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Effect of Craniocervical Decompression on Peak
CSF Velocities in Symptomatic Patients with

Chiari I Malformation

Maria T. Dolar,* Victor M. Haughton, Bermans J. Iskandar, and Mark Quigley

BACKGROUND AND PURPOSE: Peak CSF velocities detected in individual voxels in the
subarachnoid space in patients with Chiari I malformations exceed those in similar locations
in the subarachnoid space in healthy subjects. The purpose of this study was to test the
hypothesis that the peak voxel velocities are decreased by craniocervical decompression.

METHODS: A consecutive series of patients with symptomatic Chiari I malformations was
studied before and after craniocervical decompression with cardiac-gated, phase contrast MR
imaging. Velocities were calculated for each voxel within the foramen magnum at 14 time points
throughout the cardiac cycle. The greatest velocities measured in a voxel during the cephalad
and caudad phases of CSF flow through the foramen magnum were tabulated for each patient
before and after surgery. The differences in these velocities between the preoperative and
postoperative studies were tested for statistical significance by using a single-tailed Student’s t
test of paired samples.

RESULTS: Eight patients with a Chiari I malformation, including four with a syrinx, were
studied. Peak caudad velocity diminished after craniocervical decompression in six of the eight
patients, and the average diminished significantly from 3.4 cm/s preoperatively to 2.4 cm/s
postoperatively (P � .01). Peak cephalad velocity diminished in six of the eight cases. The
average diminished from 6.9 cm/s preoperatively to 3.9 cm/s postoperatively, a change that
nearly reached the significance level of .05 (P � .055).

CONCLUSION: Craniocervical decompression in patients with Chiari I malformations de-
creases peak CSF velocities in the foramen magnum. The study supports the hypothesis that
successful treatment of the Chiari I malformation is associated with improvement in CSF flow
patterns.

Studies of CSF flow in the foramen magnum with
phase contrast MR (PC MR) have suggested that
CSF physiology is significantly abnormal in patients
with Chiari I malformation (1). The PC MR results,
together with measurements of CSF pressure, suggest
that the Chiari I malformation produces an anatomic
and physiologic block to the flow of CSF in the fora-
men magnum. In patients with a Chiari I malforma-
tion, the arterial pressure wave in the cranial vault
produces an enlarged cervical subarachnoid pressure
wave that may contribute to the development of a

syrinx and to clinical signs and symptoms (1). Despite
evidence of abnormal flow in a Chiari I malformation,
PC MR measurements of flow have not provided a
consistent and reliable distinction between normal
and abnormal CSF flow. Criteria based on PC MR to
select patients for decompression have not yet been
established. The discrepancies between studies may
reflect the complexity of CSF flow and the variations
in the methods used to measure flow.

The complexity of flow is demonstrated by the
presence of heterogeneities of flow in healthy subjects
and greater heterogeneities in many patients with a
Chiari I malformation (2). The velocity of flow re-
corded by any one technique depends on the size and
location of the region of interest used to sample flow.
The choice of plane to study flow, which is a midsag-
ittal plane in some studies and an axial plane in
others, also affects the flow velocities measured.
When flow data are acquired in a sagittal plane, CSF
flow is sampled only in a portion of the subarachnoid
space in the foramen magnum and regional variations
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within the selected section are averaged. When flow is
sampled in the axial plane, the size and location of the
region of interest determine the degree to which ve-
locities in the abnormal range are averaged, together
with velocities in the normal range within the sub-
arachnoid space.

In one study, velocities in the subarachnoid space
were studied voxel by voxel to identify the peak ve-
locity in the caudad and in the cephalad direction
during the cardiac cycle (3). The measurement re-
flects both the temporal and spatial maximum of CSF
velocity, which differs from the measurement of the
temporal maximum for a region of interest, which has
been referred to as “peak velocity.” The temporally
and spatially resolved peak velocities reflect more
precisely the greatest magnitudes of the CSF flow in
jets than does a peak velocity measurement for a
region of the subarachnoid space, in which regions of
reduced or normal flow may be averaged with regions
of increased flow. The peak voxel velocity measured
during the cephalad and caudad flow though the fo-
ramen magnum in patients with a Chiari I malforma-
tion exceeds that in healthy subjects. These previously
measured peak velocities probably underestimated
the true velocities, because only the component of
velocity in the superior-inferior direction is measured,
and only in one section. Nonetheless, a significant
difference was noted in peak velocities between
patients and controls (3). Therefore, the temporally
and spatially resolved peak velocity has some prom-
ise for furthering the study of CSF flow abnormalities
in patients. The maximal cephalad CSF velocities
in the Chiari I patients exceed those in the controls by
the larger margin. Therefore, we hypothesized that
the maximal cephalad velocities would be most
affected by the surgical treatment with suboccipital
craniectomy.

