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Peripheral neuropathy is one of the most common complications of both type 1 and type 2 diabetes. Up to half of
patients with diabetes develop neuropathy during the course of their disease, which is accompanied by neuro-
pathic pain in 30-40% of cases. Peripheral nerve injury in diabetes can manifest as progressive distal symmetric
polyneuropathy, autonomic neuropathy, radiculo-plexopathies, and mononeuropathies.

The most common diabetic neuropathy is distal symmetric polyneuropathy, which we will refer to as DN, with its
characteristic glove and stocking like presentation of distal sensory or motor function loss. DN or its painful coun-
terpart, painful DN, are associated with increased mortality and morbidity; thus, early recognition and preventive
measures are essential.

Nevertheless, it is not easy to diagnose DN or painful DN, particularly in patients with early and mild neuropathy,
and there is currently no single established diagnostic gold standard. The most common diagnostic approach in
research is a hierarchical system, which combines symptoms, signs, and a series of confirmatory tests. The gen-
eral lack of long-term prospective studies has limited the evaluation of the sensitivity and specificity of new mor-
phometric and neurophysiological techniques. Thus, the best paradigm for screening DN and painful DN both in
research and in clinical practice remains uncertain.

Herein, we review the diagnostic challenges from both clinical and research perspectives and their implications
for managing patients with DN. There is no established DN treatment, apart from improved glycaemic control,
which is more effective in type 1 than in type 2 diabetes, and only symptomatic management is available for pain-
ful DN. Currently, less than one-third of patients with painful DN derive sufficient pain relief with existing phar-
macotherapies. A more precise and distinct sensory profile from patients with DN and painful DN may help iden-
tify responsive patients to one treatment versus another. Detailed sensory profiles will lead to tailored treatment
for patient subgroups with painful DN by matching to novel or established DN pathomechanisms and also for
improved clinical trials stratification. Large randomized clinical trials are needed to identify the interventions, i.e.
pharmacological, physical, cognitive, educational, etc., which lead to the best therapeutic outcomes.
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CCM = cornea confocal microscopy; DN = distal symmetric polyneuropathy; IENFD = intraepidermal
nerve fibre density; MNSI = Michigan Neuropathy Screening Instrument; NCS = nerve conduction studies;
QST = quantitative sensory testing; SFN = small fibre neuropathy

Introduction

Peripheral neuropathies represent a heterogeneous group of
neurological disorders that affect the peripheral nerves, causing
sensory, motor, or autonomic symptoms or signs, or most fre-
quently, a combination thereof. Neuropathies are present in 1-8%
of the general population’™ and vary in aetiologies, including
metabolic, toxic, nutritional, inflammatory, and hereditary.> The
cause is unknown in up to 40% of patients with neuropathy.
Unless treated, neuropathies are associated with an increase in
morbidity, with pain, frequent falls, and, in more severe cases, a
high risk for foot ulcers, Charcot arthropathy, and amputations,
which increase mortality.” It is therefore important to carefully
screen for an underlying aetiology in all patients suspected of hav-
ing neuropathy.

The most common causes of peripheral neuropathy are type 2
diabetes and prediabetes. Neuropathy occurs in approximately
half of all patients with diabetes, of which 30-40% develop neuro-
pathic pain, such that approximately one in five diabetic patients
develop painful neuropathy.' Diabetes gives rise to different types
of nerve damage and clinical presentations, which includes distal
symmetric polyneuropathy, autonomic neuropathy, radiculo-
plexopathies, and mononeuropathies.’®*? By far the most com-
mon form of diabetic neuropathy is distal symmetric polyneurop-
athy, which we will refer to as DN, and encompasses small and
large fibre neuropathy. DN is usually characterized by a sensory
disturbance involving the feet, which ascends to the calves over
time, and, in more advanced cases, also eventually involves the
upper limbs. This review will focus on DN, while the other neur-
opathy subtypes, including autonomic neuropathy, will not be dis-
cussed in any depth.

DN accounts for 80-90% of diabetic neuropathies and is thus
termed typical diabetic neuropathy, while other less common dia-
betic neuropathies are called atypical diabetic neuropathies.'** In
contrast to other major diabetes complications, such as retinop-
athy and nephropathy, no single gold standard diagnostic test
exists for DN. In some instances, damage occurs solely as a pure
small fibre neuropathy (SFN), which also lacks a gold diagnostic
standard. Further, improved glycaemic control is the only DN ther-
apy, which is more effective in type 1 than type 2 diabetes.
Therefore, definitive diagnosis can be challenging and therapy is
often limited to symptomatic treatment of pain in patients with
painful DN. With diabetes and prediabetes burden continuing to
rise worldwide, it is anticipated that DN incidence and prevalence
will also increase dramatically within the next decades. As a re-
sult, there is a critical need to address the major diagnostic chal-
lenges for this diabetic complication, by identifying the best
strategies for diagnosing DN early in the disease course. Following
DN progression will also generate useful prospective data for

evaluating preventive and therapeutic DN interventions in future
clinical studies.

