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Quantitative measurement of normal and
hydrocephalic cerebrospinal fluid flow using
phase contrast cine MR imaging.*

Shinji Katayama, Shoji Asari, and Takashi Ohmoto

Abstract

Measurements of the cerebrospinal fluid (CSF) flow using phase contrast cine magnetic reso-
nance (MR) imaging were performed on a phantom, 12 normal subjects and 20 patients with nor-
mal pressure hydrocephalus (NPH). The phantom study demonstrated the applicability of phase
contrast in quantitative measurement of the slow flow. The CSF flows of the normal subjects
showed a consistent pattern with a to-and-fro movement of the flow in the anterior subarachnoid
space at the C2/3 level, and they were dependent on the cardiac cycle in all subjects. However,
the patients with NPH showed variable patterns of the CSF pulsatile flow and these patterns could
be divided into four types according to velocity and amplitude. The amplitudes of each type were
as follows: type O (n = 1), 87.6mm; type I (n = 2), 58.2mm (mean); type Il (n = 6), 48.0 +/-
5.0mm (mean +/- SEM); and type Il (n = 11), 19.9 +/- 1.8mm (mean +/- SEM). The decrease of
the amplitudes correlated to a worsening of the clinical symptoms. After the shunting operation,
the amplitude of to-and-fro movement of the CSF increased again in the patients with NPH who
improved clinically. Some of the type III cases were reclassified type II, I and 0 and also one of the
type II cases changed type I after the shunting operation. We conclude that the phase contrast cine
MR imaging is a practically and clinically applicable technique for the quantitative measurement
of the CSF flow.

KEYWORDS: cerebrospinal fluid flow, normal pressure hydrocephalus, magnetic resonance imag-
ing, phase contrast
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Quantitative Measurement of Normal and Hydrocephalic Cerebrospinal Fluid Flow Using
Phase Contrast Cine MR Imaging

Shinji Katayama*, Shoji Asari and Takashi Ohmoto

Department of Neurological Surgery, Okayama University Medical School, Okayama 700, Japan

Measurements of the cerebrospinal fluid (CSF) flow using phase contrast cine magnetic reso-
nance (MR) imaging were performed on a phantom, 12 normal subjects and 20 patients with normal
pressure hydrocephalus (NPH). The phantom study demonstrated the applicability of phase contrast
in quantitative measurement of the slow flow. The CSF flows of the normal subjects showed a
consistent pattern with a to-and-fro movement of the flow in the anterior subarachnoid space at the
C2/3 level, and they were dependent on the cardiac cycle in all subjects. However, the patients with
NPH showed variable patterns of the CSF pulsatile flow and these patterns could be divided into
four types according to velocity and amplitude. The amplitudes of each type were as follows: type
0 (n=1), 87.6mm; type I (n=2), 58.2mm (mean); type II (n = 6), 48.0 = 5.0mm (mean = SEM); and
type III (n=11), 19.9 =1.8mm (mean + SEM). The decrease of the amplitudes correlated to a
worsening of the clinical symptoms. After the shunting operation, the amplitude of to-and-fro
movement of the CSF increased again in the patients with NPH who improved clinically. Some of
the type III cases were reclassified type II, I and 0 and also one of the type II cases changed type
I after the shunting operation. We conclude that the phase contrast cine MR imaging is a
practically and clinically applicable technique for the quantitative measurement of the CSF flow.

cerebrospinal fluid flow, normal pressure hydrocephalus, magnetic resonance imaging, phase
contrast
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Dumoulin et al. (1-6) has reported phase contrast to
be a practically and clinically applicable technique for the
imaging and quantitatively measuring of the blood flow.
Although this technique for imaging is used in MR
angiography (1-5, 7, 8), reports of the applications of this
technique in quantitative measurement are few (6, 9, 10).
The purpose of the present study is to show some
practical and clinical applications of phase contrast cine
MR imaging for the quanitatative measurement of the
cerebrospinal fluid (CSF) flow.

