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Quantitative Measurement of CSF in Patients with
Spontaneous Intracranial Hypotension

H.-C. Chen, "WP.-L. Chen, Y .-H. Tsai, ““’C.-H. Chen, ““’C.C.-C. Chen, and “*).-W. Chai

ABSTRACT

BACKGROUND AND PURPOSE: CSF hypovolemia is a core feature of spontaneous intracranial hypotension. Spontaneous intracranial
hypotension is characterized by orthostatic headache and radiologic manifestations, including CSF along the neural sleeves, diffuse
pachymeningeal enhancement, and/or venous engorgement. However, these characteristics are only qualitative. Quantifying intraspinal
CSF volumes could improve spontaneous intracranial hypotension diagnosis and evaluation of hypovolemic statuses in patients with
spontaneous intracranial hypotension. The purpose of this study was to compare intraspinal CSF volumes across spontaneous intracranial
hypotension stages and to test the clinical applicability of these measures.

MATERIALS AND METHODS: A cohort of 23 patients with spontaneous intracranial hypotension and 32 healthy controls was subjected
to brain MR imaging and MR myelography with 1.5T imaging. An automatic threshold-based segmentation method was used to calculate
intraspinal CSF volumes at initial hospitalization (spontaneous intracranial hypotension-initial), partial improvement (spontaneous intra-
cranial hypotension-intermediate), and complete recovery (spontaneous intracranial hypotension-recovery) stages.

RESULTS: The mean intraspinal CSF volumes observed were the following: 95.31 mL for healthy controls, 72.31 mL for spontaneous
intracranial hypotension-initial, 81.15 mL for spontaneous intracranial hypotension-intermediate, and 93.74 mL for spontaneous intracranial
hypotension-recovery. Increased intraspinal CSF volumes were related to disease recovery (P < .001). The intraspinal CSF volumes of
patients before complete recovery were significantly lower than those of healthy controls. With the estimated intradural CSF volumes as
areference, the intraspinal CSF volume percentage was lower in patients with spontaneous intracranial hypotension with venous engorge-
ment than in those without it (P = .058).

CONCLUSIONS: With a threshold-based segmentation method, we found that spinal CSF hypovolemia is fundamentally related to
spontaneous intracranial hypotension. Intraspinal CSF volumes could be a sensitive parameter for the evaluation of treatment response
and follow-up monitoring in patients with spontaneous intracranial hypotension.

ABBREVIATIONS: BH = body height; BMI = body mass index; BW = body weight; 3D-SPACE = 3D sampling perfection with application-optimized contrasts by
using different flip angle evolution; ECSF = estimated intradural CSF volume; DPE = diffuse pachymeningeal enhancement; HC = healthy control; MRM = MR
myelography; SIH = spontaneous intracranial hypotension

S pontaneous intracranial hypotension (SIH) has been diag-
nosed increasingly as an important cause of headaches. Or-
thostatic headache is the characteristic symptom of STH caused by
CSF leakage in the spine. Despite the term “SIH,” CSF hypovole-

Received September 23, 2016; accepted after revision December 29.

From the Departments of Radiology (H.-C.C., C.-H.C., C.C.-C.C,,).-W.C.) and Neu-
rology (P.-L.C.), Taichung Veterans General Hospital, Taichung, Taiwan; Department
of Medicine (H.-C.C.), National Yang-Ming University, Taipei, Taiwan; and College
of Medicine (Y.-H.T., J.-W.C.), China Medical University, Taichung, Taiwan.

Please address correspondence to Jyh-Wen Chai, MD PhD, Department of Radiol-
ogy, Taichung Veterans General Hospital, Taichung 407, Taiwan, 1650 Taiwan Blvd,
Section 4, Taichung, Taiwan 407; e-mail: hubt@vghtc.gov.tw

E Indicates article with supplemental on-line table.
http://dx.doi.org/10.3174/ajnr.A5134

mia may be the core of the condition." About 18% of patients with
symptoms typical of SIH have normal CSF opening pressure.>’
The diagnosis of STH depends on various imaging characteristics
and clinical symptoms. The commonly reported findings indicat-
ing CSF leakage are epidural fluid accumulation with a dilated
epidural venous plexus, a triangular-shaped expansion of the
neural sleeve, and an irregular linear signal lateral to the neural
sleeve on spinal MR imaging or MR myelography (MRM).*>
Conventional brain MR imaging has demonstrated diffuse pachy-
meningeal enhancement (DPE), venous engorgement, and pitu-
itary hyperemia in patients with SIH.* However, DPE and other
brain MR imaging abnormalities are not observed in all patients
with SIH, especially in early-stage STH.®

