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Fig. 1 A genome-wide linkage analysis of ossification of the posterior
longitudinal ligament of the spine (OPLL) with definite cervical lesions
(ossification more than two vertebral segments). The genotype data of
micro-satellite markers for 154 affected sib-pairs were calculated by

GENEHUNTER 2.1 for autosomal chromosomes and GENEHUNTER
1.3 for chromosome X. The x-axis indicates the genetic distance from
the first micro-satellite locus in each chromosome. The y-axis indicates
the non-parametric linkage (NPL) score values

http://togodb.dbcls.jp/heterozygosity_jp). Primers used for
amplification of these markers are available upon request.
Allele frequencies of the markers were determined using

92 unrelated non-OPLL subjects. All subjects were
>48 years of age and had no signs of OPLL by magnetic
resonance imaging.
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Statistical analysis

Multipoint non-parametric linkage (NPL) analysis of the
data was performed using the GENEHUNTER 2.1 program
[25] for autosomal chromosomes and the GENEHUNTER
1.3 program for chromosome X. The identity by descent
(IBD) was calculated and information content was esti-
mated. NPL scores and P values were calculated to assess
the statistical evidence for linkage. Allele frequencies of
micro-satellite markers were estimated in 64 unrelated
Japanese subjects [22].

Results

The DNAs were obtained with clinical information from a
total of 410 OPLL subjects (Table 1), which consisted of
214 affected sib pairs from 196 Japanese families. Among
the 406 markers genotyped, three markers (D14S68,
D6S446 and DXS8067) were excluded from the linkage
analysis because of insufficient data. Furthermore, 11
markers (D1S214, D1S2836, D2S396, D4S414, D6S262,
D75486, D7S2465, D17S921, D18S70, D20S192 and
D20S196) were excluded, because they had insertion and
deletion polymorphisms around their di-nucleotide repeat
sequences. The average genotyping success rate of the 392
markers was 97.4 %. There was no evidence of suggestive
linkage (defined as NPL score >2.2) [26]. A maximum
NPL score of 1.99 (P = 0.023) was obtained near marker
D75657. The NPL scores for all autosomes and X chro-
mosome are available upon request.

OPLL is a heterogeneous disorder and phenotypic
stratification could possibly reduce the heterogeneity. We
selected subjects having definite cervical OPLL, i.e.,
cervical OPLL of more than two vertebral segments,
because cervical OPLL is the predominant type and small
cervical OPLL is sometime difficult to distinguish from
other conditions including spondyloarthritis. A total of
297 subjects comprising 154 pairs were included in the
subgroup (Table 1). The NPL scores for all autosomes
and X chromosome are shown in Fig. 1. Four chromo-
somal regions showed P values <0.05. Among them,
three markers in two chromosomal regions showed evi-
dence of suggestive linkage (Table 1). The most signifi-
cant linkage was found on chromosome 1p21 with a
maximum NPL score of 2.55 (P = 0.005) near marker
D1S206.

Several clinical factors including age [27], DM [28] and
obesity [29] have been reported as risk factors for OPLL.
To further reduce the potential heterogeneity of OPLL, we
stratified the subjects by age at a diagnosis of OPLL, DM,
obesity estimated by BMI and the severity of OPLL
(number of ossified vertebrae).

We first stratified the subjects based on OPLL severity
defined by the number of ossified cervical vertebra of more
than three. The number of sib-pairs of the subgroup
decreased to 89; however, the maximum NPL score on
2p22-2p24 increased to 2.65 at D2S165 in this severe
OPLL group (Table 1), while significance of the linkage on
1p21 decreased (NPL score 1.32).

For stratified analysis by age, sib-pairs below age
65 years at diagnosis were selected among the definite
cervical OPLL pairs, because saturation of trend in age-
specific cervical OPLL incidence rate at 60-69 years old is
reported {27]. The subgroup composed of 74 pair with
relatively younger age of onset is expected to be under
stronger genetic influence. The genome-wide linkage
analysis on the non-elderly subgroup showed a new evi-
dence of linkage on 16q24 (Table 1). Other loci did not
show suggestive linkage.