We clinically applied this technique in patients with
normal pressure hydrocephalus (NPH). Ever since
Adams and Hakim (11) described NPH as a surgically
treatable dementia, many authors have investigated this

* To whom correspondence sholud be addressed.
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condition with various methods such as cisternography,
computerized tomography (CT) scanning (12-14), intra-
cranial pressure (ICP) monitoring(13, 15, 16) and cerebral
blood flow measurements (17). With the advent of MR
imaging, Sherman et al (18-20) initially reported a CSF
flow-void sign for the qualitative analysis of normal CSF
pulsatile flow. Previous MR studies (21-29) reported the
increase in the CSF flow void sign as one of the charac-
teristics of NPH. However, the pathophysiology of NPH
is complicated and many questions remain to be solved.

This study is divided into three main parts. The first
part of this study is calibration of the steady flow phan-
tom. The second is practical studies on normal volun-
teers. The third is clinical applications on patients with
NPH.
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Subjects and Methods

Phantom study.  The phantom consisted of a vinyl tube (9
mm inner diameter) filled with saline and a plastic basin filled with
micromolecular dextran. The tube was connected to a pump for
circulation and to a electromagnetic flow meter for the measure-
ment of flow rates.

Normal subjects.  Twelve healthy volunteers (2 women and
10 men) were studied in the present study. These subjects ranged
in age from 13 to 63 (mean of 31 years).

NPH patients.  Twenty patients with ventricular dilatation
(12 women and 8 men, aged 28 to 80 years; mean age of 63 years)
were studied in the present study.

All patients had some clinical symptoms, symmetrical
ventricular dilatation on CT and abnormal findings such as
ventricular reflux within 6 h and/or ventriculr stasis after 24h on
CT-or isotope-cisternography. However, lumbar CSF pressures
were normal (< 180mmH,0) in all patients and they were all
suspected of having NPH. All patients were summarized in Table
1. Patients with abnormal spinal lesions such as disc herniation,
canal stenosis or tumor were excluded in the present study. The
patients were neurologically examined by more than two neuro-
logical surgenos and in all patients, NPH score (16) was measured
in evaluating clinical disabilities before and after the shunting
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operation. The following scale was used to evaluate the three main
symptoms of NPH. Minor symptoms such as headache and/or
mild mental disorder were excluded in this scale. The minimum
possible score was 3 points and the maximum was 15 points.

a) Gait evaluation: 1 point if the patient is bedridden or not
able to walk; 2, if ambulation is possible with help; 3, when
independent walking is possible but is unstable or the patient falls;
4, if abnormal but stable gait present; and 5 point when gait is
normal.

b) Cognitive function: 1 point when patient is vegetative; 2, if
severe dementia is present; 3, when important memory problems
exist with more or less severe behavior disturbances; 4, when
memory problems exist that are reported by patient or family; and
5, when only cognitive disturbances are found by specific tests.

¢) Sphincter disturbance: 1, when the patients both urinary
and fecal incontinence; 2, if continuous urinary incontinence is
present; 3, when sporadic urinary incontinence exists; 4, only
urinary urgency is present; and 5, when there are no objective nor
subjective sphincter dysfuntion.

Additionally, Evans’ index on CT as a ventricular size was
measured. Periventricular low density (PVL) on CT was also
observed in all patients before the shunting operation. Postoper-
ative NPH scores were measured at the time of the postoperative
MR imagings of the CSF flow. The average time between the
operation and the postoperative MR imaging was one month.

Table 1 Summary of patients with normal pressure hydrorephalus
NPH score Evans’ Lumbar CSF TVFP Surgical
Case Age Etiology index PVL pressure type treatment QOutcome
No. /Sex GE CF SD tot (mmH,0)
1 73/F  SAH 3 2 2 7 40 + 130 0 / -
2 80/M Unknown 3 3 3 9 37 + 120 I / —
3 65/M Unknown 2 2 1 5 33 + 120 [ VP shunt Effective
4 28/F  Unknown 5 5 5 15 29 - 120 I / -
5 67/F  SAH 2 4 5 1 31 + 70 I / -
6 54/F  SAH 5 5 5 15 24 - 150 I / —
7 74/F SAH 1 2 1 4 40 + 130 II VP shunt Effective
8 64/M Trauma 2 3 1 6 36 + 80 II VP shunt Effective
9 69/M Trauma 1 2 1 4 36 + 100 I VP shunt Effective
10 78/M  Trauma 1 2 1 4 30 + 160 m / —
11 65/F SAH 1 2 1 4 39 + 130 111 VP shunt Effective
12 72/F Unknown 1 3 1 5 38 + 125 I VP shunt Effective
13 44/F SAH 1 2 1 4 43 + 120 Il VP shunt Effective
14 43/M SAH 2 2 1 5 32 — 120 1 VP shunt Effective
15 74/F SAH 1 2 1 4 34 + 180 111 VP shunt Effective
16 46/M Unknown 1 2 1 4 45 - 160 I VP shunt Effective
17 57/M Trauma 1 2 1 4 37 - 180 I VP shunt NE
18 70/F Unknown 1 2 1 4 54 - 80 i VP shunt NE
19 66/F Trauma 1 2 1 4 39 + 120 111 VP shunt Effective
20 78/F Unknown 2 3 3 8 30 + 120 I VP shunt Effective

