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Objective: Advanced magnetic resonance imaging studies have shown functional plasticity
or reorganization and metabolite alterations of N-acetyl aspartate in the sensorimotor cortex
(SMC), a hallmark region and key brain network, in patients with cervical spondylotic myelopa-
thy (CSM). However, the nature of perfusion in the SMC and the relationship between regional
cerebral blood flow (CBF), motor function scores, and structural damage of the cervical cord
in patients with CSM are not fully understood.

Materials and methods: All right-handed participants underwent pseudo-continuous arterial
spin labeling pulse sequence scanning, and CBF was then calculated and compared between CSM
and healthy groups. Clinical and structural associations were assessed in the SMC. Receiver
operating characteristic (ROC) and leave-one-out cross-validation analyses were used to esti-
mate the sensitivity and specificity of the significantly altered CBF in the SMC to distinguish
myelopathy-related impairment.

Results: A total of 18 pairs of CSM patients and well-matched healthy subjects were included
in the analyses. Compared with healthy subjects, CSM patients exhibited significantly decreased
CBF in the left premotor ventral/precentral operculum (PMv/PrCO) and the bilateral dorsal ante-
rior cingulate cortex (dACC); and increased CBF in the left paracentral lobule (PCL), the right
PCL/supplementary motor area (PCL/SMA), and the right postcentral gyrus (PoCG; Gaussian
random field correction at P<0.01). In the CSM group, the CBF values in the right PoCG were
negatively correlated with Japanese Orthopaedic Association scores, and the CBF values in
several regions were negatively correlated with Neck Disability Index scores. Finally, the ROC
analysis revealed that significantly increased CBF in the left PCL, the right PCL/SMA, and the
right PoCG discriminated patients with myelopathy-related impairment from healthy subjects.
Conclusion: Regional CBF was reduced in operculum-integrated (PMv/PrCO) and motor
control (dACC) regions but increased in sensory (PoCG) and motor-sensory processing (PCL/
SMA) regions in patients with CSM.
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Introduction

Cervical spondylotic myelopathy (CSM) is a common spinal cord disorder that causes
neck pain and motor and sensory deficits of the limbs in middle-aged people. The main
clinical symptoms of CSM are caused by local injury to the ascending or descending
spinal cord fibers due to incomplete compression of the spinal cord or by nerve root
entrapment.'* However, evidence from recent neuroimaging studies has suggested that
cortical plasticity or reorganization may also affect the clinical symptoms, manifesta-
tions, and rehabilitation of CSM patients. '
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CSM patients exhibit functional abnormalities of the
central nervous system, including increased task-related
activation in the primary motor and premotor cortices;*® loss
of activation in the sensory cortex;?® decreased intrinsic con-
nectivity in the operculum-integrated regions; and increased
connectivity in the premotor, right S1, and parietal-integrated
regions.! Moreover, post-surgical central functional adapta-
tions or recruitment accompany the improvement of clini-
cal symptoms or functional recovery in CSM patients.* In
addition, studies have also reported metabolite alterations
of N-acetyl aspartate in the motor cortex in pre-'° and post-
surgery® CSM patients.!! These findings provide a better
theoretical basis for understanding the cortical plasticity or
reorganization in CSM patients.

In our previous studies, we demonstrated alterations
in intrinsic oscillation amplitudes'? and local® and long-
distance!* connectivity in the sensorimotor cortex (SMC),
a hallmark region and key brain network, in patients with
CSM. However, the physiological mechanisms underlying
the intrinsic functional plasticity of the SMC in CSM patients
are poorly understood. Recent studies have observed tight
coupling between regional cerebral blood flow (CBF) and
intrinsic connectivity strength during both resting and task-
activated brain states.!>!¢ However, only a few studies have
used "®F-FDG PET to observe perfusion around the cervical
cord in CSM patients,'”!® and relatively little is known about
SMC perfusion using non-invasive arterial spin labeling
(ASL) in CSM patients.