The third stratification group consisted of sib-pairs
without DM (103 sib-pairs). Again, in spite of marked
decrease of the number of pairs, the NPL score on 1p21
was increased to 2.64 at D1S206. In addition, two new
scores as evidence of linkage were found on 7q22 (NPL
score 2.21) and 20p12 (NPL score 2.21) (Table 1). A
stratified analysis based on obesity, which was composed
of non-obese 115 sib-pairs, showed no evidence of linkage.
Plots of NPL scores for all stratified analyses are available
upon request.

We then performed fine mapping by including markers
around the peaks of 1p21 and 2p22-2p24 loci, which were
identified by linkage analysis of definite cervical spine
OPLL subjects and around those of 7q22, 1624 and 20p12
loci, which were identified in further stratification analyses.
The fine mapping showed the best evidence of linkage on
20p12, with a maximum NPL score of 2.93 near marker
D20GS852 (Fig. 2). NPL scores of the other loci decreased
under the threshold for suggestive linkage. Further addition
of 12 markers around the peak of 20p12 with an average
interval of 2 cM detected the highest NPL score (3.43,
P = 0.00027) at D20S894 (Fig. 2).

Discussion

We collected as many as 410 samples that went far beyond
previous OPLL linkage studies. Past three linkage studies
reported COL11A2 (6p21) [30], COL6AI (21q21) [8], and
BMP4 (14q22-q23) [11] as OPLL susceptibility genes;
however, those studies had only 124, 169, and 172 samples.
In addition, most of the subjects were collected in very
limited areas in a northern and a southern district of Japan.
We collected samples from all over Japan and, hence, there
is little possibility of region specific sampling bias.
Although previous association studies reported more than a
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dozen of genes as candidate genes for OPLL, all did not
show any evidence of linkage in our study.

We consider that the failure of our initial analysis to find
the linked region might be partly due to heterogeneity of
OPLL. To avoid diagnostic heterogeneity of OPLL, we
adopted stricter inclusion criteria. It is suggested that
inclusion criteria with more severe phenotypes could
facilitate the genomic study of disease-susceptibility genes
by organizing genetically more homogeneous group [31].
In spite of the significant decrease of numbers of the
samples (214-154 pairs), stratification by excluding
ambiguous subjects lead to identification of linked loci
with suggestive linkage. Further stratification by three
previously recognized confounding factors lead to increase
linkage score in 2 of 3 already identified loci and identi-
fication of 3 new loci with suggestive linkage, again in
spite of an even more significant decrease of numbers of
the samples (154 to <103 pairs).

A stratified analysis based on the absence of complica-
tion of DM in cervical OPLL, and subsequent fine mapping
analysis identified the best evidence of linkage on 20p12.
Insulin has been implicated in bone formation [32].
Abnormal insulin metabolism often complicates OPLL;
high OPLL prevalence has been reported in non-insulin-
dependent DM [33]. Therefore, different etiology could be
expected between subgroups with/without DM, justifying
our stratification. The linkage region (1-LOD support
interval of the linkage peak) spanned 9.3 Mb and contained
25 known genes. Jagged 1 (JAGI) in the region could be a
good candidate gene for OPLL, because of its potential
involvement in the enchondral bone formation. JAGI
belongs to the Delta/Serrate domain (DSL.) family, which is
the ligand for the receptor, Notch. JAG! is expressed in
osteoblastic cells in vivo and in vitro. Jagged 1l-activated
Notch 1 signal is involved with increased bone mineral
deposition [34]. Association of a functional SNP in JAGI
with the bone mineral density has been reported [35]. An
association study using SNPs is necessary to determine
whether effects of this locus on OPLL susceptibility result
from JAG1. Although it was out of the 1-LOD support
interval of the linkage peak, bone morphogenetic protein 2
(BMP2) in the region also could be a candidate gene for
OPLL. The BMP2 has been implicated as an important
regulator of bone metabolism. The BMP2 and BMP2
mRNA are overexpressed in ossifying matrix and chon-
drocytes adjacent to cartilaginous areas of OPLL tissues
[36, 37].

Genetic and environmental factors involved in the eti-
ology and pathogenesis of common disease are highly
complicated. A genome-wide linkage study alone cannot
provide the sufficient power to pinpoint the susceptibility
gene. In particular, when parental information is unavail-
able, the power of affected sib-pair linkage analysis using

@ Springer

microsatellite markers is low [38]. There was a report that
the susceptibility gene was found in a region that showed
evidence for weak linkage in a genome-wide linkage
analysis [39, 40]. Further approaches such as the associa-
tion study of candidate gene or a genome-wide association
study using high-density single nucleotide polymorphisms
are necessary.
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« We characterized the type of D-wave changes seen at the lesion site in cervical spondylotic myelop-
athy with MRI evidence of single-level cord compression.

