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Background: Focal and generalized neuropathies, such as carpal tunnel syndrome and diabetic periph-
eral neuropathy, have high prevalence among the US population. Primary care physicians are increas-
ingly using computerized electrodiagnostic (EDX) testing to evaluate these patients. The impact of this
diagnostic modality on physician diagnostic reasoning and patient management has not been directly

studied.

Methods: Consecutive computerized EDX tests conducted in a primary care clinic were prospectively
evaluated using a diagnostic before-and-after study design. The pretest diagnosis and patient manage-
ment plan were noted before EDX testing. Five clinical outcomes were assessed after the test: (1) test
abnormality, (2) confirmation of pretest diagnosis, (3) change in pretest diagnosis, (4) expansion of
pretest diagnosis, and (5) change to patient management plan.

Results: One hundred computerized EDX tests were performed among 85 patients. A total of 88 tests
were abnormal. The pretest diagnosis was confirmed in 59 tests. The pretest diagnosis was changed by
14 tests and it was expanded by 18 tests. The computerized EDX tests triggered a change in clinical
management in 30 cases, with referral to orthopedic surgery and metabolic workup for polyneuropathy

as the most common changes.

Conclusions: Computerized EDX testing was clinically valuable in patients with moderate to high
pretest probability of common neuropathies such as carpal tunnel syndrome and diabetic polyneurop-
athy. In approximately one third of cases, the test led to a change in clinical management. (J Am Board

Fam Med 2010;23:584-590.)
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Focal and generalized neuropathies have become
increasingly common during the past several de-
cades. A study of carpal tunnel syndrome’ among
the general population reported a 14.4% preva-
lence of symptoms in the median nerve distribution
and a 2.7% prevalence of electrodiagnostically con-
firmed disease. In a population-based study of dia-
betes,” 22% of participants had moderate to severe
peripheral neuropathy. Another large study re-
cently showed that peripheral sensory neuropathies
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are common, with a prevalence of 31% among
primary care patients aged 65 years or older.’ Be-
cause of the high prevalence of focal and general-
ized neuropathies, family and internal medicine
physicians may now be encountering neuropathies
at higher rates and earlier in their natural history.

Although a neurological examination is central to
the workup of patients with suspected neuropathies,
it may not have adequate diagnostic accuracy.*~°
Therefore, objective confirmation of a neuropathy
and grading of severity may benefit patient manage-
ment.” Nerve conduction studies (NCSs) provide the
most objective and reliable diagnostic assessment of
neuropathies.*’ As such, expanded access to NCSs
has the potential to improve clinical outcomes.’
However, constraints on the availability of NCSs
have probably limited its usage,”'® particularly within
primary care and early in the episode of care. In
response, technological advances in computerized
electrodiagnostic (EDX) instrumentation and meth-
ods have been introduced during the past 10 years.
These innovations include nerve-specific electrode
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arrays, computer-aided data acquisition, and deci-
sion support.'! Because this technology standard-
izes and automates NCSs up to the point of diag-
nostic interpretation (which is performed by the
physician), data quality is essentially independent of
clinical setting. This property has led to use of
computerized EDX instrumentation in multicenter
drug registration trials'? and large-scale epidemio-
logic studies.'*'* Further, because of inherent con-
sistency, the accuracy of the results as assessed in
controlled clinical studies should translate to clin-
ical practice. Diagnostic accuracy, with traditional
EDX instrumentation or neuroimaging (for radic-
ulopathy) as reference standards, has been reported
for carpal tunnel syndrome,' ™7 upper-extremity
nerve function in symptomatic patients,"®° dia-
betic peripheral neuropathy,?’*? lumbosacral ra-
diculopathy,?>? and lower-extremity nerve func-
tion in symptomatic patients.*”

Computerized EDX studies are now com-
monly provided by primary care physicians. Sev-
eral large observational studies have evaluated
the use of NCSs within primary care.”®?? These
studies showed that patient selection was appropri-
ate and that computerized EDX testing results had
the potential to alter pretest diagnoses. However,
these studies did not specifically evaluate the clin-
ical impact of testing.*° The objective of this study
was to measure changes in physician diagnostic
reasoning and patient management resulting from
computerized EDX testing in primary care.