As the amount of CSF decreases, the buoyant force from in-
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tracranial CSF is reduced and the brain descends while patients
are standing. This results in stretching of pain-sensitive structures
on the brain surface and causes orthostatic headaches. However,
CSF hypovolemia has only been linked indirectly as a causative
factor of SIH in the literature." Researchers have used imaging
signs to determine the severity of CSF hypovolemia, such as the
number of vertebral bodies over which leaked CSF had spread in
spine MR imaging and DPE in brain MR imaging.' Therefore, in
addition to morphologic alterations in the brain and spine, we
hypothesized that quantifying intraspinal CSF volumes would
be crucial to evaluating the hypovolemic status of patients with
SIH. This important issue of direct monitoring of CSF volume
depletion has not been discussed in the SIH literature, to our
knowledge.

The aim of this study was to apply an automatic segmentation
method to measure the entire CSF volume in the spine and detect
CSF hypovolemia in patients with SIH. Furthermore, we com-
pared intraspinal CSF volumes across SIH stages and tested the
clinical applicability of these measures.

MATERIALS AND METHODS

Subjects

Between January 2012 and February 2016, 23 patients diagnosed
with SIH (according to the criteria of Schievink et al” or the “In-
ternational Classification of Headache Disorders,” 3rd ed®) and
treated in the neurology department at our hospital (Taichung
Veterans General Hospital, Taichung, Taiwan) were enrolled in
our study. During their hospital stays, patients received conserva-
tive treatment and a targeted epidural blood patch. Whole-spine
MRM and conventional brain MR imaging were performed on
patients simultaneously at 3 different time points. All patients
underwent MR imaging on presentation/enrollment that was de-
fined as SIH-initial. Some patients received a second MR imaging
for an additional epidural blood patch when their clinical symp-
toms improved but did not resolve completely. These measure-
ments are the STH-intermediate. The mean time of MR imaging
for SIH-intermediate measurement was 8.41 = 4.34 days. If com-
plete recovery was achieved following treatment, patients received
another MR imaging, the STH-recovery measurement. Complete
recovery was defined as patients having no more headaches or
other associated clinical orthostatic symptoms and no CSF leak-
age or other abnormalities detected in MRM or MR imaging. The
mean time of MR imaging for SIH-recovery was 104.67 = 94.00
days.

Thirty-two healthy volunteers with no known neurologic dis-
orders, spine malformations, or previous spine operations were
recruited as healthy controls (HCs). Whole-spine MRM was per-
formed for each subject, and the only pathologic finding accept-
able for inclusion was minor degenerative changes of the spine.
Before enrollment, written informed consent was obtained from
all subjects. This study was approved by the institutional review
board of Taichung Veterans General Hospital.

MR Imaging Acquisition

Subjects underwent MRM and brain MR imaging on a 1.5T MR
imaging scanner (Magnetom Aera; Siemens, Erlangen, Ger-
many). Whole-spine MRM was performed with a 3D sampling
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perfection with application-optimized contrasts by using differ-
ent flip angle evolution (3D-SPACE) sequence (Siemens). The
MR imaging parameters were as follows: TR = 3000 ms, TE = 560
ms, isotropic voxel size = 0.9 mm’, matrix size = 320 X 320
pixels, and FOV = 200 mm. Fat suppression and a generalized
autocalibrating partially parallel acquisition imaging reconstruc-
tion with an acceleration factor of 2 were used. Images were ac-
quired volumetrically in the coronal plane of the cervical-to-tho-
racic and thoracic-to-lumbar regions of the spine, parallel to the
spinal curve with some overlapping. The acquisition time was 7
minutes 58 seconds for each segment. Conventional brain MR
imaging included axial spin-echo T1-weighted images (TR/TE,
500/10 ms) (2 minutes 12 seconds); axial fast-spin-echo T2-
weighted images (TR/TE, 3200/115 ms) (2 minutes 39 seconds);
and gadolinium-enhanced spin-echo TIWI in the axial (2 min-
utes 25 seconds), sagittal (2 minutes 10 seconds), and coronal
planes (1 minute 56 seconds). The contrast-enhanced study was
performed by using 1.0 mol/L of gadolinium chelate (gadobutrol,
Gadovist 1.0; Bayer Schering Pharma, Berlin, Germany) with 0.1
mmol per kilogram of body weight.

