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Abstract

This study determines the reproducibility of magnetic resonance elastography(MRE) derived brain
stiffness in normal volunteers and compares it against pseudotumor patients before and after
lumbar puncture(LP).

MRE was performed on 10 normal volunteers for reproducibility and 14 pseudotumor patients
before and after LP. During LP, opening and closing cerebrospinal fluid(CSF) pressures were
recorded before and after removal of CSF and correlated to brain stiffness.

Stiffness reproducibility was observed (r>0.78;p<0.008). Whole brain opening LP stiffness was
significantly (p=0.04) higher than normals, but no significant difference (p=0.11) in closing LP
measurements. No significant correlation was observed between opening and closing pressure and
brain stiffness.
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Introduction

Brain stiffness has been studied in the context of many neurological disease processes,
including brain tumors (1,2), injury (3), multiple sclerosis (4), and many neurodegenerative
diseases (5,6), and is considered important, as it could provide quantitative biomechanical
measurements. It is known that stiffness is a function of pressure (7-9) and therefore it is
important to understand the influence of intracranial pressure on brain stiffness.

Pseudotumor cerebri, also known as idiopathic intracranial hypertension (I1H), is a disease
process characterized by elevated intracranial pressure of the cerebrospinal fluid (CSF)
around the brain, without the presence of a tumor or other underlying cause. The incidence
of 11H has been reported in the range of 1-2 cases per 100,000 people, with evidence of
increasing numbers in the last several years (10-13). The rate of occurrence in women is
consistently reported as being significantly higher compared to men (14). Patients with I11H
typically present with headache, although the disease can also clinically present with nausea
and vomiting, pulsatile tinnitus, decrease in visual acuity, papilledema, and rarely cranial
nerve palsy (10).

The current standard tool for diagnosing I1H is through a lumbar puncture (LP), where
intracranial pressure is determined through a measurement of CSF pressure, and other
pathologies are ruled out through routine imaging and laboratory analysis (15). LP is also
used as a disease management modality since removing a certain amount of CSF during the
procedure can lower intracranial pressure and relieve symptoms. This procedure is
considered invasive, with risk of complications (16). Some patients tested for 1IH are found
to have normal pressures, yet claim that after the procedure they experience improvement in
their symptoms. Finding an alternative non-invasive method for determining intracranial
pressure would be beneficial to filter true 11H cases from patients experiencing headache not
related to increased intracranial pressure. However, in these patients, LP would have a
therapeutic benefit not related to lowering of a high intracranial pressure, possibly related to
placebo effect (17-19).

Magnetic resonance elastography (MRE) is a novel non-invasive imaging technique used to
estimate spatial stiffness of soft tissues (20-25). It is a phase contrast technique in which
mechanical waves are synchronized with a motion encoding gradient to generate wave
images. These wave images depict the small displacements that result from mechanical
waves propagating throughout the tissues in certain regions of interest. These images are
subsequently processed using an inversion algorithm to generate stiffness maps. Currently,
MRE is a clinical diagnostic tool in staging liver fibrosis (26).

MRE was used to test-retest repeatability in measuring regional brain stiffness in healthy
volunteers (27). Elasticity has been shown to be related to intracranial pressure (7-9).
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Additionally, this modality is also being investigated for brain applications including
Parkinson’s disease, Alzheimer's disease, traumatic brain injury, brain tumors including
meningioma, multiple sclerosis, autoimmune encephalomyelitis, and normal pressure
hydrocephalus (1-3,5,6,28,29).

Recently, volumetric strain in the brain was shown to correlate to venous pressure altered by
abdominal muscle contraction (30), where volumetric strain is an indirect surrogate for
estimating the compliance (i.e. inverse of stiffness) of the soft tissue. Therefore, we
hypothesize that MRE-derived brain stiffness in pseudotumor patients may be higher than
normal volunteers and may correlate with intracranial pressure. The purpose of this study is
to determine i) the reproducibility of MRE-derived brain stiffness in normal volunteers; ii)
the MRE-derived brain stiffness in pseudotumor patients before and after LP and comparing
it against normal volunteers; and iii) the relationship between MRE-derived stiffness and
intracranial pressure in patients with pseudotumor cerebri before and after LP.

This study was approved by the Institutional Review Board and written informed consent
was obtained from 10 normal volunteers (n=20 samples) and 14 patients (n=28 samples).
Normal volunteers (age: 23-36 years, mean: 28.9 years, median: 27.5 years) were recruited
for performing reproducibility study. For reproducibility study, after the first scan normal
volunteers were asked to step out of the scanner and were repositioned for a repeat MRE
study.

