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Abstract

Objective—To determine the comparative diagnostic characteristics of neuropathy measures in 

an obese population.

Methods—We recruited obese participants from the University of Michigan’s Weight 

Management Program. Receiver operative characteristic analysis determined the area under the 

curve (AUC) of neuropathy measures for distal symmetric polyneuropathy (DSP), small fiber 

neuropathy (SFN), and cardiovascular autonomic neuropathy (CAN). The best test combinations 

were determined using stepwise and Score subset selection models.

Results—We enrolled 120 obese participants. For DSP, seven of 42 neuropathy measures (Utah 

Early Neuropathy Score (UENS, N=62), Michigan Neuropathy Screening Instrument (MNSI) 

reduced combined index, MNSI examination, nerve fiber density (NFD) leg, tibial F response, 

MNSI questionnaire, peroneal distal motor latency) had AUCs ≥ 0.75. Three of 19 small fiber 

nerve measures for SFN (UENS, NFD leg, Sudoscan feet (N=70)) and zero of 16 CAN measures 

had AUCs ≥ 0.75. Combinations of tests performed better than individual tests with AUCs of 0.82 

for DSP (two parameters) and 0.84 for SFN (three parameters).

Conclusions—Many neuropathy measures demonstrate good test performance for DSP in obese 

participants. Select few small fiber nerve measures performed well for SFN, and none for CAN.
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Significance—Specific combinations of tests should be used for research studies to maximize 

diagnostic performance in obese cohorts.
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Diagnostic tests; distal symmetric polyneuropathy; small fiber neuropathy; cardiovascular 
autonomic neuropathy; obesity

Introduction

Globally, the prevalence of overweight and obesity has increased by more than 27% over the 

last 33 years.(Ng et al., 2014) Given this worldwide epidemic and the association between 

obesity and peripheral neuropathy, there is a need to investigate the diagnostic characteristics 

of neuropathy measures in obese populations.(Tesfaye et al., 2005, Van Acker et al., 2009) It 

is well documented that neuropathy measures are susceptible to the effects of age, height, 

and temperature,(Denys, 1991, Rivner et al., 2001) yet few studies to date have examined the 

effect of body habitus, and none comparing a comprehensive list of neuropathy measures in 

an obese population. This is a critical point because obesity is a potential confounding factor 

in the quantitative assessments of neuropathy.(Boyraz et al., 2010)

Obese patients can develop multiple types of peripheral neuropathy including distal 

symmetric polyneuropathy (DSP), small fiber neuropathy (SFN), and cardiovascular 

autonomic neuropathy (CAN).(Callaghan et al., 2012, Callaghan et al., 2015) Many 

neuropathy measures exist to evaluate each of these conditions, but few studies compare 

these measures and none have focused on obese populations. Furthermore, past studies often 

report sensitivity and specificity without reporting the area under the curve (AUC) to allow 

direct comparisons between tests.(McArthur et al., 1998, Baraz et al., 2014) Therefore, 

further information is needed regarding the comparative performance of neuropathy tests, as 

well as the best combinations of these tests, for the most common subtypes of neuropathy in 

obese populations.

In the current study, we performed extensive neuropathy testing in a cohort of obese 

participants. We aimed to determine the diagnostic characteristics of neuropathy measures, 

including combinations of tests, utilizing a clinical definition of DSP regardless of the 

underlying cause of neuropathy. Furthermore, we studied the test performance of small fiber 

neuropathy measures for SFN and CAN among our obese participants, and investigated the 

correlation between large fiber measures and separately between small fiber measures. This 

is the first report of the comparative diagnostic characteristics of comprehensive neuropathy 

measures for the most common subtypes of peripheral neuropathy in a well-characterized, 

obese population. As the obesity prevalence continues to increase worldwide, the importance 

of choosing the best neuropathy measures in this population will also continue to rise.

