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Spinal Compliance Curves: Preliminary Experience with a
New Tool for Evaluating Suspected CSF

Venous Fistulas on CT Myelography in Patients

with Spontaneous Intracranial Hypotension

M.T. Caton Jr, “B. Laguna, ““K.A. Soderlund, ““'W.P. Dillon, and “*'V.N. Shah

ABSTRACT

BACKGROUND AND PURPOSE: Craniospinal space compliance reflects the distensibility of the spinal and intracranial CSF spaces as
a system. Craniospinal space compliance has been studied in intracranial pathologies, but data are limited in assessing it in spinal
CSF leak. This study describes a method to estimate craniospinal space compliance using saline infusion during CT myelography
and explores the use of craniospinal space compliance and pressure-volume curves in patients with suspected cerebrospinal-venous
fistula.

MATERIALS AND METHODS: Patients with suspected cerebrospinal-venous fistula underwent dynamic CT myelography. During the
procedure, 1- to 5-mL boluses of saline were infused, and incremental changes in CSF pressure were recorded. These data were
used to plot craniospinal space compliance curves. We calculated 3 quantitative craniospinal space compliance parameters: overall
compliance, compliance at opening pressure, and the pressure volume index. These variables were compared between patients
with confirmed cerebrospinal-venous fistula and those with no confirmed source of CSF leak.

RESULTS: Thirty-four CT myelograms in 22 patients were analyzed. Eight of 22 (36.4%) patients had confirmed cerebrospinal-venous
fistulas. Bolus infusion was well-tolerated with no complications and transient headache in 2/34 (5.8%). Patients with confirmed cer-
ebrospinal-venous fistulas had higher compliance at opening pressure and overall compliance (2.6 versus 1.8 mL/cm H,0, P < .01).
There was no difference in the pressure volume index (77.5 versus 54.3 mL, P=.13) between groups.

CONCLUSIONS: A method of deriving craniospinal space compliance curves using saline intrathecal infusion is described.
Preliminary analysis of craniospinal space compliance curves provides qualitative and quantitative information about pressure-vol-
ume dynamics and may serve as a diagnostic tool in patients with known or suspected cerebrospinal-venous fistulas.

ABBREVIATIONS: C,,, = compliance at opening pressure; CSC = cerebrospinal space compliance; CTM = CT myelography; CVF = cerebrospinal-venous fis-
tula; PVI = pressure-volume index; SIH = spontaneous intracranial hypotension

pontaneous intracranial hypotension (SIH) is a debilitating-

but-potentially curable syndrome caused by spinal CSF leakage.
CSF-venous fistulas (CVFs) are a recently discovered cause of STH
and should be suspected in patients with persistent clinical and
brain imaging features of SIH who lack extradural CSF on CT or
MR myelography." CVFs are challenging to diagnose and may be
position-, volume-, and pressure-dependent; therefore, the true
prevalence is likely underestimated.”™* Dynamic CT myelography
(CTM) and digital subtraction fluoroscopy can facilitate diagnosis,
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but the sensitivity of these techniques remains modest.> The patho-
physiology of CVF remains poorly understood but is closely tied to
the pressure-volume dynamics of the craniospinal axis.” Knowledge
of patient-specific CSF pressure-volume dynamics may, therefore,
aid in CVF diagnosis and improve our understanding of CVF
pathogenesis.

Craniospinal space compliance (CSC) reflects the distensibil-
ity of the CSF system as a change in volume relative to a change
in pressure.® Building on the Monro-Kellie doctrine, work by
Shapiro et al” showed that CSC forms an exponential rather than
linear curve. They defined the pressure-volume index (PVI) as a
reproducible measure of CSC accounting for this nonlinear rela-
tionship, mathematically representing the infusion volume neces-
sary to raise CSF pressure by an order of magnitude.”