Patients were recruited as they presented at the institution’s emergency department with
symptoms, or during scheduled appointments to evaluate the functionality of a previously
implanted shunt. Clinical examination and/or previous medical records were used to confirm
suspected I1H. Patients with headache, papilledema confirmed through ophthalmic
assessment, and prior imaging to exclude the presence of a mass lesion were included in the
study. Fourteen patients (13 female, 1 male) were screened and included in this study (age:
25-53 years, mean: 38.7 years, median: 37 years). Two subjects had shunts, which were
deemed MRI compatible. Conventional MRI as well as MRE of the brain was performed,
before and after LP to measure opening and closing CSF pressures. In the two patients with
shunts, there was signal loss both in the magnitude and phase images. The regions with
signal loss were not included in the study. Additionally, there was no problem in introducing
vibration into the brain in these two patients.

Data Acquisition

All imaging was performed using a clinical 3T MRI system (\erio, Siemens Healthcare,
Erlangen, Germany). The subjects (i.e. both normal volunteers and patients) were positioned
supine and head-first with a passive MRE pillow driver placed under their heads as shown in
Figure 1.

Mechanical waves were non-invasively introduced into the brain using a pneumatic driver
system (Resoundant Inc., Rochester, MN, USA), consisting of a remote active driver, along
with a passive component adjacent to the head, connected through a rigid, plastic tube.
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Acoustic vibrations of 60 Hz were used to produce waves in the brain. This frequency is
based on prior work considering the depth of wave penetration and the power required to
achieve detectable waves (2). Standard anatomical gradient-recalled echo (GRE) sequences
were used to acquire 10-20 axial slices covering the brain, focusing on the lateral ventricles.
A separate GRE-MRE sequence (31) was performed both in normal volunteers and patients
covering the same region, with the following imaging parameters: TE/TR = 21/25 ms; field
of view (FOV) = 256x256 mm?; slice thickness 3-5 mm; matrix size = 128x64; flip angle =
16, generalized autocalibrating partially parallel acquisition (GRAPPA) acceleration factor
= 2 with 24 reference lines, and 4 MRE phase offsets. This sequence was synchronized to
the applied acoustic vibrations. First moment nulled motion encoding gradients were applied
separately in all three directions to encode the in-plane and through-plane motion with a
period of 16.67 ms. The number of slices varied based on the size of the brain and coverage
of the ventricles. Additionally, the slice thickness was also varied from 3mm to 5mm in
some patients in order to reduce scan time for patient comfortability.

MRE data was acquired to obtain stiffness measurements before and after LP procedure and
is referred to as opening LP and closing LP in this study, respectively. During the LP
procedure, the patient lay prone on the fluoroscopy table. The LP was generally performed
at the L2-3 level using a 20 gauge 3.5 inch spinal needle and using a paramedian approach,
with the needle entering the thecal sac through the interlaminar space just lateral to the
spinous process with the goal that the tip of the needle terminating in the midline. Once CSF
was noted in the needle, the stylet was replaced and the patient was turned to a left lateral
decubitus position. The stylet was removed and the manometer was then connected to the
needle hub with short tubing and the manometer 0-mark placed at the level of the spine. The
CSF was allowed to equilibrate and when the meniscus stopped, this was considered
equilibrium and the pressure was recorded. Recorded opening pressures were used to
confirm suspected I1H in previously undiagnosed patients, using the clinical criterion that
LP opening pressure should be higher than 25 cm H,0. Between 6 and 20 ml of CSF was
removed for lab analysis and for therapeutic purposes in each patient generally the pressure
was lowered with the goal in the range of 12—18 cm of water. Closing pressures were
recorded and the needle was removed. There was a cool down period of 1 hour where the
patients were required to lay flat before going back to MRI for the closing LP scan.

