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Relaxation-exchange magnetic resonance @

imaging (REXI): a non-invasive imaging method
for evaluating trans-barrier water exchange
in the choroid plexus
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Rong Xue'?" and Ruiliang Bai*”"

Abstract

Background The choroid plexus (CP) plays a crucial role in cerebrospinal fluid (CSF) production and brain homeo-
stasis. However, non-invasive imaging techniques to assess its function remain limited. This study was conducted
to develop a novel, contrast-agent-free MRI technique, termed relaxation-exchange magnetic resonance imaging
(REXI), for evaluating CP-CSF water transport, a potential biomarker of CP function.

Methods REXI utilizes the inherent and large difference in magnetic resonance transverse relaxation times (755)
between CP tissue (e.g., blood vessels and epithelial cells) and CSF. It uses a filter block to remove most CP tissue
magnetization (shorter T,), a mixing block for CP-CSF water exchange with mixing time t,,, and a detection block
with multi-echo acquisition to determine the CP/CSF component fraction after exchange. The REXI pulse sequence
was implemented on a 9.4 T preclinical MRI scanner. For validation of REXI's ability to measure exchange, we con-
ducted preliminary tests on urea-water proton-exchange phantoms with various pH levels. We measured the steady-
state water efflux rate from CP to CSF in rats and tested the sensitivity of REXI in detecting CP dysfunction induced
by the carbonic anhydrase inhibitor acetazolamide.

Results REX| pulse sequence successfully captured changes in the proton exchange rate (from short-T, component

to long-T, component [i.e, ky]) of urea-water phantoms at varying pH, demonstrating its sensitivity to exchange processes.
In rat CP, REXI significantly suppressed the CP tissue signal, reducing the short-T, fraction (f,.,) from 044 to 0.23 (p<0.0001),
with significant recovery to 0.28 after a mixing time of 400 ms (p=0.014). The changes in f;,.,; at various mixing times can be
accurately described by a two-site exchange model, yielding a steady-state water efflux rate from CP to CSF (ie, k) of 049
s, A scan-rescan experiment demonstrated that REXI had excellent reproducibility in measuring k. (intraclass correlation
coefficient=0.90). Notably, acetazolamide-induced CSF reduction resulted in a 66% decrease in k. within rat CP,
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Conclusions This proof-of-concept study demonstrates the feasibility of REXI for measuring trans-barrier water
exchange in the CP, offering a promising biomarker for future assessments of CP function.

Keywords Choroid plexus, Blood cerebrospinal fluid barrier, Contrast-agent-free, Relaxation exchange, Magnetic

resonance imaging

Background

Located within the ventricles, the choroid plexus (CP) is
responsible for cerebrospinal fluid (CSF) secretion and
forms the blood-cerebrospinal fluid barrier (BCSFB). It
comprises a highly vascularized stroma (including con-
nective tissue, pericytes, and fenestrated blood vessels
distinct from those of the blood—brain barrier), covered
by a single layer of epithelial cells [1]. The CP serves as
a vital exchange interface between blood and CSF, where
nutrients are imported and metabolites are exported,
supporting brain homeostasis [2, 3]. CSF, secreted in
the lateral ventricles, circulates through the foramen of
Monro to the third ventricle, then proceeds through the
aqueduct of Sylvius to the fourth ventricle. From there, it
can either enter the spinal cord or be reabsorbed into the
lymphatic system within the subarachnoid space [4].

The CP is a crucial component of CSF circulation.
Inadequate CSF production can significantly hinder
brain development [4], Conversely, excessive CSF (due to
hypersecretion, obstructed flow, or limited reabsorption)
can lead to hydrocephalus and idiopathic intracranial
hypertension [4, 5]. BCSEB dysfunction is also associ-
ated with a wide range of pathophysiological conditions,
including neurodegenerative disorders such as Alzhei-
mer’s disease [6—8]. Although there is increasing research
interest in the connections among circadian rhythm,
sleep, the orexinergic system, and neurodegenerative dis-
eases, the role of the CP in this context has not been fully
elucidated [9, 10].