Intraspinal CSF Volume Measurement and

Data Segmentation

Before segmentation, a preprocessing of bias field correction was
performed to reduce intensity inhomogeneity in 2 sets of 3D-
SPACE whole-spine MRM studies. The threshold-based algo-
rithm of relative entropy has been proposed for use in clinical
applications to enable reproducible and facile image segmenta-
tion.””'* With the advantages of selecting an optimal threshold
value with local neighborhood information, the method could
extract hyperintense CSF voxels from other hypointense back-
ground tissue automatically and robustly in 3D-SPACE whole-
spine MRM. After processing, we calculated CSF volumes by
identifying all CSF-specific voxels from the tip of the odontoid
process to the end of the dural sac. The volumes obtained were
defined as intraspinal CSF volumes, including intra- and extra-
dural CSF in the spinal canal at SIH-initial and SIH-intermediate
measurements. For SIH-recovery measurements and HCs, in-
traspinal CSF volumes would be equal to intradural CSF because
no CSF leakage occurred. Intraspinal CSF volumes were evaluated
by using absolute data. We also estimated each subject’s intra-
dural CSF volumes by correlated parameters. The intraspinal CSF
volume percentage was defined as the following: Intraspinal CSF
Volumes of SIH-Initial / Estimated Intradural CSF Volumes.

Brain Imaging Measurements

Some qualitative indications in brain images were evaluated, in-
cluding the following: pituitary volumes (in cubic centimeters)
defined as the half-value of the product of the gland height,
length, and width; venous engorgement, which appears as a con-
vex upper surface of the sinus confluence on a sagittal view of
postcontrast TIWI; and any DPE, defined as continuously en-
hanced dural matter.

Statistical Analyses
All data were analyzed in SPSS software (Version 18; IBM, Ar-

monk, New York). Demographic data, intraspinal CSF volumes,



Table 1: Demographic data

Parameter Patients with SIH HCs P Value
Age, y (mean)? 38.83 = 11.83 3556 +10.02 393
Range 23-58 20-59
BMI, kg/m?* (mean)®  24.97 + 5.80 2207 = 4.24 .078

BH, m (mean)® 1.67 = 0.098 167 = 0.078 .942
BW, kg (mean)* 7222 £20.72 6148 =12.79 .077
Sex® .598
Male (No.) 8 10
Female (No.) 15 22

#Mann-Whitney U test.
© Two-sample t test.

and brain MR imaging findings were compared between HCs and
the SIH-initial, SIH-intermediate, and SIH-recovery measure-
ments of patients. We used Kolmogorov-Smirnov tests to verify
normal distribution of continuous variables. The age, body mass
index (BMI), body height (BH), body weight (BW), and intraspi-
nal CSF volume data for subjects with SIH and HCs were not
normally distributed and were therefore analyzed with nonpara-
metric Mann-Whitney tests. The sexes between patients with STH
and HCs were analyzed by using a 2-sample ¢ test. The difference
among SIH-initial, SIH-intermediate, and SIH-recovery mea-
surements was analyzed with the paired ¢ test. The relationships
between intraspinal CSF volumes of the HCs and SIH-recovery
measurements with age, BMI, BH, BW, and sex were subjected to
the Spearman rank-based correlation coefficient. For estimated
intradural CSF volumes (ECSF), we used linear regression to fit
parameters that correlated with the intraspinal CSF volumes in
SIH-recovery measurements of patients and HCs. All tests were
2-tailed with statistical significance at P < .05.

