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Abstract

Introduction/Aims: In the Diabetes Control and Complications Trial (DCCT), the minimal
nerve conduction (NC) criterion for diabetic sensorimotor polyneuropathy (DSPN) was
abnormality of NC in >1 peripheral nerve without specifying the attributes of NCs to be evaluated.
In the present study, we assess individual and composite scores of NCs meeting the DCCT
criterion and signs for improved diagnosis and assessment of DSPN severity.

Methods: Evaluated were 13 attributes and 6 composite NC scores and signs and symptoms in
395 healthy subjects (HS) and 388 persons with diabetes (DM).

Results: Percent abnormality between subjects with DM and HS was remarkably different
among individual attributes and the 6 composite NC scores. For diagnosis of DSPN using the
DCCT criterion, assessment of conduction velocities (CVs) and distal latencies (DLs) provided
sensitive diagnoses of DSPN. NC amplitudes provided stronger measures of severity. In studied
cohorts, DSPN was staged: NO, no NC abnormality using NC score #2 (CVs and DLs), 60.0%;
N1, NC abnormality only, 18.4%; N2, NC abnormality and signs of feet or legs, 16.3%; and N3,
NC abnormality and signs of thighs, 5.3%.

Discussion: For sensitive and standard diagnosis of DSPN using the DCCT NC criterion,
specifically defined composite scores of CVs and DLs, e.g., score #2, is recommended. A
composite score of amplitudes, e.g., score #4, provides a stronger measure of neuropathy severity.
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Also, provided are HS reference values of evaluated attributes of NCs and estimates of staged
severity of DSPN of mid North American DM cohorts.

Keywords

composite nerve conduction scores; diagnosis of diabetic sensorimotor polyneuropathy; staged
severity of diabetic sensorimotor polyneuropathy; validation of diagnosis and staged severity
of diabetic sensorimotor polyneuropathy; diabetic complication in Northern Plains Indians
and Latinos; epidemiology survey of diabetic sensorimotor polyneuropathy; nerve conduction
assessment and reference values in health and in diabetes

INTRODUCTION

For the detection, characterization, and quantitation of diabetic sensorimotor polyneuropathy
(DSPN), the following assessments have been introduced: nerve conductions (NCs),1-1°
clinical signs and symptoms,6-30 quantitative sensation and autonomic tests,31-36
morphometric counts of nerve fibers of biopsied cutaneous nerves or of skin,37-39 and
counts of corneal nerve fibers.#0-43 Of these, referenced assessment of NCs and neuropathy
signs are the most commonly used clinical endpoints for the diagnosis and quantitation of
severity of DSPN.#8.12

Not sufficiently addressed in previous research studies are which referenced individual or
grouped attributes of NCs (composite NC scores) are most sensitive and reliable for the
diagnosis and assessment of severity of DSPN.16:12 For the conduct of the Diabetes Control
and Complications Trial (DCCT), a research study of glycemic control on development

of DSPN and other complications in type 1 diabetes mellitus (DM), abnormality of NCs

in >1 anatomical nerve, and polyneuropathy signs were selected as diagnostic criteria of
DSPN.812 |n the present study, we address how the DCCT criterion can be improved to
more accurately assess prevalence of DSPN and its severity. Also, assessed is the prevalence
and staged severity of DSPN in large mid North American cohorts of healthy subjects (HS)
and persons with DM.

METHODS

Recruitment of mid North American ethnic cohorts of HS and persons with DM

Clinical and NC data of persons without DM or neurological diseases (HS) and persons
with DM without and with DSPN were available from the three previously conducted
epidemiology surveys, i.e., Rochester Diabetic Neuropathy Study (RDNS), a cohort mainly
of northern European extraction, Northern Plains Indians (NPI), and Latino (Lat) cohorts.
All cohorts studied had persons with type 1 and 2 DM without and with DSPN. For