GE: gait evaluation, CF: cognitive function. SD: sphincter disturbance.

PVL: periventricular low density, TVEP: time-velocity flow profile, SAH: subarachnoid hemorrhage

+ :positive, — :negative, /:not perfomed, NE: not effective

http://escholarship.lib.okayama-u.ac.jp/amo/vol47/iss3/4
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MR imaging. A 0.5 tesla (T) clinical MR system (Resona,
Yokogawa Medical Systems, Tokyo, Japan) was used for all
imaging. The bipolar flow-encoding gradient pulse sequence [time
of repetition (TR) determined by the subject’s R-to-R interval/20/
4] [TR/time of echo (TE)/excitations] utilizing a cardiac gate
was used. Flip angle was at 30 degrees. The image matrix was
160 X 192, the field of view was 20 cm and the slice thickness was
5mm. The bipolar flow-encoding gradient pulse was applied along
the cranial to caudal direction. We used a bird-cage shaped
head-coil to transmit and receive the signals. Eight to 12 phase
images in the midsagittal plane of the brain and the upper cervical
spine were acquired during each cardiac cycle. The first phase
image was acquired at 10msec after the R-wave on ECG and the
rest of the images were sequentially imaged with 60 msec intervals.
The total examination time was approximately 5-10min using this
sequence. When the modulations of the phase shift were between
0 and =+ 7, then the iso-high signal intensities represented the
cephalic CSF flow and the iso-low signal intensities represented the
caudal CSF flow on phase images.

Measurement of CSF Flow Velocity

Theoretical background.  Phase images are obtained by
complex subtraction of the two data sets that are acquired by
applying the bipolar flow-encoding gradient pulse along the flow
direction. The polarity of the bipolar pulse is reversed on alternate
acquisitions. This reversal sequentially cancels the phase shift of
the stationary protons but does not cancel the phase shift of the
moving protons along the axis of the gradient. The two sets of
data on the stationary protons are identical in signal, but the signal
from the moving protons are different. Therefore, only the sub-
traction from the stationary protons are canceled on complex
subtraction. The phase shift ¢ induced by the bipolar flow-
encoding pulse is @ = yVTAg+ yAT?Ag, where y is the
gyromagnetic ratio, V is the velocity component in the flow
encoded direction, T is the time interval between the centers of the
two lobes. Ag is the area of one lobe of the bipolar pulse and A
is acceleration (4). In the present study, we used 0.005 sec as T.
Therefore, T? was a very small number and yVTAg + yAT?Ag
was considered to be nearly equal to yVTAg in the present study.
In this equation, the phase shift is proportional to the magnitude of
the flow-encoding gradient and the velocity. If the magnitude of the
flow-encoding gradient is fixed, the phase shift will be directly
proportional to the velocity. The magnitude of the bipolar flow-
encoding gradient is determined by the value of the encoded
(velocity encoding) in our MR system. The relationship between the
signal and the phase shift is sinusoidal. Therefore, if the phase shift
is less than the radian at the maximum velocity, the velocity V will
be detected directly from the signal intensities in the phase images
with the following equation. The velocity (V) is V = velocity
encoding X (SIR — SIB)/500z, where SIR is the signal intensity
in the region of interest (ROI), SIB is the signal intensity in the
background and 5007z is the specific number in our MR system.

Time-velocity flow profile (TVFP)  The CSF flow velocity
was measured in the anterior subarachnoid space at the C2/3 level
in all subjects. Round ROIs (0.02cm?) were defined on sagittal
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images in the present study. We used CSF velocity profiles
(time-velocity flow profile, TVFP) to define the pattern of the
to-and-fro movement of the CSF flow.

