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Abstract

Object—Craniocervical decompression for Chiari malformation Type | (CM-1) and
syringomyelia has been reported to fail in 10%-40% of patients. The present prospective clinical
study was designed to test the hypothesis that in cases in which syringomyelia persists after
surgery, craniocervical decompression relieves neither the physiological block at the foramen
magnum nor the mechanism of syringomyelia progression.

Methods—The authors prospectively evaluated and treated 16 patients with CM-I who had
persistent syringomyelia despite previous craniocervical decompression. Testing before surgery
included the following: 1) clinical examination; 2) evaluation of the anatomy using T1-weighted
MR imaging; 3) assessment of the syrinx and CSF velocity and flow using cine phase-contrast MR
imaging; and 4) appraisal of the lumbar and cervical subarachnoid pressures at rest, during a
Valsalva maneuver, during jugular compression, and following the removal of CSF (CSF
compliance measurement). During surgery, ultrasonography was performed to observe the motion
of the cerebellar tonsils and syrinx walls; pressure measurements were obtained from the
intracranial and lumbar intrathecal spaces. The surgical procedure involved enlarging the previous
craniectomy and performing an expansile duraplasty with autologous pericranium. Three to 6
months after surgery, clinical examination, MR imaging, and CSF pressure recordings were
repeated. Clinical examination and MR imaging studies were then repeated annually.

Results—Before reexploration, patients had a decreased size of the CSF pathways and a partial
blockage in CSF transmission at the foramen magnum. Cervical subarachnoid pressure and pulse
pressure were abnormally elevated. During surgery, ultrasonographic imaging demonstrated active
pulsation of the cerebellar tonsils, with the tonsils descending during cardiac systole and
concomitant narrowing of the upper pole of the syrinx. Three months after reoperation, patency of
the CSF pathways was restored and pressure transmission was improved. The flow of syrinx fluid
and the diameter of the syrinx decreased after surgery in 15 of 16 patients.
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Conclusions—~Persistent blockage of the CSF pathways at the foramen magnum resulted in
increased pulsation of the cerebellar tonsils, which acted on a partially enclosed cervical
subarachnoid space to create elevated cervical CSF pressure waves, which in turn affected the
external surface of the spinal cord to force CSF into the spinal cord through the Virchow-Robin
spaces and to propel the syrinx fluid caudally, leading to syrinx progression. A surgical procedure
that reestablished the CSF pathways at the foramen magnum reversed this pathophysiological
mechanism and resolved syringomyelia. Elucidating the pathophysiology of persistent
syringomyelia has implications for its primary and secondary treatment.
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Syringomyelia is more often associated with CM-I than any other etiology.1718:37 The
objective of surgical treatment of syringomyelia associated with the CM-I is to decompress
the cerebellar tonsils, eliminate the syrinx, and prevent the progression of myelopathy. A
reduced syrinx size, which is associated with disease stabilization, occurs after
craniocervical decompression or syrinx fluid shunting. Unlike craniocervical
decompression, syrinx shunting does not address the underlying cause of the syringomyelia,
requires invasion of the spinal cord, and is prone to delayed side effects and malfunction.
However, craniocervical decompression for CM-1 and syringomyelia is not universally
successful and has been reported to fail in 10%-40% of patients.112:34.39.50.51 \When
decompression fails to reverse syringomyelia, syrinx shunting is often performed as a
secondary procedure despite its low long-term success rate.2745:46

The pathophysiology of persistent syringomyelia following craniocervical decompression
has not been examined. One potential benefit of defining this pathophysiology would be to
improve the primary treatment of CM-I and syringomyelia in future patients. Another
benefit would be to guide the surgeon in his or her selection of additional treatment if
primary treatment fails.3° For example, if persistent or recurrent syringomyelia was
attributed to the failure of a previous surgery to correct the pathophysiological abnormalities
arising from a partial blockage of the CSF pathways at the foramen magnum, it would be
reasonable to consider additional surgery at the foramen magnum with the goal of opening
the CSF pathways.*344:50 Alternatively, syrinx shunting might be a logical choice if the
syrinx persisted despite eliminating the partial blockage.3® To determine whether the
previous surgery effectively opened the CSF pathways at the foramen magnum, the patency
of these pathways could be evaluated by 1) measuring their size using anatomical MR
imaging; 2) determining the flow rate of CSF using cine phase-contrast MR imaging; 1332 3)
measuring pressure transmission using the Queckenstedt test; and 4) comparing various
physiological measurements with those made using the same techniques in patients with
CM-I malformation and syringomyelia who had not undergone surgery.*® If these studies
indicated that the previous surgery did not eliminate the anatomical and physiological block
to CSF transmission at the foramen magnum, one might consider treating persistent
syringomyelia by performing additional surgery at the foramen magnum to open the CSF
pathways and reverse the pathophysiology of syringomyelia. This approach might have
lower morbidity and long-term effectiveness than placing a drainage tube in the syrinx via
myelotomy. Furthermore, the resolution of syringomyelia after additional surgery that
successfully opened the CSF pathways at the foramen magnum would suggest that the
previous surgery had not relieved the mechanism of syrinx progression.

Our purpose in the present prospective study was to define the pathophysiology of persistent
syringomyelia after failed craniocervical decompression. In particular, we examined the
theory that syrinx progression persists after craniocervical decompression because continued
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obstruction of the CSF pathways at the foramen magnum blocks the rapid efflux and influx
of CSF between the head and spine, which normally compensates for brain expansion and
contraction during the cardiac cycle. Specifically, we studied whether the basis of persistent
or recurrent syringomyelia associated with CM-I is the same mechanism that had been
established in patients at the primary presentation of CM-I and syringomyelia.2242 Thus, the
blockage would cause the cerebellar tonsils to be displaced in lieu of CSF, creating a piston
effect during the cardiac cycle of the tonsils on the partially enclosed spinal subarachnoid
space, which would lead to accentuated cervical subarachnoid pressure waves that would
compress the spinal cord from without, direct CSF into the spinal cord,26:31 and produce
pulsatile syrinx flow leading to syrinx progression.2242 Determining the pathophysiology of
persistent syringomyelia has considerable implications for its primary and secondary
treatment.#47

Study Protocol

Sixteen patients with a mean age of 35 + 14 years (mean + SD, range 12-58 years) and CM-
I and syringomyelia that had not resolved or had recurred following craniocervical
decompression were enrolled in the clinical research protocol entitled, “Establishing the
Physiology of Syringomyelia” (NINDS 92-N-0226). All patients had progressive
myelopathy caused by syringomyelia.

