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Abstract

Purpose To compare volume-occupying rate of cervical

spinal canal between patients with cervical spondylotic

myelopathy (CSM) and normal subjects, and to investigate

its significance in cervical spine disease.

Methods Spiral computed tomography (CT) scan (C4–C6

cervical spine unit) was performed in 20 normal subjects

and 36 cases of CSM at a neutral position, and data were

transferred to the Advantage Workstation Version 4.2 for

assessment. Bony canal area and fibrous canal area in each

cross section, and sagittal diameters of cervical spinal canal

and cervical spinal body were measured. Volume-occu-

pying rate of cervical spinal canal was calculated using

MATLAB. Cervical spinal canal ratio and effective cer-

vical spinal canal ratio were calculated, and Japanese

Orthopaedic Association score was used to assess cervical

spinal cord function.

Results Volume-occupying rate of cervical spinal canal at

a neutral position was significantly higher in CSM patients

as compared to normal subjects (P \ 0.01). There was no

correlation between cervical spinal canal ratio and JOA

score in CSM patients, with a Pearson’s correlation coef-

ficient of 0.171 (P [ 0.05). However, sagittal diameter of

secondary cervical spinal canal, effective cervical spinal

canal ratio and volume-occupying rate of cervical spinal

canal were significantly associated to JOA score, with

Pearson’s coefficient correlations of 0.439 (P \ 0.05),

0.491 (P \ 0.05) and -0.613 (P \ 0.01), respectively.

Conclusions Volume-occupying rate of cervical spinal

canal is an objective reflection of compression on cervical

spine and spinal cord, and it is associated with cervical

spinal cord function. These suggest that it may play a

significant role in predicting the development of CSM.

Keywords Cervical spine � Volume-occupying rate of

cervical spinal canal � Spiral computed tomography �
Measurement

Introduction

Cervical canal stenosis is an anatomic cause and a risk

factor for cervical spondylotic myelopathy (CSM) [1, 2].

Currently, most morphological measurements of cervical

canal stenosis focused on radial line length of cervical

spinal canal and cervical spinal body [3–8] or cross-sec-

tional area of cervical spinal canal [9–14], and thus com-

pression on the cervical spinal cord cannot be objectively

and accurately examined. Some data regarding the mea-

surement of spinal canal volume originated from cadaver
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specimens [15], which had reference value but could not be

applied in clinical practices. The purpose of the present

study was to investigate change of volume-occupying rate

of cervical spinal canal and explore its clinical significance

through measurement of cervical canal volume in normal

subjects and patients with CSM at a neutral position using

spiral computed tomography (CT) scan and MATLAB

language.

Subjects and methods

Subjects

Twenty normal subjects were randomly sampled from

healthy volunteers in whom physical examination, X-ray

and magnetic resonance imaging (MRI) were performed.

Those with cervical diseases such as cervical spine defor-

mity, trauma and cervical spine disease were excluded.

Normal subjects included 14 males and 6 females, with

mean age of 39 years (24–55 years). Thirty-six patients

with CSM were randomly sampled from those admitted to

hospital during period from January 2008 to June 2010. All

patients had physical examinations, X-ray and MRI scan,

and patients with ossification of posterior longitudinal

ligament, amyotrophic lateral sclerosis and spinal tumor

were excluded. Of 36 patients, 26 were male and 10 were

female, with mean age of 47 years (35–57 years). Most

patients were in a chronic process, and showed a progres-

sive exacerbation. The duration of the disease ranged from

5 months to 9 years, with a mean of 4.3 years. After the

onset of the disease, all subjects experienced neck and

shoulder discomfort, numbness of limbs, unsteady gait and

zonesthesia (a feeling or sensation of constriction in the

body) in chest or abdomen. Physical examination showed

that compression was mainly on lower cervical spinal cord,

and different degrees of incomplete paralysis were detected

in limbs. In addition, there were obvious sensor and

activity disorders in limbs, and hyper-reflexia was observed

and the pathological tendon reflex was positive. Cervical

spinal cord function of all patients with CSM was mea-

sured using Japanese Orthopaedic Association (JOA)

scoring method [16]. JOA score of all CSM patients ranged

from 7 to 15, with a mean score of 11.14.

The study was approved by the Ethics Committee of

Anhui Medical University and adhered to the tenets of the

Declaration of Helsinki. Written informed consent was

obtained from volunteers and patients.

Measurement methods

All scanning was performed on a 64-Slice LightSpeed CT

Scanner (GE Healthcare). The CT was acquired in a supine

and neutral position (cervical spine was maintained at an

angle of 12�) [17]. Lateral position of cervical spine was

scanned and photographed. The scanning was performed

between upper cervical spine C4 and lower cervical spine

C6. The scanning parameters were: voltage of 120 kV,

current 600 mA, field-of-view (FOV) 150 mm, slice thick-

ness of 2.5 mm, pitch 1.375:1, slice interval 0.625 mm, scan

width of 300 mm, and scan length of 35 mm.

