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Introduction
Radiculopathy is a common condition whose symptoms 
can include pain, sensory change, and motor weakness 
owing to mechanical and chemical irritation of the spi-
nal nerve root [1, 2]. Imaging studies are essential for 
diagnosing radiculopathy; magnetic resonance imaging 
helps identify soft tissues such as discs, ligaments, and 
nerve roots [3], while computed tomography is primar-
ily used to confirm abnormalities in bony structures [4]. 
Meanwhile, another key factor in confirming radicu-
lopathy is electrophysiologic diagnosis [5]. In particu-
lar, electromyography (EMG) is a classical tool that was 
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Abstract
Background  Root motor conduction time (RMCT) can noninvasively evaluate the status of the proximal root 
segment. However, its clinical application remains limited, and wider studies regarding its use are scarce. We aimed to 
investigate the association between C8/T1 level radiculopathy and RMCT.

Methods  This was a retrospective cross-sectional study. Subjects were extracted from a general hospital’s spine 
clinic database. A total of 48 C8/T1 root lesions from 37 patients were included, and 48 C8/T1 root levels from control 
subjects were matched for age, sex, and height. RMCT was measured in the abductor pollicis brevis muscle and the 
assessment of any delays owing to C8/T1 radiculopathy.

Results  The RMCT of the C8/T1 radiculopathy group was 1.7 ± 0.6 ms, which was significantly longer than that in the 
control group (1.2 ± 0.8 ms; p = 0.001). The delayed RMCT was independently associated with radiculopathy (adjusted 
odds ratio, 1.15; 95% confidence interval, 1.06–1.27; p = 0.011) after adjusting for the peripheral motor conduction 
time, amplitude of median compound motor nerve action potential, and shortest F-wave latency. The area under the 
Receiver Operating Characteristic curve for diagnosing C8/T1 radiculopathy using RMCT was 0.72 (0.61–0.82). The 
RMCT was significantly correlated with symptom duration (coefficient = 0.58; p < 0.001) but was not associated with 
the degree of arm pain.

Conclusion  Our findings illustrate the clinical applicability of the RMCT by demonstrating its utility in diagnosing 
radiculopathy at certain spinal levels.
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used to evaluate radiculopathy before the development of 
modern imaging instruments [6]; its key advantage is in 
its ability to detect neurophysiological changes that can-
not be confirmed by imaging studies alone [7]. By apply-
ing EMG to multiple myotomes, it is possible not only to 
localize the abnormal spinal root level but also to esti-
mate the temporal aspect of compression by distinguish-
ing motor unit action potential [8]. However, the invasive 
nature of EMG creates a potential risk of complications 
such as bleeding or infection at the examination site [9]. 
Additionally, patient cooperation is essential for observ-
ing resting potential and interference patterns [10].

Root motor conduction time (RMCT) is a measure of 
the state of the proximal root segment that is obtained 
noninvasively by performing direct cervical stimulation 
and nerve conduction studies [11, 12]. Notably, RMCT 
is very localized since it excludes distal neural lesions 
and measures only the conduction time of the proximal 
root segment [13–15]. However, it also has the disadvan-
tage of involving a somewhat complicated measurement 
method wherein well-trained examiners are required 
[16]. To date, the RMCT has been investigated in only 
a few disease types, such as demyelinating disease and 
lumbar spinal stenosis, whereas its clinical applicability 
in patients with radiculopathy remains unclear [17].

In this study, we hypothesized that the RMCT can be a 
valuable tool for the diagnosis of radiculopathy at certain 
spinal root levels. To that end, we investigated whether 
the RMCT measured in the abductor pollicis brevis 
(APB) muscle was significantly delayed in the presence of 
C8/T1 radiculopathy. Moreover, we aimed to determine 
the association between clinical symptoms and RMCT.

Methods
Subjects and clinical evaluations
We performed a retrospective cross-sectional study 
based on medical records of patients treated between 
June 2007 and December 2021. We extracted patients 
diagnosed with C8/T1 radiculopathy at our hospital 
through electrodiagnosis and whose RMCT was mea-
sured at the same time. All patients diagnosed with C8/
T1 radiculopathy also underwent cervical x-ray and mag-
netic resonance imaging studies to confirm root compres-
sion and exclude other differential diagnoses. Thereafter, 
the final study group was selected by applying the follow-
ing exclusion criteria: uncontrolled diabetes, concomi-
tant polyneuropathy or median nerve lesion, previous 
cervical spine surgery, previous hand injury or surgery, 
unobtainable electrodiagnostic parameters, and lack of 
clinical information. Data from 48 C8/T1 root lesions in 
37 patients were finally extracted; these included the sub-
jective symptom duration, numerical rating scale (NRS) 
of the neck and arm pain, and neck disability index (NDI) 
score at the time of electrodiagnostic examination.