Craniocervical decompression had been performed 1-5 years previously in all patients
except 1 who underwent surgery 20 years prior. Patients with ventricular or lumbar shunts
were excluded from enrollment. Participants were evaluated before surgery, 1 week after
surgery, 3—6 months after surgery, and then annually. The median follow-up interval after
surgery was 6.2 years (range 0.7-13.2 years). Test results for the patient group were
compared with data from 18 healthy volunteers, which were obtained in the protocol
entitled, “Establishing Normal CSF Physiology to Allow Comparison with Syringomyelic
CSF Physiology” (NINDS 94-N-0160).22 The Institutional Review Board of the NINDS
approved the study. The risks in this protocol were deemed justifiable because the research
was directed toward understanding the disease process in the patients and because the
research may lead to knowledge that may improve the treatment of future patients with this
condition. Informed consent was obtained from each adult patient, the parents of the only
minor patient, and each healthy volunteer. All patients were evaluated and treated at the
Clinical Center of the National Institutes of Health, Bethesda, Maryland.

Preoperative Evaluation

Clinical Evaluation—Signs and symptoms were graded as absent, mild, moderate, or
severe. Grades for symptoms of headache, dysesthetic pain, extremity weakness, sensory
loss, and impaired ambulation and for signs of weakness, atrophy, and ataxia were recorded
and later compared with data collected after surgery. Ambulation and weakness were graded
on standard scales, and the grades were converted to our scale for purposes of this analysis
(Table 1). The ambulation scale was as follows: unaffected (normal ambulation), mild (with
cane), moderate (with walker), and severe (nonambulatory). The muscle weakness scale set
up as unaffected (5/5), mild (4/5), moderate (3/5, antigravity strength), and severe (1-2/5,
less than antigravity).’

Operative reports from the prior surgery indicated that the dura mater was expanded by
duraplasty in 13 cases and neither opened nor expanded in the other 3 cases. Materials
reportedly used for duraplasty included allograft fascia lata (3 cases), collagen matrix (3
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cases), xenograft (bovine) pericardium (2 cases), synthetic dural substitute (2 cases),
autograft pericranium (1 case), autograft fascia lata (1 case), and “artificial dura” (1 case).

Radiological Imaging of Anatomy—Three independent examiners evaluated
midsagittal T1-weighted MR images of the posterior fossa and the cervical and thoracic
spine. Low-signal areas were measured to determine the maximal anteroposterior diameter
of the syrinx, length of the syrinx, anteroposterior diameter of the CSF pathways ventral and
dorsal to the neural elements at the foramen magnum, size of the lateral ventricles, and
evidence of a connection between the syrinx and the fourth ventricle. A line was drawn on
the MR images between the basion and the posteroinferior aspect of the C-2 vertebral body;
the distance between this line at the tip of the odontoid and the ventral dura was measured to
determine the degree of retroflexion of the dens.19 Since the opisthion had been removed in
the previous surgery, the level of the foramen magnum was established by extending a line
posteriorly from the basion on the computer workstation (Carestream PACS, Carestream
Health, Inc.). The distance between the most caudal extent of the cerebellar tonsils and the
level of the foramen magnum was measured. The shape of the cerebellar tonsils (pointed or
round) was also recorded.®

Radiological Imaging of Physiology—Cine phase-contrast MR imaging was
performed at the foramen magnum and at C5-6. The velocity and flow rates of CSF and
syrinx fluid were obtained in the superoinferior direction, with a positive sign denoting a
velocity vector in the inferior direction and a negative sign indicating a vector in the superior
direction (Signa Advantage Flow Analysis Software, Release 5.4, GE Medical Systems).
Regions of interest included the 1) CSF pathway in the ventral half of the foramen magnum
or spinal canal (at the C5-6 level), 2) CSF pathway in the dorsal half of the foramen
magnum or spinal canal, 3) CSF pathway within the entire foramen magnum or spinal canal,
and 4) syrinx. The region of interest for the ventral CSF pathway at the foramen magnum
was carefully drawn to exclude the vertebral arteries that traverse that space.

Spinal Subarachnoid Pressure Recording and Physiological Testing—
Preoperative testing of lumbar intrathecal and cervical subarachnoid pressures was
performed after inserting 22-gauge spinal needles at the C1-2 and L4-5 levels using
fluoroscopic guidance. Pressure recordings were performed in 15 of 16 patients (not in the
minor patient) and were obtained while the patient was at rest, during Valsalva maneuver,
and during jugular compression. The Valsalva maneuver consisted of the patient blowing
into a plastic tube at a pressure of 40 mm Hg for 12 seconds.®® Jugular compression was
performed by rapidly inflating a blood pressure cuff around the neck to a pressure of 60 mm
Hg for 10 seconds; the rate of the rise in pressure (mm Hg/seconds) on compression and the
fall in pressure on the release of compression was measured.2949 Compliance (ml CSF/mm
Hg) was measured by dividing the amount of CSF removed (10 ml) by the reduction in
mean lumbar intrathecal pressure (mm Hg) that had resulted from CSF removal. Pressures
were recorded on the hard disk drive of a Macintosh computer (Apple Computer, Inc.) using
a system of Sorenson pressure transducers, a physiological monitor (Spacelabs Medical,
Inc.), an analog-to-digital converter board (National Instruments Corp.), and data acquisition
software (LabView, National Instruments Corp.). Recordings were displayed using
graphical computer software (Kaleidagraph, Synergy Software). Pressure transducers were
calibrated with a static water column.

Surgical Procedure

All patients underwent suboccipital craniectomy and upper cervical (C-1 and at least partial
C-2) laminectomy. Patients were positioned prone on silicone gel pads that supported the
chest and pelvis and allowed the abdomen to hang freely. The neck was slightly flexed. The
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head was held by a 3-pin Mayfield head holder (OMI, Inc.). Bony decompression at the
foramen magnum was taken wide enough to decompress the entire posterior surface of the
cerebellar tonsils, as determined by preoperative axial MR imaging measurements and as
confirmed by intraoperative ultrasonography, which was performed before opening the dura.
Since all patients had previously undergone C-1 laminectomy, identification of normal dura
required removing at least part of the superior surface of the lamina of C-2. Subsequent
opening of normal dura inferior to the surgical scar tissue provided a corridor into a
relatively normal dorsal subarachnoid space and an opportunity to establish normal
anatomical relationships before proceeding superiorly into a subarachnoid space that was
narrowed by surgically induced adhesion of the dorsal dura, dural graft, and dural suture
lines with the underlying spinal cord and cerebellar tonsils. Duraplasty was performed using
autologous occipital pericranium.

