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Abstract 

In this project, we have studied two pathophysiologically distinct and opposite 
groups, using advanced non-invasive imaging techniques to establish whether such 
individuals exhibit microvascular complications and to what extent.  

Impaired glucose tolerance (IGT) is a clinically silent, altered state of glycemia and a 
precursor to type 2 diabetes. The presence of IGT is associated with an adverse 
cardiovascular risk which may be attributable to the early development of 
microvascular complications, although the risk factors and exact time of onset are 
unknown. Detailed and robust cardiac studies in IGT cohorts are lacking however 
recent advances in non-invasive cardiac imaging allow us to detect early and sub-
clinical alterations in cardiac structure and function. Using gold standard imaging 
modalities and state of the art techniques, we have demonstrated that subjects with 
IGT exhibit a comparable cardiac phenotype to age matched healthy controls. These 
are the first studies to employ robust, detailed and reproducible methodologies in an 
IGT cohort and our findings challenge the existing data. 

In addition to cardiovascular complications, there is also data to support the presence 
of small fibre neuropathy in subjects with IGT. The diagnosis of small fibre 
neuropathy often requires invasive skin biopsy. Corneal confocal microscopy (CCM) 
has emerged as a potential surrogate for skin biopsy in the detection of small fibre 
neuropathy across a variety of conditions however has yet to be validated in subjects 
with IGT. We have demonstrated the utility of CCM in detecting small fibre 
neuropathy in subjects with IGT. 

Medalists represent a unique group of patients with an extreme duration of Type 1 
diabetes and a variable degree of microvascular and macrovascular complications. As 
such they constitute a special phenotype, which merits further study, especially given 
the excess cardiovascular mortality in patients with Type 1 diabetes, even in those 
with good glycemic control. Detailed cardiac studies in medalist cohorts identifying 
the exact phenotype are lacking. Using gold standard imaging modalities and state of 
the art techniques, we were able to demonstrate that subjects with type 1 diabetes of 
extreme duration, remarkably exhibit normal cardiac structure and function.  
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1.1 Background 

Diabetes Mellitus (DM) is defined as a metabolic disorder of multiple aetiology characterised 

by chronic hyperglycaemia with disturbances of carbohydrate, fat and protein metabolism 

resulting from defects in insulin secretion, insulin action, or both (1). It is associated with 

long term multi-systemic complications and accounts for considerable morbidity, mortality 

and burden on healthcare resources.  

Two major subtypes of diabetes exist, categorised according to their pathophysiological and 

aetiological mechanisms; type 1 (T1DM), which accounts for 5-10% of all cases of diabetes, 

presents early and has an autoimmune basis whereby autoantibody-mediated destruction of 

the pancreatic beta cells occurs resulting in insulin deficiency (2). This condition has a strong 

HLA association in addition to environmental and genetic factors. Individuals with T1DM 

are dependent on lifelong insulin replacement therapy. In contrast, type 2 diabetes (T2DM) 

accounts for the majority of diabetes cases. The condition is characterised by hyperglycaemia 

secondary to insulin resistance which occurs in the context of abdominal obesity and is 

related to the metabolic syndrome. Excessive visceral fat and centripetal obesity give rise to 

insulin resistance and hyperglycaemia in the presence of either normal or elevated insulin 

production. In contrast to T1DM, the pathophysiological basis of T2DM is multifactorial and 

associated with genetic, environmental, lifestyle factors as well as ethnicity. Treatment of 

hyperglycaemia is with a combination of lifestyle interventions, hypoglycaemic and insulin 

sensitizing drugs and when these measures fail, insulin (2).  

Individuals may exhibit abnormal glucose metabolism without fulfilling the diagnostic 

criteria for diabetes and such individuals have either impaired fasting glucose (IFG), impaired 
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glucose tolerance (IGT) or both. Often termed ‘pre-diabetes’, these potentially reversible 

conditions are associated with a high risk of progression to T2DM (1). Pre-diabetes is a 

clinically silent entity and IFG is often an incidental finding however IGT is diagnosed with 

an oral glucose tolerance test (OGTT). 

It is estimated that over 300 million individuals worldwide have pre-diabetes with this figure 

predicted to rise to over 400 million by 2025 (3). Several studies have reported the prevalence 

of pre-diabetes however the findings have been inconsistent due to differences in study 

populations and diagnostic criteria, suggesting that prevalence may be population specific. In 

the Framingham study, the prevalence of isolated IFG and IGT were 20% and 5% with the 

combination of the two present in 6%. Pooled data from 13 European and 10 Asian studies in 

the DECODE and DECODA studies, indicated an increased prevalence of IFG in males 

which plateaued in middle age and increased thereafter, up to 8 times higher in the age range 

50 to 70 (4,5). IGT however, was more prevalent in females in the under 70 age group and 

there was limited overlap observed between IFG and IGT which may have been due to 

population specific metabolic and anthropomorphic differences. 
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1.2 The Risk of Progression from Pre-Diabetes to T2DM 

Pre-diabetes is associated with a high risk of progression to T2DM. The risks of T2DM and 

CVD are related to blood glucose in a continuous fashion (6). In addition, there appears to be 

considerable variability between glycaemic indices in their ability to predict diabetes (7). 

Several studies have reported the risk of progression from pre-diabetes to diabetes however 

these studies have been inconsistent with regard to the populations studied, definitions of IFG 

and IGT as well as the statistical methods employed in determining such risk.  

In a recent systematic review and meta-analysis of 35 studies with follow up ranging between 

one and seventeen years, the calculated annualised risk of developing T2DM varied for IGT 

(1.8-16.8%), IFG (1.6-34%) and the combination of IGT and IFG (10-15%) (8). In a study of 

multi-ethnic Mauritian nationals followed up for 11 years, 45.9% of individuals with IGT at 

baseline progressed to DM, 23.6% reverted to normal glucose tolerance, 26.4% remained 

glucose intolerant and 4.1% converted to IFG (9). More recently, data from a Finnish 

prospective study indicated similar rates of T2DM incidence across all categories of 

dysglycaemia (37.8% IFG, 37.1% IGT and 37.5% IH) over ten years (10). IGT was the 

commonest precursor to T2DM (40.6%), followed by elevated HbA1c (32.8%) and IFG 

(21.9%) and factors associated with progression to T2DM were FPG, 2hG, HbA1c and BMI. 

In the ADDITION study, in which over 1000 subjects with either IFG, IGT, or both, the 

progression rates for developing T2DM over the three year duration of the study were 11.8, 

11.8 and 28% per hundred patient years respectively (11). Progression to T2DM was strongly 

associated with BMI and triglycerides in the IFG group and hypertension in the IGT group. 

Weight loss of 1 Kg per year was associated with a 20% risk reduction for the development 

of T2DM. In addition to glycaemia, other risk factors associated with the development of 
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T2DM in pre-diabetic individuals include systolic hypertension, elevated triglycerides and 

low HDL cholesterol (12). Prediction tools such as the Finnish Diabetes Risk Score 

(FINDRISC), have incorporated such risk factors and are able to accurately predict the 10-

year risk for developing T2DM (13). 

1.3 Pre-Diabetes and Cardiovascular Risk  

Hyperglycaemia is associated with elevated CV mortality on a global scale (6). Gabir et al 

first described an association between glycaemic status and the risks of microvascular disease 

and cardiovascular-renal mortality in diabetic and pre-diabetic Pima Indians, findings which 

subsequently formed the basis of the current diagnostic glycaemic thresholds for T2DM (14).  

The CV risk associated with pre-diabetes has since been reported in several meta-analyses. In 

a meta-analysis of 20 studies totaling over 12 years follow up, Coutinho et al reported an 

increased risk of CVD according to fasting and 2 hour glucose levels accordingly compared 

with controls (RR 1.33 and 1.58 for FPG 6.1 and 2HG 7.8 mmol/l respectively) (15). 

Similarly, in a meta-analysis of 38 studies, IGT was associated with a 27% increased risk of 

CVD, which remained elevated (19%) after adjustment for non-glycaemic CV risk factors 

(16). More recently, CV outcomes in the Framingham offspring cohort were compared using 

the WHO and ADA definitions for IFG (17). In females, both definitions of IFG were 

predictive of CHD however only the WHO definition was predictive of CVD whereas neither 

definition was able to predict CVD in men. In a recent systematic review, pre-diabetes was 

associated with a modestly elevated risk of CVD which was greater with IFG (RR 1.12-1.37) 

than IGT (RR 0.97 to 1.30) (18). Recently published results from the multinational 

prospective Epi-DREAM study indicated a relationship between glycaemia and CV 
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morbidity and mortality whereby for every 1 mmol/l increment in FPG, there was a 17% 

increased risk of CV events or death (95% CI 1.13-1.22) (19).  

Other large population based studies have provided conflicting findings. In a recent study of 

over 650,000 Korean men followed over 8.8 years, there was no association between IFG and 

myocardial infarction or haemorrhagic stroke, but there was a linear relationship between 

ischaemic stroke and IFG (20). Furthermore, there was no association between IFG and CV 

morbidity and mortality at 15 years in the WOSCOP study cohort, although FPG predicted 

the onset of DM (21).  

Recent studies suggest HbA1c may be a better predictor of CV outcomes compared to 

glycaemic indices. In the ADDITION study, HbA1c was predictive of all-cause mortality 

across all groups (NGT, IFG, IGT, T2DM) and was more predictive of high CV risk than 

questionnaires and glucose indices (22,23). 
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1.4 Cardiovascular Complications Associated with IGT 

1.4.1 Cardiac autonomic neuropathy  

Cardiac autonomic neuropathy (CAN) is the commonest manifestation of diabetic autonomic 

neuropathy (DAN), often present at diagnosis and is a strong independent risk factor for CV 

morbidity and mortality (24-26). This risk may be attributable to features of advanced CAN 

including sudden cardiac death (SCD), cardiac arrhythmias, silent myocardial ischaemia 

(SMI) and lack of hypoglycaemia awareness. It is now apparent that CAN is a common factor 

in several cardiac conditions and thus may be an important aetiological factor in the 

pathogenesis of a distinct cardiomyopathy specific to diabetes, characterised by metabolic 

derangement, neurohumoral activation and microvascular inflammation leading to structural 

and functional cardiac remodeling (27).  

In addition to the risk of arrhythmia, CAN in diabetic subjects is also associated with 

diminished coronary artery flow reserve, altered myocardial blood flow and diastolic 

dysfunction (28). In a study of subjects with T1DM, CAN was associated with impaired 

vasodilator response of coronary resistance vessels to increased sympathetic stimulation (29). 

More recently, Sacre et al reported associations between CAN, regional impairment of left 

ventricular diastolic function and corresponding areas of dysinnervation on MIBG 

scintigraphy in subjects with T2DM, emphasising the potential role of cardiac neuropathy in 

the pathogenesis of heart failure (30). Although the exact role of glycaemia in the progression 

of CAN is not fully understood, several large clinical trials have demonstrated the beneficial 

effects of glycaemic control and multifactorial cardiovascular intervention on delaying the 

onset of CAN (31-34).  
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In contrast to the extensive work on CAN in diabetes, relatively few studies have been 

performed in pre-diabetic cohorts. An association between fasting glucose, insulin and 

cardiac autonomic abnormalities was first observed in healthy subjects (35). These studies 

were followed by cohort studies in which IGT was associated with CAN (36). In a study of a 

cohort from the Cardiovascular Health Study, increased resting heart rate and reduced heart 

rate variability (HRV), the earliest detectable manifestation of CAN, were associated with 

IFG and MetS (37). 

The QT interval is affected by disturbances in autonomic function (38,39). Prolongation of 

the QT interval is present in diabetic patients and associated with a risk of cardiac arrhythmia 

and sudden cardiac death (SCD) (40-42). In the EURODIAB IDDM complication study, the 

reported prevalence of QT prolongation was 16% and was independently associated with age, 

HbA1c, blood pressure, CHD and nephropathy. In addition, the presence of CAN was 

associated with a higher QT in males (43). Hypoglycaemia has been associated with an 

increased mortality risk which may be attributable to the pro-arrhythmic effects of 

hypoglycaemia on the QT interval (44), however in the ACCORD trial, there were fewer 

arrhythmia related deaths both during intensive treatment and following termination of this 

arm if the study (45). Several studies in pre-diabetic cohorts have reported associations 

between glycaemia, insulin resistance and the QT interval (46-48). Fiorentini et al reported an 

association between indices of HRV and QT prolongation in subjects with IFG and IGT, but 

not in normoglycaemic subjects with insulin resistance (49). In the NHANES III survey, QT 

prolongation was present in 22%, 29.9% and 42.2% of subjects with normal glucose 

tolerance, IFG and diabetes respectively which in addition to conventional cardiovascular risk 

factors, was independently associated with c-peptide and insulin levels (50). 
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1.4.2 Coronary Microvascular Disease 

Myocardial blood flow is regulated by the coronary microvasculature and is influenced by 

several factors including endothelial function, local metabolic factors and sympathetic tone 

(29,51). Studies using positron emission tomography (PET) have allowed the detailed study 

of adverse effects of DM on myocardial blood flow (28,52,53). Coronary microvascular 

dysfunction is also a feature of pre-diabetes and insulin resistance (54). Prior et al studied 

coronary microvascular function in Mexican American subjects with dysglycaemia ranging 

from isolated insulin resistance to IGT and T2DM (55). Endothelial dysfunction was present 

in all groups and worsened progressively across the spectrum of glucose dysmetabolism, 

whereas total vasodilatory capacity was reduced only in the T2DM group with no difference 

observed between the other groups.  

1.4.3 Cardiac Structural and Functional Alterations 

Data on cardiac structure and function in IGT are limited. Several population-based 

echocardiographic studies have reported increased left ventricular mass (LVM) in subjects 

with IGT. In the Framingham Heart Study, LVM and wall thickness (LVWT) increased with 

worsening glucose tolerance and were more pronounced in female participants free of CVD 

(56). Similarly, in the Hoorn study, LVM was associated with glycemic status only in 

females with IGT (57). The Strong Heart Study (SHS) also reported increased LVM and 

LVWT in American Indians with IGT (58). Although, LVM index (LVMI) was found to be 

abnormal in subjects with normal glucose tolerance, this was accounted for by obesity and 

hypertension, particularly in Afro-Caribbean’s (59). In the Multi Ethnic Study of 

Atherosclerosis (MESA) and the Framingham Offspring cohort study, assessment by cardiac 



 

 

29 

magnetic resonance (CMR) imaging showed an association between LVM and glycaemic 

indices in subjects with impaired fasting glucose (IFG) and DM (60,61).  

Diastolic dysfunction is one of the earliest detectable cardiac functional abnormalities and is 

characterized by a reduction in longitudinal and radial myocardial deformation and an 

increase in LV torsion (62). Echocardiographic techniques such as tissue Doppler imaging 

(TDI) and speckle tracking (STE) allow for the accurate tracking of myocardial tissue 

displacement and the measurement of velocity, strain and torsion (62). Indeed long axis 

function has been show to be reduced both at rest and during exercise in diabetic subjects 

without evidence of ischemic heart disease (63,64). Furthermore, studies using STE in 

diabetic subjects have reported impaired longitudinal but preserved radial and circumferential 

contraction in asymptomatic males with T2DM free of CVD (65). Asymptomatic patients 

with T2DM have demonstrated significant reductions in circumferential, radial and 

longitudinal function, compared with age-matched controls (66). Sacre et al reported an 

association between CAN and regional impairment of left ventricular diastolic function on 

CMR, which corresponded with areas of dysinnervation on MIBG scintigraphy in subjects 

with T2DM (30). To date, studies in IGT cohorts have been limited by relatively insensitive 

measures of diastolic dysfunction (67-69). A comprehensive CMR assessment showed 

differences in LV mass and torsion angle as well as myocardial perfusion reserve in patients 

with T2DM, but not in those with pre-diabetes (70). Furthermore, in young adults [mean age 

31.8(6.6) years] with a short duration of T2DM [4.7(4.0) years], CMR has shown preserved 

cardiac volumes and function and normal circumferential strain and myocardial perfusion 

reserve with no evidence of myocardial fibrosis when compared to BMI matched controls 

(71).  
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Although extensively studied in animal models of DM, the need for endomyocardial biopsy 

has limited the study of myocardial fibrosis in man (72). Fischer et al demonstrated 

interstitial fibrosis in myocardial biopsy, but did not differentiate subjects with IGT from 

those with diabetes (73). Integrated back scatter assessment has been used to show 

myocardial fibrosis in subjects with T2DM and metabolic syndrome (74-76). T1 mapping has 

been utilised to demonstrate fibrosis associated with impaired systolic and diastolic function 

and biomarkers of fibrosis in patients with type 1 and 2 diabetes (77-79). Quantitative 

assessment of myocardial extracellular volume (ECV), a surrogate of myocardial fibrosis, 

shows much promise and has been recently validated in man (80-82). In the only such study 

published to date, diabetic subjects showed  ECV expansion (83).  

1.5 Peripheral Neuropathy in IGT 

Neuropathy is a frequent complication of diabetes affecting peripheral (sensory and motor) 

and autonomic nerves equally and is a significant cause of morbidity and mortality (84). The 

prevalence varies vastly according to the criteria and methods used to define its presence; 

consequently reported values range anywhere between 10 and 90% (85). DN predisposes to 

foot ulceration which if severe, can give rise to gangrene and amputation which significantly 

impact on quality of life and healthcare costs. More recently a history of neuropathy, poor 

glycaemic control and aspirin use were the only baseline factors which predicted increased 

mortality in the intensive versus standard glycaemia arms of the ACCORD trial (86). 

Several observational studies in patients with idiopathic peripheral neuropathy have found a 

high prevalence of IGT compared to healthy age-matched controls, suggesting that this may 

represent the earliest stage of hyperglycaemic nerve injury (87,88). This argument is 
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reinforced by the fact that histological and clinical findings in such subjects mimic those 

found in early DPN, features compatible with a predominantly small fibre neuropathy (89-

91). The Impaired Glucose Tolerance Neuropathy (IGTN) Study was a 3-year study of 71 

subjects with IGT and neuropathy which involved an annual neuropathic assessment 

including QST and skin biopsy. Sural sensory amplitude was normal in 36% and peroneal 

motor conduction velocity was normal in 61%. Cold detection was impaired in 64% whilst 

vibration perception threshold (VPT) was abnormal in 56% of subjects. QSART, a sensitive 

measure of sudomotor (i.e., sweat) nerve function, was abnormal in 61%. Intraepidermal 

nerve fibre density (IENFD) was reduced in 83% with the remainder demonstrating 

morphologically abnormal epidermal nerve fibres (92). Lifestyle intervention in these 

subjects with IGT showed an improvement in IENFD after 1 year of intervention and this 

was associated with an improvement in symptoms. Two population-based studies have 

investigated the prevalence of neuropathy in IGT. The San Luis Valley and MONICA/KORA 

studies found the prevalence of neuropathy in subjects with IGT to be 11-13% compared with 

4-8% in healthy controls. The dominant clinical features in subjects with IGT neuropathy are 

pain, diminished response to thermal stimuli (93) and autonomic dysfunction, all of which 

occur secondary to small myelinated Aδ and unmyelinated C fibre injury (87,90). Chronic 

hyperglycaemia has been proposed as the major aetiological factor in DPN neuropathy and 

studies in both animals and humans have shown that transient hyperglycaemia increases 

spontaneous discharge from small diameter nociceptive afferent C fibres and is associated 

with increased neuropathic pain (94,95). More recent studies however, have suggested that 

factors other than hyperglycaemia may be involved in the pathophysiology of neuropathy in 

IGT (96). Elevated triglycerides and cholesterol, features of the metabolic syndrome, have 

been shown, in three separate studies, to be related to the presence of neuropathy (97,98). 
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Small fibre neuropathy is often undetectable with standard neuropathy tests and has, up until 

recently, required skin biopsy and IENFD analysis for diagnosis.   

1.6 Subjects with Type 1 Diabetes of Extreme Duration 

The rising worldwide prevalence of diabetes and subsequent complications poses a 

significant public health issue (99). Previous studies have identified risk factors in those with 

Type 1 diabetes which include glycaemic control, hypertension, duration of diabetes and 

hyperlipidaemia (100,101). However, glycaemic control in the latter years of those with long 

duration Type 1 diabetes may be unrelated to complications (102). A significant proportion of 

those with Type 1 diabetes continue to survive into the 4th and 5th decades of the disease 

(102,103). In a study of 400 UK patients with more than 50 years Type 1 diabetes, over 60% 

were found to have no evidence of micro or macroalbuminuria and after adjusting for age, 

gender, HbA1c, disease duration and presence of macrovascular disease, only 

hypertriglyceridemia (104) and adiponectin levels (105) were associated with albuminuria. 

Persistence and function of insulin-producing beta cells in the medallist group has previously 

been associated with protection from complications (106) and even on a background of risk 

factors such as dyslipidaemia a significant proportion will remain free of severe 

complications (107). 

Those with over fifty years duration of Type 1 Diabetes are a unique group of patients who 

have previously shown protection from microvascular complications (102,107,108) although 

nephropathy has been previously found at similar rates in one UK study (109). A previous 

study of self reported complications in the U.S. suggested that greater than 40% of patients 

remain free from multiple complications (107). This is also mirrored by a Danish study from 
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the Steno Memorial Hospital were ~25% of patients who had Type 1 diabetes for more than 

40 years had no major complications (110). The UK Golden Year study has characterised 

nephropathy (108) whilst the Joslin 50 year Medalist study assessed retinopathy, 

nephropathy, neuropathy and cardiovascular disease (102). However, the methods of 

assessment of neuropathy and cardiovascular disease were crude thus underestimating their 

true prevalence in the medallist cohort. To date there have been no studies which have 

accurately phenotyped neuropathy or cardiovascular disease in those with extreme duration 

of type 1 diabetes. 
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1.7 The Principles of Clinical Assessment of Neuropathy 

Although early DPN can be clinically silent, the predominant symptom is pain which is 

associated with considerable morbidity in the diabetic patient. Painful neuropathy occurs with 

damage to small myelinated (Aδ) and unmyelinated (C) nerve fibres but can also occur with 

larger myelinated (Aβ) fibre involvement (111). Neuropathic pain may also present with 

allodynia, hyperalgesia, hyperpathia, paraesthesia or dysaesthesia (111). In addition to pain, 

subjects may describe other symptoms such as numbness, tightness or coldness (112). Signs 

of autonomic neuropathy may include orthostatic hypotension, abnormal sweating, dry eyes 

and/or mouth, and erectile dysfunction to name a few (113). The classification of peripheral 

nerves and their relative sensory modalities are summarised in tables 1-1 and 1-2.  