Search strategy and selection criteria

References for this review were identified by searching PubMed for
articles in English with no language restrictions for articles pub-
lished mainly from 2010 to 2020. We used the search terms
‘Diabetes Mellitus’ [All Fields] OR ‘type 1 diabetes’ [All Fields] OR
‘type 2 diabetes’ [All Fields] OR ‘neuropathy’ [All Fields] OR
‘Diabetic peripheral neuropathy’ [All Fields]. Additional keywords
were ‘diagnosis’ [All Fields] OR ‘diagnostic criteria’ [All Fields] OR
‘nerve conduction’ [All Fields] OR ‘small fibre neuropathy’ [All
Fields] OR ‘skin biopsy’ [All Fields] or ‘quantitative sensory testing’
[All Fields] OR ‘cornea confocal microscopy’ [All Fields] OR ‘treat-
ment’. Keywords were initially used as single search items and
then combined using the Boolean operator ‘AND’. The final refer-
ence list is based on this search, supplemented with references
from the authors’ own dataset.

Diagnostic challenges

The diagnostic criteria of DN and painful DN vary considerably in
questionnaires,'® electrophysiological techniques,'” hierarchical
classification schemes,'®?° and pathological and imaging diagnos-
tic tools.??? Each of these criteria have their pros and cons. There
is a need for identifying criteria and classifications that consider
both general practice and research requirements. To date, no sin-
gle gold standard diagnostic test exists for DN or painful DN. It is
still unknown which clinical questionnaires and neurological as-
sessment parameters best distinguish individuals with DN and
painful DN from those without these conditions. DN diagnosis is
complex and no specific biomarker is available for the
condition. To paraphrase England and Asbury® in a review over
15years ago, diagnosing neuropathy depends on the examiner’s
skill for tying together symptoms, signs, and diagnostic test
results. Unfortunately, this is still the case today.

Numerous DN definitions have been suggested.®>'7:**2¢ The
Toronto Consensus Panel on Diabetic Neuropathy™' distin-
guishes between typical and atypical DN, and defines typical DN
as ‘a symmetrical length-dependent sensorimotor polyneuropathy
attributable to chronic hyperglycaemia, associated metabolic
derangements, cardiovascular risk covariates, and microvessel al-
teration’. The Toronto definition also requires excluding other
neuropathy causes, but does not specify which conditions require
evaluation. The American Diabetes Association (ADA)® suggests
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that a simple definition for clinical practice is ‘the presence of
symptoms and/or signs of peripheral nerve dysfunction in people
with diabetes after the exclusion of other causes’. Although elec-
trodiagnostic tests are conventional for assessing large nerve fibre
dysfunction, the ADA definition does not require an abnormal
electrodiagnostic test for clinical neuropathy diagnosis. This pos-
ition is supported by studies indicating that electrodiagnostic tests
rarely change the aetiology and/or management of patients meet-
ing a clinical DN definition.?”® For research purposes, however, it
may be necessary to include additional tests to provide quantita-
tive information on nerve injury and greater certainty that partici-
pants have DN.

Because of the lack of a gold standard test for diagnosing DN,
hierarchical systems have been proposed over the years. In 2005, a
report from three different American associations concluded that
‘the combination of symptoms, signs and electrodiagnostic find-
ings provides the most accurate diagnosis of distal symmetric
polyneuropathy’.?® The report further added that multiple symp-
toms and signs combined with electrodiagnostic examinations
provide the highest degree of certainty for polyneuropathy. A limi-
tation of this approach is that it does not specify which symptoms
and signs should be used, nor does it specify clear DN categories.

Similarly, the Toronto Consensus Panel proposed a hierarchical
DN classification, but provided distinct DN categories graded as pos-
sible, probable, or definite neuropathy (Fig. 1). Fulfilling the Toronto
Consensus Panel definition for a definite DN diagnosis requires
symptoms or clinical signs of nerve dysfunction together with a
positive confirmative test of either small or large nerve fibre dys-
function.”™*” Although DN usually causes injury to both small and
large nerve fibres, a pure or isolated SFN also exists. SFN represents
a separate entity characterized by specific damage to unmyelinated
C and thinly myelinated AS type fibres.>*'* Like DN, no gold stand-
ard exists for diagnosing pure or isolated SFN. Therefore, a grading
system has been suggested for SFN in diabetes, similar to the one
proposed by the Toronto Consensus panel for DN.°

Neuropathic pain is defined as pain caused by a lesion or dis-
ease of the somatosensory nervous system.>® Accordingly, painful
DN can be defined as pain caused by damage to the peripheral
somatosensory system attributable to diabetes and manifests as
sensory abnormalities in the innervation territory of the damaged
nerves. Like DN, no gold standard definition of painful DN exists;
however, a hierarchical grading scheme has been proposed for
neuropathic pain, which can be applied to painful DN.2%%’
Specifically, painful DN can be rated as either possible (diabetes
and pain distribution in stocking glove distribution), probable (sen-
sory signs in a stocking glove distribution), or definite (confirma-
tory DN test) (Fig. 1). The grading system represents the level of
certainty that the pain is neuropathic in nature, which is naturally
based on a clinical judgement in which the skills and experience of
the examiners are important elements.