The goal of this study was to investigate alterations
of perfusion in the SMC using a pseudo-continuous ASL
(pCASL) pulse sequence. pCASL is a promising imaging
technique used to visualize CBF with lower inter-subject
variability.” pCASL can be applied to study various vas-
cular diseases, such as stroke® and “functional” diseases,
including Alzheimer’s disease? and schizophrenia.?? In this
study, we hypothesized that alterations in CBF would exist
in the SMC of patients with CSM and that these alterations
would be related to motor function, as measured by Japanese
Orthopaedic Association (JOA) scores or severity of struc-
tural damage to the cervical cord.

Materials and methods

Ethical statement

The current study was approved by the Medical Research
Ethics Committee and the Institutional Review Board of
the First Affiliated Hospital, Nanchang University, People’s
Republic of China. This study was also conducted according
to approved guidelines and in compliance with the principles

of the Declaration of Helsinki. Before magnetic resonance
scanning, written informed consent was obtained from each
participant.

Participant and clinical estimates

Forty-two right-handed participants were recruited from a
local hospital and the urban community and comprised 21
pre-surgery CSM patients and 21 age-, gender-, and educa-
tion-matched healthy control (HC) subjects. The CSM group
included a consecutive series of patients who met the study
inclusion/exclusion criteria. Some patients had participated in
previous resting-state functional magnetic resonance imaging
(fMRI) studies,'*'*and detailed descriptions of the inclusion
criteria can be found in previous reports.' Two radiologists
assessed the spinal cord compression, defined as a clearly
indented cord surface or by a narrowed cord diameter with
hyper-intensity of the cord on T2-weighted images, which
indicated that these CSM patients had intrinsic T2 changes.

The severity of cervical myelopathy was evaluated by the
JOA system and Neck Disability Index (NDI) questionnaires.
The JOA system evaluates the clinical severity of myelopathy
by assigning scores based on the degree of dysfunction, and
the NDI was designed to measure the activities of daily living
in patients with neck pain.

For imaging data quality control, participants were
excluded if the maximum displacement in any orthogo-
nal direction (x, y, z) exceeded 2 mm or if angular head
motion exceeded 2.0° at any time during the pCASL scan.
In this study, two patients and one healthy subject had head
movement >2 mm or >2.0° during the pCASL scan and
were excluded. Considering the paired data, the associated
paired patient and healthy subjects were also excluded from
the study. Finally, a total of 18 paired patients and healthy
subjects were included in the present study. The detailed
demographic and clinical data of all subjects are shown in
Table 1.

MRI data acquisition

MRI data acquisition was conducted using a 3.0-T MR
system (Trio; Siemens, Munich, Germany) at the First Affili-
ated Hospital. Each participant underwent a resting pCASL
sequence scan with eyes closed and high-resolution 3-dimen-
sional (3D) T1-weighted image (T1WI) acquisition with foam
padding in an 8-channel phased-array head coil for restricted
head motion. 1) pCASL was used to acquire perfusion data
with the following protocol: repetition time (TR), 4000 ms;
echo time (TE), 12 ms; time interval between consecutive
slice acquisitions, 32.0 ms; radio frequency duration, 0.5
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Table | Demographic and clinical information for the CSM and HC groups (mean + SD)

Clinical information CSM HC t (P)-values

n 18 18 N/A

Age, years 51.94+78l 50.50 £ 7.12 0.580 (0.879)
Gender (male/female) 13/5 13/5 N/A

Education (years) 14.06 £ |.16 14.17 + 1.21 —-2.556 (0.801)
Duration of symptoms (months) 10.11 +10.04 0.00 =00 N/A

NDI scores 31.20% £ 11.01% 2.89% = 4.76% 10.014 (0.0001)
JOA scores 11.67 £2.74 17.00 £ 0.00 —8.246 (0.0001)
Motor upper 2.17+0.78 4.00 +0.00 —9.897 (0.0001)
Motor lower 322+ 1.16 4.00 £ 0.00 —2.830 (0.008)
Sensor deficit 3.33+0.84 6.00 = 0.00 —13.46 (0.0001)
Bladder dysfunction 294+0.23 3.00 + 0.00 —1.000 (0.324)
FA values at the C2 level 0.59 £ 0.048 0.66 + 0.042 —4.892 (0.0001)