Later work showed that the PVI can be reliably calculated
using bolus-response measurements as opposed to steady-state
infusion, more easily performed during routine myelography.®
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FIG 1. Sample craniospinal compliance curves in a 5l-year-old man confirmed to have CVF at
operation. Combined plot of 2 CTMs with dashed lines showing a linear approximation of com-
pliance (A). Initial nondiagnostic CTM (B) shows a roughly sigmoid pattern with an inflection point
seen after a ~15-mL normal saline bolus was administered (black curved arrow). Repeat CTM
with more aggressive positive-pressure augmentation shows an abrupt loss of pressure (purple
arrows) after infusion volume of 27 mL of normal saline (C). The CVF became apparent only after

pressure was increased beyond this threshold point.

Recent work and our experience indicate that CVF detection is
improved with CSF pressure augmentation, which can be achieved
with patient positioning, respiratory phase variation, or fluid infu-
sion to the thecal sac.>*"'" Building on prior studies of CSF pres-
sure-volume dynamics using intrathecal CSF infusion in healthy
subjects'>">
drocephalus,'* we aimed to present our preliminary experience in

and in pathologic states such as normal-pressure hy-

estimating CSF compliance and PVT using bolus CSF pressure aug-
mentation in patients with STH suspected of having a CVF.

MATERIALS AND METHODS

In this retrospective case series, we reviewed clinical and imaging
records of adult patients with clinical and brain imaging features of
SIH suspected of having a CVF from 2015 to 2019 at a single, terti-
ary referral center. Inclusion criteria were as follows: 1) All patients
underwent an initial work-up comprising brain MR imaging and ei-
ther spine MR imaging or conventional myelography, 2) all patients
met the International Classification of Headache Disorders-3 criteria
for SIH, and 3) each patient had at least 2 pressure-volume point
recordings. Patients with SIH who did not meet these criteria or had
confirmation of a non-CVF cause of SIH were excluded. Our insti-
tutional CSF leak spine imaging protocol comprises fat-saturated,
T2-weighted images of the whole spine in sagittal and coronal
planes. In each case, there were findings of SIH on brain MR imag-
ing and no extradural collection on spine MR imaging or conven-
tional myelography. These patients underwent dynamic decubitus,
positive-pressure CTM. Patients were classified as having either con-
firmed CVF (imaging and/or surgical diagnosis) or no definite etiol-
ogy diagnosed for CSF leak.

CT Myelography Technique
All CTMs were performed by 2 experienced spinal neuroradiolo-
gists. A 22-ga Quincke spinal needle (BD) was placed under

sion). Intrathecal pressure was recorded
following serial infusions of normal sa-
line in 1- to 5-mL boluses. When an
inflection in CSF pressure (ie, a greater-
than-expected change in pressure per
bolus, shown in Fig 1) was observed,
typically after 10-15 mL of infusion
or positive-pressure augmentation
was otherwise deemed adequate by
the operator, CSF pressure was again
recorded, and 8-10 mL of Omnipaque 300 mg was then instilled.
Saline bolus infusion was also stopped if patients developed symp-
toms or peak CSF pressure approached 25-30cm H,0 to avoid
headache and acute visual changes, on the basis of empiric experi-
ence of an experienced spine neuroradiologist (unpublished data,
W.P.D., May, 2020) and in consultation with a spine neurosur-
geon. If the initial CTM was nondiagnostic, a subsequent CTM
was performed with the patient in the opposite decubitus position
on the following day. At our institution, decubitus dynamic CTM
HoverMatt (HoverTech
International), which allows rapid transient Trendelenburg posi-

is performed using the device
tioning for approximately 10 seconds, which is then immediately
reversed. Following this maneuver, diagnostic-dose CT is per-
formed with the patient in the decubitus position (typically with
140 kV[peak] and 240 mA) in a dynamic caudal-cranial followed
by cranial-caudal fashion, to optimally visualize signs of CVFE.