RESULTS

Patient demographics and baseline characteristics are summa-
rized in Table 1. There were no statistical differences in age, sex,
BMI, BH, or BW between the patients with STH and HCs. Most of
our patients had a significant amount CSF leakage at the spinal
nerve roots with epidural fluid accumulation. The extent of CSF
leakage for each patient is summarized in the On-line Table. All
patients received at least 1 targeted epidural blood patch without
any complications. Five patients did not have follow-up MR im-
aging at symptoms partially improved. Five patients were found
to not have achieved complete recovery. Comparisons of spinal
and brain MR imaging data between HCs and patients with STH
are reported in Table 2.

Intraspinal CSF Volumes

The mean intraspinal CSF volumes obtained for the SIH-initial
(72.31 mL) and SIH-intermediate (81.15 mL) stages differed sig-
nificantly from those of the HCs (95.31 mL; P < .001 and P < .05,
respectively). However, the mean intraspinal CSF volumes ob-
tained for the SIH-recovery stage (93.74 mL) were similar to those
of the HCs (P = .731). Intraspinal CSF volumes increased step-
wise (P < .001) in patients with SIH from SIH-initial to SIH-
intermediate to STH-recovery.

Estimated Intradural CSF Volumes
Intraspinal CSF volumes of HCs and SIH-recovery measurements
correlated moderately well and significantly with BH (correlation

Table 2: Spinal MR imaging parameters and brain MRI findings
from HCs and patients with SIH at initial, intermediate, and
recovery stages

Intraspinal Pituitary
CSF Volumes Volumes
(mL) (cm?)
HCs (n = 32) 95.31 £ 15.48
SIH Ini (n = 23) 72.31£19.35 0.60 £ 0.20
Int (n =18) 8115 = 25.41 0.47 = 0.15
Rec (n = 18) 9374 +20.33 0.36 = 0.14
P value? HCs vs SIH,; <.001°
HCs vs SIH, . <.05°
HCs vs SIHgec 731
P value® SIH,,; vs SIH,, <.001° <.001°
SIH,; VS SIHgec <.001° <.001°
SIH,,,; vs SIHg.. <.001° 155
Note:—Ini indicates initial; Int, intermediate, Rec, recovery.
#Mann-Whitney U test.
© Significant.
 Paired t test.
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FIG 1. Linear regression equation and figure of intraspinal CSF vol-
umes with BH.

0.444, P = .002), but not with BMI (correlation
coefficient = —0.033, P = .822), BW (correlation coefficient =
0.073, P = .622), age (correlation coefficient = —0.215, P = .134),
or sex (correlation coefficient = —0.233, P = .164). Because in-

coefficient =

tradural CSF volumes varied across individuals, we estimated
each subject’s intradural CSF volumes by using a linear regression
equation according to BH to see whether it could provide useful
clinical information for diagnosis and treatment (Fig 1).

Relative to ECSF values, intraspinal CSF volumes in the STH-
initial (P < .001) and SIH-intermediate (P < .05) groups, but not
the SIH-recovery group (P = .772), were significantly reduced
(Table 3).

Diffuse Pachymeningeal Enhancement

Among the 23 patients with SIH, 15 had DPE (Table 4). The
mean intraspinal CSF volumes of patients with SIH and DPE
(70.14 = 18.74 mL) did not differ significantly from those of
patients with SIH without DPE (76.36 * 21.10 mL, P = .388).
The intraspinal CSF volume percentage (ie, quotient of the
initial intraspinal CSF volumes and ECSF volumes) also did
not differ significantly between patients with SIH with and
without DPE (P = .274).

Venous Engorgement
Among the 23 patients with SIH, 13 showed venous engorgement
and the other 10 did not (Table 4). The intraspinal CSF volumes of
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patients with SIH with venous engorgement (66.24 = 16.40 mL)
did not differ from those of patients without venous engorgement
(80.19 = 20.84 mL, P = .128). Although the intraspinal CSF vol-
ume percentage of patients with SIH with venous engorgement
did not differ from that of those without venous engorgement
(P = .058), there seemed to be a trend toward patients with STH
with venous engorgement having a lower intraspinal CSF volume
percentage.

Pituitary Volumes

As shown in Table 2, pituitary volumes were significantly
larger in the STH-initial than in the STH-intermediate and STH-
recovery measurements (both P < .001). However, there was
no significant difference in the STH-intermediate and SIH-re-
covery pituitary volumes (P = .155). Pituitary volumes did not
differ significantly between patients with STH with and without
DPE (P = .747, Table 4). However, the pituitary volumes of
patients with STH with venous engorgement were significantly
greater than those of patients with STH without venous en-
gorgement (P < .05, Table 4).