Currently, hierarchical systems that combine symptoms, signs,
and confirmatory tests are recommended for clinical research.
However, issues remain, including clarification of the specific symp-
toms, signs, and confirmatory tests to use, as well as the incorpor-
ation bias that typically exists when comparing other neuropathy
outcomes to these hierarchical systems. In clinical practice, con-
firmatory tests are often not needed, but challenges remain, for
weighing specific symptoms and signs to draw a clinical diagnosis.

DN is characterized by multiple manifestations of which sensory
symptoms and examination findings are the most common and
earliest features. Diagnosing the sensory manifestations of DN
relies on the history and presence of clinical signs (Fig. 2). DN
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manifests as bilateral, symmetric, and length-dependent nerve
fibre damage, which affects the longest and most susceptible
nerve fibres first and progresses distally-to-proximally in a stock-
ing glove pattern.?® Thus, the history is generally straightforward,
with symptoms of negative or positive sensations, starting in the
toes and soles of the feet, and gradually ascending to involve the
lower leg. When symptoms have reached the upper shins or knees,
they often begin to appear in the fingertips and may subsequently
spread further up the arms.’®'*?%3° Negative sensations include
numbness or a lack of sensation to feeling; for SFN, it is specifically
loss of pain and thermal sensation. Positive sensations are mul-
tiple in character, reflecting activity in nerve fibres of varying cali-
bres and serving various sensory modalities.

Many patients with sensory DN are asymptomatic and abnor-
malities may only be revealed during the clinical examination. The
sensory examination in DN usually reveals impaired nerve func-
tion with reduced or abolished sensation to touch, pinprick, tem-
perature, vibration, and, more rarely, proprioception. Clinically
evaluating small fibre function can involve determining the distal
sensation to pinprick and a cold or warm thermal stimulus. The
proximal limit of sensory abnormality is determined by moving
the individual test paradigms proximally. Generally, sensory
losses have the same characteristic stocking glove-like distribution
as the sensory symptoms. Positive signs in DN, such as allodynia
and hypersensitivity to different sensory stimuli, can be quanti-
tated by measuring the intensity or area of these phenomena.*
However, in DN, these positive signs are rare compared to other
types of peripheral nerve disorders with pain. Clinically assessing
large fibre function can include examining vibration sensation to a
128 Hz tuning fork, light touch perception with a 10 g monofila-
ment on the dorsal aspect of the great toe,** and position sense of
the same toe. Reduction or loss of ankle reflexes and other deep
tendon reflexes is also a common DN feature. However, reduced
ankle reflexes are common in older individuals without other
neuropathy symptoms or signs.

DN sensory examinations are challenging, in part due to the
large degree of variation in study populations and how, when, and
where clinicians should test for different clinical signs.*? For ex-
ample, the modified version of the Toronto Clinical Neuropathy
Score®® excluded the tendon reflex score from the earlier version*?
because of its low sensitivity for detecting early DN. In a study by
Dyck and colleagues** of 12 experienced physicians who assessed
in a blinded manner 24 diabetes individuals with and without
neuropathy for the presence of clinical neuropathy signs, there
was ‘considerable and excessive variability among physician
judgement of signs, symptoms, and diagnosis’. This study indi-
cates that clinical findings have limitations, which may be sur-
mounted in a setting where specific tests or scales are performed
(see ‘Clinical scaling of DN’ section).

It is generally held that DN begins with small unmyelinated
nerve fibre injury, followed by damage to small myelinated nerve
fibres, and, as the disease progresses, injury to large myelinated
nerve fibres.">*® However, no prospective longitudinal studies are
available to confirm or refute this idea. The recent Anglo-Danish-
Dutch Study of Intensive Treatment in People With Screen
Detected Diabetes in Primary Care (ADDITION-Denmark) study
showed that progression did not necessarily occur from small to
large fibre symptoms based on the Michigan Neuropathy
Screening Instrument questionnaire (MNSIq).*® Future studies are
needed to longitudinally examine the symptoms and pathological
changes in DN. Because of the uncertain course in the relative
temporal dysfunction in and large fibre neuropathy, a single diag-
nostic DN criterion may not be expected to be valid throughout DN
course. Currently, the ADA recommends that the annual clinical
assessment should include a careful history, examination of
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Diabetes and one of A, B, or C

A. Symptoms
B. Signs

C. Reduced/absent ankle reflexes

ST

Abnormal NCS or abnormal
IENFD and one of A, B, or C
A. Symptoms
B. Signs
C. Reduced/absent ankle reflexes

At least two of A, B, or C
A. Symptoms
B. Signs
C. Reduced/absent ankle reflexes

Figure 1 Research definition of DN by the Toronto classification'® and painful DN, modified from the NeuPSIG grading system of neuropathic pain.*®

History

Negative symptoms
*  Numbness, no
sensation, poor
balance, muscle
weakness
Positive symptoms
*  Burning, electric
shocks, stabbing,
tingling, cramps,
pricking etc.