the RDNS cohort, the medical records of Mayo Clinic, Rochester and Olmsted County
Medical Group (essentially the only medical care providers in Olmsted County, MN, USA)
research subjects (RDNS) having an Olmsted County, MN, USA address were reviewed
and sent letters inviting them to participate in research studies. Their HS or DM status was
determined by reviewing their medical records, obtaining a medical history and neuropathy
examination, and by measuring fasting plasma glucose and Alc values. In NPI and Lat
studies, persons of these ethnicities were invited to participate in field epidemiology surveys
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to identify whether they had DM and whether they had polyneuropathy. The basis for the
diagnosis of DM was a history of DM and/or an Alc value =6.5%. The NPI cohort came
from Minnesota, North and South Dakota, and Wisconsin, and the Lat cohort was mainly
persons of Mexican descent. All research subjects signed informed consent forms approved
by appropriate institutional review boards. In the case of the NPl and Lat cohort studies,
preliminary public meetings about the proposed studies were held describing the studies.
The specific studies were performed at Mayo Clinic (RDNS), at a research trailer at Prairie
Island, MN (NPI), at local Rochester, MN churches and at Mayo Clinic (Lat). Some of the
obtained data of the RDNS cohorts has previously been evaluated and, to varying degrees,
published.6:7:22:44.45

Assessment of polyneuropathy signs and symptoms

The clinical instruments used to assess neuropathy signs (Neuropathy Impairment Score,
NIS) and symptoms (Neuropathy Symptoms and Change score, NSC) were described in
previous publications.”#6-48 For judgment of abnormality of Lower Limb Function (LLF),
one of us (PJD) made the assumption that healthy persons without DSPN should be able

to walk on their toes and heels into their eighth decade of life unless they were excessively
obese or physically unfit, whereas arising from a kneeled position might not be possible
even in some healthy subjects in the seventh or later decades of life. The assessment of
neuropathy signs of the NIS, the NSC score, and assessment of LLF score were performed
by one of the authors (PJD) without knowledge of abnormality of NCs. The examinations
were performed in the following order: LLF, NIS, and NSC and individual item assessment
following the order listed in the printed standard Clinical Neuropathy Assessment form.46.48
For judgment of abnormality of these evaluations, the investigator (PJD) used “unequivocal
abnormality” as the basis for scoring clinical abnormality, which judgment was later
supported by Clinical versus Neurophysiology trials.4%°0 Muscle weakness was graded
using a combination of the Mayo Clinic and Medical Research Council criteria, i.e.,
weakness of 25% = 1, 50% = 2, 75% = 3, and 100% = 4 points and separately for each
side of the body. For scores between 3 and 4, a score of 3.25 (minimal movement just
possible against gravity), 3.5 (movement just possible with gravity eliminated), and 3.75
(muscle twitch only without movement at the joint) was assigned. A three-point score (0 =
no abnormality; 1 = decrease; and 2 = absent) was used to assess decreased muscle stretch
reflexes and four modalities of sensation decreases (touch pressure, vibration, joint motion,
and pin prick) of fingers and toes. For assessment of individual symptoms as assessed by
NSC, abnormality was based on the specific judgment of the examining physician (PJD) that
the elicited abnormality was unequivocally present and attributable to DSPN.

Assessment of attributes of NCs

NC reference values were assessed in the HS cohort. Thirteen individual attributes of

NCs were assessed by one of us (WJL) using highly standard pre-study subject testing
conditions, standard equipment, testing peripherals, and standard technique of testing.
Thirteen individual attributes of NCs were assessed in the present study (Table 1). The
specific techniques of assessment of NCs are outlined in a syllabus prepared by one of us
(WJL) which can be obtained on written request. All NCs were assessed on the left side
of the body unless there were medical reasons not to do so. If limb temperature was below
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31°C, the limb was pre-warmed in a water bath (40°C for 10 minutes). It should be noted
that none of these 13 individual attributes of NCs fulfilled DCCT NC criterion for DSPN;
abnormality in >1 nerve is needed. Normality/abnormality of individual attributes of NCs
were expressed as measured values and as points from percentile ranges, i.e., >5/<95t = 0,
<5t - >18t = 1, and <1/299t" = 2 points. The six composite scores used are defined in Table
2.