The control group consisted of a single-center healthy 
cohort of 190 prospectively analyzed subjects who were 
reported previously by the authors [18]. We controlled 
the potential biases between the two groups by perform-
ing propensity score matching (PSM). Consequently, 96 
root levels (48 patients and 48 matched controls) were 
finally investigated (Fig. 1).

This study was approved by the Institutional Review 
Board of Pohang Stroke and Spine Hospital (PSSH0475-
202207-HR-011-01); informed consent was waived, given 
its retrospective design. The research complied with the 
guidelines of the Declaration of Helsinki.

Electrodiagnostic assessments
The EMG protocol for radiculopathy comprised of the 
following [5]: First, we examined muscles innervated 
by different nerves in the same myotome. Second, we 
assessed both proximal and distal muscles in the same 
myotome. Finally, we examined muscles in the myotomes 
adjacent to the suspected level. EMG-confirmed C8/T1 
radiculopathy was defined as the presence of denerva-
tion potentials or polyphasic, long-duration, and large-
amplitude motor unit action potentials in two or more of 
the differently innervated following muscles after other 
conditions were ruled out: flexor pollicis longus, flexor 
digitorum profundus, flexor carpi radialis, first dorsal 
interosseous, abductor digiti minimi, and APB [5].

For the nerve conduction study, we first recorded the 
sensory nerve action potentials of the median, ulnar, and 
superficial radial nerve in the distal arm. Electrical stimu-
lations with 0.1 ms square wave pulses were applied for 
the sensory nerve conduction studies with a 10–2000 Hz 
filter setting. Next, we recorded compound motor nerve 
action potentials from the APB and abductor digiti min-
imi muscles and F-waves from the APB muscle. To con-
duct motor nerve conduction studies, each nerve was 
supramaximally stimulated by 0.2 ms square wave pulses 
with a 5–5000 Hz filter setting. We recorded nerve action 
potentials at least 12 times at the same nerve for study 
reproducibility. Surface electrodes were attached using 
the belly-tendon method to all recorded muscles. All 
nerve conduction studies were performed in the supine 
position. The detailed methods for individual nerve con-
duction studies are described in Supplementary Table 1 
[5, 19].

Fig. 1  Flowchart showing the comparative analysis of the patients and 
control subjects
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To measure the stimulated peripheral motor conduction 
time (PMCT), we performed magnetic stimulation at the 
C7 spinous process; the ABP muscle was recorded using 
the surface electrodes. To provoke median motor evoked 
potential, we administered supramaximal stimulation 
(20% above the threshold) with weak isometric contraction 
in the APB muscle. The simulations were applied biphasic 
and the active pulse width was 280 µs. Then, we calculated 
the RMCT using the following equations, which are based 
on the principle that nerve excitement occurs a few centi-
meters distal to the anterior horn cell upon magnetic stim-
ulation (Fig. 2) [20].

RMCT (ms) = calculated PMCT − stimulated PMCT
Calculated PMCT (ms) = (compound muscle action 
potential onset latency + F-wave onset latency − 1) 

/ 2
Stimulated PMCT (ms) = spinal motor-evoked 
potential onset latency

All electrodiagnostic evaluations were performed using 
the Cadwell Sierra Wave EMG system (Cadwell Labo-
ratories Inc., Kennewick, WA, USA). A MagPro Com-
pact with a C-100 circular coil (11  cm outer diameter) 
(MagVenture Inc, Farum, Denmark) was used for cervi-
cal magnetic stimulation. The temperature of the electro-
diagnostic laboratory was maintained at approximately 
23℃ to 25℃. All electrodiagnostic examinations were 
interpreted by experienced physiatrists.

Statistical analysis
The Shapiro-Wilk test was applied to check the nor-
mality of continuous variables. These are expressed as 

Fig. 2  Schematic diagram illustrating the measurement of C8/T1 root motor conduction time
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means ± standard deviations if normality was satisfied or 
as medians (interquartile ranges) if not; the independent 
t-test and Mann-Whitney U-test were applied for com-
parative analyses of these types of values, respectively. 
Categorical variables are expressed as frequencies (pro-
portions); groups were compared using the chi-squared 
test. We established binary logistic regression models 
for detecting C8/T1 root lesions using data adjusted for 
age, sex, and height. Model 1 was a predictive model of 
RMCT alone, Model 2 was adjusted for the stimulated 
PMCT, and Model 3 was adjusted for the median com-
pound muscle action potential and F-wave in addition to 
the adjustment of Model 2. The multicollinearity of the 
model was confirmed, as the variance inflation factor 
was < 10. We drew the Receiver Operating Characteristic 
curve and calculated the cutoff value using Youden’s J sta-
tistic. We calculated the Spearman coefficient to deter-
mine the correlation between RMCT and symptoms. All 
statistical analyses were performed using SPSS 22.0 (IBM 
Inc., Armonk, NY, USA).

