= end-diastolic volume; SV = stroke volume; WU = Wood units. Adapted and reprinted 

with permission from: (3) 

 

 

4.3.2. Regional vascular responses 

Baseline resistance and blood flow data are shown in Table 2. Vascular 

resistance of the SMA decreased substantially from 10 min after ingestion of the 

sugar/fat meal and exhibited a continuous decline until the end of the observed 

period, resulting in a flow increase to more than 4 times the resting value (360% 

increase after 50 min; P<0.001). There was a modest but significant, steady 

decrease in renal vascular resistance, resulting in an increase in renal blood 

flow of 23% (P<0.01 after 20 min). By contrast, vascular resistance of the celiac 

artery territory, the brain, the legs and the arms did not change significantly 
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(Figure 15). Water had no measurable effect on regional organ perfusion or 

vascular resistances. 

 

 

 

Table 2. Resting haemodynamics 

  Fat/sugar (N=20) Water (N=10) 

  Mean ± SD Range Mean ± SD Range 

AAo 
BF  3.0 ± 0.5 2.2-4.3 3.0 ± 0.4 2.5-3.5 

R  30 ± 5 20-38 30 ± 3 25-36 

DAo BF  1.8 ± 0.3 1.3-2.4 1.8 ± 0.4 1.5-2.3 

Brain 
BF  0.60 ± 0.15 0.37-0.86 0.62 ± 0.19 0.30-0.93 

R  143 ± 35 99-205 170 ± 66 105-312 

Limbs 
BF  1.1 ± 0.3 0.7-1.4 1.2 ± 0.6 0.4-2.4 

R  86 ± 24 60-117 100 ± 69 38-263 

Celiac 
BF  0.38 ± 0.25 0.15-1.04 0.43 ± 0.26 0.16-1.13 

R  299 ± 156 93-644 281 ± 156 86-586 

SMA 
BF  0.15 ± 0.08 0.02-0.38 0.18 ± 0.07 0.08-0.28 

R  676 ± 403 256-1,828 605 ± 316 304-1,075 

Renal 
BF  0.60 ± 0.24 0.35-1.35 0.68 ± 0.36 0.20-1.61 

R  168 ± 54 72-268 173 ± 94 55-292 

AAo = ascending aorta; BF = blood flow (L·min-1·m-2); DAo = descending aorta; 

R = resistance (WU·m2); SD = standard deviation; SMA = superior mesenteric 

artery; WU = Wood unit. 
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Figure 15. Changes in regional vascular resistances over time.  

Repeated measures mixed model, adjusted for sex, body mass index and age. The 

solid line shows changes after ingestion of the sugar/fat liquid meal (N=20); the dashed 

line shows responses to the control experiment (water; N=10). Resting metrics did not 

differ significantly. P-values are for differences between groups at each time point with 

respect to baseline: *P<0.05; **P<0.01; ***P<0.001. Standard error bars are used. 

Adapted and reprinted with permission from: (3) 

 

4.4. Discussion 

4.4.1. Overview 

This is the first comprehensive and non-invasive description of the 

cardiovascular responses to a high-calorie meal in humans. Using a novel, 

dynamic MRI approach, it was shown that the substantial drop in SVR seen 

after food consumption is compensated for by an increase in CO alone, without 

significant vasoconstriction in other territories. In healthy subjects, this 

compensatory process was well balanced, with BP remaining stable throughout 

the experiment. The reported findings were not due to volume (cardiac preload) 
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effects as there were no haemodynamic effects of ingesting water with the 

same volume as the liquid meal.  

 

4.4.2. Comparison with existing literature 

In this experiment, mesenteric blood flow increased to more than 4 times its 

pre-prandial value. This effect was more pronounced than suggested by 

previous findings from Doppler-based studies, where SMA perfusion rose to 

200-300% of the baseline values.(7, 17) It is likely that the high carbohydrate 

and fat content of the study meal used, as well as its liquid consistency, led to 

the rapid and pronounced surge in mesenteric flow observed in the present 

cohort. In an MRI study published by Muthusami et al. subsequently to the 

present study, responses of comparable magnitude were found.(71) However, 

that study only measured blood flow at a single time postprandially and, thus, 

did not characterise postprandial haemodynamic responses in a time-resolved 

manner. 

 

Interestingly, this experiment could not replicate the increases in celiac blood 

flow described previously.(41) However, the celiac response to feeding has 

been reported to occur almost immediately after the initiation of feeding, lasting 

only a short duration before returning to fasting levels. Thus, it is possible that 

the expected decrease in celiac vascular resistance was not detected 

appropriately, as the acquisition of MRI data required to re-plan imaging planes 

was still ongoing in the early postprandial period. In the MRI study published by 

Muthusami et al., a change in celiac blood flow was similarly absent, supporting 

this hypothesis.(71) 

 

Previous experiments on the vascular response of both splanchnic and non-

digestive organs to the ingestion of food have been predominantly undertaken 

in non-human primates and dogs, and only few studies have been made in 

humans.(7, 17, 20, 29) These experiments have typically employed a 

combination of Doppler ultrasound and occlusion plethysmography in order to 

estimate small vessel blood flow. By nature, these techniques are not able to 

detect brisk changes in blood flow in different body regions at very similar time 
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points and track changes reliably over time. Thus, Doppler ultrasound and 

occlusion plethysmography techniques do not allow for a complete 

haemodynamic assessment and may be unable to accurately or reliably 

determine regional haemodynamics as a result. Earlier studies have also been 

small (N≤10) and reliant on methods, such as ultrasound, that are vulnerable to 

observer bias.(7, 29)  

 

Nonetheless, the existing literature suggests that blood flow to the legs declines 

in order to compensate for the increased blood flow demand of the gut, 

especially after a fatty or protein-rich meal.(7, 76) In this comparatively larger 

group of 20 subjects, this change was not observed. Differences in meal 

composition, methodology or sample size may explain this discrepancy. 

Considerations made for the lack of an apparent celiac responses may also 

apply. 

 

The role of renal blood flow in the haemodynamic response to food ingestion 

has been controversial. Avasthi et al. demonstrated that renal perfusion 

increased during the digestive phase and that the extent and duration of this 

effect correlated with the protein content of a meal.(20) However, those findings 

are in contradiction to results from a larger study, where renal perfusion was 

found to drop following ingestion of a meal.(18) Findings from animal studies 

have been similarly equivocal.(19, 76) In the present experiment, there was a 

modest but significant decrease in renal vascular resistance, which led to a 

sustained rise in renal blood flow. Contrary to the conclusions of Avasthi et 

al.,(20) this effect was present throughout the observation period despite the 

low protein content of the study meal used. Therefore, it is speculated that the 

steady rise in renal blood flow was the consequence of increased nutrient or 

metabolic breakdown products that result from ingestion of large amounts of 

sugar and fat, and not due to the modest volume of the meal, as there was no 

change in renal vascular resistance following the water fluid challenge alone. 
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This study’s finding that cranial blood flow did not change postprandially is in 

line with previous work.(71) It is likely that autoregulation of cerebral blood flow 

prevents any significant changes following ingestion of a meal. 

 

4.4.3. Clinical implications 

Stress imaging 

Most haemodynamic investigations in the healthy and in disease groups rely 

upon one-off measurements of global vascular physiology, usually taken at rest. 

In established diseases, such resting measurements may be sufficient to reveal 

abnormalities. However, in some disorders, or in early disease, such 

measurements are often normal.  

 

Stress tests can provide additional information as they can unmask dysfunction 

that is otherwise compensated for, or that only manifests under certain 

conditions. For example, exercise tests are a central tool in cardiovascular 

diagnostics, as they assess cardiovascular responses to physical stress on a 

global level. However, this includes metabolic, endocrine, mental or 

neuromuscular components of physical stress responses. Therefore, exercise 

tests can only describe stress responses in a comprehensive fashion. By 

contrast, other cardiovascular challenges exist that test autonomic responses in 

a more focussed manner.(77) Such stress tests interrogate neuronal and 

neuroendocrine reflexes (e.g., vascular tone) to specific physiological triggers 

(e.g., postural manoeuvres). Different stress tests address different reflex arcs 

involved in the autonomic homeostasis of the cardiovascular system.(78) The 

protocol proposed in this chapter examines an autonomic reflex that has not 

been previously investigated systematically in humans and may, therefore, be a 

useful additional tool in cardiovascular diagnostics. 

 

Techniques with better ability to characterise dynamic physiology and to resolve 

haemodynamic behaviour in organ-specific vascular beds noninvasively are 

now emerging.(48, 49, 79) Using such novel methodology, this study 

demonstrated that people can undergo an oral challenge in an MRI-

environment safely to examine the vascular physiological responses to food 
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ingestion. Future studies may use this proposed new technique to resolve 

vascular physiological abnormalities in patient groups, such as, for example, 

those with autonomic failure, hepatic portal venous hypertension, or metabolic 

disorders (e.g., obesity).  

 

Postprandial hypotension 

As age progresses, attenuation of the cardiovascular responses to 

cardiovascular stress, such as exercise or orthostasis, can be observed.(80) 

Blunting of the normal CO increase following a meal has been linked to falls 

and syncope in the elderly. Failure to maintain an adequate cerebral perfusion 

pressure in compensation for the postprandial drop in SVR has been discussed 

as a likely mechanism.(81) Although risk factors for such events have been 

identified (e.g., heart failure [HF]), they can occur even in the absence of 

cardiovascular disorders as a result of autonomic dysregulation. Moreover, 

abnormal regulation of peripheral vascular tone has been demonstrated in 

subsets of patients, supporting the need for further dynamic study of regional 

vasoreactivity.(82, 83)  

 

Postprandial angina 

Chest pain can be triggered by the ingestion of food in certain populations. This 

is typically seen in patients with coronary artery disease (CAD) and, less 

commonly, in patients with hypertrophic cardiomyopathy.(84-86) The underlying 

mechanisms are not fully understood. Postprandially raised myocardial 

contractility may cause relative ischaemia in patients with CAD, where coronary 

flow reserve is decreased.(87) Additionally, a blunted CO increase after a meal 

may cause angina when the postprandial drop in SVR cannot be compensated 

for sufficiently in order to maintain coronary perfusion pressure.(86) The 

postprandial increase in HR may further aggravate coronary perfusion in these 

subjects.(84)  

 

Similar observations have been made in patients with hypertrophic 

cardiomyopathy.(85) In this disorder, myocardial hypertrophy and abnormal 

myocardial microvasculature necessitate a comparatively higher coronary 
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perfusion pressure. This may be compromised when SVR falls postprandially. 

Moreover, an increase in pressure gradient in the LV outflow tract can be 

observed after the ingestion of food, with increased LV wall strain and 

decreased coronary blood flow as consequences.(88) 

 

4.4.4. Strengths and limitations 

Study protocol 

A standardised, validated MRI food challenge protocol of high-fat, high-sugar 

food was used.(3) The study protocol controlled for time of day, caffeine, 

exercise and other potential confounders for physiological responses. Each 

participant ate a standard meal and then fasted for a similar duration. 

 

The MRI sequences used in the proposed setup have been validated for the 

rapid assessment of ventricular volumes and the measurement of small vessel 

blood flow in humans.(3, 4, 47, 55) In contrast to the direct quantification by 

electromagnetic probes used in animal experiments, flow measurement by MRI 

is non-invasive. This may obviate or reduce the need for animal studies in future 

cardiovascular research.  

 

Study meal 

The meal used for this study has a number of advantages. Diets high in fat and 

sugar are now common in the modern era, particularly in the obese, and have 

been implicated in LVH development.(89) Maltose syrup was used to enhance 

palatability and decrease sweetness and osmolality, reducing the risk of nausea 

or vomiting. It is metabolised to dextrose by amylases and hepatic maltase so 

rapidly that the blood glucose response is virtually identical to that following 

ingestion of an equivalent quantity of glucose but with approximately half the 

sweetness of glucose.(90) The meal was well-tolerated generally in the studied 

population but one person reported nausea immediately after consumption and 

one person reported late vomiting, several hours after the experiment. Nausea 

and vomiting are well-recognised complications of the standard OGTT.(91) 

Given the equivalent carbohydrate load in the meal used in this study, together 
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with a high fat content, tolerance of this mixed meal is considered good, and 

comparable to the OGTT. 

 

4.4.5. Conclusions 

I. The ingestion of food causes a drop in SVR due to mesenteric vasodilation. 

 

II. This is compensated for by an increase in CO, without any significant 

vasoconstriction in non-digestive compartments.  

 

III. The proposed protocol can be applied safely in humans and can be used to 

study the involvement of the gut in systemic disorders or CVD.  
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Chapter 5. Postprandial vascular 

dysfunction and l inks to 

cardiovascular risk in 

adolescents  
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Abstract 

LV hypertrophy (LVH) is a major risk factor for CVD, including HF. Although 

linked to obesity and hypertension, its aetiology is multifactorial. Blunted 

postprandial sympathetic regulation of gut blood flow has been observed in 

overweight animals and suggested as a promotor of hypertension and LVH. It 

was hypothesised that blunted postprandial superior mesenteric blood flow 

responses would be more common in overweight humans, and associated with 

increased BP and LVH.  

 

To test this, LV dimensions and haemodynamic responses to a standardised 

high-calorie liquid meal were measured in healthy adolescents by MRI. 

Covariates such as BMI, BP, Tanner score, and an index of insulin resistance 

were included in multiple regression models to examine the independent 

associations of mesenteric flow response with BP status and LVH. Food 

ingestion increased CO and SMA flow. A blunted mesenteric flow response was 

associated with increased LVM and concentric LVH, independently of known 

determinants of LVH, including BMI. It was also associated with elevated SBP 

but this link did not explain the association with LVM.  

 

In conclusion, postprandial mesenteric vascular dysfunction is associated with 

LVH and hypertension, independently of common risk factors for those 

conditions. The findings presented in the following chapter highlight a new, 

independent marker of cardiovascular risk in the young. 
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5.1. Background 

5.1.1. Cardiovascular disease 

Definition 

The term, ‘cardiovascular disease’ (CVD), summarises a number of diseases: 

 

o coronary artery disease (CAD); 

o cerebrovascular disease; 

o peripheral arterial disease; 

o cardiomyopathy; 

o heart failure (HF); 

o hypertensive heart disease; 

o inflammation of the heart; 

o aortic aneurysm; 

o arrhythmia; 

o rheumatic heart disease; 

o valvular heart disease; 

o congenital heart disease (CHD), and 

o deep vein thrombosis, and pulmonary embolism. 

 

Due to their similar pathophysiology and their epidemiological predominance, 

the term is also often used colloquially to refer to atherosclerotic CVD (i.e., 

CAD, cerebrovascular disease and peripheral arterial disease).  

