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Intracranial volumetric changes govern cerebrospinal fluid flow in the
Agueduct of Sylvius in healthy adults

Abstract

Purpose:
To characterize the intracranial volumetric changes that influence the cerebrospinal fluid
(CSF) pulse in the Aqueduct of Sylvius (A0S).

Materials and Methods:

Neck MRI data were acquired from 12 healthy adults (8 female and 4 males; mean age=30.9
years), using a 1.5 Tesla scanner. The intracranial arterial, venous and CSF volumes
changes, together with the aqueductal CSF (aCSF) volume, were estimated from flow rate
data acquired at C2/C3 level and in the AoS. The correlations and temporal relationships
among these volumes were computed.

Results: The aCSF volumetric changes were strongly correlated (r = 0.967, p<0.001) with
the changes in intracranial venous volume, whose peak occurred 7.0% of cardiac cycle (p =
0.023) before peak aCSF volume, but less correlated with the intracranial arterial and CSF
volume changes (r=-0.664 and 0.676 respectively, p<0.001). The intracranial CSF volume
change was correlated with the intracranial venous volume change (r=0.820, p<0.001),
whose peak occurred slightly before (4.2% of CC, p=0.059).

Conclusion:

The aCSF pulse is strongly correlated with intracranial venous volume, with expansion of the
cortical veins occurring prior to aCSF flow towards the third ventricle. Both caudal-cranial
aCSF flow and venous blood retention occur when arterial blood volume is at a minimum.
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Aqueduct of Sylvius; Phase Contrast MRI; cerebrospinal fluid; venous flow; arterial flow;
intracranial vascular model



1. Introduction

In recent years there has been growing interest in the role that the cerebral venous system
plays in regulating the biomechanics of fluids inside the cranium, with several studies
demonstrating a link between cerebral venous outflow and the dynamics of the cerebrospinal
fluid (CSF) in the Agueduct of Sylvius (AoS) (aqueductal CSF, aCSF) in healthy individuals
[1, 2] and in multiple sclerosis (MS) patients [3, 4]. However, although these studies suggest
that a link exists between the venous system and the aCSF pulse, the association between
the two has not yet been explained. This is largely because the functional behaviour of the
cerebral venous system is poorly understood. While the presence of an intracranial
windkessel mechanism linking the arterial and CSF pulses is well recognised [5-8], there is
much less agreement regarding the interaction of these fluids with the cerebral venous pulse.
However, the fact that venous blood exiting the cranium is pulsatile [9, 10], and that an
arteriovenous delay (AVD) exists between the peaks in arterial and venous flow [11],
suggests that transient storage of blood occurs in the cerebral veins at some point
throughout the cardiac cycle (CC). Nevertheless, much still remains unknown about the fluid
volumetric changes that occur within the cranium over the CC, and the source of the
compliance that causes the AVD.

In healthy young adults, blood flow through the cerebral capillary bed is constant and non-
pulsatile [5], despite the considerable increase in arterial blood entering the cranium that
occurs during systole. This additional blood is transiently stored during systole in the cranial
arteries, including the pial arteries that run through the sub-arachnoid space (SAS), which
duly expand, displacing CSF out of the cranium into the spinal column. During diastole, when
the arterial flow entering the cranium drops below the mean, the blood stored in the arteries
is displaced, by elastic recoil, from these vessels into the cerebral capillary bed [12] ensuring
that a constant blood flow is maintained through the parenchymal capillaries [5]. As such, the
system acts as a windkessel mechanism that not only regulates blood flow within the
cranium, but also drives the CSF pulse across the foramen magnum. In comparison to the
cervical CSF pulse, the motion of the CSF pulse in the AoS is less well understood. The
aCSF pulse, which is closely linked with the motion of the lateral ventricles [13], has an
amplitude that is an order of magnitude less than that of the CFS pulse in the upper neck [9].
Because of its central position and proximity to the lateral ventricles, aCSF is often measured
in order to assess structural changes that may be occurring in the brain parenchyma.
Numerous studies have found increased pulsatility of the aCSF to be associated with MS [3,
4, 14, 15], normal pressure hydrocephalus [16-19], and the formation of dirty appearing white
matter [20], suggesting that abnormalities in this pulse may be linked to pathological
changes. However, use of the aCSF pulse as a focal indicator of structural changes has
been considerably hampered by a general lack of understanding of the factors that influence
its motion.