Based on retrospective studies, craniocervical decompression and duraplasty are regarded as
a nonexperimental treatment for persistent syringomyelia after craniocervical decompression
for CM-1 and syringomyelia.3%43.44.50 Despite support for syrinx shunting at least in some
cases19:35 in the literature, it was not considered to be superior to reexploration
craniocervical decompression and duraplasty and was not performed in this study.

Testing During Surgery

Physiological Testing—The extent of pressure monitoring during surgery was dictated
by patient consent and surgeon discretion. All pressure measurements during surgery were
performed under general inhalational anesthesia. Controlled ventilation maintained end-tidal
CO>, levels around 35 torr. Positive end-expiratory pressure was not used. During surgery,
catheters (NMT Corporation) were placed into the right lateral ventricle in 10 patients and
the thecal sac at L4-5 in 13 patients. Baseline recordings were obtained. The rate of
elevations in intracranial and lumbar intrathecal pressures in response to manually
administered jugular compression and Valsalva (positive pressure ventilation to 40 mm Hg
for 12 seconds) was measured.>®

Intraoperative Imaging—After suboccipital craniectomy and laminectomy, but before
opening the dura, ultrasonographic imaging was performed. Simultaneous CSF pressure
(intracranial and lumbar intrathecal), hemodynamic pressure (central venous and radial
artery), and electrocardiographic traces were plotted, which allowed us to establish the
simultaneous relationship of pressures, syrinx size, and cerebellar tonsillar pulsation during
the cardiac cycle. The response of cerebellar and syrinx pulsation to jugular compression,
Valsalva, and dural opening was recorded. Ultrasonography was repeated after opening the
dura and placing the dural graft.

Postoperative Evaluation

Six days after surgery, while the syrinx was still present, patients underwent cine phase-
contrast MR imaging of the cervical spine. Three to 6 months after surgery, patients returned
to the National Institutes of Health for anatomical midsagittal T1-weighted MR imaging of
the posterior fossa and the cervical and thoracic spine, cine phase-contrast MR imaging, and
cervical subarachnoid and lumbar intrathecal pressure testing. Patients were examined, and
signs and symptoms were graded as absent, mild, moderate, or severe (Table 1). The grades
for each sign or symptom from before and after surgery were compared, and the difference
in scores was used to establish if the patient’s condition was improved, unchanged, or worse
after surgery as compared with before surgery.’
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Statistical Analysis

Data are expressed as the means + SDs. Values from patients before and after surgery were
compared with those from healthy volunteers by using the unpaired Student t-test. Test
values from patients before surgery were compared with those after surgery by using the
paired Student t-test. A p value < 0.05 was considered significant.

Results

Preoperative Evaluation

Clinical Evaluation—Patients in whom previous craniocervical decompression and
duraplasty had failed—that is, all patients in this study—most frequently reported symptoms
of sensory loss, dysesthetic pain, weakness, ambulation difficulties, and headache. Signs of
central cervical myelopathy and cerebellar dysfunction were often found on examination
(Table 1).

Radiological Imaging of Anatomy—The mean anteroposterior diameter of the syringes
measured 7.5 = 3.3 mm, and their length was 17.5 + 13.5 cm (Fig. 1A and Table 2). The
anteroposterior width of the CSF pathways measured 1.2 + 1.0 mm ventral and 0.8 + 1.4
mm dorsal to the neural elements at the foramen magnum. These measurements were
significantly smaller than the normal ventral value of 6.2 + 1.8 mm (Fig. 2A) and dorsal
value of 5.2 £ 2.6 mm (Fig. 2B; p < 0.0001 in both cases). Three patients had mild
ventricular enlargement, and 2 patients had the suggestion of a communication between the
fourth ventricle and the syrinx. The distance from the odontoid tip to the ventral dura was
4.7 £ 1.1 mm (range 2.3-6.5 mm) in all patients. The caudal extent of the cerebellar tonsils
was 11.8 £ 7.9 mm inferior to the level of the foramen magnum. The cerebellar tonsils had a
pointed shape in 11 cases and a rounded shape in the remaining 5. The length of the clivus
(3.7 £ 0.4 mm) was shorter than normal (4.3 + 0.4 mm, p < 0.0001). None of the patients in
this study had instability or hypermobility at the craniocervical junction, basilar
invagination, or cerebellar ptosis from excessive removal of the suboccipital bone.

Radiological Imaging of Physiology—The velocity (cm/second) of CSF at the
foramen magnum was abnormally high ventrally (p < 0.006) but normal dorsally (Table 3).
Its velocity across the entire foramen magnum was significantly increased (p < 0.01)
compared with normal. The velocity of syrinx fluid was comparable with CSF velocity at
the foramen magnum and in the surrounding spinal canal. Peak flow rates of CSF (ml/
second) at the foramen magnum were normal ventrally and much less than normal dorsally
(p < 0.0001; Table 4). The flow rate of CSF across the entire foramen magnum was normal.
Syrinx fluid moved inferiorly during systole and superiorly during diastole (Fig. 3A and B).

Spinal Subarachnoid Pressure Recording and Physiological Testing—
Measuring cervical subarachnoid pressure before surgery was possible in 6 patients and
impossible in the other patients because severe narrowing of the dorsal subarachnoid space,
as documented on cervical MR imaging, increased the risk of C1-2 puncture. The mean
pressure in the cervical subarachnoid space of evaluable patients was elevated (16.7 + 2.7
mm Hg, normal 11.2 + 2.5 mm Hg; p < 0.0003; Table 5). Cervical pulse pressure was 2.8 +
1.0 mm Hg, which was significantly greater than normal (1.6 + 0.6 mm Hg; p < 0.002). The
mean lumbar pressure was also elevated (p < 0.05), but lumbar pulse pressure was not.
Cerebrospinal fluid pressure transmission across the foramen magnum was compromised, as
shown by the rate of increase in lumbar intrathecal pressure (patients 3.5 + 2.6 mm Hg/
second, volunteers 6.3 = 2.0 mm Hg/second, p < 0.006) in response to jugular compression
(Queckenstedt test) and the rate of decrease in lumbar intrathecal pressure (patients —8.2 +
5.6 mm Hg/second, volunteers —=17.6 + —8.5 mm Hg/second, p < 0.0002; Fig. 4) following
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the release of jugular compression. Craniospinal compliance in the patients (3.4 = 1.7 ml
CSF/mm Hg) was significantly decreased when compared with that in healthy volunteers
(6.3 £ 2.0 ml CSF/mm Hg; p < 0.02; Fig. 5).

