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ABSTRACT

Objective: Determine the association between diabetes and metabolic syndrome (MetS) burden (number of MetS criteria ful-
filled) and pain, neuropathy severity, and fiber type involvement in individuals with established polyneuropathy.

Methods: The Peripheral Neuropathy Research Registry was queried for individuals with type 1 and type 2 diabetes (DPN) and
non-diabetic peripheral neuropathy (cryptogenic sensory polyneuropathy and prediabetes) using cross-sectional observational
data. Associations between diabetes or MetS burden and pain presence (yes/no), neuropathy severity (Total Neuropathy Score
reduced), and fiber type involvement (pinprick, vibration, and proprioception examination—small, large, mixed) using logistic,
linear, and multinomial regression models were determined.

Results: A total of 1112 participants were included (265 DPN, 847 non-diabetic peripheral neuropathy [NDPN]). Compared to
NDPN, DPN participants were more likely to have pain, higher neuropathy severity, and mixed fiber involvement. In adjusted
models, diabetes was associated with pain (odds ratio [OR] 1.85, CI: 1.15-3.03) and severity (point estimate [PE] 0.84, CI: 0.27-
1.42), but not fiber type involvement. As the MetS burden increased, pain, neuropathy severity, and mixed fiber type involvement
increased (p <0.05 for trend). In adjusted models, MetS burden was associated with pain (OR 1.23, CI: 1.06-1.41) but not severity
or fiber type involvement.

Interpretation: Participants with DPN were more likely to have pain, greater neuropathy severity, and possibly more mixed
fiber involvement than those with NDPN. Similarly, increasing MetS burden also led to more painful neuropathy and possibly
more severe neuropathy with more mixed fiber involvement.

1 | Introduction Further, diabetic peripheral neuropathy (DPN) affects nearly

50% of individuals with DM [2-4]. DPN is the fifth most com-
Diabetes mellitus (DM) is the most common cause of periph- mon cause of neurological disability worldwide [5] and is as-
eral neuropathy (PN), accounting for nearly half of all cases [1]. sociated with significant health care costs. The global health
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expenditure in 2021 due to DPN was $966 billion [6], while an-
nually in the United States, DPN costs $10 billion [7]. Metabolic
syndrome (MetS) is now recognized as a central contributor to
the pathogenesis of DPN, especially in individuals with type 2
DM (T2DM). MetS is also a risk factor for otherwise cryptogenic
sensory polyneuropathy (CSPN), which constitutes nearly 25%-
30% of all polyneuropathy cases [8, 9].

International population-based studies have firmly identified MetS
as a risk factor for neuropathy [10-16]. MetS increases the likeli-
hood of neuropathy, independent of glycemic status, but also accel-
erates the rate of DPN progression in individuals with established
DM [17]. Obesity, particularly central obesity, is the second most
important metabolic risk factor after hyperglycemia [10, 11, 18].
Importantly, a higher MetS burden (presence of more MetS com-
ponents) increases DPN likelihood, accelerates DPN progression,
and shortens the time to symptom onset [10, 11, 19, 20].

While the relationship between both diabetes and MetS burden
with neuropathy prevalence is well established, the association
between diabetes and MetS burden with pain, neuropathy sever-
ity, and fiber type involvement among individuals with polyneu-
ropathy has not been firmly established.

In this study, we (1) compared pain prevalence, neuropathy se-
verity, and fiber type involvement in individuals with DPN and
non-diabetic peripheral neuropathy (NDPN), (2) determined the
trend between increasing MetS burden and these outcomes, and
(3) evaluated associations between diabetes and MetS burden
and these three neuropathy outcomes, using cross-sectional data
from the Peripheral Neuropathy Research Registry (PNRR).

