
The innovative theory proposed by Oldfield and co-
workers27 in 1994 generated a reconsideration of the
mechanisms underlying the origin and progression of sy-
ringomyelia associated with Chiari I malformation of the
cerebellar tonsils. According to this theory, based on ob-
servation of CSF flow dynamics, the downward tonsillar
displacement hinders the rapid bidirectional CSF passage

across the foramen magnum, which normally occurs dur-
ing each cardiac cycle in response to the pulsatile expan-
sion and contraction of the brain. The partially isolated
SSSs are therefore poorly compliant to the abrupt CSF
volume changes induced by the downward tonsillar thrust
that occurs at each systole. This generates increased pul-
satile pressure waves that may force CSF to penetrate the
spinal cord, whereby CSF acts on its surface and eventu-
ally causes a syrinx to form. The increased pulsatile pres-
sure outside the spinal cord, which causes flow motion of
the intraspinal fluid collection, may lead to syrinx pro-
gression.
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Cerebrospinal fluid (CSF) flow abnormalities are known to be present in Chiari I malformation and to underlie the
origin and progression of associated syringomyelia. The incidence of syrinx formation, however, is variable for
unknown reasons. The aim of this study was to investigate whether differences in CSF flow dynamics in patients with
Chiari I malformation may account for the different clinical and radiological presentation.

Presurgical and postsurgical phase-contrast magnetic resonance imaging investigations were prospectively con-
ducted in 47 adult patients with symptomatic Chiari I malformation. Patients were divided into two groups according
to the presence (32 cases) or absence (15 cases) of syrinx. Cerebrospinal fluid flow patterns were evaluated at four
regions of interest: prebulbar cistern, foramen magnum, and the ventral and dorsal spinal subarachnoid spaces at the
C-5 level. A temporal analysis of CSF flow waveforms was performed with measurement of cranial- and caudal-direct-
ed flow durations. All patients underwent a craniocervical decompressive procedure. Preoperatively, a prolonged cau-
dal-directed (systolic) flow pattern was observed in patients with syringomyelia, as compared with normal control val-
ues obtained in 15 healthy volunteers. Conversely, a decreased systolic duration was observed in Chiari I patients who
had malformation without syrinx. These trends were not statistically significant because of the considerable degree of
overlap with the control values recorded in both groups. Additional comparison of the observed preoperative values
obtained in patients with and those without syringomyelia indicated that the difference in systolic flow duration was
significant at the ventral spinal subarachnoid space level (p = 0.003) and remarkable at the other levels, although not
reaching statistical significance. Cerebrospinal fluid flow was minimal or absent at the foramen magnum (dorsal as-
pect) due to tonsillar herniation, precluding reliable quantitative measurement at this level. There was no evidence of
communication between the fourth ventricle and syrinx in any case. Postoperatively, unobstructed CSF flow was re-
corded across the enlarged foramen magnum and into the artificial cisterna magna in all patients. A gradual restora-
tion of near-normal flow patterns was observed in both groups. Inside the syrinx, fluid motion gradually tapered, no
longer being detectable in 12 patients (37.5%) 1 year postsurgery.

In patients with Chiari I malformation and associated syringomyelia different CSF flow patterns were demonstrat-
ed as compared with patients in whom syrinx was absent. Analysis of this study's findings supports the hypothesis that
in Chiari I malformation an elongated systolic flow may prolong the condition of increased spinal subarachnoid pres-
sure caused by the junctional obstruction, thus favoring CSF penetration into the spinal cord. It may be also proposed
that a shortened systolic flow may be insufficient to maintain a hypertensive condition for enough time to induce syr-
inx formation.
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Abbreviations used in this paper: AP = anteroposterior; CSF =
cerebrospinal fluid; MR = magnetic resonance; SSS = spinal sub-
arachnoid space.
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Validation of these hypotheses has recently been pro-
vided by the same investigative group,17 yet other aspects
of this complex disease remain unexplained. One unan-
swered question concerns the fact that a Chiari I malfor-
mation is not always associated with a syrinx, although it
is conceivable that the same pathophysiological modifica-
tions are in play in every patient harboring this malfor-
mation. Although information regarding CSF flow abnor-
malities in Chiari-malformation–related syringomyelia is
accruing,2,5,10,17,34 little is known about CSF alterations in
Chiari I malformation in the absence of syrinx.2,37 To the
best of our knowledge, this issue has not been specifical-
ly addressed to date.

