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Abstract

Objecti�e: with the aim of evaluating predictive power, three simple screening tests as alternates to nerve conduction
tests for diagnosing diabetic peripheral neuropathy (DPN) were investigated. Results of the screening tests, along with
the subjects’ demographic and clinical characteristics, were planned as the variables for the development of a risk
assessment tool for predicting DPN. Design: this is a cross-sectional multi-group comparison study. The study utilized
a predictive model derived from one subset of the study population, and prospectively tested in the other subset to
predict the presence of neuropathy. Setting: Diabetic Neuropathy Research Clinic of the Toronto General Hospital
and University Health Network in Toronto, Ontario, Canada from June 1998 to August 1999. Sample population:
data come from 478 subjects consisting of non-diabetic reference subjects, and patients with type 1 and type 2 diabetes
mellitus. Outcome measures: nerve conduction studies (NCS) comprised the primary defined outcome. The three
screening sensory tests examined in the study were the Semmes–Weinstein 10 g monofilament examination (SWME),
superficial pain sensation, and vibration by the on–off method. Results: the three screening tests are significantly and
positively correlated with NCS. An increase in the number of insensate responses in the screening test is associated
with an increase in the abnormal NCS score. The strength of the association between NCS and each sensory test was
greater when the neuropathy severity stage of the subject was added to the model. Both the SWME and vibration by
the on–off method tests demonstrated sufficient statistical power to differentiate non-diabetic control subjects from
subjects with diabetes, as well as to differentiate subjects with diabetes with and without neuropathy. These two tests,
when compared with NCS, also demonstrated acceptable diagnostic performance characteristics in terms of high
sensitivity and specificity, total number of correctly predicted cases, and receiver-operating characteristic curves.
Conclusion: this data, through the development of a model involving training and validation sets, demonstrates that
the knowledge of clinical risk factors alters the interpretation of sensory tests for DPN. This finding lends further
support to the validity of simple sensory testing maneuvers in the conditional diagnosis of DPN. We recommend
annual screening with either the SWME or vibration by the on–off method in the primary care and diabetes clinics.
© 2001 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Nerve conduction studies (NCS) are the prima
facie and de facto measures used for the diagno-
sis of diabetic peripheral neuropathy (DPN).
The tests are deemed to be objective, reliable,
and sensitive, and can be used as statistical in-
struments or surrogate endpoints for neuropathy
in large clinical investigations of DPN [1–5].
NCS have also been recommended in the medi-
cal literature as the ‘gold standard’ to evaluate
and validate other screening maneuvers that are
used to diagnose peripheral neuropathy [5,6].
However, wide use and application of NCS re-
mains limited due to the costs of performing the
tests, limited availability of special laboratories
equipped to do the tests, and the long waits and
inconveniences that the patients undergo to have
such tests. The evaluation of peripheral neu-
ropathy in the diabetes clinic is thus a challeng-
ing task for physicians.

Clinical practice guidelines recommend annual
screening for neuropathy in all patients with di-
abetes as part of the routine assessment for
complications [1,7–9]. Peripheral neuropathy af-
fects 37% of people aged 18 years and above
with type 1 diabetes, and at least 20–40% of all
those with either Type 1 or 2 diabetes. The dia-
betes control and complications trial (DCCT)
showed that intensive insulin therapy in patients
with type 1 diabetes mellitus reduced the risk of
developing clinical and electrophysiological
deficits of DPN by 61% [10,11]. Early screening
and identification of the neuropathic process of-
fer the patient the opportunity to actively alter
the course of sub-optimal glycemic control and
to take appropriate actions that may lead to
significantly reduced morbidity. If neuropathy is
detected early, medical surveillance and lifestyle
changes decrease the likelihood of foot trauma
and other clinical symptoms associated with
neuropathy [12–14].

Simple screening maneuvers that are rapid but
provide accurate and reliable test results when
compared with NCS offer a chance to increase
the detection of peripheral neuropathy. Evidence
from clinical trials has shown the efficacy of

some strategies to reduce outcomes of amputa-
tion and ulceration [12–14]. However, the scope
of evidence currently available to discriminate
among possible screening methods in order to
find an optimal screening test is limited. This
may be due in part to study cohorts with re-
stricted spectrum of disease, lack of comparabil-
ity among screening methods, lack of
independently blinded examiners for individual
screening tests, and lack of a predictive model
with acceptable diagnostic operating characteris-
tics to permit clinical interpretation and appli-
cability of the results [15].

DPN is a major complication of diabetes with
social, economic and quality of life cost conse-
quences. By definition, peripheral neuropathy
must be detectable by clinical history and physi-
cal examination and confirmed by objective di-
agnostic tests [16]. The primary benefit of a
diagnostic sensory test is that it can be used to
determine (within a quantifiable margin of error)
those patients with DPN in a suspect population
prior to initiating a more costly and time con-
suming procedure such as the NCS. Thus one of
the goals of a cross-sectional cohort study [15]
was to develop a DPN risk assessment model,
reported here, based on each of the three differ-
ent sensory maneuvers evaluated and to define a
diagnostic test with sufficient operating charac-
teristics. While it is clear that the optimal
screening test cut-off point, termed the operating
point, can ultimately be determined only by
means of cost-effectiveness modeling, an alterna-
tive approach which achieves a sensitivity and
accuracy of greater than or equal to 85% while
optimizing specificity can provide an acceptable
operating point. Only cost-effectiveness studies
that account for both the direct and indirect
costs of this diabetes complication can confi-
dently determine whether findings from the
screening sensory tests are sufficient to establish
a diagnosis of peripheral neuropathy rather than
initiating NCS tests after clinical examination.