For PSM, the “MatchIt” package of the R software ver-
sion 4.1.2 (R Core Team, R Foundation for Statistical 
Computing, Vienna, Austria) was used [21]. The covari-
ates used for matching were age, sex, and height; more-
over, 1:1 matching with no replacement was performed. 
The nearest-neighbor method was applied with the cali-
per set to 0.2.

Results
Baseline characteristics of patients and controls
Table 1 summarizes the baseline characteristics of the 37 
patients, 11 of whom had bilateral C8/T1 radiculopathy. 
The mean patient age was 61.1 years and the mean height 
was 166.5  cm; 75.7% were men. The patients’ median 
NDI score was 12.0. Among all 48 C8/T1 root levels, 25 

(52.1%) were right-sided, and the median duration of 
symptoms was 4.0 (3.0–12.0) months. The median NRS 
scores of the neck and arm were 3.0 and 4.5, respectively.

After performing PSM for comparative analysis, we 
extracted 48 control C8/T1 root levels and confirmed 
that there were no significant differences in age, sex, or 
height between the two groups (Table 2).

RMCT at the C8/T1 level
The mean RMCT among patients with radiculopathy 
was 1.7 ± 0.6 ms, which was significantly longer than that 
among control subjects (1.2 ± 0.8 ms; p = 0.001) (Table 2; 
Fig. 3). Logistic regression models revealed that the delay 
in RMCT observed in patients with C8/T1 was indepen-
dently associated with radiculopathy (per Model 3: odds 
ratio, 1.15; 95% confidence interval, 1.06–1.27; p = 0.011) 
(Table 3). The area under the Receiver Operating Charac-
teristic curve for diagnosing C8/T1 radiculopathy using 
RMCT was 0.72 (0.61–0.82) with 0.83 sensitivity and 0.58 
specificity (Supplementary Fig. 1). In terms of subjective 
symptom indices, the RMCT was significantly associated 
with symptom duration (coefficient = 0.58; p < 0.001) but 
not with the NRS of the arm (coefficient = 0.22; p = 0.139) 

Table 1  Baseline features of patients with C8/T1 level 
radiculopathy
Variables Valuea

Total patients, n 37

Age, years 61.1 ± 12.2

Male, n (%) 28 (75.7)

Height, cm 166.5 ± 8.7

Hypertension, n (%) 16 (43.2)

Diabetes, n (%) 5 (13.5)

Dyslipidemia, n (%) 6 (16.2)

NRS, neck 3.0 (2.0–4.5)

Total C8/T1 root levels, n 48

Right side, n (%) 25 (52.1)

Symptom duration, months 4.0 (3.0–12.0)

NDI 12.0 (5.5–19.0)

NRS, arm 4.5 (3.0–6.0)
Abbreviations: NDI, neck disability index; NRS, numerical rating scale
aUnless otherwise indicated, values are means ± standard deviations or medians 
(interquartile ranges)

Table 2  Comparison of data from patients with C8/T1 level 
radiculopathy and matched control subjects

Patients 
(n = 48)

Controls 
(n = 48)

p-
value

Age, years 61.9 ± 12.4 58.8 ± 11.1 0.197

Male, n (%) 37 (77.1) 28 (58.3) 0.081

Height, cm 166.4 ± 8.6 164.2 ± 8.8 0.223

APB-RMCT, ms 1.7 ± 0.6 1.2 ± 0.8 0.001
Abbreviations: APB, abductor pollicis brevis; RMCT, root motor conduction time

Fig. 3  Root motor conduction time (RMCT) in each group. Patients with 
C8/T1 level radiculopathy showed significantly longer RMCTs than did the 
control group (p = 0.001)
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All measured values for calculating the RMCT are pre-
sented in Supplementary Table 2.

Discussion
We observed a significant delay in RMCT among patients 
with C8/T1 radiculopathy when compared to control 
subjects, and also demonstrated that this delay was inde-
pendently associated with the presence of radiculopa-
thy at the C8/T1 level. This finding is notable because it 
provided a rational basis for the applicability of RMCT 
in terms of diagnosing radiculopathy at a specific spinal 
root level.

