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Abstract

The purpose of this study was to
determine the CSF production rate and its
possible circadian variations in healthy young
adults using cine phase-contrast MR imaging
with high temporal and spatial resolutions.
19 healthy adults (15 males, 4 females, 21-39
years of age) were imaged axialy
perpendicular to the distal third of the
aqueduct of Sylvius on a 1.5T system, with

30 cardiac phases a 0.39 mm in-plane
resolution. Nine underwent two scans at
1500~1900h and 2100~2400h. Correlation
coefficient maps were generated based on
pixel-by-pixel anaysis of temporal flow
patterns, from which the cross-sectiona
aqueduct area was defined using a
region-growing algorithm. CSF production
rates were caculated using numerica
integration. The automatic segmentation
approach yielded average CSF production
rate of 332+137 ul/min, which is in good
agreement with literature values obtained
with invasive ventriculolumbar perfusion
measurements.  Diurnal change was not
statistically significant (292+79 ul/min at
~1700h and 344+179 ul/min at ~2230h,
respectively, p 0.16). Based on MR
imaging measurements, a systematic pattern
in circadian variations of CSF production rate
is not evident in humans.

Keywords: CSF production rate, circadian
variation, magnetic resonance imaging,
phase contrast.

The production of cerebrospina fluid
(CSF) is known to be associated with
intracranial homeostatic response to changes
in the physiological environment such as the
blood pressure or heart rate. Hence, clinical
assessment of the CSF production rate may
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help in understanding its auto-regulatory
dlterations in  response to certan
pathophysiological — states. A typica
example is shown in a recent study, which
demonstrated that patients with Alzheimer
dementia had reduction in the CSF
production rate (1). Differences in CSF
production, on the other hand, may influence
treatment design for pediatric patients with
hydrocephalus (2).

Velocity-sensitive  magnetic resonance

(MR) 1imaging based on phase-contrast
technigue has recently evolved as an
aitractive  dternative in  quantitative

assessment of the CSF production rate, due
primarily to its noninvasive nature. A
previous investigation employing phase-
contrast MR imaging has reported circadian
variations of the CSF production rate in
healthy adults, with minimum production rate
(12+7 ml/h around 1800h) at about 30% of
the maximum values (42+2 ml/h at 0200h)
(3). Along with experimental evidence
provided by follow-up studies including a
report of inhibition of CSF production by
administration of a beta 1-receptor antagonist,
atenolol (4), the phase-contrast MR method
seems to have won increasing promise in the
quantification of CSF production.

In this study, we attempted a
re-evaluation of the quantitative assessment
of the CSF production rate, using
two-dimensional cine phase-contrast MR
imaging of the agueduct of Sylvius at high
temporal and spatial resolutions, combined
with dedicated automatic image anaysis.
With this high-resolution approach, we report
the values of CSF production rate measured
from healthy young adults. The possible
presence of circadian variations for these
healthy subjects was a so examined.

Nineteen healthy young adults (15 males,
4 females, 21-39 years of age) underwent MR
velocity mapping examinations using a
two-dimensional  through-plane  phase-
contrast technique on a 1.5 Tesla MR system

(Siemens Vision+, Erlangen, Germany). Of
these subjects, nine (5 males, 4 females) were
scanned twice at two prearranged time
periods, i.e., 1500~1900h and 2100~2400h,
respectively, to investigate diurnal changesin
the CSF production rate. Care was taken
such that the nine subjects were in similar
physiological conditions (e.g., similar heart
rate and blood pressure) for the two imaging
periods. A 6-mm dice was selected
perpendicular to the distal third of the
aqueduct of Sylvius by referencing a
mid-sagittal image. A matrix size of
256x256 was used with 10-cm field-of-view
to yield 0.39 mm in-plane spatial resolution.
A cine phase-contrast gradient-echo sequence
with TR of 45 ms was used to obtain phase
images with bipolar velocity encoding
gradients set a a maximum encoding
velocity (Venc) of 20 cm/s.  Sixty-four
cardiac phases were acquired and re-arranged
via retrospective ECG gating to form thirty
images representing sequential phases in a
cardiac cycle. The total acquisition time
with one signal average was about 10
minutes, well within the tolerance limits for
all our subjects.

Derivation of CSF production rate was
performed on a personal computer following
digital transfer of the phase images from the
MR console. The velocity values were first
corrected with respect to a nearby satic
tissue. A rectangular region-of-interest was
then selected on the velocity map to
encompass the agueduct (Fig.2), after which
al the analysis steps were executed
automatically. Automatic segmentation of
the agueduct was performed using a method
modified from a  pulsatility-based
segmentation approach (5). Using this
principle, the temporal velocity profile of the
pixel showing maximum CSF flow velocity
was first derived, following which the
Pearson’s correlation coefficients with the
above reference velocity profile were
calculated for the temporal velocity profiles
of all the other pixels. In this manner a
correlation coefficient map, which exhibited



better immunity to noise fluctuations than the
original phase-contrast velocity map, was
obtained. The area of agueduct was
subsequently defined from the correlation
coefficient map using a region growing
algorithm. The CSF production rate was
obtained as the net CSF volume flowing
through the agueduct in the craniocaudal
direction in one cardiac cycle, multiplied by
the heart rate. One aso notices that since
all the measurements were performed in the
aqueduct, the CSF production rate reported in
this study reflects CSF secretion from the
lateral and third ventricles only. Having
determined the CSF production rates,
possible presence of diurnal changes for the
nine subjects undergoing two scans were
examined using paired student’ s t-test.