We evaluated the predictive ability of three
simple screening maneuvers, the SWME, superfi-
cial pain sensation, and vibration testing by the
on–off method, using NCS as the gold standard
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for DPN in a patient population consisting of
non-diabetic reference subjects, and patients with
type 1 and 2 diabetes mellitus. The screening tests
and clinical characteristics of patients in a training
set (also synonymously termed a ‘derivation set’)
were used to develop a risk assessment tool for
predicting which patients are more likely to have
a diagnosis of DPN. A validation set (also syn-
onymously termed a ‘test set’) was used to evalu-
ate the operating characteristics of this risk
assessment tool. The predictive ability of each
sensory test was evaluated using diagnostic per-
formance characteristics such as sensitivity, spe-
cificity, total accuracy, likelihood ratios, area
under the curve (AUC) and receiver operating
characteristics (ROC) curves.

2. Methods

2.1. Patient population

The study was conducted at the Diabetic Neu-
ropathy Research Clinic of the Toronto General
Hospital/University Health Network (TGH/
UHN) from June 1998 to August 1999. Four
hundred seventy eight subjects who met the study
eligibility criteria and gave informed consent were
used in the study. Approval from the UHN Re-
search Ethics Board was obtained prior to the
initiation of the study. A detailed description of
the study eligibility criteria and conduct have been
published elsewhere [17].

Study subjects provided informed consent and
underwent a thorough medical and neurological
evaluation in order to exclude neuropathy of
other etiologies [17]. Data on standardized bilat-
eral nerve conduction studies, that included motor
and sensory nerve tests performed by technolo-
gists blinded to the status of the subject, were
collected on each patient. The SWME, superficial
pain sensation and vibration by the on–off
method screening tests were performed on each
patient by different independent observers blinded
to all other test results including physical exami-
nation and medical history. Prior to the initiation
of the trial, training and practice sessions were
held for all examiners to minimize bias in test

reporting and ensure standardization of testing
methods for each screening test. The examiners
included physicians with different backgrounds
(specialists, family physicians), technicians and
trained medical assistants.

Of 478 patients, 11% (n=52) had no diabetes
(the reference group), 15% (n=70) had type 1
diabetes mellitus, and 74% (n=356) had type 2
diabetes mellitus. Complete data were required
for all subjects included in the multivariate
analyses.

2.2. Study design

The sample population was partitioned into
two groups in order to derive and validate models
used to develop the risk assessment tool. Data
from the first consecutive 346 patients, the train-
ing set, were used to build a risk assessment
model designed to help guide physicians in classi-
fying patients with abnormal from normal NCS
findings based on the sensory test outcomes and
clinical attributes of the patients. Data obtained
from the following consecutive 132 patients, the
validation set, were used to assess the validity of
the classification model constructed with the
training data set. Table 1 gives the summary
description of the patients contained in both
samples.

2.3. Clinical stratification assessment

Based on the neurological history and physical
examination performed on the subjects, results
showed marked differences in the subject popula-
tion with respect to stage of neuropathy. A clini-
cal stratification method was employed to
categorize the subjects according to neuropathy
severity grade. The criteria consisted of signs and
symptoms that are indicative of neuropathy.

The neuropathy severity grading was con-
structed as follows: six symptom scores compris-
ing pain, loss of balance, numbness, tingling,
upper limb symptoms, and weakness, with each
symptom scored as 1 (present) or 0 (absent); eight
reflex scores for bilateral knee and ankle reflexes
with each reflex graded as 2 (absent), 1 (reduced)
or 0 (normal); five sensory examination signs
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Table 1
Patient characteristics by sample classification

Characteristic Validation setTraining set

Dates of enrollment 1 April–30 July 199922 June 1998–31 March 1999
132346Number of patients

12.31�8.23 (346)Nerve conduction studies (NCS)a 11.86�8.71 (130)

Screening sensory testa

10 g Monofilament 2.78�2.86 (129)3.53�2.68 (345)
Vibration 1 (by on–off method) 2.32�2.88 (345) 1.96�2.91 (130)

2.01�2.61 (130)2.53�2.85 (344)Superficial pain sensation

Neuropathy se�erity stage (%)b

9.8 (34)Reference set 13.6 (18)
26.5 (35)13.3 (46)Non-neuropathic

20.5 (71)Mild 17.4 (23)
19.7 (26)24.0 (83)Moderate

Severe 22.7 (30)32.4 (112)

Diabetes mellitus status
17.4(23)Type 1 13.6 (47)
69.7 (92)76.3 (264)Type 2

10.1 (35)Reference set 12.9 (17)
55.01�11.70Age range (year) 52.92�11.40

1.69�0.091.71�0.09Height (cm)
8.28�1.59HbA1c 7.98�1.67

12.53�11.4711.20�11.19Duration of diabetes mellitus (year)