Clinical examination

Figure 2 Summary of symptoms, examination for signs, and additional tests to diagnose DN or painful DN. Clinical testing should fulfil typical DN
pattern, i.e. symmetrical presentation with a distal-to-proximal gradient. Touch examination is performed with a 10 g monofilament, vibration with

Touch

Pinprick

Cold

Warm
Vibration

Joint position
Allodynia
Hyperalgesia
Muscle strength
Muscle atrophy
Tendon reflexes
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Diabetes and painin a
stocking glove distribution

Possible Painful DN

Sensory signs in a
stocking glove distribution

Probable Painful DN

Confirmatory test for DN

Definite Painful DN

Additional tests

. Electrodiagnostic testing
. IENFD

. CcCM

. QsT

a 128 Hz tuning fork, pinprick with a sharp pin, and cold and warm with standardized cold and warm thermorollers.
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vibration sensation using a 128-Hz tuning fork (large fibre func-
tion), and temperature or pinprick sensation (small fibre function)
assessed at the base of the first toe to follow the progression of
neuropathy. On the other hand, a 10-g monofilament sensory test
in specified areas on the plantar surface of the feet has been pro-
posed as a test to determine the risk for development of foot
ulcers. However, since most diabetes patients are reviewed by gen-
eral practitioners or at busy diabetic clinics, where neuropathy is
only one among several possible complications, there is limited
time for examining the patient. As a result, rapid sensitive and
specific tests that do not require specialty training will ultimately
be needed.

Motor dysfunction in DN can be due to different causes, including
neuropathy or myopathy. Motor neuropathy only appears clinical-
ly in a small proportion of patients, primarily in more advanced
DN stages. Motor neuropathy in DN may lead to motor dysfunc-
tion, resulting in postural instability, impaired gait, frequent falls,
severe injuries, and, ultimately, higher morbidity and mortality.*’
Motor dysfunction negatively affects independence and capability
to perform daily living activities, lowering quality of life. Motor
neuropathy can be diagnosed by a clinical examination, including
muscle strength and muscle atrophy evaluation combined with
nerve conduction studies (NCS) to assess motor nerve function.
Axonal degeneration in motor neuropathy also leads to in muscle
fibre denervation. Collateral reinnervation compensates for this
denervation®®; however, as this compensatory mechanism fails,
muscle atrophy and concomitant neurogenic muscle weakness
develops.**! In a previous DN scale proposed by Dyck and col-
leagues, the inability to stand on heels was used to define more
severe DN (stage 2B), as it was thought to reflect motor neur-
opathy. However, this test has not been validated in larger cohorts.

In diabetes, motor neuropathy is commonly based on NCS
abnormalities, which even occur in the earlier disease stages.”
Milder forms of motor neuropathy are often undiagnosed. This
may partly be explained by a lack of screening tests for motor
neuropathy in standardized DN examinations. If a diabetes patient
presents with substantial motor dysfunction early in the DN
course, aetiologies other than classical DN should be considered,
including focal diabetic neuropathies (radiculo-plexopathies) and
immune-mediated neuropathies, such as chronic inflammatory
demyelinating polyneuropathy,>* as well as a differential diagnosis
for Charcot-Marie-Tooth disease (CMT) or other hereditary
neuropathies.

In addition to a motor neuropathy, more recent studies indicate
that diabetes may also give rise to a mild myopathy resulting in
lower muscle strength due to lower muscle quality.>® Thus, in dia-
betes, muscle weakness may develop secondary to DN, but myo-
pathic changes may also contribute to impaired muscle function.
Alterations in muscle morphology lead to impaired muscle func-
tion, insulin sensitivity, glucose utilization, and decreased energy
reserves. However, due to fat infiltration and fibrosis, the muscle
may have a normal cross-sectional size. The contribution of dia-
betic motor neuropathy and diabetic myopathy on muscle dys-
function cannot be differentiated clinically. NCS combined with
muscle biopsies and imaging (MRI and ultrasonography) may lead
to a more detailed understanding of the relative importance of
motor neuropathy versus myopathy in DN patients. Prospective
studies of longitudinal MRI changes are needed to determine if
such MRI findings are early markers of motor impairment.

In summary, DN motor dysfunction occurs much later than
sensory dysfunction and is multifactorial through motor neur-
opathy and myopathy. The complexity of motor dysfunction in
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diabetes hinders identifying the underlying causes of motor weak-
ness, poor ambulation, and falls, and hence management. Given
its high morbidity, future work should focus on understanding
motor disturbances as an important diabetes complication.

In addition to simple bedside tests, quantitative diagnostic tests
have been developed to improve the likelihood of a clinical DN
diagnosis and as potential outcomes in research studies. Examples
include electrophysiological examinations, quantitative sensory
testing (QST), skin biopsies, cornea confocal microscopy (CCM),
and point-of-care devices (POCD).>® We briefly review the most fre-
quently used confirmatory tests below.

