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Abstract 

Aims/hypothesis We sought to establish the molecular and pathological changes predisposing 

diabetic and non-diabetic patients to the development of carpal tunnel syndrome (CTS). 

Methods The posterior interosseous nerve (PIN) was biopsied in 25 diabetic and 19 non-

diabetic patients undergoing carpal tunnel decompression for CTS. Detailed morphometric 

and immunohistological analyses were performed in the nerve biopsy. 

Results In diabetic patients median nerve distal motor latency was prolonged (p < 0.05 vs 

non-diabetic patients), PIN myelinated fibre density (p < 0.05), fibre area (p < 0.0001) and 

axon area (p < 0.0001) were reduced, the percentage of unassociated Schwann cell profiles (p 

< 0.0001) and unmyelinated axon density (p < 0.0001) were increased and the axon diameter 

was reduced (p < 0.0001). Endoneurial capillary basement membrane area was increased (p < 

0.0001) in diabetic patients, but endothelial cell number was increased (p < 0.01) and luminal 

area was reduced (p < 0.05) in non-diabetic patients with CTS. There was no difference in the 

expression of hypoxia-inducible factor 1 between diabetic and non-diabetic patients with 

CTS. However, the expression of vascular endothelial growth factor A (VEGF) (p < 0.05) 

and its receptors VEGFR-1 (p < 0.01) and VEGFR-2 (p < 0.05) was significantly increased in 

diabetic patients, particularly those with type 1 diabetes, and related to the severity of nerve 

fibre pathology. 

Conclusions/interpretation This study demonstrates increased nerve fibre and microvascular 

pathology in relation to enhanced expression of VEGF and its receptors in a non-compressed 

nerve in diabetic compared with non-diabetic patients with CTS. It therefore provides a 

potential molecular and pathological basis for the predisposition of diabetic patients to the 

development of CTS. 

 

Abbreviations 

Ab  Antibody 

CTS  Carpal tunnel syndrome 

DCTS  Diabetic patients with CTS 

DML  Distal motor latency 

fSNCV Fractionated measurement of antidromic sensory conduction velocity 

HIF-1 Hypoxia-inducible factor 1 

MNFD  Myelinated nerve fibre density 

NCTS  Non-diabetic patients with CTS 



PIN  Posterior interosseus nerve 

USCP  Unassociated Schwann cell profile 

VEGF  Vascular endothelial growth factor 

VEGFR VEGF receptor 

 

Introduction 

Carpal tunnel syndrome (CTS) is the most frequent peripheral nerve disorder encountered in 

clinical practice [1], with a reported prevalence in the general population ranging between 

2.7% and 5.8% [2, 3]. Patients with diabetes are at significantly greater risk of developing 

CTS when compared with the general population [4], but the mechanistic basis for this is not 

known. There are limited data suggesting that reductions in carpal tunnel volume occur due 

to connective tissue proliferation and fibrosis [5, 6], leading to nerve compression. Swelling 

of the median nerve is seen on ultrasound and MRI in patients with CTS and has been 

attributed to nerve oedema [7, 8], but the underlying cause has not been established. The 

tenosynovial swelling [7–9] has been attributed to oedema, fibrosis and de novo 

angiogenesis, in part due to vascular endothelial growth factor (VEGF) A [10, 11]. VEGF-A 

(thereafter called VEGF) is the best characterised and the most studied of the VEGF family 

members and is a potent vasoactive molecule, which increases vascular permeability and 

angiogenesis [12, 13]. It mediates its biological functions via Flt-1 (VEGF receptor 1 

[VEGFR-1]) and Flk-1/KDR (VEGFR-2) [12]. Hypoxia-inducible factor 1 (HIF-l) is 

central to VEGF expression through binding of the hypoxia-responsive element in the VEGF 

gene promoter region [14] and it also upregulates VEGFR-1 expression via an HIF-1-

dependent mechanism [15]. 

Experimental studies have suggested that nerves in patients with diabetes may be more 

vulnerable to entrapment [16] due to localised endoneurial microcirculatory changes [17]. 

