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Abstract

Neurofluids, a recently developed term that refers to interstitial fluids in the parenchyma and
cerebrospinal fluid (CSF) in the ventricle and subarachnoid space, play a role in draining waste
products from the brain. Neurofluids have been implicated in pathological conditions such as
Alzheimer’s disease and normal pressure hydrocephalus. Given that CSF moves faster in the CSF
cavity than in the brain parenchyma, CSF motion can be detected by magnetic resonance imag-
ing. CSF motion is synchronized to the heartbeat and respiratory cycle, but respiratory cycle-
induced CSF motion has yet to be investigated in detail. Therefore, we analyzed CSF motion
using dynamic improved motion-sensitized driven-equilibrium steady-state free precession-based
analysis. We analyzed CSF motion linked to the respiratory cycle in four women and six men
volunteers aged 23 to 38 years. We identified differences between free respiration and tasked
respiratory cycle-associated CSF motion in the ventricles and subarachnoid space. Our results
indicate that semi-quantitative analysis can be performed using the cranial site at which CSF
motion is most prominent as a standard. Our findings may serve as a reference for elucidating the

pathophysiology of diseases caused by abnormalities in neurofluids.
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Introduction

In recent years, “neurofluids” has come into use as
a general term for the interstitial fluids that perfuse
the cerebral parenchyma as well as the cerebrospinal
fluid (CSF) that moves through the ventricular
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system and subarachnoid space.? Neurofluids are
involved in the mutual exchange of substances that
enter and exit the cerebral parenchyma across the
vascular wall, thereby maintaining homeostasis of
the central nervous system.?® As solute clearance
of substances such as amyloid beta occurs in tandem
with the movement of neurofluids, the analysis of
neurofluid dynamics may facilitate the diagnosis
and treatment of Alzheimer’s disease (AD).*” Among
neurofluids, dynamics of interstitial fluids have
been studied in animal experiments using radioiso-
topes.? These tracers offer the best method of
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studying the extremely slow movement of water
molecules, which occurs on the order of several
tens of micrometers per second.” However, these
tracers require injection into the intracranial cavity,
which is invasive and creates a non-physiological
intracranial environment. Conversely, CSF moves
rapidly within the subarachnoid space and ventric-
ular system in the order of centimeters per second.
Magnetic resonance imaging (MRI), a widely used
non-invasive imaging modality, can thus be used
to analyze CSF dynamics.”

CSF motion is underscored by two elements driven
by respiration and heartbeat, respectively.t-'%
Heartbeat-driven CSF motion has been investigated
in patients with idiopathic normal pressure hydro-
cephalus (iNPH) and AD.'*'” However, the analysis
of respiratory-driven CSF motion remains in the
early stages of sequence development and assessment
of analytical methods, and has not been harnessed
to elucidate disease pathophysiology in patients.!?16-2
In addition, most MRI-based analyses of respiratory-
driven CSF motion have examined CSF in the spinal
canal.?*%») These studies have focused on cyclical
changes in the venous circulation of the epidural
space within the vertebral canal caused by changes
in intrathoracic pressure and their relationship with
CSF motion in the vertebral canal.

The objective of this study was to examine intra-
cranial CSF dynamics associated with respiration
in order to lay the foundation for investigating the
pathophysiology of diseases such as iNPH and AD,
which are more prevalent with advancing age. Given
the decline in function of the respiratory and circu-
latory systems in humans with age, we analyzed
respiratory-associated CSF motion, which has yet
to be investigated in detail. This required the
following MRI conditions: short scanning times, no
trigger required to start scanning, capacity to observe
several respiratory cycles, ability for the patient to
start the respiratory task at any time, and compat-
ibility with a range of MRI scanners. After exploring
sequences that satisfied these requirements, we
selected dynamic improved motion-sensitized
driven-equilibrium steady-state free precession
(iMSDE SSFP).26:27

With the ultimate goal of applying our dynamic
iMSDE SSFP-based analysis of respiratory fluctua-
tion-induced CSF motion in real-world clinical
settings, this study aimed to: (1) determine the
optimum sequence conditions in healthy volunteers,
(2) perform observations during free respiration, (3)
explore respiratory tasks that were not burdensome
to participants, (4) identify whether the relationship
between differences in respiratory tasks and cycles
was accurately reflected, (5) identify differences

between ventricle and subarachnoid space, and (6)
perform a quantitative analysis of relevant parameters.