Testing During Surgery

Physiological Testing—The mean intracranial pressure and pulse pressure were 14.4 +
3.6 mm Hg and 4.5 £ 1.9 mm Hg, respectively, compared with a mean lumbar pressure of
13.7 £ 3.3 mm Hg and pulse pressure of 2.1 + 1.5 mm Hg. The mean intracranial pressure at
baseline was 14.4 + 3.6 mm Hg and increased to a maximum 23.5 + 4.1 mm Hg during the
Valsalva maneuver. The mean lumbar pressure at baseline was 13.7 + 3.3 mm Hg and
increased to a maximum of 24.1 + 4.0 mm Hg during the Valsalva maneuver. Note that the
Valsalva maneuver failed to produce significant pressure differentials between intracranial
and spinal subarachnoid spaces (Table 6). In contrast, during jugular compression there was
a more rapid and greater increase in intracranial pressure than in lumbar intrathecal pressure,
creating a craniospinal pressure differential of 12.6 mm Hg.

Intraoperative Imaging and Operative Findings—Ultrasonographic evaluation was
performed after making the posterior midline incision, dissecting soft tissue off the posterior
fossa and upper cervical lamina, and exposing the dura. On imaging, an intervening CSF
space was not present between the dorsal dural membrane and the cerebellar tonsils. The
cerebellar tonsils pulsated actively, descending during cardiac systole and ascending during
diastole. Syringes that extended to the level of exposure contracted 1-2 mm during cardiac
systole. Valsalva did not change syrinx diameter. Jugular compression produced reversible
inferior movement of the tonsils and variable compression of the upper pole of the syrinx.
On visually inspecting the surgical field, the reason for previous treatment failure was
thought to be due to inadequate bone removal at the foramen magnum (6 cases),
pseudomeningocele and intradural adhesions (4 cases), extradural bands and intradural
adhesions (2 cases), intradural adhesions alone (2 cases), intradural adhesions accompanied
by a thin membrane covering the foramen of Magendie (1 case), and intradural adhesions
accompanied by 2 arachnoid veils bridging the dorsal subarachnoid space (1 case). Surgical
intervention included removing enough bone at the foramen magnum to completely
decompress the entire posterior surface aspect of the cerebellar tonsils. Previous surgery
resulted in adherence of the arachnoid of the cisterna magna to the dura so that opening the
dura resulted in some degree of opening the arachnoid membrane. In cases in which a dural
graft was present, adhesions of the graft to underlying arachnoid and cerebellum were
densest along the suture line between the graft and surrounding dura. Pseudomeningoceles
were associated with an increased reaction between the dorsal dura, arachnoid, and
underlying neural elements, regardless of the type of dural substitute that had been placed.
Adhesions between the dura or dural graft and the cerebellum, medulla, and spinal cord
were cut sharply. In the case with a membrane covering the foramen of Magendie, CSF
issued from the foramen after removing this membrane. In places where the graft adhered
especially tenaciously to neural structures, the dural graft was cut around points of
attachment, leaving small islands of graft on the neural structures, which released the
previous graft and allowed it to be removed without traumatizing the neural elements. After
removing the preexisting graft, the dural opening was extended superiorly and inferiorly in a
Y-shape. The superior portion of the previous scalp incision was extended several
centimeters superiorly to obtain a triangular pericranial graft from the occipital area
measuring 4-5 cm in length and width. This larger dural graft was placed to recreate a CSF
cistern dorsal to the cerebellar tonsils.

J Neurosurg Spine. Author manuscript; available in PMC 2013 November 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

Postoperative Evaluation

Clinical Symptoms and Signs—Patients tolerated surgery without complication except
for 1 patient who had decreased proprioception in the right upper extremity persisting for a
few weeks after surgery. Most patients noted some improvement in ataxia, sensory function,
dysesthetic pain, and headache. Neurological function as evaluated by neurological
examination remained stable or improved after reoperation in all patients at the 3-month
follow-up (Table 1), and in all but 1 patient at a later follow-up. In this patient, dense
arachnoiditis was found at surgery, which prevented the dorsal dura from being released
from the dorsal surface of the spinal cord and medulla; after surgery the syrinx did not
collapse, but the patient remained neurologically stable for more than 4 years. Chronic
headaches and gait ataxia related to hydrocephalus developed 4.5 years after surgery; a
ventriculoperitoneal shunt was placed, which relieved these symptoms. Eighteen months
later, the patient underwent another craniocervical decompression and duraplasty that
neither relieved his symptoms nor resolved his syringomyelia.

Radiological Imaging of Anatomy—When evaluated 3-12 months postsurgery, syrinx
diameter (presurgery 7.5 + 3.3 mm, postsurgery 2.6 + 2.4 mm; p < 0.0001) and length
(presurgery 17.5 £ 13.5 mm, postsurgery 10.7 £ 11.8 mm; p < 0.006) had significantly
decreased in 15 of 16 patients (Fig. 1B and Table 2). Tonsillar herniation (presurgery 11.8 +
7.9, postsurgery 7.5 £ 5.0, p < 0.01) significantly improved in 15 of 16 patients, and the
cerebellar tonsils assumed a rounded shape in all but 1 patient. The anteroposterior width of
the CSF pathways after surgery measured 2.1 + 1.5 mm ventral and 6.8 + 6.0 mm dorsal to
the neural elements at the foramen magnum (Fig. 2). These measurements were significantly
larger than the preoperative values of 1.2 + 1.0 mm ventral (p < 0.0001) and 0.8 + 1.4 mm
dorsal (p < 0.002).

Radiological Imaging of Physiology—After surgery the total velocity of the CSF at
the foramen magnum in both inferior and superior directions became normal (Table 3).
Postoperative syrinx velocity was significantly decreased in both inferior (p < 0.003) and
superior (p < 0.01) directions when compared with preoperative values.