Six composite NC scores, each meeting the DCCT criterion for DSPN, were assessed both
in HS and persons with DM. These composite NC scores are defined in the footnote to Table
2.

Statistical analysis

RESULTS

Nonparametric Fisher’s exact test was used to assess differences in percentage abnormality
of individual or composite NC scores between HS and persons with DM. NIS and NSC
abnormalities were compared by studied cohort for those without and with NC abnormality
for HS and persons with DM using Fisher’s exact test. Medians and ranges for NIS

total, NSC severity and NC as points were compared between stages of DSPN using
nonparametric Wilcoxon rank sum tests. Ninety-five percent confidence intervals were
provided using Hodges-Lehmann Estimation. Fifth and first percentile lines from simple
linear regressions were plotted for NC of ulnar, tibial, and fibular motor nerve conduction
velocities (MNCVs) and sural sensory nerve distal latencies (SNDLs) on height and for
ulnar, tibial, and fibular compound muscle (CMAP) and sural sensory nerve (SNAP) action
potential amplitudes on age. For assessment of conduction velocities (CVs) and distal
latencies (DLs), more variables than age were required for setting reference limits (see
Results). Frequencies of DSPN stages were determined for HS and DM patients. Receiver
Operating Characteristic (ROC) curves were plotted for different measures of DSPN as
compared to difference from threshold of NC score #2. Statistical analyses were conducted
using the SAS System version 9.4 (Cary, NC) and R using haven and pROC packages.?1-23

Distribution and percentile reference limits of individual attributes of NCs assessed in HS

In Figure 1, we provide a plot of individual HS values of ulnar, fibular, and tibial MNCVs
and sural SNDLs (attributes of composite NC score #2) plotted on height in HS. The
percentile range difference related to age is indicated by showing the difference in a person
aged 25 and 75 years. Composite score #2 is judged to be abnormal when >1 of these 4
assessed attributes are abnormal, i.e., <5"/=95™ percentile value.

In Figure 2, displayed are the HS values of ulnar, fibular, and tibial CMAP/sural SNAP
amplitudes plotted on age. Fifth and first percentile lines are shown. These four attributes of
NCs are the assessed NC attributes of composite NC score #4. This score is judged to be
abnormal when >1 of the four assessed attributes are abnormal.
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Number and percent of HS and persons with DM with abnormality of individual attributes
and composite scores of NCs

Of these assessed individual attributes of NCs, fibular MNCV provided the highest
percentage difference between DM and HS (42.7%). The next five most frequent individual
attributes were CVs, F-waves, and DLs, ranging from differences in frequency from

29.1% to 15.3%. Lower percentage differences were observed, especially for CMAP/SNAP
amplitudes, and motor nerve DLs. The data from Table 1 were used to choose composite
attributes of NCs with abnormality in >1 nerve, meeting DCCT criterion for the diagnosis of
DSPN.

Number and percent of HS and persons with DM with abnormality of composite measures
of attributes of NCs meeting the DCCT criterion

The diagnostic performance of the six composite NC scores assessed meeting DCCT
diagnostic criterion for DSPN is shown in Table 2. Composite score #1, assessing any of
11 individual attributes of NCs, provides the largest percentage difference between persons
with DM from HS (38.9%). Score #2 of ulnar, fibular, and tibial MNCVs and sural SNDL
provided the second highest difference between DM and HS (36.4%). Although score #1, as
compared to #2, provides a slightly more sensitive measure of DSPN, it was considerably
more complex and time-consuming to perform and calculate. Lower percentage differences
were observed with use of the other four composite scores. Composite score #4 of NC
amplitudes provided a considerably lower percentage difference between DM and HS of
16.3%. However, as we describe below, this score provides a better measure of neuropathy
severity than does composite score #2.