Image Analysis

The acquired data was visually inspected for artifacts and subsequently analyzed. Octahedral
shear strain-signal to noise ratio (OSS-SNR) [35] was performed to determine the regions
with adequate SNR. Regions of interest (ROI) were drawn to exclude the skull or regions
with artifacts stemming from the presence of shunts and also an OSS-SNR<3. Using MRE-
Lab software (Mayo Clinic, Rochester, MN, USA), shear stiffness maps of the brain were
calculated using a 3D Local Frequency Estimation (LFE) inversion algorithm. In this
algorithm, first, curl processing was performed to remove longitudinal waves, followed by a
directional filter to remove reflected waves (24). Finally, first harmonic displacements were
processed to obtain the weighted spatial stiffness map of the brain. A group of slices that
depict the largest coverage of the ventricles was selected and used for statistical analysis.
ROI’s were drawn by a trained radiologist around the periventricular regions of the lateral
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and third ventricles to determine local stiffness. Figure 2 demonstrates the ROI boundary
drawn where blue shows brain after eroding boundary pixels, red and cyan shows
periventricular regions of the lateral and third ventricles, respectively.

Statistical Analysis

Results

Pearson correlation analysis was performed to determine the reproducibility of stiffness
measurements between two scans, and Bland-Altman plots were also used to visualize the
agreement of the two scans. Data was normalized by log, transformation and an influential
outlier was excluded based on interquartile range rule (IQR) during analysis. Analysis of
variance (ANOVA) was performed to compare stiffness estimates between normal
volunteers and patients (mean of scanl and scan2) for opening LP and closing LP stiffness
estimates in each section, using Holm’s (step down Bonferroni) method [36] to adjust
multiplicity. Pressure and stiffness measurements opening LP and closing LP were
compared using a paired t-test, to determine statistically significant differences (p<0.05). A
spearman correlation analysis using regression line was performed to determine relationship
between opening LP and closing LP stiffness values and LP opening and closing pressures,
respectively, for the periventricular regions as well as the whole axial plane of the brain.
Additionally, a Pearson correlation analysis was performed to determine relationship
between change in opening LP and closing LP stiffness values and change in LP opening
and closing pressures, respectively, the periventricular regions as well as the whole axial
plane of the brain.

Good agreement in brain stiffness measurements was found between repeated scans within
the same volunteer. The mean absolute percentage difference in stiffness values between
repeated scans was 4.8+3.3 kPa, 7.7+4.3 kPa and 10.6+7.6 kPa for whole brain,
periventricular region of lateral and third ventricle, respectively. Figure 3a—c shows Pearson
correlation plots between repeat scans for whole brain, periventricular region of lateral
ventricle and the third ventricle with correlation coefficients of 0.78, 0.81 and 0.81,
respectively with a significant p-value<0.008.

Figure 4a—c shows Bland-Altman plots of the repeatability study for whole brain,
periventricular region of lateral and third ventricle with observed mean difference of 0.045
kPa (95% CI:-0.18 kPa, 0.27 kPa), 0.038 (95% CI: —0.27 kPa, 0.35 kPa) and 0.13 kPa (95%
Cl: —0.29 kPa, 0.56 kPa), respectively.

Minor differences in stiffness estimates were observed between opening LP and closing LP.
Figures 5a—f and 5g-I show an axial magnitude image, snapshot of wave images and
stiffness maps covering the lateral ventricles, acquired before and after LP, respectively, in
the same patient. 11 ml CSF was drained from this patient. Mean stiffness across the whole
brain in this patient was 2.04+0.59 kPa before LP and 2.02+0.58 kPa after LP. Figure 5m-r
shows an axial magnitude image, snapshot of wave images and stiffness map in a normal
volunteer. Mean stiffness across the whole brain in this normal volunteer was 2.1+0.71 kPa.
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Whole brain stiffness was significantly (p=0.04) higher in opening LP patients but non-
significant (p=0.11) in closing LP patients when compared to normal subjects. Figure 6a
shows boxplot of normalized MRE-derived stiffness measurements in the normal, opening
LP and closing LP patients. Normalized mean stiffness measurements of normal volunteers,
opening LP and closing LP patients were 0.96+0.11, 1.10+0.15, and 1.10+0.26, respectively.

Lateral ventricle periventricular region stiffness was significantly (p<0.001) higher in
opening LP and closing LP when compared to hormal subjects. Figure 6b shows boxplot of
normalized MRE-derived stiffness measurements in normal, opening LP and closing LP
patients. Normalized mean stiffness measurements of normal volunteers, opening LP and
closing LP patients were 0.70+0.19, 1.09+0.19, and 1.10+0.30, respectively.

No significant difference (p>0.1) in third ventricle periventricular region stiffness was
observed in patients before opening LP and after closing LP when compared to normal
subjects. Figure 6¢ shows boxplot of normalized MRE-derived stiffness measurements in
normal, opening LP and closing LP patients. Normalized mean stiffness measurements of
normal volunteers, opening LP and closing LP were 0.70+0.27, 0.87+0.39, and 0.94+0.41,
respectively.