The present study was primarily designed to investigate
whether differences of CSF flow dynamics exist among
patients with Chiari I malformation and whether such dif-
ferences may account for the variability of syrinx forma-
tion in these patients. Additional objectives were to assess
the modification of CSF flow dynamics after decompres-
sive surgery of the craniocervical junction and to evaluate
the efficacy of this procedure in relieving clinical and ra-
diologically documented alterations of this disease.

CLINICAL MATERIAL AND METHODS

Patient Population

From January 1994 to December 1997 47 adult patients
with symptomatic Chiari I malformation underwent dy-
namic MR imaging investigation prior to surgical treat-
ment. The patients were divided into two groups accord-
ing to the presence (Group I; 32 patients) or absence
(Group II; 15 patients) of a syrinx. In Group I there were
16 men and 16 women (mean age 37.5 ± 14.1 years, range
20–62 years). In Group II there were four men and 11
women (mean age 45.7 ± 11.5 years, range 27–62 years).
The mean age of the entire series was 39.7 ± 13.7 years.
Any patient with associated relevant skull base anomalies
was not included in this series.

Fifteen normal adult volunteers (Group III; mean age
36.4 ± 9.1 years, range 22–54 years) underwent the same
radiological investigation. Informed consent was obtained
from each patient and from each healthy subject.

Radiological Evaluation

Magnetic resonance images of the cervicothoracic
spine and of the posterior fossa were obtained on a 1.0 tes-
la scanner (Siemens, Magnetom Impact, Erlangen, Ger-
many). In all patients prior to surgery and also in normal
volunteers, AP diameters of the subarachnoid spaces at
the foramen magnum were measured on midsagittal T1-
weighted MR images, either ventrally to the brainstem or
dorsally to the brainstem or herniated tonsils. In patients
in Group I the maximum AP diameter of the syrinx and
those of the ventral and dorsal SSSs were also measured.
The same measurements were repeated in controls after
surgery. 

Dynamic MR imaging was used to evaluate the CSF
flow across the foramen magnum, in the SSSs and inside
the syrinx (when present). The cardiac-gated MR image
acquisition sequence was triggered by the R wave of the
electrocardiogram. Phase-contrast imaging was conducted

using a gradient echo fast low-angle shot two-dimension-
al sequence. Imaging parameters were as follows: repeti-
tion time 50 msec; echo time 13 msec; flip angle 20°; sec-
tion thickness 4 mm; field of view 230 � 230; and
acquisition matrix 192 � 256, two acquisitions. Ten to 14
images of the same slice were obtained depending on the
heart rate of the patient/volunteer. Sagittal images were ar-
ranged in a loop sequence (cine mode), allowing a dynam-
ic view of the CSF flow. By convention caudal-directed
flow is defined as systolic and cranial-directed flow as
diastolic. We examined CSF flow patterns on axial slices
at four regions of interests: one placed slightly above the
foramen magnum, in the cistern ventral to the medulla
oblongata (prebulbar); one placed at the foramen mag-
num, dorsal aspect; and two placed below the foramen
magnum, in the ventral and in the dorsal SSS at the C-5
level. Cerebrospinal fluid flow was also evaluated at the
fourth ventricle/aqueduct level and, when present, inside
the syrinx. Amplitude (velocity) parameters were not
available for analysis. A temporal analysis of CSF flow
waveforms involved determining the intervals from the R
wave to the onset of CSF systole and diastole, as well as
measuring the duration of CSF systole and diastole. Be-
cause these durations are complementary, only the dura-
tion of CSF systole will be reported. These data are ex-
pressed as percentage of the R–R interval.

Clinical Evaluation

In Group I, 21 patients (65.6%) presented with signs
and symptoms of myelopathy due to the spinal cord cavi-
tation. Clinical disturbances included sensory loss, dyses-
thetic pain, limb weakness, spasticity, muscle atrophy, and
sphincteric disturbances. Eight patients (25%) presented
with clinical disturbances related to both the syrinx and
brainstem compression; the latter included cranial nerve
impairment, vertigo, ataxia (balance), limb weakness, and
spasticity. In three patients (9.4%) complaints were unre-
lated to the syrinx: two patients had signs and symptoms
of brainstem compression, and one presented with tri-
geminal neuralgia. The mean duration of symptoms was
56.4 ± 46.6 months (range 1–180 months) in this group.