Materials and Methods

Participants

Participants consisted of ten healthy volunteers
(four women and six men; aged 23—38 years). Young
volunteers with normal cardiopulmonary function
and no history of neurological, respiratory, or circu-
latory disease were enrolled. Following values
express as mean * standard deviation. Height was
165.8 + 9.595 cm, weight was 57.50 = 9.595 kg, and
body mass index (BMI) was 20.91 + 2.906 kg/m?.
This study received ethical approval from the internal
review board of our institute (IRB No. 13R-066). All
volunteers were enrolled after appropriate informed
consent was obtained, consistent with the terms of
our institutional internal review board’s ethical
standards.

Measurement of CSF motion

CSF motion was scanned during free-breathing
and respiratory tasks in which participants inhaled
and exhaled on either a 10 s (5 s for inspiration,
followed by 5 s for expiration) or a 16 s (8 s for
inspiration, followed by 8 s for expiration) cycle.
Respiratory condition was monitored with a bellows
pressure sensor placed on the participant’s abdomen.
Two-dimensional dynamic iMSDE SSFP was conducted
with a 1.5 Tesla magnetic resonance (MR) scanner
(Ingenia R5.3.1; Philips Healthcare, Best, The Neth-
erlands) using a 15-channel receive-only dS Head
Spine coil with velocity encoding (VENC) of 10
cm/s and motion-sensitized gradient direction of
feet to head, anterior to posterior, and right to left.
The following parameters were used: repetition time
= 3.6 ms, echo time = 1.81 ms, flip angle = 60°,
field of view = 250 mm, voxel size = 1.20 x 1.20
x 5 mm?®, compressed sensing sensitivity encoding
reduction factor = 2, dynamic scan time per slice
= 413 ms, and dynamic scanning of 260 scans (scans
up to number 40 were excluded and scans from
numbers 41 to 260 were included). The associations
between changes in intrathoracic pressure, respira-
tion cycle, and MR signals were investigated.

Two respiration cycles were performed to explore
breathing tasks that were not burdensome to partic-
ipants. Participants were instructed to perform two
respiratory tasks consisting of inhalation and exha-
lation for either 5 s or 8 s. The tasks were timed
using a metronome at 1 beat per second, with the
sound played every 5 s or 8 s to cue participants to
switch between inhalation and exhalation. Concur-
rently, respiratory waveforms acquired by a respiratory
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sensor were displayed on a console. Data from the
real-time monitor screen and respiratory waveforms
were recorded simultaneously using a video capture
function. Both the respiratory sensor and video capture
function were accessories to the MR unit.

To measure respiratory-driven CSF motion, midline
sagittal sections were used as the scanning area,
whereas the anterior horn of the lateral ventricle
and the Sylvian fissure were scanned in oblique
coronal sections. In sagittal sections, regions of
interest (ROIs) were designated in the upper and
lower parts of the fourth ventricle and anterior half
of the third ventricle. In coronal sections, ROIs
were designated in the Sylvian cistern and distal
areas (outermost) of the Sylvian fissure close to the
convexity of the subarachnoid space and anterior
horn of the lateral ventricle.

Data analysis

Data analysis was conducted using MATLAB
(R2020b; MathWorks, Natick, MA, USA). Changes
in respiration and signal intensity during scanning
were graphed using custom software developed by
the authors. Signal intensities measured with dynamic
iMSDE SSFP comprised relative numerical values.
Intracycle signal intensities were integrated for
analysis. The signal intensities acquired from indi-
vidual participants varied widely, possible due to
differences in the participants’ physical properties,
including tidal volume, cardiac stroke volume,
abdominal pressure, and blood volume. To overcome
this heterogeneity, the value from the 16-s cycle
task at the upper part of the fourth ventricle during
free breathing was used to normalize the differences
in individual signal intensity and evaluate
respiration-induced displacement of CSF. To quan-
tify respiratory-induced variations in CSF motion,
the time courses of dynamic iMSDE SSFP signal
intensities in the ROIs at various anatomical loca-
tions were integrated for different respiratory condi-
tions. The integrated values at all ROIs under all
respiration conditions were then normalized using
the value at the upper fourth ventricle in the 16-s
respiration task based on the following equation:

[7S(t) dt

— %100 [%
[1Si6, tven(t) dt” el

where T is the observation time for the 16-s respi-
ration task, S wi(t) is the signal in the fourth
ventricle for the 16-s task, and T and S(t) are signals
for an arbitrary anatomical location and respiratory
condition.

