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Abstract

PURPOSE—To assess the influence of arterial and venous vascular compliances in the neck
region on the measurement of the change in intracranial volume during the cardiac cycle.

MATERIALS AND METHODS—Arterial and venous blood flows were imaged by MRI phase
contrast at two different locations, one close to the skull base (upper) and one 2-3 cm lower,
around C3 level (lower). Maximal intracranial volume change (ICVVC) measurements were derived
from the momentary differences between the arterial inflow and venous outflow rates at the upper
and lower locations separately to assess the influence of the compliances of the vessel segments
bounded by the two different imaging locations. Imaging location for the cranio-spinal
cerebrospinal fluid flow was a constant variable in this experiment.

RESULTS—The systolic ICVC obtained using the lower location was consistently larger than
when using the upper location. Comparison between arterial and venous flow dynamics revealed a
much larger changes in flow dynamic and lumen areas in the veins compared with the arteries,
which explain the large venous influence on the intracranial volume change measurement.

CONCLUSION—Arterial inflow and venous outflow should be sampled at a level close to the
skull base (C1-C2) to minimize the influence of the compliance of arteries and the collapsibility of
veins for a reliable measurement of ICVC.
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INTRODUCTION

Intracranial volume (ICV) is the sum of the volumes of brain tissue, cerebral blood and
cerebral spinal fluid (CSF) in the cranial compartment. The intracranial volume slightly
increases during systole and decreases in diastole due to the pulsatility of the blood flow
(1-3). These small fluctuations are utilized for noninvasive measurements of intracranial
compliance and pressure, which are derived from the ratio of the maximal volume and
pressure changes during the cardiac cycle (2-5). The MR measurement of this small volume
change is obtained from the momentary difference between transcranial inflow and outflow
of blood and CSF to and from the cranium. This is a challenging measurement because it is
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derived from the difference between large inflow and outflow volumes. Reliable
measurement of maximal ICV change (ICVC) requires careful consideration of the scanning
protocol and utilization of the cine phase contrast technique. It has been previously shown
that a synchronized measurement of the CSF and blood flow considerably reduced
measurement variability, from 18% (2) to about 10% (6), because it eliminates erroneous
time delays when the CSF and blood flows are sampled at different heart rates. A
synchronous measurement of blood and CSF flow rates can be achieved using a single scan
with interleaved dual velocity encoding (VENC) phase contrast technique (6), or with two
separate scans where the CSF and blood flow images are reconstructed at the same time
points of the cardiac cycle and at the same projected heartrate. Large measurement
variability in the ICVC, over 30%, has been recently reported with unsynchronized sampling
of the blood and CSF flow waveforms (7). In addition, the location of the imaging plane at
which the arterial and venous blood flows was measured was lower and further away from
the cranium, compared with levels used in earlier reports (1-6).

This note focuses of the influence of the level at which the arterial inflow and venous
outflow are measured on the calculation of the ICVC. The influence of the location at which
the CSF is measured will be considered in a separate report. From review of the literature, it
seems that different groups choose different levels above the carotid bifurcation for the
measurement of the total cerebral blood flow. The two most common locations are an upper
level that intersects the v2 segment of the vertebral arteries (upper C2 just before the
vertebral veins turn to enter the skull base) (1-6) and a lower location, further away from the
skull base, typically between C2 and C3 (7,8). Due to the pulsatile nature of the arterial and
venous flow, and due to the finite compliance of the vessel segment between these two
levels, the shape of the volumetric flow waveform can be different between the two
locations with the same total volumetric flow. Therefore, it is expected that the location of
the measurement may influence the calculation of the intracranial volume change. The
degree by which the pulsatility of the arterial and venous blood flows influences the
measurements of the ICV change, respectively, were investigated in order to account for this
influence for improved reliability of ICV change, intracranial compliance and pressure
measurements by MRI.

