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Cerebrospinal Fluid Flow Measured by Phase-Contrast Cine MR

Dieter R. Enzmann and Norbert J. Pelc

PURPOSE: This prospective study was designed to establish the temporal and quaniitative
relationship between blood flow and cerebrospinal fluid (CSF) flow using a phase-coniirast cine MR
pulse sequence. METHODS: A cine phase-contrast MR pulse sequence using peripiheral gatimg
was used to measure CSF flow direction and velocity. Data were acquired comtimuousily @nd
interpolated into 16 images throughout the cardiac cycle. RESULTS: The timing of systclic CSF
flow in the cervical subarachnoid space (SAS) correlated very closely o the brain amteriovenous
blood flow difference during the cardiac cycle. This arteriovenous difference was a mezsure of
brain expansion. Aqueduct CSF flow during the cardiac cycle differed from SAS fllow im e
systolic flow was delayed in comparison with systolic cervical SAS flow. The nonmel aqueduictzi
oscillatory flow volume was 1.7 = .4 mL/min or 0.03 = 0.01 mL per cardiac cycle. This
represented 14.5% = 3.1% of the total CSF flow and tissue displacement through the incisua
which was 14.5 £+ 2.2 mL/min or 0.22 % 0.03 mL per cycle. CSF oscillatory flow wolume in tine
cervical SAS was 39.0 £+ 4.0 mL/min or 0.65 + 0.08 mL per cycle. CONCLUSION: CSF fllow czm
be measured. Results in healthy subjects show relatively low oscillatory flow throwugh tihe aquedict
which is slightly out of phase (delayed) compared with SAS CSF flow.
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The development of motion-sensitive magnetic
resonance (MR) pulse sequences has revived in-
terest in the study of the third circulation, cere-
brospinal fluid (CSF) flow (Ida M, Hata Y, Tada S,
Abe T. Cine MR imaging of cerebrospinal fluid
flow in syringomelia; and Itabashi T, Arai S,
Kitahara H, Watanabe T, Suzuki H. Quantitative
analysis of cervical cerebrospinal fluid pulsation.
Abstracts of the 74th Annual Meeting of the
Radiology Society of North America, Chicago,
1988) (1-9). These motion-sensitive pulse se-
quences have improved capabilities, allowing
measurement of both velocity and direction of
fluid motion (7-13). When combined with an area
measurement, volume flow can be calculated. To
date, most of the CSF physiology described by
MR methodology has been descriptive and qual-
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itative in nature (Ilda and ltabashi cited abowve)) (1—
8). Velocities have been measured and the tiimmimg
relationships of CSF flow in various portions of
the neuraxis have been accurately charactenized
(Itabashi cited above) (1, 2). CSF flow has beem
measured mostly through the aqueduct (5—7).
The purpose of this investigation was to mezs-
ure CSF flow between the majjor CSF comypairt:-
ments, the supratentorial and infratentonizl comm-
partments, and the spinal camal. The sthudly was
designed to provide nommative daita flor move-
ment of CSF between these tivee major comn-
partments. From these datta, iit is hoped, CSF filow
derangement can be quianitiffied im the future.

Materials and Methods

This prospective studly weas camied euwit oma 1.5-T imager
(Signa General Electric Mediicall Sysiems, Millwaukes, Wis)
using a phase conttrast cine MR pulse sequemce wihidh has
been previously descrilbed (2, 13). Briefily, two dine acqui-
sitions (14) interroggatiing tihe: same section butt wilth diffferent
sensitivity to velodity im the section sellect directiom are
interleaved. The stremgfth of the vellodity encoding is para-
metrized by Ve, the vellodity that produces a phase shift
of 180° between tihe acquisitions. Stronger encoding
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(smaller V.,) produces improved precision for measuring
slow motions but accommodates a smaller range of veloc-
ities (=Ven) before aliasing occurs. In the present study,
Vene Was always selected so as to avoid velocity aliasing in
regions within which quantitative measurements were
being made. Pulse sequence repetitions are executed con-
tinuously and at a constant rate so as to maintain an MR
equilibrium and to allow the entire cycle to be studied.
Sequence repetitions within the same cardiac cycles use
the same spatial phase-encoding gradient and alternating
velocity sensitivity, and the phase-encoding amplitude is
updated upon detection of a cardiac trigger. The data from
each individual cardiac period for each velocity sensitivity
are interpolated into the desired number of frames in the
cardiac cycle. This phase-contrast cine method produces
both conventional magnitude images and phase-contrast
flow images, the former from the average of magnitude
reconstruction of the two data sets at each point in time
and the latter from the difference in phase images. For
additional details of this phase-contrast cine technique see
ref. 13.