Although NCS are not typically required for clinical DN evaluation,
they are an important tool for quantitatively assessing large fibre
involvement in DN for research studies and clinical care of
patients with atypical neuropathy and/or unclear symptom local-
ization. The sural nerve is most often examined in DN electrodiag-
nostic studies, usually through antidromic surface recordings,
although its sensitivity is lower than needle electrode recordings.>’
However, needle recordings are only used at a few centres, mainly
because it is time consuming and unpleasant. In a recent study,
examination of the distal segment of the sural and medial plantar
nerves with surface electrodes was as sensitive as needle record-
ings in polyneuropathy of different aetiologies.>**>®

Several studies have documented a higher sensitivity from NCS
at sensory nerves more distal than sural nerve examination for DN
diagnosis, but at the expense of specificity.>>¢°

Taking into account the length-dependent feature of DN, elec-
trodiagnostic studies should include lower extremity nerves, i.e.
sural, peroneal, and tibial nerves. Since DN is usually symmetric,
bilateral NCS are usually not necessary for evaluating DN.>*¢* The
best NCS criteria for diagnosing DN are difficult to establish given
the lack of a gold standard test with which to compare different
NCS definitions. Experts have proposed using an abnormality in
the sural nerve with at least one other NCS abnormality.'”**52
Abnormality in either velocity or amplitude is often enough based
on DN recommendations’ and in polyneuropathy of different
aetiologies.” Another approach recommended by Dyck and co-
workers” is to use composite scores from multiple nerves calcu-
lated by taking the sum of their Z-scores compared to the same set
of nerve NCS from a control population. Further studies are neces-
sary to determine the best NCS definition for DN. While NCS is un-
likely to change the management of patients with DN, these tests
are essential for patients with atypical neuropathy and/or diffi-
culty localizing symptoms within the nervous system. NCS are
also key research tests to quantitatively assess large nerve fibre
function.

QST is a psychophysical method for assessing somatosensory
functions, which was originally presented as a simple perceptive
response measure to thermal and vibratory stimuli.®*® It has now
developed into a detailed standardized tool where the response to
multiple, well-defined painful and non-painful stimuli are meas-
ured. The QST protocol developed by the German Research
Network on Neuropathic Pain®®®’ assesses 13 parameters, includ-
ing thermal and mechanical detection, pain thresholds, vibration
thresholds, dynamic mechanical allodynia, wind-up ratio, and
pressure pain threshold. These different tests measure the func-
tion of all afferent fibre classes, A, As, and C fibres. Raw QST data
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can be transformed into Z-scores normalized to age, sex, and body
location, to generate a sensory profile, which includes sensory loss
and hypersensitivity to thermal and mechanical stimuli.°®®” As
such, QST can assess the functional status of sensory receptor sys-
tems, their afferent projections via large and small afferents, and
how this somatosensory input is processed in the CNS.%57°

In patients with various types of neuropathic pain, regardless
of underlying aetiology, it is possible to delineate distinct patient
clusters based on their sensory profile. For example, Baron and
colleagues’* found that three different patient clusters could be
delineated by 13 different types of sensory stimulation paradigms.
One cluster was dominated by sensory loss, one by thermal
hyperalgesia, and one by mechanical hyperalgesia. These differ-
ent clusters may represent distinct pathophysiological mecha-
nisms that drive pain. For example, patients with diabetic and
other neuropathies have more signs of sensory loss than hyper-
sensitivity, suggesting that deafferentation rather than peripheral
sensitization is the most likely mechanism in this profile.
However, future studies are needed to confirm this hypothesis.

Most of the functions examined in the current QST protocols
reflect sensory activity from skin, but not sensory functions from
deep tissue innervation. It is possible that the pain generator in
certain patients with painful DN may be related to abnormalities
in deep tissue somatosensory innervation, but this requires fur-
ther investigation.

In conclusion, QST represents a tool to identify separate specif-
ic sensory DN profiles if used in a standardized way, possibly
reflecting separate underlying pathophysiological mechanisms. As
such, QST may be used in clinical trials as an instrument to link
mechanisms of pain with specific drug actions, as reviewed below.
However, much work is needed to clarify the role of QST in re-
search and clinical care.

Skin biopsy with intraepidermal nerve fibre density (IENFD) quan-
tification is considered the pathological gold standard for diagnos-
ing small fibre pathology in diabetes® (Fig. 3). IENFD is reproducible
with good diagnostic specificity and sensitivity, as well as favour-
able positive and negative predictive values.”” This test is not usu-
ally needed for clinically diagnosed DN, because it has not been
shown to affect clinical management. However, skin biopsies are
the best quantitative small fibre measure for research studies, and
are more likely to improve upon reinnervation than NCS. A joint
task force of the European Federation of Neurological Societies and
the Peripheral Nerve Society published guidelines regarding the
use of skin biopsy for demonstrating small fibre pathology.?* The
recommendation is to take a 3-mm punch biopsy from the distal
leg, 7-10cm above the lateral malleolus, and compare to norma-
tive reference values based on distal leg in age- and sex-matched
populations, both for bright field microscopy and for indirect im-
munofluorescence.”>’* An additional biopsy can be taken from the
lateral distal thigh (7-10 cm above the knee) or at the lateral prox-
imal thigh (7-10cm below the greater trochanter) for evaluating
small fibre pathology severity and distribution (length-dependent
versus non-length-dependent).”>”® Since DN is typically length-de-
pendent, the distal biopsy will have fewer fibres per millimetre
than at the proximal biopsy.