« An abrupt reduction of the negative peak accompanied by an enhancement of the initial-positive peak
helps identify the site of conduction block.

Keywaords: . L . . .
Descending spinal cord evoked potential « The enhancement of the positive peak tended to diminish with a more caudal compression, which
D-wave may be explained by progressive loss of the descending motor volleys at the synapses in the cervical

Referential recording enlargement.
Transcranial electrical stimulation
Conduction block

ABSTRACT

Objectives: To characterize waveform changes of descending spinal cord evoked potentials (D-SCEPs)

seen in cervical spondylotic myelopathy (CSM).

Methods: Intraoperative D-SCEP recording from serial intervertebral discs after transcranial electrical

stimulation in 19 CSM patients with cord compression at a single level.

Results: Compared to the baseline (100%) obtained one level rostrally, the D-SCEP recorded at the com-

pression site showed a significantly (p < 0.001) decreased amplitude (48%) and area (48%) of negative

peak and increased amplitude (171%) and area (279%) of initial-positive peak. The degree in reduction

of negative peak remained the same irrespective of the cord level involved, whereas enhancement of

the positive peak tended to diminish with a more caudal compression.

Conclusions: In intraoperative electrophysiological studies of CSM with D-SCEP, an abrupt reduction of the

negative peak accompanied by an enhancement of the initial-positive peak helps identify the site of con-

duction block. We speculate that progressive loss of the descending motor volleys at the synapses in the cer-

vical enlargement may account for limited or absent enhancement of positive peak seen caudally.

Significance: The current finding helps us understand the pros and cons of various electrophysiologic tech-

niques for intraoperative localization of maximal cord involvement in CSM.

© 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

conducted under the term “electrospinogram” in animal models
(Morrison et al., 1975; Rossini et al., 1980) and humans (Shimoji
et al.,, 1971). As previously reported in cervical spondylotic mye-
lopathy (CSM) (Tani et al., 1998, 1999, 2002), multisegmental
recording of ascending spinal cord evoked potentials (A-SCEPs)
can precisely localize the site of conduction abnormalities before

1. Introduction

Electrophysiologic techniques used to localize the site of the
spinal cord lesion have made steady progress since earlier studies

* Corresponding author. Address: Department of Orthopaedic Surgery, Kochi

Medical School, Kohasu Oko-chou, Nankoku 783-8505, Japan. Tel.: +81 88 880
2386; fax: +81 88 880 2388.
E-mail address: nobuaki.tadokoro@gmail.com (N. Tadokoro).

decompression procedures. This method utilizes monopolar
recording electrodes placed in the structures adjacent to the spinal
cord and bipolar stimulating electrodes inserted in the lumbar epi-

1388-2457/$36.00 © 2013 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.
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dural space. An abrupt reduction in size of the negative peak
accompanied by an augmentation of the initial-positive peak over
a short segment serves as strong evidence of a focal conduction
block. The study provided a useful addition to MRI in localizing
the level of maximal cord involvement, particularly in elderly pa-
tients with clinically silent cord compression at multiple levels
(Tani et al., 1999, 2002). This technique, however, has the inherent
limitation of only detecting the most caudal conduction block,
which precludes the evaluation of more rostral segments.

An assessment of descending spinal cord evoked potentials
(D-SCEPs) after transcranial electrical stimulation (TES) of the
brain, if added to A-SCEP studies, may circumvent this problem.
Descending volleys in corticospinal tract axons terminate at
various levels of the cord to synapse with spinal motoneurons or
interneurons. This, in turn, would cause a progressive decline of
motor volleys reaching the caudal recording sites, resulting in a
greater diminution of the D-SCEPs than predicted from physiolog-
ical temporal dispersion where the recorded potentials become
smaller in amplitude and longer in duration with increasing dis-
tance between stimulating and pickup electrodes. To further clarify
this relationship, we have now studied waveform changes of the
D-SCEP associated with single-level cord compression. In particu-
lar, we wished to determine if the same principles of waveform
changes hold for analyses of A-SCEP and D-SCEP in identifying focal
conduction abnormalities.

