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ABSTRACT

BACKGROUND AND PURPOSE: The development of syringomyelia has been associated with changes in CSF flow dynamics in the spinal
subarachnoid space. However, differences in CSF flow velocity between patients with posttraumatic syringomyelia and healthy partici-
pants remains unclear. The aim of this work was to define differences in CSF flow above and below a syrinx in participants with
posttraumatic syringomyelia and compare the CSF flow with that in healthy controls.

MATERIALS AND METHODS: Six participants with posttraumatic syringomyelia were recruited for this study. Phase-contrast MR imaging
was used to measure CSF flow velocity at the base of the skull and above and below the syrinx. Velocity magnitudes and temporal features
of the CSF velocity profile were compared with those in healthy controls.

RESULTS: CSF flow velocity in the spinal subarachnoid space of participants with syringomyelia was similar at different locations despite
differences in syrinx size and locations. Peak cranial and caudal velocities above and below the syrinx were not significantly different (peak
cranial velocity, P � .9; peak caudal velocity, P � 1.0), but the peak velocities were significantly lower (P � .001, P � .007) in the participants
with syringomyelia compared with matched controls. Most notably, the duration of caudal flow was significantly shorter (P � .003) in the
participants with syringomyelia.

CONCLUSIONS: CSF flow within the posttraumatic syringomyelia group was relatively uniform along the spinal canal, but there are
differences in the timing of CSF flow compared with that in matched healthy controls. This finding supports the hypothesis that syrinx
development may be associated with temporal changes in spinal CSF flow.

Syringomyelia is a neurologic condition characterized by the

development of a syrinx, a fluid cyst in the spinal cord. It is

commonly associated with conditions that obstruct spinal CSF

flow such as spinal cord injury,1 Chiari type I malformation, and

spinal tumors. Syrinxes form and enlarge in either the central

canal of the spinal cord or in the cord parenchyma. For a syrinx to

enlarge, the laws of mechanics require that the syrinx pressure

exceed the pressure in the surrounding cord tissue and spinal

subarachnoid space. However, the mechanism of CSF flow into a

syrinx in the presence of this reverse pressure gradient is poorly

understood and remains controversial. Computational models

suggest that CSF could be driven by cardiac pulsations from

the spinal subarachnoid space into the spinal cord via periarterial

spaces, including toward a syrinx.2 Besides CSF, another possible

source of syrinx fluid could be extracellular fluid. It has recently

been shown that after spinal cord injury, the blood–spinal cord bar-

rier is damaged for an extended time3 and fluid could hence pass

from the vasculature into a syrinx. However, the source of fluid in the

syrinx has yet to be identified because the chemical composition of

CSF and extracellular fluid is indistinguishable.4

Understanding the characteristics of CSF dynamics in the spi-

nal subarachnoid space and the way they change in conditions

associated with syringomyelia may help elucidate the mechanism

of the disease. Characterizing CSF flow in syringomyelia may also

improve clinical management because syrinx morphology from

MR anatomic images alone is insufficient to predict disease pro-

gression and surgical outcomes. Current treatment techniques for

posttraumatic syringomyelia, such as shunting, are associated
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with syrinx recurrence. Therefore, understanding the CSF flow

characteristics in these patients may help in developing effective

techniques to manage this complex condition.

CSF flow in the spinal subarachnoid space consists of pulsatile

caudal and rostral flow during systole and diastole, respectively.5

Caudal flow in the spinal subarachnoid space commences ap-

proximately 100 ms after the onset of systole in healthy individu-

als, and the timing of its onset is affected by age and CSF obstruc-

tions in the spinal subarachnoid space. Detailed mechanisms that

underpin the earlier onset of peak caudal CSF are not yet well-

established and may be influenced by compliance in the cranio-

spinal system. In the spinal subarachnoid space of healthy indi-

viduals, peak caudal and cranial velocities and their onset vary

with spinal level. However, these variables are different in those

with Chiari malformation.6

Despite numerous studies in the literature of CSF flow in par-

ticipants with Chiari type I malformation with and without syr-

inxes, there is a lack of understanding of spinal CSF dynamics in

those who have sustained a spinal cord injury. Therefore, this

study aimed to determine the CSF velocity-time profiles adjacent

to the syrinx in participants with spinal cord injury and compare

them with those in healthy controls. It is hypothesized that the

peak CSF velocities and timing of the profile would be signifi-

cantly altered in patients with posttraumatic syringomyelia.