 

Epidemiology and significance 

CVD is one of the main health burdens, and the leading cause of death, in the 

world. The World Health Organisation estimated that 17.9 million people died 

from CVD in 2016, representing 31% of all global deaths. Of these deaths, 85% 

were attributable to myocardial infarction and stroke. Of note, over ¾ of CVD-

related deaths were reported in low- and middle-income countries, highlighting 

that CVD is not a problem that affects the industrialised world 

predominantly.(92) In the European Union, it caused 1.8 million deaths in the 

same year, representing 35.7% of all deaths and making it considerably more 
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lethal than the second most frequent cause of death, cancer (26.0%). Of note, 

this figure was higher in women (38.4%) than in men (33.1%).(93)  

 

Risk factors and pathophysiology 

Several factors promote the development of CVD, including overweight and 

obesity, lack of physical activity or exercise, tobacco smoke consumption, 

dyslipidaemia, diabetes, elevated BP, and alcohol consumption. CVD risk also 

increases with age and family history. However, the strong predominance of 

modifiable risk factors has shown that CVD is largely preventable.(94) 

 

The main pathophysiological hallmark of most CVD (i.e., CAD, cerebrovascular 

disease and peripheral arterial disease) is atherosclerosis, a complex disorder 

of the arterial wall characterised by (sub-)endothelial inflammation and retention 

of lipoproteins. This process typically develops over decades and eventually 

results in thickening of the arterial wall, and formation of atheromatous plaques 

in the intimal layer of the arteries. As these processes advance, the vessel 

lumen narrows, impeding blood flow to end organs.(95) Chronic undersupply 

with blood and oxygen may trigger symptoms of ischaemia, such as angina or 

claudication, or cause progressive end organ damage, such as ischaemic heart 

disease. Rupturing of plaques may cause sudden, potentially life-threatening 

ischaemia and subsequent organ failure, such as myocardial infarction (MI) or 

stroke. However, improved management of stroke and MI have lowered their 

mortality and shifted the health burden of CVD towards chronic conditions such 

as HF.(96)  

 

One prominent autopsy study revealed that early atherosclerotic changes are 

already abundantly present in childhood and adolescence, and that these 

changes were correlated with the presence of cardiovascular risk factors.(97) 

This led to the understanding that CVD has its origins much earlier in life than 

previously thought, and that improved strategies to understand and prevent 

CVD in the young are needed.(94) Paediatric obesity, in particular, plays a key 

role in the development and prevention of CVD. 
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5.1.2. Overweight and obesity 

Definition 

Obesity is a complex disorder characterised by excess body fat (adiposity). 

Adiposity is estimated grossly by measuring body weight. However, as body 

weight is also determined by factors other than adipose tissue (e.g., body 

height, or lean mass), it is usually corrected for frame in some way. BMI (weight 

[kg] / height [m]2) is the most widely used estimate for obesity that adjusts for 

body size partly. However, although easy to obtain and consistently linked to 

CVD in population studies, it is limited by the assumption that the proportion of 

adipose tissue among individuals with similar weight and height is equal. This is 

particularly problematic among children, where lean mass accrued through 

somatic growth has been shown to correlates more strongly with BMI than 

adipose mass.(98, 99) Nevertheless, BMI remains the most widely accepted 

marker to assess overweight and obesity. In adults, overweight is defined as 

BMI ≥25.0 and <30.0, whereas obesity is defined as BMI >30.0. In children and 

adolescents, overweight is defined as a BMI z-score ≥1.04 (85th centile), and 

obesity as a BMI z-score of ≥1.64 (95th centile).(100)  

 

Obesity and cardiovascular risk 

Obesity is one of the most important risk factors for CVD. Although it also 

increases CVD risk directly, much of the association is mediated by a number of 

secondary cardiometabolic and endocrine disturbances it entails.(101) Greater 

deposits of adipose tissue, especially of the viscera, trigger oxidative stress and 

the release of pro-inflammatory mediators. These alterations lead to 

inflammation of the arterial wall, which promotes atherosclerosis and vascular 

stiffening, and thus, hypertension.(102) Adiposity also leads to progressive 

insulin resistance, with T2DM as long-term consequence, as well as to 

dyslipidaemia. Both promote atherosclerotic remodelling of the arterial wall 

further.  
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Paediatric obesity 

Obesity in childhood and adolescence is a major, global health issue of growing 

importance. In Europe, the prevalence of overweight/obesity in children 

between 2 and 13 years of age increased from 20.6% in the period from 1999 

to 2006, to 21.3% between 2011 and 2016. Within this timeframe and 

population, the prevalence of obesity rose from 4.4% to 5.7%.(103) In the 

United States, the prevalence of obesity in children and youth between 2 and 

19 years of age increased from 14.5% in 1999/2000, to 17.3% in 2009/2010. In 

2012, the prevalence of overweight and obesity combined was ~32%.(104) 

Although the trends observed in recent years appear to be flattening in some 

Western countries, the prevalence of paediatric obesity remains on the rise in 

many parts of the world.(105) These developments are projected to cause an 

alarming surge in CVD in the near future.(106)  

 

Whether paediatric obesity is an independent risk factor for CVD later on in life, 

or increases cardiovascular risk by persisting into adulthood, is not yet fully 

resolved.(107, 108) Nevertheless, substantial increases in cardiometabolic 

derangements promoting CVD, such as T2DM, dyslipidaemia, LVH, or high BP, 

have been reported as a consequence of the rising trends in obesity in the 

paediatric population.(109)  

 

5.1.3. High blood pressure 

Overview 

BP plays a central role in the development of CVD. Hypertension can cause 

CVD directly by inducing concentric remodelling and hypertrophy of the LV via 

raised afterload. This can progress into hypertensive heart disease and HF 

(through progressive LV dilation), as well as to atrial fibrillation (through left 

atrial dilation due to raised LV filling pressure). Raised BP is also one of the 

main risk factors for atherosclerotic CVD, valve disease, and aneurysm, as it 

promotes fibrotic remodelling of the arteries due to raised shear stress. 

Vascular stiffness is one of the hallmarks of raised BP. However, the 

association is complex and not fully understood. For example, it has been 
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shown that vascular stiffness can be both, a consequence of high BP (through 

fibrotic remodelling of the arterial wall), and a cause for it.(110) 

 

Obesity and blood pressure 

Two of the main determinants of BP are body weight and body composition. 

Although the links between raised body weight and BP are not yet fully 

understood, several mechanisms have been proposed. In obese young adults, 

raised SVR appears to be the main determinant of high BP.(111) This may be 

due to the poorer vascularisation of adipose tissue. Raised sympathetic 

nervous activity and greater circulating volume may also play an important 

role.(112) With increasing age, cardiometabolic derangement associated with 

obesity may further aggravate this through progressive stiffening of the arteries. 

By contrast, in the lean, raised CO is the hallmark of elevated BP. It has been 

suggested that aortic compliance may be enhanced at a young age to 

counteract this, and that these mechanisms progressively fail with ageing and 

arterial stiffening.(113, 114)  

 

5.1.4. Left ventricular hypertrophy  

Overview 

LVH is defined as raised myocardial mass of the LV. It is often a secondary 

phenomenon of other CVD risk factors, such as T2DM, age, or raised BP. 

These factors can cause cardiac remodelling by stimulating cardiomyocyte 

growth either directly (e.g., hyperinsulinaemia), or through abnormal cardiac 

loading (e.g., stiffening of the aorta). Other important, non-modifiable 

determinants of LVM include genetics and ethnicity. For example, LVH is more 

common in Black people than in White people. However, whether this 

association is independent of other factors known to increase LVM, such as BP, 

is not yet fully resolved. Heritability is another key factor that affects LVM, and 

appears to be driven by genes encoding proteins that are involved in BP 

regulation, skeletal growth, metabolism, calcium homeostasis, and other 

important variables that can alter cardiomyocyte growth.(115) 
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Importantly, increased LVM is also an independent cardiovascular risk factor 

that can be present before other cardiometabolic abnormalities are 

diagnosed.(116, 117) Various other forms of LV remodelling exist and may 

involve enlargement of the LV cavity, with or without raised LVM. Different 

patterns of cardiac remodelling have been linked to different cardiometabolic 

phenotypes, and predict different cardiovascular complications.(118) One 

important factor influencing cardiac mass and geometry is obesity. 

 

Obesity and left ventricular hypertrophy 

Obesity causes adverse cardiac remodelling in adults.(119) Changes in LVM 

and geometry develop as this process advances. LVH is the eventual result and 

is a major risk factor for CVD, including diastolic and systolic HF, atrial 

fibrillation, MI and stroke.(117, 120) Indeed, childhood obesity has been 

identified as a strong risk factor for developing HF, in particular in 

adulthood.(121) LVH may develop before other risk factors – such as 

hypertension – are diagnosed, highlighting its importance as an independent 

marker of early cardiovascular risk.(116) In children, increased LVM has been 

linked independently to adiposity before other potential contributing factors such 

as hypertension or hyperinsulinemia were seen, indicating that the process 

starts earlier in life than previously thought.(118, 122, 123) The increasing 

global prevalence of childhood obesity necessitates early identification of such 

pathology and a better understanding of its underlying mechanisms in order to 

improve prevention of HF and CVD.(124)  

 

The link between childhood obesity and LVH remains poorly understood.(118, 

122) Animal experiments have revealed a new potential mechanism to explain 

the association.(24, 125) A lipid-rich diet and obesity were both linked to 

disordered arterial control in the splanchnic vascular bed in rats.(125) Reflex 

vasodilation in this vascular bed is the typical response to food ingestion, but 

blunting of this reflex was found in obese rats(3) and was associated with 

hypertension and increased LVM.(125) Despite a widespread preference for 

high-calorie diets in Western countries and the observation that most people 

spend the greater proportion of their day in a postprandial state,(10) this link 
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has not been demonstrated in humans before. Limited conventional techniques 

may have prevented such investigation.  

 

Given that LVH is a major risk factor for cardiovascular morbidity and mortality 

and that it appears early in the disease process, understanding factors that 

drive its emergence in young people is vital for the development of effective 

CVD prevention. 

 

5.1.5. Purpose of the study 

The purpose of this study was to test the hypothesis that abnormal postprandial 

mesenteric vascular function is linked to increased BP and adverse LV 

remodelling in adolescents with varying degrees of adiposity. 

 

5.1.6. Publication 

Findings from this chapter were published as original article in Circulation: 

Cardiovascular Imaging.(4) 

5.2. Methods 

5.2.1. Subjects 

Healthy adolescents, aged 13-19 years, were recruited via newspaper 

advertisements and through an obesity clinic (University College London 

Hospital, London, UK) between September 2014 and May 2016.  

 

5.2.2. Study protocol 

Participants underwent the oral stress protocol as detailed in 3.1. Prior to the 

meal challenge, a fasting blood sample was collected. Baseline BP was 

assessed after participants had been resting for 15 min (IQR 12-17 min) and 

before any interventions or blood tests. BP measurements obtained 

successfully in this quiescent period were averaged (mean 2.5 measurements; 

range 1-6). The timing of meal ingestion was recorded and the meal was 

typically consumed within 2 min (IQR 1-3 min). Flow measurements were 

repeated for at least 40 min postprandially. Pubertal (Tanner) stage was self-
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assessed by the participants.(126, 127) This method has been shown to have 

good levels of agreement with physician examination in a large paediatric 

population.(126) 

 

5.2.3. Imaging 

Aortic and regional blood flow, HR and LVM were measured as described in 

3.2. Cranial blood flow was not assessed in all but a small number of initial 

subjects after 2 events of vomiting in the early stages of the study raised 

concerns that the neck coil could prevent subjects from turning their heads to 

the side in case they vomited (however, no more vomiting events were 

observed after this).  

 

Pulse wave velocity (PWV) was derived from ascending and descending aortic 

flow (Q) and area (A) curves as described previously.(62) This method relies on 

the fact that PWV = ∆Q / ∆A in the reflection-free part of early systole. Thus, 

PWV was calculated by robust linear regression of the initial linear segment of 

unfiltered and non-interpolated data points in both the Q and A curves, and by 

division of the resulting gradient for Q by that of A.  

 

5.2.4. Statistics 

Data Adjustments 

Blood flow and SV were indexed to height [m] raised to powers of 0.92 and 

1.45, respectively.(128, 129) LVM was indexed to height [m] to the power of 

2.7. These adjustments correct for the influence of skeletal size with minimal 

confounding by obesity, and are preferred over adjustment for BSA in this 

context.(123, 130)  

 

To address limitations of reference MRI data in children, normal values were 

generated within the study population using an established technique.(123) 

First, LVMi was adjusted for age and sex by linear regression. LVH was defined 

as an adjusted LVMi above the 95th centile in a subpopulation with a normal 

BMI distribution (N=55, BMI z-score mean 0.17, SD 0.94, range -1.96 to 1.87). 

This centile and its 95% CI were found by a bootstrap method. LVM to LVEDV-
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ratio (LVM:EDV) was calculated and an upper limit for this measure was defined 

using the same approach. Eccentric LVH was defined as LVMi >95th centile, 

and concentric LVH was defined as LVM:EDV >95th centile and LVMi >95th 

centile.(123)  

 

BMI was converted to age- and sex-specific z-scores in adolescents using 

published data.(131) Overweight was defined as a BMI z-score ≥1.04 (85th 

centile) and obesity as a BMI z-score of ≥1.64 (95th centile), according to 

current guidelines.(100) 

 

In accordance with current guidelines,(132) elevated SBP (eSBP) was defined 

as SBP >120 mmHg but <130 mmHg, and DBP <80 mmHg. Hypertension was 

defined as SBP ≥130 mmHg or DBP ≥80 mmHg.  

 

Response analysis 

The postprandial SMA flow response (∆SMA) was calculated by area-under-

the-curve (AUC) analysis using the trapezoidal rule on non-interpolated 

measures. Each AUC was divided by the time difference between meal 

ingestion and the last measure, yielding a time-weighted mean to control for 

individual variations in experiment duration. ∆SMA was calculated by 

subtracting resting values from these means. Responses recorded for less than 

40 min were excluded in the final model (n=7).  

 

Repeated measures mixed models to assess quantitative changes in 

physiological data over time (as described in 3.5.) included sex and BMI z-

scores as covariates. Marginal mean estimates were then calculated from these 

models at 3 values of BMI z-score representing the normal range (-2, 0, and +2) 

to illustrate the time-varying, continuous associations found in these models. 

Haemodynamic responses to the meal are presented initially both unindexed 

and indexed for a power of height to show that the findings do not depend on 

this adjustment. 
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Multiple linear regression was used to assess the effects of ∆SMA on LVM, 

independently of known determinants of LVM, i.e. sex, Tanner stage, BMI, age, 

resting SBP, SV, and homeostatic model assessment of insulin resistance 

(HOMA-IR). A similar model was used to assess the effects of ∆SMA on SBP 

accounting for the same potential confounders, except resting HR was included 

as an independent variable as marker of sympathetic activity, and BP was not. 

Logistic regression was used to determine the risk of LVH and eSBP on the 

basis of ∆SMA. These models were repeated with the inclusion of other 

potential determinants, as for LVM, to test for independent effects. Goodness-

of-fit tests were carried out for linear and logistic models to ensure that the 

models did not contravene model assumptions.  

 

5.2.5. Laboratory analysis 

Blood samples were obtained using standard techniques, following at least 20 

min of rest in the supine position. Samples were immediately centrifuged and 

stored at -80°C before batch analysis.  

 

Fasting glucose was measured using a Vitros 5600 Clinical Chemistry analyser 

(Ortho Clinical Diagnostics, Raritan, New Jersey, USA), and fasting insulin was 

determined using a chemiluminescent immunoassay (Immulite 2500, Siemens 

Diagnostics, Berlin, Germany). HOMA-IR was calculated as (fasting glucose × 

fasting insulin) / 22.5. 

