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Abstract. A velocity-sensitive magnetic resonance imag-
ing (MRI) phase-mapping method was used for non-
invasive study of cerebrospinal fluid (CSF) flow in the
cerebral aqueduct, for indirect calculation of supra-
tentorial CSF production, and for measurement of blood
flow in the superior sagittal sinus (SSS). We examined
12 patients with idiopathic intracranial hypertension
(ITH; pseudotumour cerebri), and 10 healthy volunteers.
The peak caudal and rostal CSF flow in the aqueduct
during the cardiac cycle did not differ significantly
between the patients and the volunteers. A significant
correlation was found between the CSF volume flow
amplitude and the resistance to cerebrospinal fluid out-
flow in the patients (p < 0.05). The calculated mean su-
pratentorial CSF production rate was 0.79 ml/min in the
patients and 0.70 ml/min in the controls, but this differ-
ence was not statistically significant. However, the MRI
measurements suggested CSF hypersecretion in three
patients, whereas increased transependymal passage of
CSF could have been the cause of negative calculated
CSF production rates in two others. A tendency towards
lower mean blood flow in the SSS (mean 345 ml/min) in
the patients than in the controls (mean 457 ml/min) was
found, and in two patients showed very low values. We
showed that MRI phase-mapping may be used to study
the relative importance of the pathophysiological factors
thought to play a role in the development of ITH.
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Idiopathic intracranial hypertension (IIH), also known
as benign intracranial hypertension or pseudotumour
cerebri, is characterised by increased intracranial pres-
sure (ICP) in the absence of an intracranial space-occu-
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pying lesion. Standard magnetic resonance imaging
(MRI) and computed tomography reveal no abnormal-
ity and the size of the ventricular system is normal. The
cerebrospinal fluid (CSF) is normal [1-4]. The incidence
of ITH is approximately 0.9 per 100,000 persons, and in
obese women of childbearing age as high as 19 per
100,000 persons [1, 3, 4]. ITH is often a chronic disorder,
and can lead to severe visual loss or blindness [2, 4, 5].
IIH is probably not a single clinical entity, and its pa-
thogenesis may vary in different patients. Pathophysio-
logical mechanisms suggested as the cause include in-
creased brain volume caused by increased water content
[6, 7], increased blood volume [7, 8], increased rate of
CSF formation [9, 10], and decreased rate of CSF ab-
sorption at the arachnoid villi [2, 11-14]. Thrombosis of
the superior sagittal sinus (SSS) can produce the picture
of ITH.

MRI velocity-mapping methods permit noninvasive
studies of the to-and-fro motion of CSF in the cerebral
aqueduct and indirect measurement of both supra-
tentorial CSF production and flow in major blood vessels
[15-21]. Our purpose was to assess the diagnostic value
of measurements of CSF velocity and volume flow in the
cerebral aqueduct, supratentorial CSF production and
blood flow in the SSS in patients with ITH, using a MRI
velocity-mapping method.

Materials and methods

We examined 12 patients (8 women and 4 men) with IIH; the age
range was 12-61 years (mean + SD, 37.6 +15.4 years) (Table 1).
The diagnostic criteria for ITH were: (1) Increased ICP (steady state
ICP > 15 mmHg). (2) Symptoms and signs of increased ICP, with-
out any localising signs, other than a sixth nerve palsy. (3) No focal
or diffuse pathology on MRI. (4) Normal or low protein concentra-
tion and normal cell count in the CSF. (5) No clinical or neuro-
radiological suspicion of venous sinus thrombosis. Patients who
were taking medication such as furosemide and acetazolamide to
reduce CSF production discontinued the treatment at least 72 h
prior to the MRI examination. ICP was monitored via a lumbar
cannula, and the resistance to CSF outflow (R,,) was measured by a
lumbar infusion test [13, 14]. The R, is the reciprocal value of the



