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INTRODUCTION

Peripheral neuropathy affects at least 50% of patients with type
2 diabetes [1]. These patients most commonly present with a gen-

eralized distal symmetric polyneuropathy, typically with sensory

Abstract

Background and purpose: Nerve conduction studies (NCS) are the current objective
measure for diagnosis of peripheral neuropathy in type 2 diabetes but do not assess
nerve structure. This study investigated the utility of peripheral nerve ultrasound as a
marker of the presence and severity of peripheral neuropathy in type 2 diabetes.
Methods: A total of 156 patients were recruited, and nerve ultrasound was undertaken on
distal tibial and distal median nerves. Neuropathy severity was graded using the modified
Toronto Clinical Neuropathy Scale (MTCNS) and Total Neuropathy Score (TNS). Studies
were undertaken by a single ultrasonographer blinded to nerve conduction results.
Results: A stepwise increase in tibial nerve cross-sectional area (CSA) was noted with
increasing TNS grade (p <0.001) and each mTCNS quartile (p <0.001). Regression analysis
demonstrated a correlation between tibial nerve CSA and neuropathy severity (p <0.001).
Using receiver operator curve analysis, tibial nerve CSA of >12.88 mm yielded a sensitivity of
70.5% and specificity of 85.7% for neuropathy detection. Binary logistic regression revealed
that tibial nerve CSA was a predictor of abnormal sural sensory nerve action potential
amplitude (odds ratio = 1.239, 95% confidence interval [Cl] = 1.142-1.345) and abnormal
neuropathy score (odds ratio = 1.537, 95% confidence interval [Cl] = 1.286-1.838).
Conclusions: Tibial nerve ultrasound has good specificity and sensitivity for neuropathy
diagnosis in type 2 diabetes. The study demonstrates that tibial nerve CSA correlates
with neuropathy severity. Future serial studies using both ultrasound and NCS may be
useful in determining whether changes in ultrasound occur prior to development of nerve

conduction abnormalities and neuropathic symptoms.
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disturbance in the feet. The presence and higher number of features
of the metabolic syndrome, including obesity, hypertriglyceridae-
mia, hypercholesterolaemia, hypertension, and waist circumference,
are known to increase the risk of developing a symptomatic periph-
eral neuropathy [2].
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Nerve conduction studies are the current objective measure
in diagnosis of peripheral neuropathy but are insensitive to early
changes in nerve structure and function [3]. Peripheral nerve ultra-
sound has had an increasing role in the study of peripheral nerve
disorders, in both mono- and polyneuropathies [4]. Previous studies
in persons with diabetes have demonstrated ultrasound abnormal-
ities when compared to healthy controls [5, 6], particularly in nerve
cross-sectional area (CSA). The present study was undertaken to as-
sess whether assessment of peripheral nerve morphology using ul-
trasound, performed on a single occasion at the point of care, could
provide accurate diagnostic information on the presence and sever-
ity of peripheral neuropathy in type 2 diabetes. A further aim of the
study was to assess whether nerve ultrasound parameters are able
to detect structural changes in patients who do not manifest clinical

or nerve conduction abnormalities of neuropathy.

METHODS

STARD (Standards for Reporting of Diagnostic Accuracy Initiative)
criteria (Figure 1) were used to evaluate diagnostic accuracy of as-
sessment of neuropathy using ultrasound of the tibial nerve [7].
The study was undertaken in 156 patients with confirmed type 2
diabetes, consecutively recruited between August 2020 and June
2021 from the Diabetes Centre, Prince of Wales Hospital, Sydney.
Studies were approved by the Human Research Ethics Committee
of the University of New South Wales. All assessments were under-
taken at the point of care with informed consent. Exclusion criteria
included age < 18years, inability to provide informed consent, lower
limb amputation, peripheral neuropathy due to other causes includ-

ing vitamin B12 deficiency, alcohol, and prior exposure to neurotoxic

Eligible participants
(n=156)

Tibial nerve CSA<12.4mm?
(n=54) (n=102)

Final diagnosis
TNS and mTCNS abnormal (n=34)
TNS and mTCNS normal (n=20)

Final diagnosis
TNS and mTCNS abnormal (n=94)
TNS and mTCNS normal (n=8)

medication including immunotherapy and chemotherapy agents. All
patients underwent clinical assessment of peripheral neuropathy,
including nerve conduction studies, and peripheral nerve ultra-
sound examination of median and tibial nerves. The sonographer
was blinded to nerve conduction study results but not neuropathy
symptoms and signs.