Furthermore, diabetic microangiopathy [18] may enhance endoneurial hypoxia [19], leading 

to upregulation of angiogenic factors such as HIF-l and VEGF. The response mediated by 

these cytokines may be of particular relevance within peripheral nerves subjected to localised 

compression in CTS, due to the lack of autoregulation of the endoneurial vascular bed [20]. 

We have had the unique opportunity to undertake detailed neuropathological and quantitative 

immunohistological analysis in the non-compressed posterior interosseous nerve (PIN) lying 

on the dorsum of the forearm at the same anatomically distal aspect as the median nerve in 

the adjacent carpal tunnel, which was biopsied at the time of carpal tunnel decompression. 



Nerve fibre and endoneurial capillary pathology was quantified and compared in relation to 

the expression of HIF-1, VEGF and its receptors (VEGFR-1 and VEGFR-2) between 

diabetic (DCTS) and non-diabetic (NCTS) patients with CTS. 

 

Methods 

Participants Patients with clinically and electrophysiologically confirmed CTS, undergoing 

carpal tunnel release and simultaneous PIN biopsy participated in this study. Exclusion 

criteria included previous carpal tunnel release in the hand under study, clinical signs of focal 

nerve entrapment other than CTS, cervical radiculopathy, inflammatory joint disease, renal 

failure, thyroid disorders, previous wrist fracture on the affected side, daily long-term 

exposure to vibrating tools, pregnancy or age under 18 years. PIN biopsies were obtained 

from 25 diabetic (DCTS) and 19 non-diabetic (NCTS) age-matched patients using our 

established surgical technique [21]. The DCTS group consisted of patients with type 1 (n = 

11) and type 2 (n = 14) diabetes mellitus. The study was approved by the Regional Ethical 

Review Board, Lund University (LU 508/03). 

 

Symptoms and electrophysiology The severity of symptoms related to CTS, were established 

using the Symptom Severity Score from the Boston carpal tunnel questionnaire [22]. 

Examination was performed using a Viking Select Electromyograph (Viasys, Madison, WI, 

USA). All studies were conducted with surface electrodes (skin temperature kept above 

30C). The diagnosis of CTS was based on a fractionated measurement of antidromic sensory 

conduction velocity (fSNCV) at the carpal tunnel segment and distal motor latency (DML) 

for the median nerve [23]. An abnormality in one or more of the following was used to 

diagnose peripheral neuropathy: sural sensory nerve conduction velocity, sural sensory nerve 

action potential, peroneal nerve motor conduction velocity or peroneal nerve compound 

muscle action potential. 

 

Biopsy A 3 cm PIN biopsy was harvested from the dorsum of the distal forearm and divided 

into two pieces, which were processed and fixed into Epon (Agar Scientific. Stansted, UK) 

for light and electron microscopy and paraffin blocks for immunohistology, as previously 

described [24, 25]. 

 



Light microscopy Semi-thin Epon sections (0.5 μm) were cut for light and electron 

microscopy, stained with thionin and counter-stained with acridine orange. Fascicles were 

photographed (magnification 200) using a Leitz Diaplan light microscope (Ernst Leitz, 

Wetzlar, Germany) and digital images of all fascicles were captured from sections of each 

biopsy. The Image Pro-Plus 4.1 (Media Cybernetics, Rockville, MD, USA) image analysis 

system was employed to measure fascicular area (mm2). Endoneurial capillaries and 

myelinated nerve fibres were counted directly from the images and the endoneurial capillary 

and myelinated fibre densities (No./mm2) were derived by dividing the number of 

endoneurial capillaries and myelinated nerve fibres relative to the fascicular area, respectively 

[26]. All fascicles were examined in each nerve and mean values were derived. 