Table 1. Patients with idiopathic intracranial hypertension (ITH)
Durationof MeanICP* R

out

Patient Age/sex

(years) symptoms  (mmHg) (mm Hg/ml/min)
(months)
1 12/M 2 22 9.4
2 24/F 1 50 23.9
3 26/M 4 28 11.5
4 42/F 36 18 14.8
3 32/F 24 18 15.0
6 46/F 30 26 9.1
7 34/M 1 27 372
8 19/F 1 26 73
9 5UF 28 28 142
10 52/F 78 20 8.3
11 52/M 1 30 22.6
12 61/F 29 25 372

# JCP intracranial pressure (normal value <15 mmHg) "R, re-
sistance to CSF outflow (normal value < 9.10 mm Hg/ml/min)

conductance to CSF outflow [13, 14, 22], and is 9.10 mm Hg/ml/min
or less in healthy volunteers [22].

Ten healthy volunteers (4 women and 6 men) aged 22-63 years
(mean £ SD, 35.9 + 14.6 years), with no history of neurological dis-
ease, served as controls. The study was approved by the Ethics
Committee for Copenhagen and Frederiksberg municipalities, and
informed consent was obtained in all cases.

An MR imager operating at 1.5 Tesla, with a standard head coil
was used. The brain was imaged with a standard double spin-echo
(SE) sequence in the axial plane, with repetition time (TR) 2.2 s,
and echo times (TE) 15 and 90 ms, and T1-weighted SE images with
TR 0.5 s and TE 15 ms in axial and sagittal planes. Slice thickness
was 6 mm with an interslice distance of 6 mm; subsequently the in-
terslice spaces were imaged using the same sequence. The field of
view was 300 mm, and matrix size 256 x 256.

For velocity-mapping of aqueductal CSF, the subjects were
placed supine. The head was carefully extended approximately 20
degrees in order to place a slice in the axial plane exactly perpendi-
cular to the cerebral aqueduct at the level of the inferior colliculi;
fixation was obtained using a deflatable pillow. Slice thickness was
8 mm, field of view 215 cm and matrix size 256 x 128 interpolated to
256 x 256, giving a voxel size of 0.84 x 0.84 x 8 mm>. As CSF pul-
sates to-and-fro in the aqueduct with the pulse, ECG triggering was
used [15-21, 23]. All examinations were carried out within a 4 h
period in the afternoon, to avoid the effects of circadian variations
in CSF production [20]. CSF movement (hereafter referred to as
flow) in the aqueduct was examined using two specially designed
fast low-angle shot (FLASH) sequences, with echo time 15 ms and a
flip angle 30° [16, 17], executed in an interleaved mode to give ve-
locity sensitivity. With both sequences, three gradient lobes were
used in the slice-select direction, which was also the flow-sensitive
direction. The first sequence was velocity-compensated while the
second sequence was sensitive to slowly flowing CSFE To cover the
full R-R interval, each train of coded or noncoded pulse sequences
was executed during 100 % of the R-R interval, triggering on every
second R wave. Thus the noncoded pulse sequence train was trig-
gered on the first R wave, covering the full R-R interval, while the
coded pulse sequence train was triggered on the third R wave cov-
ering the full R-R interval. The TR was set to one tenth of the R-R
interval, giving 10 + 10 phase images covering the entire cardiac
cycle in 2 x 256 heart beats, or between 6—12 min depending upon
heart rate. After subtraction of the corresponding phase images
obtained with the two sequences, ten phase maps equally dis-
tributed over the entire cardiac cycle were obtained (Fig. 1). To cal-
culate the average CSF velocity in the aqueduct, the phase signal
within it was determined by placing a circular region of interest
(ROI), whose area ranged between 11-15 mm?, corresponding to
16-21 pixels, over it. Additional ROI were placed on both sides of
the aqueduct, within the stationary mesencephalon, to determine