Ventral flow in the inferior and superior directions at the foramen magnum significantly
increased after surgery compared with before surgery (p < 0.03 and p < 0.05, respectively;
Table 4). Dorsal flow was significantly higher in the inferior direction when compared with
preoperative values. Syrinx fluid flow decreased dramatically in both the inferior and
superior directions after surgery (Fig. 3).

Spinal Subarachnoid Pressure Recording and Physiological Testing—Lumbar
intrathecal pressure decreased significantly after surgery. The mean and pulse pressure in the
cervical subarachnoid space decreased and entered the normal range. Pressure transmission
on jugular compression increased to 5.6 + 3.3 mm Hg/second, which was greater than before
surgery and similar to the normal value of 6.3 + 2.0 mm Hg/second (Table 5 and Fig. 4).
Compliance increased after surgery and was similar to normal values (Fig. 5).

Discussion

The basis of persistent syringomyelia in patients with CM-I after craniocervical
decompression suggests 1) syringomyelia in these patients might not originate from an
obstruction of the CSF pathways at the foramen magnum; 2) the introduction of a
mechanism not previously present due to the surgery itself; or 3) an obstruction of the CSF
pathways at the foramen magnum that was not effectively relieved by the previous
surgery.*4.50 The latter possibility offers the simplicity of a single mechanism underlying the
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syringomyelia in these patients. Establishing the basis for syrinx persistence after
craniocervical decompression would shed light on the mechanism of syringomyelia and
guide decisions for selecting the treatment in patients with CM-I-related syringomyelia.

Patients in our study manifested central cervical myelopathy that had progressed after a
previous surgical procedure. Our investigations using conventional MR imaging, cine phase-
contrast MR imaging, and the Queckenstedt test demonstrated that the earlier surgery had
failed to open the CSF pathways at the foramen magnum. Normally, CSF displacement from
the intracranial subarachnoid cisterns into the cervical subarachnoid space permits the brain
to expand within the rigid cranium during cardiac systole. In contrast, patients with CM-I
have obstructed CSF transmission across the foramen magnum so that normal brain
expansion results in inferior displacement of the cerebellar tonsils during cardiac
systole.2242 Tonsillar descent was documented by ultrasonographic imaging during surgery.
Descent of the cerebellar tonsils into a partially enclosed spinal subarachnoid space with low
compliance created enlarged cervical subarachnoid pulse pressure waves, which were
evident on CSF pressure recordings obtained before surgery. Pulsatile caudal flow of the
syrinx fluid, which leads to syrinx progression, was seen on cine phase-contrast MR imaging
studies performed before surgery.

Obstructed CSF transmission across the foramen magnum was remedied by removing
enough bone to completely decompress the posterior surface of the cerebellar tonsils,
separating the previous dural graft and adjacent dura from the posterior surface of the
cerebellum and placing a new dural graft of autologous pericranium. The expansile
duraplasty created a CSF space dorsal to the cerebellar tonsils and spinal cord and expanded
the volume of the posterior fossa. Following surgery that effectively expanded the CSF
pathways at the craniocervical junction, conventional MR imaging, cine phase-contrast MR
imaging, and the Queckenstedt test demonstrated relief of the anatomical and physiological
block at the foramen magnum (Figs. 1-7).3 Relief of the block reduced pulsation of the
cerebellar tonsils, increased compliance, reduced cervical pulse pressure (but not lumbar
intrathecal pulse pressure) (Table 5), and reduced CSF movement into the syrinx. The
pulsatile movement of the syrinx fluid progressively abated after surgery, syrinx size
decreased, and neurological signs and symptoms stabilized or improved. The surgical
procedure corrected the pathophysiological consequences of the CM-I and reversed
persistent syringomyelia without resorting to the placement of shunt tubing into the syrinx to
create a conduit for syrinx drainage.2’

Radiographic studies have documented that the CSF pathways are usually able to expand at
the foramen magnum after reexploration decompression and duraplasty. Opening the CSF
pathways did not require either resection or coagulation of the cerebellar tonsils.#16:30.56 A
comparison of the pre- and postoperative T1-weighted MR images showed that the
expansion of the CSF pathways and posterior fossa resulted in normal cerebellar
morphology, with ascent of the cerebellar tonsils and acquisition of a rounded, rather than a
pointed, shape (Table 2). It has been reported that CM-1 is associated with a small posterior
fossa.>40:41.48.52 The tendency of the cerebellum to return to its normal morphology after a
surgery that enlarged the posterior fossa lends support to the contention that CM-I is a
secondary deformation that arises from a small posterior fossa and not a primary
abnormality of the cerebellum.22:54

Inferior protrusion of the cerebellar tonsils through the foramen magnum narrowed the CSF
pathway in patients with CM-I. Previous craniocervical procedures were often ineffective in
decompressing the cerebellar tonsils because bone was removed only near the midline or
because fibrous bands within or on the external surface of the dura (in cases in which only
bone removal had been performed) pressed the dura into the tonsils. These procedures had
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not adequately expanded the CSF pathways to permit free pulsatile movement of CSF in the
subarachnoid space and lead to syrinx resolution. However, these limited procedures did not
produce extensive scarring within the subarachnoid space, permitting subsequent surgery to
encounter tissue planes that had not been invaded surgically. The presence of a clear CSF
space between the spinal cord and dura immediately inferior to the tonsils on MR imaging
studies predicted that arachnoiditis would not extend beyond the posterior fossa (Fig. 1A).

Our results indicate that patients with radiographic evidence of a surgically remediable
problem, such as inadequate bony decompression at the foramen magnum or an
uncomplicated pseudomeningocele, have a high likeli-hood of lasting resolution of
syringomyelia and stabilization of neurological deficits with further surgery focused on the
foramen magnum. In our study, successful expansion of the CSF pathways led to reduced
lumbar intrathecal pressure and increased compliance, effects that accompanied improved
CSF flow.22 Authors of other studies have reported that patients with hydrocephalus, CM-I,
and syringomyelia may benefit from third ventriculostomy.911.21.36.38 On the other hand,
shunting of CSF from the lumbar intrathecal space can increase tonsillar herniation in
patients with CM-I and lead to cerebellar and medullary dysfunction.>’ Because a direct
comparison of craniocervical decompression with syrinx shunting was not performed in this
study, the superiority of one treatment over the other remains speculative. In patients who
have not previously undergone surgical treatment of CM-1 and syringomyelia, most
comparative studies?8-°8 demonstrate the superiority of craniocervical decompression over
syrinx shunting, with some exceptions.23:24 Syrinx shunts may produce spinal cord
dysfunction—acutely from placing the myelotomy or later from delayed tethering of the
spinal cord.#6:23 The functional half-life of syrinx shunts is only 4 years, which is a
relatively short period for patients with long life expectancies.#® Shunts are foreign bodies
that are susceptible to infection. A case can be made for selecting craniocervical
decompression and duraplasty over syrinx shunting because of the potential risks and
limited long-term effectiveness of syrinx shunts. However, these shunts may be an effective
and necessary last resort in the treatment of patients in whom extensive arachnoiditis
prevents craniocervical decompression from effectively opening the CSF pathways.10