An important pathophysiological issue in diabetic neuropa-
thies concerns the relationship between structural findings and
function. It is still unclear whether reduced IENFD correlates with
DN symptomatology, such as development or maintenance of
neuropathic pain. A recent systematic review found that only 44%
of studies reported associations between IENFD and symptoms,
such as patient-reported pain.”” The same review also concluded

BRAIN 2021: 144; 1632-1645 | 1637

that IENFD correlated better with objective tests, such as contact
heat- or laser-evoked potentials, than with neuropathy instru-
ments that quantify symptoms and signs (e.g. MNSI, Toronto
Neuropathy Score). Importantly, the review also revealed that
there may be better association between IENFD and QST measure-
ments in DN than in non-diabetic neuropathies. Indeed, straight-
forward nerve fibre quantification only informs their density, not
their physiological condition (e.g. whether they are hypersensi-
tive, hyposensitive, or normal).

While most DN studies solely quantify IENFD from skin biop-
sies, it is also possible to measure other morphological changes in
the skin, such as dermal nerve fibre length, nerve branching, and
axonal swellings (Fig. 4).””79®2 Axonal swellings, which possibly
represent degenerating small nerve fibres,”> are elevated in
DN,®%#* and may precede nerve fibre loss, as suggested by a recent
study.®> Molecular changes can also be determined from diabetic
skin biopsies. For instance, recent data indicate that patients with
painful DN have higher densities of nerve fibres that are positive
for substance P, calcitonin gene-related peptide,® and growth
associated protein 43,%° compared to patients without painful
neuropathy (Fig. 4). Macrophages and ‘nociceptive’ Schwann cells
are other biomarker examples that can be examined in skin biop-
sies. Specifically, recent studies suggests that DN patients have
increased macrophage infiltration into the skin, which may be
leveraged as novel treatment targets for neuropathic pain in
diabetes.®”58

In summary, skin biopsies represent an important tool for
detecting small fibre abnormalities in diabetes through straightfor-
ward structural changes in reduced epidermal nerve fibre density
and in quantifiable molecular changes. IENFD continues to be an
important method for understanding the structure-function rela-
tionship and a useful instrument to prospectively track small fibre
structural changes induced by different interventions. The main
disadvantages of skin biopsy are invasiveness, relatively high cost,
and requirement for highly specialized and trained staff.
Moreover, the results are highly dependent on tissue handling and
staining quality.

CCM is a non-invasive measure of corneal small fibre damage,
which has emerged as an alternative to skin biopsies. CCM quanti-
fies corneal nerve fibre density (CNFD), corneal nerve fibre length
(CNFL), and corneal nerve branch density (CNBD), which some
studies have shown are reduced in DN, especially CNFD and
CNFL.?28%% However, a recent study reported that CCM could not
distinguish type 2 diabetes patients with and without neur-
opathy.® The largest study of diabetes patients to date (n=998),
using optimal CNFL thresholds and automated analysis, found
CNFL had 73% sensitivity and 69% specificity for detecting type 1
diabetes DN, and 69% sensitivity and 63% specificity for detecting
type 2 diabetes DN.?? Other studies also found good, but not great,
CCM sensitivity and specificity for diagnosing DN.9*%3

There are methodological challenges for objectively sampling
and recording CCM images because the examiner is typically not
blinded during image acquisition and the selection method for
‘good’ images for analysis varies between studies. Additionally,
due to corneal curvature, its borders are out of focus when its
centre is in focus, and the size of the focused area varies. A recent
methodological study addressed these issues using stereology
randomized sampling and adjusted area calculation, which was
compared head-to-head to the usual method.®**> The updated
method, which avoids subjective CCM image selection bias,
increased the absolute CCM values by 8-40% versus the usual
method, and showed comparable differences between healthy
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Figure 3 Different skin nerve fibre changes in diabetic neuropathy. (A) PGP9.5 + intraepidermal nerve fibres (arrows) in a healthy individual. (B) DN pa-
tient with severe fibre loss. (C) High magnification of intraepidermal nerve fibres in a healthy individual (note absence of axonal swellings). (D) High
magnification of intraepidermal nerve fibres in a DN patient (note presence of axonal swellings, arrows). (E) CGRP + nerve fibres in a patient with
painful DN. (F) High magnification of a CGRP + nerve. CGRP = calcitonin gene related peptide; PGP9.5 = neuronal marker.

individuals and DN patients. Furthermore, although CCM can be
assessed manually and automatically, normative reference values
are only available for the manual method, whose values are higher
than by the automatic method.”® Thus, the best measurement
method remains to be determined.