MATERIALS AND METHODS

MRI data sets from 9 subjects who underwent measurements of intracranial compliance and
pressure (MRICP) were analyzed. All subjects signed an informed consent approved by
theinstitutional review board. Each data set included two retrospectively gated high velocity
encoded cine phase contrast (PC) scans (70 cm/sec) for measurements of the total cerebral
blood flow and a third cine PC scan with low VENC (7 cm/sec) at the upper C2 level for
measurement of the cranio-spinal oscillatory CSF flow volume. Other imaging parameters
include FOV of 14cm, slice thickness of 6 mm, acquisition matrix of 256x160, minimal TR
and TE of 12 and 7ms, respectively, and flip angle of 20 degrees. The two high VENC scans
were placed one at an upper location (upper C2 level) and the second at a lower level (lower
C2-upper C3). The average distance between these two levels was 21.6+7.3 mm. Images
were reconstructed into 32 cardiac phases using the same projected heart rate for both
locations. A short 2D TOF MRA scan covering the upper cervical spine was used as a scout
for guiding the selection of the upper and lower locations. The imaging planes were selected
at orientations that are as perpendicular as possible to the main 4 arteries leading blood to
the brain (internal carotid and vertebral arteries), and internal jugular veins (1JV). Schematic
model of the location of the inflow and outflow measurements and examples of coronal MIP
MRA and MRV with the 2 locations are shown in Figure 1a and 1b, respectively. The time-
dependent volumetric flow rate waveforms were obtained by integrating the flow velocities
inside the lumen cross-sectional area for each of the 32 time frames. The vessel lumen
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boundary was obtained using the previously described pulsatility-based lumen segmentation
(PUBS) method (9). This method utilizes the temporal velocity information to differentiate
between lumen and background pixels. The PUBS method provides an average of fivefold
reduction in lumen area and volumetric flow measurements’ variability compared with
manual segmentation for these in-vivo flow data (9)

The ICV change waveform is calculated following a previously described method (2).
Briefly, a transcranial volumetric flow rate (VFR) is first obtained for each time point of the
cardiac cycle by subtracting the venous and CSF outflow rates from the arterial inflow rate.
Then the ICV change is derived by integration of the transcranial flow rate waveform with
respect to time as shown in Eq. [1].

T

ICV(T)=) " [VFR (i) = VFR,,, () = VFR, ()] - Ar, 0 <T <RR

i=0 [1]

whereVFRarT, VFRyEN, andVFRcgf are the arterial, venous, and CSF volumetric flow
rates, respectively, and RR is the period of one cardiac cycle.

The maximal volume change occurring in the arterial and venous vessel segments that are
bounded by the upper and lower imaging planes were calculated to assess their influence on
the derivation of the ICV changes measurement, respectively. The volume change waveform
of the individual segment was calculated by subtracting the outlet flow rates from the inlet
flow rates for each time point and then integrating the net volumetric flow rate with respect
to time, as described in Eq. [2] and Eq. [3].

dVFR (i) =VFR, (i) — VFR,, (i) 2]

AVC (i) =dVFR (i) - At [3]

whereVFR| andVFRg are measured inlet and outlet volumetric flow rates, respectively.
dVFR and AVC are the net volumetric flow rate between in-outlet flows and the volume
change of vessel segment, respectively. Prior to the calculation of the volume change, a
constant value (dc) is either added or subtracted to maintain volume conservation over the
cardiac cycle as described in Eq. [4] and Eq. [5].

A‘V
zl (VFR, (i) — VFR, (i)
de=E
¢ N [4]
CVFR (i) =VFR (i) +dc 5]

whereCVFR represents the dc-corrected volumetric flow rate. In addition, the maximal
intracranial volume change was calculated using the arterial and venous flow waveforms
derived from the upper and lower locations, separately, with the same CSF flow waveform.

A paired t-test was applied to determine the significance of differences between the two
ICVC measurements. The influence of the degree of the pulsatility of the arterial and venous
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flows on the ICVC measurement was assessed from the relationship between the peak-to-
peak amplitude of arterial and venous flows and the ratio of the upper and lower
measurements of ICVC. In addition, for each individual arterial and venous vessel segments,
the peak-to-peak amplitude of the net volumetric flow was calculated and compared with the
maximal volume change of that segment. Linear regression was then used to identify
correlations between pulsation levels and volume changes.