Materials and methods

Population

We recruited obese patients attending the University of Michigan Weight Management 

Program (prior to starting a diet/exercise regimen) from November 2010 to December 2015 
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as previously described.(Callaghan et al., 2016) Briefly, participants were required to have a 

body mass index (BMI) ≥ 35 kg/m^2 or ≥ 32 kg/m^2 if they had one or more medical 

condition in addition to obesity.(Rothberg et al., 2015) Of note, neuropathy was not 

considered as a medical condition for inclusion. Participants were excluded if they were on 

anticoagulant medications since these therapies increase the risks associated with skin 

biopsy.

This study was approved by the University of Michigan Institutional Review Board, and all 

participants signed an informed consent.

Primary outcome- DSP

Clinical DSP was defined according to the Toronto consensus definition of probable 

polyneuropathy, which requires 2 or more of the following: neuropathy symptoms, abnormal 

sensory examination, and abnormal reflexes.(Dyck et al., 2011) Of note, a clinical definition 

of neuropathy provides sufficient accuracy for use in epidemiologic studies and clinical 

practice.(England et al., 2005, Pop-Busui et al., 2017) One of four board certified 

neuromuscular specialists performed a standardized history and examination to determine 

these criteria.

Secondary outcome- SFN

Clinical SFN was defined according to the Toronto consensus definition of probable SFN, 

which requires neuropathic symptoms and an abnormal small fiber sensory examination 

(based on pinprick sensation).(Malik et al., 2011)

Secondary outcome- CAN

CAN was defined as an abnormality on one or more of four cardiovascular reflex tests 

(expiration to inspiration (E:I) ratio, 30:15 ratio, the average of two Valsalva ratios, and 

orthostatic hypotension defined as a systolic blood pressure drop of more than 20 or a 

diastolic blood pressure drop of more than 10).This definition was chosen because 

autonomic symptoms do not correlate with autonomic measures,(Low et al., 2004, Pop-

Busui et al., 2009) which precludes use of a comparable clinical definition of autonomic 

neuropathy. Furthermore, cardiovascular reflex tests are associated with mortality(Maser et 

al., 2003) and are considered the gold standard definition of autonomic neuropathy.(Spallone 

et al., 2011) Lean controls from a recent study were used to determine 5th percentile cutoffs 

for the first three cardiovascular reflex tests.(Callaghan et al., 2016)

Measures of large fiber nerve injury

Nerve conduction studies were performed by a certified nerve conduction study technologist 

using the CareFusion’s Viking on Nicolet EDX electrodiagnostic system. A total of six 

nerves (sural sensory, peroneal motor, tibial motor, ulnar sensory, median sensory, median 

motor) and 17 parameters were measured. Quantitative sensory testing (QST) measurements 

of vibration detection thresholds were performed using the WR Medical Electronics Co. 

Computer Aided Sensory Evaluator (CASE) IV. The CASE IV vibration stimulator was 

placed on the dorsum of the dominant great toe. The patient’s vibration detection threshold 

was measured as the Just Noticeable Difference (JND). Monofilament testing was performed 

Callaghan et al. Page 3

Clin Neurophysiol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with a Semmes Weinstein 5.07/10-g monofilament on the dorsum of the dominant great toe. 

Monofilament testing was normal if the participant felt 8 or more out of 10 responses, 

reduced for 1-7 responses, and absent for zero responses. Neurothesiometer testing was 

performed using the Scientific Laboratory Supplies device on the plantar surface of the 

dominant great toe. The Neurothesiometer applies 0-50 Volts, which provides a 

corresponding vibration amplitude between 0-250 microns. Intensity was increased until it 

was reliably felt, and we used the average of three trials. The Michigan Neuropathy 

Screening Instrument (MNSI) questionnaire and examination (performed by a 

neuromuscular specialist) were performed as previously described.(Feldman et al., 1994) We 

also calculated the MNSI reduced combined index, which utilizes the most predictive 

questionnaire and examination components, based on a previous study.(Herman et al., 2012)

Measures of small fiber nerve injury

NFD was evaluated using brightfield immunohistochemistry. Fibers were labeled with rabbit 

anti-PGP 9.5 antibody and individual nerve fibers that cross into the epidermis were counted 

based on an established protocol.(Lauria et al., 2010) The total fiber count was calculated by 

averaging the fibers in 4 sections of skin at each biopsy site (fibers per millimeter). NFD was 

measured at the distal leg (10cm above the lateral malleolus) and proximal thigh (20cm 

below the anterior superior iliac spine) of the patients left leg from a 3mm skin biopsy.