Composite NC score #2 (CVs and DLs) as a more sensitive measure of DSPN than
abnormality of neuropathy signs

Composite NC score #2 was the only abnormality of DSPN in 3.1% of HS and in 18.4%

of DM subjects (Figure 3). By contrast, in HS and persons with DM, polyneuropathy signs
or symptoms alone (without abnormality of NC score #2) occurred much less frequently
and depended on what threshold signs, as measured by NIS, were set (Supplementary Table
1). Also, when signs occurred without abnormality of NCs, they typically were mild and

of uncertain clinical significance, e.g., selective decrease of upper limb reflexes. When
abnormality of NIS signs and NSC symptoms were each set at four points, frequency of
DSPN in subjects without abnormality of NC score #2 abnormality occurred in only 0.3

and 3.7% of persons without and with DM (Supplementary Table 1). Symptoms without NC
abnormality occurred in only 0 and 3.2% of HS and persons with DM (Supplementary Table
1).

The ROC curves of assessed measures of DSPN

The ROC curves and area under the curve (AUC) percentage performance of different
measures of DSPN as compared to composite NC score #2 are shown in Figure 4. Fibular
MNCV abnormality alone provides a high value, i.e., 0.98. This finding is not unexpected
since the assessed attribute of NC is a major sensitive component of composite NC score #2.
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By comparison, composite score #4 (of 3 CMAPs and 1 SNAP amplitude) and neuropathy
signs provided lower AUC values of 0.81 and 0.84.

Staging severity of DSPN

Using composite NC score #2 for the diagnosis of DSPN and the lower limb distribution of
neuropathy signs, we staged severity of DSPN in studied cohorts by the following criteria:
NO, no abnormality of NCs as assessed by composite NC score #2; N1, abnormality of NC
without neuropathy signs; N2, NC abnormality and polyneuropathy signs of feet or legs;
and N3, abnormality of NCs and signs of thigh involvement. The percentage frequency of
staged abnormality in HS and persons with DM is shown in Figure 3. In HS and DM, staged
abnormality 1 occurred in 3.1 and 18.4%, stage 2 in 0.8 and 16.3%, and stage 3 in 0 and
5.3%.

Validation of staged severity of DSPN

In Supplementary Table 2, we assess for significant differences of NIS, NSC, and NC
scores between stage 1 vs 0, 2 vs 1, and 3 vs 2. Of those with significant differences,

scores were greater with higher stages of severity, with two exceptions, NIS and NIS-reflex,
which scores were significantly higher in stage 0 than in stage 1. Obviously, this result is
not credible or consistent with expectations nor with the observed results of other scores:
NSC severity, NSC autonomic, composite NC score #2, and composite NC score #4;

all were significantly more abnormal in stage 1 as compared to stage 0 (Supplementary
Table 2). Significant differences between stage 2 vs 1 were observed for: NIS, NIS-reflex,
NIS-sensation, NSC-sensation, and the composite NC score of CMAP/SNAP amplitudes
(composite score #4). Stage 3, as compared to stage 2, was significantly different and in the
correct direction for: NIS, NIS-weakness, NIS-reflex, NSC-weakness, and the composite NC
score of CMAP/SNAP amplitudes, i.e., composite NC score #4.

DISCUSSION

In the present study, we show that assessment of NC abnormality is a more sensitive
measure of DSPN than is assessment of neuropathy signs. We have further shown, using

six different composite NC scores, that the NC judgment of DSPN is markedly influenced
by which attributes of nerve conduction are evaluated. Composite scores of CVs and DLs
are sensitive for diagnoses whereas composite scores of CMAP/SNAP amplitudes are better
measures of polyneuropathy severity. We use composite score #2 (of CVs and DLs) to
demonstrate the prevalence of DSPN and composite score #4 (of CMAP/SNAP amplitudes)
for assessment of severity of DSPN.