2 | Methods
2.1 | Population and Study Design

PNRR is a multicenter database and biorepository of well-
characterized participants with confirmed clinical distal,
symmetrical polyneuropathy (DSP) as ascertained by pe-
ripheral nerve specialists at seven major academic centers in
the United States (Icahn School of Medicine at Mount Sinai,
Johns Hopkins University School of Medicine, Northwestern
University, Kansas University Medical Center, University of
Michigan, University of Utah, and Washington University
School of Medicine) that allows for robust cross-sectional
observational data. Participants were identified at the dis-
cretion of the site principal investigator, often in the setting
of the clinic or the electromyography lab. The registry only
enrolls participants with type 1 and type 2 DPN, prediabetes,
and CSPN. For the purposes of this study, we used the term
‘NDPN’ to refer to participants with prediabetes and CSPN.
All participants completed a questionnaire regarding neurop-
athy symptoms, medical, family, and social history, as well
as a MetS inventory. The questionnaire included detailed in-
formation about neuropathic symptoms such as pain quality
and intensity, numbness, paresthesia, allodynia, weakness,
balance, and dysautonomia. A neurologic examination was
performed, which included testing of proprioception (nor-
mal, reduced, absent), vibration (Rydel-Seiffer), and pinprick

sensation (normal, reduced, absent) at the toes, ankles, and fin-
gers. Additional assessments included motor strength testing
(Medical Research Council), deep tendon reflexes, along with
balance (Romberg) and gait examination (including tandem).
The structured participant history questionnaire and physical
examination form were developed by the PNRR group. After
thoroughly analyzing the presence of neuropathic symptoms
and signs, the neuromuscular expert determined whether the
participant had peripheral neuropathy and if the participant
was eligible for enrollment. A minimum laboratory data set
for every subject was required, consisting of one glycemic test
(hemoglobin Alc, fasting glucose, or 2-h oral glucose tolerance
test), B12 level, and serum protein electrophoresis with immu-
nofixation. Lipid profile was recommended but not mandatory
[21]. Nerve conduction studies (NCS) and skin biopsy evalu-
ation of the distal leg site to evaluate intraepidermal nerve
fiber density (IENFD) were performed, though not required.
Participants with other confirmed causes of DSP, such as amy-
loidosis, chronic renal failure, alcohol abuse, vitamin deficien-
cies, or inherited neuropathies (based on genetic diagnosis or
neuropathy in a first-degree family member) were excluded, as
were primary demyelinating neuropathies. Participants with
a diagnosis of DPN or NDPN who were recruited between
2011 and 2023 from the seven consortia sites were included
in our study.

2.2 | Definition of MetS

The updated National Cholesterol Education Program/Adult
Treatment Panel III criteria were used to define MetS and its
individual components [22]. MetS was defined as the presence
of at least 3 of the 5 MetS components: hyperglycemia, hyper-
tension, elevated BMI (>27), hypertriglyceridemia, and low
high-density lipoprotein (HDL) cholesterol. Hyperglycemia
was confirmed by fasting plasma glucose (FPG) >100mg/
dL, Hemoglobin Alc (HbAlc) >5.7%, 2-h Oral Glucose
Tolerance Test (2h GTT) > 140 mg/dL, or prescription of anti-
hyperglycemic medications. Participants with hyperglyce-
mia were further classified as diabetes (HbAlc >6.5%, FPG
>126mg/dL or 2h GTT >200mg/dL) or prediabetes (HbAlc
>5.7%, FPG >100 or 2h GTT >140mg/dL). With regard to
the other four MetS criteria: (1) hypertension was defined as
a blood pressure >130/85mmHg or prescription of an anti-
hypertensive agent; (2) elevated BMI (overweight) was de-
fined by a body mass index (BMI) >27 (central obesity was
not measured), as this cutoff has been shown to be ideal for
the identification of MetS [23]; (3) hypertriglyceridemia was
defined as a serum triglyceride level >150mg/dL or the pre-
scription of triglyceride-lowering drugs (fibrates); and (4) low
HDL cholesterol was defined as a serum HDL<40mg/dL
in males and <50mg/dL in females or the prescription of a
cholesterol-lowering drug (statin). Participants who fulfilled
the last two criteria by use of lipid-lowering agents received
a maximum of 1 point (even if taking both a fibrate and sta-
tin for high triglyceride and low HDL, respectively) [22, 24].
For the purposes of our study, we defined MetS burden as the
number of MetS criteria fulfilled (0-5). When stratifying by
glycemic status, we defined the MetS burden as the number of
non-glycemic MetS criteria fulfilled (0-4). For the analysis of
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MetS, we used an available case analysis approach, including
only participants with complete lipid level data.