The interleaved acquisition minimizes sensitivity to other
motions (eg, respiration) but yields a temporal resolution
of approximately twice the sequence repetition time. For
this study, the technical parameters were: 54/9-13/2 (rep-
etition time/echo time/excitations) yielding a temporal res-
olution of 108; matrix, 128 X 256; section thickness, 5
mm; field of view, 12 cm. The acquired raw data were
interpolated to produce 16 frames equally spaced in the
cardiac cycle. Two different velocity encoding ranges (Venc)
were used. A V., value of 15 cm/sec was for the aqueduct
and C2-3 subarachnoid space (SAS) CSF flow. An oblique
axial plane of section was selected to be perpendicular to
the aqueduct (at the inferior colliculus) just above the fourth
ventricle where its course is nearly vertical. In addition, the
area of the aqueduct is largest in this region. This minimizes
partial volume artifacts. Carotid and vertebral artery and
jugular vein blood flow was measured at the same level as
the C2-3 CSF scan but a V.. of 150 cm/sec was used in
an axial scan perpendicular to these vessels. These meas-
urements were performed in 10 healthy volunteers, six
men ages 26 to 36 years and four women ages 23 to 34
years. Peripheral gating was used in all cases. Although
electrocardiographic gating might be preferred in general,
it was not possible with the field of view and repetition
time required in the present study due to excessive gradient
interference corrupting the electrocardiogram signal. Thus,
electrocardiographic gating was sacrificed to obtain im-
proved spatial resolution. Further, peripheral gating was
judged to be acceptable for the relative timing measure-
ments envisioned in this study.

Phase-contrast cine produces images that represent ve-
locity as a function of time in the cycle. Additive errors
(baseline) may be present because of the effects of gradient-
induced eddy currents, but these errors must be similar in
neighboring regions. Before quantitative analysis of flow
within any region of interest (ROI), a constant baseline for
that region was estimated by the average throughout the
cycle of the apparent velocity in a neighboring static
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structure. These baseline regions were chosen where brain
motion is minimal or absent during the cardiac cycle; we
have studied brain motion in detail. In addition, because
the baseline measurements were averaged throughout the
cardiac cycle and because there is no net brain motion,
cyclical brain motion cannot corrupt the baseline estimate
or alter the measured pulsatile waveforms.

For each pixel and each of the 16 time frames, the
product of the velocity (apparent velocity — baseline) in
the pixel and the pixel area is an estimate of the volume
flow rate (milliliters per minute) through the pixel. Volume
flow rate as a function of time through vessels or CSF
spaces was measured as the sum of the volume flow rates
through the pixels within a defined ROI for each frame.
This measurement is relatively insensitive to pixel size, ROI
size, and flow angulation (15). Nevertheless, the imaging
plane was positioned perpendicular to the flow of interest
to minimize partial volume effects. The average flow rate
was measured by averaging the volume flow rate through
the cycle, and was expressed as milliliters per minute, or
as milliliters per cycle by dividing by the heart rate. The
accuracy of average volume flow rate measurements has
been validated in vitro (16) and in vivo (15).

For a given ROI and for any frame, the product of
volume flow rate (milliliters per minute) and the time
interval between cine frames (min) is the volume (milliliters)
displaced through the ROI during that frame. The sum of
this quantity over all frames in which it is positive is an
estimate of the volume (milliliters) displaced in one direction
through the ROI. A similar sum over negative values can
be performed. The lesser of the two in absolute value
represents the volume that is displaced in a reciprocating
or oscillatory fashion through the ROI over one cycle (in
units of milliliters per cycle, or milliliters per minute if
multiplied by the heart rate).

