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1 Introduction

Spinal Subarachnoid Space
Pressure Measurements in an In
Vitro Spinal Stenosis Model:
Implications on Syringomyelia
Theories

Full explanation for the pathogenesis of syringomyelia (SM), a neuropathology charac-
terized by the formation of a cystic cavity (syrinx) in the spinal cord (SC), has not yet
been provided. It has been hypothesized that abnormal cerebrospinal fluid (CSF) pres-
sure, caused by subarachnoid space (SAS) flow blockage (stenosis), is an underlying
cause of syrinx formation and subsequent pain in the patient. However, paucity in de-
tailed in vivo pressure data has made theoretical explanations for the syrinx difficult to
reconcile. In order to understand the complex pressure environment, four simplified in
vitro models were constructed to have anatomical similarities with post-traumatic SM
and Chiari malformation related SM. Experimental geometry and properties were based
on in vivo data and incorporated pertinent elements such as a realistic CSF flow wave-
form, spinal stenosis, syrinx, flexible SC, and flexible spinal column. The presence of a
spinal stenosis in the SAS caused peak-to-peak cerebrospinal fluid CSF pressure fluctua-
tions to increase rostral to the stenosis. Pressure with both stenosis and syrinx present
was complex. Overall, the interaction of the syrinx and stenosis resulted in a diastolic
valve mechanism and rostral tensioning of the SC. In all experiments, the blockage was
shown to increase and dissociate SAS pressure, while the axial pressure distribution in
the syrinx remained uniform. These results highlight the importance of the properties of
the SC and spinal SAS, such as compliance and permeability, and provide data for
comparison with computational models. Further research examining the influence of
stenosis size and location, and the importance of tissue properties, is warranted.
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post-traumatic syringomyelia (PTS) have been obtained in dogs
by Williams [7], Williams and Bentley [8], and Hall et al. [9], in

Many theories have been developed to provide an explanation
for the pathogenesis of syringomyelia (SM), nearly all of which
place significant emphasis on the pressure environment within the
spinal subarachnoid space (SAS). It has been postulated that an
abnormal pressure environment caused by a cerebrospinal fluid
(CSF) flow blockage in the SAS leads to syrinx pathogenesis and
subsequent pain in the patient. However, paucity and lack of detail
in spinal SAS pressure measurements have left researchers with
little evidence to scrutinize the existing SM theories.

1.1 Pressure Measurements. Pressure measurements in the
spinal SAS with CSF flow blockage have been obtained in vivo in
patients and animal models and by computational and laboratory
bench-top experiments. Heiss et al. measured intracranial pressure
(ICP), cervical and lumbar SAS pressure in patients with SM [1].
Williams also measured longitudinal pressure dissociation (LPD)
in the spinal SAS of patients [2-5]. Milhorat et al. measured in-
tramedullary fluid pressure in patients undergoing syrinx shunting
procedures [6]. In vivo pressure measurements in the SAS with
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sheep by Stoodley et al. [10], and in cats by Klekamp et al. [11].
An in vitro study by Martin et al. documented CSF flow, pressure,
and spinal cord (SC) motion in a SM experiment without a spinal
stenosis [12]. Pressure calculations have been documented in
computational models of SM by Carpenter and co-workers
[13,14], Bertram et al. [15,16], and Bilston et al. [17]. Longitudi-
nal pressure variation in a healthy spinal SAS was calculated by
Loth et al. [18]. Chang and Nakagawa looked at pressure distri-
bution in an electrical circuit equivalent model of the CSF system
[19]. A model for noninvasive measurement of ICP was developed
by Alperin et al. [20].

The presented studies have quantified the pressure environment
in the SAS with SM. However, pressure is a highly complex pa-
rameter that can be examined in many ways including the tempo-
ral variation during the cardiac cycle as well as spatial gradients
(lateral-ventral, rostral-caudal, and transmural across tissues).
Pressure gradients are likely the driving force behind fluid motion
in the SAS, into or out of the syrinx cavity, bulk motion of the SC,
and stretching or compression of the SC parenchyma. Thus, a
detailed examination of the pressure environment is warranted.

1.2 Syringomyelia Hypotheses. Hypotheses explaining the
pathological mechanisms responsible for SM formation and/or
progression have been made by many researchers, the majority
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placing a significant role on abnormal craniospinal hydrodynam-
ics due to obstructed CSF flow. The earliest hydrodynamic hy-
pothesis based explanation for SM was given by Gardner and
Angel in 1958 [21] and Gardner [22]. Gardner hypothesized that
in Chiari malformation (CM) patients, the syrinx communicated
freely with the fourth ventricle and that its enlargement was
rooted in altered stresses in the hindbrain region. It has since been
determined that the syrinx cavity often does not communicate
freely with the fourth ventricle.

Williams proposed the “suck and slosh” theory to explain syr-
inx pathogenesis. This theory explained that CSF flows more eas-
ily (less resistance) in the caudocranial direction during coughing
and/or valsalva, but not as easily in the craniocaudal direction [2],
and that this was caused by a “ball-valve effect at the foramen
magnum” [13,23]. This ball-valve effect would then cause LPD in
the spinal SAS. To test this hypothesis, Williams [2-5,7], Will-
iams and Bentley [8], and Williams [24] conducted experiments
obtaining pressure measurements throughout the CSF system on
both humans and animals. He suspected that pressure gradients
could be exaggerated by enlargement of the syrinx, explaining the
observation that larger diameter syrinxes progress faster than
smaller ones [3,4] and the possibility that the size of the syrinx
could be related to the CSF pulsation [25,26]. Williams was suc-
cessful in providing evidence for LPD due to flow obstruction.
This evidence was not sufficient to explain bulk movement of
fluid into the syrinx but did help explain a mechanism to produce
movement of fluid within the cavity.

Ball and Dayan proposed in 1972 that CSF could be forced
though the Virchow—Robin spaces into the SC forming a cyst [27].
They observed a common histological feature in excised SCs in
that they all had dilated perivascular spaces and suggested that a
syrinx could form due to prolonged increased pressure in the CSF
system caused by flow obstruction. Since Ball and Dayan’s theory
presentation, communication between the CSF and extracellular
fluid has been supported in a number of studies [28-30].