 

Electron microscopy Electron microscopy of nerve fibres and endoneurial capillaries was 

undertaken using our previously described methodology [26]. Ultrathin (< 0.1 μm) sections 

stained with methanolic uranyl acetate and lead citrate were used to prepare electron 

micrographs with a Philips EM201 electron microscope (NV Philips, Eindhoven, the 

Netherlands). Electron micrographs (magnification 3,000) of at least 200 myelinated fibres 

were prepared for each biopsy specimen and the axonal and fibre perimeter were manually 

digitised to assess the myelinated axon and fibre area. For unmyelinated fibres a minimum of 

25 electron micrographs per biopsy were prepared at a final magnification of 10,000. The 

number of unassociated Schwann cell profiles (USCPs) was counted directly from all 

micrographs and expressed as a percentage of total Schwann cell profiles. The unmyelinated 

axons were identified using established criteria to differentiate axons from Schwann cell 

cytoplasm [27, 28]. The number of axons was derived by a direct count and the density was 

derived from the total endoneurial area assessed. Bands of Büngner and axons associated 

with this structure were excluded from the analysis. Micrographs (magnification 6,000) of at 

least ten endoneurial capillaries were prepared per biopsy. Vessel, basement membrane and 

luminal areas and endothelial cell profile number per capillary were quantified using our 

established methodology [26]. 

 

Immunohistochemistry Formalin-fixed, paraffin-embedded tissue blocks containing PIN 

nerves were cut into 5 μm sections and mounted on positively charged slides (three per slide). 

The sections were dewaxed in xylene and then gradually rehydrated through decreasing 

ethanol dilutions. Optimal visualisation was obtained by retrieving antigen through 



microwaving in citrate buffer pH 6.0. The following anti-human primary antibodies (Abs) 

were applied overnight at 5C: mouse monoclonal Abs to HIF-1 (1:150) (Dako, Ely, UK) 

and rabbit polyclonal Abs to VEGF-A (1:500), VEGFR-1 (1:250) and VEGFR-2 (1:100) 

(Dako). Subsequently, human anti-mouse IgG secondary Ab was applied to HIF-1 (1:500) 

(Dako) and biotinylated goat anti-rabbit IgG secondary Abs were applied to VEGF, VEGFR-

1 and VEGFR-2 (1:200) (Dako) stained sections for 45 min at room temperature. Negative 

controls comprised sections in the same run with the primary antibody omitted. 

In every run, sections were processed synchronously and developing time was kept 

consistent. Immunohistochemistry sections were examined blinded using light microscopy 

(Leica DM RB microscope, Leica Microsystems, Wetzlar, Germany) and digital images of 

the endoneurium from each fascicle were captured using a Nikon digital camera (Nikon, 

Tokyo, Japan) (magnification 268). Endoneurial area and percentage staining were then 

calculated using the Image Pro-Plus 6.2 image analysis system (Media Cybernetics, 

Bethesda, MD, USA). Endoneurial blood vessels were not included in expressional analysis. 

All images from each section were examined and the total endoneurial area was calculated to 

determine percentage area immunostained (expression). 

 

Statistical analysis Data are presented as mean  SD unless stated otherwise. The 

Kolmogorov–Smirnov test was used to compare distributions. Differences between groups 

were determined using the unpaired t test and one-way ANOVA (with the post hoc Tukey 

test). Pearson’s coefficient (r) was used to correlate variables. Statistical analysis was 

performed using SPSS 16.0 software package (SPSS, Chicago, IL, USA). Results were 

considered significant at p ≤ 0.05. 

 

Results 

Clinical and electrophysiological findings The clinical and electrophysiological 

characteristics of the patients with and without diabetes, matched for age, are shown in Table 

1. HbA1c was significantly greater in the DCTS group (p < 0.0001), though this group 

showed good overall glycaemic control. Patients with type 1 diabetes had a significantly 

lower BMI compared with NCTS and, as expected, patients with type 2 diabetes had a 

significantly higher BMI compared with NCTS and patients with type 1 diabetes (Table 2). 

There was no significant difference in the symptom severity scale between NCTS and DCTS 

(Table 1). The duration of CTS was shorter and the median sensory nerve conduction 



velocity was lower, though not significantly, while the median DML was significantly (p < 

0.05) more prolonged in patients with diabetes (Table 1). Twelve out of 25 patients in the 

DCTS group had neuropathy, whereas none of the NCTS group had evidence of neuropathy. 