 

Type Diameter (mm) Conduction velocity (m/s) Function 

Aα 10-18 90 Α-Motor 

A γ 4-8 30 Efferents to muscle 

Aδ 2-6 30 Fast pain fibres 

C 1-2 <1 
Slow pain fibres, 
temperature, post-

ganglionic autonomic fibres 

Table 1-1 Peripheral nerves and their properties 
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 Functional 
Class Normal Function Symptoms and Signs of 

Dysfunction Diagnostic Test 

Small 

Fibre 

Sensory 
Pain and 

temperature 
sensation 

Loss of pain and thermal 
sensation, spontaneous and 

stimulus evoked pain 

QST for heat and cold, skin 
biopsy with IENFD 

Autonomic 

Sweating, bowel, 
bladder and sexual 

function, 
vasomotor and 

heart rate control 

Abnormal sweating, 
incontinence, constipation, 
gastroparesis, orthostatic 

hypotension 

QSART, HRV, orthostatic BP 
and HR 

Large 

Fibre 

Sensory 
Proprioception, 

touch and pressure 
sensation 

Loss of touch sensation, 
sensory ataxia, spontaneous 
and stimulus evoked pain 

QST for vibration, NCS 

Motor Muscle movement weakness NCS and electromyography 

Table 1-2 Classification of nerves according to size and function 

1.7.1 Neuropathic Symptom Questionnaires  

Several validated questionnaires exist for the assessment of neuropathic symptoms. The 

Michigan Neuropathy Screening Instrument (MNSI) (114), The Neuropathy Symptom Score 

(NSS) (115) and the modified NSS (116) have all been validated in previous studies. 

The Neuropathy Symptom Profile (NSP) is a more detailed questionnaire spanning 34 

categories and evaluates general neuropathic symptoms but is not specific for DPN. In the 

Rochester Diabetic Neuropathy Study, the authors concluded that in combination with 

neurological clinical assessment, NSP or NSS was a valid means of assessing neuropathy. 

Shorter questionnaires such as The Diabetic Neuropathy Symptom (DNS) score are 

reproducible and easy to perform screening tools in DPN (117). 
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The McGill pain questionnaire is another useful diagnostic tool which locates, categorises 

and characterises pain symptoms and has been used effectively in previous studies (118). 

The neuropathy disability score (NDS) is a screening tool based on the presence of a number 

of clinical signs of neuropathy. Three sensory modalities are tested for; pin-prick, 

temperature (hot/cold) and vibration are tested for in addition to the Achilles tendon reflex 

and a total score out of ten is derived. Several studies have shown that NDS is a reliable 

screening tool for signs of neuropathy (119,120) and independently predicts the development 

of neuropathy and risk of diabetic foot ulceration (121).  

1.7.2 Quantitative Sensory Testing  

Quantitative sensory testing (QST) is a well established methodology for the quantitative 

assessment of sensory neuropathy. Vibration perception thresholds (VPT) are tested for using 

a bioesthesiometer and thermal sensitivity and thresholds are obtained using the TSA system 

(MEDOC) (93). These techniques are easily performed, well tolerated and provide sensitive, 

accurate and reproducible results. The tests are limited however by their subjectivity. Patient 

motivation, attention and expectation bias can affect the results (122) whilst room 

temperature, inter-stimulus intervals, gender, age and lifestyle may also affect outcomes 

(123). Standardisation of the procedure and an appropriate test environment can overcome 

these limitations thus providing highly sensitive and reproducible results (112). 
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Vibration Perception Threshold (VPT) testing  

Previous studies in subjects with DPN have demonstrated VPT to be a robust and 

reproducible test of vibration perception (124). Furthermore, VPT alone can identify patients 

at risk of limb or foot ulceration (125-127). 

Thermal threshold Testing 

Thermal testing consists of graded and standardised warm and cold stimuli delivered through 

a thermode attached to the foot. Thermal testing is able to quantify warm and cold thresholds, 

temperature induced pain and temporal summation(111). Studies in subjects with DPN have 

demonstrated the clinical applicability of thermal thresholds testing (128,129). One such 

study showed that temperature sensitivity is selectively affected when compared with VPT, 

suggesting that small nerve fibres (SNF) may be more vulnerable and the first to be involved 

in symptomatic DPN (130). 

1.7.3 Nerve Electrophysiology 

Nerve conduction studies (NCS) allow for a functional measure of both sensory and motor 

nerves and are widely used in the diagnosis and quantification of neuropathy and DPN. 

Commonly, conduction velocity, amplitude and latency are measured, providing an overall 

assessment of neuromuscular transmission. Nerves commonly tested are the peroneal (motor) 

and sural (sensory) nerves. The Toronto consensus on diabetic neuropathy recommends the 

use of NCS in combination with other tests to diagnose and characterise neuropathy (131). 

NCS are non-invasive, objective and highly sensitive but are limited by their inability to test 

small fibre function. In a 10-year follow-up study of newly diagnosed patients with Type 2 
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diabetes, defects in conduction velocity, sensory and motor amplitudes were reported in 

16.7% and 41.9% at 5 years at 10 years respectively (132). Nerve conduction abnormalities 

correlate significantly with morphologic features and QST in small fibre neuropathy (91). 

Sural nerve myelinated fibre density has been shown to correlate with summated peripheral 

nerve amplitudes and clinical deficits (133). 

1.7.4 Autonomic function testing 

Several methods exist for the functional assessment of the autonomic nervous system. The 

most commonly used tests in the context of DPN include the heart rate variability in response 

to deep breathing test and the Valsalva maneouver (134). Other tests include the quantitative 

sudomotor axon reflex test (QSART), thermoregulatory sweat testing, adrenergic autonomic 

testing (112), sympathetic skin response (135) and the recent sudomotor assessment 

Neuropad® test (136).  

Several studies in subjects with neuropathy have found abnormalities in HRV as an indicator 

of autonomic dysfunction (113,137,138). In a study in type 1 diabetics, a composite score of 

autonomic function was derived from the Valsalva manoeuvre and HRV in response to deep 

breathing and standing. Abnormal scores were found in 16.6% of subjects. 

Neuropad® sudomotor function test 

Cholinergic sympathetic function can be evaluated through a variety of available tests such as 

QSART, sympathetic skin response and thermoregulatory sweat testing (112). The 

Neuropad®, a new commercially available device, has been utilised for the diagnosis of 

peripheral autonomic dysfunction (136). The Neuropad is placed on the plantar aspect of the 
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foot for 10 min and observed for a change in colour from blue to pink depending on the 

degree of sweat production by the skin. The rate of change has been related to the severity of 

neuropathy. In a study of 102 type 2 diabetic patients, sensitivity of Neuropad was reported to 

be 94.4% and specificity 69.7% (139,140) in another study of 123 patients with type 2 DM 

found sudomotor dysfunction in 95% of the patients with neuropathy, regardless of SNF 

involvement with a sensitivity and specificity of 95% and 69.8% respectively. When 

sensitivity and specificity were recalculated for those with small fibre neuropathy they were 

found to be 99% and 78% respectively. Finally, Neuropad demonstrated similar diagnostic 

capability in detecting small fibre neuropathy to other clinical examinations. Agreement, 

inter- and intra-observer reproducibility were also excellent in a separate study (139). 

1.7.5 Corneal Confocal Microscopy (CCM) 

First developed for ophthalmic use in the 1990’s, CCM allows for the non-invasive 

visualisation of the cellular structure of the cornea with a high degree of spatial resolution 

and magnification. Although conventionally used for the diagnosis of various corneal 

epithelial disorders, CCM has proven useful in delineating the neural anatomy of the cornea 

with a high degree of accuracy. Using CCM, it is possible to measure nerve fibre length 

(NFL), density (NFD), branch density (NBD) and tortuosity (NFT). Such quantitative and 

qualitative analysis of the corneal nerves using CCM has demonstrated its potential use as a 

clinical screening tool for neuropathy in several diseases. Studies in subjects with dry eyes 

have also found a correlation between a reduction in NFD and decreased corneal sensitivity 

(141). Furthermore, NFT may represent degeneration and regeneration of corneal nerves 

(142). Other studies have been performed in healthy subjects in order to quantify the corneal 

nerves however the results have been inconsistent due to differences in the equipment and 
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analytical methods used (94,95,143). Nevertheless, grading scales and algorithms have 

previously been published for the quantitative and qualitative analysis of corneal nerves (144) 

and the search for a robust and reproducible methodology remains the subject of ongoing 

research. Some studies in healthy subjects have found an association between aging and 

decreased corneal nerve density however other studies have not confirmed these findings, 

indicating the need for further research. 

We have previously demonstrated the ability of CCM to detect early neuropathy in diabetic 

patients (145,146). We were able to demonstrate a reduction in NFL, NFT, NFD and NBD in 

diabetic subjects with peripheral neuropathy compared with healthy controls. Furthermore, 

the degree of reduction correlated with the severity of neuropathy (assessed using standard 

neuropathy tests) and corneal sensitivity was also reduced in a similar fashion. We have also 

demonstrated an improvement in corneal nerve morphology with improvements in glycaemic 

control (147). In addition to standard neuropathy tests, we compared CCM with skin biopsy 

for the qualitative and quantitative assessment of small fibre pathology in diabetic subjects. 

IENFD correlated with CNFD and IENFBD correlated with CNFBD but IENFL did not 

correlate with CNFL. Nevertheless, CCM quantifies small fibre damage rapidly and non-

invasively and detects earlier stages of nerve damage compared to IENF pathology. We have 

also performed studies in subjects with ISFN and IGT (148). These individuals were found to 

have abnormalities in electrophysiology and quantitative sensory testing. They also 

demonstrated markedly abnormal corneal nerve morphology with a significant reduction in 

NFD, NBD and NFL compared to healthy controls, however there was no difference between 

those with and without IGT. We have also demonstrated corneal nerve regeneration 
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following simultaneous kidney and pancreas transplantation as well as following 

improvements in HbA1c (149). 
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2 Human Cardiac Innervation



2.1 Introduction 

Regulation of cardiovascular reflexes, heart rate, myocardial function and coronary blood 

flow is carried out by the cardiac autonomic nervous system (ANS), which is divided into 

two functionally distinct branches; the sympathetic (SNS) and parasympathetic (PNS) 

nervous systems. The interaction between the PNS and SNS determines the cardiovascular 

response to any given physiological situation. The cardiac ANS is influenced by and interacts 

with neurones at several different levels of the human nervous system in a complex and 

integrated hierarchal system (figure 2-1) (1,2). 

 

Figure 2-1 The hierarchy of cardiac neuronal control (from Armour JA. Heart Rhythm. 2010; 7(7): 994-
6). 

  

Under resting conditions, heart rate is predominantly under the control of the PNS. SNS 

stimulation however, stimulates noradrenaline (NA) release from cardiac sympathetic nerve 

terminals, which activates post-synaptic β–receptors, resulting in positive inotropic, 

chronotropic and dromotropic effects on the heart. Damage to these cardiac nerves termed 

cardiac autonomic neuropathy (CAN), can have detrimental mechanical and 
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electrophysiological effects on cardiac function, predisposing to arrhythmogenesis, 

impairment of coronary blood flow, diastolic and systolic dysfunction and an increased risk 

of sudden death (3-6). CAN has recently attracted renewed interest in relation to several 

cardiovascular disorders, in particular heart failure (HF), which is characterized by neuronal 

loss, SNS over-activation and reduced myocardial catecholamine levels, secondary to 

increased turnover, spillover and abnormalities of NA uptake (7-12). A detailed knowledge of 

the structure and function of the human cardiac nervous system is essential to our 

understanding of the pathophysiology of CAN. Imaging of the cardiac SNS is emerging as a 

sensitive and reproducible diagnostic tool for CAN and has demonstrated potential as a 

prognostic tool to guide therapeutic interventions (13-15). 

2.2 Gross Anatomy of The Human Cardiac Nervous System 

Study of autopsy hearts has allowed for the detailed description of the macro and micro-

anatomy of human cardiac nerves. More recently, advances in immuno-histochemical 

techniques have facilitated the functional differentiation of cardiac nerves, thus enhancing our 

knowledge of cardiac autonomic control. The human heart is innervated by a vast network of 

both intrinsic and extrinsic, predominantly autonomic fibres, estimated to exceed 14,000 in 

number (16,17). The cardiac conduction system is innervated with the highest density of 

nerves, predominantly parasympathetic fibres, thus supporting the physiological findings of 

vagal dominance of control of the human heart under resting conditions (13,18). In contrast, 

the myocardium is predominantly innervated by sympathetic fibers in a heterogeneous 

pattern characterized by differences in nerve density between atria and ventricles, 

endocardium and epicardium, with significant intra-ventricular regional variations (19,20). 

Thoracic cardiopulmonary nerves containing fibers originating from the vagus nerve 

(parasympathetic), cervical and stellate ganglia (sympathetic) unite to form two 
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cardiopulmonary plexuses at the base of the heart. These plexuses give rise to three nerves, 

which project onto the heart, following the course of the three main coronary arteries (figure 

2-2 and 2-3). The left coronary cardiac nerve divides into branches that course along the 

circumflex and left anterior descending coronary arteries and the adjacent epicardium, 

whereas the left lateral cardiac nerve traverses the lateral wall of the left ventricle. The right 

coronary cardiac nerve projects along the course of the right coronary artery. 

 

Figure 2-2 Schematic representation of the human cardiac ANS (from Kimura, K et al. Circ Res 2012; 
110(2): 325–336).  
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Figure 2-3 Diagrammatic representation of the thoracic cardiopulmonary nerves (from Janes, RD et al. 
AJC 1986; 57(4): 299–309). 

In addition to extrinsic nerves, the heart also has an intrinsic nervous system consisting of 

ganglionated plexuses of interconnecting nerves in the atria and ventricles (17,21). The 

ventricular plexuses are typically found in fat surrounding the aortic root and at the origins of 

the right, left, posterior descending, right acute marginal and left obtuse marginal coronary 

arteries (figures 2-4 a and b). Sensory afferent nerves project to the upper thoracic dorsal horn 

via dorsal root ganglia and are primarily thinly myelinated A-fibers and unmyelinated C-

fibers. 

a b  

Figure 2-4 Anatomical locations of ganglionated plexuses as viewed posteriorly (a) and superiorly (b) (from Armour JA, 
The Anatomical record 1997; 247(2): 289–298). 
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2.3 Imaging of Human Cardiac Sympathetic Innervation 

Important developmental work in the 1970’s by Beierwaltes et al at Michigan University led 

to the evolution of several radiotracers for the imaging of adrenal tumours. Of the later 

generation compounds, Iodine-123 meta- iodobenzylguanidine (I-123 mIBG) established 

itself as a robust radionuclide for the imaging of the adrenal medulla (22,23) (24-26). The 

utility of I-123 mIBG scintigraphy for imaging cardiac sympathetic innervation was 

established in a number of studies including some elegant experimental work by Sisson et al 

in dogs with phenol induced regional cardiac sympathetic denervation (27,28). Further work 

established the neuronal noradrenaline (NA) transporter, uptake-1, as the primary mechanism 

for uptake and storage of I-123 mIBG into cardiac sympathetic neurones (figure 2-5) (4,23). 

This important work formed the foundation for a seminal paper published by Sisson et al in 

1987, describing the first detailed studies using I-123 mIBG to image cardiac sympathetic 

innervation in man (1,2). These early studies were followed by studies confirming abnormal 

I-123 mIBG uptake in subjects with diabetes and CAN (3-6). More recently, I-123 mIBG 

scintigraphy has been proposed as a prognostic tool in the risk stratification of heart failure 

(HF) and may also prove useful in determining which patients might benefit from 

implantable cardiac defibrillator (ICD) implantation (7-12).   

 

 

Figure 2-5 Release and uptake of NA and I-123 mIBG at the synaptic junction. (From Scott LA et al; J Nucl Med Technol 2004; 32:66–71) 
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2.4 The Pharmacology of I-123 mIBG 

 

Figure 2-6 The molecular structures of noradrenaline (norepinephrine) and I-123 mIBG (from Raffel, DM 
et al; Nuclear Medicine and Biology. 2001; 28: 541-559). 

 

I-123 mIBG is produced by modification of the NA analogue, guanethidine which is then 

radio-labelled with Iodine123 (figure 2-6). It is primarily taken up by cardiac sympathetic 

neurones via the pre-synaptic uptake-1 mechanism. Although a second mechanism, uptake-2 

also exists, I-123 mIBG is not taken up via this mechanism at current recommended dosages. 

Iodine123 largely emits gamma photons with energies of 159 keV and has a half-life of 13.2 

hours. It is not subject to metabolism by monoamine oxidase (MAO) or catechol-o-

methyltransferase (COMT), thus permitting accumulation in cardiac sympathetic nerve 

terminals at higher concentrations than NA. I-123 mIBG is also taken up by the liver, lungs 

and spleen and is almost exclusively excreted via the kidneys. Several medications are known 

to interfere with the bio-kinetics of I-123 mIBG, an extensive list of which has been 

previously published (13-15). It is recommended that such medications be withheld prior to I-

123 mIBG administration. Conventionally, subjects undergoing I-123 mIBG scintigraphy are 

given oral potassium perchlorate to block thyroid uptake. I-123 mIBG is administered 

intravenously at doses varying between 111-370 MBq at rest.  
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2.5 Imaging Protocol 

2.5.1 Image Acquisition 

Imaging protocols have differed significantly between studies using 123I-mIBG, which has 

made it difficult to compare studies. A number of factors have contributed to these 

discrepancies including choice of collimator, acquisition methods, dose of I-123 mIBG, and 

identifying regions of interest (ROI) for analysis (16,17). A recent proposal by the European 

Council of Nuclear Cardiology has provided detailed recommendations for the 

standardization of I-123 mIBG scintigraphy (13,18). General principles for imaging include 

the acquisition of planar and SPECT images at 15 minutes (early) and 240 minutes (late) 

following I-123 mIBG administration, using either a single or dual headed gamma camera. 

For planar images, the camera is positioned anteriorly and at 45 degrees left anterior oblique 

(LAO) projection, and images are acquired using a 128 x 128 matrix. For SPECT images, a 

64 x 64 matrix is used and images are acquired over 180 degrees from right anterior oblique 

(RAO) to left posterior oblique allowing for regional assessment of uptake. A 20% window is 

centred over the 159-keV photopeak of I-123 for imaging. The majority of published studies 

have used low energy general purpose (LEGP) collimators however the use of medium 

energy (MEGP) collimators may improve accuracy by reducing scatter from the 0.529 MeV 

photon, which accounts for 1.4% of I-123 mIBG emission.  
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2.5.2 Image Analysis 

Planar images (early and late) are used to quantitatively assess global uptake by means of 

calculating the relative I-123 mIBG uptake of the heart compared to the mediastinum using 

the heart to mediastinum ratio (HMR). This is achieved by drawing ROI over the heart and 

mediastinum and dividing the mean myocardial count per pixel in the myocardium by the 

mean mediastinal count per pixel to give the HMR (figure 2-7). The washout rate (WR), an 

index of sympathetic adrenergic activity and NA turnover can also be calculated from the 

planar images using the formula below.  

 

 

Figure 2-7 ROI and formulae for HMR and WR (from Carrió I, et al. JCMG 2011; 3(1): 92–100). 

Regional uptake can be quantitatively and qualitatively assessed using single photon emission 

computed tomography (SPECT) derived images. Short, horizontal long and vertical long axis 

SPECT images (figure 2-8a) are reconstructed using sophisticated computer software 

packages to generate bulls-eye plots (figure 2-8b). Each wall segment can then be either 

semi-quantitatively assessed by assigning a visual score or quantitatively assessed by 

comparing counts between regions of the left ventricle. 
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a.  

b. 

Figure 2-8 a) Short axis, vertical long axis and horizontal long axis slices of the left ventricle and b) Bulls-
eye plot based on a AHA 17 segment left ventricular model [18].  

 

2.6 Studies in Healthy Subjects 

Several studies have investigated I-123 mIBG uptake in healthy adults. Gill et al studied 

cardiac I-123 mIBG uptake in 15 healthy adults and in six subjects post orthotopic cardiac 

transplantation (19,20). Regional I-123 mIBG uptake in normal subjects was higher in the 

anterior and lateral walls of the left ventricle compared to the inferior wall. Furthermore, 

uptake was slightly reduced at the apex and base, although these differences did not reach 

statistical significance. When healthy subjects were grouped according to age, older subjects 

had significantly reduced global uptake. In the transplant group, there was no evidence of 

tracer uptake, confirming complete cardiac denervation. Tsuchimochi et al investigated the 

effects of age and sex on I-123 mIBG uptake. Although there were no differences in global 

uptake with age, there was a reduction in the inferior to anterior wall count ratio, particularly 

in males (17,21).  
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Morozumi et al, investigated the relationship between I-123 mIBG uptake and autonomic 

function in healthy adult males. They reported regional heterogeneity in I-123 mIBG uptake 

in the septum, inferior and posterior walls compared with the anterior wall (22,23). 

Furthermore, WR and HMR correlated with tests of sympathetic function whereas inferior 

wall uptake correlated negatively with tests of parasympathetic function, suggesting that 

sympathetic activity may be mediated by vagal tone in the inferior wall. Heterogeneous 

patterns of innervation, particularly affecting posterior and inferior walls have been reported 

in other studies using healthy controls (24-26). Such findings of heterogeneous innervation of 

the healthy ventricle conflict with some studies using PET (positron emission tomography) 

imaging of sympathetic innervation which indicate homogenous tracer uptake (27,28).  