Oldfield et al. developed a “systolic pressure theory” for the
progression of a syrinx in patients with CM [31]. Oldfield et al.
suggested that brain expansion during systole causes a CSF pres-
sure wave to travel down the SAS across the foramen magnum. If
this pressure wave was obstructed at the foramen magnum, the
lower cerebellar tonsils could act with a pistonlike mechanism,
resulting in impaction at the posterior region. The pistonlike ac-
tion could then result in CSF movement through the perivascular
spaces or dorsal root entry zone. Oldfield et al. provided evidence
for the piston action of the tonsils by conducting research that
recorded tonsillar movement during intra-operative ultrasound
[27]. These measurements were successful in identifying a pos-
sible mechanism for damage to the SC due to the piston effect but
did not provide pressure evidence to explain CSF movement
through the cord tissue and into the syrinx.

Greitz proposed that a localized increase in CSF pulse pressure
in the vicinity of a SAS obstruction, present in CM and most cases
of PTS, causes accumulation of fluid in the distended SC [32]. He
hypothesized that the Venturi effect could account for outward
mechanical distension of the SC resulting in a suction effect on
the surface of the cord and that the synergistic result of the flow
obstruction and localized pressure drop would result in accumu-
lation of extracellular fluid in the cord. Greitz suggested that the
dilated caudal section of the syrinx indicated a decrease in CSF
pressure in the adjacent SAS region and was supported by the
observation that dilation only persisted when systolic CSF flow in
the nearby SAS was present [1,31]. While the Venturi effect did
provide a transient pressure gradient to expand the SC tissue lo-
cally, the theory lacked experimental evidence and did not explain
the clinical observation of an elevated mean syrinx pressure [9].

Brodbelt et al. proposed that a syrinx could form if the normal
flow of CSF through the perivascular spaces was disrupted by
perturbations such as an arachnoid cyst, CM, SC tethering, or loss
of compliance [33], and Stoodley proposed that all cystic cavities
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in the SC, whether canalicular or extracanalicular, are produced
from this mechanism [34]. Stoodley et al. [10,30,37,38] and Brod-
belt et al. [33,35,36] conducted many in vivo experiments to ex-
amine the movement of extracellular fluid into the SC and the
central canal [39], showing in one study that more than a quarter
of the patients with SC injury develop SM [40]. It has also been
shown that the amount of trauma experienced by the SC is related
to the extent of edema [41]. Brodbelt and Stoodley suggested that
the pooling of CSF in the syrinx is likely caused by an imbalance
of CSF flow moving into and out of the cyst [40] but that a
passive mechanism for CSF transport into the SC did not explain
the observation of a higher syrinx pressure than a SAS pressure
[1,6,42].

A theoretical model was developed by Brodbelt et al. [33] and
Bilston et al. [43] to examine the influence that the relative phase
of arterial and CSF pulsations could have on fluid flow in the
perivascular spaces. In this model, arterial pulsations were found
to provide an active mechanism causing perivascular flow into the
SC even with adverse pressure gradients of a few kilopascals [33].
This model was important in that it provided a possible fluid con-
duit, identified a valvelike transport mechanism, and was sup-
ported by in vivo and in vitro studies. However, Greitz contended
that the dye tracer injection studies of Stoodley et al. did not prove
bulk fluid motion but rather diffusion of fluid into the syrinx cav-
ity without a preferred direction [32].

Levine proposed the venous congestion theory [44], which ex-
plained that the foramen magnum is obstructed in CM, causing
higher CSF pulsations to occur above the blockage. Levine cited
that CSF pressure in the SAS is regulated by the venous pressure
during diastole and the arterial pressure during systole and that the
amount of CSF moving into the extracellular spaces is related to
the CSF flow waveform [11,37,45]. Flow obstruction at the fora-
men magnum results in the veins collapsing above the blockage
and increasing in diameter below the blockage. Levine explained
that this mechanism results in venous congestion and eventually
leads to the formation of a syrinx. However, Perrin and Fehlings
critiqued Levine because the venous congestion theory lacked ex-
perimental proof [46]. Iskandar et al. documented five cases of
SM due to Chiari-like pathological conditions, which were lack-
ing in hindbrain herniation yet responded favorably to traditional
posterior fossa decompression surgery [47]. The implications of
these relatively uncommon cases in terms of current theories are
not entirely clear, but they do suggest that CSF flow obstruction
due to a tight posterior fossa may be sufficient to cause a syrinx,
even absent tonsillar herniation.

Computational models of fluid-filled coaxial elastic tube sys-
tems similar to that present in SM have been developed by Car-
penter et al. [13], Berkouk et al. [14], Bertram et al. [15,16],
Cirovic [48], and Cirovic et al. [49]. Carpenter identified that an
“elastic jump” might account for transient rises in SAS pressure
near a spinal stenosis site, but this concept was later disputed by
Elliott et al. [50]. An electrical circuit equivalence model was
developed by Chang and Nakagawa [19]. Bilston et al. developed
a computational model of arachnoiditis in PTS modeled as a po-
rous obstruction in the SAS and found that peak pressures in the
SAS were strongly dependent on obstruction permeability [51].
Loth et al. performed hydrodynamic modeling of the pulsatile
CSF flow in the spinal SAS [18]. In general, the computational
models have been helpful to detail the spatial pressure environ-
ment but have employed significant assumptions such as axisym-
metric motion and generalization of tissue properties.

1.3 Motivation. The presented SM research has hypothesized
many mechanisms for the formation and distension of the syrinx
cavity. However, the SM hypotheses lack pressure evidence re-
quired to develop a SM theory that is congruent with clinical
observations and principles of mechanics. From a mechanical per-
spective, the clinical observation that mean syrinx pressure is
equal or higher than the SAS pressure follows intuition since the
syrinx fluid is contained within flexible SC tissue. If the pressure
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Fig. 1 Schematic diagram for each in vitro experiment indicat-
ing the location of the stenosis, syrinx, pressure sensors, spi-
nal cord, flow input (@;,), and flow exit port. (SSE=stenosis
and syrinx experiment, SRE=stenosis removed experiment,
SAE=stenosis alone experiment, and CSE=Chiari stenosis
experiment.)
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inside the syrinx was lower than the SAS, the syrinx would not
expand in size but instead collapse. However, if fluid in the syrinx
arises from the SAS, pressure in the SAS must be on average
higher than the syrinx, at least locally, unless there is a one-way
valve mechanism. Thus, the much pondered SM conundrum is
posed. Many SM studies have stated that localized elevation in
pulse and/or peak pressures can account for syrinx formation.
However, a flexible SC would see these same increases also. Fluid
will only move in the direction of lower pressure; thus, rise in
pulse or peak pressure alone cannot account for bulk fluid move-
ment into the syrinx, although it can account for movement of the
cord.