Flow during the cardiac cycle was determined for the
aqueduct (Fig 1) and the C2-3 SAS (Fig 2). At the incisura,
the volume of tissue and the volume of CSF displaced
through it were measured (Fig 3). In addition, an arterio-

Fig. 1. Axial phase-contrast flow image of the midbrain show-
ing the level at which aqueductal flow was measured. The white
region in the dorsal midbrain (arrow) is the ROl drawn over the
aqueduct and used for flow measurements. The aqueduct is seen
as the white ROI (arrow) in the dorsal midbrain.
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Fig. 2. Axial phase-contrast image of the cervical SAS at the
C2-3 level. A white ROl is overlaid on the SAS (curved arrow)
around the cervical cord. The two cuneiform structures (straight
arrow) anterior to the SAS represent epidural venous sinuses with
flow in the craniocaudal direction. Note that the neck vessels
show a complex target pattern indicating flow aliasing because
the Vene for CSF flow was set at 15 cm/sec.

Fig. 3. Axial phase-contrast image through the midbrain at the
level of the tentorium. Displacement of incisural tissue, brain and
CSF, was measured by an irregular ROI that included all of the
structures in the incisura including CSF and brain tissue. Vascular
structures were excluded.

venous flow difference was calculated throughout the car-
diac cycle. The flow in both internal carotid arteries and
both vertebral arteries were added together to produce an
arterial inflow curve. Flow in the right and left internal
jugular veins was combined as a measure of venous out-
flow. This is likely to be an underestimate of the true
venous outflow since other venous structures such as the
pterygoid plexus and the ophthalmic vein were not taken
into account. To correct for this, the measured venous
curve was multiplied by a factor that forced the corrected
average venous outflow to equal the average arterial inflow.
On average, this scale factor was 1.37 and was equivalent
to an underestimation of about 3.2 mL per cycle. The
arteriovenous flow difference was calculated as the differ-
ence between the measured arterial curve and the scaled
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venous curve. Of particular interest in this study is the
relative timing of this arteriovenous difference with respect
to CSF flow. This relative timing is expected to be accurate
in the face of underestimated venous outflow.

In the aqueduct, both the oscillatory flow volume and
average (net) CSF flow rates were measured. The area of
measurement ranged from 0.068 cm? to 0.136 cm® and
comprised at least 13 pixels. Errors in measurement due
to partial volume artifact were felt to be minimal because
the section was oriented perpendicular to the aqueduct and
the pixel size was small relative to the aqueduct. The flow
measurement through the incisura contains components
caused by motion of both CSF (interpeduncular cistern,
perimesencephalic cistern, and superior vermian cistern)
and brain tissue (ie, the midbrain, and sometimes the
superior vermis). A Ve, of 15 cm/sec allowed measurement
without aliasing. Blood vessels were always excluded from
this ROI. ROl measurements were limited to the anatomic
structure of interest (Fig 4). Although CSF flow information
was derived from the phase contrast flow images, the ROIs
for vascular blood flow measurements were drawn either
on the flow image or the magnitude image, whichever
allowed best depiction of the anatomic boundaries (Fig 4).
Irregular ROIs were drawn to encompass the SAS at the
C2-3 level (Fig 2). Volume flow rate curves were calculated
for each of the following: the arteriovenous difference, C2—
3 SAS aqueduct, and incisura. A ratio was used to compare
average flow rates between major compartments: incisura
flow divided by C2-3 SAS. This yields the fraction of total
CSF flow displaced from the cranium arising from the
supratentorial motion.

The measured data for all patients (flow as a function
of phase in the cardiac cycle, arteriovenous difference,
average flow rate, and flow ratios) were combined (see Fig
5 and Table 3). All measurements are presented as the
mean + SEM of all individuals.

Results

The temporal relationship between CSF flow
in the cranial and spinal SAS and brain expansion,
as measured by the arteriovenous flow difference,
is shown in Figure 5. The arteriovenous differ-
ence, when superimposed on the C2-3 SAS
curve, shows there is net intracranial inflow of
blood during CSF systole and net outflow during
CSF diastole. The onset of CSF systole in the
C2-3 SAS and incisura occurs simultaneously
with brain expansion and the increase in the
arteriovenous flow difference (Fig 5). In this group
of subjects CSF flow in the C2-3 SAS was si-
multaneous anterior and posterior to the cord.
The flow pattern of CSF in the cervical SAS
throughout the cardiac cycle corresponded
closely to that of the arteriovenous flow difference
(Fig 5). These data show a delay in CSF flow
reversal in both systole and diastole in the
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Fig. 4. A, Axial phase-contrast image of
the major arteries and veins in the neck at
the C2-3 level. Ve, = 150 cm/sec. The
internal carotid arteries and both vertebral
arteries are depicted as black while the in-
ternal jugular veins are seen as white. A
white region of interest (ROI) (arrow) is su-
perimposed on the right vertebral artery.