Case Illustration

MR imaging and MRM images obtained for a 57-year-old woman
who was diagnosed with CSF leakage into the spine are shown in
Fig 2. The initial brain MR imaging showed no evidence of DPE,
venous engorgement, or pituitary hyperemia. The calculated in-
traspinal CSF volume for this patient was 68.36 mL in the initial
stage. The estimated intradural CSF for this patient was 79.11 mL,
with an intraspinal CSF volume percentage of 86.5%. The intra-
dural CSF volume at complete recovery was 80.04 mL.

MR imaging and MRM images obtained for a 34-year-old man
who had orthostatic headache and was shown to have CSF leakage
into the spine are shown in Fig 3. The calculated intraspinal CSF
volume for this patient was 88.11 mL in the initial stage. DPE,
venous engorgement, and pituitary hyperemia were noted in the
patient’s initial brain MR imaging. The estimated intradural CSF

Table 3: Comparison of intraspinal CSF volumes at each SIH stage relative to the ECSF value

for this patient was 103.32 mL, with an intraspinal CSF volume
percentage of 85.3%. The intradural CSF volume at complete re-
covery was 109.15 mL.

DISCUSSION
In this study, we obtained direct measurements of intraspinal CSF
volumes in patients with SIH at 3 clinical stages and compared
them with those of HCs. Although the intraspinal CSF volumes in
the SIH-initial and SIH-intermediate measurements included
leaked CSF in the extradural space and intradural CSF, stepwise
increases in intraspinal CSF volumes were observed during the
disease recovery. Furthermore, the mean intraspinal CSF volume
was significantly lower in the STH-initial and -intermediate dis-
ease stages than in the STH-recovery stage or in HCs. These find-
ings support the hypothesis that CSF hypovolemia is a core fea-
ture of SIH syndrome.

The normal intraspinal CSF volume range for healthy subjects
has not been well-documented. In subjects without CSF leakage,
intraspinal CSF volumes should be equal to intradural CSF vol-

umes. Hogan etal'’

reported 2 healthy volunteers with intradural
CSF volumes of the spine plus nerve roots of 95 and 120 mL. The
only large-scale report was a study of 22 healthy volunteers having
a mean intradural CSF volume of 81 * 13 mL (range, 52-103
mL)."* In that study, the original images were obtained with 3D
balanced turbo-field echo pulse sequences and the regions for
measurement were drawn on the images manually. For CSF vol-
ume calculation, the original images were transformed to an axial
image of 1.9-mm thickness with a 0.7-mm spacing covering the
whole spine. Manually drawing the outline of the spinal cord,
spinal canal, and nerve root on every 10th axial image was per-
formed. The intradural CSF volume of the spine was calculated as
the following: Area of Spinal Canal — Nerve Roots and Spinal
Cord X Interslice Distance.

Here, we used automatic threshold-based segmentation meth-
ods for CSF analysis to estimate the mean intradural CSF volumes
of 32 HC:s. Slightly larger intradural CSF volumes were observed
in our study. The reason for the volume
differences might be from the imaging

SIH sequences and analytic methods. In our

Parameter ECSF(n=23) Ini(n=23) Int(n=18) Rec(n=1)  CXPeriment aheavily T2-weighted 3D-
Intraspinal CSFvolumes (mL)  93.03 = 1323 723121935 8115+ 2541 9374+ 2033  SUACE sequence was used to acquire
P values, ECSF vs SIH? - <.001° <.05P bep) whole spinal MRM, which provided

Note:—Ini indicates initial; Int, intermediate, Rec, recovery.
? Paired t test.
® Significant.

higher isotropic spatial resolution and
tissue contrast of CSF in whole spinal

Table 4: Comparison of MR imaging parameters between patients with SIH versus those without DPE and venous engorgement

Volume (Mean)