Compared with 123-I mIBG, tracers used in PET are biologically more similar to NA and 

have more favourable physical properties for imaging. For example, 11C-

metahydroxyephedrine (HED) has higher uptake-1 selectivity than I-123 mIBG, resulting in 

better differentiation between innervated and denervated myocardium. However, 123-I mIBG 

scintigraphy is well established in the clinical setting, particularly in the assessment of 

adrenal tumours and unlike PET imaging, is not limited by accessibility. Furthermore, in the 

assessment of cardiac sympathetic innervation, relatively few studies have been carried out 

using PET imaging compared to 123-I mIBG scintigraphy which correlates with clinical end 

points (7). Hence for our study, we used 123-I mIBG scintigraphy and devised an imaging 

protocol based on internationally recommended standards (13). 
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2.7 Studies in Diabetic Subjects 

CAN is a recognised complication of diabetes, often present at diagnosis and is an 

independent predictor of morbidity and mortality (4,23). Several studies in diabetic cohorts 

have demonstrated the utility of I-123 mIBG scintigraphy for the detection of sympathetic 

denervation. Hattori et al studied I-123 mIBG uptake in 31 subjects with type 2 diabetes and 

12 age-matched healthy controls. The authors reported a significant reduction in late HMR 

and inferior to anterior wall count ratio but not WR in the diabetic group (29). Sub group 

analysis according to the presence and severity of peripheral neuropathy, demonstrated a 

reduction in inferior wall uptake with worsening peripheral neuropathy. In addition, there 

were non-significant differences in late HMR and global WR in the sub-group with 

neuropathy compared to those without. Abnormal I-123 mIBG uptake has also been 

described both in patients with newly diagnosed and long-standing type 1 diabetes, and 

correlates with tests of cardiac autonomic function (30-33).  

Stevens et al reported distal denervation and proximal hyper-innervation in diabetic subjects 

with severe CAN using PET imaging, suggesting a possible compensatory response to distal 

cardiac neuropathy (34). Poor glycaemic control has been shown to be associated with 

progression of cardiac neuropathy in a prospective 3-year study using PET with [11C]-meta-

hydroxyephedrine ([11C]-HED) (35). Cardiac sympathetic dysinnervation may also play a 

role in diabetic cardiomyopathy. Indeed several early studies reported associations between 

mechanical cardiac dysfunction and reductions in I-123 mIBG uptake in diabetic subjects 

(33,36,37). More recently, Sacre et al reported an independent association between CAN and 

measures of myocardial functional reserve in a cohort of subjects with type 2 diabetes (38). In 

the sub-group who underwent I-123 mIBG scintigraphy, global uptake (HMR) correlated 
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with CAN, diastolic and peak systolic function. Regional uptake correlated with regional 

diastolic parameters exclusively in the anterior and lateral mid-wall segments.  

2.8 Studies in Subjects with IGT 

In the only published study using I-123 mIBG scintigraphy in a pre-diabetic cohort, Diakakis 

et al reported a reduction in HMR and increased WR in subjects with IGT compared with 

healthy controls. Regional analysis revealed severe defects in mIBG uptake involving the 

inferior wall and apex in almost half of the IGT group (39). They also reported a correlation 

between levels of circulating pro-inflammatory cytokines and WR suggesting a role for 

inflammation in the pathogenesis of cardiac autonomic neuropathy. 
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3.1 Abstract 

Background: Global 123I-mIBG (MIBG) uptake is predictive of cardiovascular events and 

mortality in subjects with heart failure (HF). Normal variations in global and regional uptake 

however, are not well defined and few studies have addressed the functional relevance of 

MIBG uptake and distribution in healthy subjects.  

Methods and Results: We undertook MIBG scintigraphy and cardiac autonomic function 

testing using standardized methodology in 15 healthy subjects (mean age 54.6±5.3 years, 

M:F 10:5) with no evidence of previous MI or ischaemic heart disease (IHD). Early heart to 

mediastinum ratio (HMR) was 1.67±0.13, late HMR 1.73±0.16 and washout rate (WR) 

19.09±7.63% (4.20-31.30). Regional analysis revealed reduced tracer uptake at the apex, base 

and inferior wall in all subjects. Early and late HMR correlated negatively with RFa (r=-

0.603; p=0.05 and -0.644; p=0.033) and E/I ratio (r=-0.616; p=0.043 and -0.676; p=0.022) 

and positively with LFa/RFa (r=0.711; p=0.014 and 0.784; p=0.004). WR correlated only 

with RFa (r=0.642, p=0.033). 

Conclusion: Healthy adults demonstrate a heterogeneous pattern of cardiac innervation with 

reduced regional uptake of MIBG. Furthermore, HMR correlates with indices of cardiac 

sympathetic function, suggesting that it might not only be a useful prognostic marker but may 

also provide insight into the functional integrity of the cardiac autonomic nervous system. 
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Abbreviations 

CAN: Cardiac autonomic neuropathy 

HMR: Heart mediastinum ratio 

LVMI: Left ventricular mass index 

MIBG: 123I-meta-iodobenzylguanidine 

SPECT: Single photon emission computed tomography 

WR: Washout rate 
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3.2 Introduction 

123I-meta-iodobenzylguanidine (MIBG) scintigraphy allows for the qualitative and 

quantitative global and regional assessment of cardiac sympathetic innervation and 

demonstrates cardiac denervation in a variety of pathologies [1]. Recently, MIBG has 

emerged as an important tool in the risk stratification of patients with heart failure (HF) [2, 

3]. The utility of the late heart to mediastinum ratio (HMR) as a prognostic indicator in HF 

was demonstrated in the ADMIRE-HF study in which a late HMR <1.6 was associated with 

an event rate of 37% over two years for HF progression, arrhythmia or death [4]. More 

recently combined analyses of several studies using MIBG have shown considerably 

improved risk stratification for events in patients with heart failure [5], arrhythmic sudden 

cardiac death [6, 7], 5 year cardiac mortality [8] and long term prognosis [9]. In addition to 

measures of global innervation, single photon emission computed tomography (SPECT) 

derived innervation scores are predictive of ventricular arrhythmias and may be useful in the 

risk stratification of subjects undergoing implantable cardiac defibrillator implantation [10, 

11]. However, in patients with Parkinson’s disease and autonomic neuropathy, orthostatic 

symptoms and heart rate variability showed no relationship to cardiac MIBG uptake, 

suggesting a discordance between structure and function [12].  

However, variations in global and regional uptake in healthy individuals are not well defined 

and indeed have urged the need for standardizing imaging protocols [13]. Early studies in 

healthy subjects were limited by variations in methodology and methods of interpretation and 

very few studies have addressed the functional relevance of MIBG uptake in healthy subjects. 

In a recent study however, an increase in cardiac presynaptic sympathetic activity was 

associated with reduced heart rate variability (HRV) in subjects with no evidence of 

myocardial ischaemia [14]. The purpose of this study was to define global and regional 
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cardiac sympathetic innervation in healthy adults using standardized methodology and to 

investigate the relationship with cardiac sympathetic function. 

3.3 Methods 

Global and regional cardiac sympathetic innervation, were quantified using MIBG 

scintigraphy in a cohort of healthy subjects. The study protocol was approved by the Central 

Manchester Research Ethics Committee. Written informed consent, according to the 

declaration of Helsinki, was obtained from all participants. 

3.3.1 Patient Selection 

Inclusion criteria were healthy male or female subjects aged 18-75 years. Exclusion criteria 

included any history of cardiac disease, diabetes, severe systemic disease (e.g. congestive 

cardiac failure, rheumatoid disease, systemic lupus erythematosus), chronic kidney disease, 

peripheral vascular disease, neuropathy and any contraindication to MIBG or CMR imaging.  

3.3.2 Study Protocol 

All study participants underwent an initial assessment including medical history; clinical 

examination and 12 lead ECG. Within two weeks of MIBG scintigraphy, all participants 

underwent CMR imaging to assess cardiac structure and function, to exclude previous MI 

with late Gadolinium enhancement (LGE). In addition, we performed adenosine stress CMR 

to exclude ischaemic heart disease. All medications known to affect the uptake of MIBG 

were omitted and thyroid blockade was achieved by oral administration of potassium 

perchlorate 170 mg on the evening prior to MIBG imaging. 
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Autonomic Function Testing 

Cardiovascular autonomic function testing was carried out on the day of MIBG imaging. The 

ANX 3.0 autonomic monitoring system (ANSAR Medical Technologies, Inc., Philadelphia, 

PA) was used to perform spectral analysis of heart rate variability (HRV) during standard 

tests of cardiovascular reflexes [15]. We assessed parameters of HRV during expiration and 

inspiration (E/I), Valsalva maneuver (VM), response to standing (30:15 ratio) and postural 

drop in systolic blood pressure. In addition, the low frequency area (LFa) to respiratory 

frequency area (RFa) ratio; an estimate of sympathovagal balance, was determined. 

3.3.3 I-123 mIBG Scintigraphy  

Data Acquisition  

123I-mIBG 185 MBq (AdreView-GE Healthcare) was administered intravenously by slow 

(1-2 min) injection through a peripheral venous cannula. All images were acquired using a 

Siemens Symbia T6 gamma camera (Siemens Healthcare) at 10 (early) and 240 minutes 

(late) post injection of MIBG. Planar images were acquired with a low energy high-resolution 

(LEHR) collimator, 159 keV ± 15% energy window, 128 × 128 image matrix, and zoom of 

1.0 (pixel size 4.8 mm) for 15 minutes. SPECT images were acquired over a 180° orbit from 

the right anterior oblique to left posterior oblique positions with medium energy general 

purpose (MEGP) collimators, 159 keV ± 15% energy window, 64 × 64 image matrix, zoom 

of 1.45 (pixel size 6.6 mm) and 64 projections at 30 seconds per projection.  
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Data Analysis 

Image processing was undertaken independently by a cardiology research fellow (OA) and an 

experienced nuclear cardiologist (PA); both blinded to clinical information. An average value 

of the two analyses was used except where there was a significant discrepancy (>10%) in 

which case images were reviewed and re-analysed. Global MIBG uptake was assessed in the 

early and late planar images by drawing an elliptical region of interest (ROI) over the whole 

heart and a 7×7 pixel square ROI in the upper mediastinum. The HMR was then calculated 

by dividing the mean myocardial count per pixel by the mean mediastinal count per pixel. 

Washout rate (WR), an index of sympathetic tone, was calculated from the planar data using 

the formula: 

    Washout = 
!!!(

!!
!!)

!!
 

CE = myocardial count on early image, CL = myocardial count on late image, df = decay 

factor (physical decay of 123I-mIBG between early and late images). 

SPECT images were processed to derive short and long axis (vertical and horizontal) slices 

using iterative reconstruction with resolution recovery (Siemens Flash 3D), with 6 iterations, 

8 subsets and an 8.4 mm Gaussian post-filter. Segmental analysis was performed using a 17 

segment left ventricular model. Tracer uptake (mean count per pixel) was expressed as a 

percentage of maximal tracer uptake and segments were assigned a score based on this 

percentage; <50% = 4, 50-59% = 3, 60-74% = 2 and >75% = 1. The total segmental score 

was calculated. In addition, we calculated a modified score (total segmental score - apex and 

inferior [apical, mid and basal] segments) to correct for reduced innervation in these regions. 
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3.3.4 Statistical Analysis 

SPSS Statistics for Mac version 20 (IBM corporation, New York USA) was used for all 

statistical analysis. All data are expressed as mean ± SD and the Shapiro-Wilk test was used 

to determine normality of data. Pearson correlation was used to determine associations 

between HMR, WR, SPECT scores and indices of autonomic function. 

3.4 Results 

15 subjects (10 males, 5 females) underwent assessment however one male subject was 

excluded on the basis of an incidental finding of atrial flutter and LV impairment (LVEF 

48%). The remaining 14 participants successfully completed the imaging protocol and CMR 

imaging did not reveal any abnormality in cardiac structure, function or stress perfusion. The 

demographic and clinical data are detailed in Table 3-1. LV mass (LVMI 51.1±10.7 g/m2) 

and ejection fraction (LVEF 61.0±6.4 %) were both within normal limits.  There were no 

differences in LV mass (110.0±25.2 vs 84.0±16.6 g) or LVMI (52.6±11.3 vs 48.4±10.1 g/m2) 

between males and females. 

3.4.1 Autonomic Function Testing 

The results of autonomic function testing are summarized in Table 3-2. The E/I ratio was 

1.2±0.1, Valsalva ratio 1.4±0.2, 30:15 ratio 1.2±0.1 and LFa/RFa ratio 2.4±2.5. 
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3.4.2 MIBG Scintigraphy  

The results of MIBG scintigraphy are detailed in Table 3-3. A Bland Altman plot 

demonstrating inter-observer agreement for analysis of HMR is shown in figure 3-1. The 

early HMR was 1.67±0.13, late HMR 1.73±0.16 and WR 19.1±7.6 % (Figure 3-2). 

Qualitative assessment of the SPECT images revealed a consistent reduction of tracer uptake 

at the cardiac apex, base and inferior wall in all subjects (Figure 3-3). The total segmental 

score was 28±4 and modified score 20±3. Both early and late HMR correlated negatively 

with RFa (r=-0.603; p=0.05 and r=-0.644; p=0.033) and E/I ratio (r=-0.616; p=0.041 and r=-

0.676; p=0.022) and positively with LFa/RFa (r=0.711; p=0.014 and r=0.784; p=0.004) 

(Figure 3-4). HMR did not correlate with any other indices of autonomic function. WR 

correlated only with RFa (r=0.642, p=0.033). Total segmental score (r=0.658; p=0.028) and 

modified score (r=0.713; p-0.014) both correlated with RFa.  

3.5 Discussion 

The human myocardium is predominantly innervated by sympathetic fibers in a distribution 

characterized by differences in nerve density between atria and ventricles, endocardium and 

epicardium with significant intra-ventricular regional variations [16-18]. Originally 

developed as a radionuclide for imaging adrenal tumours, MIBG has emerged as a promising 

tool for the assessment of the cardiac sympathetic nervous system [19]. Early observational 

studies using MIBG reported homogenous tracer uptake in young healthy subjects compared 

to reduced uptake at the apex and inferior wall in healthy older adults [20-22]. This 

heterogeneous pattern of uptake was confirmed in subsequent studies which also reported the 

effects of age and sex on tracer uptake [23-25]. More recently however, the ADMIRE-HF 

study failed to demonstrate an association between age and MIBG uptake in older healthy 

controls [26]. Studies using positron emission tomography (PET) with 11C-labeled 
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hydroxyephedrine ([11C]-HED) have reported similar homogenous uptake in young healthy 

adults and heterogeneity in older controls [27-29]. In our study we confirm regional 

heterogeneity in MIBG uptake predominantly affecting the apex, base and inferior wall in 

older healthy adults. Such findings are likely explained by the preferential sympathetic and 

parasympathetic innervation of the anterior and inferior walls respectively. 

Whilst HMR shows considerable promise as a prognostic indicator in a variety of clinical 

contexts, there is to date no universally accepted normal range. Thus HMR values for healthy 

adults reported in the literature have varied between studies primarily due to differences in 

methodology and interpretation, rendering calls for the standardization of MIBG scintigraphy 

[13, 30, 31]. Although our imaging protocol was devised according to internationally 

recommended standards, we note that late HMR in our subjects was lower than that reported 

in ADMIRE-HF controls (1.77±0.23; range 1.09-2.40). This discrepancy could be explained 

by a number of factors. Our study involved a much smaller group with a narrower range of 

age and BMI than the ADMIRE-HF controls. Furthermore, in ADMIRE-HF, there was a 

trend towards a reduction in late HMR with age in control subjects, albeit non-significant 

[32]. A technical factor that may also have influenced HMR values is the degree of septal 

penetration of the collimators used. A recent study has suggested that LEHR collimators from 

Siemens and Philips provide comparable HMR results [33]. However, our experience of the 

LEHR collimators supplied by Siemens suggests that they exhibit a higher degree of septal 

penetration compared with LEHR collimators from GE. Hence this increased septal 

penetration would have reduced HMR in our subjects. Another explanation for higher HMR 

in ADMIRE-HF may be the range of cameras used in the study. This highlights the 

importance of understanding the performance of the particular manufacturer’s collimators 

and demonstrates that normal ranges for HMR may not be transferable between 

manufacturers. 
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Spectral analysis of HRV and respiratory activity allow for real time, quantitative, 

independent and simultaneous measures of parasympathetic and sympathetic activity at rest 

and in response to physiological challenges. The low frequency component (LFa) of HRV 

relates to sympathetic activity, the respiratory frequency (RFa) corresponds to 

parasympathetic activity and the ratio of LFa/RFa is an index of sympathovagal balance. 

Morozumi et al reported a correlation between WR and the LF component of HRV in fifteen 

healthy male subjects [22] however in a more recent study, HRV did not correlate with 

MIBG for the detection of CAN in type 2 diabetic subjects [34]. A major flaw of the latter 

study was that 60% of all reported defects in MIBG uptake involved the inferior wall (46%) 

and apex (14%). Subsequently, 45% of subjects with normal HRV were labeled as having an 

abnormal 123I-mIBG study. In contrast, 92% with abnormal HRV had abnormalities in 

MIBG uptake. However, in a recent study of subjects without myocardial ischaemia, WR was 

inversely correlated with indices of HRV derived from ambulatory ECG recordings 

suggesting sympathetic over activity however this correlation was only significant in the very 

low frequency band (VLF) [14]. 

In our study, although HMR correlated negatively with RFa and positively with LFa/RFa as 

expected, WR correlated positively with RFa, a finding inconsistent with those of previous 

studies. This unexpected finding may be explained by the small numbers in our study and the 

possibility of a type 1 statistical error due the outliers in the group. Nevertheless, the nature of 

this relationship in the context of cardiac neuropathy remains to be established and requires 

further study. 
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Although our study population was small, we performed detailed structural and functional 

assessment by CMR imaging. Hence we were able to exclude clinical and subclinical cardiac 

disease and report normal LV mass and ejection fraction in these individuals. In addition, our 

robust MIBG methodology adds to the significance of our findings. Clearly, there is a need 

for further research to determine the functional significance of cardiac MIBG and establish it 

as a diagnostic tool and guide to therapeutic intervention 
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Table 3-1. Clinical and CMR characteristics of study subjects. (Data are expressed as Mean ± SD). 

   

  

Age (Years) 54.6±5.4 

BMI (Kg/m2) 27.0±3.1 

Systolic BP (mm Hg) 118±11 

Diastolic BP (mm Hg) 72±10 

Fasting Glucose (mg/dl) 86.4±9.0 

HbA1c (%) 5.3±1.5 

Total Chol (mg/dl) 90.0±13.5 

LDLc (mg/dl) 52.2±10.8 

HDLc (mg/dl) 28.8±7.2 

Triglyceride (mg/dl) 29.8±9.0 

LVMI (g/m2) 51.1±10.7 

LVEF (%) 61.0±6.4 
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Table 3-2 MIBG global and regional analysis. (Data are expressed as Mean ± SD).   

  

Early HMR 1.67±0.13 

Late HMR 1.73±0.16 

Washout Rate (%) 19.1±7.6 

Total Segmental Score 28.4±4.0 

Modified Segmental Score 20.1±3.2 
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E/I ratio 1.2±0.1 

Valsalva ratio 1.4±0.2 

30:15 ratio 1.2±0.1 

LFa/RFa 2.4±2.5 

Table 3-3 HRV indices of autonomic function. (Data are expressed as Mean ± SD). 
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Figure 3-1 Bland Altman plot demonstrating inter-observer agreement (β= -0.176) for HMR with 95% 
limits of agreement (dashed lines). 

 

 

A           B 

Figure 3-2 Scatter plots of HMR (A) and WR (B).  
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A 

 

B 

Figure 3-3 A) SPECT reconstructed images and B) bull’s eye plot of the normal innervation pattern. Note 
the reduced tracer uptake at the apex, base and inferior wall. 
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A          B 

  

C          D 

Figure 3-4 Correlations of late HMR with RFa (A), LFa/RFa (B), E/I (C) and WR with RFA (D). 
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4.1 Abstract 

Background: Impaired glucose tolerance (IGT) is associated with an increased risk of type 2 

diabetes (T2DM) and cardiovascular disease. Some but not all studies have reported cardiac 

autonomic dysfunction in subjects with IGT and there is only one direct study of cardiac 

innervation in subjects with IGT. The purpose of this study was to assess global and regional 

cardiac sympathetic innervation and cardiac autonomic function in individuals with IGT.  

Methods and Results: We undertook 123I-mIBG scintigraphy and cardiac autonomic 

function in 15 subjects with IGT and 15 age and sex matched healthy controls. Early heart to 

mediastinum ratio (HMR) (1.71±0.17 vs 1.67±0.13, p=0.49), late HMR (1.73±0.18 vs 

1.73±0.16, p=0.97) and washout rate (WR) (18.6±4.2 vs 19.1±7.6 %, p=0.84), did not differ 

between subjects with IGT and control subjects. More detailed regional analysis revealed 

reduced tracer uptake at the apex, base and in inferior wall in both subjects with IGT and 

controls. Two subjects with IGT had reduced uptake in the anterior wall. There were no 

differences in total segmental score (53.3±8.4 vs 56.6±4.0, p=0.193), modified score 

(46.2±6.0 vs 48.5±3.3, p=0.215) and tests of cardiac autonomic function between the groups.  

Conclusion: Global and regional measures of MIBG uptake and washout as well as cardiac 

autonomic function did not differ between subjects with IGT and healthy controls. 
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4.2 Introduction 

Impaired glucose tolerance (IGT) is a clinically silent, altered state of glycaemia and a 

precursor to type 2 diabetes mellitus (T2DM). Epidemiological data suggest that IGT may be 

an independent predictor of cardiovascular (CV) morbidity and mortality (1-3). This 

increased risk has been attributed to the early development of cardiovascular disease (CVD) 

as reported in several observational studies demonstrating sub-clinical structural and 

functional cardiovascular abnormalities in IGT (4-11). However, there is a substantial body 

of evidence demonstrating that microvascular complications also develop in subjects with 

IGT (12). Of relevance cardiac autonomic neuropathy (CAN) is an independent predictor of 

mortality in patients with T2DM (13).  

Cardiac autonomic neuropathy has been reported in subjects with IGT (14,15), although in 

our recent study, subjects with IGT had a significant abnormality in warm and cold 

thresholds, intraepidermal nerve fiber density and corneal nerve morphology, but no 

abnormality in heart rate variability with deep breathing (HRVdb) (16). Furthermore, in a 

recent study patients with T2DM were shown to have higher resting muscle sympathetic 

nerve activity, arterial norepinephrine levels and lower plasma norepinephrine clearance with 

reduced neuronal reuptake compared to subjects with IGT (17). These data therefore suggest 

the need for more precise assessment of autonomic innervation in subjects with IGT, before 

they are labeled as having significant cardiac autonomic neuropathy.  