Fig.1. Ten phase maps, showing the cerebral aqueduct, equally
spaced within the cardiac cycle in one patient. High phase signal
signifies rostral flow and low signal caudal flow

the phase background; to correct for phase offset, the phase back-
ground was subtracted from the phase signal in the aqueduct [17].
The phase signal was proportional to velocity [17], and the velocity
corresponding to a phase angle of &t was 137 mm/s. Phase noise on
our system was approximately +/— 2 mm/s [17]. Volume flow was
obtained by multiplying the average CSF velocity by the area of the
aqueduct [15, 17]. The linear velocity will be underestimated if the
ROI is larger than the cerebral aqueduct and overestimated if it is
smaller, whereas estimation of volume flow is less sensitive, pro-
vided the ROI is as least as large the aqueduct, because over-
estimation of the average velocity is compensated for by over-
estimation of the cross-sectional area [24]. Supratentorial CSF pro-
duction was calculated in ml/min, as the difference between net CSF
inflow and net CSF outflow over the cardiac cycle [17]. There is a
cumulative error of approximately 30 % in the calculation of CSF
production using this indirect method, partly due to fluctuations in
the length of the R-R interval caused by breathing [16, 17]. CSF flow
measurements were executed twice, without repositioning, in all
subjects, and the mean values were used.

Blood flow in the SSS was measured using a similar interleaved
FLASH sequence, in which the velocity corresponding to a phase
angle of i was 1046 mm/s. The measurement was performed on the
same slice as the CSF measurements, approximately 4 cm above the
torcular. An ROI was drawn over the SSS, its ROI ranging from 11
to 73 mm?>, or 16-103 pixels, and additional circular ROI were
placed on both sides of the SSS, to correct for phase offset.

The parameters of CSF flow in the aqueduct we studied were:
peak velocity and volume flow in caudal and rostral directions and
the time to peak caudal flow expressed as a percentage of the length
of the cardiac cycle. Supratentorial CSF production in ml/min and
mean SSS blood flow in ml/min were also calculated.

The Mann-Whitney rank sum test for unpaired samples was
used to compare the results. The level of significance was set at
p <0.05.

Results

Of the 12 ITH patients 11 had headache, 7 had visual ob-
scurations, 2 blurred vision, 4 diplopia, and 3 had sixth
nerve palsies, one bilateral and 2 on the left. The duration
of symptoms was 1-78 months. Six of the female patients
were more than 25 % overweight, and one patient was



352

Table 2. CSF flow in the cerebral aqueduct, supratentorial CSF
production and blood flow in the superior sagittal sinus (SSS) in
patients with ITTH

Patient Peak CSF flow (ml/min)  CSF pro- Blood flow
duction in SSS
caudal rostral (ml/min) (ml/min)
1 33 33 0.81 -
2 2.6 52 -0.79 491
3 59 2.8 1.74 270
4 12.6 7.6 1.37 83
5 6.8 51 0.71 354
6 4.9 4.9 0.17 386
7 114 5.1 347 314
8 1.9 0.8 0.41 443
9 31 1.9 0.35 -
10 55 23 0.64 741
11 7.8 8.2 —0.26 41
12 113 6.5 0.85 327
Mean 6.4 45 0.79 345
SD 3.7 23 1.08 199

Table 3. CSF flow in the cerebral aqueduct, supratentorial CSF
production and blood flow in the superior sagittal sinus (SSS) in ten
healthy volunteers

Subject Peak CSF flow (ml/min)  CSF pro- Blood flow
caudal rostral duction in SSS
(ml/min) (ml/min)
1 43 1.8 0.87 592
2 32 2.5 0.83 505
3 5.5 33 0.34 316
4 9.5 7.0 1.22 523
5 3.8 1.9 0.60 481
6 1.3 0.9 0.22 305
7 4.0 1.6 0.92 673
8 2.9 3.0 034 333
9 4.6 2.6 0.77 541
10 4.1 3.7 0.85 300
Mean 4.3 2.8 0.70 457
SD 2.1 1.7 0.31 134

Table 4. Findings in two patients examined serially
Peak CSF flow (ml/min) CSFpro- Blood

Patient Timing

of study Caudal Rostral ductiop flow ig SSS
(ml/min) (ml/min)