Methods

"This study was designed as a prospective diagnostic
before-and-after’! examination of the impact of
computerized EDX'! testing on physician diagnos-
tic reasoning and patient management. All patients
were seen at a single clinic staffed by a group of 5
outpatient-only, primary care—based internists, all
board certified in internal medicine. The clinic is
located in an urban setting; however, it also draws
patients from outlying suburban and rural areas. A
clinical diagnosis was made from the symptoms and
physical examination, and then computerized EDX
testing was conducted when deemed medically
valuable during the course of routine clinical care.
Specific screening or selection criteria were not
applied. A total of 165 consecutive computerized
EDX tests conducted during a 13-month period
were evaluated. The first 65 studies were evaluated

retrospectively by chart review and the results were
used to refine the outcome definitions and study
procedures for the prospective phase. The next 100
studies were evaluated prospectively and formed
the study data set. Both the retrospective chart
reviews and the prospective assessment of out-
comes were performed by the principle investigator
(MMS). The computerized EDX testing was per-
formed by trained clinical staff with supervision and
clinical interpretation by the principle investigator.
The outcome data were collected as part of a tech-
nology assessment to determine whether comput-
erized EDX testing within primary care was feasi-
ble and clinically useful. This study was performed
in accordance with institutional review board pol-
icies at the parent institution.

All of the EDX studies were performed using
a single computerized EDX device (NC-stat;
NeuroMetrix, Inc., Waltham, MA). This device
was used as clinically indicated. Device operation
has been described previously.'" In brief, this de-
vice comprises nerve-specific electrode arrays that
standardize nerve conduction measurements, data
acquisition, analysis instrumentation, and comput-
erized decision support. The device outputs nerve
conduction parameter values, a comparison of
those values to normative data, and a list of neu-
ropathy types that are consistent with the measure-
ments. This latter output is similar to the analyses
provided by modern electrocardiography devices.*?
The algorithms are proprietary but generally based
on evidence-based practice parameters,'' such as
those published for carpal tunnel syndrome® and
peripheral neuropathy.’

Before initiating the study, 5 clinical outcomes
were defined. The first was whether or not the
EDX test was abnormal. A test was defined as
abnormal if the computerized EDX device identi-
fied any nerves as having abnormal nerve conduc-
tion measurements, regardless of whether the phy-
sician regarded those abnormalities as clinically
significant. The second was whether the comput-
erized EDX output confirmed the pretest diagno-
sis. The third was whether the computerized EDX
test changed the physician’s pretest diagnosis. This
was defined as a complete change from the sus-
pected pretest diagnosis to another diagnosis. The
fourth was whether the computerized EDX test
expanded the pretest diagnosis by adding a previ-
ously unsuspected diagnosis. Asymptomatic condi-
tions were included if they were moderate or severe
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by NCS criteria. The fifth was whether the plan of
care was altered by the computerized EDX test.
This was defined as ordering a diagnostic test (eg,
imaging, blood tests), implementing a change in
therapy (eg, use of splinting), or initiating a referral
(eg, orthopedic surgery, podiatry, neurology) be-
cause of the computerized EDX results. The type
of change was recorded. During the prospective
phase the pretest diagnosis and treatment plan were
noted by the principle investigator before the com-
puterized EDX test was performed. The diagnosis
after the EDX test was generally based on the
NC-stat output unless the principle investigator
disagreed with the analyses based on the clinical
assessment. This occurred most often when nerve
conduction measurements were technically normal
(ie, within 2 SDs of the mean) but at the high end
of the reference range, which indicated consistency
but not absolute agreement with the clinical diag-
nosis. These instances were logged and are re-
ported in the Results section, below. The diagnosis
after the test and changes to the treatment plan
were determined within several days of receipt of
the computerized EDX results.

The outcome data were primarily analyzed using
descriptive statistics. The homogeneity of outcomes
among the pretest diagnostic categories was evaluated
using the contingency x° test. Homogeneity was re-
jected at the P < .1 significance level. 95% Cls were
determined for each of the clinical outcomes.

