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A B S T R A C T

We investigated the relationship between the involvement of the cauda equina in chronic inflammatory de-
myelinating polyradiculoneuropathy (CIDP) and the increment of cerebrospinal fluid (CSF) protein. We mea-
sured cauda equina conduction time (CECT) in 14 CIDP patients using magnetic stimulation with a MATS coil.
Statistical analysis revealed that CECT and CSF protein had a significant positive linear correlation. Conduction
time of the peripheral nerve trunk, in contrast, had no significant linear correlation with CSF protein. We re-
vealed that the involvement of the cauda equina and increment of CSF protein are closely related. In CIDP cases
with elevated CSF protein, spinal nerves including the cauda equina are very likely involved.

1. Introduction

Chronic inflammatory demyelinating polyradiculoneuropathy
(CIDP) is an immune-mediated disorder commonly presenting with
muscular weakness of limbs, distal dominant sensory disturbance, and
hyporeflexia [1]. From results acquired using a flat, round 20-cm dia-
meter coil, named Magnetic Augmented Translumbosacral Stimulation
(MATS) coil for magnetic stimulation, we previously reported that the
cauda equina is much more frequently physiologically involved in CIDP
than the peripheral nerve trunk is [2]. This “MATS coil stimulation”
technique enables us to measure cauda equina conduction time (CECT)
by activating the most proximal and most distal sites of the cauda
equina [3–6]. The prominent cauda equina involvement might be ex-
plained by two anatomical features of the cauda equina, i.e. its lack of
the blood-nerve barrier and its direct exposure to cerebrospinal fluid
(CSF). These characteristics might enable unidentified antibodies or
other circulating factors to access the cauda equina directly [2]. Given
these results, we could expect that the involvement of the cauda equina
and increment of CSF protein may be closely related. To our knowledge,
however, this expectation has not been tested in an investigation.

In this paper, we demonstrated a significant linear correlation

between CECT and CSF protein. The conduction time of the peripheral
nerve trunk, in contrast, had no significant correlation with CSF pro-
tein. Therefore, the involvement of the cauda equina is closely related
to increment of CSF protein in CIDP.

2. Methods

We studied 14 CIDP patients (8 males and 6 females) whose diag-
noses had been made according to the established diagnostic criteria
[1]. The age of the patients was 56.6 ± 15.1 years (mean ± standard
deviation). Most of these patients were included in our previously
published paper [2]. Patients with other factors possibly affecting CSF
protein level such as cervical myelopathy were excluded. None of the
patients had CSF pleocytosis. The characteristics of the CIDP patients
are summarized in Table 1. Twelve patients fulfilled the electro-
diagnostic criteria for definite CIDP and two patients for possible CIDP
(cases 4 and 5). The two patients were temporarily improved by im-
munomodulatory treatments, although their symptoms deteriorated
after the treatments. Finally, they fulfilled the electrodiagnostic criteria
for definite CIDP. All of the patients had sensory disturbances. Normal
values were made from 20 age-matched healthy subjects (mean ±
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standard deviation: 52.1 ± 12.2 years).
The stimulation methods have been described previously [2].

Briefly, compound muscle action potentials (CMAPs) were recorded
from the abductor hallucis muscle on the more strongly affected side.
Filters were set between 20 Hz and 3 kHz and signals were amplified
and recorded by a computer (Neuropack MEB-2306; Nihon Kohden
Corporation, Tokyo, Japan). To measure Knee-Ankle conduction time

(Knee-Ankle CT), the tibial nerve was supramaximally stimulated at the
ankle and knee using a conventional electrical stimulator (Neuropack
MEB-2306; Nihon Kohden Corporation, Tokyo, Japan). To measure
CECT and S1-Knee conduction time (S1-Knee CT), the cauda equina was
stimulated at its most distal site (S1 level) and its most proximal site (L1
level) using a monophasic stimulator (Magstim 2002, The Magstim Co.
Ltd., Whitland, UK) and a powerful round coil (MATS coil, The Magstim

Table 1
Characteristics of and results from 14 CIDP patients.