2 1month 2.6 52 -0.79 491
Smonths 2.0 2.7 -0.24 577
9months 4.1 4.1 -0.22 493

8 Imonth 1.9 0.8 041 443
Smonths 2.3 2.0 0.24 469

taking oxcarbazepine, which may provoke intracerebral
water accumulation; four patients had received treat-
ment with furosemide and acetazolamide. MRI of the
brain was normal in all 12. At the time of the MRI ex-
amination the average ICP of the patients was
26.5 mm Hg; 9 had increased values of R, (Table 1), and
2 had constant B-wave activity during ICP monitoring.
The CSF peak volume flow in the aqueduct, supra-
tentorial CSF production, and mean flow in the SSS are
shown in Tables 2 and 3. The CSF flow curve, within the
R-R interval, was basically sinosoidal in both patients
and controls. In the patients, the peak velocities ranged
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Fig.2. CSFflow velocity curves from the cerebral aqueduct through
one cardiac cycle in patient 2 (W), patient 7 (#) and one healthy
volunteer ( ®). The x-axis is the percentage of the cardiac cycle, and
the y-axis CSF flow velocity (mm/s)

from 4.9 to 32.9 mm/s caudal and from 2.0 to 19.8 mm/s
rostrally. The corresponding values for the controls were
3.4-247mm/s and 2.2-18.3 mm/s; there was no sig-
nificant difference in the peak velocity or volume flow in
either direction between patients and controls. The cor-
relation coefficient between the total CSF volume flow
amplitude and R_, was r=0.66 (p <0.05). The peak
caudal flow was reached after 42 % of the cardiac cycle in
the controls and after 44 % in the patients.

The mean supratentorial CSF production was 0.70 ml/
min (range (0.22-1.22 ml/min) in the controls and 0.79 ml/
min (range —0.79-3.47 ml/min) in the patients; this dif-
ference was not statistically significant. There was rela-
tively large standard deviation in the calculated values in
the patients, 3 had CSF hypersecretion, defined as pro-
duction exceeding the mean value of the controls plus
two standard deviations. In two patients negative pro-
duction values were calculated; in one of these, negative
production values were found at three separate ex-
aminations. The CSF velocity flow curves within a cardi-
ac cycle of a healthy volunteer and two patients 2 and 7
are shown in Fig. 2.

Mean blood flow in the SSS was 457 ml/min (range
300-673 ml/min) in the controls and 345 ml/min in the
patients; this was not statistically significant (Table 3).
Two patients had very low mean blood flow values of 41
and 83 ml/min, but had no signs of SSS thrombosis on
conventional MRI.

We reexamined two patients (Table 4). Patient 2 was
studied 4 months after the initial examination, because
of continuing symptoms in spite of treatment with furo-
semide and acetazolamide; her ICP was 40 mm Hg at this
time. She was studied again 8 months after the initial ex-
amination, following a ventriculoperitoneal shunt op-
eration. Patient 8 was examined four months after the
initial study. She received no treatment, and her symp-
toms were resolving, No major changes with time in the
calculated peak CSF volume flow, CSF production or
blood flow in the SSS were found in these patients. Pa-
tient 2 continued to have apparently negative supra-
tentorial CSF production.



Discussion

The CSF velocities and volume flow measured in the
aqueduct in this study demonstrate that a substantial
variation exists in healthy individuals. Partial volume ef-
fects are unavoidable in the determination of CSF flow
within the aqueduct, due in part to the size of the aque-
duct relative to that of the voxel, and in part to the rela-
tively thick slices. The results are in good agreement with
those from previous velocity-mapping studies [17-21].
Quencer et al. [18] found caudal CSF velocities in the
aqueduct ranging from 3.7 to 7.6 mm/s, and Enzmann
and Pelc [19] mean peak caudal and rostral velocities of
11.8 and 11.6 mm/s, respectively, in healthy volunteers.
Increased peak flow velocity and peak volume flow have
been demonstrated in patients with normal pressure hy-
drocephalus [21, 25]. Our values for CSF velocities and
volume flow, in the patients with I1H, demonstrated
considerable variation. In some patients the values were
outside the range of the healthy controls, possibly re-
flecting different pathophysiological mechanisms re-
sponsible for the increased ICP.