Nonparametric analysis (Wilcoxon signed rank-sum
test) was conducted to analyze the results for
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free-breathing and respiratory cycles. A p value
<0.05 was considered statistically significant. All
statistical data are presented as mean + standard
deviation.

Results

Accuracy of respiration tasks

In a pilot study, repetitive cycles performed every
10 and 16 s were identified as feasible and accept-
able breathing tasks for participants. Following
values express as mean =* standard deviation. The
respiration time of the ten participants was 3.62 =
0.458 s during free respiration. The time required
to perform the 10-s and 16-s cycle respiration tasks
was 9.72 + 0.775 s and 15.4 + 1.43 s, respectively.
No significant effects of height, weight, BMI, or sex
of the participants on respiration task time were
observed. Performance accuracy for the 10-s and
16-s respiration tasks was considered good.

MRI evaluation

Dynamic iMSDE SSFP was employed to measure
respiratory task-coordinated signal changes in the
Sylvian aqueduct, and above and below the foramen
of Magendie (Fig. 1). In all participants, intensifica-
tion of CSF motion in the cephalic direction during
inspiration and in the caudal direction during expi-
ration was observed in the third and fourth ventri-
cles and cisterna magna. Signal changes unrelated
to respiratory tasks were observed from the prepon-
tine to premedullary cisterns and from the subarach-
noid space on the anterior surface of the upper
cervical cord. Wraparound artifacts (Fig. 1, arrow)
were also evident. Signs resembling signal changes
unrelated to respiratory tasks were observed in the
superior sagittal sinus and deep cerebral veins under
standard conditions (Fig. 1).

Relationship between respiratory sensors and MR
signals

Examination of the relationship between bellows
and MR signal changes revealed evident changes
relative to free respiration (Fig. 2A and 2E) in the
upper fourth ventricle when participants were
engaged in a respiratory task (Fig. 2B). Signals were
increased during expiration and were attenuated
during inspiration. MR signals during the 16-s
respiratory task are illustrated in Fig. 2B and 2D.
The bellows and MR signals exhibited synchroni-
zation, with both plateauing at the changeovers
between the expiratory and inspiratory phases. Close
observation of the bellows and MR signal phases
revealed that changes in MR signals lagged slightly
behind those in the bellows (Fig. 2B and 2D).
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Inspiration

Expiration

End of inspiration

End of expiration

Fig. 1 Dynamic iMSDE SSFP images of an illustrative case. Dynamic iMSDE SSFP images of a 38-year-old women
volunteer scanned in sagittal cross-section. The image with MSG off is subtracted from the image with MSG on.
Areas of the scanned section in which movement is present are displayed as hypointense. The cerebral paren-
chyma is thus subtracted, and areas of the venous system in which perfusion is present are visualized as
hypointense. Respiration-induced CSF motion in the fourth and third ventricles is visualized as hypointense. In
the subarachnoid space at the anterior surface of the pons and medulla oblongata, turbulence due to CSF motion
is apparent as a diminished MR signal. This site also reflects motion artifacts from movement of blood due to
pulsation of the vertebral and basilar arteries. Due to concern that vascular motion artifacts may have interfered
with analysis of CSF motion, an ROI was not designated at this site, and it was excluded from the analysis.
Arrow: Wraparound artifact. iMSDE SSFP: improved motion-sensitized driven-equilibrium steady-state free preces-
sion, MSG: motion-sensitized gradient, CSF: cerebrospinal fluid, MR: magnetic resonance, ROI: region of interest

Differences were observed in MR signal changes
between the upper fourth ventricle and distal Sylvian
fissure, whereby MR signal changes in the distal
Sylvian fissure were weaker than those in the upper
fourth ventricle (p <0.05) (Fig. 2E). These effects
were not intensified during performance of the
respiratory tasks (Fig. 2F).