2. Materials and methods
2.1. Patients

From January 2004 to April 2010, a total of 140 CSM patients
underwent intraoperative D-SCEP studies. We selected 19 patients
(11 men) ranging in age from 35 to 90 years (average, 62 years)
based on MRI evidence of single-level cord compression. None
had history of seizures or implanted devices such as cardiac pace-
maker or cochlear implant. All agreed in writing to participate in
the study after reading an informed consent form approved by
the hospital ethics committee. Myelopathy resulted from cervical
disc herniation in 11 and cervical spondylosis in 8 patients. All
had a single-level anterior operation, 6 at C3-4 (C3-4 group), 8
at C4-5 (C4-5 group) and 5 at C5-6 (C5-6 group).

2.2. Clinical findings

The functional scale developed by the Japanese Orthopaedic
Association (JOA) (Jpn Othop Assoc., 1994) scores the motor func-
tion from O to 4 points for both upper and lower limbs. For the
upper limb, 1 patient had normal finger dexterity (4 points); 6
showed clumsy but functional writing (3 points); 8 could write
but not functionally (2 points); and 4 managed to feed themselves
but displayed no other function (1 point). For the lower limb, 2 pa-
tients had normal walking ability (4 points); 2 had some difficulty
but were capable of fast walking unaided (3 points); 9 needed sup-
ports when going up and down the stairs (2 points); and 6 required
walking aids (1 point). The combined JOA motor scores averaged
4.0+ 1.7 (mean £ SD) for the total 19 patients and 2.4+ 1.1 for
C3-4, 4.1 £ 1.1 for C4-5, and 5.8 + 1.3 for C5-6 group, showing a
significant (p < 0.01) difference between C3-4 and C5-6 groups.

Muscle stretch reflexes, though generally hyperactive, showed a
diminution of biceps responses in 3 patients, and of gastrocne-
mius-soleus in 5. Of the 5 patients with a diminished response
in the gastrocnemius-soleus, 3 patients had moderate to severe
radiological changes of the lumbar spine suggestive of spinal
stenosis and the remaining 2 patients, either diabetes or chronic

renal failure treated with regular hemodialysis. Extensor plantar
responses were found in 4 patients.

2.3. MRI evaluation

All patients underwent surface coil MR examination of cervical
cord preoperatively with the superconducting system (1.5 T Signa
HDx; GE Healthcare, Waukesha, W1, USA). The spin echo pulse se-
quences were 350-600/9-12 (TR ms/TE ms) for T1- and 2600~
4000/90-110 for T2-weighted images.

Cord measurements at each intervertebral level from C2-3 to
C6-7 included: (1) AP-diameter on midsagittal T1-weighted
images and (2) cross-sectional area on axial T1-weighted images.
The values were converted into the actual diameter and area with
a magnification factor. Sagittal T2-weighted images served best to
detect increased signal intensity resulting from cord compression.

2.4. Stimuli

All recordings were made in the operating room of Kochi
Medical School during surgery before decompression procedures.
Following preoperative general anesthesia with sevoflurane, two
subdermal stimulating corkscrew-like electrodes (CS001-220,
A-Gram, Glenn Rock, New Jersey) were placed into the scalp
2 cm anteriorly and 5 cm laterally to the vertex on both sides
(Kondo et al., 1985; Matsuda and Shimazu, 1989; Kaneko et al.,
2001; Fukuoka et al., 2004; Nakanishi et al,, 2006). A capacitively
coupled pulse of 50 us in duration and up to 400V in intensity
was delivered from a high-voltage electrical stimulator (Digitimer
D185, Welwyn Garden City, UK) at a rate of 1/s, stimulating both
sides alternately with reversed electrode polarity. Stimulus inten-
sity was increased until a distinct D-SCEP of lowest threshold
was identified.