Opening LP and closing LP stiffness estimates of the brain did not change significantly (all
p>0.55). Whole brain stiffness measurements before and after LP are shown in Table 1,
where it can be observed that 1 patient displayed a slight decrease in stiffness, 3 displayed
slight increase in stiffness, and in 10 patients the stiffness remained unchanged.

Mean opening LP and closing LP whole brain stiffness values across all subjects were
2.10+0.3 kPa and 2.11+0.4 kPa, respectively, with no significant difference (p=0.94), as
illustrated in Figure 7a. Similarly, no significant change in opening LP and closing LP
stiffness was observed in periventricular region of lateral ventricle (Figure 7b) and third
ventricle (Figure 7¢), respectively. The mean stiffness of lateral ventricle periventricular
region opening LP and closing LP was 2.10+0.35 kPa and 2.11+0.51 kPa, respectively; and
for third ventricle periventricular region were 1.87+0.54 kPa and 1.95+0.62 kPa,
respectively.

A significant difference in opening and closing pressures was found (p<0.0001). All subjects
displayed elevated (>15 cm H,0) opening pressures except one, and 5 patients had pressure
readings > 25 cm H»0, as shown in Table 1. Opening and closing pressures ranged from 1
cm H,0 to 38.5 cm H,0, with a mean opening pressure of 23.5+8.0 cm H,0 and a mean
closing pressure of 14.3+4.3 cm H,0.

No significant correlation was found between stiffness and pressure in the whole brain.
Figure 8a showed no correlation (p=—0.42, p=0.13) between opening LP stiffness
measurements and opening LP opening pressure. Closing LP stiffness and LP closing
pressure showed no correlation either (p=—0.19, p=0.52), as shown in Figure 8b.

Stiffness in the regions surrounding the lateral ventricles showed no correlation with
pressure. Opening LP stiffness demonstrated no significant correlation to opening pressure
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(p=—0.27, p=0.34) as shown in Figure 8c. Figure 8d shows closing LP stiffness as a function
of closing pressure, with a non-significant correlation (p=—0.16, p=0.59).

Measurements in the regions surrounding the third ventricles showed similar results, with
opening LP stiffness (Figure 8e) non-significantly correlated to opening pressure (p=-0.46,
p=0.09) and closing LP stiffness (Figure 8f) showing no linear correlation to closing LP
pressure (p=-0.05, p=0.86).

No correlation of change in stiffness to change in pressure was found. Figures 9a—c show no
significant correlation to change in pressure to change in stiffness in the whole brain
(p=0.11, p=0.71), lateral ventricle (p=0.26, p=0.38) and third ventricle (p=—-0.25, p=0.39),
respectively.

In the ventricular regions, stiffness estimates did not display significant changes either.
Measurement results for the lateral ventricle periventricular region, and the third ventricle
periventricular region, are tabulated in Table 2.

In these regions, 9 cases showed slight decrease in closing LP stiffness in lateral ventricle;
and 5 cases showed slight decrease in closing LP stiffness in the 3" ventricular region.

Discussion

This study demonstrated good reproducibility of estimating brain stiffness and showed
significant difference in stiffness estimates between normal and 11H patients in whole brain
as well as periventricular regions of lateral ventricle. No significant correlation was found
between LP pressure and brain stiffness. In particular, opening LP and closing LP MRE-
derived brain stiffness showed no correlation to opening and closing LP pressures. No
change in brain stiffness was observed before and after LP, despite CSF drainage to reduce
pressure.