Imaging of the cardiac sympathetic nerves has emerged as a powerful prognostic indicator for 

heart failure (HF) and ventricular arrhythmias (18-22). 123I-meta-iodobenzylguanidine 

(MIBG) scintigraphy allows for the global and regional assessment of cardiac sympathetic 

innervation and has been used to demonstrate cardiac sympathetic denervation in diabetic 

subjects (23). Furthermore, the prognostic utility of MIBG scintigraphy in diabetic subjects 
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was demonstrated in the ADMIRE-HF study in which a heart to mediastinum ratio (HMR) 

≤1.6 carried a threefold increase in the risk of HF progression over 2 years of follow up 

(24,25). In addition, studies using MIBG scintigraphy in patients with T1DM and T2DM 

have demonstrated associations between CAN, myocardial blood flow and mechanical 

dysfunction (26-28). To date there have been no such studies in subjects with IGT. 

4.3 Methods 

Global and regional cardiac sympathetic innervation was quantified using MIBG scintigraphy 

in a well-defined cohort of subjects with IGT and healthy controls. The study protocol was 

approved by the Central Manchester Research Ethics Committee. Written informed consent, 

according to the declaration of Helsinki, was obtained from all participants on enrolment to 

the study. 

4.3.1 Patient Selection 

Inclusion criteria were male or female subjects aged 18-75 years with a diagnosis of IGT 

(glucose 7.8-11.1 mmol/l, 2 hours post oral glucose challenge), identified from our 

institutional database. In addition, we invited healthy males and females aged 18-75 to act as 

controls. All positive responders underwent repeat oral glucose tolerance testing (OGTT) on 

induction to the study to confirm glycaemic status. Prior to MIBG scintigraphy, all 

participants underwent CMR imaging to exclude previous myocardial infarction, ischaemic 

heart disease, heart failure and structural heart disease. Exclusion criteria included any history 

of diabetes, cardiac disease, severe systemic disease (e.g. congestive cardiac failure, 

rheumatoid disease, SLE), chronic kidney disease (serum creatinine >250 umol/l), peripheral 

vascular disease or neuropathy.  
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4.3.2 Study Protocol 

All study participants underwent an initial assessment including medical history, clinical 

examination and 12 lead ECG. All medications known to affect the uptake of MIBG were 

omitted and thyroid blockade was achieved by oral administration of potassium perchlorate 

500mg on the evening prior to imaging. Cardiovascular autonomic function testing was 

carried out on the day of imaging. 

Autonomic Function Testing 

The ANX 3.0 autonomic monitoring system (ANSAR Medical Technologies, Inc., 

Philadelphia, PA) was used to perform spectral analysis of heart rate variability (HRV) 

during standard tests of cardiovascular reflexes. We assessed parameters of HRV during 

expiration and inspiration (E/I), Valsalva maneuver (VM), response to standing (30:15 ratio) 

and postural drop in systolic blood pressure. In addition, the low frequency area (LFa) to 

respiratory frequency area (RFa) ratio; an estimate of sympathovagal balance, was 

determined. 

4.3.3 I-123 mIBG Scintigraphy  

Data Acquisition  

123I-mIBG 185MBq (AdreView-GE Healthcare) was administered intravenously by slow (1-

2 min) injection through a peripheral venous cannula. All images were acquired using a 

Siemens Symbia T6 gamma camera (Siemens Healthcare) at 10 (early) and 240 minutes 

(late) post injection of MIBG. Planar images were acquired with a low energy high-resolution 

collimator, 159 keV ± 15% energy window, 128 × 128 image matrix, and zoom of 1.0 (pixel 

size 4.8 mm) for 15 minutes. SPECT images were acquired over a 180° orbit from the right 
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anterior oblique to left posterior oblique positions with medium energy general purpose 

collimators, 159 keV ± 15% energy window, 64 × 64 image matrix, zoom of 1.45 (pixel size 

6.6 mm) and 64 projections at 30 seconds per projection.  

Data Analysis 

Image processing was undertaken by a cardiology research fellow (OA) and an experienced 

nuclear cardiologist who were blinded to clinical information. Average values were used 

except where there was a significant discrepancy between the two analyses in which case 

images were reviewed and re-analysed. Global MIBG uptake was assessed in the early and 

late planar images by drawing regions of interest (ROI) over the whole heart and the upper 

mediastinum. The heart to mediastinum ratio (HMR) was then calculated by dividing the 

mean myocardial count per pixel by the mean mediastinal count per pixel. Washout rate 

(WR), an index of sympathetic tone, was derived using the planar images by calculating the 

percentage of tracer release between early and late images.  

SPECT images were processed to derive short and long axis (vertical and horizontal) slices 

using iterative reconstruction with resolution recovery (Siemens Flash 3D), with 6 iterations, 

8 subsets and an 8.4 mm Gaussian post-filter. Segmental analysis was performed using a 17 

segment left ventricular model and tracer uptake (mean count per pixel) was determined and 

expressed as a percentage of maximal tracer uptake. Each segment was assigned a score 

based on tracer uptake; <50% = 1, 50-59% = 2, 60-74% = 3 and >75% = 4. The total 

segmental score was calculated in addition to a modified score, which excluded the apical 

and inferior wall segments. 
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4.3.4 Statistical Analysis 

SPSS Statistics for Mac version 20 (IBM corporation, New York USA) was used for all 

statistical analysis. All data are expressed as mean ± SD and the Shapiro-Wilk test was used 

to determine normality of data. The unpaired T test was used to compare normally distributed 

data between groups and the Mann Whitney U test was used for non-parametric data. A two-

tailed P-value of less than 0.05 was considered statistically significant. 

4.4 Results 

15 subjects with IGT (10 males, 5 females) and 15 healthy control subjects (10 males, 5 

females) underwent assessment. One male control subject was excluded on the basis of an 

incidental ECG finding of atrial flutter and LV impairment (LVEF 48%) on CMR. The 

remaining participants successfully completed the imaging protocol and CMR imaging did 

not reveal any abnormality in cardiac structure, function or stress perfusion. In the IGT 

group, two subjects were taking statin therapy and one subject was taking an angiotensin 

converting enzyme inhibitor.  

The demographic and clinical data are detailed in Table 4-1. Both groups were age and sex 

matched. Subjects with IGT had a significantly greater BMI (32.4±6.3 vs 27.0±3.1 Kg/m2, 

p<0.05) and triglycerides (2.0±0.9 vs 1.1±0.5 mmol/l, p<0.05) and lower HDL cholesterol 

(1.2±0.4 vs 1.6±0.4 mmol/l, p<0.05) compared to healthy controls. There were no differences 

in LVEF (61.1±5.4 vs 61.0±6.4 %, p=0.96) or left ventricular mass index (LVMI) (47.6±8.8 

vs 51.1±10.7 g/m2, p=0.32) between the two groups.   
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4.4.1 Autonomic Function Testing 

There were no differences in autonomic function indices between the groups: (E/I ratio: 

1.2±0.1 vs 1.2±0.1, p=0.13), (Valsalva ratio: 1.2±0.3 vs 1.4±0.2, p=0.08), (30:15 ratio: 

1.2±01 vs 1.2±0.1, p=0.37), (LFa/RFa ratio: 2.1±2.3 vs 2.4±2.5, p=0.79) (Table 4-2). 

4.4.2 I-123 mIBG Scintigraphy  

There were no differences in early HMR (1.71±0.17 vs 1.67±0.13, p=0.49), late HMR 

(1.73±0.18 vs 1.73±0.16, p=0.97) and WR (18.6±4.2 vs 19.1±7.6 %, p=0.84) between 

subjects with IGT and controls (Table 4-3 and figures 4-2, 4-3). Qualitative assessment of the 

SPECT images revealed a consistent reduction of tracer uptake in subjects with IGT and in 

control subjects at the cardiac apex, base and inferior wall. Furthermore, in two of the IGT 

group, there was reduced tracer uptake in the anterior wall (Figure 4-3) however these 

deficits did not significantly impact on HMR which was greater than 1.6 in both cases. There 

were no significant differences in the total segmental score (53.3±8.4 vs 56.6±4.0, p=0.193) 

and modified score (46.2±6.0 vs 48.5±3.3, p=0.215) in subjects with IGT compared to 

controls.  

4.5 Discussion 

CAN is a recognised complication of both T1DM and T2DM, often present at diagnosis in 

T2DM and is an independent predictor of morbidity and mortality (13,29). Abnormal MIBG 

uptake has been shown in subjects with newly diagnosed and long duration type 1 DM and 

correlates with tests of cardiac autonomic function (30-33). Similar findings have been 

reported in studies using [11C]-HED PET imaging (34). More recently, Sacre et al reported 

an independent association between CAN and measures of myocardial functional reserve in 
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subjects with T2DM (26). In a sub set of patients who underwent MIBG scintigraphy, HMR 

correlated with CAN and parameters of diastolic and systolic function.  

In the only study published to date in subjects with IGT, late HMR was significantly reduced 

compared to healthy controls (35). They reported regional defects in innervation, 

predominantly in the apex and inferior wall in the vast majority (20/22) of the IGT cohort. In 

the present study we show that these are in fact normal findings in healthy subjects as 

previously described in the literature (36-40). Another major limitation of their study was the 

highly selected nature of the IGT cohort in which most subjects had a positive family history 

of DM. In contrast, we demonstrate normal global and regional MIBG uptake in a cohort of 

uncomplicated subjects from primary care with IGT, compared to age and sex matched 

healthy controls. Although HMR in our healthy controls was lower than in ADMIRE-HF 

(1.76±0.23; range 1.09-2.40), the age range and BMI of our control subjects were narrower. 

The disparity in HMR may also be explained by differences in imaging protocols between the 

studies. Our imaging protocol was based on internationally recommended standards (41,42) 

however in ADMIRE-HF, they used a higher MIBG dose (370MBq), low energy high 

resolution (LEHR) collimators (43), filtered back projection (FBP) for SPECT image 

processing and qualitative regional assessment. Iterative reconstruction and resolution 

recovery methods for SPECT in or study allowed us to use a lower (185MBq) MIBG dose 

thus reducing activity to the patient in our study. The choice of collimator is a well 

recognised cause of variability in HMR and in our study, we used a MEGP collimator which 

reduces scatter thus improving spatial resolution and provides superior image contrast 

(44,45). Given the relatively wide range of late HMR values in the IGT and control groups, 

the possibility of a type II statistical error could not be excluded.  
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Using spectral analysis of HRV, we also confirm normal autonomic function in our IGT 

group who underwent a robust cardiac assessment including detailed structural and functional 

cardiac phenotyping using gold standard imaging modalities, notably CMR. Previous studies 

have reported conflicting findings for the presence of CAN in subjects with IGT. In the 

Finnish Diabetes Prevention Study of 268 subjects with IGT, the prevalence of 

parasympathetic and sympathetic dysfunction was 25 and 5% respectively however the 

presence of parasympathetic dysfunction was associated with age and obesity (46). Similarly, 

Putz et al reported the presence of CAN in subjects with IGT however their cohort did not 

undergo any cardiovascular assessment to exclude cardiovascular disease (14). Our findings 

are consistent with those reported by Isak et al who did not find any differences in HRV in a 

group of subjects with IGT compared to age-matched healthy controls (47). 

In summary subjects with IGT and an adverse CV risk profile had no evidence of cardiac 

autonomic neuropathy. We have now gone one step further and show no evidence of either 

regional or global sympathetic denervation using MIBG scintigraphy. CAN may represent a 

late manifestation of IGT and abnormalities in cardiac MIBG scintigraphy may not become 

apparent until advanced CAN.  
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Table 4-1 Clinical and CMR characteristics of study subjects. (Data are expressed as Mean ± SD). 

   

 CONTROL IGT P 

Age (Years) 54.6±5.4 56.9±9.0 0.41 

BMI (Kg/m2) 27.0±3.1 32.4±6.3 0.007 

Systolic BP (mm Hg) 118±11 124±14 0.17 

Diastolic BP (mm Hg) 72±10 74±10 0.63 

Fasting Glucose (mmol/l) 4.8±0.5 6.0±0.8 <0.001 

2h Glucose (mmol/l) 5.3±1.3 9.4±1.3 <0.001 

HbA1c (%) 5.3±1.5 5.9±0.5 0.18 

Total Chol (mmol/l) 5.0±0.75 4.8±1.4 0.49 

LDLc (mmol/l) 2.9±0.6 2.8±1.1 0.94 

HDLc (mmol/l) 1.6±0.4 1.2±0.4 0.022 

Triglyceride (mmol/l) 1.1±0.5 2.0±0.9 0.003 

LVMI (g/m2) 51.1±10.7 47.6±8.8 0.32 

LVEF (%) 61.0±6.4 61.1±5.4 0.96 
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Table 4-2 MIBG global and regional analysis. (Data are expressed as Mean ± SD).   

 CONTROL IGT P  

Early HMR 1.67±0.13 1.71±0.17 0.49 

Late HMR 1.73±0.16 1.73±0.18 0.97 

Washout Rate (%) 19.1±7.6 18.6±4.2 0.84 

Total Segmental Score 56.6±4.0 53.3±8.4 0.19 

Modified Segmental Score 48.5±3.3 46.2±6.0 0.22 
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 CONTROL IGT P 

E/I ratio 1.2±0.1 1.12±0.1 0.13 

Valsalva ratio 1.4±0.2 1.2±0.3 0.09 

30:15 ratio 1.2±0.1 1.2±0.1 0.37 

LFa/RFa 2.4±2.5 2.1±2.3 0.79 

 

Table 4-3 HRV indices of autonomic function. (Data are expressed as Mean ± SD). 
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Figure 4-1 Scatter plot of late HMR in IGT vs Controls 

 

 

Figure 4-2 Scatter plot of WR in IGT and Controls. 
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A 

 

B 

                    

C              D 

Figure 4-3SPECT reconstructed images and bull’s eye plots of a control subject with a normal innervation 
pattern (A and C) and a subject with IGT (B and D). Note the reduced tracer uptake particularly in the 
anterior and lateral segments despite normal global uptake (late HMR 1.88). 
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5.1 Abstract 

Objective: To determine whether medalists exhibit cardiac sympathetic denervation on 

MIBG scintigraphy and cardiac autonomic neuropathy.Research Design and Methods: We 

assessed cardiac sympathetic innervation in 15 subjects with type 1 diabetes of extreme 

duration and 15 healthy adults using standardised MIBG scintigraphy and cardiovascular 

reflex tests. Prior to MIBG imaging, CMR imaging was performed in all subjects to exclude 

abnormalities of cardiac structure, function and perfusion. 

Results: There were no differences in global uptake (early HMR 1.67±0.18 vs 1.67±0.13; 

P=0.987), (late HMR 1.61±0.22 vs 1.73±0.16, P=0.105) or washout rate (WR) (22.0±6.9 vs 

19.1±7.6%; P=0.302) between the diabetic group and controls. Regional assessment revealed 

reduced MIBG uptake at the cardiac apex, base and inferior wall in diabetic subjects and 

controls which were more pronounced in the diabetic group. The inferior (6.6±3.1 vs 9.2±1.4; 

P=0.009), apical (11.5±4.1 vs 15.8±2.7; P=0.003) and basal (17.1±2.4 vs 18.9±1.8; P=0.041) 

uptake scores were significantly lower in the diabetic group. Diabetic patients had a lower 

Valsalva ratio (1.2±0.2 vs 1.4±0.2; P=0.009) and RFa (0.5±0.9 vs 1.1±1.0, P=0.028) but there 

were no differences in resting heart rate (74±12 vs 65±11 bpm; P=0.124), QTc (400±18 vs 

386±23 ms; P=0.073), E/I ratio (1.2±0.2 vs 1.2±0.1; P=0.109), 30:15 ratio (1.1±0.3 vs 

0.9±0.5; P=0.781), LFa (0.8±1.3 vs 1.2±1.3; P=0.705) and LFa/RFa (2.5±2.2 vs 2.3±2.7; 

P=0.975) between the groups.  

Conclusions: Subjects with type 1 diabetes of extreme duration of diabetes exhibit normal 

global uptake and washout of MIBG and only minimal cardiac autonomic dysfunction. 
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5.2 Introduction 

The term “medalists” has been used to represent a unique group of individuals who have 

survived over 50 years of type 1 diabetes. The Joslin 50 year Medalist study identified a sub-

group of this cohort (escapers) who had remained free of micro and macrovascular 

complications (1,2). A major limitation of this study however was that the definition of 

cardiovascular disease (CVD) was based on clinical history alone. Furthermore, peripheral 

neuropathy but not cardiac autonomic neuropathy (CAN) were assessed. CAN is a common 

complication of both type 1 and 2 diabetes and a strong independent risk factor for CV 

morbidity and mortality (3,4). This elevated risk may be attributable to features of advanced 

CAN, including cardiac arrhythmias, silent myocardial ischemia (SMI), lack of 

hypoglycaemia awareness and sudden cardiac death.  

Imaging of the cardiac sympathetic nerves has emerged as a powerful prognostic indicator for 

heart failure (HF) and ventricular arrhythmias (5-9). 123I-meta-iodobenzylguanidine (MIBG) 

scintigraphy allows for the global and regional assessment of cardiac sympathetic innervation 

and has been used to demonstrate cardiac sympathetic denervation in subjects with type 2 

diabetes (4,10). The prognostic utility of MIBG scintigraphy in diabetic (predominantly type 

2) subjects was demonstrated in the ADMIRE-HF study in which a heart to mediastinum 

ratio (HMR) ≤1.6 carried a threefold increase in the risk of HF progression over 2 years of 

follow up (11). In addition, studies of MIBG in diabetic (type 1 and 2) subjects have 

demonstrated associations between CAN and impaired myocardial blood flow (12-16) and 

CAN and mechanical dysfunction (17). There are currently no data on cardiac innervation 

and CAN in medalists.  

The aim of this study was to assess global and regional cardiac sympathetic innervation and 

autonomic function in a cohort of individuals with extreme duration type 1 diabetes.  
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5.3 Research Design and Methods 

We performed assessment of cardiac sympathetic innervation using MIBG scintigraphy and 

cardiac autonomic function tests in a cohort of subjects with type 1 diabetes of extreme 

duration and healthy controls. The study protocol was approved by the Central Manchester 

Research Ethics Committee. Written informed consent, according to the declaration of 

Helsinki, was obtained from all participants on enrolment to the study. 

5.3.1 Patient Selection 

We invited subjects aged 18-75 years with type 1 diabetes of extreme duration (>45 years) 

identified from our local institutional diabetic database. In addition, we invited healthy males 

and females aged 18-75 to act as controls. Exclusion criteria included any history of cardiac 

disease, severe systemic disease (e.g. congestive cardiac failure, rheumatoid disease, SLE), 

chronic kidney disease (serum creatinine >250 umol/l), peripheral vascular disease or any 

contraindication to MIBG scintigraphy or CMR imaging (including adenosine stress and 

gadolinium contrast).  

5.3.2 Study Protocol 

All study participants underwent an initial assessment including medical history, clinical 

examination and 12 lead ECG. Healthy control subjects underwent oral glucose tolerance 

testing (OGTT) on induction to the study to confirm normoglycemia. Within two weeks of 

MIBG scintigraphy, all participants underwent CMR imaging to exclude previous myocardial 

infarction (MI), ischemic heart disease, HF and structural heart disease. All medications 

known to affect the uptake of MIBG were omitted and thyroid blockade was achieved by oral 

administration of potassium perchlorate 500mg on the evening prior to MIBG imaging. 

Cardiovascular autonomic function testing was carried out on the day of MIBG imaging. 
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Autonomic Function Testing 

The ANX 3.0 autonomic monitoring system (ANSAR Medical Technologies, Inc., 

Philadelphia, PA) was used to perform spectral analysis of heart rate variability (HRV) 

during standard tests of cardiovascular reflexes. We assessed parameters of HRV during 

expiration and inspiration (E/I), Valsalva maneuver (VM), response to standing (30:15 ratio) 

and postural drop in systolic blood pressure. In addition, the low frequency area (LFa) to 

respiratory frequency area (RFa) ratio; an estimate of sympathovagal balance, was 

determined. 

5.3.3 I-123 mIBG Scintigraphy  

Data Acquisition  

123I-mIBG 185MBq (AdreView-GE Healthcare) was administered intravenously by slow (1-

2 min) injection through a peripheral venous cannula. All images were acquired using a 

Siemens Symbia T6 gamma camera (Siemens Healthcare) at 10 (early) and 240 minutes 

(late) post injection of MIBG. Planar images were acquired with a low energy high-resolution 

collimator, 159 keV ± 15% energy window, 128 × 128 image matrix, and zoom of 1.0 (pixel 

size 4.8 mm) for 15 minutes. SPECT images were acquired over a 180° orbit from the right 

anterior oblique to left posterior oblique positions with medium energy general purpose 

collimators, 159 keV ± 15% energy window, 64 × 64 image matrix, zoom of 1.45 (pixel size 

6.6 mm) and 64 projections at 30 seconds per projection.  
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Data Analysis 

Image processing was undertaken by a cardiology research fellow (OA) and an experienced 

nuclear cardiologist (IA), blinded to clinical information. Average values were used except 

where there was a significant discrepancy between the two analyses in which case images 

were reviewed and re-analysed. Global MIBG uptake was assessed in the early and late 

planar images by drawing regions of interest (ROI) over the whole heart and the upper 

mediastinum. The heart to mediastinum ratio (HMR) was then calculated by dividing the 

mean myocardial count per pixel by the mean mediastinal count per pixel. Washout rate 

(WR), an index of sympathetic tone, was derived using the planar images by calculating the 

percentage of tracer release between early and late images.  

SPECT images were processed to derive short and long axis (vertical and horizontal) slices 

using iterative reconstruction with resolution recovery (Siemens Flash 3D), with 6 iterations, 

8 subsets and an 8.4 mm Gaussian post-filter. Segmental analysis was performed using a 17 

segment left ventricular model and tracer uptake (mean count per pixel) was determined and 

expressed as a percentage of maximal tracer uptake. Each segment was assigned a score 

based on tracer uptake; <50% = 1, 50-59% = 2, 60-74% = 3 and >75% = 4. We compared 

total segmental score, modified total score (total - apical and inferior segments) and 

individual wall scores (anterior, apical, inferior and basal) between the groups. 