In Group II (without associated syringomyelia) 12 pa-
tients (80%) presented with signs and symptoms related to
brainstem compression. Three patients (20%) presented
with a distressing exertional headache, although results
of the neurological examination were unremarkable. The
mean duration of preoperative disturbances was 60.1 ±
61.9 months (range 12–228 months) in this group.

A thorough description of the clinical disturbances af-
fecting patients is beyond the scope of this report. Post-
operative results were evaluated maintaining the afore-
mentioned subdivision of clinical complaints: related to
syrinx, related to brainstem compression, or unrelated. For
each grouping, signs and symptoms were reported as “dis-
appeared,” “improved,” “unchanged,” or “worse.”

Surgical Treatment

The same surgical procedure was undertaken in all
cases. Patients were placed in the semisitting position, and
a suboccipital craniectomy was performed in which the
posterior arch of C-1 (and C-2, depending on the extent
of tonsillar descent) was removed. An intraarachnoid
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approach was performed to achieve tonsillar shrinkage,
lysis of arachnoidal adhesions, and exploration of Mag-
endie's foramen to remove any possible obstacle to CSF
outflow from the fourth ventricle. No attempts were made
to plug the obex, to insert a stent, or to drain the syrinx, if
present. An artificial cisterna magna was recreated by
dural grafting.

Postoperative Evaluation

Standard and dynamic MR control images were sched-
uled to be obtained at 3 months and 1 year after surgery.
Postoperative clinical status was also assessed. Long-term
evaluation of results of the surgical procedure, obtained by
a clinical reassessment, was conducted in the summer and
fall of 1999.

STATISTICAL ANALYSIS

Statistical analyses were performed using the SPSS for
Windows software (version 9.0; SPSS, Inc., Chicago, IL).
Values are expressed as the mean ± standard deviation.
The paired two-tailed t-test was used to compare data ob-
tained in patients before and after surgery. Comparison of
the values obtained in patients of different groups, both
before surgical treatment and at follow-up examinations,
or with those obtained in normal volunteers was per-
formed using the unpaired two-tailed t-test. Any value of
p � 0.05 was considered to be statistically significant.

RESULTS

Radiological Evaluation

Preoperative. Preoperative measurement of the width
of the SSSs at the foramen magnum in Group I and II
patients demonstrated a severe narrowing as compared
with healthy volunteers (Table 1). Mean AP diameters
measured ventral to the medulla oblongata were 1.5 ± 0.7
mm in Group I and 1.4 ± 0.4 mm in Group II (Group III
7.1 ± 1.9 mm;  p � 0.0001). Dorsal CSF spaces were
totally occluded by the herniated tonsils in patients of both
groups (diameter 0 mm; controls 6.1 ± 2.7 mm; p �
0.0001). Phase-contrast MR imaging confirmed the func-

tional occlusion at this level with absence of fluid passage
in the vast majority of patients. In two cases only, a very
short-lasting, caudal-directed flow was detectable. Dia-
stolic flow across the foramen magnum was not detected.
Cine MR imaging demonstrated the abrupt downward
motion of the impacted cerebellar tonsils at each systole.
Dynamic MR imaging also demonstrated the absence of a
functional communication (fluid passage) between the
fourth ventricle and the intraspinal cavity in all patients
with syringomyelia (Group I). It is worth noting that in
two cases sagittal T1-weighted MR images were sugges-
tive of the presence of such communication.

Temporal analysis of CSF systolic flow duration was
possible in the majority of patients (44 [93.6%] of 47). In
three cases (two in Group I and one in Group II) the poor
quality of preoperative phase-contrast MR images pre-
vented us from obtaining reliable CSF flow measure-
ments, and these cases were not considered for quantita-
tive analysis. In both groups, a considerable degree of
overlap with CSF flow values recorded in normal subjects
was observed. However, a slight increase of systolic flow
duration was observed in Group I patients as compared
with controls (Table 2). Mean durations of CSF systole
were recorded as 57.5 ± 14.8%, 59.2 ± 14.5%, and 52.8 ±
15.6% (percentages of R–R interval) at the prebulbar cis-
tern, ventral and dorsal SSS levels, respectively (controls
55.4 ± 12.8, 53.2 ± 13.6, 44.4 ± 13.8). Cerebrospinal fluid
flow values in the foramen magnum were not measurable
(controls 46.7 ± 14.9). On the other hand, a marked
decrease of systolic flow duration was recorded in Group
II patients, as compared with the normal values obtained
in volunteers (prebulbar cistern 48.5 ± 12.1; ventral SSS
44.7 ± 13.7; and dorsal SSS 44.0 ± 15.9). These trends
were not statistically significant with respect to normal
flow values. However, when comparing the two groups of
patients, differences approached statistical significance (p
= 0.057) at the prebulbar cistern level, were highly signif-
icant (p = 0.003) at ventral SSS level, and not significant
(p = 0.11) at the dorsal SSS level (Table 2).