In the study presented here we applied a signal processing methodology to compute the
transient volumetric changes that occur in the intracranial fluids throughout the CC. Although
many researchers have accurately quantified the cervical blood and CSF flows to and from
the cranium using MRI [9, 21-26], characterizing the intracranial interactions between these
fluids has been more troublesome. However, because the cranium is a rigid container and
the fluids enclosed within it are incompressible [27], in theory it should be possible to
characterize the behaviour of the various intracranial fluids solely through interpretation of
extracranial fluid flow signals acquired from the cervical vessels. To this end, we developed a
novel volumetric model, which interpreted fluid flow signals in the neck, to characterize the
temporal changes that occur in the intracranial arterial, venous and CSF volumes over the
CC. We then used the model to investigate transient changes in intracranial blood and CSF
volumes in healthy young adults, with the aim of gaining new insights into the fluid
interactions that occur within the cranium and showing how these relate to the motion of the
CSF in the AoS.



2. Materials and methods

2.1 Subjects

Twelve healthy young adults were enrolled on the study. Inclusion criteria were age <45
years and a normal neurological examination. Exclusion criteria were: history of neurological,
cardiovascular or metabolic disorders and abnormalities on brain anatomical MRI.

The study was approved by the local Ethics Committee of Don Gnocchi Foundation (Milan,
Italy) and a written informed consent was obtained from all subjects prior to study entry.

2.2 Magnetic resonance acquisition and processing

Brain and neck MRI were acquired from all subjects, using a 1.5 Tesla scanner (Siemens
Magnetom Avanto, Erlangen, Germany), equipped with a 8-channel head coil and a 4-
channel neck coil. The acquisition protocol consisted of: 1) brain and neck T1-weighted
localizer, for the slice positioning of the subsequent sequences; 2) brain 2D dual-echo turbo
spin echo to assess any anatomical abnormalities (TR=2,650ms, TE=28/113ms, echo train
length=5, flip angle=150°, 50 interleaved, 2.5-mm-thick axial slices with a matrix size
=256x256, interpolated to 512x512, FOV=250%x250 mm); 3) 2D TOF MR venography of the
neck, with a saturation band positioned caudal to the 128 axial slices (in-plane
resolution=0.5x0.5 mm?, slice thickness=3 mm, distance factor between subsequent slices=-
20, FOV=256x192 mm? TR=26 ms, TE=7.2 ms, flip angle=70°); 4) three retrospective
cardiac gated 2D PC MRI for the quantification of arterial and venous flows through the main
cervical vessels, CSF flow at between the second and the third cervical vertebrae (C2/C3
level) (cCSF) and aCSF. The sequence parameters were respectively (blood/cCSF/aCSF):
TR=33.75/30.2/30.2 ms, TE=5.11/7.6/7.6 ms, flip angle=30°/10°/10°, matrix
Size=288x384/256x256/256x256, pixel size=0.67x0.67/0.62x0.62/0.45x0.45 mm?, slice
thickness=4/4.5/4.5mm, maximum encoding velocity (Venc)=50/15/15cm/s. A finger pulse
oximeter was used in order to reconstruct different time points in the CC, depending on the
heart rate frequency. The slice of the PC sequences were positioned perpendicularly to the
flow of interest: for the cervical blood flow the sagittal neck localizer and the sagittal and
coronal TOF Maximum Intensity Projection images were used for positioning the PC slice at
the C2/C3 level perpendicularly to the internal jugular veins (1JVs) (Figure 1 A-C); for the
cCSF flow the sagittal neck localizer was used for positioning perpendicularly to the spinal
canal at C2/C3 level (Figure 1 A); for the aCSF flow the sagittal brain localizer was used
(Figure 2) for positioning perpendicularly to the AoS.