2.3 | Outcomes
2.3.1 | Pain

Pain intensity was assessed using a 10-point Numeric Rating
Scale (NRS), where 0 represented no pain and 10 represented
the most severe pain. Participants were considered to have pain
if the NRS was greater than 0.

2.3.2 | Neuropathy Severity

We used the Total Neuropathy Score-reduced (TNSr) to grade
neuropathy severity. The TNSr has five components (symp-
tom extension, pin sensibility, vibration sensibility, muscle
strength, and tendon reflexes), and the score ranges from 0
(normal) to 20 (severe neuropathy). Participants were classi-
fied as having mild (1-8), moderate (9-15), or severe (16-20)
neuropathy [25]. The TNSr carries an inter-rater reliability of
0.80 [25].

2.3.3 | Fiber Type Classification

Fiber type was clinically defined as small fiber, large fiber,
or mixed fiber based on neurological examination (signs), in
accordance with the Analgesic, Anesthetic, and Addiction
Clinical Trial Translations, Innovations, Opportunities and
Networks (ACTTION) diagnostic criteria used for idiopathic
DSP [26]. Small fiber was defined as the presence of decreased
pinprick sensation with normal vibration and propriocep-
tion. Large fiber was defined as decreased vibration or pro-
prioception with normal pinprick. Mixed fiber was defined as
decreased pinprick sensation and decreased vibration or pro-
prioception. Pinprick, vibration, and proprioception examina-
tion techniques and data collection methods are defined in the
PNRR protocol [21].

2.4 | Statistical Analysis

Descriptive statistics were used to summarize the demographic
and clinical characteristics of the cohort, including meta-
bolic profiles, stratified by neuropathy type (DPN or NDPN).
Two-sample t-tests (for continuous variables) and Pearson's
chi-square tests (for categorical variables) were used to assess
differences by neuropathy type.

2.5 | Unadjusted Analysis

Pearson's chi-square tests were used to determine the unad-
justed differences in pain (yes/no), neuropathy severity (mild vs.
moderate vs. severe), and the neuropathy fiber type (small vs.
large vs. mixed) between those with DPN and NDPN. Similarly,

Cochrane-Armitage tests of trend were conducted to assess the
unadjusted association between the trend of increasing MetS
burden and presence of pain (yes/no), neuropathy severity (mild
vs. non-mild [moderate and severe]), and neuropathy fiber type
(mixed vs. non-mixed [small and large]) for the entire cohort,
and stratified by glycemic group (normoglycemia, prediabetes,
and diabetes).

2.6 | Adjusted Analysis

Logistic regression models were fit to determine associations
between the presence of pain and individual MetS components
(glycemic status, triglycerides, HDL, systolic blood pressure
[SBP], BMI) as well as between pain and non-glycemic MetS bur-
den (0-4), adjusted for glycemic status. Similarly, multiple linear
regression models were fit to determine the associations between
neuropathy severity and individual MetS components as well as
between neuropathy severity and non-glycemic MetS burden
(0-4) adjusted for glycemic status. Lastly, multinomial logistic
regression models were fit to determine the associations between
fiber type (small fiber, large fiber, mixed fiber) and individual
MetS components as well as between fiber type and the number
of non-glycemic MetS burdens (0-4) adjusted for glycemic status.
Specifically, a single multinomial model was fit to separately de-
termine differences in the odds of having large and mixed fiber
neuropathy compared to small fiber neuropathy (SFN). All re-
gression models were adjusted for age, sex, and height.

All analyses were performed in R version 4.2.2, and statisti-
cal significance for all tests was determined using two-sided
p values with a threshold of 0.05. Only complete observations
without missing information on fiber type and individual MetS
components were used.