(Callaghan et al., 2012) Quantitative sensory testing (QST) measurements of cold detection 

thresholds were performed using CASE IV as described above. The thermal stimulator was 

placed on the dorsum of the dominant foot and the JND was recorded. The Utah Early 

Neuropathy Scale (UENS), performed by a neuromuscular specialist, was completed as 

previously described.(Singleton et al., 2008) Quantitative sudomotor axon reflex testing 

(QSART) measurements were performed on the dominant foot, distal leg, proximal leg, and 

arm using the WR Medical Electronics Co. Q-Sweat, Quantitative Sweat Measurement 

System.(Low et al., 2006) The Sudoscan (Impeto Medical) measured the electrochemical 

skin conductance (ESC) of the hands and feet through reverse iontophoresis and 

chronoamperometry, and we report the average hand and foot values.(Selvarajah et al., 2015) 

All cardiovascular autonomic tests were performed using the ANX 3.0 device (Ansar Group, 

Inc). Specific measurements that were recorded include the resting mean heart rate, 

frequency-domain measures (low frequency area (LFA, measure of sympathetic activity), 

respiratory frequency area (RFA, measure of parasympathetic activity), and LFA/RFA 

(measure of sympathovagal balance), and time-domain measures (standard deviation of the 

normal to normal interval (sdNN) and root mean square of successive differences of the 

normal to normal interval (rmsSD).

Of note, 61 obese participants had the neurothesiometer performed, 62 had UENS 

performed, and 70 had the Sudoscan performed because these tests were added after the 

study had already commenced.

Statistical analyses

Descriptive statistics were used to characterize the obese population. Univariable logistic 

regression models were constructed for DSP (dependent variable) and for each of the 42 

neuropathy measures (independent variables). When modeling SFN and CAN, only the 19 
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small fiber nerve measures (excluding the cardiovascular reflex tests for autonomic 

neuropathy) were analyzed. Receiver operating characteristic (ROC) curves were generated 

as a result of each logistic regression model and the area under the ROC curve (AUC) was 

calculated along with 95% confidence intervals (CI). To determine whether a combination of 

neuropathy measures could lead to increased classification ability, multivariable logistic 

regression models were utilized. The neuropathy measures that collectively created the best 

fitting models were determined using stepwise and score subset selection procedures. The 

neuropathy measures considered in the model selection procedures were those that 

performed the best as classifiers in the univariate models for DSP and SFN respectively. 

Only one test per category and those tests not requiring a physician were included. Sudoscan 

and neurothesiometer were not included because they were only performed on a subset of 

the population. All 17 NCS parameters were included in the model selection procedures to 

determine the best combination of NCS studies for DSP. Pearson’s Correlations were used to 

evaluate relationships between large fiber and between small fiber neuropathy measures.

All analyses were performed with SAS 9.3 (Cary, NC).

Results

Population

During the recruitment time period, the Investigational Weight Management Clinic enrolled 

752 patients. Of these patients, 468 consented to be contacted about research studies with 

120 enrolling in our study. Of the 120 obese participants, 27 had DSP and 18 had SFN, and 

21 had CAN.

Demographics

The obese population had a mean age (SD) of 52.9 years (10.6) with 44.2% males (Table 1). 

Those without diabetes had a fasting glucose of 96.0 mg/dL (10.2) and 2 hour glucose level 

of 117.3 mg/dL (28.9). The mean BMI was 41.1 kg/m^2 with a waist circumference of 

122.5 cm (17.2).

Area under the curve (AUC)

For DSP, the highest AUC was for the UENS (0.92, 95% CI 0.85-1.00), followed by the 

MNSI reduced combined index (0.86, 95% CI 0.78-0.93), MNSI examination (0.81, 95% CI 

0.71-0.91), NFD leg (0.76, 95% CI 0.64-0.87), tibial F response (0.76, 95% CI 0.65-0.87), 

MNSI questionnaire (0.75, 95% CI 0.63-0.86), and peroneal DML (0.75, 95% CI 0.64-0.86) 

(Table 2). No other neuropathy measures were higher than an AUC of 0.73 (peroneal F 

response, tibial amplitude, and ulnar sensory amplitude). Other measures of large fiber nerve 

injury, such as QST vibration, monofilament, and neurothesiometer had AUC’s ranging from 

0.66-0.72.