Gender (%)c

Male 63.6 (84)66.8 (231)
36.4 (48)33.2 (115)Female

Screening tests are population means of number of insensate responses per patient ranging from 0 to 8 for each test. NCS refers to
number of abnormal parameters on nerve conduction testing with a maximum possible value of 28 per patient. Numbers in
parentheses refer to number of observations in each subgroup. Where range is indicated, values are reported in mean�S.D. Two
subjects in validation set omitted from further analyses due to incomplete data.

a Two-tailed Student two- sample T-test: NCS (P=0.60); monofilament (P=0.01); vibration 1 (P=0.23); superficial pain
(P=0.07); age (P=0.08); height (P=0.19); HbA1c (P=0.08); duration of diabetes (P=0.25).

b �2-test square test: neuropathy stage (P=0.004); diabetes status (P=0.334).
c Fisher’s exact test: gender (P=0.52).

comprising pinprick, light touch, vibration, posi-
tion sense and temperature, with each sign scored
as 1 (present) or 0 (absent). The sensory tests were
performed at the toes. All the symptoms and signs
were combined for a total of 19 possible points.
For the purposes of the baseline analysis, subjects
were classified as having ‘no neuropathy’ if the
combined score was between 0 and 5, 6 and 8 for
‘mild neuropathy’; 9, 10 and 11 for ‘moderate
neuropathy’; and 12 or more for ‘severe
neuropathy’.

2.4. Ner�e conduction studies

NCS were performed on each patient using
temperature control and fixed distances. Details
of the NCS are provided in an earlier publication
[17]. Measurements of latencies, distances and
amplitudes were done in a standardized fashion
using onset latencies, and baseline-to-peak ampli-
tudes. Initial positive peak (if present) to negative
peak measurements were conducted for sensory
responses. F-waves were generated for all motor
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nerves. Conduction velocities were calculated for
both motor and sensory nerves.

All conduction velocity and distal amplitude
values for the NCS were score 0 for normal and 1
for abnormal. The normal range used for NCS
was the mean reference values�2 standard devia-
tions (S.D.). The total NCS score for a patient if
all the parameters were scored abnormal was 28
points comprising 16 motor and 12 sensory nerve
scores. The sum of the abnormal scores was used
to define the NCS score. A score of �3 abnormal
parameters in the NCS score defined DPN.

2.5. Sensory testing methods

For each testing modality, the patient was given
a reference sensation by application of the stimu-
lus to the sternum. The subject was asked with the
eyes closed to describe the sensations experienced
sequentially at the sites described [17].

The SWME testing was conducted using a 5.07
size (10 g-force) monofilament applied to a non-
callused site on the dorsum of the first toe just
proximal to the nail bed and repeated four times
on both feet in an arrhythmic manner by an
independent examiner. The examiner circled cor-
rect responses given by the patient on the scoring
sheet and then added the number of errors. The
SWME score is defined as the total number of
times the application of the monofilament was not
perceived by the subject and it varies from 0 to 8.

Superficial pain sensation testing was done by
using a sterile Neurotip (Owe Mumford, Oxford,
England) applied four times to the 2 sites de-
scribed for the SWME in an arrhythmic manner.
The superficial pain threshold is defined as the
total number of times the application of the pain
sensation was not perceived and it varies from 0
to 8.

Vibration testing by the on–off method was
conducted using a 128 Hz tuning fork applied to
the bony prominence situated at the dorsum of
the first toe bilaterally just proximal to the nail
bed. The patient was asked to report the percep-
tion of both the start of the vibration sensation
and cessation of vibration on dampening. The
testing was done twice on each toe and correct
responses were recorded on a standardized sheet.

The vibration score is defined as the total number
of times the application of the vibrating tuning
fork and the dampening of vibration was not felt.
The range varies between 0 and 8.

2.6. Statistical analysis

For baseline comparison of the two study co-
horts, we used the non-parametric Wilcoxon
rank-sum two-sample test for continuous vari-
ables, the Pearson’s chi-square test (�2-test) for
categorical variables, and Fisher’s exact test for
binary variables. Correlation analysis was per-
formed to examine the relationship between each
screening test and NCS. We employed the cluster
analytic technique to identify and define patient
clusters based on how similar the patients are in
terms of their clinical and demographic attributes,
position on the sensory test continuum, and NCS
findings.

Analysis was performed separately for the
training and validation data sets to examine if the
two samples reflect different cohorts of patients,
and the degree of similarity with respect to patient
attributes. All analyses were done on an intention-
to-treat basis. Where relevant a P-value of 0.05 or
less was considered as statistically significant.
Data management and analysis were carried out
using SAS software version 6.12 [18].

2.7. Construction and �alidation of the DPN risk
assessment model

Data obtained from 346 patients in the training
set were used to construct the initial model, while
data obtained from the 132 patients in the valida-
tion set were used to validate the model. Two
patients in the validation set had incomplete data
and were excluded from further analysis. Logistic
regression was used to develop the prediction
model for DPN with the NCS variable (abnormal
versus normal) as the dependent variable and the
sensory test as the predictor variable. Separate
models were constructed for each of the three
screening modalities to permit comparison and
assessment of the models with regards to which
one best predicted the NCS variable.
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The logistic regression model was further ex-
panded to include the subject’s clinical and demo-
graphic characteristics as predictor variables. The
variables included in the model were clinical neu-
ropathy stage, gender, age, height, hemoglobin
HbA1c, and duration of diabetes. Selection of
variables was based on the cluster analysis find-
ings and evidence from the medical literature.
Findings from the DCCT study suggest that sub-
jects with clinical peripheral neuropathy were
more likely to be older patients, male, taller, with
longer diabetes duration, and higher prevalence of
retinopathy [19].