5.3. Resul ts 

5.3.1. Study population and resting data 

Eighty-two participants were enrolled (36 female; median age 16 [IQR 14-18] 

years). Data from 2 participants who vomited during the MRI scan were 

excluded from longitudinal analyses. The remaining 80 completed the protocol 

without side effects. Thirty participants were obese and a further 9 were 

overweight. At baseline, overweight/obese participants had significantly higher 

COi, HOMA-IR, SBP, LVM and LVMi and lower indexed SMA flow (SMAi) than 

normal weight comparators (Tables 3, 4 & 5). They were also more likely to have 
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LVH and eccentric hypertrophy, but not concentric hypertrophy, and they were 

more likely to have hypertension. Linear associations of BMI z-score with COi 

(r=0.39; P=0.0003), SVi (r=0.48; P<0.0001), SBP (r=0.30; P=0.009) and SMAi 

(r=–0.23; P=0.04), supported these findings. BMI z-score did not correlate with 

diastolic or mean BP, PWV in any aortic segment, or HR.  

 

 

Table 3. Cardiometabolic measures. 

 All Normal weight Overweight / 
obese 

P 

N 82 43 39  

Age (years) 16.2 ± 2.0 16.1 ± 1.9 16.3 ± 2.1 0.814 

Female 36 (43.9%) 20 (46.5%) 16 (41.0%) 0.617 

BMI* 24.6 ± 7.5 20.0 ± 2.4 31.0 ± 6.6 <0.001 

BMI z-score  1.0 ± 1.6 -0.2 ± 0.8 2.5 ± 1.1 <0.001 

HOMA-IR* 1.44 ± 2.87 0.92 ± 1.17 2.18 ± 3.77 0.003 

LVH 11 (13.4%) 1 (2.3%) 10 (25.6%) 0.002 

Concentric LVH 6 (7.3%) 1 (2.3%) 5 (12.8%) 0.068 

Eccentric LVH 5 (6.1%) 0 5 (12.8%) 0.015 

LV mass (g) 122.9 ± 36.9 109.0 ± 30.8 138.3 ± 37.4 <0.001 

LV mass (g·m-2.7) 28.8 ± 6.5 26.3 ± 4.8 31.6 ± 7.1 <0.001 

LV EDVi (mL·m-2) 80.0 ± 14.0 84.8 ± 11.5 74.5 ± 14.8 <0.001 

LV ESVi (mL·m-2) 30.3 ± 7.0 32.0 ± 6.5 28.3 ± 7.9 0.008 

Hypertension 7 (9.5%) 1 (2.6%) 6 (17.1%) 0.032 

eSBP 12 (16.2%) 5 (12.8%) 7 (20.0%) 0.403 

PWVAAo (m·s-1) (IQR) 4.3 (3.4, 5.3) 4.0 (3.3, 5.2) 4.3 (3.4, 5.3) 0.924 

PWVDAo (m·s-1) (IQR) 3.9 (3.1, 5.1) 3.9 (3.1, 4.9) 3.8 (3.1, 5.0) 0.947 

P-values are for comparisons with normal weight group by student t-test (except Χ2 for 

sex and blood pressure [BP] and LVH parameters). *Geometric mean. BMI = body 

mass index; EDV = end-diastolic volume; eSBP = elevated systolic BP; ESV = end-

systolic volume; HOMA-IR = homeostatic model assessment of insulin resistance; IQR 

= interquartile range; LV = left ventricular; LVH = LV hypertrophy; PWV = pulse wave 

velocity. Adapted from: (4) 
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Table 5. Post-prandial, time-weighted mean (AUC) cardiovascular responses 

 All Normal weight Overweight / 
obese 

P 

∆Systolic BP (mmHg) 2.0 ± 4.0 2.5 ± 3.5 1.4 ± 4.5 0.213 

∆COi (L·min-1·m-0.92) 0.28 ± 0.38 0.25 ± 0.35 0.31 ± 0.42 0.579 

∆HR (bpm) 5.0 ± 4.5 5.5 ± 4.5 4.4 ± 4.6 0.160 

∆SMAi (L·min-1·m-0.92) 0.47 ± 0.22 0.51 ± 0.23 0.41 ± 0.18 0.031 

AUC = area under the curve; BP = blood pressure; CO = cardiac output; HR = heart 

rate; SMA = superior mesenteric artery. 

 

 

Overweight/obese subjects also had significantly lower vascular resistance the 

legs and, subsequently, greater blood flow to the legs, as well as higher SMA 

resistance and renal blood flow, but no significant corresponding differences in 

SMA flow and renal vascular resistance (Table 6). 

Table 4. Pre-prandial, resting cardiovascular measures.  

 All Normal weight Overweight / 
obese 

P 

Systolic BP (mmHg) 114.6 ± 10.4 111.7 ± 8.5 117.7 ± 11.5 0.013 

COi (L·min-1·m-0.92) 3.8 ± 0.7 3.6 ± 0.7 4.1 ± 0.5 <0.001 

HR (bpm) 68.1 ± 11.1 68.3 ± 11.7  67.8 ± 10.5  0.839 

SMAi (L·min-1·m-0.92)* 0.17 ± 0.12 0.21 ± 0.13 0.15 ± 0.12 0.041 

*Geometric mean. BP = blood pressure; CO = cardiac output; HR = heart rate; SMA = 

superior mesenteric artery. 
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5.3.2. Postprandial haemodynamics and associations with adiposity 

Both unindexed and indexed mean CO increased significantly within 10 min of 

meal ingestion, plateaued at 40 min (time-weighted mean unindexed CO 0.45 

[SD 0.62] L·min-1; P=3.8x10-8) and did not fall significantly before the end of the 

experiment. With the exception of the 10 min timepoint, where BMI z-score was 

associated with a smaller increase in HR and thus, in COi, the magnitude of the 

COi increase did not differ significantly by BMI z-score (Figure 16). It was driven 

predominantly by an increase in HR and, to lesser extent, by an increase in SVi 

at 10 and 20 min.  

 

SBP also rose in response to the meal (time-weighted mean  1.96 mmHg; 

P=7x10-5) and was significantly greater than baseline from 10 min onwards 

(P<0.05 at 10 min, P<0.01 at 30 min, and P<0.001 at 20, 40 and 50 min; Figure 

Table 6. Fasting haemodynamics. 

  Normal weight (N=43) Overweight/obese (N=39) 

  Mean ± SD Range Mean ± SD Range 

AAo  
BF 3.5 ± 0.7 2.2-5.2 4.0 ± 0.5* 3.1-5.5 

R 24 ± 4 15-35 21 ± 3# 14-28 

Legs 
BF 0.7 ± 0.3 0.3-1.6 0.9 ± 0.3# 0.5-1.6 

R 127 ± 58 52-334 97 ± 24# 44-154 

Celiac 
BF 0.48 ± 0.26 0.11-1.36 0.43 ± 0.22 0.10-0.98 

R 232 ± 172 72-794 248 ± 183  80-944 

SMA 
BF 0.23 ± 0.13 0.04-0.82 0.19 ± 0.12  0.04-0.55 

R 434 ± 281 100-1,862 639 ± 444†  159-2,393 

Renal 
BF 0.61 ± 0.19 0.35-1.35 0.75 ± 0.26# 0.21-1.72 

R 146 ± 44 74-261 126 ± 60 54-416 

Group comparisons were performed by student t-test. *P<0.001, #P<0.01, †P<0.05. 

AAo = ascending aorta; BF = blood flow (L·min-1·m-0.92); CO = cardiac output; R = 

resistance (WU·m0.92); SD = standard deviation; SMA = superior mesenteric artery; 

WU = Wood unit.  
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16). Baseline SBP was associated with increased BMI z-score (P=0.006) but 

the magnitude of the postprandial response was not, if baseline SBP was 

accounted for. DBP rose to similar extent following ingestion of the meal, and 

this increase was weakened slightly by greater BMI z-score (<1 mmHg lower 

increase per BMI z-score, P<0.01 at 10 and 20 min). As a result, BMI z-score 

was linked to a slightly attenuated response in mean BP. 

 

 

 

Minutes after meal 

 

Figure 16. Marginal mean (± SE) postprandial responses in global 

haemodynamics in relation to adiposity. 

Responses to the meal over time and the impact of BMI-z were assessed by repeated 

measures mixed models. *P<0.05, §P≤0.01 and †P≤0.001 for changes in overall 

response with respect to baseline; #P<0.05 and ‡P≤0.01 for the impact of BMI-z on 

these responses. BMI-z = body mass index z-score; BP = blood pressure; CO = 

cardiac output; SV = stroke volume. 
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Minutes after meal 

 

Figure 17. Marginal mean (± SE) postprandial regional blood flow responses in 

relation to adiposity.  

Responses to the meal over time and the impact of BMI-z were assessed by repeated 

measures mixed models. *P<0.05, §P≤0.01 and †P≤0.001 for changes in overall 

response with respect to baseline; #P<0.05 and ‡P≤0.01 for the impact of BMI-z on 

these responses. BMI-z = body mass index z-score; SMA = superior mesenteric artery. 

 

 

Unindexed and indexed SMA flow increased too (time-weighted mean 

unindexed SMA flow 0.76 [SD 0.35] L·min-1; P=4.2x10-31) and by more, on 

average, than CO did (mean difference in responses 0.31 L·min-1; P=5x10-5), 

suggesting that, in addition to the CO rise, some flow redistribution from other 

regions occurred to support increased flow demand in the mesenteric vascular 

bed. The magnitude of this response was blunted by increased adiposity 

(P<0.05 at 10 min and P<0.01 at 20, 30 and 50 min for the continuous 

interaction of time and BMI z-score; Figure 17). Both ∆SMA (B=-0.07 L·min-1; 

P=0.003) and ∆SMAi were blunted in those with greater BMI z-score. 
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Blood flow to the kidneys and the celiac axis increased significantly from 10 min 

onwards. These changes persisted for the entire duration of the experiment and 

were not related to adiposity. Blood flow to the legs decreased initially and rose 

to levels greater than baseline at 40 and 50 min (Figure 17). This response was 

not influenced by BMI z-score either. 

 

5.3.3. Associations of mesenteric vascular function with  SBP and LV 

remodelling 

Blunted ∆SMAi was associated with increased resting SBP (Table 7, Model 1; 

Figure 18). Addition of BMI (Model 2) and resting HR (Model 3) did not explain 

this association. Moreover, blunted ∆SMAi was associated with a significantly 

increased risk of hypertension (log likelihood: -20.3; odds ratio: 0.01 [95% CI: 

7x10-4, 0.89], P=0.045; R2=0.11), but not eSBP, a prehypertensive category in 

children (P=0.33). 

 

Blunted ∆SMAi was associated with increased risks of LVH (log likelihood: -5.4; 

odds ratio: 0.005 [95% CI: 1x10-3, 0.219], P=0.003; R2=0.15) and concentric 

hypertrophy (log likelihood: -9.9; odds ratio: 5x10-5 [95% CI: 4x10-8, 0.061], 

P=0.001; R2=0.31), but not eccentric hypertrophy (P=0.48). This was supported 

by an inverse linear association of ∆SMAi with LVMi (Table 7, Model 1; Figure 

18). A similar association was found between the unindexed variables. Addition 

of BMI (Model 2) and of resting SBP (Model 3) to the multiple regression did not 

fully explain the association. In further modelling, all associations remained 

significant after addition of age, Tanner score, and HOMA-IR (Table 8). 

Associations with LVMi were also independent of resting SVi and postprandial 

SBP response (time-weighted mean ∆). 

 

 

 

 



 101 

 

 

Figure 18. Inverse relationships of postprandial superior mesenteric artery flow 

response (∆SMAi) with left ventricular (LV) mass index and resting systolic blood 

pressure (BP).  

Graphs show the unadjusted models (r=-0.43, P=0.0001 for LV mass, and r=-0.32, 

P=0.006 for systolic BP). The associations were robust to adjustment for a range of 

potential confounders (Table 7 & 8) and to exclusion of the rightmost point on the 

graphs. Solid lines show linear regressions, dashed lines show effect of removing 

rightmost point, and 95% CIs are shown as grey bands. With permission from: (4) 
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Table 7. Associations of postprandial superior mesenteric artery blood flow 

response (∆SMAi) with systolic blood pressure (SBP) and left ventricular mass 

(LVM). 

 

 Resting SBP (mmHg) LVM (g·m-2.7 height) 

 B 95% CI P R2 B 95% CI P R2 

Model 1         

∆SMAi  -18.0 -28.5, -7.4 0.001 0.17 -12.7 -18.6, -6.8 6x10-5 0.24 

Female  -3.8 -8.3, 0.8 0.10  -3.2 -5.8, -0.6 0.02  

Model 2         

∆SMAi -16.0 -26.8, -5.2 0.004 0.22 -8.7 -14.0, -3.4 0.002 0.45 

Female -4.1 -8.6, 0.4 0.07  -3.1 -5.3, -0.9 0.007  

BMI 0.3 -0.0, 0.6 0.06  0.4 0.3, 0.6 1x10-6  

Model 3         

∆SMAi  -16.5 -27.7, -5.3 0.004 0.24 -7.8 -13.4, -2.1 0.008 0.56 

Female -4.0 -8.5, 0.4 0.08  -3.9 -6.1, -1.6 0.001  

BMI 0.3 0.0, 0.6 0.04  0.5 0.4, 0.7 2x10-8  

Resting HR 0.1 -0.1, 0.3 0.26  - - -  

Resting SBP - - -  0.0 -0.1, 0.2 0.54  

 

Multiple linear regression analysis to assess the independent influence of potential 

determinants of LVM and resting SBP. Further models (Table 8) showed that these 

associations were robust to adjustment for age, Tanner score, stroke volume and 

HOMA-IR (for LVM). BMI = body mass index; HOMA-IR = homeostatic model 

assessment of insulin resistance; HR = heart rate. With permission from: (4) 
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5.4. Discussion 

5.4.1. Overview 

Abnormal (blunted) ∆SMA after ingestion of a high-calorie liquid meal was 

associated with concentric LVH, increased LVM, higher resting BP, and 

hypertension in adolescents. These findings were independent of factors known 

to influence LVM (age, sex, pubertal status, BMI, insulin resistance, SV and 

BP). Perhaps most importantly, the associations were not influenced by 

variation in progression through puberty and therefore are unlikely to be 

explained by altered sex hormone levels, which are known to influence LVM.  

 

Table 8. Associations of postprandial superior mesenteric arterial blood flow 

response (∆SMAi) with systolic blood pressure (SBP) and left ventricular mass 

(LVM). 