The pathologic basis underlying abnormality of CVs and DLs from CMAP/SNAP
amplitudes has been studied in uremic, DSPN, and other varieties of peripheral
neuropathy.>4-56 In teased nerve fiber assessments at mid-calf level, axonal atrophy

and secondary segmented demyelination predominated, whereas at ankle level, axonal
degeneration predominated. Assuming that these length dependent pathologic alterations
are typical of DSPN would explain why abnormalities of CVs and DLs would develop prior
to decrease of CMAP/SNAP amplitudes. These functional/structural differences between
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use of CVs and DLs for detection and CMAP/SNAP amplitudes for assessment of severity

have increasingly been used in epidemiology surveys and therapeutic trials of sensorimotor
polyneuropathy.2245:57-61 These composite measures of NCs could increasingly also find a
place in high quality medical practice.®

The present study also provides information, albeit imperfect, on the prevalence and staged
severity of DSPN in mid North America. This information has special importance because
detection of DSPN was based on specific referenced diagnostic NC criteria and severity

of DSPN was based on highly defined and referenced NC criteria and the somatotopic
distribution of neuropathy signs. Although our survey of HS and persons with DM included
persons of different ethnicities, we recognize that recruitment to our studies was not as
disease or population based as desirable. To illustrate, we judge that NP1 from outlying
reservations and persons with DM and end-stage kidney disease typically failed selectively
to attend our clinics. Also, selection of Lat patients probably was biased toward selection of
young and healthy persons actively recruited to southern Minnesota for agricultural work.
Selection bias therefore could have reduced prevalence and staged severity of DSPN.58:62.63
However, the large number of HS and persons with DM, with and without DSPN of varying
severity, provided a wide range of DSPN severity useful for setting minimal criteria for
DSPN and for staging its severity, major objectives of present studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1:

Shown are the plotted individual values of motor nerve conduction velocities of ulnar,

fibular, and tibial nerves and of sural nerve distal latency of healthy subjects, without
diabetes, drawn from studied ethnic cohorts: RDNS, NPI, and Lat cohorts. Shown also is the
5t percentile regression line on height for conduction velocities and the 95™ regression line
for sural nerve distal latency. The percentile range difference related to age is indicated by
showing the difference in a person aged 25 and 75 years. These reference values were used
by us in formulating composite NC score #2 highly sensitive for the NC diagnosis of DSPN.
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Shown are individual values of the CMAPs of ulnar, fibular, and tibial nerves and of SNAP
amplitudes of sural nerve, attributes of NCs assessed in composite score #4. Shown are the
5t and 15t percentile regression lines for each of the assessed attributes of NCs. Composite
score #4 is not as sensitive for diagnosis of DSPN as is composite score #2, but is a more

useful measure of severity of DSPN as detailed in Discussion.
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Figure 3:

A plot of staged severity of DSPN in HS and persons with DM in studied mid North

American ethnic cohorts. Stage 0 is without abnormality of composite NC score #2, of four
sensitive CVs and DLs of limb nerves. Stage 1 persons have abnormality of composite NC
score #2 without neuropathy signs. Stage 2 has NC abnormality and neuropathy signs of feet
or legs. Stage 3 has NC abnormality and signs extending to the thighs.
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Figure 4:
The ROC/AUC plots of different measures of DSPN as compared to composite NC score

#2 of sensitive CVs and DLs of limb nerves. Individual sensitive MNCVs, as expected,
have large AUCs. NIS and composite NC score #4 had intermediate AUC values and fibular
CMAPs and sural SNAPs had lower values. This data indicates that composite score #2 of
CVs and DLs are sensitive measures of DSPN especially useful for diagnosis. Composite
score #4 of CMAP/SNAP amplitudes are less sensitive for the diagnosis of DSPN than
composite score #2 but are valid measures of staged severity proposed in this report.
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Table 1 -

Number and Percent of Healthy Subjects (HS) and Persons with Diabetes (DM) with Abnormality of
Individual Attributes of Nerve Conduction