The flow data were processed with FlowQ software [28] by a single trained examiner. For
every PC sequence, two kinds of regions of interest (ROIs) were manually drawn on the
magnitude and phase images: in the structures of interest; for their flow quantification; and in
stationary structures for the estimation of the phase offset. The internal jugular veins (1JVs),
vertebral veins (VVs), internal carotid arteries, vertebral arteries were segmented on the PC
images with Venc=60cm/s (Figure 1 d and e). The contours were drawn in the first time point
and copied for every time point in the CC, adjusting them if needed. When phase aliasing
was detected, pixel values were corrected with the algorithm described in a previous work
[28]. The CSF (Figure 1 g) and the aCSF (Figure 2 c) were segmented on the PC images
with VENC=15cm/s. The SAS contours were drawn on the phase image corresponding to the
time point with the highest caudal flow velocity, since this shows the highest contrast. The
magnitude image (Figure 1 f and 2 b) was used to increase the confidence of the contours.
For every pixel inside the segmented vessels or the CSF, and for every time point, the phase
value, corrected by the offset and by the aliasing, was mapped to velocity. According to
Siemens convention, positive CSF flow corresponds to cranial direction, negative CSF flow
corresponds caudal direction. The flow rate (in ml/s) was computed for each time point,
based on the mean velocity and on the cross sectional area of the corresponding structure.



2.3 Volumetric model and data analysis

Flow data and statistical analysis were undertaken using in-house algorithms written in
Matlab (Mathworks, Natick, Mass). Arterial flow rate was computed as the sum of the flow in
the internal carotid and vertebral arteries and the venous flow rate as the sum of 1JVs and
VVs flow rates. The arterial, venous, cCSF and aCSF flow rate signals were resampled to 32
data points over the CC. The corresponding cervical flow volume signals were computed,
using the trapezoidal method for the discrete-time integration. All the timings were expressed
as a fraction of the CC and as a delay from the arterial systole. For each fluid, the flow rate
caudal and cranial peak amplitudes and timings were computed. The pulsatility index (PI)
and the resistance index (RI) [29] were calculated as the difference between systolic and
diastolic peaks normalized by the mean or the systolic peak flow rate, respectively. For the
CSF, we computed a caudal and a cranial RI, normalizing by the systolic or diastolic peak,
respectively. The cCSF and aCSF stroke volumes (i.e. the average CSF volume displaced
throughout the CC) were calculated by averaging the absolute positive and negative flow rate
integrals [9].

In order to characterize the behavior of the intracranial fluidic system we created a computer
model in Matlab, a schematic of which is shown in Figure 3. This model comprised three
intracranial vascular compartments: an expandable arterial compartment representing the
pial arteries, whose volume changed throughout the CC; a central constant-volume
compartment, representing the non-pulsatile cerebral vascular bed (i.e. capillaries, arterioles
and venules); and an expandable venous compartment representing the cerebral veins,
whose volume also changed. In keeping with other researchers [9, 10], we scaled the venous
flow rate signal so that its mean matched that of the arterial signal. It was also assumed that
the CSF could only interact with the expandable arteries and veins and that the non-pulsatile
cerebral vascular bed was completely isolated from the CSF. Incremental changes in the
intracranial arterial, venous and CSF volumes were calculated by integrating the PC MRI
flow rate measures, assuming that all the changes in fluid flow rate quantified at the cervical
level contributed to the intracranial volume changes. This was done by integrating the
respective fluid flow rate signals over the CC, as described in equation 1, to compute the
volumetric changes (vc) for each of the 32 cardiac fraction divisions.

i1

ve(i) = | Q.dt "

where: i is a count from 1 to 32; Q is the respective fluid flow rate signal, and dt = CC
duration divided by 32 time points.

In the model, it was assumed that the intracranial fluid volumetric changes reflected the
cumulative changes in the fluid volumes at the cervical level. For the model computations,
each cervical fluid volume signal was zero centered (i.e. its mean value was subtracted), as
described in equation 2.

T-'CU {?} = ‘I'("I[?} — U (2)

where: V¢, is the zero centered volumetric change, and vc is the mean volumetric change.

Finally, the zero-centered fluid volume signal was cumulated, to yield the fluid volumetric
changes occurring in the cranium throughout the CC (hereafter called cumulative volume
change), as described in equation 3.