MR signal changes according to respiratory task
and location

MR signal changes varied between participants
and locations. Signal changes observed with dynamic
iIMSDE SSFP constituted relative numbers, and a
comparative analysis was required for quantitative
analysis of data for each participant and location
based on these relative numbers. Therefore, signal
changes in the upper fourth ventricle, the location
exhibiting the greatest magnitude of signal changes,
were used as reference values (Fig. 3) to enable
normalization of individual differences.

To quantify the fluctuations in signal intensity,
the integrated signal intensity ratio of a single
respiratory cycle was calculated. Based on the
assumption that the dynamic iMSDE SSFP signal
would diminish with an increase in CSF velocity,
the value of the integrated signal intensity ratio of
a single respiratory cycle was considered to reflect
the integral of this velocity, thereby constituting an
expression of CSF displacement.

The value of the integrated signal intensity ratio
of a single respiratory cycle decreased at each loca-
tion from the 16-s cycle to the 10-s cycle, and from
both cycles to free respiration (p <0.05) (Fig. 3). In
the 16-s respiratory cycle, the integrated signal
intensity ratio decreased in the ventricular system
from the fourth ventricle to the third ventricle and
subsequently to the lateral ventricle (p <0.05) (Fig.
3). However, no significant difference was observed
between the upper and lower parts of the fourth
ventricle (p = 0.114). In the subarachnoid space,
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Fig. 2 MRI signal intensity changes and respiration cycle of an illustrative case. (A-D) Upper fourth ventricle.
(E-H) Distal Sylvian fissure. (A, C, E, and G) Free breathing. (B, D, F, and H) 16-s cycle task. (A, B, E, and F)
MR signal intensity changes due to CSF motion. The red lines in the images indicate the timing with MSG on.
The signals after the green lines, when the signal had stabilized, were used in the analysis. The Y axis shows
signal intensity in arbitrary unit. The X axis shows time in second. (C, D, G, and H) The participant’s respiratory
cycle, shown using data acquired with the bellows pressure sensor. The Y axis shows intensity in arbitrary unit.
The X axis shows time in second. MRI: magnetic resonance imaging, MR: magnetic resonance, CSF: cerebrospinal
fluid, MSG: motion-sensitized gradient

the integrated signal intensity ratio decreased from  ventricles, the variance of the integrated signal
the Sylvian cistern to the distal part of the Sylvian  intensity ratio tended to be greater during the 10-s
fissure (p <0.05) (Fig. 3). In the third and fourth task than during the 16-s task (p <0.05). These
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Fig. 3 Percentile changes of signal intensity in each region. Assuming that the value of the integrated signal
intensity ratio of a single respiratory cycle MR signal decreases in accordance with CSF velocity, its integral
therefore represents a quantity that corresponds to the integral of the velocity as an expression of CSF displace-
ment. In the figure, values are expressed with reference to the lowest signal in the upper fourth ventricle, which
is considered as 100%. The values are thus lower for free breathing, in which the signal changes are smaller.
The following maximal extreme values (%) are not shown in this figure: 184% at the lower fourth ventricle, 148%
at the anterior third ventricle, and 170% at the proximal Sylvian fissure. 10-s: 10-second cyclic task, 16-s:
16-second cyclic task, free: free-breathing, O: outlier, *#: maximal extreme value, MR: magnetic resonance, CSF:

cerebrospinal fluid.

results indicated that CSF displacement due to the
respiratory task was more pronounced in the ventric-
ular system than in the Sylvian fissure.

Discussion

Assessment of CSF motion using dynamic iMSDE
SSFP provides a method of observing turbulence
induced by the rapid CSF flow associated with
the heartbeat.?®?® In this study, dynamic iMSDE
SSFP was applied to observe CSF motion synchro-
nous with the respiratory cycle. Synchronized
changes in CSF and components of the respiratory
cycle were observed. These novel results were
obtained despite short scan times, demonstrating
that CSF motion was more strongly induced by
respiratory tasks than by free respiration. Further,
CSF motion was more strongly attenuated in the
Sylvian fissure than in the ventricular system. Our
findings highlight optimal respiratory task condi-
tions that reflect differences in CSF motion induced
by respiratory cycles and demonstrate that changes
in displacement and velocity of CSF motion can
be expressed as relative values by assigning a

specific intracranial upper fourth ventricle as a
reference.