For classification purposes, the model that
would isolate the largest number of cases with an
abnormal NCS finding was used for prediction. If
the model predicted a case to have greater than or
equal to 75% chance of having an abnormal NCS
score then this case was classified as an abnormal
NCS finding. After the construction and valida-
tion of the initial DPN risk assessment model, the
data obtained from all the 478 patients were
combined to develop a more extensive, revised
prediction model. The model serve as a tool for
predicting which patients exhibit higher propen-
sity of having DPN based on the defined clinical
characteristics and sensory test scores of subjects.
Assessment and evaluation of each screening sen-
sory test’s ability to predict NCS was done using
the diagnostic performance measures. The mea-
sures used are sensitivity, specificity, false positive
rate, positive and negative likelihood ratios, over-
all accuracy, area under the curve (AUC), and
receiver operating characteristic (ROC) curves.

A true-positive (TP) finding was defined as an
‘abnormal’ NCS finding correctly classified with
the model; a true-negative (TN) finding was
defined as a ‘normal’ NCS finding correctly
classified with the model. A false-positive (FP)
finding was defined as a ‘normal’ NCS finding
incorrectly classified by the model, while a false
negative (FN) finding was defined as an ‘abnor-
mal’ NCS finding incorrectly classified. The for-
mulae for computing the rates are sensi-
tivity=TP/(TP+FN), specificity=TN/(TN+
FP), and overall accuracy= (TP+TN)/(TP+
TN+FP+FN). ROC curves were obtained by
varying the stringency of the diagnostic criteria

for each sensory test. The cutoff criterion is
defined as the number of insensate responses to
the sensory test given by the patient. Thus for the
ROC curves, we examined different cutoff points
for each sensory test and this was used in the
logistic model for predicting whether a patient has
an abnormal NCS (that is, �3 abnormal parame-
ters in NCS score) as opposed to normal NCS
finding. AUC was computed by the method of
Hanley and McNeil [20].

3. Results

3.1. Patient profile and clinical assessment

The baseline clinical and demographic charac-
teristics of the study patients in the trained and
validation samples are shown in Table 1. With the
exception of the SWME test and neuropathy
severity status variables, the distribution of pa-
tients in the two study cohorts did not differ
significantly in all other attributes. The mean
NCS score for patients in the trained study cohort
was 3.7% greater than the NCS score for their
counterparts in the validation sample (12.31 vs.
11.86). On average, patients in the trained sample
gave 3.5 insensate responses to the SWME ques-
tions compared with 2.8 for patients in the valida-
tion sample (P=0.01). Many patients in both
study cohorts showed various clinical signs or
symptoms of peripheral neuropathy with more
cases in the ‘severe neuropathy’ category. A
smaller proportion of patients with diabetes was
diagnosed as non-neuropathic in the trained data
set, 13.3% (46 of 346), compared with 26.5% (35
of 132) of patients diagnosed in the validation
sample.

3.2. Correlation between ner�e conduction studies
and sensory tests

For the total sample, all three screening sensory
tests were positively inter-correlated (P�0.001)
and also significantly and positively correlated
with NCS (P�0.001) (data not shown). The sen-
sory tests’ correlation coefficients with NCS are
0.56, 0.54, and 0.57 for the SWME, superficial
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Table 2
Diagnostic performance characteristics for Semmes–Weinstein 10 g monofilament sensory test

Sensory test cut offaModel

Sensory test+risk factorsSensory test only

3 4 52 2 3 4 5

Training model (n=346)
1.822c 2.660c 2.691c 0.915a 1.074a 1.012 0.855Parameter estimateb 1.892c

64 40 31 9172 89Sensitivity (%) 88 87
77 95 97 79 79Specificity (%) 7971 79
67 51 44 8872 87Accuracy (%) 86 85
2.83 8.88 10.4 4.28Positive likelihood ratio (%) 4.192.49 4.13 4.09
0.46 0.62 0.71 0.120.40 0.14Negative likelihood ratio (%) 0.16 0.17

AUC (%) 70.871.5 67.9 64.2 84.8 83.9 83.1 82.8

Validated model (n=130)
58 35 30 82 83 85 87Sensitivity (%) 62
92 97 97 7684 73Specificity (%) 70 70
68 53 49 80 80 81 82Accuracy (%) 68
7.16 13.1 11.1 3.363.85 3.06Positive likelihood ratio (%) 2.86 2.93
0.46 0.66 0.72 0.24Negative likelihood ratio (%) 0.240.45 0.21 0.18

75.0 66.4 63.7 78.773.1 77.9AUC (%) 77.6 78.7

Re�ised model (n=473)
2.076c 2.766c 2.709c 0.931b1.963c 1.147bParameter estimatea 1.257a 1.058

63 39 31 86Sensitivity (%) 8670 84 85
82 96 97 8175 82Specificity (%) 79 79
67 52 45 85 85 83Accuracy (%) 8471