3 HS Cohorts Combined

3 DM Cohorts Combined™

Difference in %

Fisher’s Exact Test

Total n | n (%) Abnormal | Totaln | n (%) Abnormal p
1. Fibular MNCV < 5t 394 18 (4.57) 379 179 (47.23) 42.66 <0.0001
2. Tibial MNCV < 5t 395 20 (5.06) 386 132 (34.20) 29.14 <0.0001
3. Ulnar MNCV < 5t 395 24 (6.08) 387 109 (28.17) 22.09 <0.0001
4, Tibial F-wave = 95t 392 16 (4.08) 377 86 (22.81) 18.73 <0.0001
5. Sural SNDL = 95t 387 19 (4.91) 329 68 (20.67) 15.76 <0.0001
6. Ulnar F-wave > 95t 393 18 (4.58) 383 76 (19.84) 15.26 <0.0001
7. Sural SNAP < 5t 395 18 (4.56) 388 71 (18.30) 13.74 <0.0001
8. Tibial CMAP < 5t 395 23(5.82) 388 69 (17.78) 11.96 <0.0001
9. Fibular CMAP < 5t 395 23(5.82) 388 67 (17.27) 11.45 <0.0001
10. Ulnar CMAP < 5t 395 18 (4.56) 388 58 (14.95) 10.39 <0.0001
11. Fibular MNDL = 95t 394 19 (4.82) 379 45 (11.87) 7.05 0.0004
12. Ulnar MNDL > 95 395 25 (6.33) 388 31(7.99) 1.66 0.4066
13. Tibial MNDL > 95t 395 23(5.82) 386 20 (5.18) -0.64 0.7548

Page 16

MNCYV = motor nerve conduction velocity, F-wave = F-wave latency, SNDL = sensory nerve distal latency, SNAP = sensory nerve action potential
amplitude, CMAP = compound muscle action potential amplitude, MNDL = motor nerve distal latency

*
McNemar’s test (S; p) of differences of frequencies of abnormality between pairs of individual attributes of nerve conduction: 1 vs. 2 (32.11;
<0.0001), 8 vs. 9 (0.06; 0.9007), 1 vs. 9 (108.45; <0.0001)
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Number and Percent of Healthy Subjects (HS) and Persons with Diabetes (DM) with Abnormality of

Table 2 -

Composite Measures of Attributes of Nerve Conduction Meeting DCCT Criteria

Page 17

Sural SNAP

- Fisher’s
3 HS Cohorts Combined | 3 DM Cohorts Combined’
Difference in Exact Test
%
n (%) n (%)
Total n Abnormal Total n Abnormal P

1.22pts *of any of > 1 Nerve of Fibular,
Ulnar or Tibial CMAPs, MNCVs or MNDLs 393 44 (11.20) 379 189 (49.87) 38.87 <0.0001
or Sural SNAP or SNDL7
2. 22 pts of any of > 1 of Fibular, Tibial or
Ulrar MNGV or Sural SNDL 394 15 (3.81) 376 151 (40.16) 36.35 <0.0001
3.2 2 pts of any of > 1 of Ulnar or Fibular
NGy Y 395 8 (2.03) 383 83 (21.67) 19.64 <0.0001
4. = 2 pts of any of > 1 of Fibular, Ulnar or
Tibial CMAPs or Sural SNAP 395 9(2.28) 388 72 (18.56) 16.28 <0.0001
2.2 2 pts of any of > 1 of Ulnar o Tibal 304 10 (2.54) 380 48 (12.63) 10.09 <0.0001
6. = 2 pts of any of > 1 of Ulnar MNCV or 395 4(L01) 388 28 (7.22) 6.21 <0.0001

MNCV = motor nerve conduction velocity, F-wave = F-wave latency, SNDL = sensory nerve distal latency, SNAP = sensory nerve action potential
amplitude, CMAP = compound muscle action potential amplitude, MNDL = motor nerve distal latency

*
> 5th\ < 95th = 0 pts (points); > 15t to < 5t \ > 95th to < 99th = 1 pt; < 15t > 99th = 2 pts

chNemar’s test (S; p) of differences of frequencies of abnormality between pairs of composite measures of attributes of nerve conduction: 1 vs. 2
(29.00; <0.0001), 1 vs. 4 (117.00; <0.0001), 2 vs. 4 (64.88; <0.0001)
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