 Resting SBP LVM 

 B 95% CI P R2 B 95% CI P R2 

Model 4         

∆SMAi -12.0 -23.9, -0.9 0.048 0.23 -5.4 -9.9, -1.0 0.018 0.77 

Female -3.8 -8.8, 1.3 0.141  -2.4 -4.5, -0.4 0.022  

BMI 0.3 0.0, 0.7 0.078  0.6 0.4, 0.7 1.3x10-10  

Resting HR 0.2 -0.0, 0.4 0.106  - - -  

Resting SBP - - -  0.2 0.0, 0.4 0.117  

Age 0.6 -0.9, 2.0 0.415  0.2 -0.4, 0.7 0.567  

Tanner score 0.9 -2.1, 4.0 0.545  1.1 0.0, 2.3 0.050  

Stroke volume 0.2 -0.3, 0.6 0.436  0.4 0.3, 0.6 1.8x10-6  

HOMA-IR - - -  -0.3 0.0, 0.7 0.051  

∆SBP (AUC) - - -  -0.2 -0.4, 0.1 0.176  

 

Multiple linear regression analysis to assess the independent influence of potential 

determinants of LVM and resting SBP. AUC = area under the curve; BMI = body mass 

index; HOMA-IR = homeostatic model assessment of insulin resistance; HR = heart rate.  

With permission from: (4) 
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5.4.2. Comparison with existing literature 

Although this study was not designed to elucidate any mechanism causally 

linking postprandial vascular dysfunction in the gut with LVH, some evidence 

was presented in adolescents supporting a mechanism already detailed in 

rodents. Sartor et al. showed that under fasting conditions, blood supply to the 

gut is inhibited centrally by sympathetic vasomotor outflow from the rostro-

ventrolateral medulla. Food ingestion normally suppresses the activity of these 

efferents via vagal feedback to the brainstem, resulting in increased blood flow 

to the gut.(24, 133) This feedback mechanism is mediated predominantly locally 

by gastric release of leptin and cholecystokinin as well as, possibly, other 

factors. The paracrine effects of gastric leptin are distinct from its systemic 

effects, which include raised sympathetic nervous activity and central nervous 

regulation of appetite and energy homeostasis. In rodents, obesity and a diet 

rich in lipids and carbohydrates have been shown to blunt the local, paracrine 

effects of leptin.(25) This reduces its vasodilatory effects in the gut, whilst 

possibly preserving vasoconstrictive effects in the limbs and on the 

augmentation of CO.(24, 133) It has been suggested that increased afterload 

caused by raised splanchnic vascular resistance in this context could promote 

development of hypertension and LVH.(125)  

 

In this experiment, it was shown that adolescent obesity was similarly 

associated with blunting of normal postprandial vasodilatory responses. A 

possible explanation for this is that myogenic autoregulation of the SMA could 

have attenuated mesenteric vasodilation in overweight/obese adolescents, as 

resting BP was somewhat higher in this group. However, data from animal 

studies suggest that, rather on the opposite, myogenic autoregulation of the 

mesenteric arteries is impaired in obese rats.(134) Therefore, this explanation is 

considered unlikely. Interestingly, blunted ∆SMA was associated with raised 

LVM independently of resting BP or postprandial BP responses, suggesting that 

the explanation for this association is probably more complex than suggested 

previously.(24, 133) For example, disordered neurohumoral signalling that 

affects both vascular function in the gut and cardiomyocyte growth could 

mediate this association. This study was not designed to investigate such 
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possibilities. The partial independence of its findings from the degree of 

adiposity is consistent with the observation that postprandial vascular 

dysfunction in high-fat fed rodents normalises with low-fat diet irrespective of 

weight loss and suggests a role for abnormal diet in the pathogenesis of 

postprandial vascular dysfunction.(133) The high-calorie meal used in this 

experiment was designed to replicate the worst excesses of a modern diet. 

Further study will be needed to determine how altering diet composition affects 

the postprandial response. 

 

5.4.3. Clinical implications 

Vascular dysregulation was more common in overweight/obese individuals. This 

supports existing advice to reduce high-calorie food intake in adolescents, and 

is evidence for a potential new pathway linking obesity and LVH in young 

people. Notably, high BMI in a cohort of Swedish adolescents has been shown 

to be a particularly strong risk for future HF, with hazard ratios approaching 10 

for those with a BMI above 35.(121) Further investigation of the mechanism 

behind the findings of the present study could, therefore, yield new 

opportunities for prevention of the cardiac and vascular consequences of poor 

diet and obesity in the young. 

 

Indeed, this study demonstrated that adolescents with a blunted postprandial 

mesenteric blood flow response tended to be overweight, and were more likely 

to be hypertensive and have LVH. These are known, major risk factors for the 

development of CVD. This study was not designed to determine why they were 

linked to abnormal postprandial vascular responses, but the associations did 

not depend on a range of factors known to drive their development, such as 

adiposity or insulin resistance. This raises the possibility of a previously 

unrecognised mechanism underlying the development of hypertension and LVH 

in young people. Exploration of this could yield new diagnostic tools and even, 

perhaps, lead to interventions in the earliest stages of CVD. For example, 

vascular responses to a high fat, high sugar meal could be used to identify 

increased cardiovascular risk in young people before other, more established 

risk factors, are diagnosed, allowing for earlier preventative measures. 
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Interestingly, blunted vasoreactivity was associated with increased LVM 

independently of SBP. Thus, a simple mechanism for the association, acting 

through increased BP and, therefore, raised LV afterload, is unlikely. Other 

possibilities, such as deranged neurohumoral signalling, could be responsible 

and deserve further investigation.  

 

Blunted postprandial mesenteric blood flow responses were associated with 

concentric LVH, but not other patterns of LVH. Although the relationship 

between patterns of LVH and underlying pathology is not fully understood,(135) 

concentric LVH in animal models arises largely as a compensatory mechanism 

to normalise LV wall stress in response to pressure overload. This would be 

consistent with this study’s finding that blunted ∆SMA was related to increased 

resting BP and hypertension. However, relationships of blunted ∆SMA with 

LVMi and concentric LVH were not fully explained by resting BP status. 

Therefore, the mechanism of concentric LVH development in this context may 

be due to factors other than only increased LV afterload. Irrespective of the 

mechanism, abnormal mesenteric vascular function is an independent 

biomarker for a phenotype prone to LVH and, possibly therefore, to CVD. 

 

The insight that hypertension is to a large part caused by raised sympathetic 

nervous activity has led to a number of therapeutic strategies. Historically, 

severe hypertension was treated by surgical disruption of the sympathetic 

nervous system of all abdominal organs, including the gut (radical 

splanchnicectomy). This was an effective treatment but was abandoned in the 

1950s due to high surgical mortality and frequent postural hypotension, as well 

as the development of new therapeutics.(136) Of note, BP reductions were 

greater than those usually seen with renal sympathetic denervation alone. For 

example, BP was lowered by between 27/15 and 61/43 mmHg in 80% of 

patients, 5 years following surgery.(137) Renewed interest in renal sympathetic 

nerve ablation occurred recently with the development of non-surgical 

techniques but similarly, this has proven to be ineffective.(138) The question of 

why extensive sympathectomy was more effective than renal denervation has 

not been addressed adequately. In addition to renal sympathetic supply, the 
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splanchnic nerves supply the gut and other abdominal viscera. Together, these 

comprise one of the largest and most dynamic vascular beds in the body, able 

to command up to half of CO when fully activated but drawing relatively little at 

rest.(3) The presented data offer a novel potential explanation for the 

substantial decline in BP seen after splanchnicectomy and suggest that 

sympathetic signalling of the gut may have a fundamental role in the 

development of hypertension. 

 

5.4.4. Strengths and limitations 

Definitions of left ventricular hypertrophy 

Accurate definition of LVH on the basis of MRI measures in childhood is 

challenging. No published paediatric reference ranges are adjusted for a power 

of height, and existing references are based on small populations. This and 

widespread variations in imaging and image segmentation techniques mean 

that current published MRI LVM normal values in adolescents are not a reliable 

reference. To address this issue, and recognising that the sample of normal 

adolescents in this study was larger than many such reference populations, a 

normal range for LVM was defined in this cohort, and adjusted for age and sex 

in order to minimise their influence on the normal distribution. Because it was 

partly recruited from an obesity clinic, this normal range was defined in a 

subpopulation with a normally distributed BMI range, as proposed 

previously.(123) 

 

Allometric scaling 

One of the key challenges in studying the effects of adiposity on 

haemodynamics is allometric scaling. Conventional methods to normalise for 

body size (e.g., indexing for BSA) do not account for the effects of obesity, i.e. 

disproportionately larger increase in adipose body mass (i.e., metabolically less 

active tissue) than in lean body mass, on physiological measures. Previous 

research has addressed this problem and provided appropriate indices to 

normalise SV, CO and LVM for the effects of obesity, which were used in this 

study.(128, 129) Importantly, statistical analysis was repeated using BSA as 

conventional standardisation factor for blood flow to show that the effects of 
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obesity on mesenteric blood flow regulation persisted, indicating that allometric 

scaling did not explain the adiposity-related disparities in sympathoinhibitory 

responses. 

 

5.4.5. Conclusions 

I. Abnormal (blunted) postprandial regulation of splanchnic vascular tone can be 

observed in otherwise healthy teenagers.  

 

II. Obesity is associated with an increased likelihood of such an abnormal 

response. 

 

III. A blunted postprandial mesenteric blood flow increase is associated with 

abnormal LVM and raised BP, independently of known determinants of LVH 

and high BP.  
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Chapter 6. Cardiovascular 

responses to food ingestion in 

Fontan physiology  
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Abstract 

In univentricular (Fontan) physiology, peripheral and splanchnic vascular tone 

may be raised to counteract reduced CO and elevated central venous pressure 

(CVP), and thus maintain vital organ perfusion. This could negatively affect the 

normal cardiovascular response to food ingestion, where mesenteric 

vasodilation and a concurrent rise in CO are central. The following experiment 

sought to elucidate this using rapid cardiovascular MRI.  

 

Thirty fasting subjects (50% healthy volunteers) ingested a standardised meal. 

Responses over ~50 min in MAP, CO and blood flow in all major aortic 

branches were measured and regional vascular impedance (Z0) calculated. 

Differences from baseline and between groups were assessed by repeated-

measures mixed models. Compared to the control group, Fontan patients had 

greater fasting Z0 of the legs and kidneys, resulting in greater systemic Z0 and 

similar MAP. They further had similar blood flow to the digestive organs at 

baseline, despite larger variation in mesenteric resistance. Postprandially, blood 

flow to the legs decreased in the control group but not in patients. Increases in 

CO and superior mesenteric blood flow were similar in both groups but the 

celiac response was blunted in patients. No significant differences in MAP 

responses were observed.  

 

In conclusion, alterations in vascular tone to counteract adverse 

haemodynamics and raised hepatic afterload may blunt vasoreactivity in the 

legs and the celiac axis in Fontan physiology. Further study is needed to 

determine whether blunted celiac or mesenteric vasoreactivity is linked to 

deteriorating haemodynamics and poor prognosis in Fontan patients. 
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6.1. Background 

6.1.1. Univentricular heart disease 

Univentricular heart disease is a subset of CHD where either of the 2 ventricles 

is structurally or functionally absent. This can be due to atresia or hypoplasia of 

any of the 4 valves, abnormal septation of the heart, AV septal defect, or 

combinations of any of these pathologies. As biventricular surgical repair is 

usually not possible, prognosis is extremely poor. While univentricular CHD is 

highly heterogeneous in morphology, it can be grossly divided into phenotypes 

with an underdeveloped RV, and such with an underdeveloped LV (as well as 

substantially rarer lesions with a single ventricle of indeterminate morphology, 

and those where 2 ventricles are developed sufficiently, but associated 

anomalies preclude biventricular surgical repair). Although its incidence is rare, 

improved surgical and medical management has extended the life expectancy 

of patients with univentricular CHD substantially over the last few decades, 

making them a growing population.(139-141) 

 

6.1.2. The Fontan circulation 

Overview 

The total cavo-pulmonary connection (TCPC), or Fontan circulation, is the 

standard approach for the palliation of univentricular CHD and has improved the 

long-term survival of patients substantially.(141) As this population grows and 

ages, the complications of the univentricular circulation become more prevalent 

and more pronounced.(140) A better understanding of its physiology is 

therefore crucial. The following section will outline the concept of the Fontan 

circulation. As univentricular CHD is a morphologically heterogenous and 

oftentimes complex group of malformations, certain aspects of this summary 

may not fully apply to certain anatomical subgroups. This includes pathologies 

with abnormal situs (e.g., azygos continuity), or those with abnormal AV or 

ventriculo-arterial connections.  
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Management – Stage 1 

The morphology of the preserved ventricle and the associated lesions 

determine the initial management and have impact on long-term outcome. In 

the initial phase, i.e. immediately after birth, all patients with univentricular CHD 

require shunting on 2 levels in order to survive. Firstly, a defect of the atrial 

septum is needed to allow mixing of pulmonary venous with systemic venous 

blood. This is frequently present natively but can also be created by 

interventional means if required (balloon atrioseptostomy). Secondly, a shunt 

between the systemic and the pulmonary arterial vascular bed is needed. If 

necessary, this is can be achieved by preventing the ductus arteriosus from 

closing during the neonatal period (e.g., by prostaglandin infusion or stent 

implantation).(139)  

 

In tricuspid atresia, for instance, where the RV is functionally absent due an 

anomaly of the tricuspid valve, mixed blood is ejected into the aorta by the 

intact LV. From there, blood shunts into the lungs and subsequently mixes with 

systemic venous blood in the atria. In a different scenario, e.g., in hypoplastic 

left heart syndrome (HLHS), the preserved RV pumps mixed blood into the PA, 

from where part shunts into the aorta. In all scenarios, hypoxaemia and 

cyanosis are physiological hallmarks due to the parallel configuration of the 

pulmonary and the systemic circulation. While the described measures usually 

make initial survival possible irrespective of the underlying condition, the 

subsequent surgical strategy varies by anatomy.  

 

The following management depends on the morphology of the preserved 

ventricle and the size and position of the great arteries. In lesions with a 

hypoplastic RV (e.g., tricuspid atresia), the LV and the aorta are usually 

developed normally. This allows for a normal systemic circulation, while the 

pulmonary circulation can be compromised, e.g., when the tricuspid valve 

and/or the RV and/or the pulmonary valve are hypoplastic, and no ventricular 

septal defect (VSD) exists. To overcome this, a shunt is usually sited between 

the systemic circulation (e.g., the subclavian artery) and the PA to allow for 

blood to be oxygenated. Antegrade blood flow into the PA may also be normal 
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(e.g., when an unrestrictive VSD exists and the pulmonary valve is 

unobstructed). In such cases, banding of the main PA is performed instead of 

siting an aortopulmonary shunt in order to throttle systolic PA pressure (PAP) to 

sub-systemic levels.(139) 

 

In the inverse scenario (e.g., in HLHS), the RV and pulmonary trunk are normal, 

whereas the LV and the aorta are hypoplastic. As the systemic circulation is a 

high resistance circuit, an active pump is indispensable in order to produce 

sufficient perfusion pressure to maintain organ function. Therefore, the RV is 

repurposed into a systemic ventricle. This is achieved by the Norwood 

procedure, where the main PA is disconnected from the branch PAs and 

modelled into a ‘neo-aorta’ using prosthetic material as well as the hypoplastic 

native ascending aorta and the aortic arch. The disconnected PA are 

subsequently connected to the RV using a shunt (this is to avoid diastolic runoff 

into the lungs, which is more frequently observed with aortopulmonary shunts, 

and can cause hypotension).(139) 

 

In either scenario, the atrial septum is usually excised surgically during the 

same procedure in order to allow for unrestricted shunting between the atria. 