3.57 10.0 10.6 4.452.85 4.64Positive likelihood ratio (%) 3.94 3.99
0.45 0.63 0.71 0.17 0.18 0.20Negative likelihood ratio (%) 0.190.40

72.7 67.7 64.2 83.5 83.5 81.472.7 81.9AUC (%)

a Sensory test cutoff refers to the number of correct insensate responses. Screening tests are population means of number of
insensate responses per patient ranging from 0 to 8 for each test. NCS refers to number of abnormal parameters on nerve conduction
testing with a maximum possible value of 28 per patient.

b Regression model parameter estimate of sensory test on NCS. (a) P�0.05; (b) P�0.01; (c) P�0.001. Risk factors included in
the model: neuropathy severity stage, family history of diabetes mellitus, duration of diabetes, age, height, sex, and HbA1c.

pain sensation, and vibration by the on–off
method, respectively. When all other factors are
considered, an increase in the number of insensate
responses to the sensory tests is associated with an
increase in the NCS score (a score �3 in the
latter indicating abnormal results). The direction
and strength of the association between NCS and
each of the sensory tests remained unchanged
when the study cohort was added to the model.
Examining the association between the screening
tests and NCS after adding in patient neuropathy
severity stage provided further information. For
the reference subject population, the association
between any sensory test and NCS was not signifi-

cant. On the other hand, the correlation coeffi-
cients were positive and increased in magnitude
(true for all sensory tests) as the baseline neuropa-
thy condition of the patient worsened. The abso-
lute values of these correlation coefficients range
from 0.32 to 0.50.

3.3. Initial model construction and �alidation

3.3.1. SWME
The first panel in Table 2 displays the diagnos-

tic performance characteristics for the SWME
sensory test model using the trained sample data.
We compared the test’s ability to predict NCS
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alone and the effects when other variables were
added to the model. The magnitude and sign of
the regression estimates in row 1 of panel 1 of the
table indicate a strong and positive relationship
between the sensory test and NCS. Regardless of
the cutoff threshold used, abnormal findings on
the SWME test are strong indicators of abnormal
NCS findings. After inclusion of other risk factors
in the model, at least two or three incorrect
responses are necessary in order that the test be
able to predict NCS with statistically significant
results. The performance characteristics for the
test given two insensate responses and without the
risk factors in the model are a sensitivity of 72%,
a specificity of 71%, and an accuracy of 72% and
AUC of 71.5%. When the risk factors are in-
cluded in the model, there was a statistically
significant improvement in the test’s ability to
predict NCS. For a cutoff threshold of two, both
the sensitivity and specificity increased by a mag-
nitude of 19 and 7% points, respectively. The
observed percentage points increase in accuracy
with AUC parameters of 16 and 13, respectively.
The findings are very similar, when we also con-
sidered the performance characteristics of the
model given a cutoff threshold of three insensate
responses.

Panel 2 of the same table shows the results of
the validated model for the SWME test. The
purpose of the validated model is to validate the
results obtained from the postulated model built
with the trained sample data. Patients in the
validation sample data set were excluded from the
data set used to construct the training model, but
the regression estimates of the latter model were
used to predict the NCS outcomes for patients in
the validation sample. The diagnostic perfor-
mance characteristics can be used to evaluate the
predictive ability of the training model if our
assumption of linear and additive relationship
between the test and NCS is correct. As results in
panel 2 of Table 2 indicate, the validated predic-
tive model had a sensitivity of 83%, a specificity of
73%, AUC of 78%, and an overall accuracy of
80% for the cutoff threshold of three incorrect
responses. As found in the training model, there
was a significant improvement in the performance

measures for the validated model when the risk
factors are used in conjunction with the test to
predict NCS.

3.3.2. Superficial pain sensation
The diagnostic performance characteristics ob-

tained for the training model when only the su-
perficial pain sensation modality was the predictor
variable and other risk factors for neuropathy are
added to the model are shown in panel 1 of Table
3. When the effect of the sensory test was consid-
ered alone, the associated values for sensitivity,
specificity, AUC and overall accuracy were 48, 88,
67.9 and 55%, respectively, for a cutoff threshold
of two. These values are not statistically signifi-
cantly different from those obtained for the same
model with the cutoff threshold of three. This
model demonstrated a directly proportional asso-
ciation between the number of incorrect responses
with the test’s ability to predict the true value of
NCS. The magnitude of the regression estimate
for superficial pain sensation and the sensitivity
and overall accuracy values for the model with the
cutoff threshold of four and five incorrect re-
sponses were much larger than those obtained for
the models with the cutoff threshold of two and
three incorrect responses. Interestingly, when we
added other risk factors for neuropathy to the
model, the significant effect of superficial pain
sensation disappeared. Panel 2 of Table 3 shows
the results of the validated model and the associ-
ated performance characteristics when the initial
training model was applied in 130 prospectively
enrolled patients whose cases were not used to
develop the model.