The application of RMCT to assess radiculopathy 
occurring at particular levels is rare. Most relevant stud-
ies were conducted before the 2000s, with only a few 
published since then. Banerjee et al. [13] described mag-
netic spinal stimulation as a non-invasive method to eval-
uate lumbosacral motor radiculopathy in 26 patients and 
25 control subjects; they mainly targeted the lower lum-
bosacral nerve roots (L5, S1, and S2) by recording from 
the abductor hallucis muscle. According to their results, 
patients with clinical motor weakness had profoundly 
prolonged RMCTs; therefore, they suggested that RMCT 
delay was related to the severity of symptoms. Golez [22] 
measured motor conduction time via stimulation at the 
L1 and S1 levels in 25 patients with lumbar spinal steno-
sis and 36 control subjects. That study was noteworthy 
because it demonstrated that neurogenic claudication 
increased the cauda equina motor conduction time, 
revealing that the clinical symptom and delay of motor 
conduction time were related. In our study, the RMCT 
showed a significant correlation with the duration of sub-
jective symptoms, which supports Golez’s results to some 
extent. However, in our study, the subjective pain level 
in the lesional-side limb was not related to RMCT as we 
assumed when we primarily evaluated the motor nerve. 
Additionally, Seçil et al. [23] measured the cauda equina 
motor conduction time and showed that it was slower 

in the lumbar spinal stenosis group than in the control 
group; however, their study did not identify the relation-
ship between the degree of motor conduction delay and 
symptom severity.

Our study is the first to measure RMCT in patients 
with cervical radiculopathy and has the advantage of 
being specific to a specific spinal level; moreover, we 
included a relatively large number of subjects compared 
to previous related studies. Additionally, variables such as 
age, sex, and height were analyzed and adjusted for using 
PSM, rendering the results much more reliable. Since 
the APB-RMCT was previously found to be affected 
by height in a linear model [18], for the integrity of our 
results, it was important that we controlled for this factor 
when assessing the patient and control groups.

RMCT has also been studied in patients with demy-
elinating neuropathy. In a previous study, a significant 
difference was found in the RMCT of 30 healthy sub-
jects and 12 patients with Guillain-Barre syndrome who 
were diagnosed within one week [14]; hence, RMCT 
was deemed to be useful for the early diagnosis of focal 
segmental demyelinating polyneuropathy, affording this 
measure a novel clinical utility. In the study of Inaba et 
al. [24], RMCT was measured in 11 patients with chronic 
inflammatory demyelinating neuropathy and 10 with 
Guillain-Barre syndrome, wherein the authors found that 
the RMCT increasingly normalized as muscle strength 
recovered. Taken together, such studies illustrate the 
applicability of the RMCT to various diseases involving 
the motor root segment. Furthermore, measuring the 
RMCT is a non-invasive procedure and has the potential 
to be applied to additional fields given its ability to detect 
diseases in their early stages and to also assess functional 
recovery. Therefore, additional research on the use of the 
RMCT is warranted going forward.

This study had several limitations. It was retrospective 
in nature, requiring additional investigations to validate 
our results. Additionally, our participants were limited 
to Koreans; hence, validation among patients of other 
ethnicities is also required. Our patients comprised a 
single group diagnosed with C8/T1 radiculopathy that 
was relatively heterogeneous; future studies that analyze 
various subgroups of patients (such as those with acute 
versus chronic lesions or mild versus severe symptoms), 
would further clarify the relationship between RMCT 
and radiculopathy. Finally, there were potential limita-
tions in terms of measurement. For example, it is dif-
ficult to apply our methods at some spinal root levels 
because reliable recording of the F-wave is possible only 
from distal muscles [25]. Moreover, it was challenging to 
measure the RMCT when reliable motor evoked poten-
tials or compound muscle action potentials could not be 
obtained owing to severe peripheral nerve lesions in the 
distal limbs.

Table 3  Logistic regression models using data from patients and 
matched control subjects

Odds ratio 
(95% CI)

p-value

Model 1a RMCT 
(per 0.1 
ms)

1.11 
(1.04–1.18)

0.002

Model 2b RMCT 
(per 0.1 
ms)

1.16 
(1.06–1.27)

0.002

Model 3c RMCT 
(per 0.1 
ms)

1.15 
(1.06–1.27)

0.011

Abbreviations: CI, confidence interval; RMCT, root motor conduction time
aUnivariable analysis; badjusted for stimulated peripheral motor conduction 
time; cadjusted for stimulated peripheral motor conduction time, amplitude of 
median compound motor nerve action potential, and F-wave latency
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Conclusion
We demonstrated that the RMCT is delayed in the root 
lesions of patients with C8/T1 level radiculopathy. This 
noninvasive method (compared to EMG) can have an 
adjuvant role in diagnosing radiculopathy at certain spi-
nal levels. Our study may be a good milestone for future 
clinical applications of RMCT as related to patients with 
radiculopathy. However, it is important to validate our 
results through additional multi-center, multi-ethnic 
studies.

Abbreviations
ABP	� abductor pollicis brevis
EMG	� electromyography
NDI	� neck disability index
NRS	� numerical rating scale
PMCT	� peripheral motor conduction time
PSM	� propensity score matching
RMCT	� root motor conduction time.
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