All scanning images were conveyed to Advantage

Workstation 4.2 (GE Healthcare), and then post-treatment

imaging evaluations including volume rendering (VR),

multiplanar reformation (MPR) and maximum intensity

projection (MIP) were performed. Bony canal area, fibrous

canal area of each section and sagittal diameter of spinal

canal were measured in the workstation. To reduce sub-

jective error of the measurement, measurements of cross-

sectional area and sagittal diameter of spinal canal were

performed by an orthopaedic surgeon and a radiographer,

and the final results were the means of both measurements.

Cross-sectional area of spinal canal

Border of spinal canal was defined according to effective

lacuna of spinal canal. For bony canal, the front was bordered

on posterior margin of vertebral body, and the back was

bordered on interior margin of vertebral laminae. For fibrous

canal, the border was defined as the disco-ligamentous space:

the front was bordered on posterior margin of intervertebral

disk, and the back was bordered on interior margin of liga-

mentum flavum. Two sides were bordered on interior margin

of pedicle of vertebral arch. If images of spinal canal

appeared as opening shape on both sides, posterior margin of

nerve root was considered as the border. The area measured

was input into MATLAB 7.0.1, and canal volume of cervical

vertebra was calculated using the trapezoidal rule integration

method, and then volume-occupying rate of spinal canal was

estimated using the following formula:

Volume-occupying rate of spinal canal ð%Þ
¼ ðbony canal volume

� fibrous canal volumeÞ=bony canal volume� 100 %

The measurement is shown in Fig. 1.

Radial line of cervical spinal canal and cervical spinal

body

Sagittal diameter of secondary spinal canal in the most

narrowing segment of spinal canal C4–C6 was measured in

soft tissue window. Sagittal diameter of secondary spinal

canal, also called sagittal diameter of effective spinal canal,

was sagittal diameter of spinal canal excluding pathological

volume-occupying lesions such as herniated intervertebral
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disk and osteophyte. Mid-sagittal diameters of vertebral

body and sagittal diameters of developmental spinal canal

in the same fragment of the spinal canal C4–C6 were

measured in the bony window. For measuring the mid-

sagittal diameters of the vertebral body, proliferative os-

teophytes were excluded. Cervical spinal canal ratio,

namely Pavlov’s ratio, and effective cervical spinal canal

ratio were calculated: Sagittal diameter of vertebra, a;

sagittal diameter of developmental spinal canal, b; sagittal

diameter of secondary spinal canal, c; cervical spinal canal

ratio, b/a; and effective cervical spinal canal ratio, c/a. The

measurement is shown in Fig. 2.

Statistical analysis

All data were described as mean ± standard deviation

(SD), and all statistical analyses were performed using the

statistical software Statistical Package for the Social Sci-

ences V. 13.0 (SPSS 13.0, SPSS Inc., Chicago, IL, USA).

Differences of volume-occupying rate of cervical spinal

canal between normal subjects and CSM patients were

tested for statistical significance using two-sample t tests.

Pearson’s correlation analysis was used to investigate

relationships between JOA score and cervical spinal canal

ratio, sagittal diameter of secondary cervical spinal canal,

effective cervical spinal canal ratio and volume-occupying

rate of cervical spinal canal. P value of \0.05 was con-

sidered statistically significant.

Results

Volume-occupying rate of cervical spinal canal was sig-

nificantly higher in CSM patients compared with normal

subjects (P \ 0.01) (Table 1). There was no correlation

between cervical spinal canal ratio and JOA score, with a

Pearson’s correlation coefficient of 0.171 (P [ 0.05).

However, sagittal diameter of secondary cervical spinal

canal, effective cervical spinal canal ratio and volume-

occupying rate of cervical spinal canal were significantly

associated with JOA score, with Pearson’s correlation

coefficients of 0.439 (P \ 0.05), 0.491 (P \ 0.05) and

-0.613 (P \ 0.01), respectively (Tables 2, 3).

Discussion

We measured volume-occupying rate of cervical spinal

canal at a neutral position, and found that volume-occu-

pying rate of cervical spinal canal was significantly higher

in CSM patients as compared to normal subjects, and was

associated with cervical spinal cord function. Volume-

occupying rate of cervical spinal canal had a higher cor-

relation with JOA score than sagittal diameter of secondary

cervical spinal canal and effective cervical spinal canal

ratio.