SIH with Ini SIH without Ini
Venous Venous
SIH with Ini SIH without Ini Engorgement Engorgement
DPE (n =15) DPE (n = 8) P Value® (n=13) (n=10) P Value®
Spinal
Intraspinal CSF volumes (mL) 70.14 £18.74 76.36 = 21.10 .388 66.24 +16.40 80.19 = 20.84 128
Intraspinal CSF volume percentage ~ 78.59 * 29.27 81.75 +19.64 274 70.87 = 1774 9116 * 30.99 .058
Brain
Pituitary volumes (cm?) 0.61+0.20 0.58 = 0.19 747 0.67 + 015 051+ 0.22 <.05°

Note:—Ini indicates initial; Int, intermediate, Rec, recovery.
#Mann-Whitney U test.
® Significant.
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FIG2. A 57-year-old woman diagnosed with CSF leakage in the spine
with epidural fluid accumulation (A) and CSF signals along the neural
sleeve (B) at the patient’s initial MRM. The patient’s initial brain MR
imaging showed no evidence of DPE (C), venous engorgement (D), or
pituitary hyperemia (E). 3D maximum intensity projection of the initial
MRM (F) revealed CSF leakage along the neural sleeves at the T-spine
(arrow) and reduced CSF volumes with lower CSF intensities of the
dural sac compared with 3D MIP of her recovery MRM (G).

images.'> We believed that sequence would be more sensitive for
detecting the CSF voxels than using a balanced turbo-field echo
sequence because the SPACE sequence has less susceptibility arti-
fact-related image blurring and better contrast-to-noise ra-
tio.'®'” Additionally, the automatic threshold-based segmentation
method could effectively eliminate the discrepancy from intra-
and interoperator variability and increase the reliability in clinical
applicability. Our cohort was younger (range, 3959 years) than
those in prior studies. For example, in Edsbagge et al,'* all partic-
ipants were older than 64 years of age. Degenerative spinal
changes, such as spurs or stenosis, might reduce intradural CSF
volumes. However, we did observe a wide variation of intradural
CSF volumes across individuals.

Using ECSF volumes as a reference to predict individual in-
traspinal CSF volumes, we discovered that patients with STH had
significantly lower intraspinal CSF volumes at their initial and
intermediate measurements. No significant differences in in-
traspinal CSF volumes were found between the recovery measure-
ments and the ECSF values. We presented 2 cases of STH with
about 20-mL differences in their intraspinal CSF volumes (68.36
versus 88.11 mL) at the initial stage (Figs 2 and 3). It was difficult
to determine whether their intraspinal CSF volumes were reduced

FIG 3. A 34-year-old man with orthostatic headache. CSF leakage at
the spine with epidural fluid accumulation (A) and CSF signals along
the neural sleeve (B) were seen at the patient’s initial MRM. DPE (C),
venous engorgement (D), and pituitary hyperemia (E) were noted at
the initial brain MR imaging. 3D maximum intensity projection of the
initial MRM (F) revealed an irregular contour along the neural sleeves
at the T-spine, indicating CSF leakage (arrow) and reduced CSF vol-
umes with lower CSF intensities of the dural sac compared with the
3D MIP of his recovery MRM (G).

by only using the absolute volumes. The male patient had higher
ECSF than the female patient (103.32 versus 79.11 mL). With
ECSF as a reference, both patients had significantly reduced CSF
volumes with the intraspinal CSF percentage of about 85% caus-
ing orthostatic headache and other image abnormalities. Their
intradural CSF volumes during recovery were 80.04 and 109.15
mL, respectively. Therefore, ECSF volumes might serve as an im-
portant reference for the diagnosis and evaluation of disease
severity.

SIH-associated brain changes can be explained by the Monro-
Kellie doctrine,'® wherein decreases in intracranial CSF volumes
are accompanied by increased volumes of brain tissue (eg, pitu-
itary hyperemia) or vascular structures (DPE or venous engorge-
ment). In our study, intraspinal CSF volumes and volume per-
centage in patients with STH with DPE (n = 15) were similar to the
values obtained for patients without DPE (n = 8). However, the
potential effect of venous engorgement on these parameters was
less clear. Although there was no significant difference of intraspi-
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nal CSF volumes between patients with SIH with (n = 13) and
without (n = 10) venous engorgement, there was a strong trend
toward a difference in intraspinal CSF volume percentage be-
tween these 2 groups (borderline P value = .058). This trend may
become a robustly significant difference with a larger sample size.
Venous engorgement was present in patients with more severe
CSF depletion and might not be present in those with mild CSF
volume loss. In a previous study, we also demonstrated that DPE
or venous engorgement reflected a more severe disease status and
may not be seen in patients with mild disease.® Therefore, we
believe that intraspinal CSF volumes and, especially, intraspinal
CSF volume percentage may be sensitive markers of STH progres-
sion. Spine MR imaging has also been reported useful for diag-
nosing SIH, especially at early stages.'’