5.3.4 Statistical Analysis 

SPSS Statistics for Mac version 20 (IBM corporation, New York USA) was used for all 

statistical analysis. All data are expressed as mean ± SD and the Shapiro-Wilk test was used 

to determine normality of data. The unpaired T test was used to compare normally distributed 



 
127 

data between groups and the Mann Whitney U test was used for non-parametric data. A two-

tailed P-value of less than 0.05 was considered statistically significant. 

5.4 Results 

We recruited 15 subjects with type 1 diabetes of extreme duration and 15 healthy control 

subjects. Two subjects were excluded (1 from each group) from the study due to incidental 

findings on CMR imaging of LV impairment and severe left ventricular hypertrophy 

respectively. A further subject from the medalist group demonstrated late gadolinium 

enhancement in a limited area of the apical septum consistent with an old sub-endocardial MI 

but remained in the study. All other study participants (medalists: 6 male, 9 female; controls: 

9 males, 5 females) exhibited normal cardiac structure, function and stress perfusion on CMR 

imaging and successfully completed the imaging protocol.  

5.4.1 Demographic, Clinical and Cardiac Data (Table 5-1) 

The mean duration of diabetes was 48.3±5.4 years (median 50.0 years) and the mean HbA1c 

over 16 years was 8.5±1.0% (69±11 mmol/mol) indicating moderate to poor long-term 

glycemic control, but good lipid profile (chol 4.7±0.3, HDLc 1.8±0.5, LDLc 2.2±0.5, Trig 

1.1±0.4 mmol/l) and renal function eGFR (76±17ml/kg/min). Eight of the fourteen medalists 

had a history of retinopathy and 12 medalists were taking statin and angiotensin converting 

enzyme (ACE) inhibitor therapy in addition to insulin. None of the control group were taking 

any regular medication. The diabetic subjects were older (61.9±7.3 vs 51.5±5.4 years; 

P=0.006) and had lower diastolic (61±14 vs 72±10 mm Hg; P=0.021) but slightly higher 

systolic (120±15 vs 118±11; P=0.045) blood pressure than controls. There were no 

differences in BMI, lipids or eGFR between the groups. LVMI was lower in the diabetic 
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group (41.0±6.4 vs 51.1±10.7 g/m2, P=0.007) and there were no differences in LVEF 

(63.1±6.9 vs 61.0±6.4%; P=0.425).  

5.4.2 Autonomic Function Testing (Table 5-1) 

There were no differences in resting heart rate (74±12 vs 65±11 bpm; P=0.124), QTc 

(400±18 vs 386±23 ms; P=0.073), E/I ratio (1.2±0.2 vs 1.2±0.1; P=0.109), 30:15 ratio 

(1.1±0.3 vs 0.9±0.5; P=0.781), LFa (0.8±1.3 vs 1.2±1.3; P=0.705) and LFa/RFa (2.5±2.2 vs 

2.3±2.7; P=0.975) between the groups. However, diabetic patients had a lower Valsalva ratio 

(1.2±0.2 vs 1.4±0.2; P=0.009) and RFa (0.5±0.9 vs 1.1±1.0, P=0.028) compared to controls. 

5.4.3 I-123 mIBG Scintigraphy (Table 5-1) 

There were no differences in early HMR (1.67±0.18 vs 1.67±0.13; P=0.987), late HMR 

(1.61±0.22 vs 1.73±0.16, P=0.105) (Figure 5-1) and WR (22.0±6.9 vs 19.1±7.6%; P=0.302) 

(Figure 5-2) between diabetic subjects and controls. Qualitative assessment of the SPECT 

images revealed a consistent reduction of tracer uptake at the cardiac apex, base and inferior 

wall in all subjects however these changes were more pronounced in the diabetic group 

(Figure 5-3). Total segmental score was higher in the diabetic group compared with controls 

(38.9±9.0 vs 30.5±5.2; P=0.006) however there was no difference in modified total score 

(16.6±4.5 vs 14.1±3.0; P=0.104). The inferior (6.6±3.1 vs 9.2±1.4; P=0.009), apical 

(11.5±4.1 vs 15.8±2.7; P=0.003) and basal (17.1±2.4 vs 18.9±1.8; P=0.041) scores were 

significantly lower with no difference in the anterior wall score (9.6±1.5 vs 10.2±1.3; p=0.23) 

comparing the diabetic patients with the control subjects.  
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5.5 Conclusions 

Medalists represent a unique group of patients with an extreme duration of Type 1 diabetes. 

This is the first study to investigate in detail, the presence and extent of cardiac sympathetic 

innervation and cardiac autonomic function in such a group of individuals with type 1 

diabetes of extreme duration.  

In the present study we show that despite such an extreme duration of diabetes these patients 

have no evidence of CAD and indeed they have a lower left ventricular mass index and 

normal left ventricular ejection fraction which may be attributable to the optimal blood 

pressure and lipid profile, but not the glycemic control.   

CAN is a recognised complication of DM, often present at diagnosis and is an independent 

predictor of morbidity and mortality (3,4). However, again despite the long duration of 

moderate glycemic control, in the present study the majority of cardiac parasympathetic 

autonomic function tests were normal. There was a borderline abnormal Valsalva ratio and 

RFa, suggestive of minimal parasympathetic dysfunction. However, LFa and the LFA/RFa 

ratio were normal indicating no evidence of cardiac sympathetic dysfunction in these patients 

with an extreme duration of diabetes.   

Abnormal MIBG uptake has been demonstrated in both recently diagnosed and long duration 

type 1 diabetes (18-20). Stevens et al investigated cardiac innervation in patients with T1 

diabetes with and without diabetic autonomic neuropathy (DAN), diagnosed using standard 

cardiovascular reflex tests (21). Using [11C]-HED PET imaging, they reported the presence 

of innervation defects in 40% of subjects without clinical DAN, which was characterized by 

distal deficits in tracer retention with preservation of the proximal myocardial segments. 

Whilst in subjects with severe DAN, there was evidence of proximal hyperinnervation but 
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normal sympathetic tone, suggesting a compensatory proximal reinnervation in response to 

distal neuronal loss in severe DAN. Using MIBG scintigraphy we demonstrate that global 

MIBG uptake and washout are comparable to healthy controls. Whilst there is a more 

pronounced regional heterogeneity in MIBG uptake in diabetic patients, this pattern is 

consistent with that observed in healthy controls. There was no difference in total and 

modified uptake scores on SPECT analysis, and although there was a significantly lower 

uptake in the inferior, basal and apical segments in the diabetic group this was similar in 

pattern to the control group. This regional heterogeneity in the control group is consistent 

with previously published data in healthy adults (22-25). The further reduction in regional 

uptake in our diabetic group may simply be explained by the effects of age, as they were 

older and the effects of age on MIBG have been previously reported (26,27). Irrespective of 

regional defects, HMR was comparable to healthy controls and HMR has been shown to be 

of prognostic significance in type 2 diabetic subjects (28). Despite almost half a century of 

persistent hyperglycemia these patients show no evidence of cardiac sympathetic 

denervation. Poor glycemic control is associated with a reduction in MIBG uptake (29), 

hence our findings provide further evidence of protection from complications in this unique 

group of patients. 

A perceived weakness of the current study may be the small study population, however we 

have undertaken detailed structural and functional cardiac phenotyping using gold standard 

imaging modalities, notably CMR and MIBG scintigraphy (30). These data are also 

consistent with our recent detailed echocardiographic study, which also demonstrated 

protection from systolic dysfunction and only mild diastolic dysfunction and myocardial 

fibrosis in medalists (31). 
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In summary, type 1 diabetes patients with an extreme duration of diabetes exhibit normal 

global uptake and washout of MIBG and only minimal cardiac autonomic dysfunction. 

Further research is clearly indicated to identify the protective mechanisms in this unique 

group of individuals. 
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Table 5-1 Clinical characteristics, CMR and MIBG parameters characteristics of study subjects. (Data are 
expressed as Mean ± SD).  

 CONTROL DIABETES P 

Age (Years) 51.5±5.4 61.9±7.3 0.006 

Diabetes Duration (years) - 48.3±5.4 - 

BMI (Kg/m2) 27.0±3.1 28.2±4.4 0.417 

Systolic BP (mm Hg) 118±11 120±15 0.045 

Diastolic BP (mm Hg) 72±10 61±14 0.021 

HbA1c (%/mmol/mol) 5.8±0.4/40±4 8.3±0.9/67±10 <0.001 

Total Chol (mmol/l) 5.0±0.9 4.6±1.2 0.150 

LDLc (mmol/l) 2.8±0.8 2.1±1.1 0.048 

HDLc (mmol/l) 1.5±0.5 1.9±0.8 0.210 

Triglyceride (mmol/l) 1.1±0.5 0.9±0.5 0.285 

eGFR (ml/kg/min) 81.0±9.0 73.0±20.0 0.454 

LVMI (g/m2) 51.1±10.7 41±6.4 0.007 

LVEF (%) 61.0±6.4 63.1±6.9 0.425 

HR 65±11 74±12 0.124 

E/I ratio 1.2±0.1 1.2±0.2 0.109 

Valsalva ratio 1.4±0.2 1.2±0.2 0.009 

30:15 ratio 0.9±0.5 1.1±0.3 0.781 

LFa 1.2±1.3 0.8±1.3 0.705 

RFa 1.1±1.0 0.5±0.9 0.028 

LFa/RFa 2.3±2.7 2.5±2.2 0.975 

Early HMR 1.67±0.13 1.67±0.18 0.987 

Late HMR 1.73±0.16 1.61±0.22 0.105 

Washout Rate (%) 19.1±7.6 22.0±6.9 0.302 

Total Segmental Score 30.5±5.2 38.9±9.0 0.006 

Modified Segmental Score 14.1±3.0 16.6±4.5 0.104 

Inferior Wall Score 9.2±1.4 6.6±3.1 0.009 

Apical Score 15.8±2.7 11.5±4.1 0.003 

Basal Score 18.9±1.8  17.1±2.4 0.041 

Anterior Wall Score 10.2±1.3 9.6±1.5 0.23 
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Figure 5-1 Scatter plot of late HMR in Diabetic subjects and Controls. 

 

 

Figure 5-2 Scatter plot of WR in Diabetic Subjects and Controls. 
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A 

 

B 

 

C       D 

Figure 5-3 SPECT reconstructed images and bull’s eye plots of a control subject with a normal 
innervation pattern (A and C) and a subject with diabetes of extreme duration (B and D). Note the 
exaggerated reduction in tracer uptake in the apical, inferior and basal segments in the diabetic subject 
(late HMR 1.58). 
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6.1 Abstract 

Background: Impaired glucose tolerance (IGT), a precursor to type 2 diabetes (T2DM), is 

considered to carry an adverse cardiovascular risk. Previous echocardiographic studies have 

reported structural and functional cardiac abnormalities in subjects with IGT. However no 

studies to date have used CMR to undertake detailed cardiovascular phenotyping in these 

subjects. 

Methods and Results: Multiparametric CMR was undertaken in 18 subjects with IGT and 

14 healthy age matched controls to quantify left ventricular mass, volumes and function, 

myocardial blood flow (MBF) at rest and during pharmacological stress, deformation and 

fibrosis. There were no differences in LVEF (61.1±5.4 vs 61.0±6.4 %, p=0.96), LVMI 

(51.1±10.7 vs 47.6±8.8 g/m2, P=0.32) or ECV (0.26±0.05 vs 0.27±0.05 %, P=0.63) between 

IGT and controls. Resting (0.83±0.16 vs 0.75±0.17 ml/min/g, P=0.17) and stress (2.02±0.48 

vs 2.07±0.42 ml/min/g, P=0.76) MBF and perfusion ratio (rest/stress) (2.43±0.45 vs 

2.81±0.47 ml/min/g, P=0.12) did not differ between subjects with IGT and controls. Radial (-

34.3±11.6 vs -36.2±17.7, P=0.73), circumferential (-22.3±2.6 vs -21.7±6.2, P=0.74) and 

longitudinal (-16.0±10.8 vs -19.6±3.6, P=0.20) strain, and extra cellular volume (ECV) were 

comparable (0.26±0.05 vs 0.27±0.05 %, p=0.63) in both groups. 

Conclusion: Subjects with IGT exhibit normal cardiac structure and function with no 

evidence of fibrosis or an abnormality of myocardial microvascular perfusion, when assessed 

using comprehensive multiparametric CMR imaging.  
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6.2 Introduction 

Diabetes mellitus (DM) is a strong independent predictor of heart failure (HF) (1). 

Furthermore, glycemia and insulin resistance are both predictive of incident HF, independent 

of diabetes status (2-4). Such evidence supports the paradigm for the existence of a distinct 

cardiomyopathy specific to DM (5,6). The pathophysiological substrate of diabetic 

cardiomyopathy (DC) involves metabolic derangement, neurohormonal activation, and 

microvascular inflammation (7,8) which leads to cardiomyocyte hypertrophy, diffuse 

interstitial and perivascular fibrosis (5,9,10). The functional manifestations of cardiac 

remodeling in DC begin with diastolic dysfunction and progress to systolic dysfunction and 

HF.  

Impaired glucose tolerance (IGT) is a clinically silent, altered state of glycemia and a 

precursor to type 2 DM (T2DM) (11). Epidemiological data suggest that IGT may be an 

independent predictor of cardiovascular (CV) morbidity and mortality (12-14). This increased 

risk may be attributable to the early development of cardiovascular disease (CVD) in subjects 

with IGT, although the exact time of onset and risk factors are unknown (15).  

Relatively few studies have assessed cardiac structure and function in IGT. Of these, the 

majority employed 2D echocardiography as the imaging modality (16-19). More advanced 

echocardiographic techniques such as tissue Doppler imaging (TDI) and speckle tracking 

echocardiography (STE) have enabled the assessment of left ventricular torsion, long axis, 

radial and circumferential deformation and hence the detection of early, sub-clinical cardiac 

dysfunction (20). However, cardiac magnetic resonance (CMR) is the gold standard modality 

for cardiac imaging and assessment and unlike echocardiography, is not limited by geometric 

assumptions, operator or patient factors and provides high spatial and temporal resolution 

with excellent reproducibility. This is particularly useful in the research setting whereby it 
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substantially reduces the sample sizes required in order to detect true clinical differences (21). 

The applications of CMR are rapidly expanding and allow for multiparametic assessment of 

the heart including volumetric analysis (22), diastology (1,23), deformation (24-26), 

myocardial blood flow (27), tissue characterization and fibrosis (28)  and inflammation (29). 

The only detailed CMR study to date evaluated patients with T2DM and showed decreases in 

peak filling rate, mitral peak E velocities and peak E velocity to peak A velocity ratios, with 

further worsening in those with coronary atherosclerosis (30).   

To date, there are no CMR studies in subjects with IGT. We have therefore undertaken a 

comprehensive multiparametric CMR imaging study to quantify myocardial blood flow 

(MBF), volumetrics, deformation and fibrosis in a cohort of subjects with IGT and healthy 

controls. 

6.3 Methods 

6.3.1 Study Population 

We recruited 18 adult subjects with IGT from our institution and 15 age and sex matched 

healthy control subjects. Exclusion criteria included any history of cardiac disease, severe 

systemic disease, peripheral vascular disease, chronic kidney disease (eGFR ≤35 

mls/min/1.73m2) and any contraindication to CMR imaging. Participants with a 

contraindication to adenosine were excluded from the perfusion assessment part of the study. 

The study was approved by the Central Manchester Research and Ethics committee and 

written informed consent was obtained from all participants, according to the declaration of 

Helsinki. 
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6.3.2 Clinical and Metabolic Assessment  

Clinical assessment included medical history, clinical examination and resting 12 lead ECG. 

All study participants underwent a repeat oral glucose tolerance test (OGTT) on induction to 

the study, to confirm glycemic status. Renal function, HbA1c, lipids, blood count and 

haematocrit were assessed. All participants were instructed to abstain from caffeine intake for 

a minimum of 12 hours prior to CMR imaging.  

6.3.3 CMR Protocol 

Details of our imaging and analysis protocols have been previously described (22,24,31,32). 

Image Acquisition  

CMR was performed using a 1.5T scanner (Avanto; Siemens Healthcare, Germany) equipped 

with a 32 element phased array coil. Steady-state free precession cine images were acquired 

in standard long axis views and a short axis stack covering the left ventricle (LV).  Tagged 

short axis images at the LV base, mid cavity and apex were acquired using a segmented k-

space fast gradient echo sequence with spatial modulation of magnetization in orthogonal 

planes. MBF was assessed during pharmacological (vasodilator) stress with intravenous 

adenosine (140 µg/kg/min) via a large peripheral vein for 3-minutes prior to, and during, data 

acquisition. A 0.05 mmol/Kg bolus of gadolinium-based contrast agent (gadopentetate 

dimeglumine; Gd-DTPA; Magnevist; Bayer Healthcare, Germany) was administered 

intravenously at 5ml/s followed by a 30 ml saline flush. Rest imaging was performed 10 

minutes after stress imaging with a further 0.05 mmol/Kg bolus of contrast agent. Following 

rest imaging, a further 0.1 mmol/Kg of contrast agent was administered (top-up). A short 

axis, single-shot modified Look Locker inversion recovery (MOLLI) sequence was acquired 

at mid ventricular level pre and 15 minutes post contrast top-up. Standard late gadolinium 
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enhancement (LGE) imaging was performed at least 10 minutes following the top-up of 

contrast with spoiled gradient echo segmented inversion recovery and phased sensitive 

inversion recovery segmented gradient echo sequences.  

CMR Image Analysis 

Off line image analysis was carried out by a cardiology research fellow (OA) under the 

supervision of an experienced operator (CM), blinded to clinical information. Left ventricular 

(LV) mass, volumes and ejection fraction (EF) were derived from SSFP images using 

CMRtools (Cardiovascular Imaging Solutions, London, UK) and our previously described 

methods (22). Peak systolic circumferential strain and strain rate were calculated from tagged 

mid cavity short axis slices using InTag (CREATIS; Université de Lyon, France) (20,24). We 

also used 2D Cardiac Performance Analysis MR (TomTec Imaging Systems GmbH, Munich, 

Germany) to derive longitudinal, radial and circumferential strain and strain rate. For T1 

relaxation time measurements and MBF quantification, we used Osirix Imaging Software 

(Pixmeo; Switzerland) to trace epicardial and endocardial borders, draw a region of interest in 

the blood pool and to identify the right ventricular insertion point (27,32). Extracellular 

volume fraction (ECV) was quantified to provide a measure of myocardial fibrosis. 

6.4 Statistical Analysis 

SPSS Statistics for Mac version 20 (IBM corporation, New York USA) was used for all 

statistical analysis. All data are expressed as mean ± standard deviation (SD) and the Shapiro-

Wilk test was used to determine normality of data. The unpaired T test was used to compare 

normally distributed data between groups and the Mann Whitney U test was used for non-

parametric data. A two-tailed P-value of less than 0.05 was considered statistically 

significant. 
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6.5 Results 

18 subjects with IGT (11 males, 7 females) and 15 healthy controls (10 males, 5 females) 

were assessed. In the control group, one subject was found to be in atrial flutter on ECG and 

therefore underwent volumetric analysis only. In the IGT group, 2 subjects had a 

contraindication to adenosine and did not undergo MBF assessment. We were unable to 

assess MBF in a further 2 IGT subjects due to problems with image post processing, therefore 

4 IGT subjects were excluded from MBF assessment. Qualitative analysis of rest and stress 

perfusion was normal in all subjects. 

6.5.1 Baseline characteristics  

Both groups were matched for age (54.6±5.4 vs 56.8±9.2 years, P=0.45). Subjects with IGT 

had a significantly greater BMI (32.5±6.5 vs 27.0±3.1 Kg/m2, P<0.05), triglycerides (2.0±1.0 

vs 1.1±0.5 mmol/l, P<0.05) and lower HDL cholesterol (1.2±0.4 vs 1.6±0.4 mmol/l, P<0.05) 

with no difference in systolic BP (118±11 vs 126±12 mmHg, P=0.08), HbA1c (5.7±0.4 vs 

5.8±0.4%, P=0.46), total cholesterol (5.0±0.74 vs 4.7±1.4 mmol/l, P=0.49) or LDLc (2.9±0.6 

vs 2.8±1.1 mmol/l, P=0.96) (Table 1). 

6.5.2 CMR Data 

There were no differences in left ventricular ejection fraction (LVEF) (61.1±5.4 vs 61.0±6.4 

%, P=0.96) or left ventricular mass, indexed to body surface area (BSA) (51.1±10.7 vs 

47.6±8.8 g/m2, P=0.32), height1.7 (39.7±7.3 vs 40.1±6.0 g/m2, P=0.878) and Ht2.7 

(22.9±3.7 vs 23.5±3 g/m2, P=0.682) between the two groups. Concentricity index was similar 

in both groups (0.59±0.13 vs 0.58±0.11, P=0.744) (Table 2).  
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T1 Mapping 

ECV was comparable in both groups (0.26±0.05 vs 0.27±0.05 %, P=0.63) (Table 2). There 

was no evidence of LGE in any of the subjects. 

Myocardial Blood Flow 

There were no differences in resting MBF (0.83±0.16 vs 0.75±0.17 ml/min/g, P=0.17), stress 

MBF (2.02±0.48 vs 2.07±0.42 ml/min/g, P=0.76) or perfusion ratio (rest/stress) (2.43±0.45 

vs 2.81±0.47 ml/min/g, P=0.12) between subjects with IGT and controls (Table 3).  

Myocardial Deformation 

There were no differences in radial (-34.3±11.6 vs -36.2±17.7, P=0.73), circumferential (-

22.3±2.6 vs -21.7±6.2, P=0.74) or longitudinal (-16.0±10.8 vs -19.6±3.6, P=0.20) strain 

between the IGT and control groups when assessed using either method (Table 4). 

6.6 Discussion 

CMR data on cardiac structure and function in IGT are limited. Several population-based 

echocardiographic studies have reported increased LVM in subjects with IGT. In the 

Framingham Heart Study, LVM and wall thickness (LVWT) increased with worsening 

glucose tolerance and were more pronounced in female participants free of CVD (16). 