None of the patients in this study had basilar invagination, instability, hypermobility at the
craniocervical junction, or prominent (> 9 mm) retroflexion of the dens, which are other
causes for the failure of decompressive craniectomy and should be excluded before
performing a reexploration.215:19.20 |n addition, none of the patients had signs of cerebellar
ptosis.1425 We attempted to remove enough bone laterally at the foramen magnum and at
the C-1 level to fully decompress the posterior aspect of the cerebellar tonsils. Bone removal
in the posterior fossa was carried 2—3 cm superior to the foramen magnum. The dura was
opened in the standard Y-shape, starting in the midline inferior to the cerebellar tonsils and
extending superiorly to expose the posteroinferior aspect of both cerebellar hemispheres. A
triangular duraplasty was placed, tenting across the craniocervical junction, enlarging the
subarachnoid space dorsal to the neural elements at the foramen magnum, and increasing the
volume of the posterior fossa. Although methods of craniocervical decompression can vary,
it is generally agreed that surgical procedures for CM-I and syringomyelia should relieve the
impaction of cerebellar tonsils and the obstruction of free CSF circulation at the foramen
magnum.22:28:42

Without treatment, central cervical myelopathy would have been expected to progress
during the follow-up period.8:3351 Despite their previously unsuccessful craniocervical
decompression, patients accepted the rationale for reexploration surgery and were receptive
to the performance of a surgical procedure that did not require fresh exploration of another
anatomical region or placement of a syrinx shunt. Most patients noted some improvement in
symptoms after surgery, but radiographically demonstrated resolution of the syrinx did not
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consistently erase all neurological deficits that were present before surgery. After syringes
resolved, the diameter of the spinal cord in some patients was smaller than normal,
reflecting the irreversible alteration of the spinal cord that resulted from syringomyelia (Fig.
7B). None of the patients with syringomyelia resolution after surgery have had a
radiographically demonstrated recurrence of syringomyelia or neurological progression
during the follow-up period that averaged more than 6 years. Therefore, this treatment
compares favorably with other treatments for failed syringomyelia surgery, such as shunting
of syrinx fluid to the subarachnoid space, pleura, or peritoneal cavity.3%58

Finally, the clinical, radiographic, and physiological findings in this study are similar to
those reported in an earlier paper, which described patients with CM-1 and syringomyelia
who had not previously undergone surgical treatment,?2 and are consistent with the theory
previously proposed for the mechanism of syringomyelia.*? Syringomyelia that persists
radiographically and progresses neurologically after craniocervical decompression surgery is
evidence that the previous surgery did not relieve obstruction of the CSF pathways at the
foramen magnum, which initiates the pathophysiological mechanism of syrinx progression.
Thus, a single mechanism is sufficient to explain syringomyelia in both settings.
Myelopathy does not progress in the occasional patient who has slow but eventual
radiographic syrinx resolution after craniocervical decompression.>* In patients with
progressive myelopathy from persistent syringomyelia, treatment should be administered
without delay to prevent the development of additional irreversible neurological deficits.

Conclusions

The findings of the physiological and anatomical studies performed before, during, and after
craniocervical decompression for persistent CM-I and syringomyelia demonstrated that the
previous surgical intervention had not relieved the obstruction of the CSF pathways at the
foramen magnum. Patients had active pulsation of the cerebellar tonsils, increased cervical
subarachnoid CSF pulse pressure, and longitudinal movement of syrinx fluid during the
cardiac cycle. Reoperation enlarged the CSF pathways at the foramen magnum and
improved pressure transmission there. Pathophysiological consequences of the blockage of
CSF pathways, including increased cervical subarachnoid CSF pulse pressure and syrinx
fluid motion, were reduced after surgery. These findings are consistent with a mechanism of
syrinx origin that arises outside, rather than inside, the spinal cord. Reoperation in most
cases effectively opened the CSF pathways at the foramen magnum, reduced the size of the
syrinx, produced symptomatic improvement, and arrested neurological deterioration.
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Fig. 1.

Midsagittal T1-weighted MR images demonstrating the posterior fossa and cervical spine
before (A) and after (B) reexploration craniocervical decompression. After reexploration
(B), the subarachnoid space at the foramen magnum expanded (arrows), the tips of the
cerebellar tonsils rounded, and the syrinx diameter decreased dramatically.
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Fig. 2.

Graphs showing the anteroposterior (AP) diameter of the subarachnoid space ventral to the
medulla (A) and dorsal to the cerebellar tonsils (B) at the foramen magnum both in patients
with CM-I and syringomyelia (before and after surgery) and in healthy volunteers. Bar
graphs demonstrating mean values for the widths of ventral (C) and dorsal (D) CSF spaces.
Before surgery the ventral CSF space in patients with CM-1 was significantly decreased as
compared with that in healthy volunteers. After surgery, the CSF space increased
significantly as compared with before surgery. Before surgery the dorsal CSF space in
patients with CM-1 was significantly decreased compared with that in healthy volunteers.
After surgery the CSF space increased significantly as compared with before surgery. Error
bars on the bar graphs indicate 1 SD above the mean value. *p < 0.001. **p < 0.0014.
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Fig. 3.

Cine phase-contrast MR images obtained in the axial plane at the C5-6 level during 16
segments of the cardiac cycle before (A and B), 1 week after (C and D), and 3 months after
(E and F) reexploration surgery. Fluid flow in the inferior direction (during systole) is white
and in the superior direction (during diastole) is black. Following surgery that restored the
CSF pathways at the foramen magnum, the flow of syrinx fluid (G) during the cardiac cycle
steadily decreased, and flow in the spinal subarachnoid space increased as the spinal cord
resumed a normal morphology (E).
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Graphs demonstrating the rate of rise in lumbar intrathecal pressure during jugular
compression in patients with CM-I and syringomyelia (before and after surgery) and in
healthy volunteers. Before surgery the rate of pressure increase in patients with CM-1 was
significantly decreased compared with that in healthy volunteers. After surgery the rate of
elevation in pressure increased significantly as compared with before surgery. *p < 0.006.
**p < 0.004.
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Fig. 5.

