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ABSTRACT

The first signs of diabetic neuropathy typically result

from small-diameter nerve fiber dysfunction. This review
synthesized the evidence for small-diameter nerve fiber
neuropathy measured via quantitative sensory testing
(QST) in patients with diabetes with and without painful
and non-painful neuropathies. Electronic databases were
searched to identify studies in patients with diabetes

with at least one QST measure reflecting small-diameter
nerve fiber function (thermal or electrical pain detection
threshold, contact heat-evoked potentials, temporal
summation or conditioned pain modulation). Four groups
were compared: patients with diabetes (1) without
neuropathy, (2) with non-painful diabetic neuropathy,

(3) with painful diabetic neuropathy and (4) healthy
individuals. Recommended methods were used for article
identification, selection, risk of bias assessment, data
extraction and analysis. For the meta-analyses, data were
pooled using random-effect models. Twenty-seven studies
with 2422 participants met selection criteria; 18 studies
were included in the meta-analysis. Patients with diabetes
without symptoms of neuropathy already showed loss

of nerve function for heat (standardized mean difference
(SMD): 0.52, p<0.001), cold (SMD: —0.71, p=0.01) and
electrical pain thresholds (SMD: 1.26, p=0.01). Patients
with non-painful neuropathy had greater loss of function
in heat pain threshold (SMD: 0.75, p=0.01) and electrical
stimuli (SMD: 0.55, p=0.03) compared with patients with
diabetes without neuropathy. Patients with painful diabetic
neuropathy exhibited a greater loss of function in heat pain
threshold (SMD: 0.55, p=0.005) compared with patients
with non-painful diabetic neuropathy. Small-diameter
nerve fiber function deteriorates progressively in patients
with diabetes. Because the dysfunction is already present
before symptoms occur, early detection is possible, which
may assist in prevention and effective management of
diabetic neuropathy.

INTRODUCTION

Diabetes affects 8.5% of the total adult popu-
lation." Elevated sugar levels over time can
produce tissue damage at different levels to
the nervous system. Among the various forms

of diabetic neuropathy, distal symmetric
polyneuropathy (DSPN) is the most common
long-term diabetic complication, affecting up
to 50% of patients with diabetes.” Of thos
with DSPN, 13% report pain associated wit
the DSPN,” which impacts on their daily activ-
ities and quality of life. DSPN is defined
a bilateral, length-dependent sensorimot
neuropathy.’ Typically, symptoms of DSPN are
initially localized at the toes, before progres-
sively affecting the feet and lower legs. DSP
in the hands is less common, and general
manifests itself after DSPN has develope
in the lower limbs. Other forms of diabetic
neuropathy may coexist, like cardiovascul
autonomic neuropathy or atypical for
of diabetic neuropathy (eg, carpal tunnel
syndrome).”

DSPN affects multiple nerves and various
nerve fiber types." Sensory nerve fibers ar
typically affected before motor nerve fibers.’
In the early stages, small-diameter senso
nerve fibers responsible for thermal, electric
and pain perception (ie, Ad and C-fibers) ar
affected.” As DSPN progresses, large-diamet
sensory nerve fibers responsible for touch and
vibration perception (ie, AR and Ay fibers
are affected.® This may manifest itself clini-
cally as either loss of nerve function resultin
in hypoalgesia (small-diameter nerve fibers
or hypoesthesia (large-diameter nerve fibers)
or gain of function, resulting in pain (small-
diameter nerve fibers) or paraesthesia (large-
diameter nerve fibers). Motor neuropathy
(Ao fibers) may result in muscle weakness
and may contribute to muscle cramps.®

Small fiber neuropathy can manifest as
spontaneous and stimulus-evoked distal
pain, deep aching and sensory loss.” Patients
with small fiber neuropathy are at increased
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risk for foot ulcerations and amputations.'” In the last
10-15 years, there is a growing interest in small fiber
neuropathy in various pathologies, such as carpal tunnel
syndrome'’ and complex regional pain syndrome.'
Similarly, various methods have been employed to assess
small-diameter nerve pathology in diabetes.” Available
techniques include skin biopsy and corneal confocal
microscopy to assess morphological changes. To eval-
uate function, quantitative sensory testing (QST), laser-
evoked potentials and sudomotor function can be
assessed. Static QST measures are used to quantify gain
d/or loss of somatosensory function in small-diameter
and large-diameter nerve fibers. Dynamic QST measures
e used to gain insights in altered pain processing in the
ntral nervous system, such as facilitation (eg, temporal
nd spatial summations) and inhibition (eg, conditioned
ain modulation).