Peripheral neuropathy was assessed using the Total Neuropathy
Score (TNS) [8] and the modified Toronto Clinical Neuropathy Scale
(mMTCNS) [9]. The TNS comprises eight sections: sensory and motor
symptoms, pinprick sensation (Neurotip, Owen Mumfor, Oxford,
UK), vibration sense (128-Hz tuning fork), strength examination,
deep tendon reflexes, sural sensory amplitude, and tibial motor am-
plitude on nerve conduction studies (Natus, Middleton, WI, USA).
Each section of the TNS provides a maximum score of 4, with total
maximum score for the TNS of 32, a higher score representing more
severe peripheral neuropathy. The TNS can be subdivided into four
grades, with higher grades representing increasing severity of pe-
ripheral neuropathy: 0-1 =grade 0, 2-8 =grade 1, 9-16 = grade
2, 17-24 = grade 3, 25-32 = grade 4. The mTCNS comprises of six
components of symptom scores and five components of sensory ex-
amination scores, each component scored from O to 3, with a total
possible maximum score of 33 (a higher score representing more se-
vere peripheral neuropathy). Symptom categories include foot pain,
numbness, tingling, weakness, ataxia, and upper limb symptoms.
Sensory examination categories include pinprick, temperature, light
touch, vibration, and position sense.

Standardized ultrasound of median and tibial nerves was per-
formed by a single sonographer. Imaging was performed with a
10-18-MHz linear array transducer (MyLab One, Esaote, Genoa,
Italy) using constant depth, gain, and focus and the musculoskeletal

factory preset (acoustic power = 100%, line density set at medium,

Tibial nerve CSA>12.4mm?

FIGURE 1 Point-of-care assessment
of neuropathy with peripheral nerve
ultrasound in type 2 diabetes (STARD
[Standards for Reporting of Diagnostic
Accuracy Initiative] diagram). Index test
was ultrasound cross-sectional area (CSA)
measurement of tibial nerve. Reference
standard was Total Neuropathy Score
(TNS) and modified Toronto Clinical
Neuropathy Scale (nTCNS) score

>1. [Colour figure can be viewed at
wileyonlinelibrary.com]
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dynamic range set at 14, and persistence set at 1). All settings were
kept constant during participant measurements. To establish the fea-
sibility of ultrasonography in a diabetes clinic, all studies were timed.
Peripheral nerve CSA was measured by three free hand traces of the
inner margin of the hyperechoic rim, with the mean value used. The
probe was maintained at perpendicular plane and removed between
each of the three traces. The tibial nerve CSA was assessed at 5 cm
proximal to the medial malleolus, away from potential entrapment
sites [10]. The nerve was tracked proximally from the medial malleo-
lus along with the tibial vessels. Median nerve CSA was assessed at a
point one third of the length of the forearm proximal to the wrist in
the participant's dominant hand, away from an entrapment site [11].
The median nerve was initially identified at the wrist at the carpal
tunnel inlet and then tracked proximally between the flexor digito-

rum superficialis and flexor digitorum profundus muscles.

Data analysis

Data were analysed for all measured variables using SPSS Statistics
version 26.0 for Windows. Participants were deidentified, and
analysis of relevant variables was performed using a coded system.
Normality of data was tested with the Shapiro-Wilk test. Normally
distributed data were analysed using independent t-tests. Correlation
studies were performed for clinical and ultrasound parameters using
Spearman coefficients (rho). Where group comparisons were per-
formed, analysis of variance was used. To assess the influence of
confounders, including age, gender, duration of disease, hemoglobin
Alc (HbA1c), estimated glomerular filtration rate (eGFR), body mass
index, and waist circumference, multiple regression analysis was un-
dertaken. The ability of tibial nerve CSA to detect abnormal neu-
ropathy score, defined as TNS or mTCNS score of >1, was assessed
using receiver operator characteristic (ROC) curves and area under
the curve (AUC). Binary logistic regression was performed to assess
the relationship between tibial nerve CSA and abnormal sural ampli-
tude, chosen as the earliest marker for abnormal nerve conduction
studies in diabetic neuropathy. Statistical significance was defined
as p <0.05.