Results

Velocity encoding.  Since we had to determine the
sensitive velocity encodings of the CSF flow in vivo, we
decided to obtain these encodings from a healthy volunteer
before starting this study. As shown in Fig. 1, the CSF
flows were clearly demonstrated with 6.0 cm/sec, 9.0 cm/
sec, 12.0em/sec, and 15.0cm/sec. TVEPs showed a
similar pattern in all velocity encodings (Fig. 2). Thus, we
decided to use 9.0 cm/sec and 15.0cm/sec in considering
varying velocities of the CSF flow.

Calibration on phantom. Phase images of the
steady flow phantom are shown in Fig. 3. The correla-
tion between the calculated velocities using MR system
and the calibrated velocities using the electromagnetic flow
meter are shown in Fig. 4. Phase contrast technique
showed reliable quantitation even in the slow flow.

Normal to-and-fro movement of CSF flow. Phase
contranst cine MR images clearly demonstrated a to-and-
fro movement of the CSF flows in all of the normal
volunteers (Fig. 5 a). The CSF flows of the healthy
subjects showed a consistent pattern (Fig. 5 b), and were
dependent on the cardiac cycle. The cephalic CSF flows
continued until 70 msec after the R-wave and then the
flows were reversed to caudal. The CSF flows reached
maximum velocity at 190 msec and then the flow reversed
again to cephalic. The same turn appeared in the subse-
quent phase, but then the amplitude decreased. The mean
maximum velocity of the CSF flow was 46.6 = 1.3mm/
sec (mean - SEM) and the amplitude was 74.1 + 3.6 mm.
The maximum velocities of the cranial to caudal CSF
flows were lower than 9.0cm/sec in all subjects.
Hydrocephalic To-and-Fro Movement of CSF Flow

Before shuniing operation.  The patterns of the
CSF flow in the patients with NPH were variable and
could be divided into following types: type 0 (normal flow
pattern)(n = 1), the pattern of the CSF flow was similar
to that of the healthy subjects (Fig. 6 a); type I (mildly
disturbed flow pattern)(n = 2), the caudal peak flow was
delayed later than 190 msec on TVFP and the amplitude
was slightly lower than the normal flow pattern (Fig. 6 b);
type II (moderately disturbed flow pattern)(n = 6), the
caudal peak flow was not apparent (Fig. 6 c), .but the
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Fig. 1

Fig. 1 A scout view of the midsagittal plane (a) and phase images of the brain and the upper cervical spine using 10 degrees of the velocity encodings
in a healthy 23-year-old man (b-k). The velocity encodings ranged from 3.0 em/sec to 30.0 em/sec. All images were acquired at 190 msec after the R-wave
on ECG. In this cardiac phase, the CSF flow was directed to caudal. The cephalic CSF flow {arrow) is demonstrated, because the phase shifts caused by
the actual velocities were more than — 7 (b). b, 3.0 cm/sec; ¢, 6.0 cm/sec; d, 9.0 cm/sec; e, 12.0 em/sec; f, 15.0 cm/sec; g, 18.0 em/sec; h, 21.0 em/
sec; i, 24.0 em/sec; j, 27.0 em/sec; k, 30.0 em/sec.

60

0 —O— 6.0 cm/sec
5 —®— 9.0 cm/sec
40 —0— 12.0 cm/sec
30 —&— 15.0 cm/sec

Cephalad

Fig. 2 The time-velocity flow profiles of the same normal volunteer in
Fig. 1 using 6.0 em/sec, 9.0 cm/sec, 12.0 cm/sec and 15.0 cm/sec as the
value of velocity encoding. The CSF velocities were measured in the anterior
subarachnoid space at the C2/3 level. Plus velocity (cephalad) mean CSF
flow to the rostral direction and minus velocity means the caudal direction of
the CSF flow (caudad), These TVEPs showed a similar pattern.

Velocity {mm/sec)

T Y T T T T T T T T
10 70 130 190 250 310 370 430 490 550 610 670
Delay time (msec)

Fig. 2
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Fig. 3

Phase images of the phantom consisted of the vinyl tube (a, black line. b, black circle) filled with a saline and the plastic basin (gray rectangle) filled

with micromolecular dextran. These images were obtained with a non-gated sequence (120/20/4) (TR/TE/excitations). Flip angle, image matrix, field of view

and slice thickness were identical to the cardiac gated sequence.
a: sagittal image. b: axial image.