In all nine data sets, the ICVC measurement obtained using the upper location was smaller
than the one obtained with the lower location

The respective mean ICVC were 0.51 vs. 0.71 mL. The difference was statistically
significant with p<0.05. The mean ratio of the lower vs. upper measurements was 1.39+0.32
(meanxSD). Examples of volumetric blood flow and segmental volume change waveforms
in an internal carotid artery and internal jugular vein obtained at the upper and lower
imaging planes are shown in Figure 2. The measured volumetric flow waveforms are shown
in Figure 2a and d, where the waveforms from the upper (o) and lower (+) locations are
shown in the same graph. The net volumetric flow rates for these vessel segments are shown
in Figure 2b and e, respectively and the volume change for the vessel segments bounded by
the upper and lower imaging planes are shown in Figure 2c and f, respectively. As can be
seen, the arterial waveforms at the upper and lower locations are very similar and therefore
the volume change in the arterial vessel segments are small as shown in Figure 2c. On the
other hand, the venous flow is much less similar between the upper and lower location
resulting with a larger volume changes in the venous vessel segments as can be seen in
Figure 2f.

The average pulse amplitude (peak-to-peak value) of the arterial and venous volumetric
flows is summarized in Table 1. In general, the arterial pulse amplitude is similar at the two
levels (mean ratio of 1.04), while the venous pulsatility is larger at the lower location (mean
ratio of 1.3). The individual segments and the combined arterial and venous segments
maximal volume change are listed in Table 1. The maximal volume change of the venous
side is almost twice that of the arterial side, 0.39+0.25 mL vs. 0.21+0.1 mL. Thus these
findings suggest that the venous side influence on the ICVVC measurements is considerably
larger than the arterial side.

Large differences in the venous lumen area were found between the upper and lower
location of the jugular veins. These differences are considerably larger than a measurement
error of approximately 3-5% associated with the PUBS method for similar lumen sizes (9).
On average, at the lower location, the lumen area is larger and the mean velocity is slower
compared with the upper location, by 60% and 30%, respectively. Mean and SD of lumen
areas and velocities at the two levels are listed in Table 1. An example of velocity and
magnitude images from upper and lower locations is shown in Figure 3. These images also
demonstrate that the flow velocities during the cardiac cycle are more uniform in the upper
location compared with the lower location (Figure 3 top).

Finally, the relationship between the ratio of the lower vs. upper maximal ICV change and
arterial and venous pulsatility were assessed by linear regression. The most significant
correlations were found with the pulsatility of the net venous flow (R? = 0.77, p<0.05) and
the flow at the lower level (R? = 0.59, p<0.05). These relationships are shown in Figure 4.
As expected, the higher the venous pulsatility, the larger the expected difference in the ICV
change measurements between the two different locations.
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DISCUSSION

This study demonstrates that the location along the vessel at which the arterial inflow and
venous outflow are imaged influences the measurement of intracranial volume change
during the cardiac cycle is a predictive way. Consistently, a larger ICV change is obtained
when the lower location is used as compared when the upper location is used. This is
expected because the additional volume of the included vessels segments is “added” to the
intracranial volume. The mean ratio of the lower vs. upper measurements of the nine data
sets was 1.39. Therefore, intracranial compliances measured using a location that is on
average lower by 2 cm from the more optimal location (just below the skull base) are
expected to be overestimated by an average of about 40%.

Changes in venous pulsatility along the cerebral drainage pathway have been previously
reported by Kim et al (10). They proposed a lumped parameter model to predict the extra-
cranial venous outflow dynamics based on measured arterial inflow, CSF flow and venous
flow in the sagittal and straight sinuses, and validated their prediction that intracranial
venous pulsatility is lower than the extra-cranial, i.e., pulsatility in the jugular veins. The
increased pulsatility in the upper jugular veins may be in part due to additional drainage
from the petrosal sinus (11). The current report points to variation in extra-cranial venous
pulsatility between two locations along the same vein with no major branch draining in
between these locations. Therefore, it explains the importance of measuring the cerebral
venous outflow at a location close to the skull base for a reliable derivation of the ICVC. In
addition, this study demonstrates that the measurement of ICVC is sensitive to the blood
flow dynamics (timing of onset and magnitude of the pulse amplitude), especially of the
venous outflow, which contributed the most to the larger ICVVC when the measurement is
performed at locations further away from the skull base.