Similarly, in the Hoorn study, LVM was associated with glycemic status only in females with 

IGT (17). The Strong Heart Study (SHS) also reported increased LVM and LVWT in 

American Indians with IGT (18). Although, LVMI was found to be abnormal in subjects with 

normal glucose tolerance, this was accounted for by obesity and hypertension, particularly in 

Afrocaribbean’s (19). In the current study, LVEF, LVMI and concentricity were comparable 

between subjects with IGT and healthy age matched controls. This challenges the findings of 
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the Multi Ethnic Study of Atherosclerosis (MESA) and the Framingham Offspring cohort 

study, where CMR showed an association between LV mass and glycemic indices in subjects 

with impaired fasting glucose (IFG) and DM (33,34). However, in these studies the 

methodology for deriving LVM and volumes was subject to a number of limitations as using 

short axis slices alone presents difficulty in determining the true basal LV slice, end-diastole 

and end-systole. Furthermore, it is not clear whether their analyses included papillary muscles 

and trabeculae in their cavity volumes rather than within the mass. We have used validated 

3D modeling methods for volumetric and structural analysis which provides accurate and 

reproducible measurement of LV mass and volumes (22). Furthermore, we used 3 different 

methods to calculate LVMI, to adjust for the increased BMI in our IGT group and are 

therefore confident that our data are robust and meaningful. 

Diastolic dysfunction is one of the earliest detectable cardiac functional abnormalities and is 

characterized by a reduction in longitudinal and radial myocardial deformation and an 

increase in LV torsion (20). TDI and STE techniques are recent developments in 

echocardiography which allow for load independent assessment of diastolic function by 

means of measuring long axis, circumferential and radial function (20). Using TDI, it is 

possible to perform accurate tracking of myocardial tissue displacement and the measurement 

of regional velocity and strain (20).  STE tracks myocardial speckles and can be utilized to 

assess longitudinal, radial and circumferential myocardial deformation in addition to torsion 

(20). Long axis function was shown to be reduced both at rest and during exercise in diabetic 

subjects without evidence of ischemic heart disease (35,36). Studies using STE in diabetic 

subjects have reported impaired longitudinal but preserved radial and circumferential 

contraction in asymptomatic males with T2DM free of CVD (37). Asymptomatic patients 

with T2DM have demonstrated significant reductions in circumferential, radial and 

longitudinal function, compared with age-matched controls (38). Sacre et al reported an 
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association between CAN and regional impairment of left ventricular diastolic function on 

CMR, which corresponded with areas of dysinnervation on MIBG scintigraphy in subjects 

with T2DM (39). To date, studies in IGT cohorts have been limited by relatively insensitive 

measures of diastolic dysfunction (40-43). Larghat et al assessed LV structure and function 

using CMR in subjects with T2DM, pre-diabetes (defined by FPG and HbA1c) and healthy 

age matched control subjects who underwent coronary angiography for investigation of chest 

pain (44). They reported differences in LV mass, torsion angle and myocardial perfusion 

reserve in the T2DM group compared with healthy controls but no differences were found 

between diabetic and pre-diabetic subjects. In young adults [mean age 31.8(6.6) years] with a 

short duration of T2DM [4.7(4.0) years], CMR has shown preserved cardiac volumes and 

function and normal circumferential strain and myocardial perfusion reserve with no 

evidence of myocardial fibrosis when compared to BMI matched controls (45). The data in 

the current study is similar as it shows no differences in radial, circumferential and 

longitudinal strain and strain rates between subjects with IGT and healthy controls.  

Coronary microvascular dysfunction is a feature of pre-diabetes and insulin resistance (46). 

Quantitative CMR assessment of MBF is an emerging technology which shows much 

promise and is an attractive validated alternative to positron emission tomography (PET) in 

the assessment of microvascular dysfunction (27). To date, there are no published studies of 

CMR MBF in subjects with T2DM or IGT. We report normal resting and stress MBF in 

subjects with IGT indicating that these individuals do not have evidence of myocardial 

microvascular disease. 

Although extensively studied in animal models of DM, the need for endomyocardial biopsy 

has limited the study of myocardial fibrosis in man (10). Fischer et al demonstrated 

interstitial fibrosis in myocardial biopsy, but did not differentiate subjects with IGT from 
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those with diabetes (47). Integrated back scatter assessment has been used to show 

myocardial fibrosis in subjects with T2DM and metabolic syndrome (48-50). T1 mapping has 

been utilised to demonstrate fibrosis associated with impaired systolic and diastolic function 

and biomarkers of fibrosis in patients with type 1 and 2 diabetes (51-53). Quantitative 

assessment of myocardial extracellular volume (ECV), a surrogate of myocardial fibrosis, 

shows much promise and has been recently validated in man (32,54,55). In the only such 

study published to date, diabetic subjects showed  ECV expansion (56). In the present study 

we show no differences in ECV between subjects with IGT and healthy controls, suggesting 

that this may be a late abnormality.   

We conclude that subjects with IGT exhibit a normal structural and functional cardiac 

phenotype with no evidence of fibrosis or microvascular disease when assessed by detailed 

and comprehensive multiparametric CMR. Whilst these data conflict with existing data in 

subjects with IGT, these studies used echocardiography, which is clearly less sensitive than 

CMR.  Longitudinal studies with larger study populations are required to establish if and 

when individuals with IGT develop the early pathognomonic features of diabetic 

cardiomyopathy and how these changes progress with glycaemic status. 
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Table 6-1 Clinical data. (Data are expressed as Mean ± SD). 

 

 

 

 

 

 

 

 

 

 CONTROL IGT P 

Age (Years) 54.6±5.4 56.8±9.2 0.45 

BMI (Kg/m2) 27.0±3.1 32.5±6.5 0.007 

Systolic BP (mm Hg) 118±11 126±12 0.08 

Diastolic BP (mm Hg) 72±10 75±10 0.51 

Fasting Glucose (mmol/l) 4.8±0.5 5.9±0.8 <0.001 

2h Glucose (mmol/l) 5.3±1.3 9.5±1.3 <0.001 

HbA1c (%) 5.7±0.4 5.8±0.4 0.46 

Total Chol (mmol/l) 5.0±0.74 4.7±1.4 0.49 

LDLc (mmol/l) 2.9±0.6 2.8±1.1 0.96 

HDLc (mmol/l) 1.6±0.4 1.2±0.4 0.035 

Triglyceride (mmol/l) 1.1±0.5 2.0±1.0 0.005 
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 CONTROL IGT P 

LVMI (BSA) g/m2 51.1±10.7 47.6±8.8 0.32 

LVMI (Ht1.7) g/m2 39.7±7.3 40.1±6.0 0.878 

LVMI (Ht2.7) g/m2 22.9±3.7 23.5±3 0.682 

CONCENTRICITY 0.59±0.13 0.58±0.11 0.744 

LVEF (%) 61.0±6.4 61.1±5.4 0.96 

rMBF 0.75±0.17 0.83±0.16 0.17 

sMBF 2.07±0.42 2.02±0.48 0.76 

R/S MBF 2.81±0.47 2.43±0.45 0.12 

ECV 0.27±0.05 0.26±0.05 0.63 

Table 6-2 CMR data. (Data are expressed as Mean ± SD) 
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 CONTROL IGT P 

LONG ST -16.0±10.8 -19.6±3.6 0.20 

LONG SR 0.9±0.9 1.24±0.3 0.10 

RAD ST -34.3±11.6 -36.2±17.7 0.73 

RAD SR 1.3±0.7 1.6±0.5 0.11 

CIRC ST -22.3±2.6 -21.7±6.2 0.74 

CIRC SR 2.7±5.7 1.3±0.4 0.29 

IN TAG -19.2±2.3 -19.2±3.0 0.98 

Table 6-3 Myocardial deformation data. (Data are expressed as Mean ± SD). 
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7.1 Abstract  

Background: A subgroup of Individuals with type 1 diabetes of extreme duration 

(Medalists), appear to be free of long-term diabetic complications however the degree of 

protection from cardiovascular disease is not established. 

Methods and Results: We performed multiparametric cardiac magnetic resonance (CMR) 

imaging in 13 subjects with diabetes of extreme duration (47.4±5.1 years) and 14 healthy 

controls, to assess cardiac structure, volumetrics, myocardial deformation, diffuse fibrosis 

and myocardial blood flow. There were no differences in ejection fraction (LVEF) (63.1±6.9 

vs 61.0±6.4 %, P=0.425), however LVMI was significantly lower in the diabetic group when 

indexed to body surface area (BSA) (41.0±6.4 vs 51.1±10.7 g/m2, P=0.007) and Ht1.7 

(32.8±6.2 vs 39.5±7.5 g/m2, P=0.02) but not Ht2.7 (22.0±3.7 vs 22.8±3.8 g/m2, P=0.065). 

Concentricity index was similar in both groups (0.51±0.08 vs 0.58±0.13, P=0.115). 

Extracellular volume (ECV) was higher in the diabetic group compared to control subjects 

(0.32±0.04 vs 0.27±0.05 %, P=0.01). There were no significant differences in resting 

myocardial blood flow (MBF) (0.86±0.24 vs 0.75±0.17 ml/min/g, P=0.177), stress MBF 

(1.80±0.35 vs 2.07±0.42 ml/min/g, P=0.094). However, MBF ratio (stress/rest) was 

significantly lower in the diabetic group compared to control subjects (2.16±0.66 vs 

2.81±0.47 ml/min/g, P=0.006). There were no differences in radial (-32.1±17.7 vs -

34.3±11.6; P=0.707), circumferential (-24.9±5.2 vs -22.3±2.6; P=0.109) or longitudinal (-

18.9±5.5 vs -16.0±10.8, P=0.394) strain between the diabetic group and controls. 

Conclusion: Individuals with type 1 diabetes of extreme duration exhibit normal cardiac 

structure and function with only mild alterations in ECV and coronary perfusion reserve. 

 



7.2 Introduction 

Medalists represent a unique group of individuals who have survived over 50 years of type 1 

diabetes (T1DM). The Joslin 50 year Medalist study further identified a sub-group of 

medalists (escapers) who had remained free of micro and macrovascular complications (1,2). 

However, their definition of cardiovascular disease (CVD) was based on clinical history 

alone and the true cardiovascular phenotype of medalists is not known. 

In contrast, a recent Swedish registry study of patients with Type 1 diabetes has shown that 

the multivariable-adjusted hazard ratios were markedly increased for death (2-8 fold) and 

more specifically for death from cardiovascular causes (3-10 fold) compared with controls, 

even in patients with an HbA1c <6.9% (HR-2.36) (3). Diabetes is of course a strong 

independent predictor of heart failure (HF) independent of coronary heart disease (CHD) and 

hypertension (4). Diabetic cardiomyopathy (DC) describes a distinct pathophysiological 

process, characterized by metabolic derangement, neurohormonal activation, and 

microvascular inflammation (5,6) giving rise to cardiomyocyte hypertrophy, diffuse 

interstitial and perivascular fibrosis (7-9). Echocardiography has been deployed to show early 

diastolic dysfunction, characterized by alterations in longitudinal, circumferential and radial 

myocardial function and left ventricular (LV) torsion (10). Furthermore, long axis 

dysfunction, the earliest detectable abnormality in diastolic function, is reduced both at rest 

and during exercise in diabetic subjects without evidence of ischemic heart disease (11-14).  

Recent advances in cardiac magnetic resonance (CMR) imaging have allowed multi-

parametric assessment of the heart including volumetric analysis (15), diastology (16), 

deformation (17-19), myocardial blood flow (20), tissue characterization (21) and 

inflammation (22). We have undertaken a comprehensive multi-parametric CMR imaging 
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study to establish the structural and functional cardiac phenotype in a cohort of subjects with 

extreme duration T1DM and healthy controls. 

7.3 Research Design and Methods 

7.3.1 Patient Selection 

We studied subjects aged 18-75 years with T1DM of extreme duration (>45 years) and 

healthy males and females aged 18-75. Exclusion criteria included any history of cardiac 

disease, severe systemic disease (e.g. congestive cardiac failure, rheumatoid disease, SLE), 

chronic kidney disease (eGFR ≤35 mls/min/1.73m2), peripheral vascular disease or any 

contraindication to CMR imaging (including adenosine stress and gadolinium contrast). The 

study protocol was approved by the Central Manchester Research Ethics Committee. Written 

informed consent, according to the declaration of Helsinki, was obtained from all participants 

on enrolment to the study. 

7.3.2 Study Protocol 

All study participants underwent an initial assessment including medical history, clinical 

examination and 12 lead ECG. Renal function, HbA1c, lipids, blood count and haematocrit 

(for extracellular volume [ECV] calculation) were assessed. In addition, healthy control 

subjects underwent an oral glucose tolerance test (OGTT) to confirm normoglycemia. All 

participants were instructed to abstain from caffeine intake for a minimum of 12 hours prior 

to CMR imaging.  
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7.3.3 CMR Protocol 

Details of our imaging and analysis protocols have been previously described (15,17,23,24). 

Image Acquisition  

CMR was performed using a 1.5T MR scanner (Avanto; Siemens Healthcare, Germany) 

equipped with a 32 element phased array coil. Steady-state free precession (SSFP) cine 

images were acquired in standard long axis views and a short axis stack covering the left 

ventricle (LV).  Tagged short axis images at the LV base, mid cavity and apex were acquired 

using a segmented k-space fast gradient echo sequence with spatial modulation of 

magnetization in orthogonal planes. Myocardial blood flow (MBF) was assessed during 

pharmacological (vasodilator) stress with intravenous adenosine (140 µg/kg/min) via a large 

peripheral vein for 3-minutes prior to, and during, data acquisition. A 0.05 mmol/Kg bolus of 

gadolinium-based contrast agent (gadopentetate dimeglumine; Gd-DTPA; Magnevist; Bayer 

Healthcare, Germany) was administered intravenously at 5ml/s followed by a 30 ml saline 

flush. Rest imaging was performed 10 minutes after stress imaging with a further 0.05 

mmol/Kg bolus of contrast agent. Following rest imaging, a further 0.1 mmol/Kg of contrast 

agent was administered (top-up). A short axis, single-shot modified Look Locker inversion 

recovery sequence was acquired at mid ventricular level pre and 15 minutes post contrast top-

up. Standard late gadolinium enhancement (LGE) imaging was performed at least 10 minutes 

following the top-up of contrast with spoiled gradient echo segmented inversion recovery and 

phased sensitive inversion recovery segmented gradient echo sequences. 
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CMR Image Analysis 

Off line image analysis was carried out by a cardiology research fellow (OA) under the 

supervision of an experienced operator (CM), blinded to clinical information. Left ventricular 

(LV) mass, volumes and ejection fraction (EF) were derived from SSFP images using 

CMRtools (Cardiovascular Imaging Solutions, London, UK) and our previously described 

methods (15). Peak systolic circumferential strain and strain rate were calculated from tagged 

mid cavity short axis slices using InTag (CREATIS; Université de Lyon, France) (17). We 

also used 2D Cardiac Performance Analysis MR (TomTec Imaging Systems GmbH, Munich, 

Germany) to derive longitudinal, radial and circumferential strain and strain rate. For T1 

relaxation time measurements and MBF quantification, we used Osirix Imaging Software 

(Pixmeo; Switzerland) to trace epicardial and endocardial borders, draw a region of interest in 

the blood pool and to identify the right ventricular insertion point (20,24). 

7.3.4 Statistical Analysis 

SPSS Statistics for Mac version 20 (IBM corporation, New York USA) was used for all 

statistical analysis. All data are expressed as mean ± standard deviation (SD) and the Shapiro-

Wilk test was used to determine normality of data. The unpaired T test was used to compare 

normally distributed data between groups and the Mann Whitney U test was used for non-

parametric data. A two-tailed P-value of less than 0.05 was considered statistically 

significant. 
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7.4 Results 

14 subjects with T1DM of extreme duration (5 male, 9 female) and 15 healthy control 

subjects (10 males, 5 females) were studied. One subject from the control group was 

excluded from the study due to an incidental finding of LV impairment and one diabetic 

patient became claustrophobic in the scanner and was unable to continue. A further diabetic 

patient was unable to tolerate adenosine and was not included in the MBF part of the study. 

Therefore 13 diabetic and 14 control subjects completed the imaging protocol.  

7.4.1 Demographic, Clinical and Cardiac Data (Tables 7-1 and 7-2) 

The mean duration of diabetes was 47.4±5.1 years (median 48.0 years) and the mean HbA1c 

over 16 years was 8.5±1.0% (69±11 mmol/mol) indicating moderate to poor long-term 

glycemic control, but a good lipid profile (Chol 4.7±0.3, HDLc 1.8±0.5, LDLc 2.2±0.5, Trig 

1.1±0.4 mmol/l) and renal function (eGFR 76±17ml/kg/min). Eight of the fourteen medalists 

had a history of retinopathy and 12 medalists were taking statin and angiotensin converting 

enzyme (ACE) inhibitor therapy in addition to insulin. None of the control group were taking 

any regular medication. The patients with diabetes were older (61.8±7.6 vs 54.6±5.4 years; 

P=0.009) and had a lower diastolic (60±14 vs 72±10 mmHg; P=0.014) but slightly higher 

systolic (128±15 vs 118±11 mmHg; P=0.051) blood pressure than controls. LDLc (2.1±1.0 vs 

2.9±0.6 mmol/l; P=0.035) was lower and HDLc (2.1±0.7 vs 1.6±0.4 mmol/l, P=0.027) was 

higher in diabetic patients compared to controls. There were no differences in BMI, 

triglycerides or eGFR between the groups.  
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7.4.2 Volumetric Data 

There were no differences in LV ejection fraction (LVEF) (63.1±6.9 vs 61.0±6.4 %, 

P=0.425), however LV mass index (LVMI) was significantly lower in the diabetic group 

when indexed to BSA (41.0±6.4 vs 51.1±10.7 g/m2, P=0.007) and Ht1.7 (32.8±6.2 vs 

39.5±7.5 g/m2, P=0.02) but not when indexed to Ht2.7 (22.0±3.7 vs 22.8±3.8 g/m2, 

P=0.065). Concentricity index was similar in both groups (0.51±0.08 vs 0.58±0.13, P=0.115).  

7.4.3 T1 Mapping 

ECV was higher in the diabetic group compared to control subjects (0.32±0.04 vs 0.27±0.05 

%, P=0.01).  

7.4.4 Myocardial Blood Flow 

There were no significant differences in resting MBF (0.86±0.24 vs 0.75±0.17 ml/min/g, 

P=0.177), stress MBF (1.80±0.35 vs 2.07±0.42 ml/min/g, P=0.094). However, MBF ratio 

(stress/rest) was significantly lower in the diabetic group compared to control subjects 

(2.16±0.66 vs 2.81±0.47 ml/min/g, P=0.006).  

7.4.5 Myocardial Deformation 

There were no differences in radial (-32.1±17.7 vs -34.3±11.6; P=0.707), circumferential (-

24.9±5.2 vs -22.3±2.6; P=0.109) or longitudinal (-18.9±5.5 vs -16.0±10.8, P=0.394) strain 

between the diabetic group and controls. 
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7.5 Discussion 

Medalists represent a unique group of patients with an extreme duration of T1DM and a 

variable degree of microvascular and macrovascular complications. As such they constitute a 

special phenotype, which merits further study, especially given the excess cardiovascular 

mortality in patients with T1DM, even in those with good glycemic control (3). Detailed 

cardiac studies in medalist cohorts identifying the exact phenotype are lacking. This is the 

first study to investigate in detail, cardiac structure, function and myocardial blood flow in a 

cohort of patients with an extreme duration of diabetes, including medalists (8/13).  

In the present study we show that extreme duration patients with T1DM have no evidence of 

CHD and normal LVEF, but a lower LVMI. We have employed robust, validated and 

reproducible 3D modeling methods for volumetric and structural analyses by using long axis 

in addition to short axis slices and threshold-based contouring to identify myocardium (15). 

Furthermore, we have used 3 different methods to calculate LVMI to adjust for BMI. These 

data are not consistent with the reported association between HbA1c and CMR findings in the 

DCCT cohort, although LVMI was higher and LVEF was lower, only in patients with prior 

CVD, and there was no difference between the conventional and intensively treated patients 

(25). This is interesting in the context of the recent analysis showing markedly increased 

mortality in T1DM (8%) v controls (2.9%) and a clear relationship between poorer glycemic 

control and renal impairment with worse outcomes (3). In the present study, there is clearly 

protection from the development of left ventricular hypertrophy and a reduction in ejection 

fraction in these patients.  



 

169 

 

We have found no differences in longitudinal, radial and circumferential function in patients 

with extreme duration T1DM. Whilst the majority of previous studies have used 

echocardiography to show early diastolic dysfunction in patients with T2DM, a recent CMR 

study has shown diastolic dysfunction in young adults with T2DM (26) and a reduction in left 

ventricular longitudinal myocardial deformation has also been demonstrated in children with 

T1DM (27). A lack of CMR evidence of diastolic dysfunction is in keeping with our recent 

echocardiographic study also showing only mild evidence of diastolic dysfunction (28) and 

therefore clearly warrants further study. 

Studies in patients with T1DM have demonstrated a reduction in MBF in association with 

sympathetic dysfunction (29,30). Quantitative CMR assessment of MBF is an emerging 

technology which shows much promise and is an attractive validated alternative to positron 

emission tomography (PET) in the assessment of microvascular dysfunction (20). To date, 

there are no published studies of CMR derived MBF in diabetic subjects. We have found no 

differences in resting and stress MBF between patients with extreme duration T1DM and 

controls, however, the stress/rest ratio, an index of coronary microvascular perfusion reserve, 

was significantly lower in the diabetic group. Coronary microvascular dysfunction may partly 

be mediated through cardiac autonomic dysfunction, however, our study subjects patients had 

minimal evidence of cardiac autonomic neuropathy and we did not find any correlation 

between myocardial perfusion reserve and markers of cardiac autonomic function 

(unpublished data).  

Although extensively studied in animal models of diabetes, the need for endomyocardial 

biopsy has limited the study of myocardial fibrosis in man (9,31). Previous studies have 
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demonstrated myocardial fibrosis in subjects with T2DM and metabolic syndrome using 

integrated back scatter (32-34). In a recent study correlating histology with CMR, the latter 

was shown to be a highly accurate, non-invasive assessment of regional myocardial fibrosis 

using LGE and diffuse interstitial myocardial fibrosis, using post-contrast T1 mapping (35). 

Furthermore, T1 mapping using CMR, has shown that fibrosis is associated with impaired 

systolic and diastolic function and biomarkers of fibrosis in patients with T1DM and T2DM 

(36-38). Quantitative assessment of myocardial ECV, a surrogate of myocardial fibrosis, 

shows much promise and has been recently validated in man (24,39,40). In the only study 

published to date using ECV quantification in diabetic subjects, diabetes (T1 and T2DM) was 

associated with ECV expansion, HF admission to hospital and death (41). We report an 

increase in ECV in our patients with T1DM compared to healthy controls. However, the 

clinical relevance of this mild degree of myocardial fibrosis is questionable given the absence 

of LV mechanical dysfunction, microvascular and autonomic dysfunction.   