RESULTS

A total of 156 type 2 diabetes participants were consecutively re-
cruited and assessed. All participants had a formal diagnosis of type
2 diabetes for a minimum of 1 month with a mean disease duration
of 177 +10.61 months. The majority of participants had mild to mod-
erate severity of peripheral neuropathy (Table 1) according to both
mTCNS and TNS systems. For TNS, patients were allocated to TNS
grades 0-4 [8] as in previous studies [12], with increasing TNS grade
indicating more severe peripheral neuropathy. Thirty-one partici-
pants (19.9%) had a TNS score of grade 0 (TNS<2), 78 participants
(50%) had a TNS grade of 1 (TNS = 2-8), 36 participants (23.1%)
had a TNS grade of 2, (TNS = 9-16), and 11 participants (7.1%) had

a TNS grade of 3 (TNS = 17-24). As noted in previous studies [13],
age (p <0.001) and duration of disease (p = 0.02) were associated
with increasing peripheral neuropathy severity, whereas body mass
index (BMI; p = 0.769) and waist circumference (p = 0.265) were
similar across the different grades of peripheral neuropathy sever-
ity (Table 1). There was also a trend toward higher mean HbA1c for
higher grade of peripheral neuropathy severity (p = 0.092).

The main purpose of the study was to observe whether an as-
sessment of nerve CSA, undertaken on a single occasion, could
establish the presence and severity of peripheral neuropathy in par-
ticipants with type 2 diabetes, even in the mildest grades of periph-
eral neuropathy and prior to changes on nerve conduction studies.
All studies were timed, and tibial and median nerve ultrasound was
undertaken at a mean time per participant of 4.7 +0.2 min, which
included participant positioning, nerve tracking, image capture, and
calculation of nerve size (Figure 2). Values obtained in the disease
cohort were compared to published reference values, with tibial
nerve CSA>12.4mm? considered abnormal [10]. When referenced
against that particular value, mean tibial nerve CSA was increased
in the cohort with diabetes, with a mean CSA of 14.88+0.42 mm?
(p <0.001). A tibial nerve CSA of >12.4 mm? was detected in 65.4%
of the participants (n = 102). A subanalysis was undertaken to in-
vestigate the effect of increasing peripheral neuropathy severity on
tibial nerve CSA. To enable this assessment, mTCNS scores were di-
vided into quartiles, and a stepwise increase in tibial CSA was noted
with each increasing quartile of peripheral neuropathy severity
(p <0.001, Figure 3). A similar pattern was noted using TNS grading
(p <0.001, Figure 4). Nerve conduction values are shown in Figure 3
for comparison and demonstrate an increase in tibial nerve CSA seen
with decreasing sural sensory nerve action potentials (SNAPs) and
tibial nerve compound muscle action potentials (CMAPs).

Data were also analysed according to the presence or absence
of nerve conduction abnormalities. In participants who had abnor-
mal nerve conduction studies (40.4%, n = 63), mean tibial CSA was
17.91+0.66mm? and abnormal tibial nerve CSA values were re-
corded in 85.7% of participants. Normal nerve conduction studies
were noted in 59.6% of participants (n = 93), and mean tibial nerve
CSA was lower than that noted in the abnormal nerve conduction
study group (12.84+0.44mm?, p <0.001). Of the 93 participants
with normal nerve conduction studies, 51.6% of participants were
noted to have abnormal tibial CSA values (n = 48). Of these 48
participants, 44.9% had peripheral neuropathy symptoms despite
normal nerve conduction studies. Participants were deemed as-
ymptomatic if they did not report any symptoms on TNS or mTCNS
assessment. For the group that reported neuropathy symptoms,
mean tibial nerve CSA was 17.78+0.67mm? (n = 62), compared
to 12.83+0.41mm? (n = 94) for the group that did not report neu-
ropathy symptoms on the TNS and mTCNS (see Figure 5). For the
group with abnormal neurological examination, mean tibial nerve
CSA was 16.12+0.46mm? (n = 117), compared to 10.73 +0.59 mm?
(n = 29) for those who had normal neurological examinations, as re-
corded on the TNS and mTCNS. Of the total cohort, eight patients
had abnormal nerve conduction studies, despite having a normal
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TABLE 1 Patient demographics