CSF Compliance Analysis and Parameter Calculation

Serial CSF pressure and infusion volume recordings were plotted
to generate CSC curves (Fig 1). The PVI was calculated for each
patient according to the method of Marmarou et al.'® This
method uses log-transformation of the exponential CSF compli-
ance curve to simplify the calculation (Equation 1):

AV

PVI= ——.
/105,

In this formula, AV is the incremental change in volume,
equal to the normal saline bolus. P, is the final (peak) pressure,
and P, is the initial pressure. The PVI value can then be used to
estimate CSF-space compliance using an experimentally derived
constant function for a given pressure.” To estimate the compli-
ance of the system in equilibrium, we calculated the compliance
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Table 1: Demographic and CSF pressure-volume parameters for patients with clinical and imaging features of SIH, all of whom

were suspected of having CVF*

Definite or Probable CVF P
Total (n=22) (n=8) No CVF Identified (n=14) Value
Age (yr) 573 60.0 55.8 5
Sex 59.1% F 37.5% F 7.4% F 12
Increase in relative pressure during 146.7% (SD, 17.3%) 148.5% (SD, 17.9%) 145.4% (SD, 27.0%) 93
normal saline infusion (cm H,0)
Total volume infusion (mL) 207 (SD, 1.8) 27.6 (SD, 2.9) 159 (SD, 4.) <001
CSC curves with abrupt pressure loss 11/34 (32.4%) 4/14 (28.6%) 7/20 (35.0%) .69
Opening pressure (cm H,0) 11.6 (SD, 3.8) 9.8 (SD, 0.9) 12.8 (SD, 0.8) .02
PVI® (mL H,0) 63.9 (SD, 7.5) 77.5(SD, 10.3) 54.3 (SD, 10.]) 13
Cop™ (ML/cm H,0) 2.6 (SD, 0.3) mL/cm H,0 3.8 (SD, 0.5) mL/cm H,0 1.8 (SD, 0.3)mL/cm H,0 <.001
Overall compliance (linear slope of CSC 2.0 (SD, 0.3) 3.1(SD, 0.6) 1.3 (SD, 0.3) .005

curve) (mL/cm H,0)

®Eight patients had definite or probable CVF diagnosed on CTM, and the remaining cases (14/22) remain unconfirmed. All P values represent comparison of diagnosed-
versus-undiagnosed groups. Data represent either proportions or mean values with standard deviation (SD).

b Equation 1.
€ Equation 2.

at opening pressure using the following equation, assigning the
value of Pressure as the measured opening pressure (Equation 2):

0.4343 x PVI

Compliance =
Pressure

CSF-space compliance was also estimated as slope ' of the
line of best fit estimated using linear regression of the pressure-
volume curves (Fig 14).'® Whereas Equation 2 defines the com-
pliance at a particular pressure, the linear regression approxi-
mates the compliance over the range of pressures interrogated
during saline infusion.

Statistical comparison of continuous variables between groups
was assessed with Student ¢ tests or the Mann-Whitney U test as
appropriate. Frequency data were compared using the Pearson
X° test. P values < .05 were considered statistically significant.
Statistical analyses were performed using R statistical and com-
puting software (Version 3.6.2; http://www.r-project.org/).

RESULTS

Patient Characteristics

A total of 34 CTMs performed in 22 patients were included in the
analysis (14 patients had a single CTM, 5 had 2 CTMs, 2 patients
had 3 CTMs, and 1 patient had 4 CTMs). Patient demographic
characteristics and a summary of CSC parameters by group are
shown in Table 1. The mean age was 57.3 [SD, 13.7] years, and
59.1% of patients were women. Eight patients (36.4%) were diag-
nosed with confirmed CVF (4 by imaging and surgery, 4 by imag-
ing alone), and the remaining 14 remained undiagnosed. There
were no immediate postprocedural complications; however, 2
patients developed mild headaches during the injection (2/34
procedures, 5.8%), which resolved promptly during postproce-
dural observation.