Fluid motion within the syrinx was detected preopera-
tively in all Group I patients. Cine MR imaging frequent-
ly revealed turbulent patterns, most often observed in
patients with larger cavities (13 [40.6%] of 32). Changes
in flow direction inside the syrinx did not always parallel
those observed in subarachnoid spaces outside the spinal
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TABLE 1
Magnetic resonance findings in patients with Chiari I malformation and in healthy volunteers*

Group I (32 patients) Group II (15 patients) Group III (15 volunteers)

Postop Postop Measure-
Preop (1 yr) p Value Preop (1 yr) p-Value ment p Value

foramen magnum
ventral AP diam (mm) 1.5 � 0.7 3.0 � 1.2 �0.0001* 1.4 � 0.4 3.4 � 1.5 0.005* 7.1 � 1.9 �0.0001†
dorsal AP diam (mm) 0 11.7 � 2.6 �0.0001* 0 10.9 � 6.3 0.002* 6.1 � 2.7 �0.0001†

syrinx (max AP diam mm) 6.5 � 2.7 1.7 � 1.9 �0.0001*
SSS

ventral AP diameter (mm) 2.4 � 1.3 4.4 � 2.4 0.008*
dorsal AP diameter (mm) 1.1 � 1.0 2.7 � 1.1 �0.0001*

* diam = diameter; max = maximum.
† Comparison of patients’ pre- and postoperative values (paired two-tailed t-test).
‡ Comparison of control values with Group I and Group II preoperative values (unpaired two-tailed t-test).



cord. Uncoupled flow pattern variations were observed in
21 (65.6%) of 32 patients.

Postoperative. All patients were available for follow-up
controls. For the sake of simplicity, only data from the
final MR examination (1 year postsurgery) are reported.

Surgical decompression of the foramen magnum ex-
panded both ventral and dorsal CSF spaces at this level. In
Group I mean AP diameters expanded from 1.5 ± 0.7 mm
preoperatively to 3.0 ± 1.2 mm postoperatively (ventral, p
� 0.0001) and from 0 to 11.7 ± 2.6 mm (dorsal, p �
0.0001). In Group II, CSF spaces at the foramen magnum
expanded from 1.4 ± 0.4 mm to 3.4 ± 1.5 mm (ventral, p
= 0.005) and from 0 to 10.9 ± 6.3 mm (dorsal, p = 0.002).
In both groups of patients a well-recreated cisterna magna
was observed on standard MR imaging.

A progressive decrease of the syrinx size was observed
in Group I patients after undergoing craniocervical de-
compressive surgery (Table 1 and Figs. 1 and 2). Mean di-
ameters decreased from 6.5 ± 2.7 mm to 1.7 ± 1.9 mm 1
year postoperatively (p � 0.0001). A parallel enlargement
of the SSSs was also measured (from 2.4 ± 1.3 mm to
4.4 ± 2.4 mm [ventral spaces] p = 0.008; and from 1.1 ±
1.0 mm to 2.7 ± 1.1 mm [dorsal spaces] p � 0.0001). One
year after surgery, the syrinx disappeared in 12 cases
(37.5%), was reduced in 18 cases (56.2%), and was un-
changed in two cases (6.3%).

Phase-contrast MR imaging demonstrated an unob-
structed CSF flow through the enlarged foramen magnum
and into the artificial cisterna. Results of quantitative tem-
poral analysis 1-year postoperatively demonstrated that
flow patterns approached normal values in both groups of
patients (Table 3). It is worth noting that, whereas the dif-
ference between pre- and postoperative values was not
statistically significant for Group I patients (Table 3), the
postsurgical increase of CSF flow durations was highly
significant at the prebulbar cistern and ventral SSS levels
(p = 0.03 and p = 0.007, respectively) in Group II patients.