Thus far, the lack of non-invasive imaging techniques
to quantify CP function has hindered a robust under-
standing of the BCSFB. Currently, net CSF secretion is
often assessed using the indirect tracer dilution method,
an invasive approach primarily applicable to experimen-
tal animals [11]. Furthermore, this method’s estimate of
CSF secretion includes contributions from CP tissue and
potential extrachoroidal sources (e.g., blood—brain bar-
rier and CSF-parenchyma interface) [12], making it dif-
ficult to fully determine the involvement of the BCSFB.
Another direct method for measuring CSF secretion
involves collecting CSF from the subarachnoid space,
either in the cisterna magna or via lumbar puncture
[13-15]. This approach is also invasive, interfering with
intracranial pressure and potentially leading to incom-
plete collection [12]. Recently, the water efflux rate

from the CP to CSF was suggested to constitute a sen-
sitive biomarker of BCSFB integrity [16]; significant
decreases have been observed in aged mice [16] and
patients with mild cognitive dysfunction [17]. Specific
magnetic resonance imaging (MRI) methods have been
developed to measure this water efflux rate, either using
contrast agents [17] or by adapting arterial spin labeling
(ASL) without contrast agents [16, 18]. However, the
options for MRI techniques in this area remain limited.

In this study, we propose a novel, contrast-agent-
free MRI method and mechanism, termed relaxation-
exchange magnetic resonance imaging (REXI), to
measure the steady-state water efflux rate from CP to
CSF (ie., “ky.”). REXI utilizes the large difference in
transverse relaxation time (T,) between blood and CSF
(e.g., measured T, =30 ms [19] and 300 ms [20] for arte-
rial blood and CSF on 9.4 T MR, respectively). It applies
a specific MRI sequence and analysis method to meas-
urement of the k.. Furthermore, REXI uses a filter block
with an optimized echo time (TE)) to first filter out CP
water magnetization, then stores the magnetization back
in the longitudinal direction, varies the mixing time (Z,,)
for water exchange between blood and CSEF, and finally
implements a detection block with multi-echo (ME)
acquisition to quantify the water transported from CP to
CSF and vice versa (Fig. 1A).

We validated the feasibility of REXI for measuring
exchange in urea-water phantoms, where the pH was
adjusted to vary proton exchange between urea and
water. This phantom was chosen because it is a well-
established two-site exchange system with distinct T,s for
each proton site [21-24] (urea protons have a shorter T,
than water protons, e.g., the T, values of urea and water
proton are~40 and~200 ms at 7 T, respectively [23]).
Importantly, the proton exchange rates can be manipu-
lated by altering pH [25], allowing validation of REXI
sensitivity for exchange process detection. To ensure
reproducibility, we conducted a scan-rescan experiment
in rats. Additionally, we demonstrated the specificity of
REXI in detecting CP function by intravenous injection
of acetazolamide, a carbonic anhydrase inhibitor that sig-
nificantly reduces CSF secretion [26, 27].
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Fig. 1 Principles of REXI in the measurement of CP function. A Pulse sequence diagram of REXI, comprising a filter block with fixed echo time (TE)),
a mixing block with varying mixing time (t,,,), and a detection block with multi-echo acquisition (TE). Paired crusher gradients (G_) for coherence
pathway selection are added before the second 90° pulse and after the third 90° pulse. A spoiler gradient (G,) is applied to eliminate unwanted
transverse magnetization in the mixing block. Pulses in the filter and detection blocks are non-selective and selective, respectively. B lllustration

of REXI in the measurement of water transport from CP to CSF. When the filter is applied (gray shade), water molecules in blood become largely
undetectable by MRI (filled dots), whereas those in CSF remain largely unfiltered, leading to a reduction in the short-T, component (i.e., CP)

from £, 5 10 ot =0 ms) (dashed line). After a specific mixing time, water exchange between blood and CSF results in the recovery of £y,

from f,

Methods

REXI sequence and theory

REXI was designed to comprise a filter block with echo
time TE, a mixing block with mixing time (¢,), and a
detection block with multi-echo acquisition (multi-
TE) (Fig. 1A). In the filter block, a spin echo with a
T,-weighting factor TE, was applied to largely suppress
the magnetization of short-7, components (e.g., CP
tissue) while minimizing the impact on long-T, com-
ponents (e.g., CSF) (Fig. 1B). In the subsequent mix-
ing block, all rewound magnetization after the filter

hort(tm=0ms) to £, 9, and the recovery rate can be described by the water exchange rate k and Eq. (1)

block was stored back in the longitudinal direction
and maintained for a mixing time ¢. A spoiler gradi-
ent was inserted during this mixing time to dephase
any transverse magnetization excited by the second 90°
pulse. After a specific mixing time, the magnetization
was excited back to the transverse plane, and a multiple
spin echo sequence was applied to detect the magneti-
zation fractions of various T, components. A pair of
identical gradients was implemented before the second
90° pulse and after the third 90° pulse, forming a stimu-
lated echo after the second gradient. In REXI, TE,and



Wau et al. Fluids and Barriers of the CNS (2024) 21:94

TEs in the filter and detection blocks were fixed; only
t,, was varied to shorten the total scan time.