MATERIALS AND METHODS
Participants
This study was approved by the South Eastern Sydney Local

Health District Human Research Ethics Committee (Sydney, New

South Wales, Australia). Participants were recruited from the spi-

nal injury outpatient clinic at the Prince of Wales Hospital, Syd-

ney, New South Wales, Australia. All patients had an American

Spinal Injury Association (ASIA) impairment scale score of A

except for 1 participant with no recorded ASIA score.7 None had

past spinal surgery. They were informed about the details of the

study on at least 2 separate occasions before their scan, and writ-

ten informed consent was obtained. They were also carefully

screened for MR imaging safety. Six participants (4 men, 2

women; mean age, 46.5 � 13.9 years) previously diagnosed with

posttraumatic syringomyelia were selected for the study.

The participants with syringomyelia were recruited prospec-

tively. Their data were compared with retrospectively reanalyzed

scanned data of 6 healthy controls (3 men, 3 women) matched for

age (mean age, 45 � 18.1 years) and weight. On the basis of a

statistical power analysis, a sample size of 6 was determined to

adequately demonstrate significant differences in the characteris-

tics of the CSF velocity-time profile between the participants with

syringomyelia and healthy controls based on a mean difference of

0.15 � 0.09 cm/s and 80% power in a 2-tailed t test.

Imaging Protocols
MR imaging measurements were performed on a 3T MR imaging

scanner (Achieva TX; Philips Healthcare, Best, the Netherlands).

Depending on the syrinx location, participants were scanned with

a neurovascular coil and/or a 32-channel thoracic coil. Mean-

while, the healthy controls were retrospectively scanned with a

neurovascular coil. All participants were scanned without any an-

esthesia. A T1-weighted sequence was performed in the midsag-

ittal plane to verify the syrinx location. The parameters of the

sequence were the following: flip angle � 10°, FOV � 200 � 200

mm, TR/TE � 21/7.3 ms, and section thickness � 5 mm. Phase-

contrast MR imaging was used to measure CSF flow velocity, and

cardiac gating was achieved with vector cardiogram leads. Thirty

cardiac phase images were obtained from the onset of the R

wave. CSF flow velocities at the base of the skull and above and below

the syrinx spinal level were measured with an axial imaging plane

aligned perpendicular to the spinal cord. The encoding veloc-

ities for the scans were 10 cm/s for the base of the skull and

12–14 cm/s for other spinal levels. Control flows were mea-

sured at the base of skull and the C5 spinal level. The imaging

parameters for this sequence were the following: flip angle �

10°, matrix � 240 � 176, FOV � 250 � 250 mm, TR � 21 ms,

TE � 6.8 ms, and section thickness � 5 mm. The duration of

each scan session, including setup and subject positioning, var-

ied among participants and ranged from 1 to 1.5 hours. The

heart rates of the participants with syrinx and the controls

during the scan were 64.3 � 4.6 beats per minute and 69.0 �

15.0 beats per minute, respectively, and they were not signifi-

cantly different (P � .4).

Data Analysis
CSF velocity-time profiles were measured from phase-contrast

MR images with Segment.8 ROIs were defined (2 lateral, 1 ante-

rior, 1 posterior) with circular monitoring points of approxi-

mately 2 mm in diameter. The average CSF velocity-time pro-

files of the 4 ROIs were obtained at the 3 spinal levels (base of

the skull and above and below the syrinx), and features of the

profile were analyzed with the same protocol as that of Clarke

et al.9 The features measured were maximum velocities in the

cranial and caudal direction and their timing, onset time and

duration of caudal flow, and time of return to cranial flow. A

representative CSF velocity-time profile from a healthy control

is shown in Fig 1.