As DSPN significantly increases the morbidity of
abetes,"” early detection and management of small
fiber neuropathy is of cardinal importance. Multiple
udies have used QST to document small fiber neurop-
athies in patients with diabetes with and without DSPN
g, see Raputova et al'*™"%). As findings from individual
studies are sometimes conflicting and unable to provide
comprehensive insight, a systematic review and meta-
alysis is required. Therefore, the aim of this study was
to review and summarize the evidence on altered pain
thresholds and pain modulation in patients with diabetes
ithout and with DSPN (both painful and non-painful).
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ESEARCH DESIGN AND METHODS

his systematic review and meta-analysis is reported in
cordance with the Preferred Reporting Items for System-
tic Reviews and Meta-Analysis statement.” The review
as been registered in PROSPERO (CRD42018088173)
and the protocol is available online.'

H()

igibility criteria

Studies were considered for inclusion in this review if
ey met the following criteria: (1) cohort studies, case—
control studies or clinical trials conducted in adults (ie,
at least 18 years of age), diagnosed with diabetes (type
or 2), without or with DSPN (painful or non-painful),
ith or without a healthy pain-free control group; (2) the
study included at least one outcome related to detecting
ain thresholds and/or pain modulation; and (3) the
study included at least one of the following comparisons:
atients with diabetes without DSPN versus patients with
on-painful DSPN; patients with non-painful DSPN versus
patients with painful DSPN; or patients with diabetes with
or without DSPN versus healthy controls.

ALLL

Outcome measures

Pain thresholds for the sensory modalities of interest (ie,
heat, cold, pressure, pain by means of electrical stimula-
tion and contact heat-evoked potentials) and pain modu-
lation measures (ie, temporal summation or conditioned
pain modulation) were extracted. Only quantitative
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outcomes were considered. If different body locations
where measured within the same study (eg, great toe
and arch of the foot), the location most commonly used
among all the studies was selected.

Data sources and searches

Combinations of controlled vocabulary, Medical Subject
Headings (MeSH) and free-text terms were developed in
collaboration with a university health liaison librarian.
MEDLINE (via EBSCO), CINAHL (via EBSCO), Embase
(via Elsevier), the Cochrane Library, SPORTDiscus, Web
of Science and PEDro were searched from their respec-
tive inception dates to 16" March 2019. Reference lists
from the included papers were screened for additional
potentially eligible studies. Studies published in a peer-
reviewed journal in any language or any type of publica-
tion status were considered. An example of the search
string can be found in the protocol paper.”!

Study selection

Records were imported to Covidence (Veritas Health
Innovation, Australia)®® for screening. One investigator
(ES-S) screened titles and abstracts, and two independent
investigators (ES-S and MS) screened full-text records.
When there was disagreement, the two investigators
discussed the eligibility, and if the disagreement could
not be resolved, a third investigator (LB) was consulted.
Unweighted Cohen’s kappa (k) coefficient was calculated
to quantify the agreement in full-text selection between
the reviewers. Agreement was scored as fair (0.40-0.59),
good (0.60-0.74) or excellent (>0.75).*

Data collection process

The data were extracted by one investigator (ES-S). The
accuracy of the data extraction was verified by a second
investigator (MS) who independently extracted data
from a randomly selected subset of papers (20% of the
total). The level of agreement for extracted mean, SD
and sample size was calculated using a two-way random
single measure intraclass correlation coefficient (ICC, ).
Data were extracted from each paper for (1) manuscript
information (author and year); (2) study design; (3)
patient information (sample size, age, sex, body mass
index, type of diabetes, years since diabetes diagnosis,
presence and type of neuropathy, disability and quality of
life; (4) pain thresholds (cold pain threshold, heat pain
threshold, pressure pain threshold, pain threshold by
means of electrical stimuation and contact heat-evoked
potentials); and (5) pain modulation variables (temporal
summation and conditioned pain modulation).