The current hypotheses attribute SM pathophysiology to abnor-
mal tissues and/or pressure environment. However, the pressure
evidence to explain the pooling of fluid in the syrinx is lacking.
Measurement of the pressure environment in an in vitro SM
model was documented by Martin et al. [12]. However, this study
lacked the hinging factor, a spinal stenosis. Herein, we present
pressure measurements on a spinal stenosis SM flow model that
closely represents the in vivo case to improve our understanding
of the complex pressure environment associated with SM.

2 Methods

Four in vitro models were constructed; a schematic diagram of
each of the models is shown in Fig. 1. The stenosis and syrinx
experiment (SSE) was representative of a patient who has a mod-
erate sized noncommunicating syrinx that distends both caudal
and rostral to a spinal stenosis. This could be representative of a
spinal CSF flow blockage that has resulted from vertebrae mis-
alignment, tumor or arachnoid cyst development, or scarring of
the spinal dura from various types of spinal trauma such as break-
age of the vertebrae or bleeding. The stenosis alone experiment
(SAE) was similar to SSE in that a spinal stenosis was present but
different in that a spinal syrinx was not present. This is represen-
tative of a person who has suffered spinal trauma but has not
developed a syrinx. The influence of stenosis location was exam-
ined in a Chiari stenosis experiment (CSE), which had a stenosis
located ~4 cm rostral to a noncommunicating syrinx, similar to
the case when a CSF flow obstruction is present at the foramen
magnum such as in a CM patient with SM. A stenosis removal
experiment (SRE) was conducted in which the stenosis was re-
moved while a noncommunicating syrinx remained, similar to that
which may be present immediately after surgical removal of a
spinal SAS flow blockage.

2.1 Diameters of SC, Syrinx, and SAS. A number of design
criteria were identified from in vivo measurements on which to
base the construction of the in vitro models. The spinal SAS ge-
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Fig.2 The cyclic CSF flow waveform, Q(t), input on the rostral
end of each experiment by the computer controlled pulsatile
pump

ometry dimensions were based on MR measurements obtained
from a patient with SM taken at 6 mm intervals along the spinal
SAS previously reported by Martin et al. [12]. The MR images
were processed using MIMICS (Materialise, Leuven, Belgium) soft-
ware to create a 3D reconstruction of the syrinx and spinal SAS.
The hydraulic diameters Dj of the syrinx, SC, and spinal SAS
were computed with D,=4A_/ P, Where A, is the cross-
sectional area and P, is the wetted perimeter of the region of
interest. The average and standard deviations of the hydraulic di-
ameters of the SAS, SC, and syrinx along the length of the spinal
SAS were 15.6+1.3 mm, 9.6+ 1.3 mm, and 7.0 1.1 mm, re-
spectively. These values were rounded to the nearest millimeter
and used for the diameters of the SAS, SC, and syrinx of the in
vitro models. It has been observed that magnetic resonance imag-
ing (MRI) of SM patients often indicates asymmetrical or multiple
syringes [42,52,53]. Here, we chose to mimic a patient with a
single noncommunicating syrinx that is nearly concentric with the
SC of constant radius along its entire length.

2.2 Elastic Properties of the SC and Spinal SAS. For the
construction of the SC, we assumed the tissue to be a homoge-
neous isotropic material, neglecting the material property varia-
tion between the gray and white matter and encasing meninges
(dura and pia mater). Branching nerves from the SC were ne-
glected in order to simplify construction and theoretical modeling
of the system. The in vitro experiment SCs were constructed to
have a Young’s modulus of ~500 kPa, which is on the high side
of published values. However, it can be noted that the experimen-
tally measured mechanical properties of the SC vary widely when
measured axially and transversally, the former likely being many
orders of magnitude higher than the latter [54,55], and that mea-
surements that remove the spinal dura likely underestimate the
effective Young’s modulus of the tissue [56]. Furthermore, the
elastic modulus of biological tissues is largely strain rate depen-
dent, and the time to test after excision increases the elastic modu-
lus [57-59]. Thus, there is a wide variation in the measured values
for SC mechanical properties, and the chosen modulus of 500 kPa
was within the bounds of these measurements.

2.3 CSF Flow Waveform. The fluid used for the in vitro
experiment was water due to the evidence that CSF is a Newton-
ian fluid, having viscosity about that of water [60]. The flow
waveform Q(z) for the experiments was similar to a realistic CSF
flow waveform measured at the C2 level by MRI [18] (Fig. 2).
Each CSF flow pulsation had approximately 1 ml of fluid with a
maximum systolic and diastolic flow rate of 5.4 ml/s and 3.8 ml/s
in the craniocaudal and caudocranial directions, respectively. This
was computed from the syringe motion detected by a linear en-
coder at the flow pump input (Fig. 2).

2.4 Spinal Column Construction. The spinal column was
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Table 1

Summary of experimental parameters. Tolerances are estimated based on manufac-

turing process tolerances and supplier specifications. (SSE=stenosis with syrinx experiment,
CSE=Chiari stenosis experiment, SRE=stenosis removed experiment, and SAE=stenosis

alone experiment.)

