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ABSTRACT

BACKGROUND AND PURPOSE: Steeper tapering of the cervical spinal canal as documented in recent studies is thought to have a role in
the pathophysiology of Chiari malformation-associated syringomyelia. This study aimed to determine whether taper ratio of the cervical
spinal canal differs between patients with distended and nondistended syringes.

MATERIALS AND METHODS: Seventy-seven adolescents (10 –18 years) were divided into 2 groups: 44 with distended syrinx and 33 with
nondistended syrinx. On T2-weighted MR images, anteroposterior diameter of the spinal canal was measured at each cervical level, and a
linear trend line was fit by least squares regression to calculate the taper ratio. Taper ratios were compared between the 2 groups and
further evaluated with respect to age and sex.

RESULTS: In the nondistended group ND, the taper ratios for C1–C7, C1–C4, and C4–C7 averaged �0.73 � 0.57, �1.61 � 0.98, and �0.04 � 0.54,
respectively, all of which were significantly steeper than those observed in the distended group (P � .001, .004, and .033, respectively). Regarding
the average diameters plotted by cervical level, the narrowest region of the canal was found to occur at C4 in both groups. In addition, no
significant differences in taper ratio were noted between males and females, or between older (�14 years) and younger patients (�14 years).

CONCLUSIONS: Taper ratios of the cervical spinal canal were found to be different between patients with distended and nondistended
syringes, indicating a reciprocal interaction between the syrinx and the cervical spine anatomy.

ABBREVIATIONS: CMI � Chiari malformation type I; SM � syringomyelia; D � distended; ND � nondistended; S/C � syrinx/cord

Chiari malformation type I (CMI) is the leading cause of syrin-

gomyelia (SM), a debilitating disorder that can give rise to

neurologic impairments including motor weakness and sensory

disturbance.1-3 To date, the exact pathogenesis responsible for SM

associated with CMI remains incompletely understood. Although

numerous theories and hypotheses have been proposed to expli-

cate the mechanisms underlying such pathologic entity,4-7 none

thoroughly elucidated the clinical and radiologic findings within

the disease spectrum.

According to a prevailing concept, altered CSF flow at the

craniovertebral junction is one of the essential elements in the

pathophysiology of SM and hypothetically causes the neurologic

signs and symptoms associated with CMI.8-11 Pinna et al12 re-

ported that the elongation of the systolic flow might prolong the

condition of elevated spinal subarachnoid pressure in patients

with CMI. Using computational flow analysis in an idealized 3D

model of the subarachnoid space, Roldan et al13 and Linge et al11

found that the peak CSF velocities increased progressively from

the foramen magnum to C4 or C5. These findings, coupled with

the mesodermal dysgenesis theory as evidenced by hypoplasia

of the posterior cranial fossa,14,15 imply an abnormal cervical spi-

nal canal anatomy in patients with CMI. In an attempt to verify

this hypothesis, Hirano et al16 and Hammersley et al17 investi-

gated tapering of the upper cervical spinal canal, and as steeper

taper ratio was found in patients with CMI as compared with

healthy controls, they speculated that such bony variations might

increase the pressure gradients between the cranial and caudal

ends of the spinal canal, resulting in dysfunctional CSF flow and

thus favoring the formation of a syrinx.

Despite the elegance of the work of Hirano et al16 and Hammer-

sley et al17, which added an interesting twist to the pathomechanism

of SM, their theory fails to account for the influence of a syrinx upon
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morphology of the cervical spinal canal. Clinically, it is observed that

patients with a distended syrinx tend to have regional enlargement of

the spinal canal. We, therefore, set out to determine whether taper

ratio of the cervical spinal canal differs between patients with dis-

tended and nondistended syringes secondary to CMI.

MATERIALS AND METHODS
Our institutional review board approved this study and waived

the requirement for written informed consent for the retrospec-

tive review of MR images and patient data.

Subjects
A 5-year retrospective review (between January 2008 and January

2013) was performed at our center on 170 consecutive patients

with CMI-associated SM. The inclusion criteria were as follows:

1) age 10 –18 years and 2) syrinx located within the cervicotho-

racic region. Patients with hydrocephalus, history of spinal

trauma, changes of the sagittal cervical alignment (kyphosis or

straightening), associated intraspinal anomalies, or congenital

spinal deformity were excluded. A subset of 77 patients including

46 males and 31 females were ultimately enrolled for analyses.