Case No. Age Sex Disease duration Hughes Scales Electrodiagnostic criteria CECT (ms) S1-Knee CT (ms) Knee-Ankle CT (ms) CSF protein (mg/dL)

1 63 F 3 months 1 Definite 5.1 10.5 9.3 46↑
2 42 M 6 months 3 Definite 5.1 10.6 8.3 46↑
3 61 M 6 months 2 Definite 7.1↑ 11.8↑ 9.2 67↑
4 51 M 7 months 1 Possible 3.8 11.3 7.6 51↑
5 33 F 1 year 2 Possible 6.9↑ 12.7↑ 7.2 32
6 57 F 1 year 2 Definite 10.1↑ 11.7↑ 7.6 71↑
7 71 M 1 year 2 Definite 9.1↑ 15.5↑ 9.4 74↑
8 54 M 3.5 years 2 Definite 5.8↑ 10.7 11.2↑ 45
9 26 F 5 years 1 Definite 10.3↑ 14.6↑ 11.1↑ 59↑
10 57 M 7 years 2 Definite 5.9↑ 12.2↑ 10.1↑ 43
11 66 F 11 years 2 Definite 7.1↑ 17.7↑ 8.4 61↑
12 65 M 15 years 2 Definite 5.8↑ 9.7 7.8 40
13 63 F 24 years 4 Definite 8.1↑ 11.8↑ 11.1↑ 80↑
14 83 M 29 years 4 Definite 6.8↑ 10.8 7.4 65↑

Normal values (mean ± SD, n = 20 subjects) 3.7 ± 0.8 9.2 ± 1.0 7.2 ± 0.9
Mean + 2.5SD (upper limit of normal values) < 5.7 < 11.7 <9.5 <46

CECT: cauda equina conduction time, S1-Knee CT: S1-Knee conduction time, Knee-Ankle CT: Knee-Ankle conduction time.
CSF: cerebrospinal fluid, SD: standard deviation.
Hughes functional grading scale: grade 1 = minimal signs and symptoms and able to run, grade 2 = ambulates independently, grade 3 = able to walk 5 m with aid, grade 4 = bound to
bed.

Fig. 1. MATS coil stimulation and correlation analysis.
A: MATS coil stimulation. CECT is calculated as the latency difference between the L1 and S1 levels. S1-Knee CT is calculated as the latency difference between the S1 level and the knee.
Knee-Ankle CT is calculated as the latency difference between the knee and ankle (modified from Matsumoto et al., 2010, with permission). B: Correlation between CECT and CSF protein.
Solid line shows a significant linear correlation (P = 0.022, R = 0.603). C: Correlation between S1-Knee CT and CSF protein. There is no significant linear correlation (P = 0.238). D:
Correlation between Knee-Ankle CT and CSF protein. There is no significant linear correlation (P = 0.424). Dashed lines show the upper limits of normal values.
CECT: cauda equina conduction time, CSF: cerebrospinal fluid, S1-Knee CT: S1-Knee conduction time, Knee-Ankle CT: Knee-Ankle conduction time.
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Co. Ltd.). To measure onset latency of CMAPs at the most distal cauda
equina (S1 level), stimulus intensity was gradually increased. If pos-
sible, supramaximal CMAPs were obtained, and if impossible, re-
producible CMAPs were obtained. We judged that supramaximal sti-
mulation was achieved only when the size of superimposed CMAPs was
saturated before the stimulus intensity reached maximal stimulator
output. To measure onset latency of CMAPs at the distal cauda equina
(L1 level), stimulus intensity was gradually increased, and reproducible
CMAPs were obtained. Supramaximal CMAPs were usually unobtain-
able at this site, which prevented us from judging whether there was
conduction block within the cauda equina. S1 level and L1 level la-
tencies were stable even in submaximal stimulations, because the
fastest motor fibers are preferentially activated in magnetic stimulation
at these sites [5,6]. Onset latency was measured by at least two neu-
rophysiologists. The frequency of prolongation of CECT was statistically
compared with that of Knee-Ankle CT using Wilcoxon's signed rank test.