In addition to the normalization of CSF flow patterns
outside the spinal cord, a gradual reduction of fluid mo-
tion inside the syrinx was observed in Group I patients.
The decrease in intraspinal flow paralleled the size reduc-
tion of the syrinx. Nevertheless, residual syrinx fluid flow
was still present in 20 patients (62.5%) 1 year after sur-

gery. These fluid flow values, however, were not detect-
able for the entire duration of the cardiac cycle, as they
were most evident in early systole. A complete disappear-
ance of fluid motion into the spinal cord was observed
in 12 patients (37.5%), on the final 1-year MR control
images.

Clinical Evaluation

Postoperative clinical status was assessed at 3 months
and 1 year. All patients included in this series were also
available for long-term follow-up control examination.
The mean follow-up duration was 45.9 ± 14.0 months
(range 22–65 months). The 1-year postoperative results
are summarized in Table 4.

In Group I patients, syrinx-related signs and symptoms
were completely resolved in seven patients (24.1%), im-
proved in 19 (65.6%), and were stable in three (10.3%).
Clinical disturbances related to brainstem compression,
which was present preoperatively in 10 patients with sy-
ringomyelia, disappeared after surgery in eight cases
(80%) and were improved in two (20%). No postoperative
worsening of clinical signs or symptoms was recorded.
The patient who presented with trigeminal neuralgia expe-
rienced a complete remission of his symptomatology. In
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TABLE 2
Duration of CSF systole expressed as percentage

of the R–R interval

Group I Group II Group III p
(30 patients) (14 patients) (15 volunteers) Value*

prebulbar cistern 57.5 � 14.8 48.5 � 12.1 55.4 � 12.8 0.14†
0.65‡
0.057§

ventral SSS 59.2 � 14.5 44.7 � 13.7 53.2 � 13.6 0.10†
0.19‡
0.003§

dorsal SSS 52.8 � 15.6 44 � 15.9 44.4 � 13.8 0.94†
0.09‡
0.11§

* Unpaired two-tailed t-test.
† Comparison of Group I preoperative values with Group III values.
‡ Comparison of Group II preoperative values with Group III values.
§ Comparison of group I and II preoperative values.

Fig. 1. Sagittal T1-weighted MR images. Chiari I malformation
is demonstrated with tonsillar descent and an associated cervico-
thoracic syrinx (a). After surgery, a large artificial cisterna magna
is evident. Progressive syrinx reduction was observed at 1 month
(b) and at 3 months (c). A tiny residual of the cavity is visible 1
year after surgery (d).
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summary, assuming that favorable results are indicated by
the disappearance or improvement of preoperative clinical
disturbances, the rate of improvement was 89.7% in syr-
inx-related disturbances (26 patients out of 29 with a
symptomatic syrinx) and 100% for brainstem-related dis-
turbances in Group I.

In Group II, of the 12 patients presenting with signs and
symptoms of brainstem compression, postoperative reso-
lution was observed in nine patients (75%), improvement
in one (8.3%), and no change in two (16.7%). In all three
patients suffering preoperatively from severe exertional

headache, complete symptom relief was attained after sur-
gery. The rate of improvement in this group was 86.7%
(13 of 15 patients with favorable results). Long-term fol-
low-up evaluations showed a substantial stabilization of
the results achieved after 1 year.

Surgical Procedure

The surgical procedure was well tolerated in all pa-
tients. Surgery-related complications included one case of
aseptic meningitis and one case of acute hydrocephalus
due to a postoperative extradural CSF collection. In both
cases, wound revision was followed by an uneventful
course, and the patients experienced a favorable outcome.
Three patients experienced a postoperative persistent fe-
ver that resolved with brief period in which steroid drugs
were administered. In our opinion, the latter side effects,
and possibly also the aseptic meningitis, were related to
the use of heterologous dural grafting. We overcame this
problem by using autologous material.

DISCUSSION

In recent years, motion-sensitive MR imaging tech-
niques have allowed investigations of CSF flow dynam-
ics, both in normal and pathological conditions.7,11,12,15,24,

25,28,31,32 In a noninvasive manner, these techniques have
provided us with invaluable information on a closed sys-
tem such as the CSF circulation. Chiari I malformation, a
condition known to be associated with CSF flow abnor-
malities, has been the subject of a number of these studies,
both before and after decompressive surgery.2,4,5,10,27,34,37