All patients underwent MR scanning of the entire spinal cord

with a 1.5T MR imaging system (Gyroscan Intera; Philips Medical

Systems, Best, the Netherlands). As a routine imaging protocol,

sagittal images were obtained using T1-weighted (TR/TE, 717/10

ms; flip angle, 90°; field of view, 200 mm; matrix, 168 � 315; NEX,

3) and T2-weighted (TR/TE, 2038/100 ms; flip angle, 90°; field of

view, 200 mm; matrix, 168 � 315; NEX, 3) spin-echo techniques

with 3-mm sections and 2.5-mm intersection gaps. Based on the

syrinx/cord (S/C) ratio defined as the maximal anteroposterior di-

ameter of the syrinx divided by the anteroposterior diameter of the

spinal cord at the same level on the transverse MR images (TR/TE,

2038/100 ms; flip angle, 90°; field of view, 300 mm; matrix, 248 �

306; NEX, 3), patients were subdivided into those with distended

(S/C � 0.5) and nondistended (S/C � 0.5) syringes.18,19

Radiographic Measurements
In line with the methods described previously,16,17 the anteropos-

terior diameter of the cervical spinal canal was measured on T2-

weighted MR images for each level at the midpoint of the vertebral

body (in the case of C1, at the midportion of the anterior arch),

along a line perpendicular to the spinal axis extending from the

anterior to the posterior edge of the subarachnoid space (Fig 1).

The diameters of the spinal canal were plotted against the cervical

level. Then a linear trend line was fitted by least squares regression

with an algorithm resident in the Excel spreadsheet (Microsoft,

Redmond, Washington) (Fig 2), and the slope of this line was

recorded as taper ratio (mm/level).

Location of the syrinx was recorded as the proximal and distal

levels. The extent of tonsillar descent was evaluated on T1-

weighted MR images and classified into 3 grades20: grade I, where

the tonsil extended below the foramen magnum but did not reach

the C1 arch; grade II, where the tonsil reached the C1 arch; and

grade III, where the tonsil extended below the C1 arch. Anteroposte-

rior diameter of the foramen magnum as defined by the distance

between the basion and the opisthion21 was also measured.

Statistical Analysis
Data analysis was performed using SPSS 19.0 software (IBM, Ar-

monk, New York). For comparisons of demographic data be-

tween the 2 groups, the Student t test and �2 analysis were applied

for testing of continuous and categoric variables, respectively. The

Fisher exact test was used for small data subsets (n � 5). The

relationship between taper ratio and the anteroposterior diameter

of the foramen magnum was assessed using the Spearman corre-

lation test. Differences in taper ratios of the spinal canal (C1–C7,

C1–C4, and C4 –C7) for the 2 groups were tested for significance

by the Kruskal-Wallis test with significance set at .05.

RESULTS
Of the 77 patients, 44 were classified as having distended syrinx

(group D), and 33 were assigned into the nondistended group

(group ND). Table 1 summarizes the clinical and radiographic

characteristics of patients in the 2 groups. The average age was

14.0 � 2.0 years (range: 10 –18 years) for group D and 14.6 � 1.9

years (range: 10 –18 years) for group ND. In group D, 25 patients

were identified with grade I tonsillar ectopia, 16 with grade II, and

3 with grade III; in group ND, the corresponding values were 17,

15, and 1, respectively. Concerning the syrinx location, the prox-

imal level varied from C2 to C5 in group D and from C2 to C6 in

group ND, whereas the distal level for the 2 groups ranged, respec-

tively, from C6 to T4 and from C6 to T3. None of the above-

mentioned parameters were found to be statistically different be-

tween the 2 groups (P � .05).

Taper ratios for C1–C7 averaged �0.34 � 0.54 (range: �2.03–

0.81) and �0.73 � 0.57 (range: �1.88 – 0.98) mm/levels, respec-

tively, in groups D and ND (P � .001). Regarding the other 2

FIG 1. Sagittal T2-weighted MR image illustrating the measurement
of the anteroposterior spinal canal diameter at 7 cervical levels.
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segments (C1–C4 and C4 –C7), taper ratios were also noted to be

significantly steeper in group ND than in group D (P � .004 and

.033, respectively; Fig 3).

Figure 4 illustrates the average anteroposterior diameters of

spinal canal plotted by cervical level. In group D, spinal canal

diameters averaged 17.2 � 2.5 mm (range: 12.7–22.5 mm) at C1

and 15.3 � 2.1 mm (range: 11.9 –20.5 mm) at C7, whereas the

average diameter at C1 and C7 in group ND was 19.0 � 3.4 mm

(range: 11.2–24.7 mm) and 14.5 � 2.5 mm (range: 11.2–22.8

mm), respectively. In addition, the narrowest diameter was found

to occur at the C4 level in both groups.

Taper ratios for C1–C7 were also analyzed with respect to age,

sex, and the extent of tonsillar descent in each group (Table 2);

however, no significant differences were noted between males and

females, or between older (�14 years) and younger patients (�14

years), or between patients with different grades (I, II, and III) of

tonsillar ectopia (P � .05). In addition, taper ratio of the cervical

spinal canal was found to be marginally significantly correlated

with the anteroposterior diameter of the

foramen magnum (Spearman correla-

tion, �.221; P � .053).