3.3.3. Vibration by the on–off method
Table 4 shows the diagnostic performance char-

acteristics of both the training and validated pre-
dictive models for various cutoff thresholds for
the vibration by the on–off method sensory test.
Like the 10 g monofilament modality, the test
showed a very strong positive relationship with
NCS. A directly proportional association between
the number of incorrect responses for vibration by
the on–off method with the test’s ability to predict
the true value of NCS was observed. The effect of
the screening test persisted with the addition of
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Table 3
Diagnostic performance characteristics for superficial pain sensation sensory test

Sensory test cutoffaModel

Sensory test+risk factorsSensory test only

3 4 5 2 3 4 52

Training model (n=346)
1.886c 2.433cParameter estimateb 3.008b1.909c 0.333 0.253 0.502 1.293

44 99Sensitivity (%) 9948 86 87 87 86
89 3 3 8088 80Specificity (%) 82 82

Accuracy (%) 5255 80 80 85 86 86 85
4.11 1.02 1.02 4.393.95 4.41Positive likelihood ratio (%) 4.77 4.73
0.63 0.24 0.24 0.17Negative likelihood ratio (%) 0.160.59 0.16 0.17

66.5 51.1 51.1 83.467.9 83.5AUC (%) 84.3 83.9

Validated model (n=130)
35 99 99 8643 86Sensitivity (%) 86 86
92 5 5 73Specificity (%) 7392 73 73
52 71 71 8257 82Accuracy (%) 82 82

5.30Positive likelihood ratio (%) 4.38 1.04 1.04 3.18 3.18 3.18 3.18
0.70 0.21 0.21 0.190.62 0.19Negative likelihood ratio (%) 0.19 0.19

AUC (%) 63.767.5 52.0 52.0 79.5 79.5 79.5 79.5

Re�ised model (n=473)
1.903c 2.472c 2.697c 0.378 0.035 0.532 0.536Parameter estimatea 2.005c

42 25 23 8547 86Sensitivity (%) 86 86
90 97 98 80Specificity (%) 8089 81 81
52 42 39 8456 84Accuracy (%) 84 84
4.31 9.00 11.7Positive likelihood ratio (%) 4.164.40 4.21 4.40 4.40
0.64 0.76 0.79 0.190.59 0.18Negative likelihood ratio (%) 0.18 0.18

66.1 61.7 60.4 82.2AUC (%) 82.768.2 83.1 83.1

a Sensory test cutoff refers to the number of correct insensate responses.
b Regression model parameter estimate of sensory test on NCS. (a) P�0.05; (b) P�0.01; (c) P�0.001. Risk factors included in

the model: neuropathy severity stage, family history of diabetes mellitus, duration of diabetes, age, height, sex, and HbA1c.

risk factors in the model but was only significant
for the models with cutoff thresholds of two and
three. For the latter threshold, the associated
sensitivity, specificity, AUC and overall accuracy
were 87, 83, 85.2 and 86%, respectively.

The initial training model for this test was also
applied in 130 prospectively enrolled patients
whose cases were excluded from the data set used
to develop the model. The resulting diagnostic
performance characteristics for the validated
model across the range of cutoff thresholds are
shown in panel 2 of Table 4. For the model
containing the sensory test and risk factors and
for cutoff threshold equal to 3, we observed a
sensitivity of 86%, a specificity of 83%, an AUC
of 85.2% and an overall accuracy of 86%.

3.3.4. Construction of the re�ised interpretation
model

Both the training and validation samples were
combined to develop the revised model and this
was used to construct the DPN risk assessment
model specific to each sensory test. The latter
model can be used to assess the value of each
screening test as a single predictor of NCS for the
diagnosis of DPN when considering the clinical
and demographic characteristics of the subjects.

The diagnostic performance characteristics of
the revised model for various test cutoff points are
shown in the last panel of Tables 2–4 for each
sensory test. In Table 2 for example, when the
cutoff is three insensate responses for the SWME,
the model shows a sensitivity of 86%, a specificity
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Table 4
Diagnostic performance characteristics for vibration 1 (by on–off method) sensory test

Model Sensory test cutoffa

Sensory test+risk factorsSensory test only

5 2 3 4 52 3 4

Training model (n=346)
1.957Parameter estimateb 2.1542.937c 1.845a1.436a2.901b3.118b3.228c

8787871004447Sensitivity (%) 87100
7939795 83Specificity (%) 3 82 82

56Accuracy (%) 54 81 81 85 86 86 86
4.7710.4 1.03 1.03 4.09 5.23Positive likelihood ratio (%) 4.7914.5

0.160.150.170.12 0.160.120.580.55Negative likelihood ratio (%)
85.2 84.5 84.3AUC (%) 71.3 70.4 51.3 51.3 82.8

Validated model (n=130)
40Sensitivity (%) 99 9934 87 86 86 87

737373559792 73Specificity (%)
71715255 83Accuracy (%) 82 82 83

Positive likelihood ratio (%) 4.91 12.7 1.04 1.04 3.22 3.18 3.18 3.22
0.19 0.19 0.18Negative likelihood ratio (%) 0.66 0.67 0.21 0.21 0.18

65.8 65.9 52.0 52.0AUC (%) 80.0 79.5 79.5 80.0

Re�ised model (n=473)
2.605c 3.175c 3.544c 3.381cParameter estimatea 0.954 1.579a 2.311a 2.107

22 84 84 85Sensitivity (%) 46 42 8625
81 82 82Specificity (%) 94 97 99 99 81

83 83 84Accuracy (%) 56 54 41 8539
7.82 14.3 26.1 23.0Positive likelihood ratio (%) 4.32 4.32 4.62 4.65