Results

A total of 100 computerized EDX tests from 85
different patients performed during a 10-month
period (February through November, 2007) were
analyzed prospectively. Among the patients evalu-
ated, 56.6% were women; the mean age was 60.0 *

16.8 years, with 53.0% =65 years; mean body mass
index was 30.3 = 7.1 kg/m?, with 21.7% considered
severely or morbidly obese (=35 kg/m?).

Table 1 lists clinical outcomes by pretest diag-
nosis. The most common specific diagnoses were
carpal tunnel syndrome and diabetic polyneurop-
athy. In 20 tests, the pretest diagnosis was both
lumobsacral radiculopathy and polyneuropathy.
On average, 5.9 = 1.6 nerves (motor or sensory)
were tested per study, and 3.3 £ 2.6 nerves were
abnormal. Eighty-eight of 100 tests were abnormal
as defined by the presence of at least one abnormal
nerve. The results of one test were normal, but the
patient had significant clinical symptoms and was
immediately referred for magnetic resonance im-
aging. In 7 tests all of the nerves relevant to the
pretest diagnosis (eg, median nerve for carpal tun-
nel syndrome) were normal; however, there was no
change in diagnosis after the test. In other words,
the pretest diagnosis was retained based on clinical
findings. Mild NCS abnormalities without clinical
significance were identified in 34 tests. In many
cases these findings were incidental to abnormali-
ties that confirmed the pretest diagnosis (eg, mild
ulnar abnormalities in carpal tunnel syndrome).

In 59 tests (95% CI, 49-68), the pretest diag-
nosis was confirmed by computerized EDX testing.
"This outcome ranged from 36.4% of tests for non-
specific polyneuropathies to 76.5% of tests for car-
pal tunnel syndrome (see Table 1). The distribu-
tion of outcomes was heterogeneous. In an
additional 14 tests, the results were within normal
limits but near the abnormality threshold and
therefore were consistent with the pretest diagno-
sis. Seven tests were inadequate because of incom-
plete data or technical difficulties that prevented

Table 1. Clinical Impact of Computerized Electrodiagnostic Testing (n = 100)

Impact on Pretest DX (%)

Pretest DX n Confirmed DX* Changed DX* Expanded DX Changed Management
Carpal tunnel syndrome 34 76.5 0.0 20.6 41.2

Diabetic PN 18 55.6 5.6 16.7 222

Other PN 11 36.4 27.3 18.2 27.3

LSR 17 41.2 17.6 59 294

LSR or PN 20 60.0 35.0 25.0 20.0

Total [n (95% CI)] 100 59 (49-68) 14 (8-22) 18 (12-27) 30 (22-40)
“Homogeneity among the pretest diagnostic categories rejected by contingency x* test at P < .1.

DX, diagnosis; LSR, lumbosacral radiculopathy; PN, polyneuropathy.
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evaluation of the pretest diagnosis. The remaining
27 tests did not confirm the pretest diagnosis.

A total of 14 computerized EDX tests (95% CI,
8-22) changed the pretest diagnosis. In those tests
with a pretest diagnosis of carpal tunnel syndrome,
there were no instances of the test changing the
pretest diagnosis. Conversely, when the pretest di-
agnosis was lumbosacral radiculopathy and poly-
neuropathy, 35% of tests changed the diagnosis.
This distribution was statistically significant (ie,
homogeneity rejected). In 18 tests (95% CI, 12—
27), computerized EDX tests expanded the pretest
differential diagnosis with one or more additional
diagnosis. For example, several patients with puta-
tive carpal tunnel syndrome were identified as po-
tentially also having an ulnar neuropathy or poly-
neuropathy. In aggregate, 31 computerized EDX
tests either changed or expanded the pretest diag-
nosis.

The computerized EDX tests triggered a change
in the clinical management plan in 30 cases (95%
CI, 22-40). The distribution of rates among the
diagnostic categories was limited and heterogeneity
was rejected. A summary of the changes in patient
management is provided in Table 2. The most
common changes were referral to orthopedic sur-
gery and metabolic workup for polyneuropathy.
Other changes included referral to a podiatrist,
further diagnostic testing, and specific treatments.
Among the 30 patients with altered management
plans, the computerized EDX test confirmed the
pretest diagnosis of 24 (80%).