Methods

We retrospectively reviewed the medical records of adult
patients with Chiari I malformation who underwent craniocer-
vical decompression between July 1999 and December 2001
and identified eight patients who underwent CSF flow studies
preoperatively and repeat studies 3 months postoperatively.
The preoperative studies in these patients have been reported
previously (3). Patients less than 18 years of age were excluded,
because normal peak CSF flow velocities have not been re-
corded for this age group. Inclusion criteria for this study
included a 3- and 6-month follow-up. Preoperative and post-
operative neurologic symptoms and signs were recorded.

Each patient in the series underwent T1- and T2-weighted
sagittal MR imaging of the cervical spine to evaluate for ton-
sillar descent into the foramen magnum and syringomyelia and
with PC MR imaging study of CSF flow in the foramen mag-
num. Cardiac-gated PC MR images were acquired of the fora-
men magnum when the subject had achieved a steady heart
rate. The pulse sequence used was a commercially available PC
flow sequence with a flip angle of 20°; a TR/TE of 20/5 ms; a
section thickness of 5 mm; a field of view of 180 mm; a matrix
of 256 � 256; and an encoding velocity of 10 cm/s. For the
acquisition, a section was chosen perpendicular to the spinal
canal at the point below the tonsils in which sufficient CSF was
present for visualization of CSF flow. Fourteen image frames
were acquired at regular time intervals throughout the R-R

interval, with the R wave from a chest electrocardiographic
electrode used for the trigger impulse. The offset velocity,
estimated from the velocity of stationary tissue, was used to
correct for phase shifts introduced by eddy currents.

Flow analysis was performed with commercially available
software resident on the image workstation. A cursor was
placed to include the entire subarachnoid space (including the
spinal cord) and to exclude the vertebral arteries. The program
then calculated the flow velocity for each voxel at each time
point from the phase shift in the region of interest. The time
course of the velocity was inspected and compared with the
expected shape of the curve. Aliasing was corrected by the
method of Lee et al (4). The peak caudad (systolic) and craniad
(diastolic) velocities for all voxels during the cephalad and
during the caudad phase of CSF flow in the cardiac cycle were
recorded.

In each patient, a postoperative MR study with PC flow
analysis was performed 3 months following surgery, with the
same MR technique. Temporally and spatially resolved peak
systolic and diastolic velocities were recorded. The preopera-
tive and postoperative averages for the maximal systolic and
diastolic velocities were calculated, and differences in the
means were tested with a one-tailed Student t test of paired
samples.

The effect of the surgical decompression on the neurologic
signs and symptoms was assessed by comparing the incidence of
specific signs and symptoms in the preoperative and postoper-
ative periods. For each patient, the presence or absence of
occipital headaches, Valsalva-induced headaches, motor signs
or symptoms, sensory signs or symptoms, vertigo, and cranial
nerve dysfunction were evaluated. Patients with either an ob-
jective sign of motor weakness or a symptom of weakness were
for this study considered as having a motor abnormality. Either
a sign of hypesthesia or a symptom of diminished sensation was
tabulated as a sensory abnormality.

Results
Eight consecutive patients with symptoms referable

to Chiari I malformation underwent craniocervical
decompression (see Table 1 at http://www.ajnr.org).
Four of the eight had syringomyelia. Five had signs or
symptoms such as difficulty swallowing or vertigo re-
lated to cranial nerve dysfunction. They all underwent
a suboccipital craniectomy, C1 laminectomy, and du-
raplasty. In some cases, the arachnoid was opened for
exploration. Following surgery, all patients had im-
provement of at least some signs or symptoms (see
Table 2 at http://www.ajnr.org). In one case with a
large syrinx, the cyst diminished substantially in size.
In three cases, the syrinx, which was small preopera-
tively, did not change in size. In seven cases, suboc-
cipital headaches were present preoperatively, and in
six of the seven, the headaches were relieved follow-
ing surgery. All five patients who presented with Val-
salva-induced headaches had complete postoperative
resolution of the headaches. Hand weakness, which
was present in four cases, resolved after surgery in all
four patients. Cranial nerve dysfunction resolved in
three of the five patients. Some atypical signs and
symptoms—for example, pain attributable to reflex
sympathetic dystrophy in one patient—did not resolve.

The effect of decompression on maximal CSF ve-
locities is summarized in Figures 1 and 2. Peak
caudad velocity ranged from 1.5 to 7.3 cm/s preoper-
atively and from 1.3 to 4.6 cm/s postoperatively. The
mean peak caudad velocity decreased significantly,
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from 3.4 to 2.4 (P � .01). Peak cephalad velocities
ranged from 2.5 to 14.6 cm/s preoperatively and from
2.1 to 5.4 cm/s postoperatively. The mean maximal
cephalad velocity decreased from 6.9 to 3.9 cm/s, a
larger difference than for the change in peak caudad
velocity. The difference was near significance at the
.05 level (P � .055). In three patients, either the
caudad or cephalad peak velocity or both increased
after surgery. No difference in symptom improvement
was evident in the patients in whom velocities in-
creased versus those in whom it decreased.