Risk of bias in individual studies

Two investigators (ES-S and MS) analyzed the risk of bias
in each paper using the Downs and Black checklist.**
This checklist was developed for healthcare interven-
tions to assess the methodological quality of random-
ized controlled trials and non-randomized studies. It
assesses 27 items categorized into (1) reporting, (2)
external validity, (3) internal validity—bias, (4) internal
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validity—confounding (selection bias), and (5) power.
For the purpose of this systematic review, items 5, 9-12,
14, 17, 19, 23, 24, 26 and 27 were not considered as
they address aspects related to longitudinal or interven-
tional studies. The maximum final score of the abbrevi-
ated checklist was therefore 14. Discrepancies in quality
rating between the investigators were resolved by discus-
sion, and when necessary, a third investigator (LB) was
consulted. Reliability for risk of bias was assessed using an
ICC, , with 95% Cls.

Synthesis of results

A quantitative synthesis (meta-analysis) was performed
when possible. The results were pooled using a random-
effect meta-analysis when appropriate. The summary
statistic calculated for each study was the standardized
mean difference (SMD) with 95% CI for each outcome
of interest. When outcomes were reported in subgroups
(eg, for diabetes type 1 and type 2), data were combined
by calculating the weighted average.

Heterogeneity between studies was analyzed using I*
statistic. I” values were interpreted according to the cut-
off points of 25% (low heterogeneity), 50% (moderate
heterogeneity) and 75% (high heterogeneity).*

Metaregression analysis was planned to examine
whether group differences were influenced by risk of bias
measured with the Downs and Black checklist. Studies
with a score of <7 were considered to have low risk of bias,
and studies with a score of >7were considered to have
high risk of bias. A metaregression was only considered
when at least 10 studies were available for analysis.*

Meta-analytical comparison of the different pain
threshold between the subgroups of patients was
performed using the ’'metafor’ package from the
R-project V.2.0.0 (www.metafor-project.org).” If a quanti-
tative synthesis was not possible due to a lack of available
data or authors failing to respond when additional infor-
mation was required, a narrative synthesis was performed
instead.

RESULTS

Study characteristics

Initial searches yielded 3841 unique records. After
screening titles and abstracts and 359 full texts were
reviewed, 27 papers were included in the qualitative
synthesis and 18 in the meta-analysis (online supple-
mentary figure 1). Agreement between the two raters
regarding the study selection was excellent, with a
Cohen x of 0.86 (p<0.001, 95% CI 0.58 to 1.14). Agree-
ment on data extraction was excellent for all measures
(ICC, 20.95, 95% CI 0.88 to 0.99).

The included studies were published between 1987
and 16 March 2019, with 60% of the papers published in
the past 10 years. Eight studies were cohort studies'* ***
and 19 studies were cross-sectional studies.'*****" Seven
studies' *' 37 3 41 jhcluded a group of patients with
painful DSPN (n=384); 23 studies'* 16719 6735 3941 4347
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included a group of patients with non-painful DSPN
(n=754); 13 studies'® ' 2 30 357 447 45y luded a group
of patients with diabetes without DSPN (n=635); and 24
studies'®? 2028 3046 i cluded a group of healthy individ-
uals (n=615). Nine studies included only participants with
type 2 diabetes' ™! #3037 41424, 11 included both partici-
pantswith type 1 and type 2 diabetes'* 102028 30-32394143, 50
7 studies did not report the type of diabetes,? % 38 4547
Based on the studies that reported the type of diabetes,
17.6% were patients with type 1 diabetes. The participants
from one study® were not included due to a mismatc
between the data reported in the text compared with thi
tables, and we were unable to receive clarification from
the authors which data were correct.

The mean age, sex (% women) and mean duratio
of diabetes for the different groups were painful DSPN
57.8 (SD 10.9) years, 39.8% women, 18.1 (SD 8.9) years
non-painful DSPN: 58.4 (SD 10.7) years, 34.5% wome
17.9 (SD 0.3) years; diabetes without DSPN: 49.7 (S
9.2) years, 56.2% women, 9.4 (SD 4.8) years; and healthy:
48.1 (SD 12.2) years, 53.0% women. Three studies!'” 3246
reported results on health-related quality of life using a
adapted version of the Neurological Symptoms Score,*®
the 36-Item Short Form Health Survey (SF-36). Patient
with DSPN showed a lower health-related quality of lif;
compared with patients with diabetes without DSPN an
compared with healthy participants.