Pituitary hyperemia has also been thought to be a sensitive
imaging marker of STH. All the patients in this study had an en-
larged pituitary gland, and the pituitary volumes decreased in
relation to symptomatic improvement. Pituitary volumes were
significantly greater in patients with venous engorgement than in
those without it. Although pituitary volumes may reflect disease
severity, pituitary volumes vary greatly across individuals, with

29 The maxi-

larger volumes often being seen in young women.
mum height was seen in the women between 20 and 40 years of
age and declined with age.”’ Twelve female patients achieved
complete recovery in our study. Their pituitary volumes did not
differ from those of male patients. Six of them are between 20 and
40 years of age, and the other 6 are older than 40 years of age. The
height and pituitary volume were not significantly different be-
tween these 2 groups. Two patients younger than 40 years of age
and 1 patient older than 40 years of age had convex-shape pitu-
itary glands. Even though SIH usually occurred in young women,
the pituitary size was still variable among subjects. Therefore, us-
ing absolute pituitary volumes as a diagnostic criterion of SIH is
inappropriate. However, relative change in pituitary volumes is a
good parameter for evaluation of treatment effects.

In this study, we found that intradural spinal CSF volumes
correlated positively with BH. No correlations were observed with
BMI, BW, age, and sex. In previous reports, no correlation was
found between intradural CSF and BH,'* and inverse correlations
of lumbosacral intradural CSF with BMI have been reported.’***
The number of vertebrae has been used as an indicator of intra-
dural CSF volume." Therefore, we thought that lower limb length
might explain the variance in the relationship between BH and
intradural CSF volumes across individuals. Additional large-scale
studies may better uncover the relationships among clinical find-
ings, brain imaging findings, and intracranial and intraspinal CSF
volumes.

Our study has some limitations. First, because of the difficulty
of the autosegmentation method in separating extradural CSF
from intradural CSF in current status, the intraspinal CSF mea-
surements included both extra- and intradural spaces in SIH-
initial and SIH-intermediate measurements. Hence, the CSF that
leaked through dural defects was also included in our calculations
using our segmentation method. Even though the intraspinal CSF
volumes in STH-initial and SIH-intermediate measurements were
still significantly lower than those of healthy controls and SIH-
recovery measurements, most of our patients had a significant
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amount CSF leakage at the spinal nerve roots with epidural fluid
accumulation. Therefore, if we took account of only the intra-
dural CSF, we believe that the CSF volumes would be much lower
than those in healthy controls in the patients with SIH. Further
study with methods that can differentiate intradural CSF from
extradural CSF might elucidate the dynamic changes in patients
with SIH.

Second, our sample size was small, and intracranial CSF vol-
umes were not measured. Studies with larger sample sizes with
measurements of both intracranial and intraspinal CSF volumes
may provide more information. Third, although hypovolemia is
fundamentally related to STH, individual variations of intradural
CSF volumes do exist. The intraspinal CSF volumes could help
monitor treatment effects as well. On the other hand, the method
by which intradural CSF volumes are estimated for subjects will be
important in making clinical application and accurate diagnoses
feasible. ECSF volumes determined on the basis of BH as in our
study appear to reflect clinical status well and could be used to
help determine whether further treatment is needed. However,
the correlation between intradural CSF volumes and BH was not
high enough. It still needs to be integrated with clinical symptoms
and other imaging findings. How to estimate intradural CSF vol-
umes better still needs to be investigated by using other parame-
ters and larger sample sizes.

CONCLUSIONS

With a threshold-based segmentation method, we demonstrated
that spinal CSF hypovolemia was fundamentally related to SIH
and may serve as an early detection method before abnormalities
are detectable by conventional brain MR imaging. Intraspinal
CSF volumes can be used as a sensitive parameter in treatment-
response monitoring and in STH follow-up evaluations.
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