Another important challenge is the unclear relationship
between CCM measures and IENFD from skin biopsy.
The diagnostic characteristics of these two techniques seem com-
parable, but variation exists amongst studies and head-to-head
comparisons are not available.”®**°> CCM is promising as a non-
invasive measure of small nerve fibre loss in diabetes, but more
work remains to establish its role in research studies, including pa-
tient preference between CCM and skin biopsy. Importantly, the
clinical roles of CCM and skin biopsies are also unclear, as neither
are established tests for routinely assessing DN.%”

Most of the above additional tests are time consuming, some are
invasive, and they all require specific expertise; therefore, they are
not suitable for routine screening in general practice. More recent-
ly, a series of non-invasive, easy and rapid POCDs have been intro-
duced to facilitate nerve function examination in patients
suspected of having a neuropathy. These POCDs include examin-
ation of sural nerve conduction velocity,?* ' sweat production on
the foot plantar,’® and other devices to measure sudomotor func-
tion in both hands and feet.'®? A recent review demonstrated these
POCDs have acceptable sensitivity’® and may be useful as future
screening tools in patients to evaluate risk of deleterious out-
comes, such as foot ulceration and amputation.’® However, there
is a need for large, prospective studies to rigorously evaluate these
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POCDs versus conventional test procedures and/or clinical exam-
ination tools, to determine their value for detecting DN early.

Clinical scaling of DN

An important issue for clinically evaluating patients with sus-
pected or established DN is early detection and subsequent follow-
up of progression. A wide range of clinical scales exist to detect
and track DN progression. These scales often combine symptom
assessments with bedside evaluations of clinical DN signs, and
they are mostly validated against NCS or IENFD. Recently,
Gewandter and colleagues*? reviewed a series of clinical scales for
distal symmetric axonal polyneuropathies, which revealed a large
variation in motor and sensory examination items used in the dif-
ferent test measures, as well as great variability in the proportion
of tests devoted to assess reflexes and motor, sensory, and auto-
nomic functions. A particular problem in assessing the usefulness
of a specific test concerns its validity (Box 1). Table 1 presents an
overview of the most frequently used DN scales, along with a de-
scription of the potential overlap in measures between the diag-
nostic and reference test. Most of the tests include clinical signs
and fewer symptoms or confirmatory tests, possibly because clin-
ical signs are easier to quantify and follow than symptoms.?°
Some of the clinical scales contain disproportionate tests of motor
function, despite the late clinical appearance in the course of DN.
The clinical scales also highlight the large variation in symp-
toms and clinical signs that qualify for the different classification
grades using the Toronto classification. This is demonstrated in
Fig. 4, where three different clinical scales, MNSI, Toronto Clinical
Neuropathy Score, Utah Early Neuropathy Scale, are plotted against
the Toronto Consensus definition of DN in a population of recently

diagnosed type 2 diabetes patients.”® There is a positive correlation
between increasing certainty of neuropathy from possible to definite
with increasing scores on the neuropathy scales, but also a large
variation. This Toronto hierarchical system has good criterion valid-
ity, but there is considerable variation and overlap between the DN
groups on all three of these clinical scales. Currently, challenges
exist in the diagnosis of DN, whether painful or non-painful, with a
need to develop an easy and more uniform method to diagnose DN
both for clinical and research purposes.

DN severity

Assessing DN severity presents its own challenges. Dyck and col-
leagues® proposed a method to determine DN severity by succes-
sively adding signs and then symptoms to different
electrophysiological abnormalities, generating five degrees of se-
verity. An alternative approach is to determine severity based on
different sum scores or composite scores, as presented in ques-
tionnaires or different assessment scales.'®'#2019371%% gince few
long-term prospective studies have been performed, the useful-
ness of these composite scores to grade severity is limited.
However, using this principle of composite scoring, Dyck and col-
leagues'® showed worsening of DN status using the Neuropathy
Impairment Score of the Lower Limbs [NIS (LL)] +7 tests in a longi-
tudinally monitored patient cohort. Whether these changes asso-
ciated with clinically relevant outcomes, such as falls, ulcerations,
and quality of life, remained unclear. More studies are needed to
investigate the best way to evaluate DN severity, including direct
comparisons between approaches and associations of changes in
severity with clinically relevant outcomes. Such studies could
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Box 1 Validity

The validity of any test involves three aspects: construct, content, and criterion validity.

Construct validity is a test’s ability to measure the concept it is intended to measure and is key for determining general method
validity. The construct for neuropathy cannot be directly observed, but it can be assessed by combining other indicators associated
with it, such as a series of symptoms and signs. Construct validity for a neuropathy questionnaire requires it to only include ques-
tions that measure neuropathy indicators, but exclude questions not relevant to neuropathy. Construct validity can then be meas-
ured by determining the score difference between DN patients and individuals with diabetes alone.

Content validity is similar to face validity and examines whether a test can measure all aspects of the concept, in this case neur-
opathy. For example, for a DN questionnaire, it may be important for the instrument to include symptoms of autonomic or motor
functions rather than only focusing on sensory symptoms.