UCeum {? + 1} = T"CU{?:'} + T-'Cr_]l[f- + 1} (3)



where: vcqm is the cumulated volume change.

We assumed that the changes in intracranial arterial and venous volumes occurred only
within the expandable arterial and venous compartments in the model, and that the volume
of the central non-pulsatile vascular compartment remaining unchanged.

The timings of the intracranial minimum and maximum cumulative volume change were
computed as a fraction of the CC and as a delay from the minimum arterial value. The
arterial minimum corresponded to the beginning of systole, with the maximum in the other
cumulative volume change signals corresponding to the point at which the volume of other
intracranial fluids started to decrease.

While it was not possible to calculate the absolute intracranial fluid volumes using the model,
by utilising the cumulative approach described above it was possible to determine the
changes in the intracranial arterial, venous, CSF and aCSF volumetric signals and thus
compute the relative changes in respective intracranial fluid volumes over the CC. For each
subject, in order to compare the relative changes in the respective volumetric signals, the
minimum values of each signal was set to zero, thus ensuring that all the changes were
positive.

2.4 Statistical analysis

The mean value and standard deviation (SD) across subjects were computed for: the
average (across the CC) arterial, venous and cCSF flow rates at the cervical level, and the
aCSF flow rate; their caudal and cranial peak timings; the cumulative volume change
maximum and minimum timings; the Pl and the RI. The Wilcoxon test was used to assess if
there was a significant delay between the arterial systolic peak and the cCSF and venous
peaks; and between the minimum arterial cumulative volume change and the peaks of the
remaining intracranial cumulated volumes. Each cumulative volume change curve was
averaged across subjects and the correlation between the pair of averaged curves was
obtained with Pearson linear correlation. Correlations of 0.30-0.49 were considered weak,
0.50-0.69 moderated, of 0.70-0.89 strong and higher than 0.90 very strong.

3. Results

2.5 Demographic results

Demographic analysis of the 12 subjects (8 female and 4 males) in the study revealed that
the average age of the subjects was 30.9 years old (SD = 7.2 years; range 20 — 45 years).

2.6 Magnetic resonance imaging results

The average and SD (across subjects) of the arterial, venous, cCSF, aCSF flow rate curves
are shown in Figure 4 and their mean value and SD across time are reported in Table 1. The
cervical venous flow rate was slightly less pulsatile (range -9.615 to -15.619 mL/s; mean
(SD) Pl = 0.486 (0.209); mean (SD) RI = 0.381 (0.127)) than the arterial flow rate (range
8.546 to 20.054 mL/s; Pl mean (SD) = 0.897 (0.217); mean (SD) RI = 0.564 (0.074)), with the
cCSF flow fluctuating (range —2.825 to 1.826 mL/s; mean (SD) caudal Rl = -1.663 (0.120);
cranial RI=2.554 (0.275)) around a mean flow rate close to zero. A significant time delay was
observed between various cervical flow rate signals. The caudal cCSF peak occurred shortly
after the arterial systolic peak (mean (SD)= 5.5% (6.3%) of CC; p = 0.012) and before the
systolic venous peak, which occurred 10.9% (8.1%) of CC after the arterial peak; p < 0.001.
The amplitude of the aCSF pulse (range: —0.101 to 0.097 mL/s; mean (SD) caudal RI = -
1.994 (0.234); cranial Rl = 2.068 (0.292)) was an order of magnitude smaller than the cCSF
pulse, with the mean stroke volume of the two being 24.2 (SD = 15.2) ulL/beat and 567.3 (SD
= 222.5) ulL/beat, respectively.