For SFN, the highest AUC was for UENS (0.96, 95% CI 0.90-1.00), followed by NFD leg 

(0.82, 95% CI 0.70-0.95) and Sudoscan of the feet (0.77, 95% CI 0.58-0.96). No other 

neuropathy measure was higher than an AUC of 0.70 (QSART arm). QST cold, a measure of 

small fiber nerve injury, had an AUC of 0.67 (95% CI 0.52-0.83).
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For CAN (Table 3), the highest AUC was for UENS (0.70, 95% CI 0.53-0.86) followed by 

rmsSD (0.66, 95% CI 0.54-0.79), sdNN (0.65, 95% CI 0.52-0.77). No other small fiber 

measure was higher than an AUC of 0.63 (LFA/RFA ratio).

Combination of tests without physician involvement

Stepwise selection models revealed that the best combination of tests for DSP is MNSI 

questionnaire, tibial F response, and monofilament testing, and for SFN is NFD of the leg 

alone Supplementary Table S1).

Score subset selection models show that the AUC curve for DSP plateaus around an AUC of 

0.82 (Figure 1A) with only two parameters (MNSI questionnaire and tibial F response). For 

SFN, the AUC curve plateaus around an AUC of 0.84 (Figure 1B) with three parameters 

(NFD leg, QST cold, and 30:15 ratio).

Stepwise selection models revealed that the best combination of tests for DSP using only 

NCS parameters is tibial F response and ulnar sensory amplitude. Score subset selection 

models show that the AUC curve plateaus around an AUC of 0.81 (Figure 1C) with four 

parameters.

Correlation between neuropathy measures

All five large fiber neuropathy measures revealed statistically significant correlations with 

each other (Table 3A). The highest correlations were between the monofilament and the 

neurothesiometer (0.61), between the neurothesiometer and QST vibration (0.56), and 

between the monofilament and the MNSI examination (0.52). The tibial F response 

demonstrated correlations ranging from 0.23-0.41.

Among the measures of small fiber and autonomic nerve injury, the only statistically 

significant correlations were between UENS and NFD leg (−0.39, p<0.01), UENS and QST 

cold (0.34, p<0.01), Sudoscan feet and NFD leg (0.25, p=0.04), and Sudoscan feet and QST 

cold (−0.32, p<0.01) (Table 3B).

Neuropathy measures in obese with and without DSP and lean controls

Supplementary Table S2 summarizes the neuropathy measures. Of note, NFD at the leg and 

thigh are significantly reduced in obese individuals with DSP compared to obese individuals 

without DSP. For NCS parameters, sural amplitude, peroneal amplitude, DML, and F 

response, tibial amplitude, DML, and F response, ulnar and median sensory amplitudes are 

worse in obese individuals with DSP compared to obese individuals without DSP.

Discussion

In the current study, we addressed the diagnostic accuracy of a battery of clinical neuropathy 

measures in an obese population. We found that many neuropathy measures, including 

questionnaires (MNSI), examination scales (MNSI and UENS), electrophysiologic tests 

(many NCS parameters and QST vibration), and histologic tests (NFD leg), had good test 

characteristics for DSP. In contrast, only a few small fiber nerve measures revealed good test 

characteristics for either SFN (UENS, NFD leg, and Sudoscan of the feet) or CAN (none). 
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While measures of large fiber nerve injury were significantly correlated in these obese 

patients, few measures of small fiber nerve injury were significantly correlated, and the 

magnitude of the correlations was low. Furthermore, combinations of tests improved the 

diagnostic characteristics for DSP, which should inform investigators as they select 

endpoints for future research studies. However, investigators must weigh the resources 

needed to obtain additional measures against the added diagnostic accuracy provided. Using 

combinations of NCS measures may be particularly important for classifying DSP in obese 

populations compared with non-obese populations. Given the rising prevalence of obesity 

throughout the world, our results from an obese population complement previous studies 

that have focused mainly on subjects with diabetes and pre-diabetes.