Abbreviations: CSM, cervical spondylotic myelopathy; FA, fractional anisotropy; HC, healthy control; JOA, Japanese Orthopaedic Association; N/A, not applicable; NDI,

Neck Disability Index.

ms; labeling duration (7), 1650 ms; labeling pulse flip angle,
18°; post-spin labeling delay (®), 1520 ms; bandwidth, 3.3
kHz/pixel; field of view (FOV), 240 x 240; matrix, 64 X 64;
3.44 x 3.44 x 4 mm?’ resolution; 20 axial slices, 4 mm slice
thickness with 1 mm gap; and background suppression. The
labeling block was 90 mm below the isocenter of the read-
out slices (tenth slice of scanning), 80 label/control image
pairs were acquired and total scan duration of 320 s for each
participant. 2) Sagittal 3D T1WI were acquired with the
following protocol for ASL data processing: TR/TE, 2,530
ms/3.39 ms; flip angle, 7°; thickness, 1.33 mm; gap, 0 mm,;
matrix, 256 x 256; FOV, 240 mm X 240 mm, and a total of
176 contiguous slices through the brain. 3) Axial diffusion
tensor imaging covering the cervical spinal cord from C1 to
C7 was acquired to evaluate cervical cord micro-structural
damage, and the spin echo single-shot echo planar sequence
parameters were as follows: TR/TE = 5000/106 ms; FOV =
128 X 124 mm; NEX =2; matrix = 128 x 124; slice thickness
=5 mm; 20 nonlinear diffusion-weighted gradient directions
with b=600 s/mm? and one additional image without diffusion
weighting (i.e., b=0 s/mm?). 3) In addition, we also acquired
sagittal and axial conventional T 1-weighted, T2-weighted and
T2-fluid-attenuated inversion recovery (FLAIR) images of
the brain and cervical spinal cord for diagnostic purposes.

pCASL processing and analyses

The pCASL and high-resolution T1WI data were processed
using the ASLtbx toolbox (https://www.cfn. upenn.edu/
ASLtbx.php) in MATLAB (Math Works, Natick, MA,
USA). Data processing was implemented as follows: 1) per-
processing: median filter (nonlinear digital filtering tech-
nique) for reducing spike noise; 2) head motion correction:

participants who had greater than 2° of angular rotation
along any axis or greater than 2 mm of translation along
any axis during the functional MR scanning were rejected;
3) data segment, co-registration and spatial normaliza-
tion: high-resolution individual T1-anatomic images were
registered and then segmented and transformed into the
standard Montreal Neurological Institute (2 X 2 X 2 mm?®)
space using the DARTEL toolbox,* and the resulting nor-
malization parameters were used to normalize the pCASL
data; 4) smoothing: a 5 mm full-width at half maximum
Gaussian kernel was applied to decrease spatial noise and
to compensate for imperfect normalization. The model for
quantifying CBF is given by equation below , and the model
was implemented in ASLtbx:

AM AR, exp(oR,,)
2Ma

CBF = [1-exp(—tR )]

where AM is the difference between the control and label val-
ues, A is blood/tissue water partition coefficient (0.9 mL/g),
R, is the longitudinal relaxation rate of blood (1600 ms),
7 is the labeling time, o is the labeling efficiency (0.95), ®
is the post-labeling delay time, and M, is the equilibrium

magnetization of the brain.

Fractional anisotropy (FA) metrics
calculation in the cervical cord

FA metrics of the C2 vertebral level and the most severe
compression level were calculated for the diffusion tensor
imaging native space for patients with CSM using the Diffu-
sion Toolkit (http://www.trackvis.org/) to evaluate the micro-

structural severity of the cervical canal stenosis.
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Statistical analyses

In the SMC, group differences of ASL perfusion between
the CSM and HC groups were tested by voxel-wise, two
sample #-tests with age and gender as covariates (Statistical
Parametric Mapping 12, http://www.fil.ion.ucl.ac.uk/spm).