The mean total normal saline bolus infusion volume was 20.7
[SD, 1.8] mL; range, 4 -41 mL with significantly higher infusion
volume in the confirmed CVF compared with the unconfirmed
CVF group (P <.001). Mean opening pressure was lower in the
confirmed CVF group (9.8 [SD, 0.9] versus 12.8 [SD, 0.8] cm
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H,0, P=.02). The average relative increase in CSF pressure from
opening pressure baseline was 146.7% [SD, 17.3%] with no differ-
ence between the confirmed/unconfirmed CVF groups (148.5%
[SD, 17.9%] versus 145.4% [SD, 27.0%], P=.93). The average
peak CSF pressure after bolus augmentation was 26.3 [SD,
1.3] cm H,0 (interquartile range 16.3—36.3 cm H,0). Peak CSF
pressures were lower in the group with confirmed CVF, but the
mean difference was not statistically significant (23.2 [SD, 2.1]
versus 28.4 [SD, 1.6] cm H,0, P=.06).

Craniospinal Compliance Parameters

The mean CSC parameters are summarized in Table 1. The mean
PVI for all patients was 63.9 [SD, 7.5] mL. The mean PVI was
higher in patients with confirmed CVF, but this difference was
not statistically significant (PVI= 77.5 [SD, 10.3] versus 54.3
[SD, 10.1] mL/cm H,0, P=.13). Patients with confirmed CVF
had significantly higher compliance at opening pressure (C,p,)
(mean = 3.8 [SD, 0.5] mL/cm H,0) than the unconfirmed CVF
group (mean = 1.8 [SD, 0.3] mL/cm H,0, P = .001). The patient
group with confirmed CVF also had higher overall compliance
across the range of CSF pressure values compared with patients
with unconfirmed CVF (mean= 3.1 [SD, 0.6] versus 1.3 [SD,
0.3] mL/cm H,0, P=.005). Sex-related differences are shown in
Table 2. No significant differences were observed between men
and women for opening pressure, PVI, C,, or overall compliance
(P> .05, all cases).

CSC-Curve Morphology

We observed a spectrum of CSC curve shapes, including curves
that were roughly linear, sigmoid, and exponential. We also
found 2 distinct patterns that may have particular clinical rele-
vance. A sudden drop in measured pressure during positive-pres-
sure augmentation was observed in 11/34 (32.4%) patients (Fig
1). No difference in the frequency of this curve morphology was
seen between the confirmed and unconfirmed CVF groups
(28.6% versus 35.0%, P =.69). Continued administration of
normal saline boluses after the pressure drop resulted in


; http://www.r-project.org/

Table 2: CSC parameter differences by sex®

are probably pressure-dependent CVFs,

Women Men P Value that otherwise remain occult without
Opening pressure (cm H,0) 1.5[SD, 0.8] 1.7 [SD, 1.0] 86° adequate pressure augmentation (Fig
PVI (mL H,0) 57.5 [SD, 9] 741[5D,7.0] 29° 1). Finally, the documentation of CSF
Compliance at opening pressure (mL/cm H,0) 2.5[SD, —0.5] 2.9 [SD, 04] .06; compliance may also define a patient-
Overall compliance (mL/cm H,0) 1.7 [SD, 0.4] 2.5 [SD, 0.6] .06 specific baseline, allowing quantification
leta:z;r:tel::: values with standard deviation (SD). of treatment response, as we show with
< Mann-Whitney U test. the epidural blood patch (Fig 3). For
example, baseline patient-specific CSC
parameters could be used in patients
14 who undergo surgical fistula ligation as
Sl INA a means of confirming successful or

T iy | e L T unsuccessful CVF exclusion.
g Y The theoretic basis for CSC curve
\é/ 6 P analysis in patients with CSF leak war-
é 4 1 1 1 rants additional discussion. Abnormal
o, profiles of PVI and the resistance to
- 0 CSF outflow have been described in
A 0 10 20 30 40 50 patients with intracranial pathology,

Volume (ml)

FIG 2. A craniospinal compliance curve in a 70-year-old woman with confirmed CVF (4) shows
high compliance (ie, smaller change in pressure per increase in volume) with multiple abrupt pres-
sure drops (arrows) above 10 cm H,0. Recent brain MR imaging shows characteristic features of
SIH (B), including reduced mamillopontine distance, low cerebellar tonsils, and pachymeningeal
enhancement. A right T7-8 CVF was identified on decubitus CT myelography (C and D).
Hyperdensity of the paraspinal vein and azygous vein (dashed circle) aids in identification of the
fistula (white arrows). The patient was treated with percutaneous fibrin glue injection.

reconstitution of the CSC slope in each case, though multiple/
recurrent drops were observed in some instances (Fig 2).