2.7 Intracranial volumetric analysis results

The intracranial cumulative volume changes for the arterial, venous, and CSF flows, together
with the cumulative aCSF volume change are presented in Figure 5. Their correlations are
reported in Table 2 and the timings of their minimum and maximum values in Table 3. The
mean peak-to-trough changes in the intracranial arterial and venous volumes were 1259.5
(SD = 407.6) uL and 626.6 (SD = 277.6) pL, respectively, while those for the intracranial CSF
and aCSF volumes were 556.8 (SD = 216.1) pL and 24.0 (SD = 15.5) uL. There was a very
strong inverse relationship (r = -0.997, p<0.001) between the intracranial arterial and CSF
cumulative volume change signals, with the minimum and maximum intracranial arterial
volumes coinciding almost exactly with the peak and trough in the intracranial CSF volume
(quantified in Table 3). Likewise, there was a strong inverse relationship (r = -0.818, p<0.001)
between the mean intracranial arterial and venous cumulative volume change signals,
although in this case, there was a short, but significant, delay (5.8% of CC; p = 0.007)
between the minimum arterial and the maximum venous volume. By comparison, the mean
CSF and venous volumetric signals were positively correlated (r = 0.820, p<0.001) with the
peak in intracranial venous volume lagging behind the CSF peak by 4.2% of CC (p = 0.059).
The aCSF cumulative volume change was very strongly positively correlated with the mean
intracranial venous signal (r = 0.967, p<0.001), with the peak of the latter being 7.0% of CC
(p = 0.023) before the peak of the former, as illustrated in Figure 6. By comparison the
correlations of aCSF cumulative volume change with the mean intracranial arterial
cumulative volume change (r = -0.664, p<0.001) and the mean intracranial CSF cumulative
volume change (r = 0.676, p<0.001) were moderate.

4. Discussion

Over the years many studies have investigated the interactions between the various fluids in
the intracranial space. Some have investigated the respective fluid flows in the context of
neurological pathologies [8, 21, 30, 31], while others have sought to understand intracranial
fluid dynamics in healthy individuals [1, 9, 32]. Approaches used have varied greatly, from
the acquisition of flow and pressure data, with little or no signal processing, through to the
construction of complicated lumped parameter electrical analogue models designed to
simulate the dynamics of the intracranial space. The former approach is typified by El-
Sankari and co-workers [9, 21, 24, 25, 32], who in a series of MRI studies used blood and
CSF flow data, acquired from strategic locations within the cranium and neck, to compute
key metrics such as stroke and pulse volume, and AVD. Bateman and co-workers also used
a similar approach to characterise changes in arterial and venous pulse volume and AVD in
patients with normal pressure hydrocephalus [8, 11], intracranial hypertension [30],
leukoaraiosis [8], vascular dementia [5] and MS [31]. Others have adopted a numerical
approach. For example, Martin et al [33] used momentum and continuity equations to
produce a hydrodynamic model that coupled the cardiovascular and CSF systems in order to
simulate the CSF dynamics in the spinal column. Toro et al [34] also used a hydrodynamic
approach to simulate the effect of IJV function on intracranial venous haemodynamics.
Linninger et al [35, 36] used computational fluid dynamics to simulate intracranial CSF
dynamics, while Buishas et al [37] used a complex system of coupled differential equations
to simulate CSF production and re-absorption. Other researchers have turned to signal
processing in order to model the dynamics of the intracranial space. For example, Wagshul
et al [38] and Zou et al [7] took a spectral analysis approach, using Fourier transformation
and time-varying transfer functions to model the relationship between the waveforms of
intracranial pressure (ICP) and arterial blood pressure. There has also been a long history of
the use of lumped parameter and electrical analogue models to simulate intracranial fluid
dynamics. In the 1990s, Czosnyka et al [39] and Ursino and Lodi [40] developed electrical
analogue models which modelled the fluid interactions in the cranium to simulate fluctuations
in ICP. Later, Egnor et al [41] developed a harmonic oscillation model based on an analogue



AC electrical circuit, which predicted the phase lag of the ICP pulse with respect to the
vascular pulse. More recently, other researchers have developed these ideas to produce
complex lumped parameter models to simulate: jugular venous waveforms [42]; the
hydrodynamics of the cerebrospinal system [10]; and the CSF flow dynamics associated with
syringomyelia [43]. Finally, Marcotti et al. [44] used an anatomy-based lumped parameter
model to simulate the effect of IJV constriction on intracranial haemodynamics and ICP.