Variable Dimension Description
Dgps 15.6£0.3 mm Diameter of subarachnoid space
Dgc 10.0*=0.2 mm Diameter of spinal cord
T 1.2%£0.1 mm Thickness of the glass tube used to form the spinal SAS
Diameter of syrinx (constant until 28.7 mm from the caudal
D yring 7.0£0.2 mm end of syrinx, tapered to 3.2 mm after that point)
Lgc 480*=2 mm Length of spinal cord
Liyring 1321 mm Length of syrinx
Lenosis 201 mm Length of spinal stenosis (flow obstruction)
IDgtenosis ~10.7 mm Approximate inner diameter of stenosis
Do gtenosis ~90% Percent of spinal SAS blocked by stenosis
SSE=315 kPa
Esc g;g;ggg gj Young’s modulus of spinal cord
SAE=523 kPa

formed by a glass tube with a 15.6 mm spinal SAS diameter
(inner diameter (ID)), 1.2 mm thickness, and 48 cm length. Each
model had ten pressure ports spaced at 4 cm intervals to measure
the SAS pressure. A flow inlet port was used to connect the model
to the computer controlled pulsatile pump, which simulated the
desired CSF flow waveform. The CSF flow pulsation was baffled
on the caudal end by a vertically oriented flow exit port (Fig. 1).
The SCs for each experiment were centered and fixed on each end
at ~0% tension using water tight end pins.

2.5 SC Construction. The SC for all four models was 480
mm long with a 10 mm diameter and was constructed using a
flexible polymer (Sylgard 184, Dow Corning, Midland, MI),
which was cast into a custom designed aluminum injection mold.
A 7 mm diameter aluminum cylinder with slight tapering on the
caudal end was positioned in the mold with a centering pin to
form the syrinx cavity. The polymer used to make the SC had
variable elastic properties based on the quantity of hardener used
(20:1 mixture ratio). Because only one injection mold was con-
structed, each SC was cast separately, which resulted in slight
variations in Young’s modulus between each SC. Three cylindrical
shaped straws were drawn from each casting batch and cured
alongside each SC model. Static uniaxial stress-strain measure-
ments were conducted on these straws to determine Young’s
modulus of each SC. A complete list of experimental parameters
is provided in Table 1.

2.6 Bench-Top Experiment Description. The computer con-
trolled an amplifier (model ASP-055-18, Copley Controls, Canton,
MA) in an open voltage loop via Copley Controls CME2 software
and was connected to the computer through an RS-232 cable
(model ICUSB232, Radio Shack, Fort Worth, TX). The amplifier
controlled the position of a linear motor (model TB1106, Copley
Controls), which was connected to a 3 ml precision glass syringe
(model 5340, Popper and Sons, New Hyde Park, NY). The sy-
ringe was filled with low viscosity spindle oil to reduce friction
(Mobil velocite oil No. 6, Irving, TX). Oil from the syringe en-
tered a custom designed oil-water boundary cylinder, and water
exited the bottom of the cylinder due to having a lower density
than the oil. The water traveled through a 7.6 m length, 6.35 mm
ID rigid plastic tube (SPEB25 polyethylene, Watts, North An-
dover, MA) into the experiments through a network of y-type flow
divisions (part 15-315-30B, Fischer Scientific, Pittsburgh, PA). A
20 mm length annular shaped stenosis was fashioned from rubber
tubing (part 14-150-2F, 1/2 IDX 1/8 W X 3/4 in OD, Fischer
Scientific) and was fitted into the rigid spinal column blocking
>90% of the total SAS area when the system was at rest (when
the syrinx was unpressurized and the pulsatile pump was station-
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ary). A small hole was punched radially through the spinal steno-
sis leading out through an adjacent pressure port. The position of
the stenosis is indicated for each experiment in Fig. 1. In addition,
a 2 mm diameter syrinx catheter tube connected the syrinx to the
outside environment, enabling catheter type pressure transducers
(Millar Instruments SPR-524, 3.5F, 100 cm length, Houston, TX)
to be guided inside the syrinx. During the experiments, the syrinx
catheter tube was closed.

Catheter transducers (Millar Instruments SPR-524) measured
SAS and syrinx pressure, P(), at distinct axial locations along
each experiment. All pressure measurements are indicated relative
to atmospheric pressure (gauge). The sensor voltage was amplified
(model 880-0129, Millar Instruments) and then acquired via a data
acquisition card (USB-6229, National Instruments), recorded in
LABVIEW (Ver. 8.6, National Instruments), and processed using
MATLAB (R2006b, Ver. 7.3, The MathWorks, Inc., Natick, MA).
Data were taken at 10 kHz for a total of 10 s from all pressure
sensors, while the pulsatile pump produced the CSF flow wave-
form, repeating every 870 ms (Fig. 2). Ensemble averaging of the
pressure data from each sensor was performed for a total of ten
CSF flow cycles using MATLAB.

Transmural pressure (TP) was obtained across the syrinx by
subtraction of adjacent internal-external sensor signals in the syr-
inx and SAS (TP(t) = Pyins(f) = Psas(t)). LPD was calculated by
subtracting the cervical from the lumbar SAS pressure at 4 cm and
32 cm, respectively (LPD(f)=Pgsas 32 em(f)—Psas.4 em(?)). Pulse
pressure of a signal was obtained by subtracting the minimum
from the maximum pressure during the CSF flow cycle. The pulse
pressure of the TP gives an idea of the forces acting normal to the
SC surface to expand or contract the syrinx cavity in the radial
direction. LPD gives an idea of the longitudinal forces acting on
the CSF system to suck or push CSF and/or tissue in the cranio-
caudal (negative LPD) or caudocranial direction (positive LPD).

3 Results

3.1 Temporal Pressure. Overall, the results indicated that the
majority of pressure changes happen near the stenosis, and the
magnitude of these changes are greater when a syrinx is present.
The SAS pressure traces measured in SAE and SSE were notice-
ably different (Figs. 3 and 4). Traces are not shown in either of
these plots beyond 20 cm because the pressure waveform ob-
served in these regions resembled that at 20 cm. The pressure in
the syrinx (12 cm) was similar to the adjacent SAS pressure (Fig.
4). Additionally, there was negligible axial pressure variation
within the syrinx cavity for SSE, SRE, and CSE. This can be
expected due to the fact that there was no flow obstruction inside
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Fig. 3 SAS pressure changes over time measured at distinct
axial locations in the stenosis alone experiment (SAE). Legend
symbols identify pressure sensor location (sampling frequency
was 10 kHz).

the syrinx cavity. Note that the pressure waveform change rostral
to the stenosis at 4 cm and 8 cm in SAE and SSE did not change
noticeably. Peak SAS pressure in SAE occurred earlier than in
SSE by approximately 200 ms.