100
90 |
80
o ] ® 9.0 cm/sec
$ 70 015.0 cm/sec
E 6o
:_; ]
s 50
L} ;
® 40 S
o 1
5 30 |
3 20]
3 ]
10 ]
O-'I'I'I'I'I'l'l'l'l'
0 10 20 30 40 50 60 70 80 90 100
Calibrated velocity(mm/sec)
Fig. 4 A correlation between the calculated velocities using MR system and the

calibrated velocities using the electromagnetic flow meter was shown using the steady
flow phantom. Both velocity encodings show a linear correlation r=099, p<
0.001).
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CSF flow through the aqueduct was remarkable on phase
images (Fig. 7); type III (severely disturbed flow pattern)
(n=11), the amplitude of TVFP was very small and the
CSF flow through the aqueduct was not identified (Fig. 6
d). The caudal maximum velocities of each type were:
type 0, 51.9mm/sec; type I, 41.1 mm/sec (mean); type
II, 30.6+ 1.3mm/sec (mean+ SEM); and type III,
11.8 £ 1.6 (mean = SEM). In hydrocephalic conditions,
the amplitude of the to-and-fro movement of CSF flow
gradually decreased. The decrease in the amplitude of the
caudal flow in the systolic phase of the cardiac cycle was
most prominent.

Clinical assessment. ~ We measured the NPH score
to evaluate the clinical disabilities of the patients with
NPH. NPH scores showed a statistically significant
correlation to the amplitudes of to-and-fro movement of
the CSF flow (Fig. 8 a). NPH scores decreased along
with the decrease in the CSF pulsations. Lumbar CSF
pressure tended to be high in the patients of type III
TVFP, but failed to reach a statistically significant level
(Fig. 8 b). Evans’ index had no correlation to the ampli-
udes of CSF pulsations. The mean amplitude of TVFPs
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Fig. 5 a Phase images of the brain and the upper cervical spine in a
healthy 26-year-old man (a-l). Phase images clearly demonstrate to-and-fro
movement of the CSF flow in the subarachnoid space anterior to the
brainstem and the upper cervical spine. The iso-high signal intensities show
the cephalic CSF flow and the iso-low signal intensities show the caudal CSF
fiow. a, 10 msec; b, 70 msec; ¢, 130 msec; d, 190 msec; e, 250 msec; f,
310 msec; g, 370 msec; h, 430 msec; i, 490 msec; j, 550 msec; k, 610
msec and 1, 670 msec after the R-wave on ECG.

60
50 1
401 —O0— Normal subjects (n=12)
5 307 Cephalad
ﬁ 20 ¢
£ ]
E 10
2z 0 >
T 10
o
@ 201
-30 1
-40 1 Caudad
-50
-60 T T T T T T T T T T
10 70 130 190 250 310 370 430 490 550 610 670
Delay time (msec)
Fig. 5 b The time-velocity flow profiles of the 12 normal volunteers using a 9.0

em/sec-velocity encoding are shown. These TVFPs show a consistent pattern. The
cephalic CSF flow continued until 70 msec after the R-wave and the flow reversed to
caudal. The caudal CSF flow reached the maximum velocity (46.6 £ 1.3 mm/sec) at
190 msec and then the flow reversed again to cephalic. Values are means + SEM.

Table 2 Summary of cases with shunting operation
TVFP NPH score

Type Amplitude GE CF SD Total score
Case Age
No. /Sex pre / post pre / pont % change pre / post pre / post pre / post pre / post
3 65/M 1/ 1 56.8 / 81.7 + 44 2/ 2 2/ 3 1/ 4 5 /9
7 74/F n / 1 63.7 / 739 + 16 1 /1 2 /3 1/ 5 4 /9
8 64/M n / 1 424 / 929 +119 2 / 4 3 /5 1/ 5 6 / 14
9 69/M n / I 30.3 / 39.4 + 30 1 /1 2 /3 1/ 3 4 /7
11 65/F m / I 140 / 185 + 32 1 /1 2 /3 1/ 2 4 / 6
12 72/F m / — 137/ — — 1 /1 3/ 4 1/ 3 5 / 8
13 44/F m / 1 254 / 39.7 + 56 1 /1 2/ 3 1/ 5 4 /9
14 43/M m / I 22.6 / 585 + 159 2 /4 2 /4 1/ 5 5 /13
15 74/F m / 1 14.1 / 24.8 + 76 1 /1 2 /3 1/ 1 4 /5
16 46/M m / o 11.7 / 88.0 + 652 1/ 4 2 /3 1/ 2 4 /9
17 57/M m / 1 175 / 154 — 12 1 /1 2 /2 1 /1 4 / 4
18 70/F m / 27.9 / 169 + 39 1 /1 2/ 2 1 /1 4 / 4
19 66/F m / 1 23.8 / 846 + 255 1 /1 2 / 4 1/ 2 4 /7
20 78/F m / 1 274 / 69.9 + 155 2 / 2 3 /3 3 /5 8 / 10