2.7 | Sensitivity Analysis

Sensitivity analyses were completed on participants with NCS-
and/or IENFD-confirmed peripheral neuropathy to assess
comparability to the entire study cohort, as 86% had NCS and
33% had IENFD measures. Abnormal NCS were defined by
the presence of at least one abnormal parameter (conduction
velocity, sensory nerve action potential amplitude, or sensory
peak onset latency for sensory nerves, or conduction velocity,
distal motor onset latency, compound muscle action potential,
or F-latency for motor nerves) in two out of three of the follow-
ing nerves: sural sensory, ulnar sensory, and/or peroneal motor
nerves, respectively, using an approach codified by Dyck et al.
[27] Site-specific normative values (for each of the seven EMG
labs) were used to determine abnormality for NCS [21]. Only
IENFD data from the distal leg site was used to determine the
presence or absence of small fiber involvement (normal/abnor-
mal) using fifth percentile cutoffs [28]. In a sensitivity analysis
for fiber type, among participants having both NCS and IENFD
assessed, large-fiber neuropathy was defined as abnormal NCS
with normal IENFD, small-fiber neuropathy as normal NCS
with abnormal IENFD, and mixed-fiber neuropathy as abnor-
mal NCS and IENFD.
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2.8 | Standard Protocol Approvals, Registrations,
and Participation Consents

PNRR is approved by each site's Institutional Review Boards.
All participants provided written informed consent prior to
enrollment.

3 | Results

3.1 | Study Participation, Demographic
Information, and Missing Data

A total of 1112 participants were enrolled in this study. 265
(23.8%) had DPN and 847 (76.2%) had NDPN. Demographic
characteristics are described in Table 1. The mean (standard
deviation [SD]) age was 62.6 (13.2) years, and 60.6% were
male. Participants with normoglycemia accounted for 47.8% of
the population, prediabetes for 28.3%, and diabetes for 23.8%.
MetS was present in 62.8% of all participants (Table 2). Missing
data included 305 (27.4%) HDL, 300 (27%) triglycerides, 106
(9.5%) HbAlc, and 8 (0.7%) blood pressure measurements.
Additionally, some participants had unknown race (3, 0.03%),
ethnicity (4, 0.04%), and neuropathy duration (19, 1.7%). A total
of 815 (73.3%) participants had complete data to determine each
MetS component.

3.2 | Comparison of DPN and NDPN

Participants with DPN were more likely to be Hispanic (4.2%
vs. 1.1%, p <0.01), Black (14.8% vs. 3.3%, p<0.01), and carry a
higher MetS prevalence (91.8% vs. 51.8%, p<0.01) in compar-
ison to those with NDPN (Tables 1 and 2). DPN participants
reported more allodynia, balance difficulty, abnormal gait,

TABLE1 | Participant demographics stratified by diagnosis.

general weakness, as well as interossei and ADM weakness
on exam (all p <0.01), although no significant differences were
seen in the prevalence of ankle dorsiflexion, great toe dorsi-
flexion, or great toe plantarflexion weakness (Table 3).

3.2.1 | Pain

Participants with DPN reported more pain (84.9% vs. 73.9%,
p<0.01) and a higher mean pain intensity (6.5 [2.2] vs. 5.5
[2.5], p<0.01) compared to those with NDPN (Table 3).
Logistic regression revealed that participants with diabe-
tes had increased adjusted odds of pain compared to partic-
ipants with normoglycemia (odds ratio [OR] 1.85, 95% CI:
1.15-3.03) (Table S1). This association did not meaningfully
change after adjusting for neuropathy severity (OR 1.86, 95%
CI: 1.16-3.06).

3.2.2 | Neuropathy Severity

Participants with DPN had a higher neuropathy severity score
(TNSr) as compared to those with NDPN (7.3 [3.4] vs. 6.6 [3.3],
p <0.01) (Table 3). Linear regression analysis also showed an in-
crease in the TNSr in participants with diabetes compared to
those with normoglycemia (point estimate [PE] 0.84, 95% CI:
0.27-1.42), after adjusting for triglycerides, HDL, SBP, and BMI
(Table S2).