 

Nerve morphology The fascicular area was increased in the DCTS group compared with the 

NCTS group but this was not statistically significant (Table 1). However, myelinated nerve 

fibre density (MNFD) (p = 0.05), fibre area (p < 0.0001) and axon area (p < 0.0001) were 

significantly reduced in DCTS (Table 1, Fig. 1 g, h). The size frequency distribution showed 

a significant shift to the left for both myelinated fibre area (Fig. 2a) and axon area (Fig. 2b) in 

DCTS. The percentage of USCPs (p < 0.0001) and the unmyelinated axon density (p < 

0.0001) were increased, with a significant reduction in axon diameter (p < 0.0001) (Table 1, 

Fig. 1 i, j) and a shift of the size frequency distribution in DCTS (Fig. 2c), consistent with 

unmyelinated fibre degeneration with regeneration. Endoneurial capillary density did not 

differ between DCTS and NCTS (Table 1). Endoneurial capillary vessel (p < 0.0001) and 

basement membrane area (p < 0.0001) were significantly increased in the DCTS group. 

However, the luminal area (p <0.05) was significantly reduced and endothelial cell profile 

number (p < 0.01) was significantly increased in NCTS vs DCTS (Table 1, Fig. 1 k, l). 

 

Cytokine expression HIF-1 expression (%) was observed in both groups of patients but did 

not differ between patients with and without diabetes (Table 1). The expression of VEGF, 

VEGFR-1 and VEGFR-2 was increased in DCTS compared with NCTS (Fig. 1 a–f). 

Quantitative image analysis demonstrated a significant increase in the expression (%) of 

VEGF (p < 0.05), VEGFR-1 (p < 0.02) and VEGFR-2 (p < 0.05) in DCTS compared with 

NCTS (Table 1, Fig. 3). 

 

Type 1 vs type 2 diabetes CTS patients with type 1 diabetes were significantly younger, had a 

lower BMI, higher HbA1c and longer duration of diabetes compared with those with type 2 

diabetes (Table 2). Electrophysiological findings were comparable between type 1 and type 2 

diabetes. The expression of VEGF, VEGFR-1 and VEGFR-2 was increased in CTS patients 

with both type 1 diabetes and type 2 diabetes relative to the NCTS  group; however, this was 

significant only in patients with type 1 diabetes (respectively, p < 0.05, p < 0.02 and p < 0.02) 

(Table 2, Fig. 3). 



The fascicular area was comparable between CTS patients with type 1 diabetes and those 

with type 2 diabetes (Table 3). The myelinated nerve fibre density did not differ between type 

1 and type 2 diabetes but myelinated fibre area (p < 0.05) and axon area (p < 0.01) were 

significantly lower in patients with type 1 diabetes than in those with type 2 diabetes. The 

percentage of USCPs was significantly increased (p < 0.05), but there was no significant 

difference in unmyelinated fibre axon density or diameter in patients with type 1 compared 

with type 2 diabetes. Endoneurial capillary vessel area (p < 0.01) and basement membrane 

area (p < 0.001) were significantly greater in CTS patients with type 1 diabetes compared 

with type 2 diabetes. There was no difference in capillary luminal area or endothelial cell 

profile number between patients with type 1 diabetes and type 2 diabetes. 

 

Correlations The expression of HIF-1 correlated significantly with VEGF (r = 0.34; p < 

0.05) and VEGFR-1 (r = 0.42; p < 0.01). VEGF expression correlated significantly with the 

expression of VEGFR-1 (r = 0.78; p < 0.0001) and VEGFR-2 (r = 0.56; p < 0.0001) and 

VEGFR-1 and VEGFR-2 expression correlated highly significantly with each other (r = 0.79; 

p < 0.0001). VEGF (r = 0.33; p < 0.05), VEGFR-1 (r = 0.43; p < 0.01) and VEGFR-2 (r = 

0.42; p < 0.01) expression correlated with diabetes duration but not with age, duration of CTS 

or HbA1c level. 