The cyclic maximum, average, and minimum pressures mea-
sured at different locations along the spinal SAS are given in Fig.
5. Note that the axis scale is different for each plot. In SSE, SRE,
and CSE, pressure is also indicated in the syrinx. SAE indicates
that both peak and average pressures decrease, moving craniocau-
dally rostral to the stenosis. Caudal to the stenosis, pressure re-
mains nearly unchanged for SSE and SAE. Pulse pressures in
SAE and SSE are much greater rostral to the stenosis than imme-
diately caudal. Average pressure rostral to the stenosis in SSE was
negative, while in SAE it remained positive. In contrast, during

100

O 8cm (sas)

X 12 cm (sas at stenosis)

O 16 cm (sas)

A 20 cm (sas) ]
Q.+ 12 cm (syrinx at stenosis)

50-

pressure (mmHg)

-100-

0 02 0.4 0.6 038
time (s)

Fig. 4 Pressure changes over time measured at distinct axial
locations in the SSE. Pressure in the syrinx at 12 cm is also
indicated. Legend symbols identify pressure sensor location
(sampling frequency was 10 kHz).
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SRE and CSE, the maximum, average, and minimum pressures in
the SAS and syrinx remained relatively uniform throughout the
spinal SAS. Slightly larger pulse pressures were observed in CSE
throughout the spinal SAS in comparison to SRE. Pressure was
not obtained rostral to the stenosis in CSE experiment, but it is
likely similar to that recorded rostral to the stenosis in SAE.

3.2 LPD. SSE had the greatest peak and pulse LPD during the
CSF flow cycle (Fig. 6). A smaller, but substantial LPD was mea-
sured in SAE, while SRE had nearly zero LPD. LPD is not indi-
cated for CSE in Fig. 6 because no pressure sensor was located
rostral to the stenosis for CSE.

3.3 TP. The mean TP at the four adjacent sensor locations
was positive rostral to the stenosis and negative caudal to the
stenosis (Table 2). The magnitude of mean TP was significantly
larger rostral to the stenosis. In addition, peak-to-peak values of
TP were greatest rostral to and least at the stenosis. The TP at the
two caudal measurement locations (16 cm and 20 cm) was nearly
identical (Fig. 7). Additionally, the pressures rostral (4 cm) and
caudal (16 cm and 20 c¢m) to the stenosis were out of phase. This
can be observed when the TP is zero at times near 120 ms and 460
ms in Fig. 7. SRE and CSE demonstrated a much smaller TP
fluctuation compared with SSE, having a maximum peak-to-peak
variation of 2.1 mm Hg and 3.2 mm Hg, respectively (Table 2).
Interestingly, in SRE, TP demonstrated the same out of phase
phenomenon rostral and caudal to the stenosis as in SSE, while, in
contrast, CSE was in phase. The pulse pressure in CSE increased
craniocaudally but remained relatively uniform in SRE.

4 Discussion

This study quantified the temporal and spatial pressure distri-
butions in flow experiments representative of four types of spinal
stenosis conditions. These experiments were (1) a syrinx with
stenosis at its midsection (SSE), (2) a syrinx with a proximal
stenosis as exemplified by a CM (CSE), (3) a syrinx with stenosis
removed (SRE), and (4) a stenosis alone without any syrinx
(SAE). In our experiments, the presence and location of a spinal
stenosis resulted in vastly different pressure conditions. Several
aspects of the stenosed SAS were found to be worthy of inspec-
tion, including the influence of stenosis, a negligible Venturi ef-
fect, suck and slosh, bulk motion of the tissue and/or fluid, a
diastolic valve mechanism, and SC tensioning.

Abnormal CSF pressure forces acting on the SC and/or brain
caused by a SAS flow stenosis have been hypothesized to be an
important factor contributing to syrinx formation and/or progres-
sion. This hypothesis is supported by the typical patient treatment,
which involves removal of the stenosis by decompression surgery
for patients with CM, spinal arachnoiditis, and other abnormalities
in SAS geometry. Pain in a patient has also been postulated to be
related to abnormal CSF pressure forces acting on the SC and
hindbrain [2-4,6-8,61]. These forces govern the pressure gradi-
ents that result in the compression, tension, shearing, and/or
movement of the SC tissue. Thus, discussion will focus on pres-
sure gradients since in their absence, tissue is not expected to
compress, move, or distend, as tissue is almost entirely composed
of water and thus nearly incompressible.

4.1 Influence of Stenosis. The stenosis acted to increase and
dissociate the CSF pressure in the SAS (Fig. 5). Similar pressure
dissociation dynamics in the SAS were recorded by Williams in
patients who had a CSF flow stenosis [5,23,62]. Pressure disso-
ciation in the SAS was greatest in SSE and least in SRE. Maxi-
mum SC compression and distension occurred in SSE rostral to
the stenosis and was much greater than with the CM type stenosis
(CSE) or with the stenosis removed (SRE) (Fig. 5). However, in
CSE, pulse pressures were greater throughout the entire system
than when the stenosis was removed in SRE. In CSE, when the
stenosis was rostral to the syrinx, the pressure fluctuation in the
syrinx was nearly identical to that observed in the SAS, with a
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Fig. 5 Maximum, average, and minimum pressure in the SAS and syrinx (if present) for each experi-
ment during the CSF pulsation (see SSE for legend). The light gray rectangle denotes location of the
syrinx cavity (if present), and the dark gray vertical stripe denotes the location of the SAS stenosis.
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plot. (SSE=stenosis and syrinx experiment, SRE=stenosis removed experiment, SAE=stenosis
alone experiment, and CSE=Chiari stenosis experiment).

potential mean offset based on syrinx pressurization.

The stenosis acted to significantly attenuate CSF pulsations
originating from the pump (Figs. 3 and 5). Caudal to the stenosis,
pressure fluctuations had little axial variation and relatively small
attenuation (SSE, SAE, and CSE). Bilston et al. produced a nu-
merical model having similar pressure pulse attenuation by using
a purely resistive approach, with the stenosis acting as a porous
plug [51]. Levine also hypothesized a similar CSF pressure drop
across a SAS flow blockage [44]. Bilston et al. hypothesized that
elevations in SAS pressure due to arachnoiditis “may facilitate
flow into the SC and enhance syrinx formation” [51]. Note that
elevation in pressure on its own would not support movement of
fluid or tissue, as spatial gradients in pressure are required. The
transient low pressure rostral to the stenosis in SSE, CSE, and
SAE (Figs. 3-5) supports work by Oldfield et al., in which a low
pressure zone in the lower hindbrain during diastole causes a ball-
valve effect at the lower aspect of the cerebellar tonsils, pulling
them caudally and thereby obstructing CSF flow through the re-
gion [31].