Features of the velocity-time profiles were compared for the

following: 1) above and below the syrinx in participants with sy-

ringomyelia, 2) the base of the skull in participants with syringo-

myelia and healthy controls, and 3) the spinal level near the syrinx

in participants with syringomyelia (between C4 and T12) and

healthy controls (C5). A paired t test was used to analyze differ-

ences in CSF flow above and below the syrinx, and an unpaired t

FIG 1. Representative CSF velocity profile from a healthy control vol-
unteer showing measurements collected for analysis.
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test was used for all other statistical analyses. A Bonferroni post

hoc correction was performed by adjusting the significance level

of the t tests from .05 to .007. This was obtained by dividing .05 by

7 because there were 7 hypotheses (representing the 7 features of

the CSF velocity-time profile) that would be tested using the av-

erage velocity-time profile.

RESULTS
Syrinxes were observed in the T1-weighted MR images in all par-

ticipants with syringomyelia. Syrinx size varied among partici-

pants. Table 1 summarizes the location of the syrinx and spinal

levels where flow measurements were obtained. CSF flow velocity

at the base of the skull was not measured for participant SP5

because of an existing irregular heartbeat, which made cardiac

gating difficult. The scan was terminated due to prolonged scan

time and patient discomfort. In addition, CSF velocity was mea-

sured 2 spinal levels (C4) above the syrinx for participant SP2

because the immediate spinal level (C5) above the syrinx could

not be visualized because the spinal cord was obscured by spinal

injury.

CSF Velocity in Participants with Syrinx
Figure 2 shows the average CSF flow velocity above and below the

syrinxes. Despite differences in syrinx size, location, and spinal

subarachnoid space geometry in the participants with syringomy-

elia, there was very little difference in CSF flow velocity above and

below the syrinx, and this is demonstrated by the small SDs in Fig

2. In addition, there were no significant differences in any features

of the CSF velocity-time profiles above and below the syrinx

(paired t tests, all P � .1, see Table 2 for details). In general, CSF

flow was initially cranially directed (positive velocity); then, it was

reversed to caudal flow at �10% of the cardiac cycle and then

reversed again to cranial flow at �40% of the cardiac cycle. There

was little variation in this timing along the spinal canal in the

patients with syrinx (Table 2). The peak caudal and cranial veloc-

ities above and below the syrinx were similar despite the differ-

ences in syrinx location along the spine. In addition, in the par-

ticipants with syrinx, the CSF flow velocity at the base of the skull

(Fig 3A, black line) was also similar to the CSF flow velocity above

and below the syrinx.

CSF Velocity in Patients with Syringomyelia and
Healthy Participants
Figure 3A shows the comparison between CSF flow velocity at the

base of the skull in the controls and the participants with post-

traumatic syringomyelia. Although the onset time of caudal flow

appeared to be �3% earlier in the participants with syringomyelia

than in the controls, this was not significantly different (P � .15).

However, the average peak cranial and caudal velocities in the

participants with syringomyelia were 46% and 65% lower than

those in controls, respectively, and these were significantly differ-

ent between groups (peak cranial velocity, P � .01; peak caudal

velocity, P � .03).
The average CSF flow-velocity pro-

files obtained at the syrinx level (spinal
levels between C4 and T12) in the par-

ticipants with syringomyelia and at spi-

nal level C5 in the controls are shown in

Fig 3B. All the features of the CSF veloc-

ity-time profile at this level were signifi-

cantly different between patients and

controls (see Table 3 for details) except

for the timing of peak cranial velocity

(8.8 � 2.5 seconds for participants with

syringomyelia, 8.3 � 4.5 seconds in con-

FIG 2. Mean CSF velocity-time profiles in participants with syrinx for
above and below the syrinx. SDs are represented by error bars.