DSP

UENS had the highest AUC at 0.92, which is consistent with two previous studies performed 

in diabetic and pre-diabetic populations (AUC 0.88-0.94).(Singleton et al., 2008, Zilliox et 

al., 2015) Similarly, the MNSI examination (AUC=0.81) and reduced combined index 

(AUC=0.86) also revealed high AUCs that were comparable to studies performed in patients 

with type 1 diabetes (AUCs= 0.76 and 0.81 respectively).(Herman et al., 2012) Therefore, 

these examination scales can be used by themselves to accurately classify DSP status in 

obese populations. However, these scales were performed by a neuromuscular specialist, and 

future studies should determine if non-physician personnel can use these tools with similar 

test characteristics. For research studies that are unable to have a neurologist examine 

patients, other tests are needed. Unlike the MNSI examination scale, the MSNI 

questionnaire was not performed by a physician and revealed an AUC of 0.75, which was 

comparable to previous studies.(Herman et al., 2012) For NFD of the leg (AUC=0.76), we 

found a slightly higher AUC than three previous studies (AUCs range from 0.66-0.75).

(Pourhamidi et al., 2014, Smith et al., 2014, Chen et al., 2015) In contrast, for lower 

extremity NCS, our results revealed AUCs ranging from 0.63-0.76, compared with 0.76-0.90 

from a recent study in patients with diabetes.(Weisman et al., 2013) One key difference 

between these studies is that the mean BMI of our population was 41 and the mean BMI of 

their diabetic population was 29. Overall, the UENS and MNSI examination scales perform 

the best, but may require a physician’s assessment, whereas the MNSI questionnaire and 

NFD of the leg also perform well without the need for a physician. These test characteristics 

are similar to previous results in non-obese populations. In contrast, NCS do not perform as 

well in our obese cohort and may require combining multiple NCS parameters.

While many neuropathy measures demonstrated good diagnostic characteristics for DSP, 

other measures only showed fair or poor characteristics. Monofilament, cardiovascular reflex 

tests, and Sudoscan of the feet had fair characteristics, while QSART, autonomic time-

domain, and autonomic frequency-domain had poor characteristics. Few previous studies 

exist that evaluate these tests in DSP, but one previous study revealed similar results for one 

of the cardiovascular reflex tests in those with type 2 diabetes.(Farooqi et al., 2016) 

Moreover, three studies have shown higher AUCs for Sudoscan (AUC0.76-0.88 vs. 0.68) in 

populations primarily with mean BMIs ranging from 27-31.(Casellini et al., 2013, Smith et 

al., 2014, Selvarajah et al., 2015) Unlike the many large fiber neuropathy measures that 
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performed well compared to a neuromuscular specialist’s determination of DSP, most small 

fiber nerve measures did not.

SFN

Similar to DSP, the tests with the highest AUC for SFN was the UENS (AUC=0.96). As 

above, the UENS should be used to classify SFN when a neurologist’s exam is possible. 

NFD of the leg (AUC=0.82) and Sudoscan of the feet (AUC=0.77) also had good diagnostic 

performance for tests that do not require a neurologist. Unfortunately, few previous studies 

have investigated the test characteristics of neuropathy measures using a clinical SFN 

definition, and none in obese subjects. One group demonstrated a comparable AUC for NFD 

of the leg utilizing a similar SFN definition.(Nebuchennykh et al., 2009) We also observed a 

comparable AUC for Sudoscan of the feet compared with a previous study of SFN patients.

