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Abstract Idiopathic intracranial hypertension (IIH), or
pseudotumor cerebri, is a debilitating neurological disorder
characterized by elevated CSF pressure of unknown cause.
ITH manifests as severe headaches, and visual impairments.
Most typically, ITH prevails in overweight females of child-
bearing age and its incidence is rising in parallel with the
obesity epidemic. The most accepted theory for the cause of
IIH is reduced absorption of CSF due to elevated intracranial
venous pressure. A comprehensive MRI study, which
includes structural and physiological imaging, was applied
to characterize morphological and physiological differences
between a homogeneous cohort of female IIH patients and
an age- and BMI-similar control group to further elucidate
the underlying pathophysiology. A novel analysis of MRI
measurements of blood and CSF flow to and from the cranial
and spinal canal compartments employing lumped parame-
ters modeling of the cranio-spinal biomechanics provided,
for the first time, evidence for the involvement of the spinal
canal compartment. The CSF space in the spinal canal is less
confined by bony structures compared with the cranial CSF,
thereby providing most of the craniospinal compliance. This
study demonstrates that the contribution of spinal canal com-
pliance in ITH is significantly reduced.
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Introduction

Idiopathic intracranial hypertension (IIH), or pseudotumor
cerebri, is a debilitating neurological disorder characterized
by elevated ICP of unknown cause. IIH manifests as severe
headaches, and visual impairment due to increased pressure
on the optic nerve. In addition to poor quality of life, ITH is
associated with a considerable financial burden. Based on
data from the IIH Registry, the total costs of IIH in 2007 in
the US alone exceeded $444 million per year [8]. Most typi-
cally, ITH prevails in overweight females of childbearing age,
with a high incidence of 22.5 new cases annually per 100,000,
and is further rising in parallel with the obesity epidemic.

The origin and evolution of the disorder is not well
understood, nor has evidence-based medicine identified an
efficient and effective treatment path [7]. Often, individu-
als are diagnosed with ITH after all other possible identifi-
able causes have been exhausted. This occurs especially
when prominent features such as papilledema and pulsa-
tile tinnitus are not apparent [6], or if a marginally high
opening pressure is obtained on lumbar puncture [4].
Currently, there is no established standard treatment for
IIH. Treatment is primarily palliative, beginning with
medical therapy and progressing to surgical therapy [3, 5].
Prescribed interventions include diet, diuretics, and car-
bonic anhydrase inhibitors, such as acetazolamide, repeated
spinal taps, optic nerve sheath fenestration surgery, and
CSF shunting procedures. The efficacy of each treatment
varies among patients and the mechanism by which each
treatment works is also not clear at present. Treatment
often improves symptoms; however, 86% of patients suffer
from some degree of permanent visual loss and 10%
develop severe irreversible visual loss [15]. Better under-
standing of the pathophysiology is likely to improve this
potentially devastating prognosis.

The most widely accepted theories on the causes of
ITH are sinus venous focal narrowing and reduced absorp-
tion of CSF due to elevated intracranial venous pressure
[10]. However, extra-cranial factors that may be contribut-
ing to the increased ICP in IIH and the adaptation of the
cranio-spinal system have not been widely investigated.
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The current study aims to investigate the potential involve-
ment of extra-cranial venous drainage and the spinal canal
compartment; the latter has not been previously consid-
ered as a contributor to the pathophysiology of ITH. As the
spinal canal normally contributes to most of craniospinal
compliance, it is likely that the elevated ICP is a manifes-
tation of reduced compliance buffering in the spinal canal
compartment.

Materials and Methods

Following approval by the Institutional Review Board and
informed patient consent, 11 female patients (mean age,
29+9 years; range, 17-44 years) with above-normal BMI
(mean BMI, 35.4+6.5 kg/m? range, 23.9-49.1) and 8
healthy women of comparable age (mean age, 32 + 11; range,
22-50) and BMI (mean BMI, 37.1 + 6; range, 30.9-48.5)
were studied by MRI. The aim was to assess potential mor-
phological and physiological differences between newly-
diagnosed pretreated IIH patients and healthy subjects.
Assessed parameters include gray matter, white matter, and
ventricular volumes, total arterial inflow, venous outflow
through primary (jugular veins) and secondary channels,
estimated supratentorial CSF production rate, and spinal
canal compliance contribution, all measured noninvasively
by MRIL

Magnetic resonance imaging was obtained at 1.5 T
(Siemens Healthcare). The MRI study included high-reso-
lution 3D T1-weighted imaging for segmentation of the
ventricular volumes and multiple velocities encoding
phase contrast scans for imaging of the blood and CSF
flows. High-velocity encoding of 70 cm/s was employed
for imaging of blood flow dynamics to and from the cra-
nial vault. Low velocity encoding of 12 and 7 cm/s was
employed to image CSF flow through the aqueduct of
Sylvius and between the cranium and the spinal canal
respectively.