Discussion
This prospective diagnostic before-and-after study’'
demonstrated that computerized EDX testing in a

Table 2. Changes in Clinical Management Resulting from
Computerized Electrodiagnostic Testing (n = 30)

Change Count*

Orthopedic referral
Metabolic work-up for PN
NCS work-up for CTS
Prescribe splints

Change medication
Podiatry referral

Order MRI

U N N NN

*Sum is >30 because one study had 2 management changes.
PN, polyneuropathy; NCS, nerve conduction studies; CTS,
carpal tunnel syndrome; MRI, magnetic resonance imaging.

primary care setting was clinically useful. Changes
in clinical management were triggered in 30% of
tests. This rate is comparable to the 30% to 50%
reported for electrocardiography®*-** and spirome-
try”’ use in primary care. In this study, orthopedic
referrals and metabolic workups for polyneurop-
athy were the most common change, and they gen-
erally followed confirmation of advanced carpal
tunnel syndrome or detection of polyneuropathy.
No patients were immediately referred to neurol-
ogy; however, it is possible that neurology referrals
occurred at a later time. The number of magnetic
resonance imaging studies prompted by computer-
ized EDX testing was small (n = 2). Treatment
alterations were made in 8 instances as a result of
testing. This study did not explicitly record clinical
outcomes resulting from patient management de-
cisions triggered by computerized EDX testing.
However, one interesting example identified dur-
ing the retrospective phase was a patient with a
pretest diagnosis of polyneuropathy who was iden-
tified as having a possible lumbosacral radiculopa-
thy. Because of the clinical discordance, the patient
had a magnetic resonance imaging study, which
showed a spinal cord tumor. There were also pa-
tients for whom computerized EDX testing sug-
gested that prior diagnostic procedures, such as
blood tests among patients with lumbosacral radic-
ulopathy, may have been unnecessary. These in-
stances were not included in any outcome measure.

Almost 90% of tests had at least one abnormal
nerve. This rate is similar to prior reports of mul-
ticenter observational studies.”®*” The high rate of
abnormal results implies that computerized EDX
testing was used among patients with a high pretest
probability of nerve dysfunction. In this situation,
confirmation of the pretest diagnosis raises the
probability of disease after the test to a high level,
and thus gives the physician confidence that the
patient has the condition.’® For example, if a pa-
tient has a pretest probability of carpal tunnel syn-
drome of .5 based on their clinical examination,
then a positive study raises the probability to >.90
because computerized EDX testing has been shown
to have a positive likelihood ratio of >10 for de-
tecting median neuropathy at the wrist.">'¢ In ap-
proximately 60% of tests, computerized EDX test-
ing confirmed the physician’s pretest diagnosis.
Physicians attribute significant value to diagnostic
results that reassure them that they’ve made a cor-
rect diagnosis.’® Consistent with that principle,
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computerized EDX testing confirmed the pretest
diagnosis in 80% of studies that also led to a change
in patient management.

The rates of confirmed and changed pretest di-
agnoses were not homogeneous. This is not sur-
prising; the pretest diagnostic categories repre-
sented a number of distinct clinical entities with
different pathologic origins, patient characteristics,
and clinical presentations. The fairly uniform rate
of changes to patient management, despite varia-
tions in diagnostic output, is therefore interesting.
It may be valuable to examine the clinical profile of
patients who most benefit from computerized EDX
testing in future studies.

Despite 5 decades of use, few studies in the
literature have assessed the impact of EDX testing
on physician diagnostic reasoning and patient man-
agement.’”*® Table 3 summarizes clinical out-
comes common to this study and 4 prior studies
that reported results of referrals to academic EDX
laboratories. As shown in Table 3, there are sub-
stantial differences in the patient populations,
which must be considered when comparing out-
comes. The percentage of abnormal tests was
higher in this study than for referral EDX testing.
In addition, referral testing led to a change in pa-
tient management in a slightly higher percentage of
cases. Tests conducted on patients referred to EDX
laboratories seem less likely to confirm the pretest
diagnosis than those conducted in a primary care
setting. The reason for this difference is unclear,
but it may reflect conservative patient selection
for computerized EDX testing, whereas patients
referred to academic centers are probably com-
plex with a higher level of diagnostic uncertainty
before a test. This type of triage between rela-
tively straightforward patients being evaluated
within primary care and referral of complex pa-

tients seems clinically reasonable and may opti-
mize use of health care resources.