(Lefaucheur et al., 2015) QSART had a low sensitivity for SFN, but an AUC was not 

presented in a previous study.(Kamel et al., 2015) Given the limited reliability of QSART, 

the lack of quality data to support this test in SFN in obese patients is expected.(Peltier et al., 

2009, Berger et al., 2013) QST cold has been shown to have a high AUC for DSP (AUCs 

range from 0.79-0.86) and for SFN (AUC=0.78) in populations with mean BMIs ranging 

from 23-30.(Lysy et al., 2014, Lefaucheur et al., 2015, Farooqi et al., 2016) We would 

expect a higher AUC for SFN, but we found a low AUC for DSP (AUC=0.66) and a similar 

AUC for SFN (AUC=0.67). On the whole, only a few small fiber neuropathy measures 

demonstrated good diagnostic characteristics in our obese cohort, compared to published 

studies in non-obese individuals. These findings may explain why large fiber nerve 

measures, many of which have good diagnostic performance, correlate with each other 

whereas many small fiber nerve measures do not. Importantly, NFD of the leg demonstrates 

high accuracy in an obese population, comparable to other populations, and does not require 

a neurologist.

CAN

The UENS had the best AUC for CAN (AUC=0.70), but no other small fiber measures had 

good test performance including NFD of the leg and thigh, QSART, QST cold, autonomic 

frequency-domain and time-domain measures, and Sudoscan. Two previous studies have 

demonstrated better diagnostic characteristics of Sudoscan in diabetic populations with 

mean BMIs ranging from 26-28 (AUC0.74-0.75 vs. 0.61).(Yajnik et al., 2013, Selvarajah et 

al., 2015) For QSART and Sudoscan, the low performance may be attributed to the fact that 

these are measures of sudomotor function and not cardiovascular autonomic function. 

Similarly, NFD and QST cold are measures of somatic small fiber nerve injury, and were not 

good classifiers of those with CAN. Surprisingly, other measures of CAN, such as the 

autonomic frequency-domain and time-domain measures, also do not demonstrate good test 

characteristics. Our results strongly support the continued use of cardiovascular reflex tests 

in obese patients for identification of autonomic neuropathy in an obese population as these 

are quick, simple, and abnormalities in these tests are well known to be associated with 

mortality.(Maser et al., 2003, Pop-Busui et al., 2010)
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Combinations of tests

While understanding the performance of individual tests is important, determining the best 

combination of tests is essential for research studies, and may be particularly important in 

obese subjects. We determined the most parsimonious combination of tests that can 

distinguish those with and without DSP and SFN without physician involvement in our 

obese participants. While neurologists are extremely important in the evaluation of patients 

with suspected neuropathy, a neurologist’s assessment in large epidemiologic studies is often 

not feasible. Our results show the results of testing when the gold standard assessment by a 

neurologist is not available. Our findings also illustrate how much improvement is observed 

in the AUC as additional tests are added. For DSP, combinations of tests performed 

significantly better than single tests, but for SFN, the improvement in accuracy was less 

dramatic. Finally, we were able to determine the best combination of NCS parameters for 

DSP in an obese cohort. Two to four parameters (2-3 nerves) had the best diagnostic 

performance, and additional parameters were not helpful. This is in contrast to a previous 

study that revealed that the diagnostic performance of one test was just as good as 

summative NCS parameters in a population with diabetes and mean BMI of 29,(Weisman et 

al., 2013) highlighting another crucial difference between our obese cohort and previously 

reported data on non-obese cohorts. Overall, our data strongly suggest that combinations of 

NCS parameters and/or other neuropathy measures are needed in an obese population, but 

may not be as important in non-obese populations.

Limitations

Our study include the small sample size, which reduces the precision of the AUC estimates. 

Since our aim was to determine the comparative diagnostic characteristics of neuropathy 

measures including NCS parameters and NFD, we were also unable to use the Toronto 

consensus definitions of definite DSP and definite SFN because these definitions require an 

abnormality of NCS or NFD. However, 26 of the 27 patients with DSP also met the Toronto 

consensus definition of definite DSP (25 with abnormal NCS parameters in two different 

nerves and 1 additional patient with abnormal NFD in the distal leg). We have previously 

demonstrated that this obese population with DSP has more pain, worse neuropathy specific 

quality of life, and higher vibration and cold threshold on quantitative sensory testing 

compared to obese individuals without DSP, which further validates that these patients have 

significant and clinically meaningful neuropathy.(Callaghan et al., 2016) In addition, the 

MNSI examination and UENS were performed by the same clinician who performed the 

standardized history and examination to determine DSP status, which may influence their 

diagnostic test performance. Furthermore, these instruments also include some elements that 

are included in the DSP definition (sensory examination and reflexes), which may introduce 

incorporation bias.