A perceived weakness of the current study may be the small study population, however we 

believe the detailed structural and functional cardiac phenotyping in this unique cohort of 

extreme duration patients with T1DM presents novel data. It confirms that these unique 

individuals are indeed protected from the long-term complications of diabetes, warranting 

further studies to establish the basis of this protection.  
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Table 7-1 Clinical data. (Data are expressed as Mean ± SD). 

 

 

 

 

 

 

 

 

 CONTROL DIABETES P 

Age (Years) 54.6±5.4 61.8±7.6 0.009 

Diabetes Duration (Years) - 47.4±5.1 - 

BMI (Kg/m2) 27.0±3.1 28.1±4.5 0.48 

Systolic BP (mm Hg) 118±11 128±15 0.051 

Diastolic BP (mm Hg) 72±10 60±14 0.014 

HbA1c (%) 5.7±0.4 8.3±1.0 <0.0001 

Total Chol (mmol/l) 5.0±0.74 4.6±1.0 0.227 

LDLc (mmol/l) 2.9±0.6 2.1±1.0 0.035 

HDLc (mmol/l) 1.6±0.4 2.1±0.7 0.027 

Triglyceride (mmol/l) 1.1±0.5 0.9±0.4 0.265 

eGFR (ml/Kg/min) 81±9 72±20 0.135 
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Table 7-2 Cardiac Data. (Data are expressed as Mean ± SD). 

 

 

 

 

 

 

 

 

 CONTROL DIABETES P 

LVMI [BSA] (g/m2)  51.1±10.7 41.0±6.4 0.007 

LVMI [Ht1.7] (g/m2) 39.5±7.5 32.8±6.2 0.02 

LVMI [Ht2.7] (g/m2) 22.8±3.8 22.0±3.7 0.065 

CONCENTRICITY 0.58±0.13 0.51±0.08 0.115 

LVEF (%) 61.0±6.4 63.1±6.9 0.425 

T1 ECV (%) 0.27±0.05 0.32±0.04 0.01 

Resting MBF (ml/min/g) 0.75±0.17 0.86±0.24 0.177 

Stress MBF (ml/min/g) 2.07±0.42 1.80±0.35 0.094 
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Table 7-3 Strain and strain rates. (Data are expressed as Mean ± SD). 

  

 CONTROL DIABETES P 

LONG St -16.0±10.8 -18.9±5.5 0.394 

LONG SR 0.9±0.9 1.2±0.4 0.243 

RAD St -34.3±11.6 -32.1±17.7 0.707 

RAD SR 1.3±0.7 1.5±0.5 0.412 

CIRC St -22.3±2.6 -24.9±5.2 0.109 

CIRC SR 2.7±5.7 1.4±0.5 0.29 

IN TAG -19.2±2.3 -19.2±3.0 0.98 
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LIST OF ABBREVIATIONS 

CCM: corneal confocal microscopy 

Chol: total cholesterol 

CNBD: corneal nerve branch density 

CNFD: corneal nerve fiber density 

CNFL: corneal nerve fiber length 

CT: cold threshold 

DSPN: distal symmetric polyneuropathy 

eGFR: estimated glomerular filtration rate 

HRV: heart rate variability  

IENFD: intra epidermal nerve 

IGT: impaired glucose tolerance 

ISFN: idiopathic small fiber neuropathy 

NCCA: non contact corneal aesthesiometry 

NDS: neuropathy disability score 

NSP: neuropathy symptom profile 

PMNAmp: peroneal motor nerve amplitude 

PMNCV: peroneal motor nerve conduction velocity 

SSNAmp: sural sensory nerve amplitude 

SSNCV: sural sensory nerve conduction velocity 

VPT: vibration perception threshold 

WT: warm threshold 
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8.1 Abstract 

Objective: Impaired glucose tolerance (IGT) represents one of the earliest stages of glucose 

dysregulation and is associated with macrovascular disease, retinopathy and 

microalbuminuria, but it is unclear whether it causes neuropathy.  

Research Design and Methods: 37 subjects with IGT and 20 age-matched controls 

underwent comprehensive assessment of neuropathy using nerve conduction studies, 

quantitative sensory testing, autonomic function testing, skin biopsy and corneal confocal 

microscopy. 

Results: Subjects with IGT had a higher frequency and intensity of sensory symptoms 

compared to controls. There was a significant reduction in intra-epidermal nerve fiber density 

(IENFD) (P=0.03), corneal nerve fiber density (CNFD) (P<0.001), corneal nerve branch 

density (CNBD) (P=0.002) and fiber length (CNFL) (P=0.05) However, there was no 

difference in nerve conduction parameters and autonomic function.  

Conclusions: Small fibre neuropathy is present in subjects with IGT and both skin biopsy 

and corneal confocal microscopy (CCM) detect this early abnormality.   
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8.2 Introduction 

The World Health Organisation estimates that pre-diabetes affects approximately 300 million 

people worldwide. Pre-diabetes encompasses a metabolically heterogeneous group of 

clinically silent entities, namely intermediate hyperglycaemia, impaired fasting glucose and 

IGT and is associated with an increased risk for macrovascular disease (1). However, it 

remains unclear whether it is also a risk for microvascular complications as some studies 

report microalbuminuria (2), retinopathy (3) and neuropathy (4-5) in subjects with IGT while 

others have found no difference (6). 

The association between IGT and peripheral neuropathy was first highlighted when subjects 

with idiopathic small fibre neuropathy (ISFN) were found to have an unexpectedly high 

prevalence of IGT (4; 7-9). These early studies were confounded by referral bias, and 

heterogeneous study cohorts. However, larger population-based studies such as the San Luis 

Valley (10) and the MONICA/KORA Augsburg (11) studies have shown that neuropathy is 

present in 26-28% of patients with diabetes, 11-13% in IGT and 4-8% in the control 

population. In contrast, Dyck et al. did not demonstrate neuropathy amongst subjects with 

impaired glycemia when compared with controls (6). Although of note, those with impaired 

glycemia included individuals with intermediate hyperglycaemia, impaired fasting glucose 

and only a proportion had IGT.  

Establishing whether or not neuropathy occurs in subjects with IGT is important as it may 

provide insights into the pathogenesis of diabetic neuropathy. However, the detection of 

peripheral neuropathy in IGT remains challenging: the majority of studies have used a 
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combination of symptoms and neurologic signs, which are large-fiber weighted. Yet, an 

increasing body of evidence suggests a predominantly small-fiber neuropathy with minimal 

large-fiber involvement in IGT. Hence, a significant reduction in IENFD was demonstrated in 

a study of subjects with IGT receiving lifestyle intervention (12). In another study subjects 

with IGT had significantly impaired quantitative sudomotor axon reflex test responses (13). 

Similarly, sympathetic skin response amplitudes were reduced without evidence of 

electrophysiological abnormalities in IGT (14). In a study of patients with ISFN the presence 

of IGT did not worsen small fibre damage, as detected using the non-invasive technique of 

CCM (15). Nevertheless, CCM has been shown to detect nerve damage in diabetic patients 

with minimal neuropathy (16). Therefore, the objectives of this study were i) to characterise 

the neuropathy associated with IGT using comprehensive neuropathy assessment in subjects 

with IGT using neurophysiology, quantitative sensory testing and in particular IENFD and ii) 

to establish and validate CCM as a sensitive measure of small fibre neuropathy in subjects 

with IGT. 

8.3 Methods 

8.3.1 Study subjects 

37 subjects aged 18-75 years with a diagnosis of IGT (2 hour glucose 7.8-11 mmol/l) 

following an oral glucose tolerance test and 20 age-matched control subjects with normal 

glucose tolerance were studied.  Exclusion criteria were any history of congestive cardiac 

failure, connective tissue disease, chronic kidney (serum creatinine >250 umol/l), peripheral 

vascular, infectious or malignant disease, absent foot pulses, alcohol intake >21 units per 

week (males) or >14 units/week (females), any other cause of peripheral neuropathy, active 
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corneal disease or surgery and chronic contact lens use. The study was approved by the 

Central Manchester Research and Ethics committee, and written informed consent was 

obtained from all subjects prior to participation. This research adhered to the tenets of the 

declaration of Helsinki. 

8.3.2 Clinical and Peripheral Neuropathy Assessment 

All study participants underwent assessment of BMI, hemoglobin A1c (HbA1c), lipid 

fractions [total cholesterol (Chol), LDL, HDL and triglycerides (trig)] estimated glomerular 

filtration rate (eGFR). Symptoms of DSPN were assessed using the NSP and neurological 

deficits were evaluated using simplified neuropathy disability score (NDS) (17). Vibration 

perception threshold (VPT) was tested using a Neurothesiometer (Horwell, Scientific 

Laboratory Supplies, Wilfrod, Nottingham, UK). Cool (CT) and warm (WT) thresholds were 

established on the dorsolateral aspect of the left foot (S1) using the TSA-II NeuroSensory 

Analyser (Medoc Ltd., Ramat-Yishai, Israel) using the method of limits. Electro-diagnostic 

studies were undertaken using a Dantec “Keypoint” system (Dantec Dynamics Ltd, Bristol, 

UK) equipped with a DISA temperature regulator to keep limb temperature constantly 

between 32-35°C. Sural sensory nerve amplitude (SSNamp), sural sensory nerve conduction 

velocity (SSNCV), peroneal motor nerve amplitude (PMNamp) and peroneal motor nerve 

conduction velocity (PMNCV) were assessed by a consultant neurophysiologist. The 

peroneal motor nerve study was performed using silver-silver chloride surface electrodes at 

standardized sites defined by anatomical landmarks and recordings for the sural sensory 

nerve were taken using antidromic stimulation over a distance of 100mm. Heart rate 

variability (HRV) was assessed with an ANX 3.0 autonomic nervous system monitoring 
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device (ANSAR Medical Technologies Inc., Philadelphia, PA, USA). Sweat production, as 

an indication of sudomotor function, was measured using Neuropad (miro Verbandstoffe, 

Wiehl-Drabenderhole, Germany) (18). The Neuropad was applied to the plantar surface of 

the foot on the first metatarsal head and removed after 10 minutes. A colour change occurs 

based on a cobalt II compound changing from blue to pink. The percentage (%) colour 

change was estimated visually with a pink colour (100%) indicating normal sweat production 

and a blue colour (0%) indicating absent sweat production. 

8.3.3 Corneal Confocal Microscopy 

Patients underwent examination with the CCM (Heidelberg Retinal Tomograph III Rostock 

Cornea Module, Heidelberg Engineering GmbH, Heidelberg, Germany) as per previously 

established protocol (16). All scans were performed by two purpose trained optometrists. 

Five non-overlapping images/patient from the centre of the cornea were selected and 

quantified in a masked fashion. Three corneal nerve parameters were quantified: (i) CNFD - 

the total number of major nerves/mm2 of corneal tissue; CNBD - the number of branches 

emanating from all major nerve trunks/mm2 of corneal tissue and (iii) CNFL - the total 

length of all nerve fibers and branches (mm/mm2) within the area of corneal tissue. Corneal 

sensation was evaluated using a purpose-built non-contact corneal aesthesiometer (NCCA) 

(19).  
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8.3.4 Skin Biopsy and Immunohistochemistry 

A 3-mm punch skin biopsy was taken from the dorsum of the foot ~2 cm above the second 

metatarsal head after local anesthesia (1% lidocaine). The biopsy site was closed using Steri-

strips, and the specimen was immediately fixed in PBS-buffered 4% paraformaldehyde. After 

18–24 h, it was rinsed in Tris-buffered saline and soaked in 33% sucrose (2–4 h) for 

cryoprotection. It was then embedded in optimum cutting temperature embedding compound, 

rapidly frozen in liquid nitrogen, and cut into 50 µm sections using a cryostat (model OTF; 

Bright Instruments, Huntington, UK). Four floating sections per subject were subjected to 

melanin bleaching (0.25% KMnO4 for 15 min followed by 5% oxalic acid for 3 min), a 4-h 

protein block with a Tris-buffered saline solution of 5% normal swine serum, 0.5% powdered 

milk, and 1% Triton X-100, and overnight incubation with 1:1,200 Biogenesis polyclonal 

rabbit anti-human PGP 9.5 antibody (Serotec, Oxford, U.K.). Biotinylated swine anti-rabbit 

secondary antibody (1:300; DakoCytomation, Ely, U.K.) was then applied for 1 h; sections 

were quenched with 1% H2O2 in 30% MeOH-PBS (30 min) before a 1-h incubation with 

1:500 horseradish peroxidase–Streptavidin (Vector Laboratories, Peterborough, U.K.). Nerve 

fibers were demonstrated using 3, 3́-diaminobenzidine chromogen (Sigma-Aldrich, 

Manchester, U.K.). Sections were mildly counterstained with eosin to better localize the 

basement membrane and identify nerve fibers passing through it. Negative controls consisted 

of replacing the anti-PGP9.5 antibody with rabbit immunoglobulin (DakoCytomation) at a 

concentration matching that of the primary antibody which showed no immunostaining. 

IENFD, i.e., the number of fibers per millimeter of basement membrane were quantified in 

accord with established criteria and expressed as number per millimeter (20). 
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8.3.5 Statistical analysis 

SPSS for Mac (Version 19.0, IBM Corporation, New York, USA) was used for descriptive 

and frequency statistics and OriginPro for Windows (Version 8.5.0, Origin Lab, 

Northampton, MA, USA) was used to plot the data.  One-way ANOVA (Scheffe Post-hoc 

test) was used to study differences between means. All data are expressed as mean ± standard 

error of mean (SEM). 

8.4 Results  

Clinical characteristics are summarized in table 1. Subjects with IGT and controls were 

matched for age. The IGT group had a higher BMI (31.7 ± 1.0 vs. 27.9 ± 1.2, p=0.02) and 

HbA1c (6.0 ± 0.2 / 43.9 ± 1.0 vs. 5.4 ± 0.1 / 36.0 ± 0.3 mmol/mol, P<0.001) with a lower 

total (4.8 ± 0.2 vs. 5.5 ± 0.2 mmol/l, p=0.02) and HDL (1.2 ± 0.1 vs. 1.7 ± 0.1 mmol/l, 

p<0.001) cholesterol compared to controls. There was no difference between groups in 

systolic/diastolic blood pressure (BP), eGFR, LDL cholesterol or triglycerides. 

8.4.1 Peripheral Neuropathy Assessment  

NSP (4.1 ± 1.0 vs. 0.5 ± 0.2, P<0.001) and McGill pain index (2.8 ± 0.3 vs. 0.2 ± 0.1, 

P<0.001) scores were significantly greater in the IGT group compared to controls. NDS (2.9 

± 0.5 vs. 0.6 ± 0.2, p=0.001) and VPT (15.9 ± 2.3 vs. 6.5 ± 1.1, p=0.002) were significantly 

greater in the IGT group compared to controls, indicating mild neuropathy. There was no 

significant difference in peroneal and sural nerve conduction velocity or amplitude between 

subjects with IGT and control subjects. WT (40.6 ± 0.8 vs. 37.6 ± 0.6, p=0.006) was 
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increased and CT (24.9 ± 1.3 vs. 27.5 ± 0.6, p=0.03) was decreased, with no difference in 

HRV in the subjects with IGT compared to controls. The percentage response for the 

neuropad was significantly reduced (P<0.05) in IGT subjects (table 2). 

8.4.2 Skin Biopsy, Corneal Confocal Microscopy and Corneal Sensitivity 

There was a significant reduction in IENFD (6.3 ± 0.6 vs. 9.1 ± 0.7, P = 0.03) in IGT 

compared to control subjects. CNFD (27.6 ± 1.2 vs. 37.4 ± 1.6, P < 0.001), CNBD (55.8 ± 

6.0 vs. 89.2 ± 8.4, P = 0.02) and CNFL (22.1 ± 1.2 vs. 25.7 ± 1.2, P = 0.05) (figure 1) were 

significantly reduced in IGT compared to control subjects. There was no difference in corneal 

sensation threshold between IGT and control subjects (table 3). 

8.4.3 Subjects with IGT and neuropathy 

Under the assumption that CNFD is normally distributed in controls and IGT (Shapiro-Wilk 

W Test, P > 0.05) and based on a cut-off point = 2 standard deviations from the control 

average (CNFD = 24.0 no./mm2), subjects with IGT were re-stratified into two groups: those 

without (IGT) (n=22) [CNFD > 24.0 no./mm2, (range: 24.1-45.0)] and those with IGT 

neuropathy (IGTN) (n=15) [CNFD ≤ 24.0 no./mm2, (range: 24.0-12.5)] small fiber 

neuropathy  (figure 1). There was a significantly greater self-reported pain intensity (McGill 

Pain Index, P = 0.04) and reduction in CNBD (P = 0.02) and CNFL (P<0.001) in subjects 

with IGTN compared to IGT (table 4). 
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8.5 Discussion 

The United Kingdom Prospective Diabetes Study has shown that at diagnosis of type 2 

diabetes, 5-7% of patients already have neuropathy (21) and longitudinal data from the 

Rochester cohort (22) have shown that duration and severity of exposure to hyperglycaemia 

are related to the severity of neuropathy. Hence studies have explored the contribution of 

minor and intermittent episodes of hyperglycaemia in subjects with IGT towards the 

development of neuropathy. Reduced epidermal innervation (9) sudomotor dysfunction (13) 

and electrodiagnostic abnormalities (14) have been found in up to 25% of patients with 

idiopathic sensory neuropathy and IGT. Indeed pain is a common feature amongst patients 

with idiopathic sensory neuropathy who are subsequently diagnosed with IGT (4; 15). 

Transient hyperglycaemia in experimental diabetes increases spontaneous discharge from 

nociceptive afferent C-fibers which is associated with neuropathic pain (23). The 

MONICA/KORA Augsburg Surveys (11) found a threefold increase in neuropathic pain in 

IGT, while the San Luis Valley study (10) found that impaired vibration sensation was 

present in 11.2% of subjects with IGT compared to only 3.5% in controls. 

Sensory deficits can occur in ~50% of patients with established diabetes (24), but the natural 

history of neuropathy is not clear. Previous studies have demonstrated a reduction in IENFD 

in subjects with IGT (4; 9; 12), which improved after lifestyle intervention, suggesting that 

this early abnormality may be amenable to treatment (12). Dyck and associates (6) showed no 

increase in the prevalence of neuropathy in subjects with impaired glycaemia. However, it is 

important to note that their diagnosis of neuropathy was based on composite scores of an 

abnormality in nerve conduction studies, which assesses only large fibre abnormalities (25-
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26). In the present study we also show no significant abnormality in neurophysiology in 

subjects with IGT. However, we show evidence of small fibre neuropathy with a significant 

reduction in IENFD and using CCM we also show a significant reduction in CNFD, CNBD 

and CNFL. This finding is in agreement with our previous work using CCM in patients with 

ISFN (15). Although we report a difference in sudomotor function, we found no difference in 

HRV however we did not perform a comprehensive assessment of autonomic function. 

CCM provides the unique opportunity to assess unmyelinated C-fibers in vivo, and an 

increasing body of evidence suggests it may have good diagnostic (27-28) and prognostic 

value (16; 29-30). Indeed, CNFL has been shown to have good diagnostic validity using a 

range of definitions for DSPN (31) and has also been shown to be related to three 

independent measures of small fibre neuropathy (32). Furthermore, in our recent study (30), 

simultaneous pancreas and kidney transplantation in diabetic patients was associated with 

corneal nerve regeneration before an improvement in any other measure of DSPN. Similarly 

in a randomised placebo controlled study of patients with sarcoid neuropathy, ARA 290, a 

small peptide that antagonizes inflammatory processes and stimulates tissue repair, was 

shown to significantly improve corneal nerve fibre density (32). Davidson and colleagues 

(33) have demonstrated corneal nerve regeneration in experimental diabetes, suggesting that 

subbasal nociceptive C-fibers share physiological similarities with peripheral sensory nerves. 

Interestingly, a recent study has shown that corneal nerve loss precedes intraepidermal nerve 

fibre loss in two different animal models of diabetes (34). The present study extends our 

previous findings using CCM as it shows that corneal nerve injury occurs not only in overt 
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diabetes, but also in subjects with IGT. Indeed of relevance corneal nerve fibre loss was 

previously related to HbA1c in healthy control subjects (35). 