In comparison to the approaches outlined above, relatively few researchers have quantified
the volumetric changes that take place in the cranium over the CC. Kim and Kim [45]
computed the temporal changes in cerebral arterial and venous volumes in cats in response
to visual stimulation. Alperin et al [22, 46] developed an algorithm to compute intracranial
volume change, which they coupled with Marmarou’s function [47] to calculate changes in
ICP [22, 48]. The technique was also used to compute the intracranial volume change in
healthy individuals in both the supine and upright positions [49]. A similar approach was used
by Baledent et al [50], while Wahlin et al [51, 52] built on this work to compute the intracranial
arterial volume change. However, while this body of work shares similarities with the
methodology used in our study, unlike us, these researchers did not compute the cumulative
volumetric changes for the arterial, venous and CSF components individually. By integrating
the individual flow rate signals and then zero centring and cumulating the results (i.e.
computing the change in volume from the mean), we were able compute the changes in the
arterial, venous and CSF volumes in the cranium over the CC, as well as changes in the
CSF volume passing through the AoS (Figure 5). This meant that we could then explore the
temporal relationships between these various fluids as they accumulated volumetrically in the
intracranial space, something that had not previously been done. Through the use of a novel
model and relatively simple signal processing techniques, our methodology represents an
accessible way to compute volumetric changes in the intracranial fluids, without the need for
complex equations. It is easily applicable, requiring just two PC MRI sequences at the
cervical level and one reference TOF sequence.

The aggregated flow rate signals shown in Figure 4 are difficult to interpret. However by
transforming these, we were able to produce the ‘change in volume’ signals shown in Figure
5, which are easier to interpret and yield new insights into the fluid dynamics of the
intracranial space. From these it can be seen that the cranium contains a closely coupled
fluidic system that is driven by volumetric changes arising from the cardiac pulse. Given that
the brain parenchymal tissue is generally thought to be incompressible [53], due to its high
water content [27], any expansion in one intracranial fluid will result in the displacement of
another, something that is clearly evident from the strong inverse relationship that exists
between the arterial and CSF fluids in the cranium (Figure 5). As arterial blood accumulates
in the cranium during systole, so it displaces CSF into the spinal column, with the result that
the intracranial CSF volume reduces to a minimum. Conversely during diastole, as the
arterial blood flow entering the cranium decreases, so the returning CSF replaces the stored
arterial blood, with the result that the intracranial CSF volume reaches a maximum at
approximately the same time as the intracranial arterial blood volume is at its minimum.
Likewise there is a similar inverse relationship between the intracranial venous and arterial
volumes, although here the peak venous volume lags behind the minimum arterial volume,
suggesting the presence of compliance in the system. As such, this indicates that the
response of both the CSF and the venous blood is primarily driven by changes in the volume
of the cerebral arteries. Being compliant vessels, these arteries act as an elastic reservoir
(i.e. a windkessel mechanism), which expands in systole and then releases stored blood in
diastole in order to maintain constant capillary flow [6].

Although the mechanism by which venous blood is transiently stored in the cranium is poorly
understood, it is thought that the venous blood is retained in the cortical veins [54, 55], which
being thin walled floppy vessels readily expand to accommodate the additional fluid volume
[56]. From Table 2 and Figure 5 it can be seen that although there is a strong positive
correlation between the venous and CSF volumetric signals, the venous signal lags behind
the CSF signal. While both these signals are ultimately driven by changes in the intracranial



arterial blood volume, the fact that the former lags behind the latter, suggests that the
‘coupling’ between the arterial and venous compartments is less direct than that between the
arterial and CSF compartments. Indeed, it is thought that CSF plays an important
intermediary role in coupling the arterial and venous pulses [6-8]. From Figure 5 it can be
seen that the mean peak-to-trough change in the intracranial CSF volume represents only
about 45% of the mean peak-to-trough change in the intracranial arterial blood volume. This
indicates that the volume of CSF that is displaced from the cranium represents only a fraction
of the overall expansion that occurs in the arterial blood vessels during systole. It suggests
that as the arterial vessels expand, a further portion of the CSF is displaced within the
cranium, which in turn interacts with cerebral veins. Regional displacement of CSF within the
sub-arachnoid space (SAS) has been shown to occur throughout the CC [57]. With respect
to this, it is thought that the CSF pulse wave, generated by the expanding arterial vessels,
compresses the cortical bridging veins that traverse the SAS, causing them to discharge
stored venous blood into superior sagittal sinus [6-8]. Greitz [6] estimated that the time taken
for the CSF pulse wave to pass from the arteries to the bridging veins is about 30 ms, similar
in magnitude to the delay observed by us between the CSF and venous volumetric signals.
This delay is indicative of the presence of compliant material in the SAS, something that
increases its impedance and slows down the pulse wave [58].