GE: gait evaluation, CF: congnitive function, SD: sphincter disturbance

TVFP: time-velocity flow profile

http://escholarship.lib.okayama-u.ac.jp/amo/vol47/iss3/4
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in the patients with PVL was 36.9 + 6.5mm (mean +
SEM) and that in the patients without PVL. was 32.9 +
6.7mm. No statistically significant difference in the ampli-
tude of TVFP was found between the patients with PVL,
and those without PVL.

After shunting operation.  Fourteen of the 20
patients with NPH were shunted. Postoperative images
were obtained in 13 patients who were shunted. Elven of
these 13 patients were responsive to shunt therapy and 2
patients (Case 17 and 18) were not responsive (Tab. 2).
The amplitude of TVFP increased in 11 of the patients
who improved clinically after the shunting operation. Five
of the type III cases changed to type II (Cases 13 and 14)
(Fig. 9 a), type I (Case 19 and 20) and type 0 (Case 16)
(Fig. 9 b) and also one of the type II cases improved to
type I (Case 8) after the shunting operation. However, the
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Cephalad

, IVeI,ocIty (mm/sec
g8883,
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10 70 130 190 250 310 370 430 490 550 610 670
Delay time (msec)

60
50 4
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=10 +
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X
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Delay time (msec)

Fig. 6
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amplitude of TVFP decreased in 2 patients who were
unchanged clinically after the shunting operation. The
ventricular catheter was obstructed in case 17 and the
malfunction of the shunt valve ocurred in case 18.

Discussion

Measurement of CSF flow velocity by phase conirast
cine MR imaging.  Although the phase contrast tech-
nique proved to be reliable method of measurement for the
steady flow phantom, there were some problems in the
practical study. The most important problem was in the
selection of the sensitive velocity encoding. If the velocity
encoding was not adequate for the actual velocity, we
could not accurately measure the velocity. When the

(o
g

—0— Typel (n=2)

Cephalad

58888

L

_ P~o-l
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Time-velocity flow profile of the patients with types 0, I, Il and I a:The TVFP of the patient with type 0 was similar to that of normal subjects.

b:The TVEP of the patient with type I was also similar to that of normal subjects. However, the caudal peak flow appeared later than 190 msec after the R-wave
and that the amplitude slightly decreased compared with normal TVFP. c¢:The caudal peak flow was not apparent in the TVFP type II. d:The amplitude of

the CSF pulsatile flow decreased in the TVFP type III

Produced by The Berkeley Electronic Press, 1993
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Fig. 7 (Left) Phase images (sequential 12 images) of the patients with type
II TVFP. These images show the cephalic CSF flow (arrows) and the caudal
CSF flow (arrow heads) through the aqueduct.

Fig. 8 (Bottom) a: The correlation between NPH scores and the amplitudes
of to-and-fro movement of CSF flow shows a statistical significance (r = 0.50,
p< 0.05). b: The lumbar CSF pressures were higher in the patients with
type III TVEP than others, but failed to reach statistically significant level
(r=10.28, p <0.3). Black circles are Types 0, T and IL
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Time-velocity flow profiles of patients before and after the shunting operation. a: Case 13. Two weeks after the shunt, the CSF flows in the anterior

subarachnoid space increased and the amplitude of the caudal CSF flow also increased on TVFP. b: Case 16. Note the normal flow profile after the shunt.
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disturbed disturbed dImurbZd
CSF circulation CSF circulation CSF circulation
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C