DISCUSSION
Syringomyelia has been reported to ac-

company CMI 20%– 85% of the time

and, if left untreated, may lead to pro-

gressive deterioration of the spinal cord

function.22-24 Despite decades of re-

search, the maintenance, propagation

and, in particular, the pathogenesis of

SM in association with CMI remain vir-

tually obscure. As highlighted in the lit-

erature, dysfunctional CSF hydrody-

namics arising from overcrowding of

the caudal cranial fossa and downward

displacement of the cerebellar tonsils

may, in essence, be held responsible for

the development of SM, with steeper

pressure differentials across the foramen

magnum or spinal levels precipitating

accentuated pulsatile CSF subarachnoid

waves during systole and diastole.8-11

No consensus, however, has hitherto

been reached as to what primarily con-

tributes to this pressure gradient.

Recently, the cervical spinal anatomy

as a key component in the pathogenesis

of CMI-associated SM has received in-
FIG 2. Plot of diameters of the cervical spinal canal for the patient in Fig 1 and the fitting of a
trend line. The slope is �0.39 mm/level, with the negative sign indicating the taper toward C7.

Table 1: Clinical and radiographic characteristics of patients in the 2 groups
Group D Group ND P

Number 44 33
Age (years) 14.0 � 2.0 (10–18) 14.6 � 1.9 (10–18) NS
Sex (male/female) 26/18 20/13 NSa

Extent of tonsillar descent NSa

Grade I 25 17
Grade II 16 15
Grade III 3 1

Syrinx location NSb

Proximal level C2-C5 C2-C6
Distal level C6-T4 C6-T3

Syrinx/cord ratio 0.70 � 0.10 (0.51–0.88) 0.39 � 0.09 (0.19–0.50) �.001
Taper ratio (mm/level)

C1–C7 �0.34 � 0.54 (�2.03–0.81) �0.73 � 0.57 (�1.88–0.98) .001c

C1–C4 �0.98 � 0.87 (�2.47–1.70) �1.61 � 0.98 (�3.66–0.85) .004c

C4–C7 0.24 � 0.50 (�0.85–1.65) �0.04 � 0.54 (�0.97–1.36) .033c

Note:—NS indicates statistical nonsignificance.
a �2 test.
b Fisher exact test.
c Kruskal–Wallis test or otherwise Student t test.
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creasing concern.16,17 Hirano et al,16 in their retrospective review

of 21 patients, noted a statistically steeper taper ratio of the upper

cervical spinal canal in patients with CMI and SM. Concerning

patients with CMI but no syrinx, however, taper ratio was found

to be similar to that of their age- and sex-matched control sub-

jects. These authors, therefore, surmised that steeper tapering of

the spinal canal, in conjunction with obstruction of the subarach-

noid space at the level of foramen magnum, could substantially

increase the pressure gradient and subsequently accelerate the

CSF velocities, leading to syrinx formation. Of note, their studies

took an important first step in trying to elucidate the role of the

cervical spinal canal anatomy in CMI,

and brought to light an interesting and

under-recognized phenomenon that

may contribute to a better understand-

ing of the pathophysiology of SM. Un-

fortunately, the small sample size, to

some extent, restrained the validity of

their findings. Bearing in mind the doc-

umented correlation between age and

taper ratio,17 confounding bias might

also be potentially induced by their rel-

atively wide age range (from 4 to 60 years

of age). To mitigate this bias and further

clarify their findings, we analyzed the

sagittal profiles of the cervical spinal ca-

nal on a larger but homogeneous cohort

of adolescents with CMI. In addition,

given that patients with a distended syr-

inx are more inclined to have a regional

enlargement of the spinal canal than

those with less extensive cavitation, we

sought to determine whether disparities

in the spinal geometry exist between the

2 subgroups.