The motion of the CSF flow in the AoS has long been something of a mystery. Greitz [6]
suggested that the pulsatility in the AoS might be due to expansion of the cerebral capillaries
being transmitted through the parenchyma to the lateral ventricles. However, in recent years
a number of studies have demonstrated a link between the motion of the CSF in the AoS and
cerebral venous outflow in both healthy individuals [1, 2] and MS patients [3, 4], with
constriction of the 1JVs associated with an increase in amplitude of the aqueductal pulse [1,
2]. The results of the present study reinforce the opinion that there is an association between
the aCSF pulse and the intracranial venous volume. From Figure 6, which shows the
intracranial venous and aCSF volumetric signals scaled to the same amplitude, it can be
seen that the two signals are almost identical in shape (r = 0.967, p<0.001), with the aCSF
signal occurring shortly after the venous signal. While this indicates a strong correlation
between venous blood retention and the motion of the aCSF, it is important to note that this
does not necessarily imply causality since both the expansion of the veins and CSF returning
into the ventricles are a response to arterial contraction and occur at the nadir of the
intracranial pulse pressure wave. Therefore, both phenomena may be a response to a
common stimulus. This however does not preclude the possibility that the characteristics of
the aCSF pulse might be modified by the functional behaviour of the venous system.
Constriction of the cerebral venous outflow is known to increase the volume of blood in the
cortical veins [56]. It has also been shown to increase in the amplitude of the aCSF pulse [1,
2], suggesting that an over-accumulation of blood in the cortical veins in some way alters the
dynamics of the aqueductal CSF pulse. While the mechanics associated with this are not
fully understood, constriction of the 1JVs will tend increase the venous blood pressure in the
superior sagittal sinus, resulting in reduced CSF absorption [44, 59], something that might
affect the aCSF pulse. In addition, as the cortical veins expand in diastole, the overall volume
of the SAS will decrease, with the result that the compliance and hydraulic resistance of this
space will change. It may therefore be that the expanding venous vessels alter the
impedance of the SAS in comparison to that of the AoS, in such a way that CSF is
encouraged to change path and flow up the AoS, something that might explain why the
aCSF signal lags behind the venous volumetric signal in Figure 6. If an over-accumulation of
blood in the cortical veins occurs, say due to constricted outflow, the volume of the SAS
would become further reduced, with the result that the amplitude of the aCSF pulse might
also increase. Furthermore, because the functional compliance of the cortical bridging veins
relies on their ability to empty during systole [11, 60, 61], any constriction that inhibits the
discharge of venous blood from the cranium has the potential to reduce intracranial
compliance — something that might result in a general stiffening of the brain parenchyma as
Hatt et al [2] observed when they compressed the 1JVs in healthy subjects.



5. Conclusions

To the best of our knowledge, the study presented in this paper is the first to show
simultaneously the changes that occur in the arterial, venous and CSF volumes within the
cranium in healthy young subjects. We have been able to show that the intracranial venous
and CSF volumes respond inversely to changes in the intracranial arterial volume, with the
CSF volumetric signal leading the venous signal. We have also been able to show that the
motion of the CSF pulse in the AoS is strongly correlated with intracranial venous volume,
with the venous volumetric signal leading the aCSF signal. Although this does not
demonstrate causality (both venous blood retention and the motion of the CSF in the AoS
appear to be primarily a response to changes in the intracranial arterial blood volume), the
possibility that the intracranial venous volume influences the aqueductal CSF pulse cannot
be excluded. Given that other studies [1, 2] have demonstrated an association between
increased in amplitude of the aqueductal CSF pulse and constriction of the 1JVs, it is
recommended that further work be undertaken to investigate the biomechanical interaction
between cortical bridging veins and the CSF.
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Figures

Figure 1. Phase contrast (PC) images at C2/C3 cervical level. Sagittal T1 neck localizer (a),
TOF Maximum Intensity Projection on the sagittal (b) and coronal (c) planes were used for
the positioning of PC slices. The Internal Jugular Veins, Vertebral Veins, Internal Carotid
Arteries, Vertebral Arteries were segmented on the magnitude image of the high-venc PC (d)
and the same region of interests (ROIs) were superimposed to the phase image (e). For the
cCSF measure, the subarachnoid space at cervical level was segmented on the phase
image of the low-venc PC (g), using the magnitude image (f) to increase the confidence of
the contours. The ROIs drawn in stationary structures for the estimation of the phase offset
are also shown.