This initial management is commonly referred to as ‘stage 1-palliation’. 

 

Management – Stage 2 

In these scenarios, a substantial proportion of blood is shunted between the 

systemic and the pulmonary circulation. This causes volume loading of the 

systemic ventricle, which leads to progressive dilation and deteriorating 

function. Additionally, in lesions with an absent LV, the remaining RV is by 

nature pressure-overloaded, as it is not developed to supply the systemic 

circulation. Therefore, unloading of the remaining, systemic ventricle is 

paramount to secure long-term survival, and to improve blood oxygen 

saturation. 

 

Once pulmonary vascular resistance (PVR) has decreased (usually between 3 

and 6 months of age), this is usually achieved by connecting the superior vena 
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cava directly to the PA and by taking down the RV-to-PA or the aortopulmonary 

shunt surgically. This is called Glenn procedure, or bidirectional cavo-pulmonary 

connection.(139) 

 

Management – Stage 3 

While the Glenn procedure improves volume-loading of the systemic ventricle, 

there is still mixing of deoxygenated blood recirculating from the inferior vena 

cava (IVC) with pulmonary venous blood. Because the lower body grows more 

in proportion to the upper body during the first years of life, hypoxaemia usually 

worsens as the child grows in length, and proportionally more deoxygenated 

blood returns from the lower body. Moreover, the systemic ventricle remains 

partially volume-loaded. Therefore, the IVC is connected to the pulmonary 

vascular bed in a third procedure. This completes the total cavo-pulmonary 

connection (TCPC), or Fontan circulation, named after one of the surgeons who 

described this technique initially as a concept to palliate patients with tricuspid 

atresia.(141)  

 

While the surgical technique has undergone a series of modifications, the 

physiological concept remains unchanged: blood flows passively into the lungs 

(i.e., a low pressure-system), hence bypassing the functionally absent ventricle. 

By contrast, the remaining ventricle supplies the systemic circulation (i.e., a high 

pressure-system). The main driving forces for pulmonary blood flow are raised 

central venous pressure (CVP), negative inspiratory pressure, low end-diastolic 

pressure of the systemic ventricle, as well as gravity (for the upper body), and 

the skeletal muscle pump (for the lower body).(140) 

 

Physiological consequences of the Fontan circulation 

Although the TCPC ensures normal oxygen saturation, it comes at significant 

haemodynamic cost.(140) Firstly, the systemic and pulmonary vascular beds 

are added in series, and both contribute to the non-pulsatile component of 

systemic vascular impedance (Z0; Figure 19). This increases afterload and may 

partly explain the lower CO usually seen in these patients.(140, 142)  
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Secondly, in the absence of a sub-pulmonary ventricle, increased CVP 

becomes the main driving force for pulmonary blood flow (Figure 19). A crucial 

determining factor of pulmonary blood flow is therefore PVR, which has to be 

low in order for the Fontan circulation to function. However, PVR is frequently 

increased in this population, either as a late consequence of aorto-pulmonary 

shunt flow in early childhood (through vascular remodelling of the pulmonary 

arterioles), or due to hypoplasia of the PAs, which is often seen in patients with 

HLHS. Excessive elevation of CVP frequently results, with long-term 

consequences for virtually every organ. 

 

As MAP is usually normal in these patients, elevated CVP results in reduced 

organ perfusion pressure. Consequently, vasoconstriction of the limbs and the 

splanchnic vascular bed has been suggested as a possible compensatory 

mechanism to ensure perfusion of vital organs.(143, 144) By contrast, 

autoregulation of the liver has been shown to counteract systemic (and thus, 

hepatic) venous congestion by inducing a shift from portal venous to hepatic 

arterial blood flow.(145, 146) 

 

Another critical factor determining pulmonary blood flow in the Fontan 

circulation is diastolic pressure of the systemic ventricle. Diastolic dysfunction is 

a frequent complication in Fontan patients (e.g., due to chronic volume loading 

during the early stages, or due to concomitant aortic coarctation). Other factors 

that influence function of the Fontan circulation but are frequently abnormal in 

this population (e.g., due to frequent surgery) are:  

 

o heart rhythm (e.g., poor ventricular filling due to AV-dissociation); 

o AV-valve competency;  

o respiratory function (i.e., poor perfusion resulting from poor ventilation); 

o motility of the diaphragm (e.g., impaired vital capacity), and  

o patency of the pulmonary veins.
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Normal 

 

Fontan 

 

Figure 19. Diagrams of normal (biventricular) and of Fontan haemodynamics. 

Due to the addition in series of the pulmonary vascular bed to the systemic circulation, 

systemic vascular impedance Z0 reflects both, PVR and SVR in the Fontan circulation 

(as well as pressure in the pulmonary venous atrium). By contrast, Z0 reflects mostly 

SVR in the normal circulation, given that RA pressure is normally negligible. 

A = atrial; C = compliance; LA: left atrial; LV = left ventricular; PAP = pulmonary arterial 

pressure; PVR = pulmonary vascular resistance; RA = right atrial; RV = right ventricle; 

SBP = systolic blood pressure; SV = single ventricle; SVR = systemic vascular 

resistance; V = ventricular; Z0 = vascular impedance. 
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Long-term complications 

A number of long-term complications result from the Fontan physiology. 

Exercise capacity is typically reduced and declines progressively in this 

population.(147, 148) Progressive failure of the single, systemic ventricle over 

time, as well as impaired diastolic function are main contributing factors for 

this.(148) Skeletal muscle mass has also been shown to be decreased in this 

population. However, whether this is a consequence of physical inactivity, or a 

result of poor peripheral perfusion, has not yet been resolved.(144)  

 

Chronic elevation of CVP has been linked to abnormal lymphatic drainage. This 

has been identified as the main mechanism for plastic bronchitis, one of the 

most common causes of death in this population, characterised by deposits of 

proteinaceous material in the bronchi. Systemic venous congestion and failure 

of the lymphatic system have also been identified as key mechanisms for 

protein-losing enteropathy (PLE), another major cause of attrition in this 

population.(142) However, this pathology is still poorly understood. In addition 

to chronic venous and lymphatic congestion (‘backward failure’), raised 

mesenteric vascular resistance has been proposed as possible mechanism 

(‘forward failure’). Abnormal glycosylation, and inflammation have also been 

discussed as putative contributing factors.(149) 

 

6.1.3. Purpose of the study 

To test the hypothesis that in Fontan patients, the normal cardiovascular 

responses to food ingestion are attenuated due to limited ability to increase CO, 

or by overriding mesenteric vasoconstriction.  

 

6.1.4. Publication 

Findings from this chapter were published as original article in the American 

Journal of Physiology: Heart and Circulatory Physiology.(5) 
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6.2. Methods 

6.2.1. Subjects 

Subjects were enrolled between November 2016 and March 2018. Fontan 

patients were recruited from a cardiac outpatient clinic (Bart’s Heart Centre, 

London, UK). Local hospital staff volunteered as healthy controls.  

 

6.2.2. Study protocol 

The study protocol was carried out as described in 3.1. Oxygen saturation was 

measured by pulse-oximetry in patients. The size of the study meal and all of its 

constituents was reduced by ~40% for this study (energy 925 kcal, total fluid 

volume ~200 mL). This was considered sufficient to demonstrate cardiovascular 

vascular changes, while improving the acceptability of the meal in adult 

subjects.  

 

6.2.3. Imaging  

Aortic blood flow was acquired at sinus level and proximal to the iliac 

bifurcation, and regional blood flow was acquired for the common carotid and 

vertebral arteries, the celiac artery, the SMA, and each renal artery, as 

described in 3.2. Due to the complex and heterogenous anatomies present in 

this population, ventricular mass and function were not measured. 

 

6.2.4. Statistics 

Data are presented as mean (SD) and were compared by t-test if normally 

distributed, or presented as median (IQR) and compared by Mann-Whitney-U 

test otherwise (except Χ2 for sex). Reported CO, regional blood flow and SV 

were all indexed for BSA. In this study, the non-pulsatile (at 0 Hz) component of 

vascular input impedance (Z0) was used, rather than resistance, as in the 

Fontan population, systemic pressure-flow relationships also included 

pulmonary vascular resistance (PVR). Nevertheless, calculation of Z0 is similar 

to calculation of resistance.(150) Global vascular impedance index was 

calculated as MAP divided by indexed CO. Regional vascular Z0 was obtained 

by dividing MAP by indexed regional blood flow. In regions supplied by more 



 119 

than one artery (e.g., the head), Z0 was calculated from the sum of all flow data 

measured in the supplying vessels. This assumes that MAP in major vessels 

was the same as brachial MAP, which is in keeping with previous invasive 

studies that compared MAP in the aorta with MAP in the radial, brachial and 

femoral arteries.(151) Repeated measures mixed models to assess quantitative 

changes in physiological data over time (as described in 3.5.) included 

presence of Fontan circulation, sex and BMI as covariates. 

6.3. Resul ts 

6.3.1. Study population and resting (fasting) physiology 

In the patient group, 12 (80%) had undergone total cavo-pulmonary connection 

with an extracardiac conduit, with the remainder having received the classic 

(atrio-pulmonary) Fontan procedure. Oxygen saturation level was 94% (IQR: 

93-95%) in the Fontan group.  

 

At baseline, there was no statistically significant difference in MAP between 

groups. However, Fontan patients had significantly higher systemic Z0. Although 

SVi was significantly lower in Fontan subjects, their resting HR was significantly 

higher, resulting in only a trend towards lower COi compared to controls (Table 

7).  

 

Fontan patients had significantly greater baseline regional Z0 in the kidneys 

(~1.3x) and legs (~1.7x), compared to controls. This resulted in a significantly 

lower proportion of blood flow distribution to the legs, but no statistically 

significant difference in renal perfusion (Table 9). In all other territories, relative 

blood flow and vascular Z0 showed no statistically significant difference between 

groups. Three patients took diuretics and/or angiotensin converting enzyme 

inhibitors. Adjustment for such therapy had no significant impact on the 

regression analysis.
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Table 9. Baseline (fasting) physiology and population data. 

 Control (n=15) Fontan (n=15) P-value 

Age (years) 32.1 (29.1, 38.6) 27.6 (21.8, 34.6)  .059 

Female 7 (46.7%) 5 (33.3%) .456 

BSA (m2) 1.76 (1.64, 1.96) 1.79 (1.68, 1.93) .885 

COi (L·min-1·m-2) 2.8 ± 0.4 2.6 ± 0.6 .067 

Heart rate (beats·m-1) 62.8 (56.2, 67.6) 73.3 (64.7, 80.5) .007 

SVi (mL·min-1·m-2) 44.1 (40.1, 51.4) 35.7 (28.3, 41.3) .008 

MAP (mmHg) 85 ± 6 86 ± 7 .695 

Systemic Z0 (WU·m2) 30.3 ± 4.5 35.2 ± 10.1 .048 

Regional blood flow at baseline (L·min-1·m-2) 

Head  0.59 (0.51, 0.71) 0.52 (0.35, 0.75) .458 

Legs  0.67 (0.56, 0.76) 0.40 (0.25, 0.54) <.001 

Celiac  0.45 (0.40, 0.56) 0.38 (0.24, 0.61) .800 

SMA  0.15 (0.11, 0.20) 0.15 (0.06, 0.28) .548 

Kidneys 0.43 (0.36, 0.50) 0.56 (0.49, 0.65) .008 

Distribution of blood flow at baseline (% of CO) 

Head  19.2 (18.1, 24.7) 21.4 (15.8, 27.7) 1.000 

Legs  23.1 (19.7, 25.7) 16.2 (9.9, 19.2) .029 

Celiac  13.9 (9.7, 20.6) 17.0 (16.2, 17.7) .662 

SMA  5.2 (4.5, 7.5) 5.4 (1.9, 10.0) .694 

Kidneys  19.7 (17.5, 24.5) 17.5 (11.7, 23.7) .206 

Vascular impedance (Z0) by compartment (WU·m2) 

Head  145 (125, 168) 154 (108, 251) .432 

Legs  130 (110, 147) 223 (148, 363) <.001 

Celiac  224 (143, 358) 177 (167, 212) .836 

SMA  549 (433, 737) 658 (324, 1,607) .576 

Kidneys  154 (138, 178) 195 (168, 216) .008 

BSA = body surface area; CO = cardiac output; MAP = mean arterial pressure; 

SMA= superior mesenteric artery; SV = stroke volume; WU = Wood unit. Modified 

with permission from: (5) 
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6.3.2. Postprandial global haemodynamic responses 

All subjects completed the protocol without adverse events. Following ingestion 

of the meal, systemic Z0 dropped significantly after 20 min with no statistically 

significant difference between groups. In both groups, systemic Z0 started to 

normalise after 50 min with no significant difference compared to baseline. 

Correspondingly, there was a rise in COi with a peak observed at 40 min. This 

response was not statistically different between groups and attributable to an 

increment in HR in both. SVi and MAP did not change significantly in either 

group after ingestion of meal (Figure 20). 

 

 

 

 

Figure 20. Global haemodynamic response (mean ±SE). 

Responses to the meal over time and the impact of the Fontan circulation were 

assessed by repeated measures mixed models. *P<0.05 and †P≤0.001 for changes in 

overall response with respect to baseline. Adjustment for age, sex and body mass 

index had no significant effect on the response. CO = cardiac output; MAP = mean 

arterial pressure; WU = Wood unit; Z0 = vascular impedance. With permission from: (5) 
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6.3.3. Postprandial changes in regional blood flow and vascular 

impedance 

Superior mesenteric vascular Z0 decreased significantly within 10 min and 

further decreased until the end of the experiment in both groups (Figure 21). 

This was associated with a similar increase in SMAi blood flow in both groups 

(Figure 22). It should be noted that the increase in SMAi blood flow was greater 

than the increase in COi, indicating that blood flow was redistributed from other 

compartments.  

 

 

 

 

 

Figure 21. Changes in indexed regional vascular impedance (Z0; mean ±SE).  

Responses to the meal over time and the impact of the Fontan circulation were 

assessed by repeated measures mixed models. Three outliers with excessive baseline 

SMA resistance were excluded in the Fontan group. *P<0.05, §P≤0.01 and †P<0.001 

for changes in overall response with respect to baseline; #P<0.05 and ‡P≤0.01 for 

differences in responses between groups. Adjustment for age, sex and body mass 

index had no significant effect on the response. SMA = superior mesenteric artery; WU 

= Wood units. With permission from: (5) 
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In the celiac artery, there was a decrease in regional Z0 at 10 min in the control 

group associated with an increase in blood flow (Figure 21). This response was 

not seen in the Fontan group. After 40 min, celiac blood flow was lower than 

baseline in both groups (Figure 22). 

 

 

 

 

Figure 22. Regional indexed blood flow responses (mean ±SE).  