Graphs showing compromised craniospinal compliance before surgery in patients with CM-I
and normal compliance after surgery. Compliance (ml CSF/mm Hg) was measured by
dividing the amount of CSF removed (10 ml) by the resultant reduction in lumbar intrathecal
pressure (mm Hg). Before surgery compliance was significantly decreased in the CM-I
group as compared with healthy volunteers. *p < 0.02.
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Fig. 6.

Midsagittal T1-weighted MR images of the posterior fossa and cervical spine before (A) and
after (B) initial craniocervical decompression and then 3 months (C), 5 years (D), and 10
years (E) after reexploration surgery. After the initial surgery (B), myelopathy progressed
and the syrinx (fong arrows) did not resolve despite the creation of a CSF space dorsal and
inferior to the cerebellar tonsils (arrowhead). At reexploration surgery, a pseudomeningocele
was found dorsal to the dura. Reexploration craniocervical decompression removed the
pseudomeningocele, enlarged the subarachnoid space at the foramen magnum (C, thick
arrows), and led to syrinx resolution (C, thin arrows) that appears to be permanent (D and
E).
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Fig. 7.

Midsagittal T1-weighted MR images of the posterior fossa and cervical spine before (A) and
8 years after (B) reexploration craniocervical decompression and duraplasty. The CSF
spaces at the foramen magnum were absent (A, thick arrows), and a large syrinx distended
the cervical spinal cord (thin arrows). Reexploration and craniocervical decompression
enlarged the subarachnoid space at the foramen magnum (B, thick arrows) and led to syrinx
resolution (zhin arrows). Note the reduced diameter of the spinal cord (B), which resulted
from previous injury to the spinal cord by the syrinx.
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TABLE 1
Symptoms and signsin 16 patients with persistent syringomyelia’

No. of Patients

Before Op After Op
Symptom or Sign Absent Mild Moderate Severe Absent Mild Moderate Severe
headache 6 2 6 2 13 2 0 1
dysesthetic pain 4 4 8 0 7 6 3 0
subjective weakness 5 6 0 5 11 1 2 2
sensory loss reported 2 0 9 5 1 6 7 2
impaired ambulation 5 6 2 3 9 4 1 2
weakness per examinationt 7 4 3 2 11 2 2 1
atrophy 12 1 1 2 12 1 1 2
spasticity 10 1 2 3 12 1 1 2
ataxia 6 7 0 3 10 3 2 1
sensory loss per examination 2 3 5 6 3 6 3 4

*
Weakness: absent, 5/5; mild, 4/5; moderate, 3/5 (antigravity strength); severe, 1-2/5 (less than antigravity strength).
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TABLE 2
Comparison of MR imaging featuresin 16 patientswith CM-1 and persistent
syringomyelia and 18 healthy volunteers’
Patients Healthy Volunteers
Feature Measurement Before Revision ~ Measurement 3-6 Mos After Op M easurement
syrinx
diameter (mm) 75+33 26+24" NA
length (no. of levels) 9.8+6.5 6.1+577" NA
length (cm) 1754135 10.7 +11.87 NA
tonsillar herniation below FM (mm)  11.8 +7.9% 75+507% 03+1.0
pointed tonsils (no. of cases) 11 1
rounded tonsils (no. of cases) 5 15
FM CSF pathway (mm)
ventral AP diameter 1.2+1.0% 21+15 6.2+1.8
dorsal AP diameter 0.8+147% 68+6.07 52+0.6
clivus length (cm) 37+04% 37+03% 43+04

*
Values expressed as the means + SDs. Abbreviations: AP = anteroposterior; FM = foramen magnum; NA = not applicable.

fsignificant (p < 0.05) when compared with patient’s parameter before revision surgery (paired t-test).

ISignificant (p < 0.05) when compared with healthy volunteers (unpaired t-test).
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TABLE 3
Cerebrogpinal fluid velocity measurementsin the subarachnoid space and syrinx before
and after surgery in 14 patientsand in 18 volunteers’

Patients Healthy Volunteers

Measurement Before Measurement 1 Measurement 3-6
Feature Revision Wk Postop Mos Postop M easur ement

FM ventral SAS

peak velocity inf direction (systole) 1.60+1.067 1.07 £0.53 1.40 +0.627 0.80 +0.42
peak velocity sup direction (diastole) ~152+0.937 -118+0.54 —1.43+0607 -0.84 +0.50
sup-inf velocity change 312+1.867 226 £0.94 283+0.947 1.64+0.85

FM dorsal SAS

peak velocity inf direction (systole) 0.22+0.24 0.43+0.18 0.32+0.45 0.33+0.26
peak velocity sup direction (diastole) -0.40+0.35 -0.32+0.10 -0.45 + 0.56 -0.51+0.44
sup-inf velocity change 0.63+0.41 0.76 £ 0.23 0.77+£0.54 0.84 +0.50

FM entire SAS

peak velocity inf direction (systole) 1.04+0837 0.70£0.33 0.70 £ 0.52 0.49+0.28

peak velocity sup direction (diastole) —106+0.727 -0.71+£0.32 -0.64 £ 0.36 -0.59 £0.43

sup-inf velocity change 210+1.477 141+0.61 1.33+0.71 1.09+0.61
syrinx

peak velocity inf direction (systole) 1.69+1.37 1.06 +0.91 056 +0.717 NA

peak velocity sup direction (diastole) —0.95+0.63 -0.89+£1.09 ~0.35 + 0.497% NA

sup-inf velocity change 2.63+1.82 1.95+1.60 090+1.17% NA

C5-6 ventral SAS

peak velocity inf direction (systole) 194 +1.19 1.62+0.78 2.26 +1.40 241+1.04
peak velocity sup direction (diastole) -1.52 +1.04 -1.32+0.78 -1.61+0.73 -1.37 £ 0.67
sup-inf velocity change 3.45+2.12 294 +1.42 3.87+1.27 3.78+1.53

C5-6 dorsal SAS

peak velocity inf direction (systole) 0.74 £ 0.68 0.63 £ 0.68 124 +1.27 1.26+1.20
peak velocity sup direction (diastole) —0.46+0337 -0.48+0.43 -0.86 + 0.68 -0.93 £ 0.67
sup-inf velocity change 1.19+0.92 1.12+1.05 210+1.91 219+1.79

C5-6 entire SAS

peak velocity inf direction (systole) 1.37+0.88 1.20+0677 2.02+1.09 1.90 +0.90
peak velocity sup direction (diastole) -1.05+0.76 -0.92+0.52 -1.44 +0.60 -1.10 + 0.69
sup-inf velocity change 242 +1.58 2.11+1.09 346 +1.59 299+ 150
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*
Values expressed as the means + SDs in centimeter/second. Abbreviations: inf = inferior; SAS = subarachnoid space; sup = superior.
fSignificant (p < 0.05) when compared with health volunteers (unpaired t-test).