Summary

UENS revealed great test accuracy for classifying DSP and SFN in an obese population, but 

may require a neurologist to perform. For tests that do not require a neurologist, 

combinations of neuropathy parameters, NCS alone or in combination with other tests, 

performed better than single measures for DSP. The combination of tests may be more 

Callaghan et al. Page 9

Clin Neurophysiol. Author manuscript; available in PMC 2019 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



important in obese populations than in other populations, but the tradeoff between the 

resources required and the increase in diagnostic accuracy must be considered. NFD of the 

leg demonstrated high accuracy for classifying SFN in our obese population, which was 

comparable to previous reports in a non-obese population. No tests performed well enough 

to be considered as a potential replacement of cardiovascular reflex tests for CAN in our 

obese cohort. Overall, QSART, QST, neurothesiometer, monofilament, and autonomic time 

domain and frequency-domain testing revealed disappointing test performance in our obese 

population. With the growing worldwide obesity epidemic, choosing the best neuropathy 

measures for this group is becoming increasingly important.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Specific combinations of neuropathy measures should be used to maximize 

performance in obese cohorts.

2. More neuropathy measures have good test characteristics for distal symmetric 

polyneuropathy than for small fiber neuropathy or cardiovascular autonomic 

neuropathy.

3. Large fiber measures are more highly correlated than small fiber measures.
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Figure 1. 
The diagnostic test performance of combinations of neuropathy measures for distal 

symmetric polyneuropathy and small fiber neuropathy based on score subset selection 

models.

The area under the curve of combinations of neuropathy measures for: (A) distal symmetric 

polyneuropathy, (B) small fiber neuropathy, and (C) distal symmetric polyneuropathy using 

only nerve conduction study parameters. Additional neuropathy measures are added going 

left to right.
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Table 1

Demographics of the obese population.

Variable Obese group
N=120

Age (years), mean (SD) 52.9 (10.6)

Male, N (%) 53 (44.2%)

Race, N (%)

 White 107 (89.2%)

 Black 9 (7.5%)

 Asian 1 (0.8%)

 Other/Unknown 3 (2.5%)

Hispanic, N (%) 2 (1.7%)

Marital status

 Single 22 (18.3%)

 Married 91 (75.8%)

 Divorced 6 (5.0%)

 Widowed 1 (0.8%)

Smoking status

 Current 3 (2.5%)

 Never 74 (62.7%)

 Former 41 (34.8%)

Education level

 High school 2 (1.7%)

 Some college 21 (17.7%)

 College degree 51 (42.9%)

 Graduate degree 45 (37.8%)

Height (cm), mean (SD) 171.5 (9.38)

Fasting glucose mg/dL, mean (SD) 96.0 (10.2) *

2 hour glucose mg/dL, mean (SD) 117.3 (28.9)*

BMI kg/m^2, mean (SD) 41.1 (6.4)

Waist circumference (cm), mean (SD) 122.5 (17.2)

Female Waist circumference (cm), mean (SD) 115.0 (12.5)

Male Waist circumference (cm), mean (SD) 132.2 (17.6)

*
Only reported for those without diabetes.

BMI= body mass index.
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Table 2

The diagnostic test performance of neuropathy measures for distal symmetric polyneuropathy and small fiber 

predominant neuropathy.