This condition represents, in fact, an interesting model of
acquired CSF flow derangement. Moreover, because of
its frequent association with syringomyelia investigators
have focused attention on the unsettled question of the ori-
gin of the fluid collection within the spinal cord. Based on
dynamic MR imaging findings and direct intraoperative
ultrasonography recordings, in 1994 Oldfield, et al.,27 for-
mulated a novel theory to explain the progression of syrin-
gomyelia, which confuted those previously proposed by
Gardner and Angel14 and Williams36 that had been widely
accepted until that time. This theory received experimen-
tal confirmation by the prospective study undertaken by
Heiss, et al.,17 whose results were consistent with the fact
that cerebellar tonsillar displacement, occurring in Chiari
I malformation, produces a functional CSF blockage at the
foramen magnum. In this condition, brain expansion dur-
ing cardiac systole induces an abrupt downward thrust of
the herniated tonsils into the almost completely excluded

Neurosurg. Focus / Volume 3 / March, 2000                                                                                                    

CSF flow dynamics in Chiari I malformation

5

Fig. 2. Phase contrast MR images. Preoperative image ob-
tained, 200 msec after the R wave (a): no flow is present at the
craniospinal junction and is scarcely visible in the SSSs; systolic
flow (low signal) is evident inside the syrinx. One month (b) and 3
months (c) after surgery systolic flow is well demonstrated in the
enlarged spinal spaces, and in the artificial cisterna magna, flow
motion is still evident into the reduced syrinx, which become hard-
ly recognizable 1 year after surgery (d).

TABLE 3
Preoperative and postoperative duration of CSF systole in patients with Chiari I malformation

Group I Group II

Preop Postop p Value* Preop Postop p Value*

prebulbar cistern 57.5 � 14.8 54.7 � 8.1 0.35 48.5 � 12.0 55.7 � 9.3 0.03
foramen magnum 0 51.0 � 12.1 NA 0 49.7 � 10.6 NA
ventral SSS 59.2 � 14.5 54.2 � 12.7 0.13 44.7 � 73.7 54.6 � 8.8 0.007
dorsal SSS 52.8 � 15.6 50.4 � 11.1 0.43 44.0 � 15.9 50.5 � 9.0 0.10

* Significance was established using the paired two-tailed t-test. Abbreviation: NA = not applicable.
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SSSs. These volume changes are transmitted to the walls
of these spaces, including the spinal cord surface, through
increased pulsatile pressure waves. This causes an in-
crease in syrinx fluid pressure which, in turn, propels the
fluid downward to cause syrinx progression. Although
clear-cut demonstration in humans has not been attained,
the condition of increased spinal subarachnoid pressure
would force the CSF into the spinal cord. Aboulker1 has
proposed that CSF penetration into the spinal parenchyma
from outside may be a possible mechanism for syrinx for-
mation. He supposed that the increased CSF volume, oc-
curring in conditions of spinal CSF block at the cranio-
spinal junction, could accumulate into the spinal cord to
induce edema, cavitation, and syrinx formation. The dor-
sal rootlets entry zone was the supposed pathway for CSF
penetration. Ball and Dayan3 are credited with proposing
the existence of a similar mechanism for the first time,
suggesting that CSF penetrates through the perivascular
(Virchow–Robin) spaces. Evidence exists that these
spaces provide a route of fluid exchange between the spi-
nal extracellular and subarachnoid spaces.29 Also, these
spaces were found to be dilated in patients with syringo-
myelia3,16 and to be the route of penetration of labeled
tracers or other water-soluble media into the syrinx short-
ly after intrathecal injection.6,8,13,18,20,22,23,30 In an animal
model of noncommunicating syringomyelia, Stoodley et
al.,33 have shown that horseradish peroxidase penetrates
into the spinal cord and the dilated central canal (a condi-
tion mimicking a syrinx) via the perivascular spaces. This
occurrence may possibly be induced by an increased pulse
pressure rostral to the experimentally induced CSF block.

Taken together, clinical and experimental evidence sug-
gest that the mechanism of syrinx formation is indepen-
dent from the existence of a communication between the
fourth ventricle and the spinal cavity. Analysis of our stu-
dy results provides additional support for this concept. A
fluid passage from the fourth ventricle into the syrinx was
not observed in any of the 32 patients with syringomyelia,
even in those in whom neuroimaging revealed evidence of
such communication. Cine MR imaging data suggest that
the downward displacement of the cerebellar tonsils (and
brainstem) at each systole may exert a “squeezing” effect
on the bulbomedullary junction, possibly occluding any
channel at this level. It may be argued from these findings
that a direct connection between fourth ventricle and syr-

inx, if it exists, is not functionally active and plays no role
in the formation and progression of the syrinx.