The criteria to diagnose diabetic neuropathy differed
between studies. Eight studies'* 723031 243146 56 confi
matory tests for neuropathy,®such as intraepidermal nerv
fiber density'** * or electrodiagnostic tests,'* 17233031 3
Five studies included patients with possible or probabl
DSPN based on questionnaires such as the Leeds Asses
ment of Neuropathic Symptoms and Signs,'? the Toront
Clinical Scoring system,'® the Michigan Neuropat
Screening Index,* or the American Diabetes Associatio
criteria.” ** Other tests used were based on perception
thresholds (eg, tuning fork), a combination of perce
tion thresholds,'® 2 #”** * or bedside neurological exa
ination (eg, ankle reflexes and expert criteria)®® * *
(online supplementary table 1).

The pain detection thresholds measured were heat
pain threshold (17 studies), 18 19 25-31 36 57 39-41 4347

pain threshold (9 studies),!* 19 29 31 36 3740 46 47
pain threshold (5 studies),!* 1626 2731 contact heat-evoke
potentials (3 studies),'” *®*? and pain threshold by means
of electrical stimulation (2 studies).” ** Two studies
reported temporal summation® * and one study
measured conditioned pain modulation (online supple-
mentary table 1).
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Risk of bias within studies

The mean Downs and Black score across studies was 9,
ranging from 6 to 11. The item least frequently listed
related to reporting adverse events. Many studies failed
to provide information about the recruitment of partic-
ipants (period of time or whether all participants were
recruited from the same population) or blinding of the
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measurements (online supplementary table 2). Agree-
ment between the two raters for the Downs and Black
scores was excellent, with a Cohen x of 0.82 (p<0.001,
95% CI1 0.71 to 0.93).

Synthesis of results

Heat pain threshold

Pooled data from seven studies showed
that patients with diabetes without DSPN (n=438) had
increased heat pain threshold (ie, pain at higher tempera-
tures) compared with healthy individuals (n=269) (SMD:
.52, 95% CI 0.30 to 0.74; Z=4.71, p<0.001). The results
om one study” were presented separately for men
nd women, so we combined them into a single group
ior to further evaluation. Four studies'® ' * * with low
eterogeneity (I°=0%) demonstrated that patients with
on-painful DSPN (n=164) had increased heat pain
reshold compared with patients with diabetes without

18 19 36 37 44-46

QF

n

Heat pain threshold
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DSPN (n=275) (SMD: 0.75, 95% CI 0.55 to 0.96; Z=7.28,
p<0.001; figure 1). Two studies' *" of low heteroge-
neity (I°=0%) revealed that patients with painful DSPN
(n=269) had a decreased heat pain threshold (ie, detect
pain at lower temperatures) compared with non-painful
DSPN (n=154) (SMD: 0.32, 95% CI 0.12 to 0.52; Z=-3.11,
p=0.002) (figure 1). Three studies'® ' % with moderate
heterogeneity (I’=60%) revealed that patients with non-
painful DSPN (n=40) presented with increased heat pain
threshold compared with healthy controls (n=81) (SMD
1.02,95% CI 0.28 to 1.78; Z=2.63, p=0.01) (online supple-
mentary figure 2). The findings of one study*' could not
be pooled because the reported values could not be
converted to degrees. This study showed higher values for
heat pain onset in patients with non-painful DSPN versus
painful DSPN. This difference was significant in the
comparison between patients with non-painful DSPN and

Diabetes vs Healthy

Decreased threshold
(i.e., worse in healthy)

Increased threshold
(i.e., worse in diabetes)

Diabetes Healthy

Author(s) and Year Mean SD N Mean SD N Weight (%) SMD (95% CI)
Krishnan et al., 2004 235 38 20 207 24 20 —— 96 0.57[-0.06,1.21]
Levyetal., 1989 143 41 277 117 24 78 HlH 306 0.68[043, 0.94]
Petropoulos et al., 2015 461 24 28 457 345 A5 e 9.7 0.14[-0.49,0.77]
Rage etal., 2011 124 37 23 13.7 22 6 . | 652 -0.36[-1.27,0.54]
Yildiz et al., 2010 429 20 40 422 10 60 —a 18.6 047[0.06,0.87]
Yinetal, 2015 459 34 20 429 27 20 = 91 0.96[0.30,1.81]
Ziegler et al., 1988 462 33 30 445 33 70 —-— 17.0 0.51[0.08,0.84]
RE Model L 3 0.52[0.30,0.74]
Heterogeneity: |~ =28%