DISCUSSION

We report a method of generating craniospinal compliance curves
derived from CT myelography and characterize these curves in a
preliminary analysis of patients with SIH and suspected CVF.
Compliance measurements (C,p, overall CSC compliance) in
patients with confirmed CVFs were statistically different from
those in patients with SIH in whom a final etiology of CSF leak
could not be identified. Using a hand-bolus injection as a simple
and reproducible alternative to continuous infusion techniques, we
show how patient-specific models of pressure-volume dynamics
can be reconstructed and the PVI can be estimated.

Although these findings are preliminary, we propose several
potential uses of CSC curves in patients with SIH who undergo
CTM: First, a drop in CSF pressure observed on the CSC curve
may help identify patients with dural leaks or fistulas. Second, there

including normal-pressure hydroce-
phalus, subarachnoid hemorrhage, and
traumatic brain injury."”"® However,
contemporary models of CSF-space
compliance treat the cranial and spinal
spaces as communicating compartments
of the same system.® In these models,
the CSC is analogized to an electrical cir-
cuit with systemic compliance deter-
mined by the additive effects of
cranial and spinal compartments.'®'**
Abnormal dural compliance in the spi-
nal compartment should, therefore,
influence the entire craniospinal system.
CVF, like all spinal CSF leaks, should, in
theory, increase compliance, but the
pressure-volume relationship is likely
dictated by the dynamic equilibrium of
CSF pressure and venous pressure. Our
observation that in some patients, a sudden collapse of pressure
occurred during saline infusion may indicate that we had reached a
CSF-venous pressure equilibrium point. A further increase in CSF
pressure could conceivably open the leak and provides one explana-
tion for the inflection in compliance observed in this study (Fig 4).
While unproven, this mechanism could provide a physiologic expla-
nation for why CVFs are often occult in the supine position but
manifest when the patient is upright or in the decubitus position or
provocation maneuvers are performed. Our observation is also con-
cordant with work from Amrhein et al,'' which showed increased
conspicuity of the CVF with inspiration, which augments the CSF-
venous pressure gradient increasing venous return to the right
atrium. It has been postulated that such maneuvers open the leak,
which could be detected as a sudden increase in compliance of the
craniospinal system.>”*' A similar mechanism was postulated by
Kumar et al,”> who reported indirect treatment of CVFs by reduc-
tion of the CSF-venous gradient using an inferior vena cava stent.
The hand-injection bolus pressure augmentation method is
easily reproducible and does not require additional equipment,
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FIG 3. Craniospinal compliance curve in a 63-year-old woman suspected but not radiographically confirmed to have CVF. Estimated linear com-
pliance for each CTM is shown as a dashed line, approximating the shape of the pressure-volume curve (A). The second CTM was performed af-
ter the blood patch showed an increase in opening pressure (B and C). The effect of the blood patch is diminished on delayed repeat CTM (D),
in which the left side of the curve, including opening pressure, more closely matches the prepatch curve.

described by Griffith et al*® as a means
of estimating compliance and PVI. This

LTI

approach is based in mathematic and
empiric observations showing that the
PVI can be accurately measured using
bolus (rather than steady/continuous)
infusion.® Although only a single bolus
injection is needed to estimate PVI,
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multiple measurements, as used in our
study, may be advantageous to identify
zones in which the pressure-volume

relationship changes more quickly due

to autoregulatory mechanisms.”® While

dynamic CTM is the preferred tech-

nique at our institution, the bolus-
pressure augmentation method could
be performed with conventional or
dynamic fluoroscopy. In this prelimi-
nary experience, we observed no peri-