3.2.3 | Fiber Type
Participants with DPN had more mixed fiber involvement as

compared with NDPN participants (69.4% vs. 55.8%, p<0.01).
Multinomial logistic regression showed that participants with

Variable Full cohort (N=1112) Diabetic neuropathy (N =265) NDPN (N=847) P
Age, mean (SD) 62.6 (13.2) 61.8 (12.7) 62.8 (13.3) 0.25
Sex, n (%)
Male 647 (60.6) 167 (63.0) 507 (59.9) 0.39
Female 438 (39.4) 98 (37.0) 340 (40.1)
Hispanic, n (%)
No 1088 (98.2) 252 (95.8) 836 (98.9) <0.01
Yes 20 (1.8) 11 (4.2) 9(1.1)
Race, n (%)
American Indian/Alaska 3(0.3) 1(0.4) 2(0.2) <0.01
Native
Asian 14 (1.3) 3(1.1) 11 (1.3)
Black 67 (6.0) 39 (14.8) 28 (3.3)
White 1013 (91.3) 215 (81.7) 798 (94.3)
More than one race 12 (1.1) 5(1.9) 7(0.8)

Abbreviations: NDPN, non-diabetic peripheral neuropathy; SD, standard deviation.
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TABLE 2 | Metabolic syndrome components stratified by diagnosis.

Variable Full cohort (N=1112) Diabetic neuropathy (N =265) NDPN (N =847) P
SBP, mean (SD) 131.6 (17.3) 134.7 (18.4) 130.7 (16.8) <0.01
DBP, mean (SD) 76.3 (10.6) 77.3 (10.9) 76.0 (10.5) 0.1
Triglycerides, mean (SD) 140.9 (96.8) 174.1 (113.9) 129.5 (87.4) <0.01
HDL, mean (SD) 52.7(18.3) 46.5 (14.9) 54.9 (18.8) <0.01
BMI, mean (SD) 29.5 (6.4) 32.2(6.7) 28.7(6.1) <0.01
HbA1lc, mean (SD) 6.0 (1.3) 7.3 (1.8) 5.5(0.4) <0.01
Glycemic status, n (%)

Diabetes 265 (23.8) 265 (100.0) 0(0.0) <0.01

Normoglycemia 532 (47.8) 0(0.0) 532 (62.8)

Prediabetes 315(28.3) 0(0.0) 315(37.2)
Diabetes type, n (%)

Type 1 20 (1.8) 20 (7.5) 0(0.0) <0.01

Type 2 225(20.2) 225 (84.9) 0(0.0)

Unspecified 20 (1.8) 20 (7.5) 0(0.0)
MetS prevalence, n (%)

No 310 (38.0) 17 (8.2) 293 (48.2) <0.01

Yes 505 (62.8) 190 (91.8) 315 (51.8)

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; HbAlc, Hemoglobin Alc; HDL, high-density lipoprotein; MetS, metabolic syndrome; NDPN, non-

diabetic peripheral neuropathy; SBP, systolic blood pressure; SD, standard deviation.

diabetes had increased odds of having mixed fiber versus small
fiber involvement (OR 1.82, 95% CI: 0.99-3.36) compared to par-
ticipants with normoglycemia, although the finding was not sta-
tistically significant (Table S3).

3.3 | Impact of MetS Burden and Individual MetS
Components on Neuropathy Outcomes

3.3.1 | Pain

As MetS burden increased, the prevalence of pain increased
(p<0.01 for trend, Figure 1). Logistic regression revealed there
was a significant association between increasing non-glycemic
MetS burden (0-4) and odds of having pain (OR 1.23, 95% CI:
1.06-1.41) (Table S1).

3.3.2 | Neuropathy Severity

As MetS burden increased, the severity of neuropathy in-
creased (p <0.01 for trend, Figure 2). When stratified by glyce-
mic status, the neuropathy severity increased with increasing
MetS burden in participants with normoglycemia (p=0.02),
but not in those with pre-diabetes or diabetes. Linear regres-
sion did not reveal an association between increasing non-
glycemic MetS burden and neuropathy severity (PE 0.17, 95%
CI: —0.02 to 0.36). Besides diabetes, increasing BMI was also
associated with worse neuropathy severity (PE 0.05, 95% CI:
0.02 to 0.09) (Table S2).