Imaging parameters for the T1-weighted structural brain
scan included field of view (FOV) of 25.6 x 19.2 cm, acqui-
sition matrix of 256 x 192, slice thickness of 1.0 mm,
which provided 1-mm isotropic resolution. Imaging param-
eters for the phase contrast series used for imaging of the
trans-cranial blood and CSF flows included FOV of 16 x
15.5 cm, acquisition matrix of 256 x 174 and slice thick-
ness of 6 mm. A smaller FOV of 11 x 10 cm with slice
thickness of 5.5 mm and acquisition matrix of 320 x 218
were used for imaging of the aqueductal flow. Minimum
effective TR and TE (approximately 13-15 and 9 ms
respectively) were always used for maximal temporal
resolution.

Cerebral Venous Drainage

Venous drainage occurs through primary (e.g., internal jugu-
lar veins) and secondary (e.g., epidural, vertebral, deep cer-
vical) venous channels. Mean volumetric flow rate in each
internal jugular vein was calculated and added to obtain total
venous drainage through the primary venous drainage chan-
nels. As total arterial inflow equals venous outflow, the rela-
tive cerebral venous drainage through the jugular veins was
obtained by normalizing the total jugular flow with the total
arterial inflow. Total arterial inflow, which is also the total
cerebral blood flow (tCBF) is obtained by summation of
mean volumetric flow rates through the two internal carotid
and vertebral arteries. Volumetric flow rates were obtained
by summation of the velocities within the blood vessel lumen
area. Vessel lumen boundary was identified using the auto-
mated pulsatility-based segmentation method [1].

Morphological Assessment

The structural MR images of the brain were automatically
segmented to extract the brain tissue for derivation of the
intracranial volume using FSL software (Analysis Group,
FMRIB, University of Oxford, Oxford, UK). The segmenta-
tion process uses a hidden Markov random field model based
on image pixel intensity distribution [16]. Ventricular vol-
umes were obtained by manual delineation of the ventricular
boundaries by an experienced observer.

Cranio-Spinal Canal Compliance Distribution

A system analysis approach has been applied to estimate the
cranio-spinal (CS) compliance distribution. A previously
reported subject-specific lumped parameter model was
employed to obtain the transfer function of the craniospinal
system where the momentary difference between the arterial
inflow and the venous outflow to and from the cranial vault is
the input and the driving force for the cranio-spinal CSF pul-
sation, i.e., the output of the system [14]. A schematic repre-
sentation of the compartmental model of the cranio-spinal
system and an example of the MRI-derived waveform of
blood and CSF flows demonstrating the input—output rela-
tionship between the blood and the CSF flow are shown in
Fig. 1. The electrical circuit of the biomechanical analogous
model includes the following lumped parameters: cranial
and spinal compliance (C1 and C2 respectively), cranial and
spinal CSF flow resistance (R1 and R2 respectively), and an
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Fig. 1 The cranio-spinal system compartmental model employed to
derive the cranio-spinal cerebrospinal fluid (CSF) compliance distribu-
tion. The arterial and venous volumetric flow rates are shown. The dif-

ference between these two waveforms (Art-Ven) is the driving force for
the cranio-spinal CSF (right)

Table 1 Hemodynamic measures in idiopathic intracranial hemorrhage (IIH) and controls: mean and SD values of main hemodynamic

parameters
IIH (n=11) Control (n=28) p Value

Age (years) 28.6+89 31.8+9.9 0.49
BMI (kg/m?) 342+5.1 36.4+5.8 0.38
Total cerebral blood flow (TCBF) (mL/  823+68 804+126 0.68
min)
Total internal jugular flow (TIJF) (mL/ 539+91* 634+84 0.03
min)
Dominant IJF (mL/min) 385+111 430+104 0.39
Non-dominant IJF (mL/min) 148 +68 209+78 0.08
TUF/TCBF 0.65+0.08° 0.80+0.10 0.004

“Difference is statistically significant

inertia component (/2) to model the inertia-dominated CSF  Results

flow between the cranium and spinal canal [11]. The biome-
chanical characteristics of the CS system can be expressed
by a transfer function, H(s), shown in Eq. 1, which is the
ratio of the Laplace transforms of the output (CSF flow
waveform) to the input (arterial minus venous flow
waveform).