Test for overall effect: Z=4.71, p < 0.001

2 a4 .8 1 2
SMD

~ Decreased threshold

Increased threshold

AUTHOR PRQ

Non-painful DSPN vs Diabetes (i.e., worse in diabetes)  (i.e., worse in non-painful DSPN)
Non-painful DSPN Diabetes
Author(s) and Year Mean SD N Mean SD N Weight (%) SMD (95% Cl)
Guoetal., 2013 441 38 124 420 15 184 Hil- 741 0.78[0.55,1.02]
Petropoulos et al., 2015 479 24 25 461 24 28 e 133 0.74[0.18,1.30]
Rage et al., 2011 14.8 341 5 124 37 23 | 43 0.84[-0.34,1.83]
Yildiz et al., 2010 440 13 10 429 20 40 84 0.57[-0.13, 1.28]
RE Model &> 0.75[0.55, 0.96)
Heterogeneity: 1? =0%
Test for overall effect: Z = 7.28, p <0.001 ‘ ‘
-2 -1 Q 1 2
SMD
Increased threshold Decreased threshold
Painful DSPN vs Non-painful DSPN (i.e., worse in painful DSPN) | (i.e., worse in non-painful DSPN)
Painful DSPN Non-painful DSPN
Author(s) and Year Mean SD N Mean SD N Weight (%) SMD (95% Cl)
Raputova et al., 2017 488 2.3 158 480 28 74 | | 52 0.32[0.05, 0.60]
Themistocleous et al., 2016 493 2.1 111 486 2.4 80 —= 48 0.31[0.02, 0.60]
RE Madel <& 0.32[0.12,0.52]
Heterogeneity: I =0%
Test for overall effect: Z = 3.11, p =0.002 ! i i
-2 -1 0 1 2
SMD

Figure 1

Forest plots for heat pain threshold for patients with painful DSPN versus non-painful DSPN, non-painful DSPN

versus diabetes and diabetes versus healthy. DSPN, distal symmetrical polyneuropathy; RE, random effect; SMD, standardized

mean difference.
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Increased threshold Decreased threshold
Diabetes vs Healthy (i.e., worse in diabetes) : (i.e., worse in healthy)
Diabetes Healthy

Author(s) and Year Mean SD N Mean SD N Weight (%) SMD (95% CI)
Petrapoulos, 2015 125 9.0 28 126 105 15 = 229 -0.01[-0.64, 0.62]
Yildiz, 2010 121 52 40 174 28 60 +H=— 27.2 -1.34[-1.78, -0.90]
Yin, 2015 134 83 20 185 27 20 F—=—A 225 -0.81[-1.45 -0.17]
Ziegler, 1988 117 66 30 147 42 70 —a— 27.3 -0.59[-1.03,-0.18]
RE Model . -0.71[-1.25, -0.17]
Heterogeneity: 1? =76%
Test for overall effect: Z = -2.59, p =0.01 . ; . ;

-2 0 2

SMD

Increased threshold
(i.e., warse in non-painful DSPN)

Non-painful DSPN vs Diabetes

Decreased threshold
(i.e., worse in diabetes)

Non-painful DSPN Diabetes

Author(s) and Year Mean SD N Mean SD N Weight (%) SMD (95% CI)
Guo, 2013 195 35 124 222 16 184 - 47.7 -1.06[-1.30, -0.82]
Petropoulos, 2015 74 80 25 125 9.0 28 = | 29.4 -0.59[-1.14, -0.04]
Yildiz, 2010 102 486 10 121 52 40 ] | 229 -0.37[-1.08, 0.33]
RE Model < -0.76 [-1.20, -0.33]
Heterogeneity: 1 =59%

Test for overall effect: Z = -3.45, p <0.001 . i !