FIG 3. Average CSF velocity-time profile in participants with syrinx (black line) and controls
(dotted line) at the skull base (A) and near the syrinx (B) (see Table 1 for locations of measurements
in participants with syrinx) and at the C5 spinal level in controls. Error bars represent SDs.

Table 1: Syrinx maximum transverse diameter and location in
participantsa

Patients
with

Syrinx
Syrinx

Location
Spinal
Injury

Maximum
Syrinx

Diameter
(mm) Flow Measurements

SP1 T6–T7 T6 4.2 BOS, T5b (AS), T7 (BS)
SP2 C6–T1 C6 17.1 BOS, C4b (AS), T2 (BS)
SP3 C1–C6 C6 23.4 BOS (AS), C4,b T1 (BS)
SP4 T2–T6 T5 8.2 BOS, T1b (AS), T7 (BS)
SP5 T1–T4 T3 15.0 C7b (AS), T5 (BS)
SP6 L1–L2 L1 9.2 BOS, T12b (AS), L2 (BS)

Note:—AS indicates above the syrinx; BS, below the syrinx; BOS, base of skull.
a Data obtained at these levels were used to compare flow in the participants with
syrinx (Fig 2).
b CSF flow measurements obtained at this spinal level were used to compare flow
with that of controls at C5 (Fig 3).

Table 2: Summary of features of CSF velocity-time profile above
and below the syrinxa

Above
Syrinx

Below
Syrinx

P
Value

Timing of peak cranial velocity 8.8 (2.5) 9.0 (1.8) .9
Timing of peak caudal velocity 2.3 (1.1) 2.3 (0.7) 1.0
Duration of caudal flow 3.5 (0.5) 4.3 (2.5) .5
Onset time of caudal flow 1.0 (0.2) 1.1 (0.5) .6
Time of return to cranial flow 4.6 (0.6) 5.5 (2.2) .3
Peak cranial velocity (cm/s) 0.6 (0.3) 0.7 (0.40) .7
Peak caudal velocity (cm/s) 1.6 (0.9) 1.7 (0.9) .7

a Data are mean (SD). All temporal features are expressed as % R-R interval.
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trols, unpaired t test, P � .4). The average peak cranial and caudal

velocities in the controls were 3.3 and 2 times higher, respectively,

than those in the participants with syringomyelia. The CSF flow

profile relative to the cardiac cycle was shifted earlier in the par-

ticipants with syrinx relative to the controls (Fig 3B).

DISCUSSION
There were 2 key observations in this novel study of CSF flow

profiles in patients with posttraumatic syringomyelia. First, all the

features of the CSF velocity-time profile were significantly differ-

ent between the participants with syringomyelia and matched

controls, with most flow features occurring earlier in the cardiac

cycle in participants with syringomyelia than in healthy controls.

In addition, while there were obvious differences in CSF flow

velocity at different spinal levels (base of the skull and C5) in

healthy controls, CSF flow along the spine was more uniform in

the participants with syringomyelia.