Prior studies have examined the normal topography of the brain and elicited normal values
for different regions of the brain (32,33), but to our knowledge no study prior to ours tried to
correlate intracranial pressure in I1H patients to brain stiffness. Similarly, earlier studies did
not compare brain stiffness measurements in I1H patients to that of normal volunteers.
However, there were studies (7,9) that indirectly estimated the biomechanical properties of
the brain and its relationship to intracranial pressure. Shapiro et al (7) study was performed
in cats and indirectly inferred biomechanical properties in hydrocephalus cats based on
resistance to CSF absorption and pressure volume index. Similarly, Sklar et al (9) had only
few patients with pseudotumor cerebri, where the authors observed variation in intracranial
pressure at the level of intracranial pressure correlating to elasticity slope. This elasticity
slope is an indirect surrogate of biomechanical properties of the brain, which was measured
based on the CSF absorption to the change in intracranial pressure. However, our
measurements were determined based on the tissue response to an external excitation at a
particular frequency. Therefore, we cannot have a direct comparison of above studies to our
results.
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An important question relevant to this study is by what mechanism brain stiffness is related
to intracranial pressure. Based on our results, the amount of decrease in intracranial pressure
after LP may not have significantly altered the acute brain stiffness. If the brain is viewed as
a passive component inside a closed system consisting of CSF surrounded by skull, then a
positive correlation between stiffness and pressure would have been expected, i.e. an
increase in CSF pressure would reflect upon the brain, resulting in an increased stiffness.
However, the results shown in this study do not indicate such a trend, demonstrating that this
causal perspective of the brain is incomplete in this scenario. A possible reason for not
observing a correlation between CSF pressure and stiffness might be due to the fact that
vascular pressure would have additional influence on stiffness estimates, or that the temporal
resolution of brain stiffness change lies outside the experimental setup. Perhaps there is a
delayed response between intracranial pressure change and brain stiffness change. However,
we have found that brain stiffness in I1H patients was significantly higher than normals,
indicating chronic influence of pressure compared to the acute changes (i.e. opening LP and
closing LP).

Previous studies have shown that in normal pressure hydrocephalus (34-36), CSF pressure
did not increase significantly. Furthermore, Streitberger et al. observed a decrease in shear
modulus in normal pressure hydrocephalus patients (37). These studies further corroborate
our findings that CSF pressure may not be the main factor influencing brain stiffness.

There are several limitations in our study. First, this study has a limited population size, with
lumbar puncture revealing only a small number of patients with severely increased CSF
pressures. This further demonstrates the difficulty in determining IIH symptomatically.
Second, this study did not include a vascular component. Venous pressures were not
measured, but only CSF pressures. Third, because of different slices and slice thickness
there is a possibility of partial volume effects causing varying phase changes in adjacent
regions of CSF. This can possibly affect the stiffness estimates in those regions. Fourth,
psychological factors related to pain and anxiety during LP has shown transient elevation in
CSF pressure due to Valsalva maneuver (45, 46) which could affect opening pressure
measurements. Finally, not all patients were imaged immediately after the LP procedure, but
within a 2 hour window due to cool down period and scanner availability.

Future work involves a longitudinal study measuring stiffness over an extended period of
time in a larger study population. A long-term study may provide insight into the dynamic
response of stiffness to pressure changes, as well as possible adaptive behaviors. It would be
beneficial to include patients with slightly increased CSF pressures that may develop into
true 11H cases, as well as acute and chronic pseudotumor cerebri patients.

In conclusion, good reproducibility of MRE-derived brain stiffness in normal volunteers was
determined. There was a significant difference in MRE-derived brain stiffness between
normal volunteers and I1H patients. Moreover, CSF intracranial pressure did not
significantly alter brain stiffness before and after LP, and that additional work is warranted.
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Highlights
. MRE-derived stiffness measurements of the brain are reproducible.
. MRE brain stiffness in pseudotumor patients before and after LP was

investigated.

. MRE stiffness was significantly higher in I1H patients before LP compared to
normal healthy volunteers.

. No correlation was observed between opening and closing pressure and
stiffness.
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Active Driver

Plastic Tube Passive Pillow Driver

Figure 1.
Schematic of the MRE driver setup. A pillow driver is placed posterior to the head, and

acoustic waves are noninvasively transmitted from the active driver to the pillow, and into
the subject’s brain. These waves are subsequently imaged and used to calculate the shear
modulus.
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Figure 2.
ROI drawn for whole brain after eroding boundary pixels in blue, periventricular regions of

lateral ventricle in red and periventricular regions of third ventricle in cyan.
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Plot demonstrating the correlation of MRE-derived brain stiffness measurements between
inter-scans. a) Pearson correlation coefficient of 0.78 with p=0.0081 between scan 1 and
scan 2 of whole brain stiffness measurements. b) Pearson correlation coefficient of 0.81 with
p=0.0042 between scanl and scan 2 of lateral ventricular region stiffness measurements. c)
Pearson correlation coefficient of 0.81 with p=0.0042 between scanl and scan 2 of 3rd
ventricular region stiffness measurements. All these plots demonstrate good reproducible
MRE-derived brain stiffness measurements.
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0.35