Two causes potentially explain the larger effect of the venous influence of the ICVC
measurement than the arterial influence. The arterial pulse wave velocity measured at the
carotid arteries is on the order of 5-10 m/sec (12). Therefore, the time delay between the
systolic onsets at the inlet and outlet that are 2 cm apart would be on the order of about 4
msec or less. This short delay is below the temporal resolution of the MR measurement, as
can be seen in Figure 2a. The systolic onsets of the upper and lower waveforms in the
internal carotid artery occur at approximately the same time and therefore, the net arterial
flow waveform is relatively flat as seen in Figure 2b. The larger influence of the venous
outflow is related to the more complex venous flow due to changes in flow pattern between
the upper and lower location of the internal jugular veins. The venous flow in the upper
location is more uniform across the lumen during the cardiac cycle compared with the lower
location. Furthermore, since the internal jugular vein lumen area is smaller at the higher
location, the flow velocity is faster. Therefore, due to the Venturi effect, the fluid pressure is
lower at the upper portion of the vein, which explains the partial collapse of the vein at this
level compared with the lower level as can be seem in Figure 3. This figure also
demonstrates a larger change in the cross sectional area between the cardiac phases in the
lower location, possibly due to larger pressure fluctuation during the cardiac cycle.

Finally, the link between pulsatility and the magnitude of the ICVC obtained using imaging
plane at difference locations along the vessel segment is demonstrated from the relationship
between the ratio of the lower to upper ICVC as a function the peak-to-peak amplitude of
the net (R? of 0.77, p<0.05) and lower location (R? of 0.59, p<0.05) venous outflow shown
in Figure 4. This clearly implies that the measurement of the venous outflow should be
obtained at the level reported in the initial publications of the ICVC method (2-4), i.e., close
to the skull base to minimize the influences of the compliance and collapsibility of the
arteries and veins, respectively. These findings explain the larger values of ICVC and larger
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measurement variability reported in a recent investigation of factors affecting the
reproducibility of the intracranial volume change measurement by MRI (7).
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Figure 1.

(a) The compartmental model of the craniospinal system demonstrating the measurement of
intracranial volume changes from the differences between volumetric arterial inflow (A),
venous outflow (V), and CSF flow (C) rates. The level at which the blood inflow and
outflow is imaged can influence the measurement of intracranial volume change. (b)
Coronal MIP MRA (top) and MRV (bottom) with the 2 locations used for the blood flows
measurements are indicated by the dashed line.
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Figure 2.

An example of the blood flow dynamics in a left carotid arteries (left column) and left
internal jugular vein (right column) measured at upper and lower location from one subject.
The measured flow waveforms are shown in (a) and (d) respectively, (b) and (e) are the flow
differences derived from (a) and (d), respectively. The volume change waveform in (c) and
() are derived from the integration of the waveforms in (b) and (e) with respect to time, over
the cardiac cycle.
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Figure 3.

An example of phase (top) and magnitude (middle) images from the upper (left) and lower
(right) locations showing the velocity and the lumen of the right internal jugular vein (black
arrow). Two cardiac frames are shown to demonstrate changes in velocities across the
lumen. The flow velocities are more uniform during the cardiac cycle in the upper location.
The corresponding volumetric flow rate waveforms at both locations are shown at the
bottom. As can be seen, the flow at the lower location is more pulsatile.
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Figure 4.

The relation between the lower/upper ratio of maximal ICV change and the peak-to-peak
(ptp) flow amplitude of venous flow measured at the lower location (left), and the peak-to-
peak amplitude of the net venous flow (right).
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