Although the absence of intraspinal fluid collection in
Chiari I malformation is likewise intriguing, it has re-
ceived far less consideration. With the assumption that the
theory proposed by Oldfield, et al.,27 is true—and the ex-
perimental evidence supports this theory—it may be hy-
pothesized that the same, or very similar, modifications of
CSF flow dynamics occur in every patient with Chiari I
malformation. 

To date, no published report specifically addresses the
reasons for differences in clinical and radiological presen-
tation in Chiari I malformation. Previously, investigators
studied CSF flow dynamics in Chiari I malformation pa-
tients, considering those with and without syringomyelia
as a single group.2,4 More recent studies have been con-
ducted only in patients with syringomyelia.5,17,27,34 In the
largest series of Chiari I malformation patients recently
reported by Milhorat, et al.,21 a number of patients were
included both with and without syringomyelia, who un-
derwent dynamic MR studies. Cerebrospinal fluid flow
velocity values measured in the foramen magnum level
were found to be both increased and decreased in different
groups, but no additional specification was offered. In
most of the published studies, investigations were con-
ducted of CSF flow velocity abnormalities, sometimes
with conflicting results.5,17,27,34,37

In the present study designed to investigate CSF flow
dynamics in a noninvasive way, we differentiated the two
clinical presentations, and the results indicate that differ-
ences exist between patients with or those without associ-
ated syringomyelia. Because quantification of CSF flow
velocities was not available by using our MR imager, we
attempted a slightly different approach by analyzing CSF
flow duration. Previously reported data related to this ap-
proach have been sparse.2,4 Analysis of our results demon-
strates that, before surgery, patients without syrinx have a
shorter systolic flow duration as compared with patients
with syrinx. This difference is highly significant (p =
0.003) when measured in the ventral SSS. However,
markedly shorter systolic flow durations were also record-
ed in the prebulbar cistern and in dorsal SSS. By compar-
ing preoperative data of both treatment groups with that
obtained in the  control group, it is interesting to note that
in Group I patients (with syringomyelia) an increased sys-
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TABLE 4
Clinical assessment 1 year after decompressive surgery

Group I Group II

Related Disap- Im- Un- Disap- Im- Un-
Signs & Symptoms peared proved changed Worse Total peared proved changed Worse Total

syrinx 5 14 2 21
syrinx & 2* 5* 1* 8
brainstem compression‡ 6† 2†
brainstem compression 2 2 9 1 2 12
unrelated 1 1 3 3
total 16 21 3 32 12 1 2 15

* Related to the presence of a syrinx.
† Related to the presence of brainstem compression.
‡ Eight patients presented signs and symptoms related to both syrinx and brainstem compression.



tolic CSF flow duration was observed in all regions in
which flow velocity was measured, whereas in Group II
patients (without syringomeylia) a shorter systolic dura-
tion than normal subjects was demonstrated. These results
are consistent with those reported by other investigators.2,4

Bhadelia, et al.,4 have also reported a decreased duration
of CSF systole in the ventral and dorsal spinal spaces,
immediately below the foramen magnum, whereas in the
prebulbar cistern an increased CSF systolic duration was
recorded, although with a high variability range. Similar
findings were also reported by Armonda, et al.2 It is worth
noting, however, that in both reported series the authors
did not differentiate between patients with or without
those an associated syrinx but instead considered all pa-
tients as one group; in addition, the series included pedi-
atric patients, although it is known that CSF flow dynam-
ics are age related.26,35

Analysis of measurements obtained postoperatively
demonstrated the restoration of near-normal flow parame-
ters in both patient groups. Unobstructed CSF flow across
the enlarged foramen magnum and progressive decrease
of syrinx flow confirm that a craniocervical decompres-
sive procedure can effectively correct this malformation.
Cerebrospinal fluid flow dynamics data obtained in this
study are consistent with the fact that removal of the junc-
tional block reestablishes the normal communication be-
tween cranial and spinal compartments. The resolution of
the condition of increased spinal subarachnoid pressure
interrupts the mechanisms of syrinx maintenance, leading
to a progressive reduction in cavity size and eventually to
its collapse. It is of interest to note that the rate of syrinx
disappearance in this series was 37.5% (12 of 32 patients).
In the majority of cases a residual syrinx was still visible
on follow-up MR control images. These data were not sur-
prising and probably reflect the atrophic state of the spinal
cord, induced by the increased preoperative syrinx pres-
sure. This condition, however, does not necessarily corre-
late with clinical disturbances. 