A statistically significant correlation was found be-
tween the total CSF volume flow amplitude, and R, in
the patients. As an increased R, signifies decreased
compliance of the brain tissue, this finding seems rea-
sonable. Fourier analysis of the CSF velocity flow curves
[17], showed no apparent difference between patients
and controls. Peak caudal flow occurred after 42 %
(mean value) of the cardiac cycle in healthy volunteers,
after 44 % in patients with IIH, and in a similar study of
patients with normal pressure hydrocephalus [25], after
45 %.

Mean supratentorial CSF production in controls was
0.70 ml/min, or i.e., almost 1 litre/24 h; this is in agree-
ment with previous studies using this technique [17, 20,
25]. Feinberg and Mark [15] calculated a rate of 0.47 ml/
min in one healthy volunteer, while and Enzmann
and Pelc [23] found a mean rate of 0.34 ml/min in 10
healthy volunteers. In a recent study Nilsson et al. [20]
found a circadian variation in human CSF production
using the present method, production being slowest
around noon, and most rapid around midnight [20]. This
suggests that it is necessary to perform the measurements
within a narrow time limit to obtain a meaningful com-
parison. Our measurements were all performed within a
4 h period in the late afternoon; the values we obtained
therefore presumably represent an intermediate pro-
duction rate. Since CSF production from the ventricular
system rostral to the aqueduct may account for only 60—
70 % of the total [26], total CSF production will be un-
derestimated. In previous studies using ven-
triculolumbar perfusion, the average CSF production
rate, in humans with malignant disease, was approxi-
mately 0.35 ml/min [27, 28]. May et al. [29] in a recent
study of healthy volunteers, using a modified Masserman
method, found mean production rates of 0.41 ml/min in
the young and 0.19 ml/min in the elderly [29]. The pro-
duction rates calculated from noninvasive MR velocity-
mapping methods therefore seem somewhat higher than
suggested by previous invasive studies. In patients with
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normal pressure hydrocephalus, we found a mean pro-
duction rate of 0.60 ml/min [25]. Donaldson [9, 10] sug-
gested CSF hypersecretion as an explanation for in-
creased ICP in obese young women with I1H. Our results
do not support the suggestion that hypersecretion is an
important factor in the majority of patients with ITH. In
some, however, increased CSF production may con-
tribute to the development of intracranial hypertension.
If CSF hypersecretion alone were to be responsible for
the increased ICP, one would probably have to assume
that the production rate was increased by a factor of at
least three or four [10]. A production rate of this magni-
tude was found in only one of our patients, suggesting
that in this patient CSF hypersecretion could perhaps be
the cause of the increased ICP. In patients 3 and 4 a rela-
tively high production rate was also found. Malm et al.
[30], using a constant-pressure infusion method, found
no difference in CSF production between patients with
ITH and healthy volunteers. The cumulative error in cal-
culation of the CSF production rate was approximately
30 % [17], and this could explain the negative production
rates found in two of our patients. However, as repeated
examinations of one of them all gave negative produc-
tion values (Table 4), this could perhaps be taken as evi-
dence of increased transependymal CSF resorption.

Our mean value of 457 ml/min for blood flow in the
SSS in healthy volunteers, is in good agreement with the
results of Mattle et al. [31], who found a mean flow of
420 ml/min, using a bolus-tracking MRI method. There
was a tendency towards lower blood flow in the patients,
but this was not statistically significant. Two patients
showed marked reduction of the blood flow. One might
speculate that these patients might have had an other-
wise subclinical thrombosis of the SSS as the cause of
ITH. As no evidence of permanent thrombosis was seen
at conventional MRI, partial recanalisation may have
occured, but we have no evidence that this is the case. In
future studies of IIH it might be advisable to perform MR
angiography to elucidate this possibility.
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