Fig. 10 Schematic illustrations of the to-and-fro movement of CSF flow
in each NPH type. When the disturbance of the CSF absorption was mild,
the to-and-fro movement of CSF flow keeps a relatively large amplitude (a).
When the CSF circulation is moderately disturbed due to increased resistance
to absorption of CSF, the CSF flow volumes in the ventricular system
increase. Consequently, the CSF flows through the aqueduct increase. Thus,
the CSF flows through the aqueduct on phase images are apparent (b).
However, when the CSF flows are severely disturbed, the amplitudes of
to-and-fro movement of CSF flow become very small. In this condition, the
effective pulsation which drive the increased CSF volvme in the ventricular
system is lacking. Then the velocities of CSF flow through the agueduct
decrease and the detection of CSF flow by a 9.0 cm/sec-velocity encoding
become poor. Therefore, the CSF flows through the aqueduct on phase
images are not identified (c). Additionally, the aqueduct was not parallel to the
bipolar flow-encoding gradient pulse. This also produced a poor detection of
the CSF flow through the aqueduct compared with that in the anterior
subarachnoid space. White arrow represents the cephalic CSF flow and black
arrow represents the caudal CSF flows. a, Type 0, I; b, Type II; ¢, Type IIL

Produced by The Berkeley Electronic Press, 1993

actual velocities were higher than the velocity encoding
and the phase shifts caused by one bipolar pulse were
more than + 7/2, the signal intensties were decreased.
Furthermore, when the phase shifts was more than * 7,
the signal intensities were reversed. Other problems were
the effects of eddy currents. These effects did not vanish
completely on general subtraction and produced phase
errors. These phase errors were corrected on a specific
subtraction process in our MR system. Furthermore, we
subtracted the signal intensity of the background from that
of the ROI to reduce the effects on eddy currents when
we calculated the flow velocities. Phase dispersions in-
duced by the different flow velocities in a voxel produced
phase errors and decreased the signals. In this study, we
made the voxel as small as possible in order to reduce the
phase dispersions.

Normal CSF flow pattern.  As a mechanism of the
to-and-fro motion of the CSF flow, Du Boulay (30)
described the squeezing of the thalami and Bering (31)
explained the expansion of the choroid plexus. Feinberg
(32) described that the CSF pulsation depended on the
cardiac cycle as follows. During the systolic phase, an
inward force directed from the cerebral cortex inside the
brain was produced by expansion of the cerebral arterial
vessels and this increased the pressure in the lateral
ventricles. Consequently, the CSF in the lateral ventri-
cles was pushed out and in addition, a brainstem motion
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directed to caudal drove the CSF into the spinal. Our
study also showed that the pattern of the CSIE flow
depended on the cardiac cycle. Itabashi (33) reported a
similar pattern of the CSF flow at the upper cervical
spine using velocity density method. He indicated that the
caudal maixmum velocities were 26-44mm/sec at the
upper cervical and 44-124mm/sec at the lower cervical
level. He thought that this differnce was caused by indi-
vidual morphological differences and differences in the
neck position. These individual morphological differences
affected the calibrated velocities. In fact, the calibrated
velocities of the healthy subjects showed some differences,
but the pattern of the normal CSF flow was consistent.

Hydrocephalic CSF flow paitern.  Previous MR
studies (21-29) have shown that the CSF' flow-void signs
in the aqueduct increased in hydrocephalic conditions.
Although many factors affect the pathophysiology of
NPH, increased resistance to the absorption of CSF and
decreased compliance of the craniospinal CSF cavity have
been cited as important factors (16). When the CSF
absorption is disturbed by subarachnoid adhesions secon-
dary to subarachnoid hemorrhage or inflammation, the
CSF volume in the ventricular system increases. In-
creased CSF volume and decreased compliance are con-
sidered to increase the CSF flow-void signs.