TNS grade O TNS grade 1 TNS grade 3
Characteristic (0-1) (2-8) TNS grade 2 (9-16)  (17-24) p Entire cohort
n 31 78 36 11 156
Age, years 55.84+2.38 66.15+1.25 66.56+2.40 71.45+3.88 <0.001 64.57+1.05
Men/women 19/12 36/42 30/6 8/3 0.001 93/63
BMI, kg/m? 31.02+1.20 32.35+0.75 31.62+1.39 33.01+1.82 0.769 32.0+0.6
Waist circumference, cm 104.47£2.76 108.20+1.71 113.16+3.22 106.73+11.40 0.265 108.55+1.48
Disease duration, months 127.23+14.90 176.31+16.03 198.83+20.73 259.63+49.14 0.020 177.64+10.61
TNS 0.2+0.1 4.5+0.3 11.9 +0.4 19.1+£04 <0.001 6.4+0.5
mTCNS 0.3+0.1 4.4+0.3 12.0+0.6 20.5+1.7 <0.001 6.5+0.5
HbAlc, % 8.1+0.3 8.1+0.2 8.5+0.3 9.4 +0.6 0.092 8.3+0.1
HbA1c, IFCC units 65+3 65+2 69+3 79+6 67+1
eGFR, ml/min/1.73m? 72.7 +4.0 71.2+£2.6 68.2 +4.1 64.4 +59 0.675 70.3+1.8
Potassium, mmol/L 4.3+0.1 4.5+0.1 45+0.1 4.4 +0.1 0.353 4.4 +0.03
Sural SNAP, pv 13.0+1.1 8.1+1.0 21+0.5 0 <0.001 71+0.6
Tibial CMAP, mV 9.4 +0.7 7.7 £0.6 3.8+0.5 0.8+04 <0.001 6.6 +0.4

Note: Figures are quoted as mean + SE. Probability values are denoted for analysis of variance of mean between groups.

Abbreviations: BMI, body mass index; CMAP, compound muscle action potential; eGFR, estimated glomerular filtration rate; HbAlc, hemoglobin Alc;
IFCC, International Federation of Clinical Chemistry; mTCNS, modified Toronto Clinical Neuropathy Scale; SNAP, sensory nerve action potential;

TNS, Total Neuropathy Score.
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FIGURE 2 Peripheral nerve ultrasound of median and tibial nerve in diabetes patients with and without neuropathy. Cross-sectional
images of median (a and b) and tibial nerves (c and d) were obtained using peripheral nerve ultrasound. Images a and c are from a patient
with type 2 diabetes with a Total Neuropathy Score of 0 and modified Toronto Clinical Neuropathy Score of 0. Images b and d are from
a patient with type 2 diabetes with Total Neuropathy Score of 11 and modified Toronto Clinical Neuropathy Score of 16. Nerves on the

left-side panels (a and c) are normal, whereas nerves in the right-side panels (b and d) are enlarged: median nerve = 11.96 mm

2 (normal

<10.01mm?), tibial nerve = 19.85mm? (normal <12.4mm?). The depth setting for the left-side image of the tibial nerve is 2 cm, and 3 cm for
the right-side image of the tibial nerve. [Colour figure can be viewed at wileyonlinelibrary.com]

tibial nerve CSA value (<12.4mm?), and mean tibial nerve CSA for
this group was 11.23+0.22mm>. In those participants with nor-
mal nerve conduction studies, mean tibial nerve CSA was higher
in those with neuropathic symptoms compared to those without

symptoms (13.97+0.53mm?, 10.20+0.50mm?, p <0.001). Using
the literature-based reference value of 12.4mm2, tibial nerve CSA
by peripheral nerve ultrasound provided a sensitivity of 73.4% and
specificity of 71.4% for an abnormal peripheral neuropathy score by
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FIGURE 3 Tibial nerve cross-sectional area (CSA) and nerve conduction study results in type 2 diabetes patients by modified Toronto
Clinical Neuropathy Score (mTCNS). Tibial nerve CSA was measured by peripheral nerve ultrasound for 156 participants with type 2
diabetes and divided into quartiles based on mTCNS. There is a stepwise increase in tibial nerve CSA with increasing neuropathy severity.
Mean sural and tibial nerve amplitudes for each quartile of MTCNS demonstrate a stepwise reduction in nerve conduction amplitudes with

increasing neuropathy severity.