4.2 Negligible Venturi Effect. The stenosis did not cause a
substantial level of Venturi effect in any of the in vitro experi-

111007-6 / Vol. 132, NOVEMBER 2010

ments. Less severe stenoses should be examined to determine the
importance, if any, of the Venturi effect, a mechanism proposed to
help explain SM pathogenesis [32]. In SAE, when a syrinx was
not present, the mean SAS pressure dropped at the stenosis site
and did not recover (Figs. 3 and 5), as would be the case if a
Venturi effect was significant. The greatest level of instantaneous
pressure recovery after the stenosis (0.59 mm Hg) was only 1.3%
of the maximum pressure drop preceding the stenosis (44.4
mm Hg), where the percentage was calculated by dividing pres-
sure change caudal to the stenosis by the maximum pressure
change  rostral  to  the (100[Psas.16 cml?)
=Psas,12 em()]/max[Psas g em(t)=Psas 12 em(1)]).  Interestingly,
when a syrinx was present in the SC (SSE), the mean pressure in
the SAS at the stenosis site increased (Figs. 4 and 5), opposite to
what would be expected by the Venturi effect. Similar to SAE, the
pressure recovery caudal to the stenosis was negligible throughout
the CSF flow cycle. As such, the presence of a spinal stenosis and
syrinx can produce an unexpected pressure environment. Thus,
the stenosis did not cause a significant Venturi effect but instead

stenosis
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Fig. 6 Longitudinal pressure dissociation (LPD) (lumbar-
cervical) measured in the SAS during the CSF flow pulsation
(LPD(#)=Psps 4 cm(D) =Psas 32 em(D)). Sampling frequency for
each experiment was 10 kHz. (SSE=stenosis and syrinx experi-
ment, SAE=stenosis alone experiment, and SRE=stenosis re-
moved experiment.)

acted as a CSF pressure pulse attenuator. The unsteady flow and
viscous losses in the coaxial elastic tube system are likely respon-
sible.

4.3 Pressure in the Syrinx. The unsteady pressure distribu-
tion within the syrinx had little axial variation in all of the experi-
ments, while unsteady pressure in the SAS varied widely (Figs. 5
and 6). The differences between the syrinx and SAS pressure dis-
tribution resulted in significant TPs (Fig. 7). Since SSE had the
largest LPD in the SAS (Fig. 6), it also had the largest TP. The
pressure trace in the syrinx closely followed the nearby SAS pres-
sure for CSE and SRE (Fig. 5). Syrinx pressure in SSE most
closely followed the SAS pressure at the stenosis location (Fig. 4),
seemingly independent of the large pressure fluctuations immedi-
ately rostral to the stenosis and yet adjacent to the syrinx.

4.4 Suck and Slosh. The axial distribution of TP was found
to vary in direction and magnitude along the syrinx cavity and
with the presence and location of a stenosis (Fig. 7). In SSE, the
stenosis caused the syrinx to be compressed on one side while
expanded on the other. This effect was greatest during diastole
(caudocranial CSF flow in SAS) and was also true in the mean for
SSE (Table 2 and Fig. 7). A significant level of LPD was present
in SSE and SAE, while in SRE LPD was nearly zero (Fig. 6).
These findings support the suck and slosh mechanisms postulated
by Williams, which attributed syrinx formation and expansion to
LPD caused by CSF flow obstruction [5]. Note that in the case
when the stenosis was located entirely rostral to the syrinx (CSE),
analogous to CM, little LPD and TP were measured along the
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Fig. 7 TP in the SSE measured at four adjacent sensor loca-
tions along the syrinx during the CSF flow pulsation (TP(?)
=Pgyrinx(D) = Psas(D)). Positive pressure trace indicates that the
pressure in the syrinx is greater than the SAS at adjacent mea-
surement locations. Negative pressure trace indicates that syr-
inx pressure is less than the SAS. Legend symbols identify
pressure sensor location (sampling frequency was 10 kHz).

syrinx cavity. However, in Williams’ work, significant LPD was
observed in CM patients. This discrepancy may be due to the
experiment’s inability to reproduce any piston type action of the
cerebellar tonsils at the craniocervical junction. Thus, the CSE
findings imply that if large TPs exist in CM patients with syrinxes,
they likely cannot be attributed to a stationary flow blockage at
the craniospinal junction alone. Rather, a valve action near the
syrinx cavity would be required to produce large TPs.

4.5 Bulk CSF Movement. Mean nonzero TP will result in
syrinx size change (positive=reduction, negative=growth). This
is assuming that tissue properties are such that resistance to trans-
mural flow (permeability) is uniform along the syrinx cavity. Sig-
nificant TP was quantified, which could drive bulk fluid into the
syrinx cavity in SSE (see negative mean TP values in Table 2). In
the case of CSE and SRE, the TPs were smaller and consistently
positive and thus would not support bulk fluid movement into the
syrinx (see Table 2 and Fig. 7). However, in SSE fluid could be
sucked into the syrinx on the caudal end and retained on the
rostral end if the cord permeability was greater caudal to the
stenosis. Given the difference in biomechanical stresses experi-
enced by the SC on opposite ends of the stenosis, one could hy-
pothesize that tissue properties, such as permeability and compli-
ance, may also be different. However, the mean outward directed
TP was significantly greater than inward direct TP over the entire
syrinx cavity (Table 2). Thus, the fluid dynamics would suggest
syrinx emptying unless a large variation in SC permeability or a

Table 2 Mean and pulse (maximum-minimum) of TP measurements

Transmural pressure in mm Hg (Pgyyine— Psas)