Rl 1

e+ —

s2+i(R1+R2)s+L L
12 12\ Cl1 C2

The ratio of the cranio and spinal canal compliance is
then obtained by dividing the zero order coefficients in the
numerator and denominator of the transfer function, as
shown in Eq. 2.

1

c2 12l
ci+c2 1(1 1
n2\cl c2

@)

Mean and SD values of total cerebral blood flow (TCBF),
total internal jugular flow (TIJF), flows through dominant
internal jugular veins (DIJF), nondominant internal jugular
veins (NIJF), and total internal jugular flow (TIJF) normal-
ized to total cerebral blood flow are summarized in Table 1.
Venous drainage through the primary venous channels is sig-
nificantly reduced in ITH patient compared with healthy sub-
jects. This difference is further enhanced after normalization
with total cerebral blood flow as demonstrated by the smaller
p value (p value <0.004). Example of a 3D MRYV rendering of
the extra-cranial venous vasculature from a control subject
and from an [TH patient demonstrating the increased drainage
through secondary channels in ITH is shown in Fig. 2. Means
and SDs of morphological measures, CSF production rates
and contribution to spinal canal compliance are summarized
in Table 2. A trend toward slightly larger ventricular volumes
in the ITH was observed. However, this trend was not statisti-
cally significant. No difference was found in CSF production
rates between IIH and healthy. However, a larger but not sig-
nificantly different variability in the CSF production was
observed. In contrast to the morphological measures, spinal
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Fig. 2 Example of Magnetic resonance venography of cervical venous
drainage in a control subject (/eft) and an idiopathic intracranial hyper-
tension (ITH) patient (right). In the healthy subjects, the venous drainage

occurs mainly through the jugular veins (arrows) while in the IIH
patients an increased drainage through the secondary venous channels
(e.g., vertebral, deep cervical, epidural veins; arrowheads) is observed

Table 2 Intracranial morphology, CSF production rate, and compliance distribution in ITH and controls

IIH (n=11) Control (n=28) p Value
Lateral ventricular volume (LVV) (cm?) 16.5+6.6 14.8+5.5 0.57
Total ventricular volume (TVV) (cm?®) 18.5+£6.8 16.8+£5.7 0.56
Intracranial volume (ICV) (cm?) 1374.2+103.2 1335.6+88.9 0.40
TVV/ICV (%) 1.34+0.46 1.27+0.47 0.74
Supratentorial CSF production rate (mL/min) 0.44+0.28 0.44+0.17° 0.99
Spinal canal compliance/total compliance 0.60+0.12° 0.75+0.09 0.026

*SD of CSF production is not significantly different, p=0.13
"Difference is statistically significant

canal compliance contribution is significantly different in [TH
and controls. A significantly smaller contribution to spinal
canal compliance (0.6 vs. 0.75) was found in ITH (p=0.026).

Discussion

An MRI-based comprehensive characterization of the cerebral
hemodynamics, venous drainage, cerebral ventricular mor-
phology, and cranio-spinal compliance distribution was applied
to homogeneous cohorts of pretreated female ITH subjects and
an age- and BMI-similar group of healthy women. Several sig-
nificant differences that further elucidate the pathophysiology
of ITH have been identified. The most significant finding of this
study is a contribution to lower spinal canal compliance in ITH.

Mechanical compliance represents the ability of a compart-
ment to accommodate an increase in volume without a large
increase in pressure. A subject-specific assessment of the rela-
tive contribution of the spinal canal to the overall cranio-spinal
compliance based on the relationship of the blood flow and
cranio-spinal CSF flow reveals that spinal canal compliance
buffering is significantly reduced in ITH.

Conclusion

This finding suggests, for the first time, that the spinal canal
plays an important role in the pathophysiology of ITH. It has
been documented that ICP fluctuates considerably over a
short period of time in IIH. As the spinal canal provides most
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of the buffering for increased CSF volume, reduced spinal
canal compliance buffering provides a good explanation of
the impaired regulation of CSF pressure in IIH. This finding
further explains why obesity carries an increased risk of ITH.
Hogan et al. reported significantly smaller CSF space cross-
sectional areas in obese compared with slim subjects. They
attributed the smaller CSF area to inward displacement of
the neural foraminal contents caused by high abdominal
pressure [9]. Therefore, the already compressed spinal canal
CSF space in obese subjects is very likely increasing resis-
tance for expansion, thereby reducing the spinal canal com-
pliance buffering. The second important observation of
reduced cerebral venous drainage through the primary
venous channels is in agreement with an earlier report of
increased drainage through secondary venous channels in
IIH [2]. As previously suggested, this may reflect increased
resistance to venous drainage in ITH.
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