0.180.200.200.780.750.600.58 0.17Negative likelihood ratio (%)
82.2 83.4 83.782.262.2 60.769.4AUC (%) 69.9

a Sensory test cutoff refers to the number of correct insensate responses.
b Regression model parameter estimate of sensory test on NCS. (a) P�0.05; (b) P�0.01; (c) P�0.001. Risk factors included in

the model: neuropathy severity stage, family history of diabetes mellitus, duration of diabetes, age, height, sex, and HbA1c.

of 82%, accuracy of 85%, AUC of 84%, and
positive and negative likelihood ratios of 4.64 and
0.18. For the superficial pain sensation test, the
respective associated values are a sensitivity of
86%, a specificity of 80%, accuracy of 84%, AUC
of 83%, and positive and negative likelihood ra-
tios of 4.21 and 0.18. The observed values for
vibration by the on–off method screening test are
a sensitivity of 84%, a specificity of 81%, accuracy
of 83%, AUC of 82%, and positive and negative
likelihood ratios of 4.32 and 0.20, respectively.

3.3.5. Choosing the sensory test operating point
The best cut-off point on the validated model

and revised model for each of the three screening
tests that best accomplished the goals of this

study is less than or equal to three insensate
responses (Tables 1–3). At that point, any consid-
eration of more than three insensate responses did
not produce information and power sufficient
enough to discriminate between abnormal and
normal neuropathy status when considering the
patient’s clinical and demographic characteristics.

3.3.6. The peripheral neuropathy risk assessment
model

The DPN risk assessment model used the opti-
mal operating point of greater than three insen-
sate responses to define an ‘abnormal’ test result
and less than or equal to three for a ‘normal’ test
result (�3 vs. �3) for each sensory test. The
ability of each test to predict the odds of a DPN
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diagnosis in patients with different clinical and
demographic profiles was evaluated. Furthermore,
the specific sensory test modality that best predicts
the odds of DPN, as well as the clinical character-
istic risk factors were identified. The degree to
which the power of each screening test to predict
a diagnosis of DPN changed when adjusted for
the effects of risk factors in the model was estab-
lished. Table 5 illustrates the results of the logistic
regression model used to address these issues.

For the SWME sensory test, the odds of DPN
are positively and significantly associated with the
sensory test, age, HbA1c, and duration of diabetes,
and significantly linearly related with neuropathy
severity stage. The odds ratio of 3.149 (=e1.47,
P�0.01) is the odds of an abnormal NCS finding
for an abnormal SWME test result relative to
normal test results adjusted for neuropathy sever-
ity stage and other risk factors. The estimated
odds compared with the adjusted odds of 7.973
(=e2.076, P�0.001, see the parameter estimate for
the revised model in Table 2), suggest that the

effect of the SWME test in detecting DPN was
more than halved when demographic and clinical
factors were added into the model.

The estimated values for neuropathy severity
stage indicate a linear relationship with DPN,
abnormal NCS findings are more prevalent in the
severe neuropathy severity stage group, followed
by the moderate, mild, and non-neuropathic
groups, respectively. The least probable likelihood
of abnormal NCS results is found in the reference
subjects. As seen in the Dyck et al. study, [21]
abnormality as indicated by NCS differentiates
non-diabetic control subjects from subjects with
diabetes, as well as subjects with diabetes with and
without neuropathy. The values of 1.063 (=e0.061)
and 1.076 (=e0.073) indicate the relative change in
the odds of having DPN for each unit year in-
crease in age and unit year increase in the dura-
tion of diabetes, respectively, holding other
variables constant. The odds of DPN also increase
by a factor of 1.284 per percent increase in HbA1c.

Table 5
Regression estimates from final revised model for predicting neuropathy using the three sensory testsa

Variable Screening test model

Vibration 1 (by on–off method)10 g Monofilament Superficial pain sensation

Estimate Odds ratio Estimate Odds ratio Estimate Odds ratio

−3.528 0.029 −3.940Intercept 0.019 −2.432 0.088
1.0361.147 1.579 4.850a3.149b 0.035Sensory test

(abnormal versus normal)a

Neuropathy se�erity stage
0.030c−3.5060.024c−3.715Reference 0.041c−3.199

Non-neuropathic 0.053c−2.697 0.067c −3.169 0.042 c −2.938
−1.753 0.173a −2.039Mild 0.130b −1.840 0.159b

0.293−1.2280.281−1.269Moderate 0.341−1.076
Severe (reference)

1.069a 0.060 1.062cAge (year) 1.063c0.061 0.067
0.419 1.520 1.092Height (cm) 2.980 0.259 1.296

Sex (female vs. male) −1.152 0.316 −0.994 0.370a −0.996 0.037a

1.073Duration of diabetes (year) 0.0701.076c 1.068b0.0670.073
0.636 1.664Family history of diabetes 1.889 0.552 1.737 0.509