The spatial CSF flow profile in a
20x23-pixel region for one male subject (25
years of age) was shown excerpted from the

phase-contrast velocity maps (Fig.1).
Automatic outlining of the aqueduct of
Sylvius  using the  pulsatility-based

segmentation algorithm was found to be
successful with little difficulty. Operator
dependency was thus obviously absent.

The CSF production rate measured
using the automatic analysis agorithm from
the nineteen subjects was 332+137 ul/min.
The nine subjects underwent two imaging
examinations showed averaged CSF
production rates of 292+79 ul/min at ~1700h
and 344179 ul/min at ~2230h, respectively.
These estimation values were in good
agreement with the CSF production rate of
347~370 ul/min reported from

ventriculolumbar perfusion measurements (6).

Figure 2 plotted the time-dependent
variations in the meausred CSF production
rates for all nine subjects. Paired student
t-test showed that there was no significant
diurnal difference in the CSF prduction rate
(p=0.16).

The CSF production rates measured
from healthy young adults in our study are
dlightly less than, but in good agreement with
the value of 347~370 ul/min reported from
ventriculolumbar perfusion measurements (6).
The dlight discrepancy is within reasonable
expectation in that measurement of the net
CSF outflow through the aqueduct of Sylvius
only registered CSF secretion in the lateral
and third ventricles, while CSF produced
from choroid plexus in the fourth ventricle
may not be taken into account. Previous
studies employing phase-contrast MR
technique have reported values much larger
than ours (3,4). We anticipate that these
previous investigations may be prone to
resolution imprecision plus operator-related
inaccuracy, compared with the high temporal
and spatial resolution in addition to the
sophisticated image analysis software used in
our study. Further studies performed by
other independent investigators are needed to
resolve the disagreement between MR-based
measurements of the CSF production rate.

Using our high resolution approach, we
re-examine the circadian variations of the
CSF production for nine healthy adults.
Contrary to previous reports (3,4), however,
we find no fixed pattern of diurnal changes
between 1700h and 2230h. Paired student
t-test for the data in Fig.5 shows the diurnal
difference to be statistically insignificant (p =
0.16). In addition to the issue of lower
resolution employed in these previous reports
as stated above (3,4), it has also been pointed
out that the reported huge diurnal change
(difference by a factor of 3) in human CSF
production (3) was inconsistent with the very
small variations observed experimentally in a
very large number of animals. On the other
hand, the intra-individual change shown in
our study (5 increasing and 4 decreasing from
1700h to 2230h, Fig.2) implies that a
measurement of the CSF production rate
using one single imaging examination may
be subject to extrapolation error, because
production of CSF is likely to be affected by
many other physiological factors such as the



blood pressure. Such phenomena point out
yet another intrinsic difficulty in estimating
CSF production, that is, the rate of
production may itself be highly variable in a
day, even if an optimized acquisition and
analysis protocol can be employed. Another
study aiming for a larger population with
rigorous control of the physiological statusis
currently underway.

In conclusion, for quantitative studies on
the  physiologica and  pathological
mechanism of human CSF secretion, it is
important to establish a reliable procedure to
measure the CSF production rate. Our
results show that two dimensiona cine
phase-contrast MR imaging can be used for
estimation of the CSF production rate, if
objective analysis can be performed on
images with sufficiently high temporal and
gpatial resolution. Using our approach we
report CSF production rates in good
agreement with literature values obtained
using invasive ventriculolumbar perfusion
measurements, and that no statistically
significant circadian variations have been
found. Phase-contrast MR imaging is an
effective technique that can potentially help
resolving the unanswered issues in human
CSF secretion as well as in its relation to
intracranial pathophysiology.

Our efforts spent in this project have
created results substantially greater than that
mentioned in this brief report. Overdl, the
two-year project has generated two journal
papers published in the prestigious Radiol ogy
(7) and Magnetic Resonance in Medicine (8),
one journal article submitted to American
Journal of Radiology, two journa articles
under preparation, plus more than twenty

international and domestic conference papers.

Achievements from this project have raised
the attention of other domestic medica
centers, including Taipel Veteran Generd
Hospital who approached us aggressively for
mutual cooperation. In short, we have

confidence that our results from this project
should benefit both the medical centers as
well as the patients suffering from
CSF-related diseases such as hydrocephalus.
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Figurel. Graphs demonstrate CSF hydrodynamic analysis in a
25-year-old hedthy male subject. Spatial profiles of the CSF
velocity show velocity distribution at six specific cardiac phases.
Positive velocity stands for flow in the craniocaudal direction.
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Figure 2. Plot shows the CSF production rates measured from 9
healthy subjects at two prearranged time periods (left column:
1500~1900h; and right column: 2100~2400h). The plot shows no
statistical evidence of systematic trends (p = 0.16) in the diurnd
variation of CSF production as reported in the literature.