For a two-site system with distinguishable T’,s, such
as the CP-CSF system, the magnetization fraction of the
short-T, component measured in the detection block
at a specific ¢, denoted f;,.«(t), can be described as
[28-31]:

Jshort (Em) Zf;;%rt - (f;%rt — Jshort(tm = Oms))e_ktm

(1)

where f;° is the magnetization fraction of the short-

T, component at equilibrium, f;;,,.(¢,,=0 ms) is the f; .

immediately after the filter block (determined by the T's

of the two components and the TE, used), and k is the

exchange rate constant of the system. Here, we assume

that the T's of the two components are identical. For an
equilibrium or steady-state system:

fs(}el?)rtkSl = _f:lcllort)kls (2)

where kg is the steady-state water exchange rate from
the short-T, component to the long-T, component, and
ki, describes the reverse flux rate. The relation between k
and kg is as follows:

k = kg + kis = kq/(1 _fsic(l)rt) (3)

REXI measures the water exchange rate between the
two components by varying ¢, and fitting Eq. (1).

Urea-water phantom for REXI validation

In the urea-water system, a well-established two-pool
exchange system in the nuclear magnetic resonance
(NMR) spectroscopy field [21-24], exchange occurs
between the amide protons of urea (short-7, component)
and the protons in water (long-T, component). Twelve
urea-water phantoms at two different pH values (6.7 and
7.0, n=6 at each pH) with fixed urea-water proton ratio
of 30%/70% were used. The stock solution of urea-water
phantoms was prepared by dissolving 36.5 g of urea pow-
der in 50 mL of phosphate-buffered saline (pH=7.4),
then adding 0.05 mM MnCl, to reduce T,. The pH of the
urea solution was titrated with HCI, and the solution was
transferred into 5-mm NMR tubes. The urea-water phan-
tom experiment was completed within 4 h of solution
preparation to ensure phantom stability.

Animal preparation

All animal experiments were approved by the Animal
Experimentation Committee of Zhejiang University.
Eight male Wistar Kyoto (WKY) rats aged 11-12 weeks
were used in the scan-rescan reproducibility experiment.
To verify the specificity of REXI in measuring the steady-
state water efflux rate from CP to CSF, we administered
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either acetazolamide solution (n=7, 20 mg ml™}, 5 ml
kg™ body weight) or a vehicle control (n=7, equiosmolar
1.4% NaCl solution, 5 ml kg~! body weight) via intrave-
nous (i.v.) tail vein injection to male WKY rats aged 3—4
months. Acetazolamide solution and vehicle prepara-
tion and administration were conducted as previously
described [27]. All rats were anesthetized using 3% iso-
flurane, with a maintenance dose of approximately 2.5%
isoflurane throughout the MRI scan.

MRI scanning protocols

All MRI scans were performed on a 9.4 T preclinical MRI
scanner (BioSpec 94/30, Bruker, Ettlingen, Germany).
Urea-water phantom experiments were conducted with a
birdcage volume coil provided by the scanner vendor; rat
experiments were carried out with a four-channel surface
coil provided by the vendor.

Equilibrium multiple echo data were acquired using
the Bruker-provided Multi-slice Multi-echo (MSME)
sequence. For the urea-water phantom, MSME param-
eters were: repetition time (TR)=2500 ms, echo time
(TE)=7 ms, number of echoes (NE)=30, number
of averages (NA)=1, matrix=64x64, field of view
(FOV)=28 mm X 28 mm, single slice with thickness=2.0
mm, and scan time =2 min 40 s. Single-slice REXI acqui-
sition was conducted with the same spatial settings as
MSME sequence and performed at four mixing times
(¢,,=25, 100, 200, and 400 ms), with TR=2500 ms+%,,,
TE;=30 ms, and approximate total scan time for the four
REXI acquisitions=11 min 30 s. The REXI detection
block was identical to that of the MSME sequence.