The features of the time-resolved three-dimensional
phase-contrast (PC) method, time-spatial labeling
inversion pulse (time-SLIP) method, and dynamic
iMSDE SSFP are summarized in Table 1. In the PC
method, the MRI modality most commonly used to
observe CSF motion, electrocardiography (ECG) or
peripheral blood pulse waves are used triggers, and
image acquisition is synchronized with the heartbeat.
Given the short acquisition time due to the use of
the heartbeat as a reference, this approach is unsuit-
able for use with respiration, which has a longer
cycle. The time-SLIP method is another imaging
modality used to assess CSF motion. This approach
is capable of accurately expressing the motion of
labeled CSF.? However, a labeling pulse must be
applied to the CSF, and this method is limited by
issues with timing, short acquisition time, and
infeasible quantification.®'®*” Dynamic iMSDE SSFP
does not require a trigger, is capable of measuring
long cycles of CSF motion, and involves a short
scanning time, thus enabling the observation of
multiple respiratory cycles.®?*?” One limitation of
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Table 1 Characteristics of CSF MRI sequences

Time-SLIP

Dynamic iMSDE SSFP _ s

Directly observes signal intensity changes due to transference
of water protons from certain slab-like regions, in which proton
spins are preexcited (by approximately 1-6 s).

Detects and visualizes irregular movement of water protons as

signal attenuation induced by phase dispersion in each voxel.

3DPC

Quantifies and visualizes time-resolved CSF velocity in 3D
space, and thus enables characterization of CSF motion in a
quantitative manner.

This table is based on Ref. 6 (Neurol Med Chir (Tokyo) 59: 133—146, 2019).
CSF: cerebrospinal fluid, MRI: magnetic resonance imaging, Time-SLIP: time-spatial labeling inversion pulse, iMSDE SSFP:
improved motion-sensitized driven-equilibrium steady-state free precession, 3DPC: time-resolved three-dimensional phase

contrast, 3D: three dimensional.

dynamic iMSDE SSFP is in pathophysiological
evaluation, as it does not provide quantitative eval-
uation, similar to the time-SLIP method.®?® In the
present study, MR signals were analyzed by inte-
grating the signal changes over a single respiratory
cycle to express CSF displacement and changes in
CSF velocity induced by a respiratory task. This
approach, which enabled the expression of the
relationship between CSF velocity and a decrease
in MR signal, may facilitate the elucidation of
pathological conditions. Moreover, a comparison
between different intracranial locations, in which
one location was designated as the reference loca-
tion, revealed that respiratory-driven CSF motion
was suppressed on the lateral side of the Sylvian
fissure compared with that in the ventricular system.
This was consistent with the results obtained using
the ECG-synchronized PC method, which could be
due to suppression of the pressure gradient of the
subarachnoid space by the arachnoid trabeculae.
These results reflected the complex buffering effect
of arachnoid trabeculae and vascular structures,®”
as previously discussed in the PC method.? Addi-
tionally, the outer border of the subarachnoid space
is covered by the cranial vault, which limits pulsa-
tile outward volume changes of the brain. Pulsatile
inward brain volume changes would therefore result
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in enhancement of CSF displacement in the ventric-
ular system.