-2 0 1
SMD

Decreased threshold
(i.e., warse in non-painful DSPN)

Painful DSPN vs Non-painful DSPN

Increased threshold
(i.e., worse in painful DSPN)

Painful DSPN Non-painful DSPN
Author(s) and Year Mean SD N Mean SD N Weight (%) SMD (95% CI)
Raputova et al., 2017 73 81 158 113 88 74 —a 502 -0.48[-0.76, -0.20]
Themistocleous etal, 2016 78 7.1 111 71 58 80 - 498 0.11[-0.18, 0.39]
RE Model e -0.19 [-0.76, 0.39]

Heterogeneity: 1> =88%
Test for averall effect: Z = -0.64, p =0.52

Figure 2 Forest plots for cold pain threshold in patients with painful DSPN versus DSPN, DSPN versus diabetes and diabete
versus healthy. DSPN, distal symmetrical polyneuropathy; RE, random effect; SMD, standardized mean difference.

healthy individuals. No difference was observed between
patients with painful DSPN and healthy individuals.

Cold pain threshold

Four studies' *° %710 with high heterogeneity (I’=76%)
demonstrated that patients with diabetes without DSPN
(n=118) had increased cold threshold (ie, pain at lower
temperatures) compared with healthy individuals
(n=165) (SMD: -0.71, 95% CI -1.25 to 0.17; Z=-2.59,
p=0.01). Two studies'* > demonstrated no differences
in cold pain threshold between patients with painful
DSPN (n=269) and patients with non-painful DSPN
(n=154) (SMD: -0.19, 95% CI -0.76 to 0.39; Z=-0.64,
p=0.52). Three studies' * ** with moderate heteroge-
neity (I’=59%) showed that patients with non-painful
DSPN (n=159) had increased cold threshold compared
with patients with diabetes without DSPN (n=252)

-2 -1 Q 1 2
SMD

HOR PROOF

(SMD: -0.76, 95% CI -1.20 to 0.33; Z=-3.45, p<0.001
(figure 2).

T

Pressure pain threshold
Two studies ®' with low heterogeneity (I’=8%) that
compared patients with painful DSPN (n=269) and
patients with non-painful DSPN (n=144) showed n
difference in pressure pain threshold between groups
(SMD 0.14, 95%CI -0.07 to 0.36; Z=1.33, p=0.18)
(figure 3). Three studies'® % ?7 with moderate hetero-
geneity (I’=73%) revealed no differences in pressure
pain threshold between patients with non-painful DSPN
(n=42) and healthy participants (n=70) (SMD 0.60,
95% CI —-0.20 to 1.40; Z=1.46, p=0.14) (online supple-
mentary figure 3). Findings from one study™ could not
be pooled because the authors used a cut-off point (seven
on a Visual Analogue Scale) rather than the amount of

AU
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Pressure pain threshold

Painful DSPN vs non-painful DSPN

Painful DSPN
Author(s) and Year
Krishnan et al., 2009

Mean SD N

213 3.0 5 253

Decreased threshold
(i.e., warse in non-painful DSPN)

Mean SD

Increased threshold
(i.e., warse in painful DSPN)

Non-painful DSPN

N Weight (%) SMD (95% CI)

6 - 41.2 -1.57 [-2.93, -0.21]

Raputova et al., 2017 956.9 489.1 158 936.3 4188 74 . 58.8 0.04[-0.23, 0.32]
RE Model R -0.62 [-2.18, 0.94]
Heterogeneity: 17 =81%
Test for overall effect: Z = -0.78, p =0.43 i i X
-2 -1 Q 2
SMD

QF

ressure that coincided with the first experience of
inful pressure.

()

ain threshold by means of electrical stimulation

o studies” ** with high heterogeneity (I°=80%)
showed that patients with diabetes without DSPN (n=70)
ad an increased pain threshold by means of electrical
threshold (ie, pain at higher intensity) compared with
healthy participants (n=50) (SMD: 1.26; 95% CI: 0.27,
.25; 7=2.49, p=0.01) (figure 4). The same studies™ **
revealed an increased threshold in patients with non-
ainful DSPN (n=29) compared with patients with
iabetes without DSPN (n=70) (SMD: 0.55; 95% CI:
.05, 1.05; Z=2.15, p=0.03). Heterogeneity was low

ER

R,

Pain threshold by means of electrical stimulation

igure 3 Forest plot for pressure pain threshold in patients with painful DSPN versus non-painful DSPN. DSPN, distal
mmetrical polyneuropathy; RE, random effect; SMD, standardized mean difference.

for this comparison (I’=18%). These studies™ ** with

low heterogeneity (I’=0%) revealed that patients with
non-painful DSPN (n=29) had an increased threshold
compared with healthy individuals (n=50) (SMD: 1.85,
95% CI 1.30 to 2.39; Z=6.63, p<0.001) (online supple-
mentary figure 4).