FIGURE 4 Median and tibial nerve >
cross-sectional area (CSA) in type 2
diabetes patients by Total Neuropathy
Score (TNS). Median and tibial nerve
CSA was measured by peripheral nerve
ultrasound for 156 participants with type
2 diabetes based on TNS grades. There is

Mean CSA (mm?)

a stepwise increase in median and tibial 1061

0 I

nerve CSA with increasing peripheral
neuropathy severity. This rise is more
marked in the tibial nerves.

Grade 0 (n=31)

TNS or mTCNS (score of >1). ROC analysis was performed for tibial
nerve CSA of the 156 patients (AUC = 0.85) using Youden index, and
a tibial nerve CSA of 12.89 mm? yielded a sensitivity of 70.5% and
specificity of 85.7%.

For median nerve CSA, there was a similar stepwise increase in
mean CSA seen with TNS grades (Figure 4). When compared to a
published reference value of 10.10mm?, 8.3% participants (n = 13)
had an abnormal median nerve CSA. This subgroup of participants
all had neuropathy severity of TNS grade 2 or 3, with a mean me-
dian nerve CSA of 11.24+0.34mm?. Of all participants with ab-
normal nerve conduction studies (n = 63), mean median CSA was
8.07+0.24mm?, and for the normal nerve conduction study group
(n = 93), mean median CSA was 7.47+0.17 mm.

Correlation between peripheral neuropathy
scores and measures of nerve ultrasonography

As a means of establishing the clinical significance of the changes in
tibial nerve CSA, correlations were undertaken between tibial nerve
CSA values and both TNS and mTCNS. A higher tibial nerve CSA was

21.55

| I

Grade 3 (n=11)

Grade 2 (n=36)

Grade 1 (n=78)
TNS Grade

M Median Nerve m Tibial Nerve

associated with a higher mTCNS score, representing more severe
peripheral neuropathy (r = 0.643, p <0.001). A similar finding was
observed when using the TNS, with higher tibial nerve CSA correlat-
ing with higher peripheral neuropathy scores (r = 0.700, p <0.001).
These correlations remained after accounting for potential con-
founders, including age, HbA1c, and eGFR (r = 0.652, p <0.001 and
r=0.689, p <0.001).

Linear regression analysis was also performed to assess the
relationship between tibial nerve CSA and peripheral neuropa-
thy severity scores. A regression model revealed a strong rela-
tionship between tibial nerve CSA and peripheral neuropathy
severity by TNS score (regression coefficient = 0.665, p <0.001).
Using mTCNS, regression analysis again demonstrated a strong
relationship between tibial nerve CSA and peripheral neuropathy
severity (regression coefficient = 0.634, p <0.001). These rela-
tionships were not affected by age, duration of disease, HbAlc,
eGFR, BMI, or waist circumference. Linear regression analysis for
median nerve CSA and peripheral neuropathy severity did not re-
flect the same significance when adjusted for these variables (re-
gression coefficient for TNS = 0.145, p = 0.111; mTCNS = 0.216,
p =0.018).
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17.78

12.83

10.73

Tibial nerve CSA (mm?)

No symptoms Symptoms No signs

16.12

13.97

10.20

Signs Nosymptoms  Symptoms

(Normal NCS only group)

FIGURE 5 Mean tibial nerve cross-sectional area (CSA) based on presence of neuropathy symptoms or signs. Mean tibial nerve CSA
(mm?) for participants was stratified by neuropathy symptoms or signs, as documented in Total Neuropathy Score and modified Toronto
Clinical Neuropathy Scale scores. Tibial nerve CSA is greater in participants who have symptoms or physical signs of neuropathy. In the
normal nerve conduction studies (NCS) group, participants with symptoms have greater tibial nerve CSA than those without symptoms.