2.5. Recording

After exposure of the anterior aspect of the vertebral bodies, a
series of monopolar needle electrodes, 0.7 mm in diameter and
about 4 kQ in impedance at 1 kHz (OA210-006, Unique Medical
Corp, Tokyo, Japan), were inserted into the intervertebral discs in
the midline. They were then advanced posteriorly to cover the dis-
tance of the disc diameter calculated from measurement on the
plain lateral radiograph. A needle electrode inserted into the skin
at the caudal end of the operative field served as the common ref-
erence. This location of the reference electrode was chosen to min-
imize stimulus artifact. Accumulated evidence supports the
validity of using a common distant reference when recording
SCEPs from active leads placed equidistant to the spinal cord
(Cracco and Evans, 1978; Schramm et al, 1983; Halter et al.,
1989; Matsuda and Shimazu, 1989; Nakanishi et al., 2006). Also,
a traveling impulse within the cervical spinal cord does not
encounter a sudden geometric change of the volume conductor,
which may register far-field potentials complicating recording
with a referential montage. A pair of alligator clips was attached
to the skin at the operative site as the ground electrode. A muscle
relaxant (vecuronium, 0.015-0.110 mg/kg bolus) administered
intravenously immediately before recording D-SCEP abolished
interference from the twitch of paraspinal muscles near the
electrodes.

The recording sites included three to five serial vertebral levels
between C2-3 and C6-7 to cover the extent of vertebral exposure
required for the respective decompression; three levels in 5 pa-
tients, four levels in 11 and five levels in 3. Each test set comprised
an average of 50 summated potentials, sampled at 50 kHz, with a
frequency response of 20 Hz-3 kHz.
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An eight channel averager (Neuropak MEB2200, Nihonkohden,
Tokyo, Japan) allowed simultaneous recording of D-SCEPs from
all sets of electrodes. Two tracings obtained from each electrode
derivation confirmed consistency. We employed low amplifier sen-
sitivity first for digital averaging followed by optimal amplification.
This arrangement circumvented the problem of a large shock arti-
fact and amplifier overload caused by a high-voltage TES in refer-
ential recordings of the short-latency responses.

The MRI-based site of cord compression, designated as ‘0,
served as the point of reference for the remaining levels numbered
in order of increasing distance, assigning a minus sign caudally
(Figs. 1-4). Measurements of D-SCEP included: (1) latencies from
the stimulus artifacts to the initial positive peaks; (2) amplitudes
from the baseline to the initial-positive and the negative peaks;
and (3) areas (voltage-time integral) of the initial-positive and
the negative phases.

2.6. Statistical analysis

We used Wilcoxon’s signed rank test for evaluating paired data
and one-way ANOVA followed by Games-Howell test for unpaired
data. Values are given as mean +SD and two-tailed tests were
considered significant when p < 0.05. All statistical analyses were
performed using SPSS software, version 16 (SPSS Inc., Chicago,
[llinois).

3. Results
3.1. MRI

Table 1 summarizes the results of quantitative assessment of
the cord compression. At ‘0" level, sagittal and axial T1-weighted
MRI showed a significantly (p < 0.001) smaller anteroposterior
diameter and cross-sectional area than the remaining more caudal
and rostral levels. Sagittal T2-weighted MRI disclosed a high inten-
sity spinal cord signal in all 19 patients, all at ‘0’ level.
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Fig. 1. A 57 year-old man with cervical spondylotic myelopathy had an isolated
cord compression at C3-4 as evidenced by a sagittal T2-weighted MRI (right).
Anterior recording of D-SCEPs (left) showed an abrupt reduction of negative peak to
46% in amplitude and 32% in area at this level compared to C2-3 (100%) with a
concomitant augmentation of the initial-positive peak to 219% and 673% respec-
tively. These findings indicate a partial conduction block at C3-4.
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Fig. 2. A 69 year-old man with cervical spondylotic myelopathy had an isolated
cord compression at C4-5 as evidenced by a sagittal T2-weighted MRI (right).
Anterior recording of D-SCEPs (left) showed an abrupt reduction of negative peak to
40% in amplitude and 75% in area at this level compared to C3-4 (100%) with a
concomitant augmentation of the initial-positive peak to 116% and 118% respec-
tively. A monophasic positive wave caudally indicates a complete conduction block
at C4-5.
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Fig. 3. A 49 year-old man with cervical spondylotic myelopathy with isolated cord
compression at C4-5 as shown by a sagittal T2-weighted MRI (right). Anterior
recording of D-SCEPs (left) showed an abrupt reduction of negative peak to 42% in
amplitude and 29% in area at this level compared to C3-4 (100%) with a
concomitant augmentation of the initial-positive peak to 108% and 189% respec-
tively. These findings indicate a partial conduction block at C4-5.