Contact heat-evoked potentials

Two studies'” *® with high heterogeneity (1>=78%) demon-
strated no differences in contact heat-evoked potentials
between patients with non-painful DSPN (n=36) and
healthy individuals (n=42) (SMD: -0.55, 95% CI -1.81 to
0.70; Z=-0.87, p=0.39) (online supplementary figure 5).

Diabetes vs Healthy

Diabetes

Author(s) and Year Mean SD N

Decreased threshold
(i.e., worse in healthy)

Healthy
Mean SD N

Increased threshold
(i.e., worse in diabetes)

Weight (%) SMD (95% Cl)

Suzuki, 2016 00 00 13 0.0 00 18 . 463 0.71[-0.02, 1.45]
Telli, 2008 35 14 57 1.8 07 32 L] 537 1.73[1.22,2.23]
RE Model s 1.26 [0.27, 2.25]
Heterogeneity: 1> =80%
Test for overall effect: Z = 2.49, p =0.01 ’ . .
-3 -1.5 0 15 3
SMD

Non-painful DSPN vs Diabetes

Non-painful DSPN

Author(s) and Year Mean SD N

AUTHO

Decreased threshold
(i.e., worse in diabetes)

Diabetes

Mean SD N

Increased threshold
(i.e., worse in non-painful DSPN)

Weight (%) SMD (95% Cl)

Suzuki, 2016 0:1 01 7 00 00 13 245 1.00[0.03,1.97]
Telli, 2006 40 15 22 ab q.1 &7 i 755 0.41[-0.09, 0.20]
RE Model il 0.55[0.05, 1.05]
Heterogeneity: 2 =13%
Test for overall effect: Z = 2.15, p =0.03 : :
-2 -1 0 1 2
SMD

Figure 4 Forest plots for pain threshold by means of electrical stimulation in patients with non-painful DSPN versus diabetes
and diabetes versus healthy. DSPN, distal symmetrical polyneuropathy; RE, random effect; SMD, standardized mean

difference.
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Pain modulation

Pain modulation mechanisms could not be pooled. One
study™ showed that patients with a longer duration (>2
years) of painful DSPN (n=20) had more efficient condi-
tioned pain modulation compared with patients with
shorter duration (<2 years) of painful DSPN (n=13) and
compared with healthy individuals (n=29). Moreover, a
less pronounced temporal summation was observed in
patients with longer painful DSPN duration compared
with shorter painful DSPN duration. No differences were
shown in any pain modulation variable between patients
with longer painful DSPN duration and healthy individ-
uals. Another study™ reported no differences in temporal
summation between patients with non-painful DSPN and
healthy individuals.

Metaregression analysis

Due to the small number of studies included in the
meta-analyses (<10 studies per outcome), we could not
perform a meta-regression analysis.*’

CONCLUSIONS

This systematic review and meta-analysis revealed four
important findings: (1) patients with diabetes without
symptoms of DSPN already show loss of function of small-
diameter nerve fibers; (2) loss of small-diameter nerve
fiber function is progressive across the diabetes groups
(diabetes without DSPN vs diabetes with non-painful
DSPN; diabetes with non-painful DSPN vs diabetes with
painful DSPN); (3) there is no overall gain of function
of small-dimeter nerve fibers in patients with painful
DSPN; and (4) central nervous system pain modulation
mechanisms are understudied in diabetes with or without
DSPN.

This review demonstrated that loss of small-diameter
nerve fiber function already occurs in patients with
diabetes without symptoms of DSPN. In clinical settings,
DSPN is typically diagnosed based on patient-reported
symptoms. Therefore, early signs of DSPN may be over-
looked unless a specific evaluation of the somatosensory
pathways is performed. Routine electrodiagnostic test
methods (conduction velocity) are insufficient as they
assess predominantly large-diameter nerve fiber function.
Ifincreased sensory thresholds indicate a preclinical state
of DSPN, QST or bedside neurological testing, including
small-diameter nerve fiber function, could potentially be
a valuable non-invasive tool to assist in early diagnosis,
and possibly prevention and management of DSPN.
Furthermore, the fact that small-diameter nerve fiber
neuropathy is already establishing before symptoms of
DSPN become apparent may be an important realization
for people with diabetes. It may be a convincing educa-
tional message for patients with diabetes to adhere to
healthy lifestyle guidelines.”” C-fibers play a crucial role
in tissue healing, and dysfunction in these unmyelinated
small-diameter nerve fibers may increase the morbidity
of cutaneous and subcutaneous conditions due to the

delayed healing, and risk of infections, even in people
with diabetes without symptoms of DSPN.”!