Examples of the PC cine of CSF flow in the foramen
magnum in a patient before and after craniooccipital
decompression can be viewed at http://www.ajnr.org.

Discussion
In the present study, we found diminished maximal

velocities after craniocervical decompression in adult
patients with Chiari I malformation. This study adds
support to the theory that the Chiari I malformation
is associated with abnormal CSF flow in the foramen

magnum. The study did not show correlation between
changes in maximal CSF velocities and degree of
clinical improvement. The physiologic significance of
increased velocity and inhomogeneous flow of CSF in
Chiari I patients requires more study.

Other measurements of CSF flow in Chiari I pa-
tients before and after suboccipital decompression
are not readily comparable to our data because of
differences in methodology. In one study, peak veloc-
ities during systole and diastole were measured in the
foramen magnum and in the cervical spine before and
after surgery. In that study, flow measurements were
averaged for the entire subarachnoid space, whereas
we measured flow on a voxel-by-voxel basis (5). In
another study of eight patients who underwent sub-
occipital decompression, peak velocities were mea-
sured in a sagittal rather than an axial section and
were averaged for a region of interest (6). This is
again unlike our study, in which the peak velocity
recorded consisted of the foramen magnum voxel
with the highest velocity. In another study of 10 Chiari
I patients who had surgical treatment, the mean sys-

FIG 1. Graph displaying the peak caudad and cephalad velocities (in cm/s) in the subarachnoid space of the foramen magnum in
patients with a Chiari I malformation before and after suboccipital decompression. In most patients, the caudad (systolic) and cephalad
(diastolic) velocities are diminished following surgery.

FIG 2. Graph of the velocities (in mm/s) at
each of 14 time points in the cardiac cycle in
each voxel in the subarachnoid space for
TC (left) and MS (right) before (top row) and
after (bottom row) decompression of the
craniocervical junction. Time courses of
voxels in the anterior subarachnoid space
are colored red, and those in the posterior
subarachnoid space colored green. Note
that the velocities in a cephalad direction
(positive values) are reduced following de-
compression. Velocities in the anterior sub-
arachnoid space are more affected than
those in the posterior subarachnoid space.
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tolic and diastolic velocities were measured (7). Some
investigators have employed axial sections as we did.
In one such study, postoperative measurements were
not reported (8). In another study, CSF flow was
measured at C5–C6 and in the foramen magnum of
20 patients who underwent suboccipital decompres-
sion (1). Flow, reported as peak flow rate (in mL/s),
increased as a result of surgery in a caudal direction
but not in a cephalad direction. To the best of our
knowledge, our study is the first in which a temporally
and spatially resolved peak velocity was recorded.

CSF flow within the foramen magnum, especially in
patients with a Chiari I malformation, is complex; a
single flow measurement such as the extreme velocity
or the average velocity may not serve well as an index
of abnormality. We tested the hypothesis that peak
velocities are affected by suboccipital decompression,
because we expected that these measurements would
be more sensitive to the presence of the regional high
velocity jets; however, the methods we used are not
optimized. We used voxels with dimensions of 1.4 �
1.4 � 5 mm, which may not be sufficiently small to
eliminate partial volume averaging.

Furthermore, CSF flow that is oblique to the supe-
rior-inferior phase encoding gradient used in this
study is underestimated. Sampling velocities in only
one axial section may have missed some of the larger
velocities. Therefore, although a temporally and spa-
tially resolved velocity measurement has potential im-
portance in assessing the severity of the Chiari I
malformation, much refinement in the analysis of the
technique may be possible. Furthermore, the number
of subjects studied is small, with the possible result
that smaller differences such as the preoperative to
postoperative change in systolic pressure did not
achieve statistical significance. Furthermore, the pre-
cision and accuracy of the PC MR methodology has
limitations that have been noted previously (8). Fi-
nally, an independent observer did not assess the
patients before and after surgery.

Studies of CSF flow in the foramen magnum with
PC MR have suggested that the Chiari I malforma-
tion produces an anatomic and physiologic block to
the flow of CSF in the foramen magnum (1, 9). In
patients with Chiari I malformation, the arterial pres-
sure wave in the cranial vault produces and an en-

larged cervical subarachnoid pressure wave that may
contribute to the development of a syrinx and to
clinical signs and symptoms. Our results are consis-
tent with the theory of a physiologic block of CSF
flow in the Chiari I malformation. A surgically pro-
duced decrease in physiological obstruction would
likely reduce the maximal velocities. Additional studies
and more sophisticated methods of flow analysis are
probably required to determine which flow patterns are
not physiologic, which criteria predict the development
of a syrinx or symptoms, and what changes in flow
characterize successful surgical treatment.

Conclusion
Despite limitations and the small number of cases,

this study shows that craniocervical decompression
decreases peak caudad and possibly cephalad veloci-
ties in Chiari I patients. These data support the theory
that successful surgical therapy of a Chiari I malfor-
mation is associated with a reduction in CSF veloci-
ties in the foramen magnum.
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