For the in vivo rat experiments, MRI scans included
two-dimensional Rapid Acquisition with Relaxation
Enhancement (RARE) T,-weighted (T,w) images, MSME,
and REXI. T,w anatomical images were acquired with the
following parameters: TR=2200 ms, TE=8.5 ms, RARE
factor=8, NA =3, matrix=256 X256, FOV =35 mm X 35
mm, slice thickness=0.5 mm, and approximate scan
time=3 min 31 s. Based on the T,w anatomical images,
a 1.5-mm-thick axial slice was carefully positioned to
center on the caudal aspect of the lateral ventricles for
MSME and REXI scans. A single-slice MSME sequence
was performed with the following parameters: TR =2500
ms, TE=7 ms, NE=30, NA=1, matrix=128X96,
FOV =35 mmx35 mm, and scan time=4 min. Single-
slice REXI acquisition was repeated with four mixing
times (£, =25, 100, 200, and 400 ms). For the REXI scan,
the unique parameters were TR=2500 ms+t¢,,, TE;=30
ms, and approximate total scan time for the four REXI
acquisitions=17 min 10 s; the remaining acquisition
parameters were identical to those of the MSME scan.
The varying TR is used to ensure the longitudinal mag-
netization has the same recovery time after the third 90°
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pulse, which works as a saturation pulse leaving all lon-
gitudinal magnetization into the transverse plane. In the
scan-rescan reproducibility experiment, the MSME and
REXI scans were repeated within the same session. For
the acetazolamide experiment, acetazolamide solution or
vehicle was administered 40 min before the MSME and
REXI scans. This timing was chosen to ensure that aceta-
zolamide reached and maintained a steady uptake level
during MSME and REXI acquisition, in accordance with
a previous study [27].

MRI data postprocessing and k,/k,. quantification

The MSME data were treated as the equilibrium state.
The equilibrium magnetization fraction and T, values of
the two components were obtained by fitting the MSME
data S(TE) with a bi-exponential function:

SITE) = 0 (f5e T+ 100 ) ()
where T g0 and T 1o, are the T;, values of the short-
T, and long-T, components, respectively. To obtain
Jihort(Em) at each £, in REXI, the ME data acquired in the
REXI detection block were also fitted to Eq. (4); how-
ever, Ty gor and T 1, Were fixed to the values obtained
from MSME data. Then, the water exchange rate con-
stant k was obtained by fitting the resulting f;; ,.«(,,) val-
ues to Eq. (1), with f..(f,,=0 ms) and k as the only free
parameters in the non-linear fitting equation. Finally, the
exchange rate from the short-7, component to the long-
T, component kg (ie., the steady-state water efflux rate
from CP to CSE, k., in the rat CP) was estimated using
Eq. (3). All non-linear fitting steps were performed using
the Isqnonlin function in MATLAB (R2023b, The Math-
Works Inc., Natick, MA, USA) with bound constraints of
0<T) ghore <100 ms, 0< T 15, <500 ms, 0 <., <1, and
0<ky<10s™%

In the urea-water phantom studies, the region of inter-
est (ROI) was the entire cross-section of each phantom.
In the rat experiments, ROIs within the bilateral CP
were carefully drawn on high-resolution T,w images and
downsampled to REXI images using the imresize func-
tion in MATLAB. All ROIs were segmented with ITK-
SNAP software, and all postprocessing was performed in
MATLAB.

Statistical analysis

Mann—-Whitney tests were performed to assess dif-
ferences in kg between the two groups of urea-water
phantoms at varying pH levels. For the scan-rescan
reproducibility experiment, results were analyzed using
Bland—Altman (BA) plots, intraclass correlation coef-
ficients (ICCs), and coefficients of variation (CVs). We
also utilized the Akaike Information Criterion (AIC)
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model [32] to evaluate the goodness of fit for mono-
exponential and bi-exponential models. A smaller AIC
value indicated a better fitting model. The Friedman test
was used for comparisons of fi;,,.°%, fihore(fm =25 ms) and
Jihort(tm =400 ms) to validate the filter and mixing block
functions in REXI. For the acetazolamide experiment
in rats, Mann—Whitney tests were performed to com-
pare k. in the CP between the treatment (i.v. delivery
of acetazolamide) and control (i.v. delivery of vehicle)
groups. Statistical analyses were performed using MAT-
LAB and GraphPad Prism 9.