Anatomical features of spinal canal

The present study selected C4–C6 vertebrae to measure

volume-occupying rate of spinal canal, because changes

in the volume of cervical spinal canal mainly occurred at

C3–C7 vertebrae [18]. Cervical vertebra bending and

extension was one of the most basic activities. Bending and

extension of cervical vertebra led to changes in anatomical

structures in spinal canal, including sagittal diameter,

Fig. 1 Sketch diagram of measurement of spinal canal area. A Bony

canal area, B fibrous canal area

Fig. 2 Sketch diagram of measurement of radial line of spinal canal.

a Sagittal diameter of vertebrae, b sagittal diameter of developmental

spinal canal, c sagittal diameter of secondary spinal canal
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cross-sectional area, as well as volume [15]. Both flexion

and extension worsened spinal canal stenosis [19]. There-

fore, in the present study, CT scanning of cervical vertebra

was performed at a neutral position.

Measurement of cervical spinal canal

Measurement of cervical spinal canal using sagittal diam-

eter of spinal canal, cervical spinal canal ratio (i.e., Torg

ratio or Pavlov ratio) [3, 4], ratio of effective cervical

spinal canal, the sagittal diameter of secondary spinal

canal, the ratio of effective cervical spinal canal (calculated

using sagittal diameter of secondary spinal canal), and

axial cross-sectional area of cervical spinal cord [11] have

been proposed; however, various ratio methods could not

reflect the size of cervical spinal canal and could not

comprehensively reflect the spinal canal stenosis and

compression on cervical spinal cord, thus are limited for

clinical use [5–7].

The most ideal assessment was to measure spinal canal

volume directly. Many methods like perfusion method [15]

and finite element model method [20, 21] have been used,

which have some reference values but could not be applied

in clinical diagnosis. Currently, there is no precise method

for direct measurement of spinal canal volume. Previously,

B-type ultrasound was used to measure spinal canal in the

newborn and infants. Due to incomplete ossification of

vertebra and vertebral arch, the entire and clear two-

dimensional images of spinal canal and spinal cord were

obtained using ultrasonic examination [22]. However,

ossification of adult vertebra and vertebral arch, together

with many gas-containing channels in pre-lateral side,

imbricate shape in posterior spinous process, presence of

Luschka joint at lateral side of the neighboring vertebra,

led to lack of acoustic window, resulting in large mea-

surement bias.

With rapid advances in imaging and computer technol-

ogy, the development of spiral CT thin layer scanning and

three-dimensional reconstruction technology remarkably

enhanced the ability of medical imaging for differentiating

microscopic anatomy [23]. Thin layer scanning data were

used for 3-D reconstruction, and volume was extracted

automatically according to variation in density in the

workstation. As cervical spinal canal was an irregular semi-

sealed cavity, accuracy and repeatability of this method

were both low, and this method could not identify fibrous

spinal canal. Based on CT scan, the present study used the

MATLAB language (MathWorks Company) for numerical

integration. Basic principle was to divide integral space

(cervical spinal canal) [a, b] into several sub-spaces (of

0.625 mm thick in each section). xi, xi?1, i = 1, 2,…, N,

where x1 = a, xN?1 = b. The division of the integral space

is shown in the following formula:

V ¼
Zb

a

AðxÞdx

¼ 1=2 ½Aðx1Þ þ AðxNþ1Þ�Dhþ
XN�1

i¼2

½AðxiÞ þ Aðxiþ1Þ�Dh

Spinal canal volume in each sub-space was calculated

approximately. MATLAB language proved that accuracy

of integration gradually increased with reduction in interval

Table 1 Comparison of canal

volume and spinal volume-

occupying rate between control

and cervical spondylotic

myelopathy groups at a neutral

position (mean ± SD)

Group Bony canal volume

(mm3)

Fibrous canal volume

(mm3)

Spinal volume-occupying

rate (%)

Control group 10,637.42 ± 562.01 7,984.91 ± 453.18 25.13 ± 0.81

Cervical spondylotic

myelopathy

8,627.63 ± 994.67 4,931.39 ± 583.92 42.87 ± 3.11

Table 2 Spinal canal measures

at a neutral position and JOA

score (mean ± SD) in patients

with cervical spondylotic

myelopathy (n = 36)

Group Spinal canal

ratio (%)

Sagittal diameter of

secondary spinal canal

(mm)

Effective

spinal canal

ratio (%)

Spinal volume-

occupying rate

(%)

JOA score

Cervical

spondylotic

myelopathy

73.62 ± 6.04 6.18 ± 0.23 39.91 ± 2.73 42.87 ± 3.11 11.14 ± 1.75

Table 3 Correlations between JOA score and spinal canal measures

Item Pearson’s correlation

coefficient

P value

Spinal canal ratio 0.171 [0.05

Sagittal diameter of secondary

spinal canal

0.439 \0.05

Effective spinal canal ratio 0.491 \0.05

Spinal volume-occupying rate -0.613 \0.01
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h [24]. Therefore, in the present study, we selected 64-slice

spiral LightSpeed CT scan with rapid scanning and a slice

interval of 0.625 mm (MRI with slice thickness of more

than 2 mm was insensitive to bony structures and the

imaging took long period, therefore, MRI scan was not

used in the present study), which insured the accuracy of

measurement of spinal canal volume. The present study

showed that CT scan was more accurate and reproducible

than the perfusion method, and it could be used for

measurement of in vivo vertebra. The present study was the

first to solve the problem for the measurement of spinal

canal volume, which was of great clinical significance.