3.2. D-SCEP

With serial recording, cortical TES delivered alternately from
right and left scalp electrodes placed symmetrically consistently
yielded a well-defined D-SCEP at each level of the intervertebral
discs (Figs. 1-4). The potentials generally consisted of two compo-
nents, the initial-positive and subsequent negative peaks. Data
from the patients with a caudal lesion (C5-6 group) included: (1)
onset latency of D-SCEP recorded at C4-5 (meanzSD:
3.31 £0.10 ms), ranging from 3.16 to 3.42 ms (n=5) and (2) con-
duction velocity from C3-4 to C4-5 (60.9 m/s) obtained by divid-
ing the distance between the two recording sites (20.7 mm) by
the latency difference (0.34 ms) (n=1).

At the site of cord compression, or ‘0’ level, the negative peaks
showed a significantly (p <0.001) reduced amplitude (48 + 18%)
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Fig. 4. A 48 year-old woman with cervical spondylotic myelopathy with isolated
cord compression at C5~-6 as shown by a sagittal T2-weighted MRI (right). Anterior
recording of D-SCEPs (left) showed an abrupt reduction of negative peak to 42% in
amplitude and 38% in area at this level compared to C4-5 (100%), indicating a
partial conduction block. Unlike the cases with conduction block more rostrally (cf.
Figs. 1~3), the initial-positive peak showed a distinct increase neither in amplitude
(70%) nor area (102%).

Table 1
Cervical cord measurement.
Intervertebral ~ Number of APD? cAP
level patients Mean + SD (range) Mean + SD (range)
mm mm?
+2 13 62+04 (56-7.0) 554+5.1(45.1-
63.9)
+1 19 6.0£0.7 (4.2-7.2) 57.1+6.9(45.9-
69.5)
0 19 3.8+1.1° (1.5- 42.4+97" (24.2-
5.6) 67.9)
-1 19 55%0.6 (4.7-7.1) 545+7.4(42.8-
70.3)
-2 18 55£0.7 (4.2-6.8) 49.0+8.6(35.7-
76.1)

One-way ANOVA and Games-Howell test is used for statistical analysis.
2 APD, anteroposterior diameter measured on midsagittal T1 weighted MRL
b CA, cross sectional area measured on axial T1 weighted MRI.
* Significantly smaller (p < 0.001) compared to more caudal and rostral levels.
" Significantly smaller (p < 0.001) compared to more caudal and rostral levels
except for ‘~2'.

and area (48 +24%) compared to the baseline at ‘+1’ level (100%)
(Table 2). In contrast, the initial-positive peak showed a significant
(p <0.01) increase in amplitude (171 + 96%) and area (279 + 201%)
at ‘0’ level compared to ‘+1’ (Table 3). Caudal to the site of com-
pression, the negative peak declined further (p < 0.01) in amplitude
(35 +24%) and area (32 £ 25%) at ‘—1', without a concomitant in-
crease in size of the initial-positivity. A series of waveform changes

indicated a complete conduction block with initial positive waves
alone or abolition of any wave at points beyond the block in 6 pa-~
tients (Fig. 2) and partial block in 13 patients (Figs. 1, 3 and 4). On
the average, JOA motor scores {(mean * SD) for the upper and lower
limbs combined showed a lower value in patients with a complete
block (3.5 + 1.7) than those with a partial block (4.3 + 1.7), but the
difference was not statistically significant (p = 0.37). This finding
probably reflects not only the relatively small sample size but also
the nature of the JOA functional assessment scale, which heavily
depends on age-related disabilities not directly attributable to
myelopathy.

The negative peak showed a similar size reduction (mean + SD)
at the compression site (‘0’) irrespective of the level involved
(p>0.5); its amplitude and area decreasing to 53%+20%
(p <0.05) and 49% + 29% (p < 0.05) in the C3-4 group, 44% £ 21%
(p<0.05) and 49%+27% (p<0.05) in the C4-5 group and
47% +10% (p<0.05) and 45% £ 13% (p < 0.05) in the C5-6 group
(Fig. 5A). In contrast, enhancement of the initial-positive peak at
‘0’ level showed lesion-site dependent change: the more caudal
the site of compression, the less the enhancement; its amplitude
and area increasing to 227%+84% (p<0.05) and 442%+212%
(p<0.05) in the C3-4 group, 170%+110% (p>0.05) and
252% +176% (p<0.05) in the C4-5 group, and 106%*36%
(p>0.05) and 126% % 27% (p <0.05) in the C5-6 group (Fig. 5B).
This tendency of rostrally prominent enhancement showed a sig-
nificant (p <0.05) difference in area between C3-4 and C5-6
groups.