Several limitations of the methodology should
be considered when interpreting the results of this
study.’! This study was performed at one primary
care clinic by one clinician. Although the case mix
and rate of abnormalities were similar to previous
reports from large, multicenter observational stud-
ies,”®?? it is possible that the results will not gen-
eralize to other primary care clinics. One of the
inherent limitations of diagnostic before-and-after
studies is that assessments before and after tests by
the same clinicians for the same patients may be
interrelated, and therefore the independent impact
of the diagnostic test cannot be determined.’!
However, this is not necessarily a deficiency be-
cause real-world clinical practice is a process of
aggregating information to arrive at a clinical con-
clusion. Furthermore, because this analysis was in-
dependent and was conducted within the frame-
work of a technology assessment to determine
whether computerized EDX testing was feasible
and useful, it was unlikely that the lack of pretest
blinding substantially biased the results in a favor-
able direction. Potential misclassifications by com-
puterized EDX testing were not evaluated by com-
paring the results to a reference standard (eg,
referral to a traditional EDX laboratory) or by
long-term follow-up to confirm the EDX results.
There is no gold standard for assessment of neu-
ropathies; traditional EDX laboratories and other
diagnostic methods are associated with misclassifi-
cations.’”~* Long-term follow-up may be useful
for confirming diagnostic accuracy but, with nar-
row exceptions,” it has not been performed for
traditional EDX studies; therefore, established
methods and benchmarks do not exist. Neverthe-
less, it is unlikely that computerized EDX testing

Table 3. Published Studies of Electrodiagnostic Clinical Qutcomes

Diagnosis Before Test (%)

Diagnosis After Test (%)

Reference Studies (n) CTS LSR/PN Other* Abnormal Confirmed Changed Plan
Current study 100 34.0 66.0 0 88.0 59.0 30.0
Kothari et al, 1995%* 126 26.0 33.0 41.0 60.3 31.7 NA
Kothari et al, 1998%7 100 17.5 27.0 55.6 78.0 49.0 46.0
Lo et al, 2002% 348 100 0 0 56.3 48.6 NA
Cho et al, 2004* 44 0 100 0 81.8 38.6 41.0

*Cervical radiculopathy; brachial and lumbosacral plexopathy; focal neuropathies (radial, ulnar, peroneal, proximal median, tibial);

motor neuron disease; myasthenia gravis; and myopathy.

CTS, carpal tunnel syndrome; LSR, lumbosacral radiculopathy; PN, polyneuropathy.
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misclassified many patients because diagnostic ac-
curacy of this methodology has been previously
established.'”**%** Finally, this study assessed the im-
pact of computerized EDX testing on physician diag-
nostic reasoning and patient management, but the
specific benefit of these changes to patient outcomes
was not measured. An answer to this question would
probably require a prospective randomized controlled
trial,’® which have rarely been performed for even
widely used diagnostic procedures. In this study, the
primary impact of computerized EDX testing was a
specialist referral or an additional diagnostic workup.
Assuming that the EDX test results were correct,
these decisions probably resulted in incremental clin-
ical attention to relevant patients. However, a defin-
itive demonstration of this fact may require additional
types of studies.

The results of this prospective, diagnostic, be-
fore-and-after study suggest that computerized
EDX testing is clinically valuable for patients with
moderate to high pretest probability of common
neuropathies such as carpal tunnel syndrome and
diabetic polyneuropathy. Approximately 60% of
computerized EDX tests confirmed the physician’s
pretest diagnosis and approximately 30% changed
or expanded the diagnosis. This impact on diagnos-
tic thinking led to a change in clinical management
after 30% of tests.

The author acknowledges assistance with manuscript prepara-
tion from Shai N. Gozani, MD, PhD, of NeuroMetrix Inc.
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