Binary logistic regression was undertaken to establish the rela-
tionship between tibial nerve CSA and sural sensory nerve conduc-
tion study values [14, 15]. Binary logistic regression revealed that
tibial nerve CSA was a significant predictor of abnormal sural SNAP
amplitude (odds ratio = 1.239, 95% confidence interval [Cl] =1.142-
1.345, p <0.001). Binary logistic regression also revealed tibial nerve
CSA was a significant predictor of elevated neuropathy score by
either TNS or mTCNS (odds ratio = 1.537, 95% Cl = 1.286-1.838,
p <0.001).

DISCUSSION

The present study investigated the utility of peripheral nerve
ultrasound assessment undertaken at a single point in time as
a diagnostic marker of peripheral neuropathy and as a method
of establishing its severity in a consecutively recruited cohort
of participants with type 2 diabetes, with data collected and
analysed at the point of care. Although nerve conduction studies
are no longer included in the criteria for diagnosis of neuropathy,
ultrasound may be useful as a point-of-care assessment tool if it is
able to detect neuropathy at an early stage, prior to the onset of
established neurological disability [16]. The study has established a
significant correlation between nerve CSA and neuropathy severity,
and a stepwise increase in tibial CSA with increasing peripheral
neuropathy grade, measured using two validated neuropathy scoring
systems (TNS and mTCNS). Figure 5 demonstrates that patients with
more severe symptoms or signs of diabetic neuropathy had a higher
tibial nerve CSA. This study supports that tibial nerve ultrasound
measures are more sensitive in detecting neuropathy than median
nerve measures, consistent with the length-dependent nature of
neuropathy in diabetes [3]. The study has also established that a high
proportion of patients with normal nerve conduction studies have
abnormal tibial nerve CSA values. A limitation of the present study

is that it was undertaken at a single centre, and further multicentre
studies are required to corroborate these findings. As a means of
facilitating such studies, nerve CSA was compared to an established
literature reference as opposed to values obtained from recruitment
of a healthy control cohort. Furthermore, although previous studies
have demonstrated high intra- and interoperator reliability of nerve
ultrasound, these aspects were not assessed specifically in the
current study [17, 18]. It is important to note that the finding of an
enlarged tibial nerve CSA aloneis not diagnostic of the typical length-
dependent polyneuropathy of diabetes. The technique should be
used in conjunction with clinical history, examination findings, and
possibly nerve conduction studies, to determine whether the patient
has a length-dependent neuropathy due to diabetes or an alternate
diagnosis such as immune-mediated neuropathy, which may also
occur in diabetic patients [3, 19, 20]. If clinical review suggests
discrepancy between ultrasound measures and clinical features of
neuropathy, then an alternative aetiology such as a demyelinating
process should be considered. Additional investigations may include
serum assessment of B12 levels, paraproteins, and thyroid function,
nerve conduction studies, and possibly lumbar puncture to assess
cerebrospinal fluid protein concentration [21-23].

Measurement of CSA is the most sensitive of ultrasound
markers for peripheral neuropathy, compared to loss in fascicular
pattern or nerve echogenicity [5]. Previous studies have demon-
strated evidence of enlarged peripheral nerves in type 2 diabetes
[6, 24-26]. Riazi et al. demonstrated that the distal tibial nerve was
enlarged compared to control subjects at three different sites, 1,
3, and 5 cm proximal to the medial malleolus [27]. Pitarokoili et al.
also demonstrated enlarged peripheral nerves despite normal neu-
rophysiology and proposed that morphological changes occur prior
to electrophysiology [28]. The cause of nerve enlargement has not
been fully clarified, but a possible explanation relates to metabolic
changes that induce axonal dysfunction. The development of dia-
betic neuropathy is linked with metabolic derangements induced
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by hyperglycaemia such as polyol flux, accumulation of advanced
glycation end products, and oxidative stress [29]. The conversion
of glucose into sorbitol via the aldose reductase conversion pro-
cess leads to osmotic changes and the development of intraneural
oedema [29, 30]. Previous studies have also suggested that Na*/
K* pump dysfunction and intracellular Na*™ accumulation in diabe-
tes may contribute to structural changes in patients with periph-
eral neuropathy [1, 12, 31, 32]. It is known that HbA1c reflecting
short- to medium-term glycaemic control does not correlate well
with these measures of nerve enlargement, which develop over
the long term. Although previous studies have demonstrated that
changes in axonal physiology are greater with increasing periph-
eral neuropathy severity in those with type 2 diabetes, it should
also be acknowledged that prior studies have demonstrated an in-
dependent association between impaired glucose tolerance and
axonal neuropathy, suggesting possible structural and functional
nerve changes prior to the diagnosis with type 2 diabetes [12, 31,
33, 34].