Multiple comparison corrections were performed using
the Gaussian random field (GRF) theory with a voxel level
of P<0.01 and a cluster level of P<0.05. Furthermore, we
correlated the regional CBF (rCBF) values within the SMC
with Fisher Z-scores in each patient to determine whether the
reduced perfusion in patients with CSM was related to the
micro-structural severity (FA values at C2 and most severe
compression levels), clinical severity (JOA scores) of cervi-
cal myelopathy, activities of daily living (NDI), or disease
duration (P<0.01, GRF-corrected in cluster level at P<0.05).

Discriminant analysis

In the discriminant analysis of the altered pCASL within the
SMC, receiver operator characteristic (ROC) curves were
used to estimate the sensitivity and specificity for distinguish-
ing CSM patients from healthy subjects. The area under the
ROC curve was used to estimate the accuracy of the clas-
sification. A leave-one-out cross-validation (LOOCV) was
used to assess the validity of the results.

Results

Demographic and clinical data

In this study, we obtained 18 paired CSM patients and HC
subjects for analysis. Among these CSM patients, 38.9% had
single-level compression and 61.1% had two or more levels
of compression secondary to disk degeneration, spondylosis,
or both. A total of 72.2% presented with pain or discomfort in
the neck or shoulder; 61.1% presented with weakness, a loss
of dexterity, or sensory loss in the upper limbs; and 55.6%
had gait instability. The demographic and clinical data of the
study groups are shown in Table 1.

There were no significant differences between the groups
with respect to age (P=0.879) or gender. In this study, all the
healthy subjects scored maximum values on all sub-sections
of the JOA test, resulting in the maximum score of 17, but
CSM patients had significantly lower JOA scores (11.67
2.74, range: 3—14). In comparison to the HC group, CSM
patients had significantly higher NDI scores (31.20% =+
11.01% vs. 2.89% + 4.76%) and lower FA values at the C2
level (0.59 £0.048 vs. 0.66 £ 0.042). The mentioned clinical
measures revealed disabilities and loss of integrity due to
cervical myelopathy. A total of 18 patients received surgical
decompression to relieve their clinical symptoms at the First
Affiliated Hospital, Nanchang University.

CBF difference between groups
The spatial patterns of CBF across the whole brain for the HC
group and CSM patients are shown in Figure 1. In the whole
brain, high CBF was observed in the precuneus and posterior
cingulate regions, the anterior cingulate cortex (ACC) and
middle prefrontal cortex, the precentral gyrus (PrCG), and the
postcentral gyrus (PoCG). In this study, group comparisons were
focused on the SMC, primarily the bilateral PrCG, the PoCG,
the supplementary motor area (SMA), the inferior frontal gyrus
and a portion of the middle cingulate cortex, the paracentral
lobule (PCL), and part of the bilateral insula. Compared with
HC, the CSM patients showed lower CBF in the left premotor
ventral/precentral operculum (PMv/PrCO) and bilateral dorsal
ACC (dACC), but higher CBF in the left PCL, the right PCL/
SMA, and the right PoCG, as shown in Figure 2 and Table 2.
The results were mapped on cortical surfaces using Brain-
Net viewer (www.nitrc.org/projects/bnv).

Correlations between rCBF values and

clinical data in CSM patients
In CSM patients, significant negative correlations were
found between the rCBF values and the JOA scores in the

mean rCBF %
[$)]

mL/100 g/min

o

Figure | Maps of CBF of HC subjects (n=18, upper row) and patients with CSM (n=18, lower row).
Abbreviations: CBF, cerebral blood flow; CSM, cervical spondylotic myelopathy; HC, healthy control.
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Altered rCBF within SMC
CSMvs. HC

LH -3.1
44 26 08  +16  +22

T-values

+3.2 RH
+28 +46 +52  +70 +76

Figure 2 Significant rCBF differences between healthy control subjects and patients with cervical spondylotic myelopathy within the sensorimotor cortex (two sample t-tests,
P<0.01, GRF-corrected in cluster level at P<0.05; yellow-red and cyan-blue colors indicate higher and lower perfusion in the patients, respectively).
Abbreviations: CSM, cervical spondylotic myelopathy; GRF, Gaussian random field; HC, healthy control; rCBF, regional cerebral blood flow; SMC, sensorimotor cortex.