Responses to the meal over time and the impact of the Fontan circulation were 

assessed by repeated measures mixed models. *P<0.05 and †P<0.001 for changes in 

overall response with respect to baseline; #P<0.05 for differences in responses 

between groups. Adjustment for age, sex and body mass index had no significant 

effect on the response. SMA = superior mesenteric artery. With permission from: (5) 

 

 

Haemodynamic responses in the lower limbs differed significantly between 

groups. In the Fontan group, lower limb Z0 had decreased significantly from 10 

min onwards (Figure 21). As a result, blood flow was significantly higher than 

baseline by 50 min (Figure 22). By contrast, lower limb Z0 increased initially in 
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the control group, leading to a transient drop in blood flow (Figure 21 & 22). In 

this group, lower limb Z0 and blood flow returned to baseline levels by the end 

of the experiment. 

 

There was also a small but significant decrease in renal Z0 and an increase in 

renal blood flow in both groups after meal ingestion (Figure 21 & 22). In the 

cranial vessels, no significant change in Z0 or blood flow was seen.  

 

6.3.4. Responses in individual Fontan patients 

The responses of individual Fontan patients are shown in Figure 23. Due to 

wide variation between individual responses, only limited conclusions are 

possible. SMA flow increased in all patients, but the magnitude of this rise 

varied widely. Patients with a history of PLE tended to have lower SMA blood 

flow at baseline and a slower postprandial increase. However, this pattern was 

also seen in some subjects without history of PLE. The magnitude of the SMA 

flow increase was not lower in patients with a history of PLE than in those 

without.  

 

Another common response was an increase in renal flow, but this was not seen 

as consistently. By contrast, the responses in celiac blood flow were highly 

heterogenous and did not seem to follow any pattern. 

 

A noteworthy finding was the presence of 2 patterns of responses in leg blood 

flow: while subjects with lower flow at baseline tended to exhibit a gradual 

increase, patients with greater resting flow were more likely to show an initial 

decrease, followed by a decrease later in the experiment to baseline levels or 

above.   
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Figure 23. Cardiovascular responses in individual Fontan patients (truncated at 50 min). 

*Abnormal situs and no typical celiac artery to measure flow from; #history of protein-losing enteropathy. SMA = superior mesenteric artery.

* * 

# # 

# 
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6.4. Discussion 

6.4.1. Overview 

This study employed the protocol validated in the previous chapters to 

investigate the cardiovascular responses to a meal in Fontan patients 

compared to a control group. The main findings were that Fontan patients had 

(i) increased baseline systemic, renal and lower limb Z0, and (ii) similar global 

haemodynamic responses, but blunted celiac and lower limb vascular 

responses to food ingestion.  

 

6.4.2. Comparison with existing literature 

At baseline, systemic Z0 in patients was greater than in the control group. This 

was expected, as in Fontan physiology, Z0 includes PVR as well as SVR due to 

their addition in series. This is in contrast to normal subjects in whom Z0 ≈ SVR 

(assuming low RAP). As systemic Z0 is one of the primary components of 

cardiac afterload, these data partly explain the reduced SV seen in Fontan 

patients. Although reduced SV was partially compensated for by an increase in 

HR, there was a trend for lower CO in Fontan patients.  

 

The present findings suggest that this may be compensated for by regional 

increases in vascular resistance, in keeping with previous research.(143, 144) 

However, this must be interpreted in the context of the fact that this experiment 

measured regional vascular impedance (Z0), rather than vascular resistance. 

Similar to global systemic Z0, regional Z0 also includes a component of PVR in 

the Fontan circulation. It can be shown that in Fontan patients, regional Z0 

approximates to regional vascular resistance scaled by [(SVR+PVR)/SVR]. 

Using data from normal controls in this study as reference, this ratio could also 

be estimated as Z0 (Fontan)/Z0 (Control) (i.e., 35.2/30.3 ≈ 1.16). Normalisation of 

regional Fontan Z0 measures for this factor may allow for more meaningful 

comparison with corresponding measures from normal subjects (Table 10). This 

shows that after normalisation, lower limb Z0 remains elevated in Fontan 

patients, supporting vasoconstriction of the legs. This is in keeping with 
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previous research and may reflect a mechanism to prioritise blood flow to more 

important vascular beds.(143) Other authors found links between diminished 

muscle mass of the legs and poor perfusion of the extremities, possibly as a 

consequence of physical inactivity.(144) While the direction of the causal link 

between muscle mass and limb perfusion, if any, has yet to be fully determined,  

it is possible that poorer vascularity of the legs due to sarcopenia, possibly  

caused by lack of exercise, explained the poor perfusion of the lower extremity  

in the present population.  

 

 

 

Similar to the legs, the raised Z0 demonstrated in the renal compartment could 

be explained by vasoconstriction secondary to neurohumoral activation, as 

seen in other states with low CO, such as heart failure.(144) However, the 

normalised renal Z0 (Table 10) was only slightly higher in Fontan patients, 

suggesting that this finding may also be partly explained by raised CVP in this 

group. By contrast, findings from this experiment suggest vasodilation of the 

celiac axis in Fontan patients. This may be due to a decrease in hepatic arterial 

resistance, which has been described as a possible mechanism to counteract 

hepatic congestion in the Fontan circulation.(145, 146, 152) Dynamic regulation 

Table 10. Normalised Fontan vascular impedance versus control subjects. 

 Control (n=15) Fontan (n=15) P-value 

Head  145 (125, 168) 132 (93, 216) .432 

Legs 130 (110, 147) 191 (127, 312) <.001 

Celiac 224 (143, 358) 152 (144, 183) .836 

SMA  549 (433, 737) 566 (279, 1,384) .576 

Kidneys  154 (138, 178) 168 (145, 186) .008 

Fasting regional vascular resistance (WU·m2) was approximated in Fontan patients 

by dividing MRI-measurements of Z0 by 1.16 (obtained by Z0 (Fontan)/Z0 (Control)). This 

was done in order to normalise for pulmonary vascular resistance, which is part of Z0 

in Fontan patients. Data are presented as median (IQR). SMA = superior mesenteric 

artery; WU = Wood unit. With permission from: (5) 
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of regional vascular resistance is a central element of postprandial 

physiology.(3, 4) Therefore, this study tested vasoreactivity in Fontan patients 

with a meal. 

 

Globally, no significant differences were found in the haemodynamic response 

to food ingestion, with a similar increase in CO and decrease in systemic Z0 

observed in both groups. By contrast, regional responses differed significantly. 

In the control group, there was an early increase in lower limb Z0 and an 

associated fall in lower limb blood flow, with a slow recovery back to baseline. 

This suggests redistribution of blood flow from the legs to the gut, as described 

previously.(7) Conversely, in Fontan patients, lower limb Z0 fell in response to 

the meal, leading to a modest but steady increase in lower limb blood flow. 

Interestingly, this response was seen predominantly in patients with lower blood 

flow at baseline, whereas patients with greater fasting blood flow showed a 

response that was more similar to that of the control group. 

 

This appears to align with previous reports showing a biphasic vascular 

response of the legs in humans.(7, 153) In the normal population, early 

postprandial vasoconstriction of the limbs is driven by increased sympathetic 

activity, whereas late vasodilation has been linked to humoral responses, such 

as insulin secretion.(153-155) In the present experiment, Fontan patients 

already showed signs of vasoconstriction of the legs at baseline and therefore, 

may have been unable to increase sympathetic vasoconstriction any further. 

Analysis of the individual responses in the patient group supports this 

interpretation. Blunted responsiveness to vasoconstrictive signalling could have 

unmasked the effect of humoral vasodilators released in response to a meal. 

Several studies have shown that gut-released hormones are potent peripheral 

vasodilators and, without a counteracting increase in sympathetic tone, cause a 

significant drop in vascular resistance, even in non-digestive territories.(125, 

156) This appears to be one of the causes of postprandial hypotension in 

patients with autonomic dysfunction.(82, 154, 155) It is possible that a similar 

mechanism explains the presented findings and could increase the risk of 

postprandial hypotension in this population, especially as they age.(157) This 
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may be particularly true in more realistic situations where subjects are not in 

supine position.  

 

Further evidence of an abnormal vascular response to food ingestion was seen 

in the celiac axis, where Fontan patients did not show the early postprandial fall 

in celiac Z0 (and the associated increase in blood flow) seen in the control 

group. As noted previously, the presented data suggest that the celiac vascular 

bed may already be vasodilated in Fontan patients at baseline. This may 

explain the lack of a further decrease in celiac Z0 in this group. It has been 

shown previously that fasting celiac resistance predicts future PLE.(158) Future 

research could address whether abnormal celiac vasoreactivity provides 

additional prognostic information compared to resting celiac Z0 alone. 

 

Interestingly, mesenteric vascular responses were preserved in this Fontan 

population, contrasting previous ultrasound-based studies showing greater 

vascular resistance under fasting conditions.(159, 160) This finding could be 

explained by the relatively well-compensated clinical condition and young age 

of this study’s population, compared to previous experiments, which focused on 

patients with PLE. Furthermore, previous studies typically assessed fasting 

physiology only, and were limited by their use of Doppler ultrasound which does 

not provide reliable or absolute measures of blood flow or vascular resistance. 

Nevertheless, decreased mesenteric blood flow has been proposed as a key 

mechanism causing PLE, one of the most serious long-term complications of 

the Fontan palliation.(142, 149) Such derangement has been suggested to 

promote leakage of chyle into the intestinal lumen via reduced perfusion of the 

intestinal mucosal layer. While the abnormalities in blood flow demonstrated in 

this chapter may not be clinically relevant, its findings could help generate new 

hypotheses for future research and perhaps support the development of new 

markers for clinical practice. Further longitudinal studies of larger populations of 

Fontan patients are needed to determine whether abnormal mesenteric 

vascular resistances and/or vasoreactivity may be linked to long-term 

complications, such as PLE, in a subset of patients.  
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6.4.3. Limitations  

An important point to note is that the observed increase in SMA blood flow was 

greater than explained by the increase in CO and the decrease in leg perfusion 

alone. This suggests redistribution of blood flow from vascular beds not 

assessed in this protocol, such as the arms, the inferior mesenteric artery, as 

well as bronchial arteries and aorto-pulmonary collaterals in Fontan patients. 

Future research should include these regions to assess their role in the Fontan 

circulation.  

 

All subjects underwent MRI in supine position. This could have influenced 

cardiac loading conditions. As this study was non-invasive in design, central 

venous (Fontan) pressure was not measured and therefore, vascular resistance 

per se not assessed. However, literature research showed no evidence 

suggesting that CVP, PAP or pulmonary capillary wedge pressure would 

change following ingestion of a meal. Therefore, Z0 was assessed as an 

estimate of vascular function in this group. Furthermore, it is unlikely that the 

brief time (1-2 min) that the subjects sat up to ingest the meal affected the 

results of this experiment as imaging was resumed ~7-10 min after ingestion. It 

is likely that, by this time, the acute effects of the brief period of sitting should 

have mostly subsided.  

 

The formula used to calculate Z0 relied on the assumption that MAP is constant 

throughout the examined body compartments. While efforts were undertaken to 

rule out any vascular abnormalities that could have caused regional variations 

in MAP (e.g., kinking or stenosis), such lesions could, in theory, have 

confounded findings if undetected. While abnormal vascular tone was 

demonstrated for some compartments, this study may have been 

underpowered to detect weaker signals in others.  

 

6.4.4. Conclusions 

I. Under fasting conditions, Fontan patients showed vasoconstriction of the legs 

and kidneys, as well as possible vasodilation of the celiac axis. 
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II. Consequently, there was blunted postprandial vasoreactivity of the legs and 

the celiac axis in Fontan patients, compared to normal controls.  

 

III. By contrast, both, fasting and postprandial mesenteric vascular tone was 

similar between groups. 
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Chapter 7. Discussion and future 

perspective 
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7.1. Summary of f indings 

Using a newly developed dynamic MRI protocol, it was shown that the ingestion 

of food led to a pronounced drop in mesenteric vascular resistance, and that 

this was compensated for primarily by a rise in CO, with no significant 

redistribution occurring from other compartments. 

 

In order to investigate a link between impaired mesenteric vasoreactivity and 

indicators of cardiovascular risk previously described in animals, the proposed 

protocol was conducted in normal weight and overweight adolescents. 

Irrespective of body weight, blunted postprandial mesenteric vasoreactivity was 

associated with raised SBP and greater LVM. While overweight/obesity 

increased the likelihood of such an abnormal response, this association was 

independent of other factors known to influence these variables, such as 

pubertal stage, obesity, insulin resistance, and resting BP. 

 

Abnormal vascular resistance of the limbs and the intestine has been described 

in Fontan-palliated patients with univentricular CHD, possibly in order to 

maintain organ perfusion in the presence of low CO and chronic venous 

congestion. It was hypothesised that this mechanism could interfere with the 

described cardiovascular responses to feeding. Using the established protocol, 

vasoconstriction of the legs and kidneys, as well as possible evidence of 

vasodilation of the celiac axis were found in fasting Fontan patients compared 

to controls. While both, their fasting and their postprandial mesenteric 

resistance were similar to normal volunteers, Fontan patients had abnormal 

responses of the celiac axis and the lower limbs. 

 

The presented research was the first to conduct an oral challenge in an MRI 

environment to study cardiovascular physiology comprehensively and 

dynamically in humans. This approach was demonstrated to be safe and overall 

well-tolerated. 
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7.2. Discussion of resul ts  

7.2.1. Comparison of findings between chapters 

In order to allow for meaningful comparison between the vascular responses of 

adolescents and those of adults, resistance was recalculated in adolescents 

using BSA for indexation (Figure 24). Fasting resistance in the SMA (570 ± 233 

vs. 618 ± 505 WU.m2, P=0.73), the legs (140 ± 46 vs. 125 ± 45 WU.m2, 

P=0.26), the celiac artery (291 ± 129 vs. 272 ± 199 WU.m2, P=0.74), and the 

kidneys (154 ± 33 vs. 153 ± 62 WU.m2, P=0.96) did not differ significantly 

between adults and adolescents, and neither did mean BP (82 ± 6 vs. 85 ± 6 

mmHg, P=0.12).  

 

 

 

Figure 24. Comparison of vascular responses in 4 compartments in adults vs. in 

adolescents. 

 

 

Postprandial responses in SMA blood flow were comparable (3- to 4-fold 

decrease from baseline) between all 3 populations (incl. Fontan patients), 

despite the lower calorie load used in the Fontan experiment. This raises the 

possibility that the type of nutrients and the consistency of the meal may be 
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more important to the magnitude of mesenteric blood flow increases than the 

total calorie load. 

 

CO increases were also comparable between experiments (~25% increase 

from baseline). This was driven almost exclusively by an increase in HR in all 

study populations – adults, adolescents, and Fontan patients. Interestingly, this 

increase was observed somewhat later in control subjects in the Fontan study 

(Chapter 6. Cardiovascular responses to food ingestion in Fontan physiology) 

than in the others. The greater calorie load administered in the first 2 

experiments may have triggered a greater sympathetic response, and thus, an 

earlier rise in CO compared to the last experiment. 

 

A finding that was consistent across experiments was that resistance in the 

cranial vessels did not change significantly after the meal. By contrast, an 

important and seemingly inconsistent finding that deserves attention is that in 

adolescents (Chapter 5) and in normal controls in the Fontan study (Chapter 6), 

resistance in the legs rose postprandially, whereas in subjects scanned for the 

first experiment (Chapter 4), it did not. Similarly, in the celiac artery, an early 

drop in resistance was observed in normal controls in the Fontan study, 

followed by an increase to levels somewhat below baseline, whereas, in 

adolescents, a steady decrease was seen, and in adults in the first study no 

significant changes were recorded at all (Figure 24). A number of possible 

explanations for this are proposed. 