 

Correlation between neurophysiology, nerve morphology and immunohistology Median 

fSNCV correlated significantly with USCP density (r = 0.30, p < 0.05), endoneurial 

capillary endothelial cell area (r = 0.32; p < 0.05), basement membrane area (r = 0.31; p < 

0.05) and vessel area (r = 0.35; p < 0.05). DML correlated significantly with endoneurial 

capillary endothelial cell area (r = 0.36; p < 0.05) and vessel area (r = 0.35; p < 0.05). There 

was no correlation between median fSNCV and the expression of HIF-1, VEGF or its 

receptors and DML was inversely correlated only with the expression of HIF-1 (r = 0.36; 

p < 0.05). 

 

Correlation between immunohistology and nerve morphology Cytokine and receptor 

expression was compared with nerve morphology (Table 4). VEGF expression correlated 

with axon area (r = 0.38; p < 0.05), percentage of USCPs (r = 0.39; p < 0.01), endothelial 

cell profile number (r = 0.36; p < 0.05), endoneurial capillary vessel area (r = 0.33; p < 

0.05) and basement membrane area (r = 0.32; p < 0.05). VEGFR-1 expression correlated with 



myelinated fibre area (r = 0.47; p < 0.01), myelinated axon area (r = 0.39; p < 0.05), 

percentage of USCPs (r = 0.41; p = 0.01), unmyelinated axon density (r = 0.46; p < 0.01), 

endoneurial capillary vessel area (r = 0.41; p = 0.01) and basement membrane area (r = 0.43; 

p = 0.01).  VEGFR-2 expression correlated with unmyelinated axon density. (r = 0.37; p < 

0.05), basement membrane area (r = 0.37; p < 0.05) and endothelial cell profile number (r = 

0.34; p < 0.05). Fascicular area, MNFD, endoneurial capillary density, endothelial cell area 

and luminal area did not correlate with the expression of any immunostained variable. HIF-

1 expression did not correlate with any morphological variable except luminal area (r = 

0.37; p < 0.05). 

 

Discussion 

CTS is the most common entrapment neuropathy, occurring six times more frequently in 

patients with type 1 diabetes and four times more frequently in patients with type 2 diabetes 

than in the general population [29]. These observations suggest that there are predisposing 

factors for CTS in patients with diabetes. Given the demonstration of nerve oedema in the 

median nerve in those with CTS [30], altered VEGF expression/action provides a potential 

mechanistic link [31]. We demonstrate significant nerve fibre and endoneurial capillary 

pathology in the PIN biopsy, suggesting that if a similar degree of pathology is present in the 

median nerve, this will lead to enhanced dysfunction and damage should compression occur. 

Furthermore, increased expression of endoneurial VEGF, VEGFR-1 and VEGFR-2 in DCTS, 

and the relationship with severity of neuropathology, provides a potential pathophysiological 

basis for CTS. These findings may even provide a therapeutic rationale for anti-VEGF 

therapy as an adjunct or alternative to the surgical treatment of CTS. 

Hirata et al [11] showed increased tenosynovial expression of VEGF, but concluded that this 

was dependent on the clinical phase of CTS (there was evidence for low expression early in 

CTS development—contesting a causative link). All nerve biopsies in this study were taken 

in patients with established CTS at the time of carpal tunnel release, therefore any alterations 

would be considered relevant to the pathophysiology of CTS. The nerve under study (PIN) 

was not subject to compression. However, its close proximity to the median nerve makes it an 

ideal nerve for interrogating alterations predisposing to CTS [18]. In support of underlying 

endoneurial hypoxia in patients with CTS we confirm the expression of HIF-1 in the PIN of 

both DCTS and NCTS [32]. The significant correlations between the expression of HIF-1 

and both VEGF and VEGFR-1, provide a potential link for the development of endoneurial 



hypoxia and increased cytokine expression leading to increased vascular permeability and 

potential neovascularisation. Interestingly increased vascular permeability is also present 

after nerve compression in animals [33]. Furthermore, this relationship follows the 

recognised HIF-1 expressional modulation of VEGF and VEGFR-1 [15]. Additionally, 

strong correlations between the expression of VEGF and its receptors were demonstrated, 

consistent with reported VEGF-mediated positive autoregulation of VEGFR-1 and -2 [34, 

35]. 