Table 2 The CSM group showed altered CBF within the sensorimotor cortex (two sample t-tests, P<0.0l, GRF-corrected at the

cluster level at P<0.05)

Cluster size Peak T-score

Peak MNI coordinates

Brain region

(voxels) x y z

60 -3.07 —60 12 20 Left premotor ventral/precentral operculum

24 -2.89 -2 14 26 Bilateral dorsal anterior cingulate cortex

77 2.87 -20 —26 44 Left paracentral lobule

118 3.1 18 -6 48 Right paracentral lobule/ supplementary motor area
29 3.16 14 -38 78 Right postcentral gyrus

Abbreviations: CBF, cerebral blood flow; CSM, cervical spondylotic myelopathy; GRF, Gaussian random field; MNI, Montreal Neurological Institute.

right PoCG (Table 3 and Figure 3A) and between the rCBF
values and the NDI scores in the left PMv/PrCO, the right
PMv/PrCO, the left supramarginal gyrus, the bilateral SMA,
the right PoCG, the left middle cingulum cortex, and the
right dorsolateral premotor cortex (PMd; Table 4 and Figure
3B; P<0.01, GRF-corrected in cluster level at P<0.05). No
significant relationship was observed between rCBF values
and disease duration, or between rCBF values and FA values
at the C2 or the most severe compression level.

Discriminatory performance analysis of
the rCBF

Some regions exhibited significant between-group differ-
ences in CBF. Higher CBF in the left PCL, the right PCL/
SMA, and the right PoOCG may be able to be used to dis-
criminate between CSM patients and HC. To investigate
this possibility, the mean CBF values in the three regions

were extracted. ROC analysis revealed that the areas under
the curves (AUCs) were 0.738 for the left PCL, 0.754 for

the right PCL/SMA, and 0.590 for the right PoCG (Figure 4
and Table S1). The LOOCV showed cross-validated AUCs
of 0.738 + 0.0101 (0.725-0.760) for the left PCL, 0.754 *
0.0158 (0.738-0.792) for the left right PCL/SMA, and 0.590
+0.0183 (0.563-0.625) for the right PoCG.

Discussion

In this study, CBF was altered in the SMC of patients with
CSM compared to HC subjects. The CBF measures were
lower in CSM patients than in controls in the left PMv/
PrCO and in the bilateral dACC, indicative of regional hypo-
perfusion or dysfunction. CSM patients had higher CBF than
controls in the left PCL, the right PCL/SMA, and the right
PoCG. Our data suggest that there are alterations of perfusion
in the SMC in patients with CSM.

In the CSM group, decreased CBF was observed in the
left PMv/PrCO and the right dACC, which was negatively
correlated with the NDI score. Previous anatomical and func-
tional connectivity studies have revealed that the PMv/PrCO

Journal of Pain Research 2018:11
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Table 3 Regions with significant correlations between JOA scores and rCBF in the CSM group (P<0.01, GRF-corrected at the cluster

level at P<0.05)

Cluster size Peak r-score

Peak MNI coordinates

Brain region

(voxels) x

Y z

30 —-0.683 50

—28 60 Right postcentral gyrus

Abbreviations: CSM, cervical spondylotic myelopathy; GRF, Gaussian random field; JOA, Japanese Orthopaedic Association; MNI, Montreal Neurological Institute; rCBF,

regional cerebral blood flow.