Results from this study support the hypothesis that syrinxes

are associated with altered CSF flow. This study shows that the

timing of the peak caudal velocity in the participants with syrin-

gomyelia was earlier by 3%–5% of the cardiac cycle than in

matched controls. This difference in timing of the CSF flow im-

plies that there will also be an earlier arrival of peak spinal CSF

pressure relative to cardiac systole in the participants with syrin-

gomyelia.10 A modest change in the time of arrival of peak CSF

pressure relative to the arrival of peak arterial pressure in systole

may enhance CSF flow into the spinal cord through the perivas-

cular spaces,11,12 though this possibility remains to be confirmed

experimentally. Syringomyelia is associated with CSF flow ob-

structions. CSF flow obstructions in Chiari malformation,10,13

spinal stenosis, and arachnoiditis14 are associated with increased

velocity at the level of obstruction and a large pressure drop across

the obstruction on the basis of existing computational modeling

studies on CSF flow in the spinal subarachnoid space. According

to existing hypotheses, syrinxes occur due to the development of

pressure differences along the spinal subarachnoid space. This

pressure difference could either drive CSF into the spinal cord15

or distend the spinal cord radially due to Venturi effects.16

Most interesting, this study shows that both the peak caudal

and cranial CSF velocities above and below the syrinx were simi-

lar; therefore, any CSF pressure drop across the syrinx in the spi-

nal subarachnoid space would be small. In fact, the CSF pressure

drop along the spinal subarachnoid space would be higher in the

healthy controls because of a significant change in CSF flow ve-

locity. This can be observed in the average peak caudal velocity,

where the velocity at C5 was almost 2 times higher compared with

that in the base of the skull. It is therefore tempting to believe that

the CSF pressure drop across a syrinx has little to do with the

pathogenesis of syringomyelia, at least in posttraumatic partici-

pants. Longitudinal monitoring of patients after spinal cord in-

jury would be required to confirm this belief by capturing any

differences in CSF flow before the formation of a syrinx and dur-

ing syrinx enlargement. However, this was not possible in this

cross-sectional study design. Furthermore, this study was unable

to investigate specific changes in the temporal features of CSF flow

as a syrinx enlarges.

Nevertheless, although there were minimal differences in CSF

velocity (and therefore pressure) above and below the syrinx, the

absolute CSF pressure in the participants with syringomyelia may

be higher than in controls because the disease is known to be

related to decreased craniospinal compliance.17 The decrease in

craniospinal compliance may increase the effects of arterial pul-

sations, which may increase perivascular flow into the spinal cord

parenchyma and syrinx.

Most interesting, alterations in the CSF flow profile in patients

with posttraumatic syringomyelia differed from those in studies

that compared patients with Chiari type I malformation with

matched controls.9 In patients with posttraumatic syringomyelia,

peak caudal velocity occurred earlier in the cardiac cycle than in

matched controls. Conversely, there was no significant difference

in the timing of peak caudal velocity between patients with Chiari

malformation and matched controls. Nevertheless, several tem-

poral features of the CSF velocity profiles being different between

patients with Chiari malformation with and without a syrinx sug-

gests that the temporal effects of CSF flow velocity are still likely to

play a role in syrinx development. In patients with Chiari malfor-

mation without a syrinx, the onset of caudal flow, return to cranial

flow, and peak caudal velocity all occurred significantly earlier in

the cardiac cycle compared with patients with a syrinx. It is un-

clear whether treatment can effectively reverse the temporal

changes in CSF flow dynamics in syringomyelia, but there are at

least 2 studies that showed that treatment of CSF flow disorders

could delay the onset time of caudal flow and peak caudal velocity.

A study that investigated CSF flow velocity in patients with Chiari

malformation (after a decompression operation) showed that the

duration of caudal CSF flow appeared to be shorter than that in

flow measured postoperatively.18 Temporal changes in CSF flow

may also be associated with other CSF disorders, such as hydro-

cephalus. A computational modeling study of hydrocephalus

found that the peak caudal velocity occurred later in the cardiac

Table 3: Summary of features of CSF velocity time-profile in participants with syrinx and controls at the base of the skull and syrinx
spinal levela

Base of Skull Syrinx Spinal Level

Patients with Syrinx Controls P Value Patients with Syrinx Controls P Value
Timing of peak cranial velocity 8.8 (2.3) 4.2 (5.2) .21 8.8 (2.5) 8.3 (4.5) .4
Timing of peak caudal velocity 2.3 (0.9) 3.7 (1.2) .07 2.3 (1.1) 3.6 (0.7) .03
Duration of caudal flow 3.5 (0.9) 5.4 (0.5) .05 3.5 (0.5) 4.9 (0.6) .003
Onset time of caudal flow 1.3 (0.5) 1.6 (0.4) .15 1.0 (0.2) 1.7 (0.4) .002
Time of return to cranial flow 4.8 (1.3) 7 (0.9) .04 4.6 (0.6) 6.6 (0.9) .002
Peak cranial velocity (cm/s) 0.6 (0.2) 1.3 (0.3) .01 0.6 (0.3) 2.0 (0.5) .00004
Peak caudal velocity (cm/s) 1.1 (0.2) 1.7 (0.2) .03 1.6 (0.9) 3.2 (0.7) .007