The greater loss of small-diameter nerve fiber func-
tion for patients with non-painful DSPN compared with
patients without symptoms of DSPN is in line with expec-
tations. Loss of small-diameter nerve fiber function is
commonly observed in other polyneuropathies, such as
in people with HIV-associated peripheral neuropathy’
or Guillain-Barre syndrome.”

For painful neuropathies, hyperalgesia and allodynia
are typically associated with gain of small-diameter nerv
fiber function and/or altered postsynaptic processing i
spinal and supra-spinal neurons.” People with mononeu-
ropathies (eg, radiculopathy”®) and polyneuropathi
(eg, chemotherapy-induced neuropathy™) show a gai
of small-diameter nerve fiber function for various QS
modalities. The observed greater loss of small-diameter
nerve function in people with painful DSPN compare
with people with non-painful DSPN is therefore par
doxical. Painful DSPN cannot be explained by static QST
measures.

Other methods, such as corneal confocal microscopy
and MRI,”® have identified differences between peopl
with painful DSPN and non-painful DSPN. Imagin
studies using MRI have shown that people with painf
DSPN characterized by loss of function have a reductio
in spinal cord and primary somatosensory cortical grey
matter volume compared with patients with non-painful
DSPN.”® Furthermore, patients with painful-DSPN appea,
to have greater thalamic vascularity at rest with increase
relative cerebral blood flow compared with patients wit
no DSPN and painless DSPN.”’ It has been suggeste
that different processing of nociceptive signals occu
in the central nervous system’s pain modulatory syste
resulting in reduced inhibition and increased amplifica-
tion in patients with painful DSPN.® This can be eval
ated with dynamic QST measures (such as conditioned
pain modulation and temporal and special summation
Unfortunately, our review revealed that these measur
are understudied in diabetes.

An important consideration is that in the origin
studies, and therefore also in the current review and meta-
analysis, the results are reported as either loss or gai
of nerve function at group level. Rather than analyzin
QST modalities separately, there is a recent evolution t
various group QST modalities together to create sensory
phenotypes. Large phenotyping studies' *' ®' revealed
that although loss of nerve function is the most preva-
lent phenotype (64%) in patients with painful DSPN, a
substantial portion of patients have a gain of function
phenotype (thermal hyperalgesia: 13%, mechanical
hyperalgesia: 19% (4% had a profile similarly to healthy
participants)).®! The phenotype loss of function and the
phenotype gain of function are also both present in other
neuropathies, such as postherpetic neuralgia.**This illus-
trates that although we did observe loss of nerve func-
tion at group level (diabetes without symptoms of DSPN,
patients with non-painful DSPN and patients with painful
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DSPN), individual assessment of small-diameter nerve
fiber function remains important.

A limitation of the review is that most comparisons
showed moderate or high heterogeneity. It is important
to note that most of the studies included a mix of patients
with type 1 and type 2 diabetes. Although the mecha-
nisms underlying diabetic neuropathy remain not fully
understood,” it is apparent that different mechanisms
are present in diabetic neuropathy in patients with type
1 and type 2 diabetes.” ® The source of heterogeneity
between studies could be influenced by differences in
mple size, sampling methods, and population charac-
teristics, including the composition of the sample (type 1
d/or type 2 diabetes), diversity of QST protocols® and
iteria to diagnose DSPN. The lack of reporting popula-
tion characteristics and small sample sizes may also influ-
nce heterogeneity, as pain thresholds are known to vary
sex”” or age.”™ Furthermore, consistent with a previous
stematic review on QST,” we found large variability in
the reporting of QST protocols. We recommend that
searchers and clinicians adhere to published guide-
lines on the use and reporting of QST* and to report
e results for patients with type 1 and type 2 diabetes
separately.
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