B, Corresponding magnitude image de-
picts the vasculature, arteries and veins, as
high signal. This image shows a white ROI
superimposed on the left internal jugular
vein.

Fig. 5. Mean volume flow (all the vol-
unteers) during the cardiac cycle defined by
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TABLE 1: Vascular Blood Flow
Mean = SEM Mean = SEM
(mL/min) (mL/cycle)
Carotid

R 3054 21 517+ 043

L 288 + 24 4.87 + 0.55
Vertebral

R 97 £ 17 1.65:% 0.31

L 13116 2.23:+ 0:31
Jugular

R 338 + 56 5. 04% 1.13

L 293 + 49 4.97 = 1.05

Note.—R indicates right, L, left.

% CARDIAC CYCLE

aqueduct compared with CSF flow in the SAS.
Aqueduct flow was still in a cranial direction
(diastolic flow) when C2-3 CSF flow is already in
a caudal (systolic) direction.

The average blood flow rates in the carotid and
vertebral arteries and jugular veins are listed in
Table 1, whereas Tables 2 and 3 contain the
measured CSF flow rates and resultant ratios.
The normal aqueductal oscillatory volume flow
(volume flow during systole) is low, being 1.7 =
0.4 mL/min or 0.03 £ 0.01 ml per cardiac cycle
(Table 2). The net aqueductal flow (ie, CSF pro-
duction) was calculated to be 0.4 £+ 0.12 mL/min
in this group of 10 healthy subjects. Net CSF flow
through the aqueduct was 22 + 8% of the ag-
ueductal oscillatory volume flow in this normal
group. The volume of CSF and brain tissue dis-
placed through the incisura was measured to be
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TABLE 2: CSF Flow

mL/min mL/cycle
Aqueduct
Stroke volume 1.7+ 04 0.03 = 0.01
Net flow 0.40 = 0.12
Incisura 145+ 22 0.22 + 0.03
c2-3 39.0 +£ 4.0 0.65 = 0.08
TABLE 3: Flow Ratios
Aqueduct/incisura 14.5% =+ 3.1
Incisura/C2-3 41% + 7.8

14.5 £ 2.2 mL/min or 0.22 = 0.03 mL per cycle
(Table 2). The average ratio of aqueduct oscilla-
tory CSF flow volume to total incisural CSF flow
and brain displacement was 14.5 = 3%. Thus,
CSF displacement throughout the aqueduct is
only a small portion of the CSF and tissue dis-
placed from the supratentorial compartment
through the incisura to accommodate supraten-
torial brain expansion.

CSF oscillatory flow volume at the C2-3 SAS
level was measured to be 39 *+ 4 mL/min or 0.65
+ 0.08 mL per cycle, exceeding that through the
incisura. The ratio of incisural to C2-3 SAS
volume displacement was 41 *+ 8% for this
healthy group (Table 3). This indicates that ap-
proximately 40% of the volume of CSF displaced
into the spinal canal relates to supratentorial brain
expansion and 60% to infratentorial brain expan-
sion.