3.3.3 | Fiber Type

As the MetS burden increased, the prevalence of mixed fiber in-
volvement increased (p <0.01 for trend, Figure 3). Multinomial
logistic regression analysis did not reveal a significant associa-
tion between increasing non-glycemic MetS burden (0-4) and
odds of having mixed fiber (OR 1.1, 95% CI: 0.91-1.32) involve-
ment. The multinomial regression model with individual MetS
components indicated that participants with prediabetes were
more likely to have SFN than mixed fiber, compared to those
with normoglycemia (OR 0.59, 95% CI: 0.35-0.99) (Table S3).

3.4 | Sensitivity Analysis

A total of 727 participants with confirmed peripheral neurop-
athy were included in the pain and neuropathy severity sensi-
tivity analysis. Additionally, 254 participants with both NCS
and IENFD data were included in the fiber-type sensitivity
analysis.

3.4.1 | Pain

Similar to the primary analysis, logistic regression analysis
showed that persons with diabetes had higher odds of expe-
riencing pain compared to persons with normoglycemia (OR
1.43, 95% CI: 0.82-2.55), though this finding was no longer
statistically significant. Additionally, a significant association
between an increasing non-glycemic MetS burden (0-4) and
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TABLE 3 | Clinical findings associated with neuropathy stratified by diagnosis.

Full cohort

Variable (N=1112) Diabetic neuropathy (IN=265) NDPN (N=847) 4]
TNSr, mean (SD) 6.9 (3.3) 7.3 (3.4) 6.6 (3.3) <0.01
Neuropathy duration, years, mean 6.29 (6.29) 6.92 (6.85) 6.09 (6.10) 0.06
(SD)
Fiber type, n (%)

Large 151 (13.6) 26 (9.8) 125 (14.8) <0.01

Mixed 657 (59.1) 184 (69.4) 473 (55.8)

Small 162 (14.6) 32(12.1) 130 (15.3)

Unknown 142 (12.8) 23 (8.7) 119 (14.0)
Pain—yes, n (%) 851 (76.5) 225 (84.9) 626 (73.9) <0.01
Pain intensity, mean (SD) 5.7(2.5) 6.5(2.2) 5.5(2.5) <0.01
Allodynia (self-report)—yes, n (%) 440 (51.8) 132 (58.9) 308 (49.3) 0.02
Numbness (self-report)—yes, n (%) 991 (89.1) 238 (89.8) 753 (88.9) 0.76
Balance difficulties (self-report)— 681 (61.4) 185 (69.8) 496 (58.7) <0.01
yes, n (%)
Weakness (self-report)—yes, n (%) 566 (51.0) 156 (58.9) 410 (48.5) <0.01
Gait (exam)—impaired, n (%) 236 (21.2) 73 (27.5) 163 (19.2) <0.01
Ankle dorsiflexion (exam)—weak, 118 (10.6) 31 (11.7) 87 (10.3) 0.59
n (%)
Great toe dorsiflexion (exam)— 230 (20.8) 64 (24.4) 166 (19.6) 0.11
weak, n (%)
Finger abduction (exam)—weak, n 88 (7.9) 34(12.8) 54 (6.4) <0.01
(%)

Abbreviations: NDPN, non-diabetic peripheral neuropathy; SD, standard deviation; TNSr, total neuropathy score reduced.

Normoglycemic Pre-Diabetes Diabetes All

P=0.08 P=0.22 P=0.6 P<0.01

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 3 4

Number of MetS components
FIGURE1 | Prevalence of pain with increasing metabolic syndrome (MetS) components. Includes only complete observations with pain preva-
lence and MetS score. Overall N=_815, individual sample size based on glycemic status, —Normoglycemia (N=360), Prediabetes (N=248), Diabetes
(N=207). p values based on the chi-square test for differences in pain prevalence with increasing MetS components within each group.
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Normoglycemic Pre-Diabetes
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Neuropathy severity prevalence
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Neuropathy severity prevalence with increasing metabolic syndrome(MetS) components, N=815