A diagnostic biomarker is a parameter that provides information about the presence and the 

progress of a disease and the effects of treatment. We hypothesised that CCM-defined 

parameters could serve as such biomarkers in this study. At the time of examination a 

subgroup of subjects with IGT had evidence of neuropathy. We therefore tested whether 

individuals with IGT and a significant defect in CNFD exhibited more severe symptoms or 

signs of neuropathy compared to individuals with IGT and a normal CNFD. As expected, 

CNFL and CNBD were lower in those with a lower CNFD, but there were no differences in 

any of the other measures of neuropathy between the subgroups. Of note, subjects with IGT 

and a normal CNFD had a marginally higher McGill pain index, although both subgroups 

scored very low on the index. This is in contrast to previous studies which have shown a 

reduction in IENFD (36) and both IENF length and CNFL (26) in those with painful diabetic 

neuropathy and is likely to be of limited clinical significance given the subjective nature of 

the test and inter-subject variability in pain tolerance. However, of pathophysiological 

relevance, Cheng et al. (37) have recently found that pain in experimental neuropathy is 

associated with an upregulation in peptidergic IENFD and in a study in patients with painful 

diabetic neuropathy they showed increased nerve regeneration and axonal swelling (38). This 

therefore suggests that the relationship between pain and nerve structure is complex and 

requires further study. 
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In conclusion, this study shows that small fibre neuropathy is present in subjects with IGT 

and both skin biopsy and corneal confocal microscopy can detect this early abnormality. 
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Table 8-1 CLINICAL AND METABOLIC PARAMETERS IN CONTROL AND IGT SUBJECTS 

 
Controls  

(n=20) 

IGT  

(n=37) 
P value 

Age (years) 54.0 ± 2.0 57.7 ± 1.8 NS 

BMI (Kg/m2) 27.9 ± 1.2 31.7± 1.0 0.02 

Fasting glucose <6.1 6.2 ± 0.8  

2 hour glucose <7.8 9.3 ± 1.0  

HbA1c (%) / (mmol/mol) 5.4 ± 0.1 / 36.0 ± 0.3 6.0 ± 0.2 / 43.9 ± 1.0 <0.001 

eGFR (mL/min/1.73 m2) 82.4 ± 1.7 81.0 ± 2.0 NS 

Chol (mmol/l) 5.5 ± 0.2 4.8 ± 0.2 0.03 

HDL (mmol/l) 1.7 ± 0.1 1.2 ± 0.1 <0.001 

LDL (mmol/l) 3.2 ± 0.1 2.1 ± 0.2 NS 

Trig (mmol/l) 1.7 ± 0.2 2.8 ± 0.2 NS 

BP sys/dia (mmHg) 132 / 78 137 / 79 NS 

Data are expressed as mean ± SEM, NS: not significant 
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Table 8-2 PERIPHERAL NEUROPATHY ASSESSMENT IN CONTROL AND IGT SUBJECTS 

 Controls IGT P value 

NSP 0.5 ± 0.2 4.1 ± 1.0 <0.001 

McGill pain index 0.2 ± 0.1 2.8 ± 0.3 <0.001 

NDS 0.6 ± 0.2 2.9 ± 0.5 <0.001 

VPT (V) 6.5 ± 1.1 15.9 ± 2.3 0.002 

CT (oC) 27.5 ± 0.6 24.9 ± 1.3 0.03 

WT (oC) 37.6 ± 0.6 40.6 ± 0.8 0.006 

HRV 12.4 ± 1.5 10.5 ± 1.2 NS 

Neuropad (%) 93.0 ± 5.6 71.0 ± 2.8 0.05 

SSNCV (m/s) 49.9 ± 1.0 49.9 ± 0.9 NS 

SSNA (µV) 16.6 ± 1.9 14.0 ± 1.4 NS 

PMNCV (m/s) 47.5 ± 0.7 45.6 ± 0.7 NS 

PMNA (µV) 5.3 ± 0.5 4.6 ± 0.4 NS 

Data are expressed as mean ± SEM, NS: not significant 
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Table 8-3 INTRA-EPIDERMAL AND CORNEAL NERVE ASSESSMENT AND CORNEAL 
SENSATION IN CONTROL AND IGT SUBJECTS 

 Controls IGT P value 

NCCA (mbar) 0.7 ± 0.2 1.1 ± 0.2 NS 

CNFD (no./mm2) 37.4 ± 1.6 27.6 v 1.2 <0.001 

CNBD (no/mm2) 89.2 ± 8.4 55.8 ± 6.0 0.002 

CNFL (mm/mm2) 25.7 ± 1.2 22.1 ± 1.2 0.05 

IENFD (no./mm) 9.1 ± 0.7 6.3 ± 0.6 0.03 

Data are expressed as mean ± SEM, NS: not significant 
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Table 8-4 IGT SUBJECTS WITH NEUROPATHY BASED ON CNFD 

 IGT (n=22) 
IGTN 

(n=15) 
P value 

NSP 4.3 ± 1.0 3.7 ± 1.2 NS 

McGill Analogue 5.8 ± 0.8 3.5 ± 1.2 NS 

McGill Pain Index 2.6 ± 0.4 1.4 ± 0.5 0.04 

NDS 2.9 ± 0.6 3.0 ± 0.7 NS 

VPT (V) 15.8 ± 2.6 16.1 ± 3.3 NS 

CS (oC) 24.6 ± 1.7 25.3 ± 2.0 NS 

WS (oC) 40.7 ± 1.3  40.5 ± 1.4 NS 

HRV 9.7 ± 1.5 11.6 ± 1.7 NS 

Neuropad (%) 67.1 ± 8.3 69.0 ± 8.0 NS 

CNFD (no./mm2) 31.8 ± 1.0 20.7 ± 1.3 <0.001 

CNBD (no./mm2) 65.6 ± 8.2  39.6 ± 6.8 0.02 

CNFL (mm/mm2) 25.3 ± 1.0 16.7 ± 1.1 <0.001 

NCCA (mbar) 1.1 ± 0.3 1.7 ± 0.4 NS 

IENFD (no./mm) 6.9 ± 0.9 6.4 ± 0.9 NS 

SSNCV (m/s) 50.5 ± 1.3 49.7 ± 1.4 NS 
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SSNA (µV) 15.1 ± 2.0 12.7 ± 2.0 NS 

PMNCV (m/s) 4.5 ± 0.9 4.8 ± 1.5 NS 

PMNA (µV) 45.7 ± 0.4 45.5 ± 0.8 NS 

Data are expressed as mean ± SEM, NS: not significant 
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Figure 8-1 Data points represent actual corneal subbasal nerve parameters between controls (n=20) and 
subjects with IGT (n=37). Dashed lines represent group averages (values presented in table 8-3). A: 
CNFD, B: CNBD and C: CNFL. A Mann-Whitney U test was used for between group comparisons and 
the two-tailed P value is presented. Blue dashed line (1A) represents the diagnostic cut-off point for “risk 
of neuropathy” based on a mean – 2SD from controls. 

Figure 8-2 Skin punch biopsies immunostained for PGP9.5 and corneal confocal microscopy images from 
a healthy control (A, C) and a subject with IGT (B, D). In (C) compared to (D) a significant reduction in 
nerve fibers (yellow arrows) and nerve branches (red arrows) is observed, which mirrors the reduction in 
intra-epidermal nerve fibers (yellow arrows) reaching the upper levels of epidermis in (B) compared to 
(A). The sub-epidermal nerve plexus is also visible (purple arrowhead). 
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9.1 IGT and Cardiac Sympathetic Innervation 

In the only published study of MIBG in subjects with IGT to date, the authors reported 

significantly reduced late HMR compared to healthy controls (1). The IGT cohort in this 

study was highly selected as the vast majority of subjects had a positive family history of 

DM. Furthermore, they reported regional defects in tracer uptake, predominantly affecting the 

apex and inferior wall in 20 of the 22 subjects with IGT.  

Our findings challenge the existing literature in IGT. First, we confirm the findings of 

previous studies in healthy subjects demonstrating that such “defects” in the inferior wall and 

apex are in fact normal findings in healthy subjects (2-6). Furthermore, we show that subjects 

with IGT, despite an adverse CV risk profile, demonstrate normal global and detailed 

regional cardiac sympathetic innervation. Although regional analysis revealed reduced 

regional uptake in the anterior wall in some of our IGT subjects, the functional significance 

of this is uncertain given that there were no differences in autonomic function or WR 

between IGT subjects with and without such a defect. Whilst such findings may infer that this 

sub-set of individuals with IGT may be at greater risk of developing clinically silent cardiac 

dysinnervation, this will require longitudinal studies.  

Studies in IGT cohorts have reported the presence of CAN (7) in some studies but not others 

(8,9). We found no evidence of CAN in our IGT cohort. CAN may represent a late 

manifestation of IGT and abnormalities in cardiac MIBG scintigraphy may not become 

apparent until advanced CAN (10). Further research is clearly indicated to establish when in 
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the natural history of subjects with IGT, CAN and sympathetic denervation develop to enable 

risk stratification and guide possible therapeutic intervention 

A perceived weakness of our study may be the small study population, however, they were 

representative of uncomplicated subjects from primary care undergoing an OGTT. The 

strengths of the study lie in the detailed structural and functional cardiac phenotyping using 

gold standard imaging modalities, notably CMR.  In addition, MIBG scintigraphy was carried 

out according recommended international standards (11). 

9.2 Cardiac Structure and Function in IGT  

CMR data on cardiac structure and function in IGT are limited. Previous studies in IGT 

cohorts have mostly used echocardiographic studies for cardiac imaging and have reported 

increased LVMI in subjects with IGT (11-19). In our study, subjects with IGT had 

comparable LVEF, LVMI and concentricity to healthy age matched controls; findings which 

challenge the existing literature in this group.  The Multi Ethnic Study of Atherosclerosis 

(MESA) and the Framingham Offspring cohort study were both studies using CMR for 

cardiac imaging and in which LVM was associated with glycemia in subjects with impaired 

fasting glucose (IFG) and DM (20-25). The methodology for deriving LVM and volumes in 

these studies was subject to a number of limitations; the use of short axis slices alone presents 

difficulty in determining the true basal LV slice, end-diastole and end-systole. Furthermore, it 

is not clear whether their analyses included papillary muscles and trabeculae in their cavity 

volumes rather than within the mass. We used validated 3D modeling methods for volumetric 

and structural analysis in our study, which provide accurate and reproducible measurement of 
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LV mass and volumes (12,26). Furthermore, we used 3 different methods to calculate LVMI, 

to adjust for the increased BMI in our IGT group and are therefore confident that our data are 

robust and meaningful. 

Similarly, studies of diastolic function in IGT cohorts have been limited by relatively 

insensitive measures of diastolic dysfunction (10,27-30). Studies using CMR are lacking. We 

found no differences in radial, circumferential and longitudinal strain and strain rates between 

subjects with IGT and healthy controls.  

Coronary microvascular dysfunction is a feature of pre-diabetes and insulin resistance 

(12,31). Using quantitative CMR assessment of MBF, we found normal resting and stress 

MBF in subjects with IGT indicating that these individuals do not have evidence of coronary 

microvascular disease. 

Although extensively studied in animal models of DM, the need for endomyocardial biopsy 

has limited the study of myocardial fibrosis in man (32). Fischer et al demonstrated 

interstitial fibrosis in myocardial biopsy, but did not differentiate subjects with IGT from 

those with diabetes (33). T1 mapping has been utilised to demonstrate fibrosis associated 

with impaired systolic and diastolic function and biomarkers of fibrosis in patients with type 

1 and 2 diabetes (34-36). Quantitative assessment of myocardial extracellular volume (ECV), 

a surrogate of myocardial fibrosis, shows much promise and has been recently validated in 

man (37-39). In the only such study published to date, diabetic subjects showed  ECV 

expansion (40). In our study we found no differences in ECV between subjects with IGT and 
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healthy controls, indicating that subjects with IGT do not have myocardial fibrosis and 

suggesting that this may be a late abnormality.   

In conclusion, IGT is not associated with an adverse structural and functional cardiac 

phenotype with no evidence of fibrosis or microvascular disease when assessed by detailed 

and comprehensive multiparametric CMR. Whilst these data conflict with existing data in 

subjects with IGT, these studies used echocardiography, which is clearly less sensitive than 

CMR. Further larger and in particular longitudinal studies are required to establish when 

individuals with IGT develop the early pathognomonic features of diabetic cardiomyopathy. 

9.3 Neuropathy in IGT 

The United Kingdom Prospective Diabetes Study has shown that at diagnosis of type 2 

diabetes, 5-7% of patients already have neuropathy (21) and longitudinal data from the 

Rochester cohort (22) have shown that duration and severity of exposure to hyperglycaemia 

are related to the severity of neuropathy. Hence studies have explored the contribution of 

minor and intermittent episodes of hyperglycaemia in subjects with IGT towards the 

development of neuropathy. Reduced epidermal innervation (9) sudomotor dysfunction (13) 

and electrodiagnostic abnormalities (14) have been found in up to 25% of patients with 

idiopathic sensory neuropathy and IGT. Indeed pain is a common feature amongst patients 

with idiopathic sensory neuropathy who are subsequently diagnosed with IGT (4; 15). 

Transient hyperglycaemia in experimental diabetes increases spontaneous discharge from 

nociceptive afferent C-fibers which is associated with neuropathic pain (23). The 

MONICA/KORA Augsburg Surveys (11) found a threefold increase in neuropathic pain in 
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IGT, while the San Luis Valley study (10) found that impaired vibration sensation was 

present in 11.2% of subjects with IGT compared to only 3.5% in controls. 

Sensory deficits can occur in ~50% of patients with established diabetes (24), but the natural 

history of neuropathy is not clear. Previous studies have demonstrated a reduction in IENFD 

in subjects with IGT (4; 9; 12), which improved after lifestyle intervention, suggesting that 

this early abnormality may be amenable to treatment (12). Dyck and associates (6) showed no 

increase in the prevalence of neuropathy in subjects with impaired glycaemia. However, it is 

important to note that their diagnosis of neuropathy was based on composite scores of an 

abnormality in nerve conduction studies, which assesses only large fibre abnormalities (25-

26). In the present study we also show no significant abnormality in neurophysiology in 

subjects with IGT. However, we show evidence of small fibre neuropathy with a significant 

reduction in IENFD and using CCM we also show a significant reduction in CNFD, CNBD 

and CNFL. This finding is in agreement with our previous work using CCM in patients with 

ISFN (15).  

CCM provides the unique opportunity to assess unmyelinated C-fibers in vivo, and an 

increasing body of evidence suggests it may have good diagnostic (27-28) and prognostic 

value (16; 29-30). Indeed, CNFL has been shown to have good diagnostic validity using a 

range of definitions for DSPN (31) and has also been shown to be related to three 

independent measures of small fibre neuropathy (32). Furthermore, in our recent study (30), 

simultaneous pancreas and kidney transplantation in diabetic patients was associated with 

corneal nerve regeneration before an improvement in any other measure of DSPN. Similarly 

in a randomised placebo controlled study of patients with sarcoid neuropathy, ARA 290, a 
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small peptide that antagonizes inflammatory processes and stimulates tissue repair, was 

shown to significantly improve corneal nerve fibre density (32). Davidson and colleagues 

(33) have demonstrated corneal nerve regeneration in experimental diabetes, suggesting that 

subbasal nociceptive C-fibers share physiological similarities with peripheral sensory nerves. 

Interestingly, a recent study has shown that corneal nerve loss precedes intraepidermal nerve 

fibre loss in two different animal models of diabetes (34). The present study extends our 

previous findings using CCM as it shows that corneal nerve injury occurs not only in overt 

diabetes, but also in subjects with IGT. Indeed of relevance corneal nerve fibre loss was 

previously related to HbA1c in healthy control subjects (35). 

A diagnostic biomarker is a parameter that provides information about the presence and the 

progress of a disease and the effects of treatment. We hypothesised that CCM-defined 

parameters could serve as such biomarkers in this study. At the time of examination a 

proportion of subjects with IGT had evidence of neuropathy. Therefore, we tested whether 

individuals with IGT and a significant defect in CNFD exhibited more severe symptoms or 

signs of neuropathy compared to individuals with IGT and a normal CNFD. As expected all 

three corneal nerve parameters were lower in those with a lower CNFD, but there was no 

difference for any other measure of neuropathy. However, interestingly subjects with IGT 

and a normal corneal nerve density had significantly greater self-reported pain. This is in 

contrast to previous studies which have shown a reduction in IENFD (36) and both IENF 

length and CNFL (26) in those with painful diabetic neuropathy. However, of 

pathophysiological relevance, Cheng et al. (37) have recently found that pain in experimental 

neuropathy is associated with an upregulation in peptidergic IENFD and in a study in patients 
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with painful diabetic neuropathy they showed increased nerve regeneration and axonal 

swelling (38). This therefore suggests that the relationship between pain and nerve structure 

is complex and requires further study. 

In conclusion, our study shows that small fibre neuropathy is present in subjects with IGT 

and both skin biopsy and corneal confocal microscopy can detect this early abnormality. 

9.3.1 Cardiac Sympathetic Innervation in Type 1 Diabetes of Extreme Duration 

Medalists represent a unique group of patients with an extreme duration of Type 1 diabetes. 

This is the first study to investigate in detail, the presence and extent of cardiac sympathetic 

innervation and cardiac autonomic function in such a group of individuals.  

Abnormal MIBG uptake has been demonstrated in both recently diagnosed and long duration 

type 1 diabetes (20,22,25). Stevens et al investigated cardiac innervation in patients with T1 

diabetes with and without diabetic autonomic neuropathy (DAN), diagnosed using standard 

cardiovascular reflex tests (12). Using [11C]-HED PET imaging, they reported the presence 

of innervation defects in 40% of subjects without clinical DAN, which was characterized by 

distal deficits in tracer retention with preservation of the proximal myocardial segments. 

Whilst in subjects with severe DAN, there was evidence of proximal hyperinnervation but 

normal sympathetic tone, suggesting a compensatory proximal reinnervation in response to 

distal neuronal loss in severe DAN. Using MIBG scintigraphy we demonstrate that global 

MIBG uptake and washout in subjects with type 1 diabetes of extreme duration, are 

comparable to healthy controls. Whilst there is a more pronounced regional heterogeneity in 

MIBG uptake in diabetic patients, this pattern is consistent with that observed in healthy 
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controls. There was no difference in total and modified uptake scores on SPECT analysis, and 

although there was a significantly lower uptake in the inferior, basal and apical segments in 

the diabetic group this was similar in pattern to the control group. This regional heterogeneity 

in the control group is consistent with previously published data in healthy adults including 

the recent ADMIRE-HF study (2-6,41,42). The further reduction in regional uptake in our 

diabetic group may simply be explained by the effects of age, as they were older and the 

effects of age on MIBG have been previously reported (2,3,43,44). Irrespective of regional 

defects, HMR was comparable to healthy controls and HMR has been shown to be of 

prognostic significance in diabetic subjects (3,5,45). Despite almost half a century of 

persistent hyperglycemia these patients show no evidence of cardiac sympathetic 

denervation. Poor glycemic control is associated with a reduction in MIBG uptake 

(43,44,46,47), hence our findings provide further evidence of protection from complications 

in this unique group of patients. 

CAN is a recognised complication of DM, often present at diagnosis and is an independent 

predictor of morbidity and mortality (17,19). However, again despite the long duration of 

moderate glycemic control, in our study the majority of cardiac parasympathetic autonomic 

function tests were normal. There was a borderline abnormal Valsalva ratio and RFa, 

suggestive of minimal parasympathetic dysfunction. However, LFa and the LFA/RFa ratio 

were normal indicating no evidence of cardiac sympathetic dysfunction in these patients with 

an extreme duration of diabetes.   
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9.4 Cardiac Structure and Function in Type 1 Diabetes of Extreme Duration 

Medalists represent a unique group of patients with an extreme duration of Type 1 diabetes 

and a variable degree of microvascular and macrovascular complications. As such they 

constitute a special phenotype, which merits further study, especially given the excess 

cardiovascular mortality in patients with Type 1 diabetes, even in those with good glycemic 

control (48). Detailed cardiac studies in medalist cohorts identifying the exact phenotype are 

lacking. This is the first study to investigate in detail, cardiac structure, function and 

myocardial blood flow in a cohort of patients with an extreme duration of diabetes, including 

medalists (8/13).  

In our study we show that extreme duration patients with Type 1 diabetes have no evidence 

of CHD and normal LVEF, but a lower LVMI. We have employed robust, validated and 

reproducible 3D modeling methods for volumetric and structural analyses by using long axis 

in addition to short axis slices and threshold-based contouring to identify myocardium (26). 

Furthermore, we have used 3 different methods to calculate LVMI to adjust for BMI. These 

data are not consistent with the reported association between HbA1c and CMR findings in the 

DCCT cohort, although LVMI was higher and LVEF was lower, only in patients with prior 

CVD, and there was no difference between the conventional and intensively treated patients 

(49). This is interesting in the context of the recent analysis showing markedly increased 

mortality in T1DM (8%) v controls (2.9%) and a clear relationship between poorer glycemic 

control and renal impairment with worse outcomes (48). In the present study, there is clearly 

protection from the development of left ventricular hypertrophy and a reduction in ejection 

fraction in these patients.  



 

216 

 

We have found no differences in longitudinal, radial and circumferential function in patients 

with extreme duration Type 1 diabetes. Whilst the majority of previous studies have used 

echocardiography to show early diastolic dysfunction in patients with Type 2 diabetes, a 

recent CMR study has shown diastolic function in young people with Type 2 diabetes (50) 

and a reduction in left ventricular longitudinal myocardial deformation has also been 

demonstrated in children with Type 1 diabetes (51). A lack of CMR evidence of diastolic 

dysfunction is in keeping with our recent echocardiographic study also showing only mild 

evidence of diastolic dysfunction (52) and therefore clearly warrants further study. 

Studies in patients with Type 1 diabetes have demonstrated a reduction in myocardial blood 

flow in relation to sympathetic dysfunction (53,54). Quantitative CMR assessment of MBF is 

an emerging technology which shows much promise and is an attractive validated alternative 

to positron emission tomography (PET) in the assessment of microvascular dysfunction (55). 

To date, there are no published studies of CMR derived MBF in diabetic subjects. We found 

no differences in resting and stress MBF between patients with extreme duration Type 1 

diabetes and controls, however, the stress/rest ratio, an index of coronary microvascular 

perfusion reserve, was significantly lower in the diabetic group. Coronary microvascular 

dysfunction may partly be mediated through cardiac autonomic dysfunction, however, these 

patients have minimal evidence of cardiac autonomic neuropathy (unpublished data).  

Although extensively studied in animal models of DM, the need for endomyocardial biopsy 

has limited the study of myocardial fibrosis in man (32) (33). Previous studies have 

demonstrated myocardial fibrosis in subjects with T2DM and metabolic syndrome using 

integrated back scatter (56-58). In a recent study correalting histology with CMR, the latter 
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was shown to be a highly accurate, non-invasive assessment of regional myocardial fibrosis 

using LGE and diffuse interstitial myocardial fibrosis, using post-contrast T1 mapping (59). 

Furthermore, T1 mapping using CMR, has shown that fibrosis is associated with impaired 

systolic and diastolic function and biomarkers of fibrosis in patients with type 1 and 2 

diabetes (34-36). Quantitative assessment of myocardial extracellular volume (ECV), a 

surrogate of myocardial fibrosis, shows much promise and has been recently validated in man 

(37-39). In the only study published to date using ECV quantification in diabetic subjects, 

DM was associated with ECV expansion, HF admission to hospital and death (40). We report 

an increase in ECV in our patients with Type 1 diabetes compared to healthy controls. 

However, the clinical relevance of this mild degree of myocardial fibrosis is questionable 

given the absence of LV mechanical dysfunction, microvascular and autonomic dysfunction.   

A perceived weakness of the current study may be the small study population, however we 

believe the detailed structural and functional cardiac phenotyping in this unique cohort of 

extreme duration patients with Type 1 diabetes presents novel data. It confirms that these 

unique individuals are indeed protected from the long term complications of diabetes, 

warranting further studies to establish the basis of this protection.  
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