From a clinical perspective, disease-specific pharmacological
treatments for diabetic peripheral neuropathy have been difficult
to develop, in part due to the lack of a biomarker that allows early
detection of peripheral neuropathy. Nerve conduction studies are
still the current objective measure for diagnosis of peripheral neu-
ropathy, but require specialized equipment, are often uncomfortable
for the patient, and are insensitive to early changes in nerve function
[3]. In addition to these factors, sural SNAP and tibial CMAP am-
plitudes are more subject to variation than conduction velocity, as
they are sensitive to electrode placement and impedance variables,
which may limit their use as robust biomarkers. In recent years, cor-
neal confocal microscopy has demonstrated impressive sensitivity
for early detection of peripheral neuropathy, by assessing changes in
corneal nerve fibre length and density [35, 36]. Corneal confocal mi-
croscopy does, however, rely on highly specialized equipment, which
may only be available at selected centres, and requires a high level of
operator expertise. The present study therefore provides a possible
additional method of peripheral neuropathy detection, which can be
implemented at the point of care.

There is a need for point-of-care assessment tools to navigate
the current resource-intensive referral to a neurologist and re-
quirement of specialized electrophysiology equipment for assess-
ment of diabetic peripheral neuropathy. Other techniques that
have previously been researched as point-of-care tools include
the 1-g monofilament (sensitivity = 66.7%, specificity = 72.0%),
DPNCheck (sensitivity = 84.3%, specificity = 68%), and Sudoscan
foot electrochemical skin conductance (sensitivity = 77.4%, speci-
ficity = 68.3%) [37, 38]. The availability, speed, noninvasive nature,
and established diagnostic utility of tibial nerve ultrasound differ-
entiates it from these other techniques and may be able to provide
a continuous objective measure that may be used prospectively to
assess for neuropathy progression [4]. The availability of extensive
reference data also allows for rapid incorporation into selection cri-
teria for clinical trials. Furthermore, previous studies in peripheral
neuropathy have demonstrated that nerve ultrasound measures are

responsive to interventions such as haemodialysis [39], steroids, and
intravenous immunoglobulin administration [40]. This rapid respon-
siveness to intervention is a contrasting feature to nerve conduc-
tion studies, which do not change, even after organ transplantation
[41]. The relatively short testing time (4.7 +£0.2 min) reflects that
nerve ultrasonography is an efficient and practical investigation
that may be incorporated as a point-of-care test in a diabetes clinic.
Considering the benefits of nerve ultrasound compared to nerve
conduction studies with respect to cost, availability, pain, and non-
invasiveness, we would recommend that ultrasonography be added
to assessments that are currently recommended at yearly intervals
[16]. Current assessment for neuropathy includes careful history,
temperature or pinprick sensory examination, vibration sensation
assessment with 128-Hz tuning fork, and 10-g monofilament test-
ing. Recent studies have demonstrated an important essential role
for nerve ultrasound in the diagnosis of carpal tunnel syndrome and
ulnar neuropathy, and as a means of guiding interventions such as
corticosteroid injections [42]. However, further prospective serial
studies in patients with diabetic neuropathy are required to establish
whether tibial nerve CSA is responsive to intervention in this patient
group. Similarly, further studies are needed in symptomatic patients
with normal nerve conduction studies diagnosed with small fibre
neuropathy, both with nerve ultrasonography and other measures of
small fibre neuropathy assessment such as quantitative sensory and
sudomotor testing [43]. In addition to serial measures of distal nerve
CSA in diabetic patients, other semiautomated measures such as
echogenicity and fascicular counts on nerve ultrasonography should
also be considered for future prospective studies [44].

In conclusion, the present study has shown that a single assess-
ment of nerve morphology has the capability to provide information
that correlates with the presence and severity of peripheral neurop-
athy. These findings suggest that nerve ultrasound may have a role
in the assessment of patients in diabetes clinics, in a clinical trial re-
cruitment setting or in large community-based epidemiological stud-
ies of peripheral neuropathy.
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