 

As can be seen in Figure 21, the magnitude of vasoconstriction in the legs is 

relatively small. It is likely that the greater number of flow acquisitions in the 

Fontan study (mean N of measurements: 7.6; range 5-9) compared to the first 

study (mean N of measurements: 5.7; range 4-6) may have increased the 

statistical power of the repeated-measures mixed models used in the later 

experiment, and therefore, it showed statistically significant changes where this 

was not previously possible. Moreover, as the conduction of the protocol 

became more well-established (and efficient) over the course of this PhD, the 

time required to re-plan imaging planes following ingestion of the meal 
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decreased. Also, the relatively smaller meal used in the Fontan experiment 

required shorter time to consume (≤1 min) than in the others (~2 min). Thus, 

although efforts were undertaken in all studies to acquire postprandial data as 

quickly as possible after the meal, the first postprandial flow data for the legs 

and the celiac artery were acquired ~4 min earlier, on average, in the Fontan 

study than they were in the earlier experiments. Therefore, it is possible that in 

the Fontan study, responses in the legs and celiac axis were recorded correctly 

in healthy subjects, whereas they were missed in the first experiment. This is 

supported by a systematic literature review on splanchnic blood flow, which 

found that early timing of postprandial blood flow measurement was crucial in 

order to detect postprandial increases in celiac blood flow accurately.(41) 

Similar issues may explain the inconsistent findings in the previous literature, 

where some studies reported changes in the legs, whereas others did not.(7, 

74)  

 

Renal vascular resistance also decreased postprandially in subjects in the first 2 

studies, whereas in the Fontan study it did not change significantly in normal 

controls. As discussed in 4.4.2. it is possible that the small but continuous surge 

in renal blood flow was the result of metabolites that augment renal blood flow. 

As the meal used in the Fontan study was lower in both, lipids and 

carbohydrates, it is possible that it was insufficient to produce the same 

response in renal blood flow as in the previous experiment. This is particularly 

likely in view of the fact that the overall effect on renal blood flow was small, 

despite the substantial nutrient load ingested by subjects in the first experiment. 

The factors possibly explaining the discrepancies in the lower limb and celiac 

responses may have also contributed to this minor inconsistency. 

  

7.2.2. Redistribution of blood flow 

An interesting finding that was consistent across studies was that SMA blood 

flow increased to greater extent than was explained by the increase in CO 

alone. This discrepancy was not explained sufficiently by the decrease in lower 

limb blood flow (i.e., redistribution of blood flow) observed in subjects in the 

Fontan study. Regions that were not assessed as part of this thesis include the 
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inferior mesenteric artery, the arms, as well as cutaneous and thoracic vessels. 

Indeed, previous studies have shown that blood flow to the arms and the distal 

colon may decrease during the early postprandial state, supporting the 

hypothesis that redistribution from these compartments may account for the 

observed excess increase in SMA blood flow after the meal.(74, 154, 161) Of 

interest, one particular study demonstrated that subjects with a history of 

postprandial hypotension or autonomic dysregulation had diminished 

redistribution of forearm blood flow after a meal, and that this was associated 

with failure to maintain BP postprandially.(154) This suggests that postprandial 

brachial vasoreactivity may deserve further attention as a potential biomarker in 

future research on cardiovascular stress responses.  

 

7.2.3. Comparison of findings with previous literature 

Splanchnic blood flow in the normal population 

In healthy volunteers it was firstly shown that the ingestion of food triggered a 

pronounced drop in mesenteric vascular resistance, and that this was 

compensated for primarily by a rise in CO, with no significant redistribution 

occurring from other compartments (Chapter 4. Cardiovascular responses to 

food ingestion in humans). 

 

Only few MRI studies on splanchnic blood flow exist. One measured fasting 

regional blood flow to all major organs comprehensively in a cohort of 39 

healthy children and adults.(71) Mean fasting blood flow in the SMA (0.23 

L.min-1.m-2) and the celiac artery (0.54 L.min-1.m-2) were slightly higher than the 

data reported in the first 2 experiments of this PhD (0.15 to 0.19 L.min-1.m-2, 

and 0.35 to 0.41 L.min-1.m-2, respectively). It is possible that their approach to 

acquire flow data in free breathing may have led to these comparatively higher 

measurements.(58) A noteworthy observation is that healthy adult volunteers in 

the first experiment showed lower minimum observed values for the SMA and 

the celiac artery than reported by Muthusami et al. It is possible that the greater 

prevalence of overweight/obese people (mean BMI: 24.6 vs. 22.6) may have 

led to these lower BSA-indexed figures.  
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An older study measured postprandial responses of the SMA and the cranial 

vessels after an OGTT.(162) The magnitude of the increase in mesenteric blood 

flow from baseline was comparable to that observed in the first experiment, and 

similarly to this thesis, no changes in cranial blood flow were observed. As the 

authors did not index flow data for BSA, no meaningful comparison of data is 

possible. Moreover, they scanned with reduced spatial resolution in order to 

accelerate imaging and thus, acquired data with lower accuracy. Further, their 

experiment did not include blood flow measurement of the celiac axis, the legs 

and the kidneys, and was, therefore, not a complete assessment of 

haemodynamics. 

 

On the other hand, numerous studies examined splanchnic blood flow using 

ultrasound.(7, 17, 37-40) A comprehensive and comparative overview of studies 

on fasting and postprandial splanchnic blood flow was published by Someya et 

al.(41) It should be noted that these studies typically did not report flow data 

indexed for BSA and therefore, no meaningful comparison of findings between 

studies is possible. The variance in splanchnic flow data tended to be smaller 

than reported in this thesis. However, sample sizes of previous studies were 

also considerably smaller than those in this thesis (typically in the range of 6-12 

subjects). Furthermore, most previous studies used meals of much smaller 

calorie load and, therefore, produced smaller increase in mesenteric blood flow. 

An interesting observation in their systematic review was that some studies 

reported postprandial increases in celiac blood flow, whereas others did not. 

The authors concluded that this was due to the fact that celiac blood flow 

increases very early (1-5 min) and only transiently after the initiation of feeding, 

and that this response could, therefore, be missed easily. As stated earlier, 

efforts were undertaken, throughout this PhD, to acquire first blood flow data 

after the study meal as quickly as possible in all studies. Nevertheless, initial 

flow data after ingestion of the meal were acquired several minutes earlier in the 

Fontan study than in the others. Therefore, and in keeping with the thorough 

literature review conducted by Someya et al., the earlier timing of flow 

acquisition likely explains why the first experiment in this PhD did not detect any 

increases in celiac blood flow, whereas the other 2 did.(41) 
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Splanchnic blood flow in the Fontan population 

In Fontan patients, vasoconstriction of the legs and kidneys, as well as possible 

evidence of vasodilation of the celiac axis were found in the fasting state, as 

compared to controls. While both, their fasting and their postprandial mesenteric 

resistance were similar to normal volunteers, Fontan patients had abnormal 

responses of the celiac axis and the lower limbs (Chapter 6. Cardiovascular 

responses to food ingestion in Fontan physiology). 

 

Two studies investigated splanchnic blood flow by MRI.(163, 164) In a 

retrospective study, Abbasi Bavil et al. characterised the mesenteric and portal 

circulation and investigated links between abnormal organ blood flow and 

morphological evidence of Fontan-associated liver disease.(164) The authors 

found that patients with morphological evidence of liver disease had a 41% 

reduction in SMA blood flow, as well as corresponding reductions in portal 

venous and hepatic venous blood flow.  

 

Caro-Dominguez et al. came to similar conclusions and reported lower fasting 

celiac, lower limb, renal and mesenteric blood flow in paediatric Fontan patients, 

compared to normal controls.(163) This group also presented postprandial data 

acquired at a single timepoint 20 to 30 min following ingestion of a standardised 

meal. The authors found a smaller postprandial increase in CO, as well as in 

renal and mesenteric, but not in celiac or lower limb, blood flow. However, their 

study was limited by a number of factors. Firstly, it was retrospective in design. 

Secondly, MRI was performed under general anaesthesia in part of their cohort. 

This may have likely affected fasting haemodynamics. Thirdly, postprandial data 

were only acquired at a single timepoint. This may have caused investigators to 

miss some of the vascular responses if they did not occur at the same time in 

both groups, and hence, to misinterpret their findings. Lastly, the study 

comprised a significant proportion of patients with fenestrated Fontan 

circulation, which influenced their results. However, the authors did conduct 

subgroup analysis to account for this. 
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In both studies, mean SMA blood flow was overall higher than in the Fontan 

study in this thesis (SMA 0.22 and 0.27 vs. 0.15 L.min-1.m-2, respectively). As 

elucidated above, this is likely due to the effects of breath holding, which are 

likely even greater in patients with Fontan circulation. It should be noted that the 

variance of SMA flow data in the 2 studies (SD: 0.11 and 0.18) was similar to 

that in the Fontan study (IQR: 0.06 to 0.28), suggesting that flow was measured 

with comparable accuracy. 

 

A limited number of studies assessed splanchnic blood flow in Fontan patients 

by ultrasound.(149, 158-160) A common shortcoming of these studies is that 

they typically only reported indirect measures of splanchnic blood flow and 

resistance, such as flow velocity, or resistance index. Only one study reported 

quantitative measures of flow.(149) Mean SMA blood flow was somewhat 

higher than that of patients in this PhD (0.33 to 0.35 vs. 0.15 L.min-1.m-2). 

However, data variance was also substantially greater using ultrasound (SD: 

0.27 L.min-1.m-2 in the PLE group). While most of these studies showed 

evidence of greater splanchnic vascular resistance in Fontan patients, there 

were important limitations such as lack of control for prandial status,(160) or 

lack of a control group.(149, 158, 160) One study found that raised celiac but 

not mesenteric resistance was linked to poor outcome, conflicting a number of 

other studies.(158) Taken together, these data do support that abnormal 

splanchnic resistance may be a common feature in the Fontan population that 

may be associated with poor outcome. However, shortcomings in study design 

and data quality underscore the importance of conducting controlled 

prospective experiments using a more robust imaging method in this population. 

 

Mesenteric vasoreactivity, obesity and cardiovascular risk  

In adolescents (Chapter 5), it was shown that blunted postprandial 

vasoreactivity of the intestine was linked to higher BP and greater LVM in 

adolescents. Obese subjects were more likely to have blunted mesenteric 

vasoreactivity, but this finding was independent of obesity. While the underlying 

mechanisms can currently only be speculated about, some evidence exists to 

aid the interpretation of these findings and to direct future research.  
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Santisteban et al. conducted a series of experiments in rats and showed that 

spontaneously hypertensive animals, as well as rats with drug-induced 

hypertension, had reduced intestinal blood flow and increased permeability of 

the mucosa of the small intestine and of the proximal colon.(165) This was also 

linked to abnormal histopathology of the intestinal lining, as well as to raised 

pro-inflammatory markers, possibly as a result of the former. The observed 

changes in gut permeability were not found in prehypertensive and young rats, 

suggesting that these alterations were determined by BP status and were 

potentially reversible. In support of this, treatment with an antihypertensive drug 

partially reversed both, raised permeability and sympathetic nervous activity of 

the gut. Hypertension was also linked to dysbiosis of the intestine, but the 

authors did not examine whether these changes were reversible through 

antihypertensive treatment. Evidence was also found of augmented neuronal 

interplay between the gut and the brain in hypertensive animals. 

 

The authors interpreted these findings as evidence that pro-hypertensive 

signals may be received from the brain and relayed to the intestine through 

central nervous pathways to promote sympathetic nervous activity and 

noradrenaline release. This would further cause the observed alterations in gut 

permeability, which would in turn promote inflammatory activity and dysbiosis, 

and subsequently, the development of hypertension. These pro-hypertensive 

signals in the gut are believed to be mediated by an unhealthy diet and are 

likely independent of adiposity, as others have shown.(24) However, the 

authors did not investigate the effects of changes in diet or adiposity on these 

findings, or whether raised sympathetic activity precedes or accompanies the 

observed changes in the gut. Another key question that was not addressed is 

whether changes in the gut microbiome are reversible through antihypertensive 

treatment, or inversely, whether an intervention on gut microbiome level could 

lower BP by reducing pro-inflammatory activity.  

 

Nevertheless, taken together, these findings strongly suggest that hypertension 

and systemic inflammation, 2 key promotors of atherosclerosis, are driven by 
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sympathetic nervous cross-talk between the gut and the brain, mediated by 

diminished mesenteric perfusion and consequently, by intestinal dysbiosis.(166) 

This raised sympathetic nervous activity may also explain the link between 

blunted mesenteric vasoreactivity and LVH demonstrated in this PhD.(115) The 

findings from this thesis add further evidence to this model and highlight 

potential objectives for future research.  

7.3. Future work and cl in ical  appl ications 

7.3.1. Postprandial vasoreactivity testing in clinical use 

Cardiovascular stress tests are often used to diagnose cardiovascular 

disorders, such as autonomic dysregulation. The study protocol developed and 

validated in this thesis may be useful in the clinical assessment of disorders 

where cardiovascular responsivity to postprandial stress is blunted.  

 

Falls and hypotension in elderly patients 

A potential clinical application for the proposed protocol could be the 

assessment and management of elderly patients with falls. Falls in the elderly 

are a common issue with oftentimes severe outcome.(167) Meals are thought to 

increase susceptibility to falls as people age. The likely cause for this is a 

blunted postprandial increase in CO, which results in insufficient compensation 

for mesenteric vasodilation after a meal. This can lead to a drop in BP and thus, 

in cerebral perfusion.(168) Probable causes for these phenomena include, 

firstly, diminished target organ responsiveness to autonomic signals, leading to 

a weakened increase in HR (and thus, in CO) and in peripheral vascular tone, 

and secondly, diminished vagal withdrawal due to lower baseline 

parasympathetic activity at baseline in older people.(154, 155) 

 

In this context, one study demonstrated that carbohydrate-rich meals and lipid-

rich meals triggered different cardiovascular responses in elderly subjects. It 

was shown that the former depressed SBP postprandially, whereas the latter 

did not affect it significantly.(169) Attenuation of the normal vasoconstrictive 

response of the limbs could be responsible for this. In keeping, it was shown 
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elsewhere that postprandial epinephrine responses were preserved after a lipid-

rich meal, but attenuated after a carbohydrate-rich one.(170) This raises the 

possibility that food rich in carbohydrates may convey greater risk of 

hypotension and falls in some individuals, but this remains to be confirmed by 

prospective studies.  

 

While the significance of these observations in real-life scenarios has yet to be 

established, some older literature suggests that subjects with a history of falls, 

syncope or postprandial hypotension may indeed have blunted cardiovascular 

responses to a meal.(154, 155, 161) The protocol developed in this PhD could 

be used to assess the individual risk of postprandial hypotension by comparing 

the cardiovascular effects of meals of different compositions. This could support 

individual dietary recommendations to prevent falls, or serve as a tool to monitor 

responses to interventions, such as exercise.(171) Additional research is 

required to test and validate the protocol in these clinical applications. 