Volume-occupying rate of cervical spinal canal

Currently, it is assumed that bony spinal canal stenosis is

the basis of cervical canal stenosis, but fibrous spinal canal

stenosis can directly cause most cervical canal stenosis

[25]. Fibrous spinal canal composed of intervertebral disk

and ligamenta flava, which were at anterior and posterior

positions of the dural sac, respectively. The fibrous spinal

canal measured in the present study was the functional

canal [11].

Based on volume measurement, we proposed volume-

occupying rate of spinal canal. The volume-occupying rate

of spinal canal reflected the sizes of storage cavity and

compensation gap of spinal canal. The storage cavity

emphasized on the concept of space and as an assessment

of volume, it reflected compression on spinal cord more

accurately. The increased ratio resulted from two changes:

one was a decrease in volume of bony spinal canal, and the

other was an increase in volume of fibrous spinal canal.

The increase in volume-occupying rate of spinal canal

implied an increase in soft tissues (intervertebral disk and

ligamenta flava) occupation and a reduction in storage

space of spinal canal, which led to frequent compression on

spinal cord. The compression from the intervertebral space

would result in occurrence of CSM; therefore, storage

space of spinal canal is more important than absolute

volumes of bony spinal canal and fibrous spinal canal in the

pathogenesis of CSM.

Significance of volume-occupying rate of spinal canal

The present study showed that volume-occupying rate of

spinal canal in a neutral position was higher in patients

with CSM as compared to that in normal subjects. Spinal

cord in patients with CSM had smaller space than spinal

canal, which was the important anatomical reason for the

onset of CSM. In addition, the present study revealed no

relationship between spinal canal ratio and JOA score,

which supported the views proposed by Blackley et al. [5]

and Prasad et al. [11]. Sagittal diameter of secondary spinal

canal correlated with JOA score, but it did not reflect

compression on spinal cord accurately. Effective spinal

canal ratio eliminated the impact of individual difference in

anteroposterior diameter of cervical spinal cord to a certain

degree, and it had a significant correlation with JOA score.

Volume-occupying rate of spinal canal reflected actual

occupying space of cervical spinal cord in cervical spinal

canal, and more precisely reflected compression on cervical

spinal cord; therefore, it had a stronger correlation with

JOA score. These results suggest measurement of volume-

occupying rate of spinal canal would help analyze the

effects of spinal canal stenosis on cervical spinal cord, and

may have clinical utility for diagnosis of CSM and selec-

tion of therapeutic strategy.

The compression that caused CSM was mainly derived

from anterior part of the cervical spinal canal and spinal

cord. In critical patients, due to compression from both

anterior and posterior parts of spinal cord, a ‘‘clamping’’

state was observed [26]. The main purpose of surgery was

to remove bony and fibrous compression on spinal cord.

However, the complexity of compression caused difficul-

ties in selection of the surgery [27]. Anterior–posterior

decompression was the most ideal surgery. Schultz et al.

[28] proposed single-stage anterior–posterior decompres-

sion for the treatment of CSM with anterior and posterior

compression. Such a surgery was supposed to enhance the

surgical efficacy and provide an ideal environment for

recovery of nerve functions. Currently, the success of

anterior–posterior decompression depends on imaging

manifestations and operators’ clinical experience. In

patients with high pre-surgical volume-occupying rate of

spinal canal, because of decreased storage space for spinal

canal and reduced buffering space, there was increased risk

of spinal cord injury during anterior compression. In such

cases, posterior laminoplasty (including open-door type or

double-door type) for enlarging accommodating space of

spinal cord [29] followed by stage I or II anterior decom-

pression, was considered a better choice for treatment of

CSM. Judicious choice of anterior or posterior approach

should be made after individualizing each case [27]. Thus,

estimation of volume-occupying rate of spinal canal prior

to operation, assessment of compression on cervical spinal

cord, were of great significance to formulate an optimized

individual operation scheme and improve efficacy of sur-

gical treatment for cervical spine diseases.

In conclusion, volume-occupying rate of cervical spinal

canal is an objective reflection of compression on cervical

spine and spinal cord, and it is associated with cervical

spinal cord function. These suggest that it may play a

significant role in predicting the development of CSM.
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