4. Discussion

In anesthetized CSM patients, high-voltage TES pulse of up to
400V in intensity and 50 us in duration consistently elicits a
well-defined D-SCEP recordable from the cervical intervertebral
discs.

A pair of scalp electrodes placed symmetrically, one on each
hemisphere 5 cm from the midline, (Kondo et al., 1985; Matsuda
and Shimazu, 1989; Kaneko et al., 2001; Fukuoka et al., 2004;
Nakanishi et al., 2006; Tanaka et al., 2006) serve well to stimulate
both sides alternately with reversed electrode polarity. This mode
of stimulation with single shocks probably activates descending
motor pathways to both upper and lower limbs bilaterally. In fact,
4-pulse stimulus train with an interstimulus interval of 2 ms
delivered from the electrodes of the same location excited
motoneurons trans-synaptically, eliciting muscle responses from
hands and legs during intraoperative spinal cord monitoring in
previous studies (Fukuoka et al., 2004; Tanaka et al., 2006).

This stimulation technique evoked a relatively large, synchro-
nous D-SCEP even under inhalational anesthesia showing a short
latency (3.3+0.1ms at C4-5) and fast conduction velocity
(60.9 m/s), similar to those estimated for the D-wave in humans
(Boyd et al., 1986; Rothwell et al., 1989, 1994; Kaneko et al.,
2001; Lazzaro et al., 2004; Nakanishi et al., 2006; Lefaucheur

Table 2
Negative component of D-SCEP.
Recording level Number of patients Amplitude Area
Mean + SD (range), uV Mean £SD, % p-Value? Mean * SD (range), pV ms Mean = SD, % p-Value?
+1 19 143 £11.3 (3.0-53.3) 100 13.0+£13.0 (1.9-60.3) 100
<0.001 <0.001
0 19 6.1£3.5(1.4-13.3) 48 +18 4.5+25(1.4-9.3) 48 +24
0.004 0.001
-1 19 48+4.1(0-14.3) 35+24 3.0+£2.4(0-7.8) 3225
0.012 0.021
-2 13 1.8+1.7 (0-44) 19+ 14 1.6 £ 1.6 (0-4.6) 1714

? Calculated according to Wilcoxon signed rank test.
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Table 3
Initial-positive component of D-SCEP.
Recording level Number of patients Amplitude Area
Mean + SD (range), pv Mean £ SD, % p-Value? Mean + SD (range), uV ms Mean £ SD, % p-Value?
+1 19 6.6 4.3 (0.8-14.3) 100 3.1+2.3(0.3-9.0) 100
0.007 <0.001
0 19 8.9+5.0(2.3-20.2) 171£96 6.0+3.9 (0.8-15.1) 279 +201
0.004 NS
-1 19 6.6+4.4(1.4-16.4) 135+94 53+4.4(0.9-14.3) 265+230
0.003 0.016
-2 13 3.1+2.2(0.7-8.0) 8151 2.8+2.4(0.2-8.2) 217+184

# Calculated according to Wilcoxon signed rank test.
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Fig. 5. (A) Graphs showing the degree of reduction in amplitude and area of the
negative peak of the D-SCEP from ‘+1' to ‘0’ in the three groups of patients based on
the level of compression sites. Note reduction of the negative peak nearly by the
same percentage irrespective of the compression level. (B) Graphs showing the
degree of augmentation in amplitude and area of the initial-positive peak of the
D-SCEP from ‘+1' to ‘0’ in the same three groups of patients as (A). Note less
enhancement of the positive peak with a conduction block seen at a more caudal
site showing a significant difference in area between C3-4 and C5-6 groups
(p =0.032, One-way ANOVA followed by Games-Howell test).

et al., 2010; Fukaya et al., 2011). The stable, rapidly conducting,
anesthesia-resistant nature of this potential also supports the con-
tention that the D-SCEP results from the D-wave, which in animal
experiments, can be recorded directly from the corticospinal tract
(Patton and Amassian, 1954; Kernell and Wu, 1967) and, during
human scoliosis surgeries, from the cervical epidural space (Boyd
et al,, 1986; Rothwell et al., 1989, 1994; Burke et al., 1990, 1992,
1995).