a Data are mean (SD). All temporal features are expressed as % R-R interval. P values are from unpaired t tests between participants with syrinx and controls.
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cycle after a simulated endoscopic third ventriculostomy at the

third ventricle.19

There were several limitations to this study. First, the primary

motivation of this research was to understand CSF flow velocity

above and below the syrinx in posttraumatic patients. However,

there was a discrepancy in the comparison of spinal levels between

participants with syringomyelia and healthy controls in some

cases. Although the average CSF flow velocity obtained adjacent

to the syrinx varied between C4 and T12 in our participants, it was

compared with CSF flow velocity at a standard spinal location

(C5) in the matched controls. Nevertheless, given that there was

minimal difference in CSF flow velocities along the spine in the

patients with syrinx, we expected the effect of these differences in

measurement locations to be small. Comparing the magnitude of

CSF velocity measurements in the participants with syringomy-

elia with that in the healthy controls at a different spinal location

(eg, T1) may yield different results because CSF velocity is highest

at the C5 level in healthy humans and can be reduced by as much

as 20%–30% at the thoracic spinal region.20 However, when CSF

velocity in the participants with syringomyelia was compared

with a simulated CSF velocity-time profile that has peak velocity

reduced by 20%, the results were still significantly different for

both the cranial and caudal velocities.

Second, it was not anticipated before this study that the CSF ve-

locity of participants with posttraumatic syringomyelia would be in

the range of 1–3 cm/s, and because this was only identified as a con-

sistent observation midway in the study, the encoding velocity was

left unchanged to ensure consistencies in the protocol used. While

this feature may affect the measurement accuracy of the velocity

magnitude, it is unlikely to change the conclusions of this study.

Another limitation was that data were not collected from spi-

nal patients without a syrinx for comparison. Because this was a

cross-sectional study and neither prior nor subsequent measure-

ments of syrinx dimensions were available from the participants’

clinical records, we are unable to comment on whether syrinxes in

the participants were stable. Understanding longitudinal changes

in CSF flow measurements and syrinx size in the participants with

syringomyelia may help provide insights into the mechanisms of

syrinx development, but this was not designed as part of this

study. It would also be ideal to compare the CSF velocity-time

profile with spinal arterial blood flow to assess the theory that

change in the relative timing of arterial blood and CSF pulses is

important for syrinx development and progression.2 However,

neither arterial blood flow nor additional spinal level scans were

measured in this study because patient discomfort precluded ad-

ditional scan acquisitions. Finally, the sample size of this study,

though small, was appropriate, and while a lager sample size will

provide a more robust conclusion to the study, it is unlikely to

affect the key findings.

CONCLUSIONS
This study provides new information on CSF flow profiles in pa-

tients with a syrinx with spinal cord injuries. In the participants

with syringomyelia, there was very little difference in peak caudal

and cranial velocities above and below the syrinx. This suggests

that there was an absence of a large pressure drop across the syr-

inx. However, peak CSF caudal and cranial velocities in the par-

ticipants with syringomyelia were significantly lower compared

with those in the healthy controls. Furthermore, temporal fea-

tures of the CSF flow profile were significantly different between

the 2 groups; peak flow and change in flow direction were earlier

in the cardiac cycle in participants with syringomyelia. Additional

work to study the specific changes in the temporal features of CSF

flow when a syrinx enlarges and posttreatment is important to

further elucidate the mechanisms of syringomyelia development.

This work could assist in predicting treatment response.
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