As reported by Heiss, et al.,17 direct measurement of
CSF flow values clearly indicates that the maximum in-
crease in subarachnoid pressure at the cervical level oc-
curs during the caudal-directed (systolic) flow, mostly in
its early phase. Based on these data and on the present
study findings, we propose that in patients harboringh a
Chiari I malformation a syrinx may develop if the in-
creased CSF pulsatile pressure is exerted on the spinal
cord surface for a sufficient time. This means that an in-
creased systolic CSF duration could prolong the hyperten-
sive CSF condition exerted on the spinal cord surface over
time, thus favoring fluit penetration into the spinal cord.
On the other hand, it is conceivable that, because of
reduced systolic flow durations, in patients not presenting
with a syrinx the condition of increased CSF subarachnoid
pressure may not endure long enough to induce syrinx
formation.

It is reasonable to consider that other factors are in-
volved in the pathogenesis of syringomyelia. The first is
another time-dependent variable. Chiari I malformation is
an acquired, not a congenital, disorder. However, it is im-
possible to estabilish exactly at which point the cerebellar
tonsils’ descent occurs in each patient and how long it
takes, once present, to become symptomatic. It is theoret-
ically possible that in patients without a syrinx, the period

of time it takes malformation settlement to occur may be
shorter, and a patient becomes symptomatic earlier be-
cause of a brainstem conflict with the clivus, on individ-
ual basis. This period could be not sufficiently long to
induce syrinx formation. Another possibility is that CSF
flow blockage is not always present at the foramen mag-
num. We should consider the tonsillar descent as a dynam-
ic phenomenon (as cine MR imaging nicely displays) that
is potentially reversible. Intermittent spontaneous relief
of CSF block could temporarily resolve the hypertensive
condition. The extent of tonsillary descent may not be
considered crucial in this sense, as it has been demon-
strated that there is no direct correlation between tonsillar
herniation and clinical symptoms.9,21

One more factor that could influence the penetration of
CSF into the spinal cord is the compliance of the spinal
cord itself to pressure modifications. This factor is also
unpredictable, and there is no known method with which
to determine its relevance in normal and pathological con-
ditions.

Clinical results of this study also indicate that a cranio-
cervical decompressive procedure adequately treats Chiari
I malformation–related disturbances. Patients with signs
and symptoms of brainstem compression were especially
responsive to the posterior fossa enlargement, as were
those with syrinx-related clinical disturbances. Although
the results of this series are rewarding, it must be pointed
out that improvement of syrinx-induced signs and symp-
toms of spinal cord dysfunction is not easily predictable.
Clinical outcome depends on the degree of spinal cord
damage induced by the syrinx.

Finally, some technical aspects of the surgical proce-
dure deserve comment. An intraarachnoid approach is not
generally recommended,17,27 as it is considered unwarrant-
ed and risky. We agree with the assumption that tonsillar
shrinkage is probably not necessary to enlarge CSF
spaces, and, according to the pathophysiological premis-
es, we never attempted to plug the obex or to insert a shunt
into the syrinx. Nevertheless, we would like to remark on
the need for an intraarachnoid exploration. Recognition of
arachnoidal adhesions or partial obstruction of Magendie's
foramen is crucial to ensure a free CSF outflow from the
fourth ventricle. These obstacles may be responsible for
most of the cases in which craniocervical decompression
failed because the procedure was limited to an osteodural
decompression.19 In our experience the intraarachnoid ap-
proach is safe, yet expert and careful microsurgical dis-
sections are required to accomplish this goal.

CONCLUSIONS

The results of this study indicate that in patients with
Chiari I malformation presenting with an associated syr-
inx, patterns of CSF flow dynamics differ from those ob-
served in patients without a syrinx. These findings support
the hypothesis that in patients with Chiari I malformation
an elongated systolic flow may prolong the condition of
increased spinal subarachnoid pressure, caused by the
junctional obstruction, thus encouraging CSF penetration
into the spinal cord. On the other hand, a shortened systol-
ic flow may be insufficient to mantain a hypertensive CSF
condition for enough time to induce fluid accumulation
into the spinal cord.
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The results of this study provide additional support to
the concept that relief of CSF block obtained by perform-
ing a craniocervical decompressive procedure restores a
physiological CSF flow condition.
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