0.038

Bland-Altman plots for a) whole brain with observed average agreement of 0.045(95% ClI:
-0.18,0.27); b) periventricular region of lateral ventricle with observed average agreement of
0.038 (95% ClI: -0.27, 0.35); c) periventricular region of third ventricle with observed
average agreement of 0.13(95% CI: -0.29, 0.56).
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Opening LP
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Figure 5.
An axial magnitude image (a; g) covering the lateral ventricles in a pseudotumor cerebri

patient, along with snap shots of wave images (b—e; h-k) with motion encoding in the
anterior-posterior direction and (f; I) the corresponding shear stiffness map before and after
LP, respectively. An axial magnitude image (m) in a normal volunteer, along with snap shots
of wave images (n—q) with the corresponding shear stiffness map (r).
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Closing LP

Boxplot of normalized MRE-derived stiffness measurements in normal, opening LP and
closing LP patients in whole brain region (a), lateral ventricle periventricular region (b) and

third ventricle periventricular region (c).
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Figure 7.

Closing LP

a) Plot of whole brain stiffness for all patients opening LP and closing LP with means of
2.11+0.3 and 2.12+0.4 kPa, respectively showing no significant difference (p=0.94). b) Plot
of lateral ventricular stiffness for all patients opening LP and closing LP with means of
2.1+0.35 and 2.1+0.51 kPa, respectively showing no significant difference (p=0.88) and c)
for 3rd ventricular region were 1.87+0.54 and 1.95+0.62 kPa, respectively showing no

significant difference (p=0.55).
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Figure 8.

Spearman rho correlation plot between MRE-derived opening LP whole brain shear stiffness
and LP opening pressure (p=—0.42, p=0.13) (a); closing LP whole brain shear stiffness and
LP closing pressure (p=-0.19, p=0.52) (b); opening LP lateral ventricle shear stiffness and
LP opening pressure (p=—0.27, p=0.34) (c); closing LP lateral ventricle shear stiffness and
LP closing pressure (p=-0.16, p=0.59) (d); opening LP 3rd ventricle shear stiffness and LP
opening pressure (p=—0.46, p=0.09) (e) and closing LP 3rd ventricle shear stiffness and LP

closing pressure (p=-0.05, p=0.86) (f).
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Plot demonstrating the correlation of change in MRE-derived stiffness measurements with
change in pressure. No significant (all p > 0.05) was found in whole brain (a), lateral

ventricle (b), and third ventricle (c).
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LP opening and closing pressures, along with corresponding whole brain stiffness estimates. All subjects
displayed elevated opening pressures, with 5 having opening pressures > 25 cm H20 (bold, italic). No
consistent increase or decrease is observed in stiffness.

Patient number

LP opening pressure (cm

Whole brain stiffness

LP closing pressure (cm

Whole brain stiffness

H,0) opening LP (kPa) H,0) closing LP (kPa)

1 8.5 2.04 1 2.02
2 215 2 135 2.2
3 18 25 12 25
4 38.5 2.2 18 2.15
5 22 2.4 16 2.3
6 23 2.4 15 24
7 18 2.2 14 2.4
8 20 25 14 2.7
9 17 2.1 15 2

10 36 2 18 2.1
11 20 2.1 15 2

12 28 1.9 13 13
13 29 1.8 16 2.3
14 30 14 19 13
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Brain stiffness measurements surrounding the lateral and 3rd ventricles opening LP and closing LP, for the
patients corresponding to Table 1 and 5 subjects displayed opening pressures>25cm H20 (bold, italic). No
consistent increase or decrease is observed in stiffness.

Patient number

Opening LP stiffness
surrounding lateral

Closing LP stiffness
surrounding lateral

Opening LP stiffness
surrounding 3" ventricle

Closing LP stiffness
surrounding 3" ventricle

ventricle ventricle
1 (kPa) 2.07 (kPa) 2.05 (kPa) 2.34 (kPa) 2.07
2 171 2.1 1.09 1.28
3 2.84 2.94 1.86 2.18
4 2.26 2.15 1.39 2.01
5 2.43 2.25 2.13 1.75
6 2.15 2.23 1.84 1.92
7 2.06 2.01 2.03 1.58
8 2.57 2.95 3.29 3.54
9 2.06 2.15 1.98 2.2
10 2.02 2.01 2.13 2.17
11 1.9 1.87 1.46 1.53
12 1.92 1.25 1.76 1.24
13 1.94 2.47 1.45 2.62
14 1.46 1.13 1.52 1.23
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