FIGURE2 | Prevalence of metabolic syndrome (MetS) components with increasing neuropathy severity. Severity is characterized by total neurop-
athy severity score (reduced), Mild =0-8, Moderate =9-15, severe = 16-20. Includes only complete observations with TNSr and MetS scores. Overall

N=815, individual sample size based on glycemic status, normoglycemia (N=360), prediabetes (N=248), diabetes (N=207). p values based on the

chi-square test for differences in the number of MetS components with increasing neuropathy severity within each group.
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Fiber type prevalence with increasing metabolic syndrome(MetS) components, N=718

FIGURE 3 | Prevalence of fiber type with increasing metabolic syndrome (MetS) components. Includes only complete observations with fiber
type and MetS score. Overall sample size =718, individual sample size based on glycemic status, normoglycemia (N=307), prediabetes (N=222),

diabetes (N=189). p values based on the chi-square test for differences in fiber type prevalence with increasing MetS components within each group.

the odds of experiencing pain (OR 1.43, 95% CI: 1.19-1.73) was
observed.

3.4.2 | Neuropathy Severity

Similar to the primary analysis, linear regression analysis
showed that persons with diabetes (PE 0.66, 95% CI: —0.08 to
1.41) and those with an increasing non-glycemic MetS bur-
den (PE 0.13, 95% CI: —0.13 to 0.38) had higher neuropathy
severity, though these findings were no longer statistically
significant.

3.4.3 | Fiber Type

Multinomial logistic regression showed that persons with di-
abetes had increased odds of having large fiber versus small
fiber involvement (OR 8.43, 95% CI: 1.01-70.6) and mixed fiber
versus small fiber involvement (OR 10.96, 95% CI: 3.12-38.49)
compared to participants with normoglycemia. However,
multinomial logistic regression analysis did not show a sig-
nificant association between increasing non-glycemic MetS
burden (0-4) and the odds of having large fiber (OR 1.13, 95%
CI: 0.67-1.89) or mixed fiber involvement (OR 0.89, 95% CI:
0.64-1.24).
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4 | Discussion

We found that increasing MetS burden leads to more painful
and possibly more severe neuropathy, with greater mixed fiber
involvement. Similarly, diabetes leads to a more painful and se-
vere neuropathy compared to NDPN and possibly to more mixed
fiber involvement. Importantly, our sensitivity analyses revealed
comparable findings. No prior studies have evaluated the effects
of MetS burden on pain, neuropathy severity, and fiber type, or
compared it to diabetes in patients with established polyneurop-
athy. Our findings highlight the similarities between DPN and
the neuropathy associated with increasing MetS burden, which
carry important implications for the recognition and treatment
of these two conditions.

Our study showed that diabetes and increasing non-glycemic
MetS burden confer an increased likelihood of developing pain.
The associations between pain, DPN, and NDPN have been ex-
plored in two smaller cross-sectional studies from Canada and
Denmark [29, 30]. The Canadian study also found a higher prev-
alence of pain in DPN [29], while the Danish study did not show
a difference [30]. This discrepancy could be related to the dif-
ferent study populations, as DPN pain prevalence in Denmark
is lower than in the USA [7, 31]. Other studies have explored
pain prevalence in DPN cohorts without an NDPN compara-
tor. The cross-sectional Pain in Neuropathy Study (PiNS) found
that moderately to severely painful DPN had higher HbA1c lev-
els and that individuals were of a younger age, as compared to
those with mildly painful or nonpainful DPN [32]. An Italian
study showed that longer diabetes disease duration and higher
HbA1lc contributed to painful DPN, but this was also true of
nonpainful DPN [33]. Even though no studies specifically fo-
cused on MetS burden (as an aggregate) and pain, some have
explored the relationship between individual MetS components
and pain. The Utah Diabetic Neuropathy Study (UDNS) and two
European studies showed that BMI directly correlated with pain
[24, 33, 34], although the PiNS study did not find such an asso-
ciation [32]. Furthermore, the Belgian cohort showed that low
HDL cholesterol and high triglyceride levels are associated with
painful DPN [34]. While we did not find an association between
pain and individual non-glycemic MetS components, our find-
ings suggest that the aggregate effect of the number of MetS cri-
teria fulfilled—what we refer to in our paper as MetS burden—is
an independent risk factor for pain, alongside diabetes.