(none vs. yes)
0.250 1.284aHbA1c 0.209 1.232 0.204 1.226

a Regression model parameter estimate of sensory test on NCS. A sensory test cutoff of three insensate responses was used to
differentiate between ‘abnormal’ from ‘normal’ screening test result (see text for detailed explanation). (a) P�0.05; (b) P�0.01; (c)
P�0.001.
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Similar results were observed for vibration by
the on–off method screening test. The odds of
abnormal NCS findings for patients with
abnormal test results relative to normal test
results adjusted for risk factors is 4.850.
Neuropathy severity stage, age, duration of
diabetes, and sex were all significantly associated
with the NCS outcome. The odds ratio for the
gender variable, 0.369 (=e−0.996), indicates that
abnormal NCS outcomes are less likely for
females compared with males in this population.
Similar to the SWME test, inclusion of other risk
factors in the model leads to more than a 50%
reduction in the predictive ability of this test to
diagnose DPN. When the risk factors are
excluded from the model, the odds of a DPN
diagnosis are 23.93 (=e3.1735, P�0.001) times
more likely to occur among patients with
abnormal test results relative to those with normal
test results (see the last panel of Table 4).

The findings for superficial pain sensory test
differ from those of the two modalities discussed
above. Although NCS results were positively
associated with this test when keeping all
other factors in the model constant, the effect was
not significant. On the other hand, the observed
ability of superficial pain sensation (odds=
6.593, P�0.001) to predict NCS outcomes
was significant when the association between
this test and NCS alone were analyzed (see
Table 3).

4. Discussion

Nerve conduction studies are valuable as sur-
rogate markers or endpoint variables for periph-
eral neuropathy in controlled clinical trials
[2,5,22]. The measures are very accurate, objec-
tive, sensitive, and also a valid instrument for
the study of severity and progression of neu-
ropathy [1,2]. While NCS measures have been
used successfully in large, multi-center clinical
investigations of DPN, the use of NCS for gen-
eral screening for neuropathy in the diabetes
clinics has been a subject of debate [3,4,8]. The
common criticisms against the use of this mea-
sure in the primary care clinic or diabetes clinic

are related to the time-consuming and costly na-
ture of NCS, as well as to limited availability.

Given these limitations of NCS, other screen-
ing methods for neuropathy in the diabetes
clinic are desirable. The ideal neuropathy screen-
ing instrument is one that provides comparably
accurate and objective results, but that is less
time-consuming, readily available, and reliable.
In terms of statistical properties, the screening
instrument must have high sensitivity, specificity
and positive likelihood ratio with a low negative
likelihood ratio to be a valid instrument. When
such an instrument is applied to a broad spec-
trum of subjects of unknown neuropathy and
diabetes status, the method must possess suffi-
cient statistical power to clearly identify non-di-
abetic control subjects, as well as to determine
the neuropathic status of subjects with diabetes.

Rigorous investigation has demonstrated the
utility of the SWME as a screening instrument
for neuropathic foot complications [23,24]. The
current study applied similar rigorous investiga-
tion to simple clinical tests in comparison to
NCS, and reports that both the SWME and vi-
bration by the on–off method meet the statisti-
cal requirements for a valid screening instrument
as assessed by a cross-sectional study design.
Sensation to superficial pain has less power to
discriminate between neuropathic and non-neu-
ropathic subjects, although this test met some of
the statistical requirements for screening. Within
the context of operating point thresholds consid-
ered in this study, the SWME and vibration by
the on–off method tests demonstrate acceptable
diagnostic performance characteristics in terms
of high sensitivity and specificity, as well as high
positive and low negative likelihood ratios. The
diagnosis of DPN, as evaluated by this study,
defines less than or equal to three insensate re-
sponses as the operating point threshold for
both sensory tests. More than three incorrect
responses to the stimuli rule in peripheral neu-
ropathy. This testing is brief, logistically simple,
inexpensive, and readily available in contrast to
NCS [17]. However, this specific operating point
requires the knowledge of DPN clinical risk fac-
tors, and the ability to incorporate these vari-
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ables into the interpretation of physical examina-
tion results.

The earlier published initial report on the valid-
ity of three sensory screening modalities in the
same study cohort [17] revealed that the SWME,
vibration by the on–off method, as well as superfi-
cial pain sensation are rapid, reliable, repro-
ducible, and valid tests with similar statistical
operating characteristics on logistic regression
analyses. The discovery of five or more insensate
stimuli out of eight was found in that investiga-
tion to rule in DPN. The current study was
intended to extend the statistical inferences of the
initial report by applying a more sophisticated
statistical modeling technique in order to further
demonstrate the validity of these maneuvers. The
model was derived from a training set, and tested
in a validation set with an emphasis on incorpo-
rating potential DPN clinical risk factors. This
study demonstrates that the knowledge of clinical
risk factors alters the operating point for sensory
tests in diagnosing DPN. This finding, since it is
derived from a separate statistical methods ap-
proach to the interpretation of a common cohort
and provides similar results, increases the confi-
dence in these sensory tests as valid screening
maneuvers for DPN. Since a screening maneuver
is performed, by definition, in the absence of the
knowledge of pre-test probability for the diagno-
sis of DPN, it is recommended that the operating
points derived from an unadjusted analysis be
used in clinical practice. Therefore, we recom-
mend annual screening with either the SWME or
vibration by the on–off method as earlier de-
scribed [17] by the technique of five or more
insensate responses out of eight for the condi-
tional diagnosis of DPN in the primary care and
diabetes clinic.
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