 

Postprandial mesenteric vasoreactivity in neurological disease 

Gastrointestinal symptoms such as constipation or delayed gastric emptying are 

common in patients with Parkinson’s disease, and are thought to reflect 

neurodegenerative processes that may precede motor symptoms by a 

considerable amount of time. A very recent study measured blood flow 

responses in the SMA following ingestion of a standardised meal in patients 

with Parkinson’s disease and in normal controls.(172) Patients showed an 

attenuated increase in SMA blood flow as well as a weaker glycaemic response 

compared to controls. The authors concluded that impaired gastrointestinal 

motility, as well as deficiencies in neuroendocrine signalling could impair 

postprandial vasoreactivity in this population. Therefore, the proposed protocol 

could be used to screen for neurodegenerative disease in asymptomatic 

patients at risk, or to resolve the role of the digestive system in other 

neurological disorders typically associated with gastrointestinal symptoms, such 

as migraine, tumours, or epilepsy.  
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7.3.2. Mesenteric vasoreactivity, obesity and cardiovascular risk 

The nature of the associations between obesity and abnormal intestinal 

vasoreactivity, as well as those of blunted postprandial vasoreactivity with 

raised BP and LVH, and their direction, if causal, have yet to be established. 

However, the findings demonstrated in this PhD support those of mechanistic 

studies in animals,(165) highlighting the need for further human studies.  

 

A possible approach to detangle the complex association between adiposity, 

BP, LVM, and intestinal permeability and vasoreactivity is to target specific 

associations in controlled interventional studies. For example, an interventional 

study randomising obese subjects to an intervention (e.g., diet or exercise) or to 

placebo, and comparing their outcomes to those of fit and of sedentary normal 

weight subjects, could elucidate whether blunted mesenteric vasoreactivity is 

reversible, whether it can be improved through intervention, and whether any 

improvement is due to a change in body mass or due to other factors. Such a 

study in 200 adolescents is currently ongoing at University of Oxford 

(OxSOCRATES).  

 

Subsequent longitudinal studies will be required to monitor if this intervention 

has measurable impact on cardiovascular measures, such as BP or LVM. Other 

factors that may mediate these associations, such as the gut microbiome, 

should be assessed during follow-up to better understand their role or causality. 

As this PhD demonstrated that LVH emerges to a significant degree even in 

otherwise healthy adolescent populations, the timeframe for such follow-up 

studies is considered achievable.  

 

In addition, confounding factors that affect both, BP and cardiomyocyte growth, 

could be identified in order to explain the associations demonstrated. Such 

factors may include genetic markers, neurohumoral mechanisms, or alterations 

in the gut microbiome, all of which have known or suspected links with BP 

regulation, or myocardial architecture and growth. Interventional studies, such 

as microbiome transplantation, could address specific mechanisms and resolve 

their role in the associations described in this thesis. 
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7.3.3. Applications in the Fontan circulation 

Mesenteric vasoreactivity and ventricular hypertrophy 

As diastolic function of the systemic ventricle is one of the main determinants of 

pulmonary blood flow in the Fontan circulation, hypertrophy of the systemic 

ventricle (e.g., due to residual aortic coarctation) is an important risk factor for 

poor haemodynamics and outcome. Whether blunted mesenteric vasoreactivity 

is also associated with ventricular hypertrophy in the Fontan population was not 

assessed in this thesis. Heterogeneity of the ventricular anatomies of Fontan 

patients makes, both, accurate measurement and meaningful statistical analysis 

of ventricular mass in such a relatively small cohort challenging. Contrary to 

normal subjects, high resolution cine imaging in multiple anatomical planes 

would have been necessary to allow for accurate assessment of ventricular 

mass in this population. This would have extended the duration of the protocol 

critically, and thus likely reduced the time available for the dynamic whole-body 

blood flow study. Further study is needed to investigate links between 

mesenteric vasoreactivity and ventricular mass in the Fontan population. 

 

Causes for intestinal protein loss 

Although some evidence exists in Fontan patients linking abnormal splanchnic 

vascular tone to PLE, the underlying pathophysiology of this oftentimes 

detrimental long-term complication is still poorly understood. Moreover, the 

literature linking fasting mesenteric vascular resistance to intestinal protein loss 

has been inconsistent. Longitudinal studies are needed to show whether testing 

postprandial mesenteric vasoreactivity could help identify subjects at risk of PLE 

before abnormalities in resting vascular tone can be detected. The direction of 

this association, if causal, may stimulate the development of new treatment 

strategies to improve intestinal perfusion. For example, GLP-2 and its 

analogues (e.g., teduglutide) are potent mesenteric vasodilators.(173) They 

could, therefore, be explored as a strategy to improve mesenteric blood flow in 

order to potentially prevent PLE in Fontan patients. However, the possible role 

of mesenteric vasoconstriction in optimising organ perfusion must be 

considered when testing this, as pharmacologically mediated mesenteric 
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vasodilation could negate its stabilising effects and compromise organ perfusion 

in patients with poor CO. 

 

Peripheral vasoconstriction and muscle mass 

Fontan patients have been shown to have diminished peripheral muscle mass, 

particularly of the legs.(144) Although the underlying causes for this association 

have yet to be fully understood, several mechanisms are conceivable. Reduced 

exercise capacity and self-restraint in this population may cause muscle mass 

to decline. Chronic vasoconstriction of the legs to compensate for poor organ 

perfusion may also entail loss of muscle.(144) Venous remodelling to 

counteract venous pooling in the legs and to improve systemic venous return 

has also been suggested to contribute to this.(143) Intestinal malabsorption, or 

even loss, of dietary protein due to intestinal congestion may further aggravate 

sarcopenia.  

 

Future research should address the direction of these associations, if causally 

linked. For example, Fontan patients could be randomised to 2 types of 

exercise intervention – either muscle build-up or endurance exercise – and 

changes in lower limb muscle mass and in blood flow could be assessed as 

outcome parameters. This could narrow down possible causes for sarcopenia in 

this population. If successful, improved blood flow to the legs due to greater 

muscle mass could improve cardiovascular responses to stress by enabling 

more redistribution of blood flow to support CO augmentation. A different 

intervention strategy (or an additional arm in the hypothetical study above) 

could aim at improving peripheral blood flow through pharmacological 

measures, although effects on BP (via peripheral vasodilation) could likely be 

limiting factors for this approach.   
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7.4. Evolution, chal lenges and l imi tations of the protocol   

7.4.1. Protocol development and challenges 

Study meal 

The study meal was designed to expose subjects to a great calorie load, while 

being compatible with an MRI environment and being quick and easy to ingest 

in order not to miss early postprandial responses. Protein load was kept low due 

to possible effects of protein intake on vascular responses(174) and in order to 

not unnecessarily increase osmotic load, which may have affected tolerability. 

Maltose syrup was used instead of glucose as it is less sweet and thus, less 

likely to cause nausea and vomiting, which would pose a risk in an MRI 

scanner. The resulting liquid meal was overall well-tolerated: of the 132 subjects 

exposed to the meal in total throughout the different experiments in this thesis, 

2 vomited during the MRI scan, and another 2 reported late vomiting, several 

hours later (3% adverse events in total). This was despite the enormous nutrient 

and calorie load administered, and despite the fact that subjects were only 

allowed little time for consumption before returning to supine position for an 

extended period. 

 

Image planning 

A challenge of the study protocol that deserves mention was image planning. 

While the initial planning of the imaging planes could be done conventionally 

and without any unusual challenges, defining the imaging planes for flow 

acquisition after ingestion of the study meal was a potential limitation, as it could 

delay acquisition of postprandial data. In order to obviate the need for re-

planning due to patient movement caused by ingestion of the meal, initial test 

runs used a vacuum mattress, which was moulded to the subject’s contours and 

would force them to lie down in the same position after ingestion of the meal, as 

they had been in before. However, this approach was flawed by the fact that the 

internal organs (and, therefore, the supplying vessels) shifted due to 

displacement caused by the stomach, which was now filled by the study meal. 

Moreover, the vacuum mattress could not be fitted sufficiently to larger subjects. 

Therefore, this solution was soon abandoned, and planes for postprandial 
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imaging were planned conventionally by 3D b-SSFP, but with slightly reduced 

spatial resolution in order to accelerate scanning times. This allowed 

postprandial data to be acquired within an acceptable timeframe. 

 

Measurement of cranial blood flow 

Similar to the other experiments, the original protocol for the adolescent study 

foresaw measurement of blood flow to the head using a neck coil. However, 

after 2 patients vomited during the scan in the earlier stages of the study, it was 

decided to forego measurement of cranial blood flow and to remove the neck 

coil in order to allow subjects to turn their heads to the side in case of vomiting 

(it should be noted that no further cases of vomiting occurred). Thus, cranial 

blood flow data are unavailable for that experiment. For the Fontan study, 

measurement of cranial blood flow was reimplemented, as the meal was 

smaller in size and thus, the likelihood of vomiting was deemed low. 

 

Parameters of vascular function 

An important thing to note is that, in the Fontan study, vascular resistance was 

not measured per se, as this would have necessitated invasive measurement of 

PAP in order to isolate the PVR component of Z0 from vascular resistance. As 

participation in the study was voluntary, invasive measurement of PVR was not 

an option. Therefore, efforts were undertaken to adjust Z0 for a factor estimated 

to correspond to PVR on a group level. Nevertheless, individual subjects may 

still show abnormalities in vascular resistance that are explained to greater 

degree by PVR than this approach was able to show. Therefore, invasive 

measurement of PAP remains without alternative in order to describe 

abnormalities in resistance in the individual patient with clinical issues. 

 

In normal physiology, where the systemic veins drain into the RA, and not into 

the PA, such adjustment is not needed, as RAP is normally negligible and, 

therefore, does not contribute significantly to systemic Z0. The term, 

‘resistance’, is, therefore, used synonymously with ‘impedance’ in normal 

subjects in clinical practice. Thus, vascular data from people with normal 

cardiac anatomy are comparable between chapters in this PhD, provided that 
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allometric scaling matches. This may not be possible with the adolescent study, 

where vascular data had to be adjusted specifically for factors used to correct 

for obesity. These adjustments are preferred over BSA as the normal allometric 

scaling relationships between cardiovascular measures and BSA break down in 

obesity, resulting in over-adjustment for the excess BSA of obese people.(128) 

 

7.4.2. Limitations  

Investigator blinding 

One potential limitation was that imaging data were analysed by an investigator 

who was not blinded to patient history or weight status. However, in Fontan 

patients, abnormal anatomy of the heart and the abdominal vasculature, and/or 

sternal wires or other devices can often be seen in flow images. Similarly, body 

fat and frame can usually be derived from flow and cine images. These factors 

would have likely functionally unblinded the investigator in a significant 

proportion of examinations. Therefore, the feasibility and impact of blinding on 

image analysis are questionable. 

 

Validation of imaging methods in specific organs 

Agreement between respiratory triggered, cardiac gated PCMR and RAGS 

PCMR was not assessed specifically for the SMA. However, Steeden et al. 

demonstrated good agreement between the 2 methods for the renal 

arteries.(47) The renal arteries are, on average, substantially smaller than the 

SMA (~50% smaller cross-sectional area assuming a diameter of 5.2 vs. 7.3 

mm)(175) and are, therefore, covered by a greater proportion of pixels at the 

edge of the lumen, where flow is underestimated (see 2.4.2.). Consequently, it 

can be assumed that RAGS PCMR should be no less accurate for SMA 

imaging than for the renal arteries. Furthermore, the RAGS PCMR sequence 

used in this study detected even small changes in blood flow in the smallest 

vessels (i.e. the renal arteries) with high statistical significance (e.g., Figure 17). 

This strongly supports that this technique is highly reliable for blood flow 

measurement in the splanchnic vasculature. 
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Effects of breath holding 

The review of previous literature in 7.2.1. suggests that the technique used in 

this thesis for the measurement of regional (and particularly splanchnic) blood 

flow may have underestimated flow somewhat due to the necessity for breath 

holding. However, conventional free-breathing techniques necessitate longer 

image acquisition times and are, therefore, not suitable to study postprandial 

blood flow responses in a dynamic fashion. Future development could 

overcome this by designing MRI sequences that allow flow acquisition by 

averaged imaging during free breathing. 

7.5. Conclusion 

Postprandial cardiovascular physiology in humans can be studied safely and in 

a dynamic fashion using MRI. The proposed study protocol may reduce or even 

obviate the need for animal trials for in vivo cardiovascular studies, and may 

serve as basis to investigate the role of postprandial vasoreactivity in various 

clinical settings and populations. Additional research is needed to resolve the 

involvement of the gut in the development of CVD, and to determine the 

potential role of mesenteric vasoreactivity as prognostic marker in the Fontan 

population. 
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vi i .  Appendix: Academic output during this PhD 

Journal articles 

Hauser JA, Muthurangu V, Pandya B, Michel-Behnke I, Taylor AM, Demyanets S. 

Postprandial variability of novel heart failure biomarkers in Fontan patients compared 

to healthy volunteers. Int J Cardiol Congenital Heart Disease 2021 May; 3, 100127  

Hauser JA, Jones A, Pandya B, Taylor AM, Muthurangu V. Comprehensive MRI 

assessment of the cardiovascular responses to food ingestion in Fontan physiology. 

Am J Physiol Heart Circ Physiol. 2020,319(4):H808-13. 

Hauser JA, Muthurangu V, Sattar N, Taylor AM, Jones A. Postprandial Vascular 

Dysfunction Is Associated With Raised Blood Pressure and Adverse Left Ventricular 

Remodeling in Adolescent Adiposity. Circ Cardiovasc Imaging. 2019;12(11):e009172. 

Schneider M, Beichl M, Nietsche C, Beitzke D, Porenta G, Beran G, et al. Systematic 

Evaluation of Systemic Right Ventricular Function. J Clin Med. 2019;9(1). 

Cheang MH, Barber, NJ, Khushnood A, Hauser JA, Kowalik G, Steeden J, Quail M, 

Tullis K, Hothi D, Muthurangu V. A comprehensive characterization of myocardial and 

vascular phenotype in pediatric chronic kidney disease using cardiovascular magnetic 

resonance imaging. J Cardiovasc Magn Reson. 2018;20(1):24. 

Hauser JA, Taylor AM, Pandya B. How to Image the Adult Patient With Fontan 

Circulation. Circ Cardiovasc Imaging. 2017;10(5). 

Hauser JA, Demyanets S, Rusai K, Goritschan C, Weber M, Panesar D, et al. 

Diagnostic performance and reference values of novel biomarkers of paediatric heart 

failure. Heart. 2016;102(20):1633-9. 

Hauser JA, Muthurangu V, Steeden JA, Taylor AM, Jones A. Comprehensive 

assessment of the global and regional vascular responses to food ingestion in humans 

using novel rapid MRI. Am J Physiol Regul Integr Comp Physiol. 2016;310(6):R541-5. 

 

Book chapters 

Pacemaker Therapy (Chapter). International Society for Heart and Lung 

Transplantation (ISHLT) Guidelines for the Management of Paediatric Heart Failure. 

ISHLT Monograph Series. 2014, Vol. 8. 

 

Prizes 

American Heart Association Cardiovascular Disease in the Young (CVDY) Council – 

Early Career Award 2017 (Finalist)  
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