Criterion validity determines how well the test results correspond to results from a different and independent test. For DN, the test
score should correlate to the results of quantitative sensory nerve fibre functions, such as NCS, vibration threshold, or thermal sen-
sitivity measures. Without any objective gold standard for either neuropathy or pain, there is always a bias risk and a possibility
for violating the criterion validity. Ideally, the new diagnostic test or questionnaire should be completely independent from the ref-
erence standard. As discussed in detail in the main text, for both neuropathy and painful neuropathy, the reference test is usually
based on the combination of history, neurological examination, and other specific measures.

In validity testing of various neuropathy tests, such as the Neuropathy Symptom Score,’?* Michigan Neuropathy Screening
Instrument (MNSI),"”"*?®> Neuropathic Disability Score,”® Toronto Clinical Neuropathy Score,® Diabetic Neuropathy Score,*** and
Utah Early Neuropathy Scale,'®® questions or items in these tests are also among the criteria in the reference test, which is called
incorporation bias. A similar incorporation bias problem exists when measuring neuropathic pain, for example, in the Leeds
Assessment of Neuropathic Symptoms and Signs,’®® the German Pain Detect,?® and the French Douleur Neuropathique 4 (DN4).?’
In all these cases, the reference standard is partly used to determine the outcome of the new diagnostic test. Incorporation bias'?®

is likely to lead to an overestimation of the diagnostic accuracy of the test.

potentially lead to consensus definitions of DN severity, which could
be used consistently across studies, facilitating better comparisons.

Phenotyping DN and painful DN and
implication for treatment

Phenotyping patients with DN versus painful DN may be import-
ant for identifying new or better treatments for painful DN. Three
studies used the German research network protocol to investigate
differences in sensory profiles between painful and non-painful
DN.'%1%7 In the UK Pain in Neuropathy Study (PiNS),’*® patients
with painful DN had more sensory loss, particularly small fibre
function, and greater spread of proximal clinical signs compared
to those with painless DN. Dynamic brush evoked allodynia was
only observed in patients with painful DN. Similar findings were
seen in two other studies,'”” one of which also demonstrated a
predominant sensory loss to thermal stimuli that correlated to the
severity of neuropathic pain and neuropathy. Consistently, painful
DN exhibits more extensive sensory function loss, supporting the
notion that loss of afferent input, mainly related to small fibre
function, is important for the development of neuropathic pain.”®
Phenotypic profiling may be important for identifying the opti-
mal treatment for patients with painful DN. Current pharmaco-
logical therapies for painful DN are insufficient, mainly due to a
lack of approved therapies targeting the underlying pain mecha-
nisms.®3%1%8110 Ag shown in Fig. 5, most of the current symptom-
atic pharmacological treatments are of poor efficacy with numbers
need to treat (NNT) of ~7 for the most frequently used therapies.
This means that less than one in seven patients with painful DN
obtain a pain sufficient relief. It is worth noting that the studies
from which the different symptomatic guidelines were gener-
ated''®**271%> were almost entirely based on patients with painful
DN, but without specific sensory profiling. The lack of highly effi-
cacious therapies for painful DN raises the question of whether
additional tests such as QST, nerve fibre assessment from skin

biopsies, genetic analysis, or other biomarkers''® may aid in fur-
ther phenotyping patients to improve clinical trial design and out-
come measures.

Recent studies suggest that more precise phenotyping of pain-
ful neuropathies, including DN, may identify patient subgroups
likely to respond to an existing compound, which otherwise may
be ineffective in unselected patients. One randomized controlled
trial in peripheral neuropathic pain, including painful DN, strati-
fied patients a priori to test the concept of a mechanism-based
treatment.'”” In that study, patients with the so-called ‘irritable
nociceptor phenotype’ based on QST responded better to the so-
dium-channel blocker oxcarbazepine than those without this
phenotype.’” A recent study Han and colleagues'*® described
how carbamazepine, a structural oxcarbazepine analogue, may
correct hyperexcitability caused by a novel Na,1.8 mutation in a
patient with diabetes and neuropathic pain. This novel mode of
action of carbamazepine is similar to that seen in another sodium
channel subtype, Na,1.7.'*° These findings may be of value in
identifying patients that are more likely to respond to carbamaze-
pine or related compounds, but future studies are needed to clar-
ify this possibility.

The anticonvulsant lacosamide, a Na,1.7 and Na,1.8 sodium
channel blocker, has been tested in small trials of patients with
painful DN, but did not significantly reduce pain compared to pla-
cebo.’® However, in a recent double-blind placebo controlled
cross-over study in patients with Nay1.7-related SFN, lacosamide
significantly reduced pain versus placebo.'?* These findings indi-
cate that pharmacological efficacy may be boosted in specific pa-
tient subgroups.

Taken together, these studies suggest it may be possible to
apply precision medicine to treating neuropathic pain by utilizing
detailed phenotypic profiling of DN patients. However, additional
studies are needed to clarify the role of detailed phenotyping of
diabetic patients, including consideration of specific mechanisms
of pharmacological agents.
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