4 cm 8 cm 12 cm 16 cm Average
Experiment Mean Pulse Mean Pulse Mean Pulse Mean Pulse Mean Pulse
SSE 39.4 189.2 6.4 20.7 -2.0 80.7 -1.9 82.0 10.5 93.1
CSE 45 1.0 4.4 1.9 42 3.6 42 32 43 2.4
SRE 1.2 1.7 1.2 1.0 1.2 2.1 1.1 1.4 1.2 1.5
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Fig. 8 lllustration of the diastolic valve mechanism produced
by the interaction of the syrinx and stenosis during the CSF
pulsation in systole (top-valve open) and diastole (bottom-
valve closed) in SSE. Note that valve closure during diastole
was not continuous. CSF must return to the rostral end of the
SAS to satisfy conservation of mass.

one-way valve was present. Axial variation in SC tissue perme-
ability was supported in a study by Brodbelt et al., who measured
greater CSF tracer movement into the cord at the level of the
syrinx (C8) than rostral to it (C5) [33]. It would be useful to
conduct a detailed histological study of axial variation in tissue
permeability of the SC and/or syrinx wall.

4.6 Diastolic Valve Mechanism (SSE Only). The SSE re-
sults indicated that the interaction of a stenosis and syrinx caused
a diastolic valve mechanism (Fig. 8) that was characterized by a
greater resistance to caudocranial CSF flow in the SAS during

<= rostral

stenosis

caudal ==

i 4cm —V— 4cm =i 4cm —

diastole than during systole (craniocaudal). Images from a video
of the syrinx ballooning and contraction in SSE during the cardiac
cycle are shown in Fig. 9. The motion of the syrinx wall was
asymmetric and estimated visually to be a maximum of ~1 mm
and 3 mm caudal and rostral to the stenosis, respectively. The
magnitude of this motion is similar to that observed in vivo by
Heiss et al. (~0.6 mm intra-operative) [1] and Lichtor et al.
(~1.2 mm pre-operative) [63]. Asymmetric syrinx motion of
~150 wm was reported by Martin et al. in an in vitro experiment
without a spinal stenosis [12]. In systole, the syrinx was com-
pressed (Figs. 8 and 9), which reduced resistance to caudal CSF
movement in the SAS through the SAS stenosis region. Systolic
compression of the rostral end of the syrinx was also observed in
vivo by Heiss et al. [1] and detailed by Oldfield et al. [31]. At the
onset of diastole, the SC was pulled outward (Fig. 9) by large
positive TP rostral to the stenosis (Fig. 7 and Table 2), which
resulted in greater resistance to CSF flow in the SAS returning to
the cranium. The net influence was to depress the average SAS
pressure rostral to the stenosis (Fig. 5, SSE). Fluid was then
sucked caudocranially through the syrinx, ballooning the rostral
end. Note that valve closure during diastole was not continuous
(Fig. 8). CSF must return to the rostral end of the SAS to satisfy
the conservation of mass. Caudocranial suction of fluid in the
syrinx resulted in a negative TP caudal to the stenosis (Fig. 7 and
Table 2), which would provide a pressure gradient to direct bulk
flow into the syrinx cavity on the caudal end. Thus, the syrinx, in
conjunction with a stenosis, was shown to act with a diastolic
valve mechanism.

The global influence of the diastolic valve mechanism was to
cause a sustained low TP zone in the syrinx caudal to the stenosis,
which was counterbalanced by a zone of greater positive TP ros-
tral to the stenosis (Table 2). Thus, the diastolic valve mechanism
results support syrinx size reduction. However, this mechanism is
likely sensitive to tissue properties, size, and relative placement of
the syrinx and stenosis as well as the CSF flow waveform. Under
certain conditions, it is possible that average negative TPs could
occur, which would support fluid accumulation in the syrinx. The
negative TPs observed could work in conjunction with a one-way
valve encouraging extracellular fluid movement into the syrinx,
such as the arterial pumping mechanism proposed by Bilston et al.
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Fig. 9 Images from a video of the SSE at different time points (t11-16) during the CSF flow pulsation

(left). Approximate locations of the syrinx, stenosis, pressure ports, and spinal cord are indicated in
the diagram (right). Regions with the greatest spinal cord movement are indicated by white arrows in
each video frame. Note that the spinal cord motion is asymmetric, flexing more on the bottom side
than on the top. Also, greater spinal cord motion is present rostral to the stenosis than caudal. The
outward ballooning of the syrinx is best observed during diastole at t1 and t6 in the region 4 cm
rostral to the stenosis. Syrinx contraction can be observed during systole from t3 to t5 (complete
video is provided at www.csflab.com/video/20080610_SSE_model.AVI).
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[17,43]. The diastolic valve mechanism also demonstrates some of
the ideas brought forth by Grietz [32] and Grietz et al. [64], such
as the “milking effect.” One important aspect of the results ob-
served in SSE is that the mechanism was not symmetric across the
stenosis but rather preferential to caudocranial flow in the syrinx
and craniocaudal flow in the SAS.

The diastolic valve mechanism’s ability to cause significant
LPD, elevated TP, and a sustained low pressure zone rostral to the
stenosis may have a number of important influences on the cran-
iospinal system. This mechanism may help to provide an under-
lying reason for tissue changes such as myelopathy, edema, glio-
sis, vascular wall thickening, and/or ischemia, which have been
identified by a number of researchers [11,44,65] and by some
termed presyringomyelia [66]. In one study, Klekamp et al. noted
an “interstitial type of edema in the central gray matter below the
area of scarring in the cat cervical cord” and attributed it to the
abnormal CSF and extracellular fluid flow dynamics [11]. Mil-
horat et al. [67] and Milhorat [68] also noted that extra canicular
syrinxes are lined with gliosis and are different from canicular
syringes, which are lined with complete or discontinuous ependy-
mal lining, and that this suggests a different etiology [33]. While
the diastolic valve mechanism was only present in SSE, similar
pressure gradients may occur between the minute extracellular
spaces in the SC parenchyma and the SAS when a spinal stenosis
is present. However, in order for the diastolic valve mechanism to
function, the SC would still be required to be compressed, how-
ever minutely, during systole and expanded during diastole at the
stenosis location. Thus, the mechanical properties of the cord and
canal could play an important role, limiting the extent to which
any such valve mechanism could function.