We have previously suggested that endoneurial hypoxia may occur in dDCTS on the basis of 

a reduction in PIN endoneurial capillary density and endoneurial capillary basement 

membrane thickening in DCTS compared with NCTS and controls [18]. However, in the 

present study HIF-1 expression did not differ and there was no difference in endoneurial 

capillary density between DCTS and NCTS. Although oxygen tension has been proposed to 

be a key modulator of VEGF expression [36] due to endoneurial hypoxia in diabetic nerves 

[17], the present study cannot attribute higher VEGF expression in patients with diabetes to 

either morphological (endoneurial capillary density) or immunohistological (HIF-1) 

evidence of hypoxia. VEGF expression can be induced by hyperglycaemia [37], but we did 

not find a correlation with HbA1c levels [38]. However, a single recent HbA1c may not be 

representative of lifetime glycaemic control. Additionally, AGEs, known to be elevated in 

patients with diabetes, also upregulate VEGF mRNA levels through activation of the receptor 

for AGEs (RAGE) [39]. 

Enhanced nerve fibre damage due to ischaemia is likely to play an important role in the 

development and progression of CTS [40] and may also contribute to a lesser resolution of 

symptoms and electrophysiological resolution after surgery for CTS in patients with diabetes 

[41, 42]. Our morphometric studies confirm more advanced myelinated and unmyelinated 

fibre pathology in DCTS. We also demonstrate more advanced endoneurial microangiopathy, 

which correlated with increased expression of VEGF and its receptors and median nerve 

electrophysiology. As endoneurial capillary basement membrane thickening predisposes to 

endoneurial hypoxia [43–45], the association of VEGF and its receptors with this pathology 

provides a possible mechanistic link to hypoxia-mediated increases in VEGF expression. 

CTS has been shown to occur more commonly in type 1 diabetes than in type 2 diabetes [29, 

46–48], but the underlying mechanism for this is not clear. The enhanced expression of 

endoneurial VEGF and its receptors in patients with type 1 diabetes, compared with type 2 

diabetes, may provide an explanation. Indeed patients with type 1 diabetes are at higher risk 



of developing proliferative retinopathy [49] and VEGF has been shown to be strongly 

expressed in the vitreous and neovascular tufts of those with type 1 but not type 2 diabetes 

[50]. This increased propensity for the development of CTS could be further accounted for by 

the more advanced endoneurial capillary microangiopathy and more severe myelinated and 

unmyelinated nerve fibre pathology in type 1 diabetes than in type 2 diabetes. 

A major limitation of this study is of course the fact that the PIN does not undergo 

compression and we should therefore be cautious in the interpretation of our findings to the 

actual pathophysiological changes that may occur in the median nerve. We also have a small 

sample size, especially when stratifying for type of diabetes, although in support of our data 

the differences in endoneurial expression between type 1 and type 2 diabetes and between 

diabetic and non-diabetic patients with CTS were highly significant. Another limitation of the 

study is the lack of a comparison with PIN biopsies from a control group unaffected by CTS, 

which would have enabled us to define pathological and immunohistological alterations in 

CTS per se. However, it was not ethically feasible to perform PIN biopsy in individuals 

without CTS, and the use of post-mortem samples was not appropriate due to the significant 

morphological change that can occur after death, rendering significant inaccuracies in 

morphometric and immunohistological studies. 

In summary, this study provides molecular and pathological insights into factors that may 

predispose diabetic patients to CTS. Further studies are warranted to help fully elucidate the 

role of VEGF in the development of CTS. 
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Table 1 Clinical, electrophysiological, morphological and immunohistological findings in 

non-diabetic and diabetic patients with CTS 

 