We found that neuropathy severity was driven by diabetes,
overweight status (measured by BMI), and possibly by increas-
ing non-glycemic MetS burden. Two prior studies have briefly
compared neuropathy severity between DPN and NDPN using
the Utah Early Neuropathy Scale (UENS). No studies, how-
ever, have assessed the association between neuropathy sever-
ity, MetS burden, or individual MetS components. Regarding
DPN and NDPN, the Canadian study did not show a difference
in severity at baseline, but individuals with DPN developed a
more severe neuropathy after 3years [29]. The Danish cohort
showed a higher UENS score in DPN individuals, but it was not
statistically significant after adjusting for sex and age [30]. The
UDNS only evaluated individuals with diabetes and found that
neuropathy severity, measured by the UENS, correlated with
diabetes duration and HbA1c levels [24]. Most of these results
are consistent with our findings, suggesting that diabetes is an

independent driver of neuropathy severity. Many studies have
firmly established obesity and MetS burden as a risk factor for
polyneuropathy prevalence [10, 13, 24, 35]. However, only the
UDNS has explored MetS components and neuropathy severity,
showing an association between weight and severity in indi-
viduals with diabetes [24]. Our study suggests that obesity and
possibly MetS burden are associated with neuropathy severity,
independent of glycemic status.

With regards to fiber type, diabetes and increasing MetS bur-
den possibly led to more mixed fiber involvement, although
adjusted analyses did not confirm this association. The UDNS
showed that higher BMI and triglycerides correlated with
small fiber neuropathy outcomes (analyzed by intraepidermal
nerve fiber density [IENFD]), but they did not categorize in-
dividuals into small, large, or mixed fiber neuropathy [24]. In
our cohort, unadjusted analysis did suggest that higher MetS
burden and diabetes contributed to more of a mixed neuropa-
thy phenotype, but future studies are needed to confirm this
relationship.

DPN and MetS neuropathy appear to have a similar phenotype,
causing a more painful and severe neuropathy, with more pre-
disposition to mixed-fiber involvement in comparison to NDPN.
MetS burden plays an important role in the pathogenesis of DPN
in type 2 diabetes [11, 12, 24], therefore, it is not surprising that
DPN and MetS neuropathy are clinically similar. This may have
important therapeutic implications. In individuals with MetS
risk factors with or without diabetes, treatment should likely
focus on disease-modifying interventions that target all MetS
components and not just hyperglycemia. While clinicians are
aware that diabetes causes neuropathy, they should also look for
metabolic neuropathy in those without diabetes.

Our study faced certain limitations. The cross-sectional study
design did not allow us to evaluate neuropathy progression.
Generalizability is limited to individuals attending academic
neurology centers and consenting to participation in the regis-
try. Furthermore, we only included one glucose measurement
(FPG, HbAlc, or 2h GTT) to define prediabetes rather than
confirming the diagnosis with a second glucose measurement,
which was a limitation. Data on exercise level and the number
of pain medications used were unavailable for many patients,
limiting our ability to adjust for these two potential confound-
ers. Finally, we did not have data to measure central obesity, and
around a quarter of individuals lacked information on HDL and
triglyceride levels. The relatively small number of participants
with type 1 diabetes compared to those with type 2 diabetes also
precluded a formal comparison between these two subgroups.
Despite these limitations, it is worth noting that our DPN and
NDPN cohorts had comparable durations of neuropathy symp-
toms, further highlighting the centrality of MetS burden as a key
driver of neuropathy severity, alongside hyperglycemia.

In conclusion, increasing MetS burden leads to more painful
neuropathy and possibly more severe neuropathy with more
mixed fiber involvement. In addition, diabetes leads to a more
painful and severe neuropathy compared to NDPN, and possibly
more mixed fiber involvement. DPN and MetS neuropathy ap-
pear to have a similar phenotype, different from NDPN, which
emphasizes the need for a multimodal therapeutic approach
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targeting all MetS risk factors for the prevention and treatment
of these neuropathies.
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