FIG 4. Schematic of the components of craniospinal compliance and hypothesized physiology
of CVF (CSF = green, arterial blood = red, venous blood = blue). A normal CSC encompasses both
intraventricular and subarachnoid CSF and is defined by cranial and spinal compartments (larger
and smaller boxes, respectively) as well as the arteriovenous vascular bed (A). In dural tear CSF
leak or CVF at low pressure, an equilibrium state (B) may exist in which the leak is occult by CTM.
With special maneuvers (dynamic CTM, respiratory-phase variation, jugular pressure, and bolus-
pressure augmentation), pressure gradients may open the leak, allowing detection on CTM (C).

procedural complications and only 2
instances (5.8%) of transient headache
during bolus infusion. These findings
suggest that this technique has a reason-
able safety profile when pressures and
symptoms are closely monitored.

The interpretation of CSC curves
unlike previously described methods using steady-state infu-  has several important technical and theoretic limitations. First,
sion.””?*** The hand-bolus technique is more appropriate for

patients with SIH than serial CSF withdrawal, which was

because we did not investigate CSC parameters in controls without
SIH, it is difficult to estimate the diagnostic value of CSC curves in
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routine practice. A corollary limitation is that comparisons
between confirmed and unconfirmed (suspected) CVFs are inher-
ently limited and should be interpreted conservatively. Another
important limitation is that CSC has been shown to vary with pos-
ture, largely due to shifts and redistribution of venous outflow
through the jugular veins.”” While our data suggest that a rapid
drop in CSF pressure during pressure augmentation may reflect
opening of a pressure-dependent CVF, this effect could plausibly
be due to other physiologic effects such as respiratory phase varia-
tion and the cardiac cycle."" Definitive correlation could be estab-
lished if the bolus-pressure augmentation technique were
performed during digital subtraction myelography to allow real-
time visualization of the CVF; we would expect that the leak would
become visible or more conspicuous as CSF pressure is increased
with serial intrathecal boluses, controlling for respiratory phase
and cardiac cycle variations.

Another important limitation of our study is that the popula-
tion included in this analysis comprised patients with suspected
CVF who remained undiagnosed after conventional diagnostic
and interventional studies (eg, MR myelography, conventional
CTM). Accordingly, patients with other, non-CVF leaks are not
represented, and the relatively low rate of confirmatory diagnosis
(8/22, 36.4%) in this cohort reflects the diagnostic challenge of
CVF relative to other forms of CSF leak.” Some of these patients
may have leaks in locations that are more difficult to visualize
(eg, sacrum) or simply CVFs that were not visible at that time.
An additional important limitation of our study is that we did
not assess control patients, and as a result, we did not define dis-
criminatory threshold values of PVI and compliance in healthy
patients. Nonetheless, the mean PVI values in our study (63.9
[SD, 7.5] mL) are higher than those in control patients reported
in the literature, for example by Shapiro et al” (PVI= 25.9 [SD,
3.7]mL) and by Wahlin et al”® (PVI mean = 9.8 [SD, 2.7 mL]),
though methodologic differences may affect comparison.” This
finding is consistent with the proposed pathophysiology of CVF
as a high-compliance state. A final limitation is that we did not
use a standardized approach to positive-pressure augmentation
because each operator selected the bolus number and volume
before imaging.

This work is a preliminary exploration of a novel technique in
a dynamic disease process; while these results are promising,
investigation of CSC curves and correlation of steady-state and
bolus-infusion methods should also be performed in the CSF leak
population to confirm the validity of this approach. Future stud-
ies should also establish the boundaries of normal physiology in
control patients.

CONCLUSIONS

This study describes a method of estimating craniospinal compli-
ance during dynamic CT myelography and presents our prelimi-
nary experience in applying this technique in patients with
suspected CVF. This method could be applied prospectively to
evaluate compliance parameters and pressure-volume curve mor-
phology as tools for the diagnosis of CVF and could inform the
practice of spine interventionalists treating these patients.

Disclosures: Benjamin Laguna—OTHER RELATIONSHIPS: Cofounder of a pre-rev-
enue company called Sira Medical (augmented reality).
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