Variable NCTS DCTS 

n 19 25 

Age (years) 54.7 ± 11.1 55.8 ± 12.7 

Diabetes duration (years)  18.6 ± 12.4 

HbA1c (%) 4.5 ± 0.3 7.1 ± 1.3*** 

HbA1c (mmol/mol) 25.7 ± 3.2 54.2 ± 13.9*** 

CTS duration (months) 44.1 ± 41.6 27.6 ±19.36 

fSNCV (m/s) 22.8 ± 12.8 17.4 ± 12.5 

DML (ms) 5.5 ± 1.3 6.4 ± 1.6* 

Fascicular area (mm2) 0.09 ± 0.04 0.12 ± 0.05 

Myelinated fibres   

  Density (No./mm2) 6,501 ± 1,948 5,139 ± 1,262* 

  Fibre area (µm2) 36.2 ± 6.3 22.8 ± 5.0**** 

  Axon area (µm2) 12.1 ± 1.6 7.9 ± 2.1**** 

Unmyelinated fibres   

  USCP (%) cell profiles  13.6 ± 3.8 33.6 ± 12.0**** 

  Axon diameter (µm) 0.76 ± 0.12 0.57 ± 0.10**** 

  Axon density (No./mm2 × 103) 48.0 ± 11.1 134.0 ± 31.9**** 

Endoneurial capillaries    

  Density (No./mm2) 62.5 ± 24.9 56.5 ± 20.7 

  Luminal area (µm2) 9.7 ± 9.0 18.6 ± 14.2* 

  Vessel area (µm2) 89.9 ± 31.4 372.4 ± 167.8**** 

  Basement membrane area (µm2) 27.3 ± 13.3 278.4 ± 134.8**** 

  Endothelial cell profile No. 6.9 ± 1.5 5.0 ± 1.4*** 

HIF-1 (%) 30.8 ± 14.2 33.1 ± 19.0 

VEGF (%) 46.0 ± 28.5 62.2 ± 19.5* 

VEGFR-1 (%) 49.1 ± 25.7 69.2 ± 20.5† 



VEGFR-2 (%) 51.9 ± 31.3 68.8 ± 19.2* 

*p<0.05, †p<0.02,**p<0.01, ***p<0.001, ****p<0.0001 vs NCTS 

 

Table 2 Clinical, electrophysiological and immunohistological findings in CTS patients, 

comparing type 1 diabetes with type 2 diabetes 

 

Variable NCTS  DCTS 

   Type 1 diabetes Type 2 diabetes 

n 19  11 14 

Age (years)  54.7 ± 11.1  46.7 ± 10.7* 60.7 ± 10.6‡ 

Diabetes duration (years) –  28.6 ± 10.9 11.1 ± 7.5‡‡‡‡ 

BMI (kg/m2) 27.0 ± 3.7  23.7 ± 3.9* 31.1 ± 2.4**‡‡‡‡ 

Symptom severity scale 2.76 ± 0.72  2.91 ± 0.86 3.17 ± 0.94 

HbA1c (%) 4.5 ±0.3  7.6 ± 1.1**** 6.7 ± 1.2****‡ 

HbA1c (mmol/mol) 25.7 ± 3.2  60.1 ± 12.5**** 49.7 ± 13.6****‡ 

CTS duration (months) 44.1 ± 41.6  21.2 ± 9.8 32.7 ± 23.6 

fSNCV (m/s) 22.8 ± 12.8  17.4 ± 12.5 22.8 ± 12.8 

DML (ms) 5.5 ± 1.3  6.4 ± 1.8  6.4 ± 1.5 

HIF-1 (%) 30.8 ± 14.2  33.8 ± 17.2 32.6 ± 21.1 

VEGF (%) 46.0 ± 28.5  69.8 ± 15.6* 54.7 ± 20.7 

VEGFR-1 (%) 49.1 ± 25.7  79.3 ± 18.3† 60.0 ± 18.4 

VEGFR-2 (%) 51.9 ± 31.3  80.4 ± 16.4† 58.2 ± 15.4 

 

*p<0.05, †p<0.02, **p<0.01, ****p<0.0001 vs NCTS; ‡p<0.05; ‡‡‡‡p<0.0001, type 1 vs type 

2 diabetes 

  



Table 3 Differences in PIN morphology in CTS patients 

 