Discussion

These data suggest that the primary driving
force behind intracranial and spinal canal CSF
flow is expansion of the brain during vascular
systole. The timing and approximate degree of
brain volume expansion can be estimated from
the measured difference between simultaneous
arterial inflow and venous outflow from the intra-
cranial space during the cardiac cycle (ie, the
arteriovenous difference). Since arterial inflow
and venous outflow are not equal throughout the
cardiac cycle, there is a short period of brain
expansion during vascular systole. By measuring
total arterial input from the internal carotid and
vertebral arteries and simultaneous venous out-
flow in the internal jugular veins, one can obtain
an upper limit of this arteriovenous difference
because outflow through the ophthalmic veins,
pterygoid plexus, and other routes is not taken
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into consideration. Flow through these other ve-
nous channels, however, is expected to be small
compared with that in the jugular veins and, if
flow through them is assumed to be similar to
that in the internal jugular veins, then the arterio-
venous difference can be corrected so that the
net flow during a cardiac cycle is zero. In any
case, the measured relative timing of this arterio-
venous flow difference to CSF flow should be
accurate. The very close correlation between the
time course of the arteriovenous flow difference
and C2-3 SAS CSF flow supports a causal rela-
tionship. C2-3 CSF flow represents the net
amount of displaced CSF from the intracranial
cavity resulting from brain expansion. The steep
rise in the arteriovenous difference in vascular
systole (ie, overall brain expansion) coincides with
the onset of caudal (systolic) CSF flow in the
cervical SAS. The time course of SAS CSF flow
and brain stem motion through the incisura is
similar, again suggesting a direct relationship to
brain expansion (17, 18). Brain motion studies
have shown caudal displacement of the brain
stem at the onset of systole, and this presumably
is the force behind local CSF motion (17, 18).
Brain motion, however, is not simultaneous and
supratentorial brain expansion would be expected
to follow infratentorial expansion as the vascular
systolic peak is delayed in the middle cerebral
artery compared with the basilar artery (19). Cau-
dal flow (systolic) in the aqueduct, however, is
delayed in time compared with that in the SAS.
During the onset of brain expansion, CSF flow in
the aqueduct is still in a cranial direction (ie,
diastolic). The time delay of CSF oscillation in
the aqueduct possibly results from aqueductal
flow being governed not by local midbrain motion
but by ventricular flow, which, in turn, results
from supratentorial brain expansion.
Displacement of tissue through the incisura is
an additional mechanism available to accommo-
date supratentorial brain expansion. Displace-
ment of both midbrain tissue and CSF through
the incisura is on the order of 0.22 mL per cardiac
cycle, approximately 40% of the total CSF flow
that is ultimately displaced into the spinal canal.
Therefore, 60% of the CSF displaced into the
spinal canal arises from expansion of posterior
fossa structures. The total volume of CSF dis-
placed from the intracranial space into the spinal
canal is 39 mL/min or 0.65 mL per cardiac cycle.
This represents the volume of brain expansion
not accommodated by intracranial capacitance.
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It seems counterintuitive to have a greater portion
of the displaced intracranial volume arise from
the posterior fossa and a smaller volume from
the larger supratentorial space. However, the dif-
ference in proportion may simply mean that su-
pratentorial brain expansion can be accommo-
dated by means other than CSF displacement
such as by compression of venous structures or
expansion through structures such as the orbital
fissures. These proportions do not mean there is
greater expansion of posterior fossa brain tissue.
The normal CSF aqueductal oscillatory flow
volume is small, on the order of 1.68 mL/min or
0.03 mL per cardiac cycle. This is a small per-
centage of the total CSF and brain tissue dis-
placed from the supratentorial compartment into
the infratentorial compartment during vascular
systole. Under normal circumstances, therefore,
CSF displacement from the lateral and third ven-
tricles is a minor mechanism for accommodating
cyclical brain expansion. CSF production calcu-
lated from this group of healthy individuals falls
within the range published previously (20-22).
The phase-contrast cine technique used in this
study would benefit from additional technical
advances. The temporal resolution of the meas-
urements would be improved by a shortening of
repetition time. Inadequate temporal resolution
will smooth the flow curves but not degrade
average flow measurements or alter relative tim-
ing relationships. The present temporal resolution
is believed to be adequate for CSF flow measure-
ments. The lower range of velocities that can be
measured by phase-contrast techniques can be
limited by unwanted phase shifts caused by eddy
currents. The resulting additive errors can have
significant impact on measured volume flow rates
through large ROIs, such as the incisura. In the
present study these effects were mitigated by the
use of corrections based on apparent velocities
in static structures. Because there is no net mo-
tion of brain, its average velocity must be zero.
A further limitation is imposed by the noise in
the velocity images, which is in turn dependent
on the image signal-to-noise ratio and the flow
encoding strength (Veo) (23). This noise limit is
particularly relevant in small anatomic structures,
such as the aqueduct. For these measurements,
even stronger flow encoding (smaller V.,.) would
be helpful. Partial volume errors can result in
falsely high volume flow rates. Perpendicular im-
aging plane positioning minimized this potential
source of error. Thinner sections and higher spa-
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tial resolution would reduce partial volume effects
and facilitate ROI definition. Although this would
be beneficial for small structures (eg, aqueduct),
image and flow signal-to-noise ratios would be
degraded and, in our present implementation, this
would be accompanied by a severe penalty in
repetition time and echo time. The cine phase
contrast technique as used provided consistent
quantitative data for the normal population ex-
amined.
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