The D-SCEPs consisted only of a single D-wave of about 3-4 ms
in onset latency without high-threshold D-wave components of
shorter latency, suggesting the activation of corticospinal axons
at or near the cerebral cortex (Rothwell et al., 1989, 1994; Burke
et al.,, 1990, 1992). Therefore, it is unlikely that caudal spread of
stimulating current activated the sensory tracts in the pons and
brainstem, hence the D-SCEP would not be contaminated by anti-

dromic sensory volleys. A contribution of ventral root activities to
the D-SCEPs was also unlikely, because the alpha motoneurons do
not reach their firing threshold with the single-pulse TES in
anesthetized patients (Deletis and Sala, 2008). The D-wave was
not followed by clear I[-waves, probably because I-waves,
compared to D-wave, are far more susceptible to inhalational
anesthesia and more dispersed at modest stimulus intensities as
in the present study (Rothwell et al., 1989; Burke et al., 1992).

Recording a short-latency D-SCEP using a referential derivation
poses the technical challenge of eliminating amplifier overload
caused by a high-voltage TES pulse of up to 400V in intensity
and 50 ps in duration. We employed a low amplifier sensitivity
for the initial averaging with alternate stimulation of the right
and left scalp to minimize baseline shifts caused by surface spread
of stimulus current. Subsequent amplification optimal to evoke
maximal D-SCEPs allowed accurate analyses of both positive and
negative peaks. A bolus injection of a muscle relaxant (vecuronium,
0.015-0.110 mg/kg) immediately before the recording also helped
eliminate contamination from paraspinal muscles near the record-
ing electrodes.

In this series of CSM patients with MRI evidence of cord com-
pression at single levels, the D-SCEP showed an abrupt reduction
in size of the negative peak accompanied by an enlargement of
the initial positive peak at the compression site (Figs. 1-4). These
waveform changes can be explained by the concept of phase can-
cellation (Kimura et al., 1988), which dictates the size of a com-
pound nerve action potential as a linear summation of the
constituent nerve fiber action potentials. The overlap of the nerve
fiber action potential with opposite polarity results in physiologic
cancellation and reduction in the peak of compound action poten-
tials. In the lead of compression site, a blocked fiber contributes a
normal positivity followed by a substantially reduced negativity, as
the impulse approaches without reaching the recording site
(Woodbury, 1965; Tani et al., 1997; Kimura, 2001). This reduction
in negativity not only decreases the negative peak of the D-SCEP
but also increases its positive peak resulting from loss of physio-
logical phase cancellation (Kimura et al.,, 1988; Tani et al., 1997,
1998, 2001). The combination of the opposing changes seen in
the negative and positive peaks characterizes the D-SCEP at the
compression sites, as shown in previous studies of A-SCEP in
CSM patients (Tani et al., 1998, 1999, 2002).

Why then, does the initial-positive peak enhancement progres-
sively decline with a more caudal site of conduction block, despite
similar reduction of the negative peak at all levels of involvement
(Fig. 5)? The long descending axons originating in the brain termi-
nate at various levels of the cord and most abundantly at the cer-
vical enlargement, which contains numerous motoneurons
innervating the upper limbs (Kelly, 1991). Thus, progressively few-
er descending axons remain caudally leading to a decreasing size of
the D-SCEP with a steep change at C5-6 level. At a caudal level of
conduction block, therefore, this physiological reduction of the
D-SCEP adds a further decrease in size of the negative peak, at
the same time countering the positive peak enhancement. In this
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series, patients in the C5-6 group had a relatively mild myelopathy
as indicated by a significantly higher JOA motor score compared
with the C3-4 group. Therefore, a smaller degree of conduction
block in the C5-6 group may also have contributed to a smaller
change of the positive and negative peaks of the D-SCEP compared
to the C3-4 group.

We conclude that the D-SCEP serves as a useful measure in
detecting the most rostral conduction block in the motor path-
ways, complementing the A-SCEP used to localize the most caudal
conduction block in the sensory pathways. A change in negative
peak, irrespective of the level of involvement, provides a better
indication of compression site at more caudal levels, where partial
conduction block may not alter the initial positive peak.
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