Variable NCTS  DCTS 

   Type 1 diabetes Type 2 diabetes 

n 19  11 14 

Fascicular area (mm2) 0.09 ± 0.04  0.12 ± 0.05 0.12 ± 0.06 

Myelinated fibres     

  Density (No./mm2) 6,501 ± 1,948  4,913 ± 1,149 5,310 ± 1,366 

  Fibre area (µm2) 36.2 ± 6.3  19.3 ± 3.8****  25.8 ± 3.7****† 

  Axon area (µm2) 12.1 ± 1.6  6.3 ± 1.3**** 9.2 ± 1.6****†† 

Unmyelinated fibres     

  USCP (%)  13.6 ± 3.8  38.9 ± 17.1**** 29.8 ± 4.0****† 

  Axon diameter (µm) 0.76 ± 0.12  0.55 ± 0.10**** 0.59 ± 0.10**** 

  Axon density (No./mm2 × 103) 48.0 ± 11.1  140.8 ± 28.5**** 129.2 ± 34.2**** 

Endoneurial capillaries      

  Density (No./mm2) 62.5 ± 24.9  51.6 ± 18.4 60.2 ± 22.3 

  Luminal area (µm2) 9.7 ± 9.0  16.3 ± 10.9 20.7 ± 16.9* 

  Vessel area (µm2) 89.9 ± 31.4  462.0 ± 194.0**** 291.1 ± 84.7****†† 

  Basement membrane area (µm2) 27.3 ± 13.3  361.2 ± 145.9**** 203.1 ± 63.9****††† 

  Endothelial cell profile No. 6.9 ± 1.5  5.2 ± 0.6*** 5.9 ± 1.7*** 

*p<0.05, ***p<0.001 and ****p<0.0001 vs NCTS group; †p<0.05, ††p<0.01, †††p<0.001, type 

1 vs type 2 diabetes 

  



Table 4 Correlation between PIN cytokine/receptor expression and morphology 

 

Fibre/vessel VEGF VEGFR-1 VEGFR-2 

Myelinated fibre    

  Axon area r = 0.38; p = 0.03a r = 0.39; p = 0.03a NS 

  Fibre area r = 0.32; p = 0.06 r = 0.47; p < 0.01a r = 0.33; p = 0.07 

Unmyelinated fibre    

  Axon density NS r = 0.46; p < 0.01a r = 0.37; p = 0.02a 

  USCP r = 0.39; p = 0.01a r = 0.41; p = 0.01a r = 0.31; p = 0.06 

Endoneurial capillaries     

  Vessel area r = 0.33; p < 0.05a r = 0.41; p = 0.01a r = 0.32; p = 0.06 

  Basement membrane area r = 0.32; p = 0.05a r = 0.43; p = 0.01a r = 0.37; p = 0.03a 

  Endothelial cell No. 

profile No. 

r = 0.36; p = 0.03a NS r = 0.34; p < 0.05a 

aSignificant correlations 

  



Figure legends 

Fig. 1 (a–f) PIN sections, from representative cases of non-diabetic (a, c, e) and diabetic 

patients (b, d, f), immunostained for VEGF (a, b), VEGFR1 (c, d) and VEGFR2 (e, f), 

showing more intense expression of all three proteins in diabetic patients with CTS. (g, h) 

Light micrographs showing moderate loss of myelinated fibres in diabetic (h) compared with 

non-diabetic (g) patients with CTS. (i–l) Electronmicrographs showing unmyelinated nerve 

fibre degeneration with regenerative sprouts and more pronounced endoneurial 

microangiopathy in diabetic (j, l) compared with non-diabetic patients (i, k) with CTS, 

respectively. (a-f scale bar = 10m, g and h scale bar = 1 m, and k and l scale bar =2 m) 

 

Fig. 2 Composite size frequency distribution diagrams for myelinated fibre area (a), axon 

area (b) and unmyelinated axon diameter (c), showing an increase in the percentage of 

myelinated fibres and axons and unmyelinated axons of smaller size in DCTS (solid vs 

dashed line) 

 

Fig. 3 Endoneurial cytokine/receptor immunostained area (%), expressed as mean ± SE. (a) 

control subjects versus all patients with diabetes, (b) control subjects versus patients with 

T1DM and T2DM; *p<0.05 and †p<0.02 vs NCTS group; White bars, HIF-1; dark-grey 

bars, VEGF; light-grey bars, VEGFR-1; black bars, VEGFR-2; T1DM, type 1 diabetes 

mellitus; T2DM, type 2 diabetes mellitus 
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