Dynamic iMSDE SSFP measurement of changes
in respiratory fluctuation-induced CSF motion revealed
rapid changes in speed and spatial dispersion as
decreases in signal intensity at locations where CSF
passing through narrow tubular structures such as
the Sylvian aqueduct and foramen of Magendie was
ejected into wider spaces such as the cerebral ventri-
cles. This phenomenon is also observed in cardi-
ac-synchronized dynamic iMSDE SSFP,*® and the
changes in CSF motion driven by respiration and
heartbeat are well explained in anatomical terms.
However, unlike cardiac-driven changes, the signal
changes in the third ventricle were smaller than
those in the fourth ventricle, suggesting that the
motive force supplied by respiration is transmitted
from the lower part of the cranial cavity or side of
the spinal canal.*?» It is well established that exten-
sive transport of CSF occurs from the ventral surface
of the brainstem to the upper cervical canal subarach-
noid space.®?® This phenomenon was also observed
in the present study. Wraparound artifacts®® were
also observed at this location. Enhanced signal
intensity was noted in this area due to the location
of the clivus at the ventral portion of the subarach-
noid space and the long distance travelled by the
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vertebrobasilar artery in this area. In the upper
cervical spine, CSF motion may respond to changes
in intrathoracic pressure by propagating upward,
thereby enhancing CSF motion, with both arterial
and respiratory elements complementing each other.
Despite adjusting the MR sequence with VENC, the
details of respiratory-driven CSF motion at this
location were difficult to ascertain, which was a
limitation of the present study.

In the intracranial space, CSF moved in the
cephalic direction during inspiration and in the
opposite (caudal) direction during expiration. This
association between the direction of CSF motion
and the respiratory cycle is well established!s?
and is underscored by the Monro—Kellie theory.223%
With regard to the relationship between respiratory
fluctuations and CSF motion, Vinje et al. reported
notable findings from overnight pressure monitoring
via a catheter and MRI of patients with iNPH.'?
In the present study, synchronous recordings of
MRI signals and a bellows pressure sensor fitted
to the abdominal wall were performed while
participants were inside the MR scanner. These
simultaneous recordings underscored the need to
pay attention to the time lag between changes in
intrathoracic pressure and their transmission as
abdominal wall movements, as well as the time
difference between changes in intrathoracic pressure
and their transmission to the CSF via structures
such as the epidural venous plexus. With regard
to the use of respiratory tasks, small changes in
CSF motion during free respiration were noted,
but CSF motion was intensified by the imposition
of a respiratory task, which complements Vinje et
al.’s'? conclusion that pressure gradients “induce
CSF flow volumes dominated by respiration.” These
findings are also consistent with other reports
indicating that respiratory-driven CSF motion is
induced by tasks including deep breathing and
breath-holding,'®*" hyperventilation,'® and coughing.®¥
However, the present method induced appreciable
changes in CSF motion despite employing repeated
slow respiratory cycles. A comparison of the 16-s
and 10-s tasks revealed that the variance of the
integral value in the fourth and third ventricles
tended to be lower in the 16-s task than in the
10-s task, suggesting that the task with the shorter
cycle may have induced smaller respiratory fluc-
tuations. In this regard, short respiration cycles
may have resulted in insufficient changes in MR
signals.

Future directions
In CSF displacement, CSF motion driven by
respiratory fluctuations is considered more important

than that driven by the heartbeat.'¥ The trans-
mission of respiratory fluctuations to CSF is of
interest for the transportation of substances in the
cerebral ventricles, in which CSF can move freely
in the absence of barriers such as the arachnoid
trabeculae. The results presented herein may facil-
itate the elucidation of neurofluid dynamics and
pathophysiology of AD and iNPH following solute
clearance from the vascular walls or cerebral paren-
chyma and subsequent movement to the subarach-
noid space or cerebral ventricles. The current
findings may also be applicable for investigating
the dynamics of CSF and blood in blood vessels
when examining the association between age-related
cardiopulmonary functional decline and neurolog-
ical function.

Study limitations

This study has several limitations. One limitation
was the age distribution of volunteers. Relatively
young individuals were selected as volunteers, and
future studies should collect data from individuals
in mid-life to old age. Another limitation was the
accuracy of tidal volume measurements. To evaluate
the relationship between respiratory cycle and CSF
motion with greater accuracy, the use of a spirom-
eter or similar device for the quantitative measure-
ment of single tidal volume should be considered,
provided that this does not impose a burden on
subjects or cause ethical issues.

Conclusions

A procedure for observing respiratory cycle-induced
changes in CSF motion in healthy individuals was
developed using dynamic iMSDE SSFP. This approach
enabled semi-quantitative identification of CSF
dynamics in the cranial cavity in response to respi-
ratory cycle changes. In addition to previous cardi-
ac-synchronized methods, a respiratory-synchronized
CSF motion mechanism was presented, which may
provide insight into the pathophysiology of neuro-
fluid-associated diseases.
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