ISignificant (p < 0.05) when compared with measurement obtained before revision surgery (paired t-test).
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TABLE 4
Cerebrospinal fluid flow measurementsin the subarachnoid space and syrinx before and
after surgery in 14 patientsand in 18 volunteer sw”

Patients Healthy Volunteers

M easur ement Measurement 1 Wk  Measurement 3-6
Feature Before Revision After Op Mos After Op M easur ement

FM ventral SAS

peak flow inf direction (systole) 0.98 +0.74 1.08 + 0.56 1.64+0.767% 1.08 +0.52
peak flow sup direction (diastole) -1.10+0.77 -1.12 +0.46 ~1.73+0867% -1.12+0.45
sup-inf flow change 2.08 +1.25 2.20+0.88 337+1347F 2.20+0.80

FM dorsal SAS

peak flow inf direction (systole) 011+0.127 0.66+061% 0.86+0.94% 0.65 + 0.56
peak flow sup direction (diastole) —0.12+0.127 -0.50£0.52 -1.02+247 -0.77 £ 0.47
sup-inf flow change 022 +0237 116 + 1.127% 1.89 +3.13 1.42 +0.76

FM entire SAS

peak flow inf direction (systole) 1.09 £ 0.95 1.76 £ 0.86 212+1.27% 1.57+0.88

peak flow superior direction (diastole) -1.48 £1.09 -1.85+1.00 -2.23+212 -1.71+0.64

sup-inf flow change 2.58 +£1.59 3.62+1.73 4.35+297 3.28£1.09
syrinx

peak flow inf direction (systole) 0.58 + 0.56 017 +027% 0.04 +0.07% NA

peak flow sup direction (diastole) -0.36 £2.72 -012+017% -0.03 +0.05% NA

sup-inf flow change 0.94£0.76 0.29 + 0.427% 0.07+0117% NA

C5-6 ventral SAS

peak flow inf direction (systole) 1.37+1.04 1.33+0.80 225+1.10 1.8+0.59
peak flow sup direction (diastole) -1.15+1.05 -1.06 £0.73 —165+0.747 -1.02+0.43
sup-inf flow change 2.52+2.03 2.38 +£1.46 3.90 + 1_707‘ 2.82+£0.86

C5-6 dorsal SAS

peak flow inf direction (systole) 0.30+0.29 0.35+0.42 0.62 +0.90 0.67 +0.67
peak flow superior direction (diastole) -0.31+0.50 -0.26 £ 0.26 -0.42 £0.49 -0.45+0.29
sup-inf flow change 0.60 £0.72 0.61 +0.66 1.04+1.38 1.12+0.95

C5-6 entire SAS

peak flow inf direction (systole) 151+1.187 1.60+1.05" 2.73+1.13 2.46 +0.99
peak flow superior direction (diastole) -1.23+1.14 -1.21+0.80 -1.95+0.76 -1.40+0.70
sup-inf flow change 274 £2.27 2.82+1.76 470+1.74 3.87 £1.57
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*
Values expressed as the means + SD in milliliters/second.
fSignificant (p < 0.05) when compared with healthy volunteers (unpaired t-test).

ISignificant (p < 0.05) when compared with value before revision surgery (paired t-test).
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TABLE S5
Pressurerecordingsin 15 patientswith persistent syringomyelia and in 18 healthy
volunteers’
Patients After Revision Op  Healthy Volunteers
M easurement Patients Before Revision Op (p value) (p value)

cervical pressure (mm Hg)

mean pressure 1674277 10.9+3.1(0.12)%

pulse pressure 28+1.07 21+14 (0.27)1‘
lumbar pressure (mm Hg)

mean pressure 13.7+4.4 11.0+ 2.7 (0.03)8

pulse pressure 1.0+0.7 1.0+ 0.6 (0.78)
craniospinal compliance (ml CSF/mm Hg) 34+177 5.3+3.5(0.10)

jugular compression

rate of increase (mm Hg/second) 35+267 5.6 + 3.3 (0.004)5

peak intrathecal pressure 325+11.6 37.3+8.6 (0.10)

11.2 + 2.5 (0.0003)

1.6+ 0.6 (0.002)

11.2 +2.3(0.97)

1.0+0.5 (0.97)
6.0 +4.0 (0.02)

6.3 + 2.0 (0.006)

35.4+8.9 (0.42)

*

Values expressed as the means + SDs. One patient (a minor) did not undergo pressure recording.
fSignificant difference compared with healthy volunteers (unpaired t-test).
’tOnIy 6 patients underwent cervical pressure recording after surgery.

§Significant difference compared with before revision surgery (paired t-test).
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TABLE 6
Intraoperative pressurerecordingsin 11 patients before and during Valsalva maneuver
and jugular compression”

Valsalva M aneuver Jugular Compression
Baseline Pressure  Max Pressure Rate of Risein Max Pressure Rateof Risein Pressure
Pressure (mm Hg) (mm Hg) Pressure (mm Hg/sec) (mm Hg) (mm Hg/sec)
intracranial 144+3.6 235x41 2.8+0.38 273+837 40+237
lumbar 13.7+33 24140 29+12 14747 22+11
craniospinal differential® -07+13 -06+11 -01+£0.9 12.6 £9.6 18+23

*
Values expressed as the means + SDs.

fSignificant (p < 0.05) when compared with lumbar values for maximal pressure and for the rate of rise in pressure.

tCraniospinal pressure differential is the intracranial pressure minus lumbar pressure.
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