To investigate the relationship between CECT and CSF protein, a
simple linear regression analysis was performed. Similarly, we analyzed
the relationships of S1-Knee CT and Knee-Ankle CT to CSF protein. The
coefficient of correlation was expressed as R. P values< 0.05 were
considered statistically significant. Statistical analysis was conducted
using SPSS software (SPSS, ver. 16.0; SPSS Inc., Chicago, IL, USA).

Informed consent to participate in this study was obtained from all
subjects. The protocol was approved by the Ethics Committee of the
University of Tokyo (No. 1983). The experiments were conducted in
accordance with the ethical standards of the Declaration of Helsinki.

3. Results

Fig. 1A shows CMAPs in a representative CIDP patient (case 5).
Although the Knee-Ankle CT obtained by ankle and knee stimulations
was normal (7.2 ms), CECT obtained by S1- and L1-level MATS coil
stimulation was prolonged (6.9 ms, upper limit of normal values is
5.7 ms). S1-Knee CT was also prolonged (12.7 ms, upper limit of normal
values is 11.7 ms) and conduction block between S1 level and knee was
present. All of the patients fulfilled the criteria for definite CIDP. The
results from all patients are summarized in Table 1. CECT was pro-
longed in 11 patients (78.6%). Knee-Ankle CT was prolonged in only
four patients (28.6%). The prolongation of CECT was observed at a
significantly higher frequency than was that of Knee-Ankle CT
(P = 0.009). Ten patients had increment of CSF protein (71.4%). CECT
and CSF protein had a significant positive linear correlation
(P = 0.022, R = 0.603, Fig. 1B). Between S1-Knee CT or Knee-Ankle
CT and CSF protein, on the other hand, there was no significant linear
correlation (S1-Knee CT: P = 0.238, Fig. 1C; Knee-Ankle CT:
P = 0.424, Fig. 1D).

4. Discussion

We demonstrated a significant linear correlation between CECT and
CSF protein in CIDP for the first time. We also showed that the con-
duction time of the peripheral nerve trunk (S1-Knee CT or Knee-Ankle
CT) had no significant linear correlation with CSF protein. These results
suggest that the involvement of the cauda equina is closely related to
the increment of CSF protein. Furthermore, as we have previously re-
ported [2], although the cauda equina is only half as long as the per-
ipheral nerve from the knee to the ankle, prolongation of CECT was
observed more frequently than was that of Knee-Ankle CT. On the basis
of the anatomical differences between the cauda equina and the per-
ipheral nerve trunk, the preferential involvement of the cauda equina is
likely to be due to the cauda equina's lack of the blood-nerve barrier
and its direct exposure to CSF. Taken together, our results demonstrate
that the cauda equina is much more frequently involved in CIDP than

the peripheral nerve trunk is, and that the involvement of the cauda
equina is closely related to increment of CSF protein.

We speculate that several mechanisms contribute to the close pa-
thophysiological relationship between the involvement of the cauda
equina and increment of CSF protein. First, unidentified antibodies and
other circulating factors might be present in CSF, primarily causing CSF
protein to increase. Second, the breakdown of the myelin sheath of the
cauda equina might cause the increment of CSF protein. Third, both
primary and secondary mechanisms might contribute to this patho-
physiological relationship. To reveal the details of the relationship,
further investigations into the components of CSF protein must be un-
dertaken.

Prior studies of magnetic resonance imaging of peripheral nerves in
CIDP showed the nerve root hypertrophy was frequently observed
[7,8]. The relationship between the imaging findings and CSF protein
may be useful to verify our results, i.e. the involvement of the cauda
equina and increment of CSF protein. Such imaging investigations also
must be undertaken.

We have confirmed that the involvement of the cauda equina and
increment of CSF protein are closely related. Therefore, in CIDP cases
with elevated CSF protein, we should consider that spinal nerves in-
cluding the cauda equina are likely to be involved.
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