In our series, the average taper ratios

of the cervical spinal canal in patients

with distended and nondistended sy-

ringes were both steeper than in the

healthy controls reported previously

(�0.2 � 0.3 mm/level, on average),16

corroborating the conjecture of an ab-

normal development of the cervical

spine in patients with CMI. Based on es-

tablished hydrodynamics principles, the

intrathoracic pressures are transmitted

toward the spinal and cranial compart-

ments and further to the subarachnoid

space.25,26 Hence, one can hypothesize

that in patients with CMI, the physio-

logic pressure transmission that nor-

mally exists between the intrathoracic

and CSF compartments is exaggerated

as a consequence of the steeper tapering

of spinal canal, which, in turn, exacer-

bates the pressure differentials between

the cranial and spinal compartments as

well as their possibility of equalization, both of which are al-

ready altered by the herniated cerebellar tonsils. Intuitively,

the elevated pressure differential may precipitate hyperkinetic

CSF flow, and once a critical threshold is surpassed, a syrinx

could be created. In addition, the anteroposterior diameter of

the cervical spinal canal was found to be narrowest at C4 in

both groups (Fig 4), corresponding with the results of prior

studies that the peak CSF velocity increased progressively from

the foramen magnum to C4 in patients with CMI.11,13,27 In

light of these findings and the well-recognized association of

syrinx with cervical canal stenosis,28,29 the pivotal role of cer-

FIG 3. Two adolescents with Chiari malformation and syringomyelia. A, A 13-year-old male with
nondistended syrinx. The taper ratios for C1–C7, C1–C4, and C4 –C7 are �1.52, �2.76, and �0.22,
respectively. B, A 12-year-old female with distended syrinx. The taper ratios for C1–C7, C1–C4, and
C4 –C7 are 0.79, 0.63, and 0.50, respectively.

FIG 4. Average anteroposterior diameters of the cervical spinal canal plotted by cervical level in
the 2 groups.
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vical spinal canal dimensions in determining CSF circulatory

features seems to be evident.

Theoretically, CSF circulatory disturbances may not only be

associated with syrinx formation but also could influence the pro-

gression of SM, because its maintenance rests upon CSF being

forced into the spinal cord by pulsatile pressure waves.6,30 Based

on this assumption, the steeper the tapering is, the more abnormal

the CSF dynamics and thus the larger the syrinx should be. Our

results, however, demonstrated that patients with nondistended

syrinx (S/C ratio �0.5) had steeper taper ratios than those with

distended syrinx (S/C ratio � 0.5). In a previous study of 22 pa-

tients with CMI, Hammersley et al17 demonstrated that the taper

ratio for C1–C7 was similar between patients with CMI plus syr-

inx and those with CMI only; however, the fact that only 2 patients

were included in the latter group made this finding somewhat less

convincing. Given that the local bone growth may be influenced

by the size of the spinal cord in early development, as evidenced by

the experimental work from Holtzer,31 a plausible explanation for

our results is that the regional enlargement of the spinal cord

caused by SM may exert an impact upon the development of the

cervical spinal canal during skeletal maturation. Clarke et al9 re-

ported that as a syrinx forms and enlarges, characteristics of the

spinal subarachnoid space are altered, resulting in the CSF flow

profile being stabilized or reverting to closer to normal, which

indirectly supports our findings.

The correlation between age/sex and taper ratio has been doc-

umented in healthy adults and patients with CMI.16,32 Hirano et

al16 reported that each increasing year of age was associated with a

0.03 mm/level decrease in the taper ratio in patients with CMI. In

the present study, however, no significant difference in taper ratio

was noted between older patients (�14 years) and younger pa-

tients (�14 years) (Table 2), which presumably reflected the small

sample sizes of the subgroups and also the narrow age range of

subjects. We also looked into the possible relationship between

sex and spinal canal diameters; however, no statistical correlation

was found. Notably, a marginally significant correlation was dem-

onstrated between taper ratio and the anteroposterior diameter of

the foramen magnum (r � �.221, P � .053), and this probably

reflects the close anatomic relationship between the cervical spi-

nal canal and the foremen magnum. In addition, no significant

differences in taper ratio were found between patients with differ-

ent grades of cerebellar tonsillar descent.

Importantly, the current study has for the first time unraveled

the disparities in cervical spinal anatomy between patients with

CMI with different syrinx morphologies, which, we anticipate,

will shed further light on the integral role of cervical spinal canal

dimensions in the pathophysiology of CMI-associated syringo-

myelia. Limitations of our study lie in its cross-sectional design

and the lack of a control group. Consequently, future longitudinal

studies involving both patients with CMI and healthy adolescents

are warranted to expand our understanding of the reciprocal in-

teractions between syringomyelia and the cervical spinal canal

geometry. Subjects of this study were limited to adolescents to

mitigate potential confounding bias. Tapering of the cervical spi-

nal canal in the pediatric and adult population, therefore, still

merits further investigation. In addition, the fact that more clini-

cally severe syrinx cases are more likely to present for medical

evaluation at an earlier time than those with less severe syrinx

tends to induce a selection bias. Moreover, whether the relation-

ship between syrinx size and spinal canal tapering observed in this

study is an early developmental finding that remains relatively

static or an evolving dynamic process has yet be explored by fu-

ture studies.

CONCLUSIONS
Patients with nondistended syrinx have steeper tapering of the

cervical spinal canal than those with distended syrinx, indicating a

reciprocal interaction between the syrinx and the cervical spine

anatomy. The integral role of spinal canal dimensions in the

pathogenesis of syringomyelia, however, has yet to be explored by

longitudinal studies involving both patients with CMI and

healthy controls.
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