Variable DSP
AUC (95%CI)

SFN
AUC (95%CI)

CAN
AUC (95%CI)

NFD leg 0.76 (0.64–0.87) 0.82 (0.70–0.95) 0.60 (0.47–0.73)

NFD thigh 0.65 (0.52–0.79) 0.67 (0.50–0.83) 0.57 (0.45–0.70)

UENS* 0.92 (0.85–1.00) 0.96 (0.90–1.00) 0.70 (0.53–0.86)

Valsalva ratio 0.55 (0.43–0.67) 0.52 (0.36–0.67) Part of definition

E:I ratio 0.68 (0.56–0.80) 0.61 (0.45–0.76) Part of definition

30:15 ratio 0.64 (0.53–0.75) 0.63 (0.49–0.78) Part of definition

MHR 0.54 (0.42–0.67) 0.57 (0.42–0.72) 0.58 (0.44–0.73)

LFA 0.50 (0.37–0.64) 0.48 (0.30–0.65) 0.42 (0.29–0.55)

RFA 0.38 (0.25–0.50) 0.37 (0.22–0.53) 0.34 (0.21–0.47)

LFA/RFA ratio 0.62 (0.50–0.75) 0.55 (0.40–0.69) 0.63 (0.52–0.75)

sdNN 0.60 (0.46–0.73) 0.49 (0.32–0.67) 0.65 (0.52–0.77)

rmsSD 0.60 (0.48–0.71) 0.45 (0.30–0.60) 0.66 (0.54–0.79)

Sudoscan feet* 0.68 (0.51–0.84) 0.77 (0.58–0.96) 0.61 (0.42–0.79)

Sudoscan hands* 0.56 (0.39–0.72) 0.57 (0.40–0.75) 0.53 (0.35–0.71)

QSART foot 0.48 (0.35–0.61) 0.57 (0.41–0.74) 0.45 (0.32–0.59)

QSART distal leg 0.54 (0.41–0.68) 0.52 (0.35–0.68) 0.50 (0.37–0.63)

QSART proximal leg 0.51 (0.38–0.64) 0.48 (0.32–0.65) 0.52 (0.40–0.65)

QSART arm 0.66 (0.55–0.77) 0.70 (0.58–0.81) 0.48 (0.33–0.63)

QST cold 0.64 (0.51–0.78) 0.67 (0.52–0.83) 0.60 (0.46–0.74)

QST vibration 0.71 (0.60–0.81)

Sural amplitude 0.65 (0.52–0.79)

Sural PL 0.68 (0.55–0.81)

Peroneal amplitude 0.63 (0.51–0.76)

Peroneal DML 0.75 (0.64–0.86)

Peroneal CV 0.66 (0.53–0.80)

Peroneal F response 0.73 (0.62–0.84)

Tibial amplitude 0.73 (0.60–0.86)

Tibial DML 0.67 (0.55–0.78)

Tibial F response 0.76 (0.65–0.87)

Ulnar sensory amplitude 0.73 (0.63–0.84)

Ulnar sensory PL 0.58 (0.46–0.70)

Median sensory amplitude 0.68 (0.56–0.80)

Median sensory PL 0.57 (0.44–0.70)

Median motor amplitude 0.47 (0.33–0.60)

Median motor DML 0.54 (0.41–0.68)
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Variable DSP
AUC (95%CI)

SFN
AUC (95%CI)

CAN
AUC (95%CI)

Median motor CV 0.56 (0.43–0.69)

Median F response 0.36 (0.23–0.49)

MNSI Questionnaire 0.75 (0.63–0.86)

MNSI Examination 0.81 (0.71–0.91)

MNSI Reduced Combined index 0.86 (0.78–0.93)

Monofilament 0.67 (0.57–0.77)

Neurothesiometer** 0.72 (0.54–0.89)

*
The Sudoscan was only performed on 70 participants.

**
The Neurothesiometer and UENS were only performed on 61 and 62 participants respectively.

DSP= distal symmetric polyneuropathy, SFN= small fiber neuropathy, CAN=cardiovascular autonomic neuropathy, AUC=area under the curve, 
NFD=nerve fiber density, PL=peak latency, DML=distal motor latency, CV=conduction velocity, QSART=quantitative sudomotor axonal reflex 
testing, QST=quantitative sensory testing, MNSI-Michigan Neuropathy Screening Instrument, UENS=Utah Early Neuropathy Scale, 
E:I=Expiration, Inspiration, MHR=mean heart rate, LFA= low frequency area, RFA= respiratory frequency area, sdNN= standard deviation of the 
normal to normal interval, rmsSD= root mean square of successive differences of the normal to normal interval.
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