A Correlation between rCBF values within
SMC and JOA scores

LH RH

-0.683 r-values +0.677

B Correlation between rCBF values within
SMC and NDI scores

LH RH

—0.810 r-values +0.661

Figure 3 Correlations of rCBF values with JOA scores (A) and NDI scores (B) in
CSM patients (P<0.01, GRF-corrected at the cluster level at P<0.05).
Abbreviations: CSM, cervical spondylotic myelopathy; GRF, Gaussian random
field; JOA, Japanese Orthopaedic Association; NDI, Neck Disability Index; rCBF,
regional cerebral blood flow; SMC, sensorimotor cortex.

is a key node in the network for integrative processes.?* The
PMv/PrCO receives input information involved in locating
one’s own limb, subjective limb ownership, and polymodal
action recognition.>?’ In this study, decreased CBF of the
right PMv/PrCO was also significantly correlated with NDI
scores, which indicates a perfusion-related, self-rated dis-
ability. Patients with CSM frequently experience tingling or
numbness in the arms, fingers or hands, resulting in loss of
fine motor skills. Decreased activity of the PMv/PrCO was
detected in a previous study of myelopathy patients,' and
a similar perception loss also occurs in the “rubber hand
illusion”. ? The decreased CBF of the PMv/PrCO found in
this study may help us understand the extent to which CSM
patients with neck pain (high NDI) face disability in daily
living activities.

The dACC is a key brain region involved in motor
control?®? and cognition,*® and selectively modulates the

SMA during coordinated motor behaviors or motor task
conditions.?®% Previous studies demonstrated that the JACC
connectivity network is significantly associated with motor
function and cognitive function, both during tasks and rest-
ing states.?®**3! Bidirectional interactions exist between the
dACC and the SMA. Bottom-up connectivity (from the SMA
to the dACC) is specific to motor coordination during resting
state, but top-down connectivity (from the JACC to the SMA)
is exerted during book-ended tasks.” In CSM patients, one
type of “myelopathy hand” is characterized by localized wast-
ing and weakness of the intrinsic and extrinsic hand muscles
without sensory loss or spastic quadriparesis. In our study,
although no significant relationship was detected between
the CBF of the dACC and JOA scores, decreased CBF of
the right dACC was negatively correlated with NDI scores.
In particular, in patients with spinal cord injury, the reduced
regional blood flow in cerebral motor and sensory areas
indicates dysfunctional CBF regulation of brain function.*?
Given the existing literature,> we believe that dysfunction of
the dACC due to hypo-perfusion may contribute to the clini-
cal presentation of CSM by the motor sub-network.

We also noted that the CSM group showed significantly
increased CBF in the left PCL, the right PCL/SMA, and the
right PoCG. In addition, several regions, including the PoCG,
exhibited a significant correlation between the increased
rCBF and JOA scores or NDI scores (Figure 4). NDI was
designed for measurements of “myelopathy daily living” but
JOA for “myelopathy dysfunction”. In fact, the PoCG, as
the main sensory receptive area, is one of the major regions
affected in CSM patients,* while the PCL controls motor
and sensory innervations.> In a resting-state fMRI study of
CSM, one explanation of increased connectivity is a negative
“side effect” in the context of lost sensory impulses.'* Hyper-
perfusion in the aforementioned regions further supports the
“adaptive plasticity” hypothesis posed by Zhou et al.! derived
from the blood flow profile.!'® Another explanation is that a
loss of afferent sensory conditions may result in less efficient
funneling of neural processing.>

A previous study demonstrated that metabolic, structural,
and functional abnormalities of the central nervous system
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Table 4 Regions with significant correlations between NDI scores and rCBF in the CSM group (P<0.01, GRF-corrected at the cluster

level at P<0.05)

Cluster size Peak Peak MNI coordinates Brain region

(voxels) r-score X y z

445 -0.759 -38 -22 28 Left premotor ventral/precentral operculum
849 —0.785 60 -2 12 Right premotor ventral/precentral operculum
344 -0.811 —46 —46 34 Left supramarginal gyrus

246 -0.736 2 22 42 Bilateral supplementary motor area

861 —0.803 40 —26 62 Right postcentral gyrus

49 —0.673 -6 -32 46 Left dorsal anterior cingulate

42 -0.716 32 0 56 Right dorsolateral premotor cortex

Abbreviations: CSM, cervical spondylotic myelopathy; GRF, Gaussian random field; MNI, Montreal Neurological Institute; NDI, Neck Disability Index; rCBF, regional

cerebral blood flow.