The CSF flows through the aqueduct on phase images
were observed only in the patients of type II. Although
the slice thickness was 5 mm in the present study, the
diameter of the aqueduct was considered to be approxi-
mately 1 mm in the healthy subject. Consequently, the
excited slab included a large number of stationary protons
of brain tissue compared with the moving protons through
the aqueduct. Therefore, the signals from the moving
protons through the aqueduct were too small to be
detected in the healthy subjects. The same mechanism
was considered to function in the patients of type 0 and
type I who demostrated normal or mildly disturbed CSF
flow pattern. When the CSF circulation was moderately
disturbed, the CSF flow volumes in the ventricular
system and through the aqueduct increased due to the
increased resistance to the absorption of CSF. The
signals from the moving protons through the aqueduct
were also greater than the signals from the stationary
protons. Thus, the CSF flows through the aqueduct on
phase images were observed in the patients of type IL
However, when the CSF flows were severely disturbed,
the amplitudes of the CSF pulsatile flows became very
small. In this condition, the velocities of CSF flows
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throngh the aqueduct decreased because the effective
pulsation which drove the increased CSF volume in the
ventricular system was lacking. Therefore, the CSF
flows though the aqueduct on phase images were not
identified in the patients of type III (Fig. 10).

Clinical assessment before and after shuniing proce-
dure.  The amplitude of to-and-fro movement of the
CSF flow decreased with the decrease of NPH score in
the present study. It was interesting to note that some of
the patients showed Type 0 TVFP or Type I TVFP.
Their CSF flow patterns were similar to the normal flow
patters in the present study. These facts suggest that the
disturbance of to-and- fro movement of CSF flow certain-
ly affects the pathophysiology of NPH, but is not an only
factor.

In the present study, improvement rates in the clinical
symptoms after the shunting operation were as follows:
gait disturbance, 21.4 % ; dementia, 85.7 % ; urinary in-
continence, 78.6 %. NPH score improved most signifi-
cantly in urinary incontinence (average of 2.5 points).
Thus, we can expect a most prominent recovery in
urinary incontinence at an early period after the shunting
operation. Because most of the patients were bedridden
before shunting operation, we needed a longer time
between the operation and the postoperative MR imaging
to evaluate the improvement in gait distubrance.

Shunt therapy and shunt patency.  Although
Adams and Hakim (11) described NPH as a surgically
treatable dementia, it has been difficult to decide whether
a patient is shunt-responsive or not before the operation.
Accordingly, the patients of type III were of interest
because they showed low amplitudes of the to-and-fro
movement of the CSF flows and low NPH scores.
Amplitude of the CSF pulsation decreased as NPH score
decreased in the present study. If this process is revers-
ible (i e. the amplitude increases again with the increase
of NPH score by shunting operation), we can expect a
most favorable outcome in the patients of type IIL
Postoperative examinations in the present study support
this idea.

Five of the type III cases changed to types II, I and
0 and one of the type II cases changed to type | after the
shunting operation. This fact shows a transitional change
in each type and its reversibility by shunting operation.
Therefore, we are able to assess the shunt patency by
comparing TVFP before and after the shunting operation.
When a patient neither improves clinically nor shows an
increase in the amplitude of TVFP after shunting opera-
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tion, shunt malfunction should be considered. When a
patient does not improve clinically in spite of the improve-
ment in the CSF pulsation by shunt therapy, brain tissue
damages caused by disturbance of the CSF circulation
have already become irreversible or one should consider
the existence of other pathophysiology, such, as Alz-
heimer disease or Binswanger disease.

Borgesen el al (34), using a continuous monitoring
of ICP, demonstrated that the combination of low compli-
ance of the brain and high resistance to outflow of CSF
(R out) may be necessary to produce the B-wave and to
be beneficial after the shunting procedure. Kosteljanetz
(35) showed a positive correlation between the abnormally
raised R out and ICP. In the present study, lumbar CSF
pressure were certainly high in the patients of type III,
but not statistically significant. However, we suspect that
the decrease in the CSI pulsation correlates with ICP.
Transient elevation of ICP in the patients with NPH has
been reported using continuons monitoring of ICP (13,
15, 36, 37). When this continuous monitoring is applied ,
a significant correlation between the decrease of CSF
pulsation and the increase of ICP may be found. We
consider that the most beneficial effect of shunting is
expected in the patients of type III and that the effect of
shunting is less in other types. All the patients of type III
should be shunted, because they have low CSF pulsation
amplitudes which correlates with clinical feature. In other
types, when the clinical symptoms are very progressive
or the progress of disturbance of CSF circulation is
shown by the repeat phase contrast cine MR imaging, the
shunt operation should be performed.

Phase contrast cine MR imaging is useful for the
quantitative analysis of the CSF flow. We believe that
our study is valuable for the clinical assessment of NPH
and preselecting shunt-responsive patients will be possible
using phase contrast cine MR imaging.
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