The extent of influence that the diastolic valve mechanism has
on the craniospinal system is unclear but could be far reaching. It
is likely that alterations in LPD, TP, and depression in average
SAS pressure rostral to the stenosis will not change the mean
arterial blood pressure in the cranium, but ICP may be influenced.
Communication between the CSF pressure alterations caused by
the diastolic valve effect and the venous system could also be
important. These changes may result in the alteration of cere-
brovascular resistance, cerebral perfusion pressure, and cerebral
blood flow and may influence craniospinal compliance.

4.7 Spinal Cord Tensioning (Tight Filum Terminale, SSE
Only). A secondary effect of the diastolic valve mechanism was to
caudocranially tension the SC. This was the result of the net posi-
tive LPD (Fig. 6, SSE) and the TP rostral to the stenosis causing
the syrinx to balloon outward (Figs. 7-9). The caudocranial ten-
sioning of the SC could be physically observed by turning the
CSF flow pump off. When the pump was turned off, the SC
shifted craniocaudally to a more relaxed state. Caudocranial ten-
sioning of the SC due to the diastolic valve mechanism is particu-
larly interesting given the controversy surrounding the relation-
ship, if any, between tethered cord, SM, CM, and scoliosis [69].

4.8 Comparison of In Vitro and In Vivo Measurements.
The pressure measurements can be compared with in vivo in
terms of temporal pressure maximum, minimum, TP, and LPD.
The pressure measurements in the experiments varied widely with
maximum and minimum values of 80 mm Hg and —170 mm Hg,
respectively (see Fig. 5, negative values are below atmospheric
pressure). While these pressures may be exaggerated due to the
simplification of the experimental configuration, large peak and
pulse pressures in vivo have been reported in the literature
[1,3,4,6,7,9]. Sansur et al. found the maximum peak pressure in
the SAS in response to jugular compression to be ~40 mm Hg
and during coughing to be ~125 mm Hg [70]. Williams mea-
sured the pressure in the SAS during coughing to be ~80 mm Hg
[5]. TP in a patient during coughing was recorded by Williams
between the syrinx and SAS of nearly 40 mm Hg [5]. Hall et al.
measured mean pressure inside the syrinx to be 7 mm Hg, while
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the SAS CSF pulsation was only 0.5-1 mm Hg [9,44], and Mil-
horat et al. recorded subatmospheric syrinx pressure after drainage
[6].

LPD was measured in vivo by Williams on 37 SM patients with
hindbrain abnormality. Williams found that 24 of these patients
had a “valvular action...allowing fluid to move upwards easily but
only with more difficulty and delay...move downward again” [5].
The characteristic valvular action was manifest in LPD being
transmitted quickly up the spinal SAS during the initial cough
phase (<1 s) but slowly afterward (>10 s). The maximum LPD
during coughing onset was measured to be ~100 mm Hg
(Prumpar— Peervica)- LPD can also be obtained from the intra-
operative jugular compression tests reported by Heiss et al., for
patients with SM and CM (Quecken-
stedt’s test), to be as large as —20 mm Hg (Pyympar— Picp) [1]- The
opposite sign of LPD in Heiss’ results in comparison to Williams’
is because Queckenstedt’s test has the opposite direction of pres-
sure influence on the spinal SAS as coughing [5].

In SSE and SAE, large fluctuations in LPD were recorded dur-
ing the CSF flow cycle (Fig. 6). While the LPD fluctuations in
SSE and SAE were large, they were near the bounds of LPD
measurements recorded in vivo during coughing and valsalva. It is
likely that the large positive LPD recorded in SSE was due to CSF
flow being volume rather than pressure controlled. The measure-
ments may also be exaggerated in comparison to in vivo due to
the use of a rigid glass tube for the spinal SAS, the large extent of
CSF flow obstruction at the stenosis (~90%), and the experi-
ment’s lack of branching nerves and vessels.

The cited literature suggests that the in vivo spinal SAS pres-
sure environment can vary widely, making it difficult to pick a
best case for comparison. While the pressure magnitude may not
be the same as in vivo, the global dynamics and trends are ex-
pected to be representative of those present in the craniospinal
system with flow blockage and/or syrinx. The detailed in vitro
pressure measurements are useful because they cannot be acquired
in vivo given the invasive nature necessary to obtain them. Addi-
tionally, computational fluid-structure interaction models
[13-19,48,49,51] are continually improving, and the measure-
ments described herein provide data for comparison.

4.9 Experimental Limitations. Care was taken to perform
the experiments as close to in vivo conditions as possible. How-
ever, simplifications were required. The dura, pia, white, and gray
matter of the SC were lumped into one uniform body, neglecting
branching nerves and perfusing vessels. The spinal SAS was as-
sumed to be nearly rigid, being composed of glass. Dimensions of
the SC and SAS were simplified to be circular and concentric. The
syrinx was located concentrically within the SC, and the stenosis
blocked ~90% of the SAS around the SC (see Table 1 for dimen-
sions). Additionally, the CSF flow waveform (Fig. 2) was based
on in vivo flow measurements obtained at the C2 level on a pa-
tient with SM and was volume controlled rather than pressure
controlled. Overall, the in vitro experiments were simplified with
respect to geometry, flow input, and material properties. Even
under such assumptions, these experiments provide insight to the
complex pressure environment present in the spinal SAS with a
stenosis and/or syrinx present.

5 Conclusions

The in vitro pressure data and analyses provide valuable infor-
mation about cerebrospinal fluid hydrodynamics and demonstrate
the complexity of the fluid-structure interaction present in the spi-
nal SAS with a stenosis and syrinx. The presence and location of
the stenosis and syrinx were found to have critical impact on the
pressure environment. The interaction of the syrinx and stenosis
resulted in a diastolic valve mechanism and rostral tensioning of
the SC. In all experiments, the stenosis was shown to increase and
dissociate SAS pressure, while longitudinal pressure in the syrinx
remained nearly constant. These pressure measurements highlight
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the importance of the mechanical properties of the SC and spinal
SAS, including compliance and tissue permeability. In addition,
these results provide data for comparison with computational
models of the spinal SAS. Further research examining the influ-
ence of stenosis size and location in more sophisticated in vitro
models, as well as better understanding of craniospinal tissue
properties, is warranted.
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