Figure 2. Phase contrast images at aqueductal level. Sagittal T1 brain localizer (a), was
used for the positioning of PC slice. The ROI drawn on the PC magnitude (b) and phase (c)
for the aCSF measure and the ROIs drawn in stationary structures for the estimation of the
phase offset are shown.

Figure 3. Schematic diagram of the intracranial vascular model.

Figure 4. Cervical mean arterial, venous, cCSF and aCSF flow rates over a cardiac cycle, for
all twelve subjects aggregated together. Error bars represent one standard deviation. (NB.
For ease of representation the venous signal has been inverted.)

Figure 5. Mean intracranial arterial, venous, CSF and aCSF volume changes over the
cardiac cycle, for all twelve subjects aggregated together. Error bars represent one standard
deviation.

Figure 6. Mean intracranial venous and aCSF volume changes over the cardiac cycle,
scaled so that the amplitudes are approximately equal.



Tables

Table 1. Mean, minimum and maximum flow rates (with the computed pulsatility and
resistance indices) for the cervical arterial, venous and CSF flows, together with aqueductal
CSF flow, aggregated for all subjects.

Average Caudal peak Cranial peak Pulsatility /
Signal (mL/s) (mL/s) (mL/s) resistance index
Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Arterial flow rate 12.67 (2.79) 8.55 (1.51) 20.05 (4.81) 0.90 (0.22)
Venous flow rate -12.67 (1.53) -9.62 (2.31) -15.62 (2.24) 0.49 (0.21)
cCSF flow rate 0.08 (1.33) -2.83 (1.08) 1.83(0.61) 8.31 (133.55)
aCSF flow rate 0.00 (0.06) -0.10 (0.06) 0.10 (0.05) 10.69 (63.91)

cCSF — cervical cerebrospinal fluid (CSF) flow rate; aCSF — aqueductal CSF flow rate (i.e. CSF in the
aqueduct of Sylvius).

Table 2. Pearson correlations between the average cumulative volume change signals in the
cranium for the different fluids.

Arterial Venous CSF aCSF

Arterial 1

Venous -0.818 1

CSF -0.997 0.820 1

aCSF -0.664 0.967 0.676 1

p-value<0.001 for all the correlations

Table 3. Absolute timings expressed as fraction of the cardiac cycle, for minimum and
maximum values of intracranial arterial, venous, CSF, and aqueductal CSF cumulative
volume change signals.

Intracranial cumulative Absolute timing Delay from Delay from
volume change (fraction of CC)  minimum arterial maximum venous
(max/min) Mean (SD) cumulative cumulative
volume change volume change
Mean (SD) Mean (SD)
Arterial (maximum) 0.974 (0.098) 0.417 (0.052) 0.359 (0.067)
Arterial (minimum) 0.557 (0.084) 0.000 (0.000) 0.943 (0.059)
Venous (maximum) 0.615 (0.062) 0.057 (0.059) 0.000 (0.000)
Venous (minimum) 0.148 (0.122) 0.591 (0.099) 0.534 (0.076)
CSF (maximum) 0.573 (0.080) 0.016 (0.056)# 0.958 (0.068)##
CSF (minimum) 0.995 (0.084) 0.438 (0.058) 0.380 (0.076)
Aqueductal CSF (maximum) 0.685 (0.109) 0.128 (0.083) 0.070 (0.092)
Aqueductal CSF (minimum) 0.154 (0.104) 0.596 (0.065) 0.539 (0.081)

CSF — cerebrospinal fluid

All delays are significantly different with the exception of #(p=0.352) and ## (p=0.063)