1.0
0.8
0.6
>
=
=
c
[0
(%}
0.4
Source of the curve
0.2 Left PMv/PrCO
Bilateral dJACC
Left PCL
Right PCL/SMA
Right PoCG
Reference line
0.0
0.0 0.2 0.4 0.6 0.8 1.0
1-specificity

Figure 4 ROC analysis for differentiating myelopathy-related impairment between SMC patients and healthy subjects.
Abbreviations: dACC, dorsal anterior cingulate cortex; PCL, paracentral lobule; PMv/PrCO, premotor ventral/precentral operculum; PoCG, postcentral gyrus; ROC,
receiver operating characteristic; SMA, supplementary motor area; SMC, sensorimotor cortex.

of CSM patients,*® including a decreased N-acetyl aspartate/
creatine metabolite ratio,>> increased task-related activation
and alterations in intrinsic activity, and are indicative of
neuronal damage or dysfunction in the SMC. The current
findings add to previous studies of neuroimaging suggesting
myelopathy-related alterations of neural intrinsic activity
in the SMC"2 and extend these findings into the perfusion
domain. Whether these findings are related to intrinsic neural
activity (i.e., amplitude of low-frequency fluctuations, func-

tional connectivity density/strength) remains an important
question for future work.

The results of our study indicate that rCBF may be a
useful diagnostic marker for distinguishing myelopathy-
related impairments of the SMC, and the CBF values in the
left PCL, the right PCL/SMA, and the right PoCG may help
accurately discriminate the CSM from HCs with moderate
sensitivity and specificity cut-off points. Furthermore, this
method measuring CBF might provide a straightforward
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view for central nervous system responding of perfusion in
postoperative evaluation of decompression in CSM patients.

While our results are interesting and encouraging, several
issues need to be further addressed. First, this study was
focused on alterations in perfusion of the SMC obtained
from healthy subjects using the group ICA toolbox (http://
mialab.mrn.org/data/index.html). Although other alterations

in rCBF may exist in undiscovered regions, using a different
SMC mask should not change the overall results reported in
this study because the calculations of rCBF are independent
of the image mask. Second, decreased CBF of the PMv/
PrCO occurred only on the left side, while increased CBF
of the PoCG occurred only on the right side. Asymmetrical
and heterogenic ultrastructural pathological changes may
explain this phenomenon, but this needs to be confirmed in
the future. Furthermore, our study incorporated a relatively
small sample size, and thus, larger samples or additional
classifications should be included in future studies. Finally,
regarding the physiological basis of CBF and its association
with structural damage at the spinal cord, alterations in blood
flow due to single- or multi-level compression of cervical
arteries may be one reason for the observed differences,
and future work will need to consider blood flow alterations.

In summary, reduced CBF was observed in operculum-
integrated (PMv/PrCO) and motor control (dACC) regions in
patients with CSM, but CBF was increased in sensory (PoCG)
and motor-sensory (PCL/SMA) regions. These findings are
consistent with defects in movement precision, decreased
finger dexterity, and the loss of motor skills in CSM patients.
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Supplementary material

Table S| Significantly altered rCBF values in the ROC analysis for differentiating CSM patients from healthy subjects

Altered rCBF in the CSM patients Area under the curve Cut-off point Sensitivity Specificity
CBF values in the left PMv/PrCO 0.328

CBF values in the bilateral JACC 0.398

CBF values in the left PCL 0.738 20.76* 88.5% (16/18) 61.1% (11/18)
CBF values in the right PCL/SMA 0.754 23.35 83.3% (15/18) 66.7% (12/18)
CBF values in the right PoCG 0.590 47.53 88.5% (26/18) 44.4% (8/18)

Notes: *Using this cut-off point, the rCBF value of PCL correctly classified 16 of 18 CSM patients and | | of 18 HC subjects, resulting in a sensitivity of 88.5% and a specificity
of 61.1%. The means for other cut-off points were similar.

Abbreviations: dACC, dorsal anterior cingulate cortex; HC, healthy control; PCL, paracentral lobule; PMv/ PrCO, premotor ventral/precentral operculum; PoCG,
postcentral gyrus; rCBF, regional cerebral blood flow; SMA, supplementary motor area.
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