Results

Urea-water phantom experiments validated REXI’s ability
to measure exchange

For validation of REXIs ability to measure proton
exchange, we conducted preliminary tests on urea-
water phantoms with various pH levels, which altered
the proton exchange rate between water and urea. The
raw MSME and REXI images showed no apparent arti-
facts (Fig. 2A). As expected, REXI signals decreased
with increasing mixing times due to T effects, and all
were lower than the MSME signals due to the filter
block (Fig. 2B). Figure 2C displays the f .(¢,) values
calculated using Eq. (4) at four different mixing times.
The f,,.(t,) values gradually recovered with increasing
t,, and demonstrated good fit with Eq. (1). The 2SXM
accurately fit the f; -£,, curves, yielding exchange rates
of ky=3.16+0.32 s~ at pH=6.7 and 1.98+0.39 s™" at
pH=7.0 (p=0.0022, Fig. 2D). Additionally, both T, .
(16.45+0.23) and T 1, (66.84£0.15) values at pH=6.7
were significantly shorter than T, .. (17.00+0.40) and
T, 1ong (72.84+0.36) values at pH=7.0 (p=0.0152 and
0.0022, respectively). There were no significant differ-
ences in fy,°4 values (both 0.304+0.002, p>0.9999)
between the two groups of urea-water phantoms at dif-
ferent pH levels.

REXI can capture water exchange between CP and CSF

in rats

Representative MSME and REXI images as a func-
tion of ts are shown in Fig. 3A. We carefully deline-
ated ROIs of the CP on high-resolution T,w images as
shown in Fig. 3B because the CP exhibits a shorter T,
with lower T,w signals relative to CSF in the lateral ven-
tricles. Signals within the CP ROI of the MSME images
and REXI images at each t,, were averaged and fitted
using the bi-exponential Eq. (4) and mono-exponential
S(TE) = Sge TE/ T2, respectively (Fig. 3C). Bi-expo-
nential fitting was clearly superior, with substantially
lower AIC values (-297.64+19.26, n=16 from scan-
rescan experiments) relative to mono-exponential fit-
ting (-219.12+13.87). These results confirmed that
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Fig. 2 Raw images and fitting results of REXI in measuring proton exchange within urea-water phantoms. A MSME and REXI images with minimum

TE=7 ms. B Signal decays of MSME and REXI at different t,,s and C the

N

hor-Lm CUrve from one representative phantom at pH=7.0. In (B), filled

blue circles represent MSME and REXI| data, and curves are the results of model fitting to Eq. (4). In (C), the first circle at t, < 0 denotes the ;%
estimated from MSME data; other circles represent the f,,,,(t,,) values estimated from REX| data, and dashed curves are the results of model fitting
to Eq. (1). D Statistical comparison of k, between the two groups at different pH values using Mann-Whitney tests. Data points (black dots) are
overlaid on the corresponding box plots. Bar height and error bar width represent the mean and standard error of the mean (s.e.m.), respectively

(same for subsequent figures). ** p<0.01, * p<0.05

bi-exponential fitting was more appropriate for the
MSME and REXI signals. As shown in Fig. 3D, REXI
significantly suppressed the CP signal and reduced the
short-T, fraction f.. from f.$9=0.44+0.08 to f .,
(tn=25 ms)=0.23+0.05 (Friedman test, n=16 from
scan-rescan experiments, p<0.0001), demonstrating
the effectiveness of the REXI filter block. Subsequently,
Jihort Values recovered to fi,.(t,, =400 ms)=0.28 +0.05
(p=0.014) due to water exchange between the CP and
CSF during the mixing block. Notably, f.(f,, =400 ms)
remained significantly lower than f;..°? (p=0.014),
implying a relatively slow exchange. The representative
Jfihort-tm curve in Fig. 3E demonstrates that the 2S5XM
accurately fit the REXI data.

REXI demonstrated high reproducibility in measuring

the steady-state water efflux rate from the CP to CSF in rats
To further validate the reproducibility of REXI, we
measured the steady-state water efflux rate from CP
to CSF (k) in rats (n=8). In the initial scan experi-
ment, k,,=046+0.37 s7!, f, ©=045+0.09, T,
short=36.78+2.14 ms, and T, ,,;=257.03+43.77
ms. In the rescan experiment, k,.=0.52+0.47 s

Jehort 1=0.44£0.08, T, ¢,=38.64+3.42 ms, and T,

long=253.90 £35.28 ms. As shown in Fig. 4, we analyzed
these parameters using BA plots, ICCs, and CVs. Among
the four parameters, k. showed a relatively high ICC of
0.90, despite exhibiting the highest CV (40%).

REXI can capture acetazolamide-induced CP dysfunction

Finally, we tested the sensitivity of REXI in detecting
CP dysfunction induced by the carbonic anhydrase
inhibitor acetazolamide. The treatment group (n=7)
underwent i.v. delivery of acetazolamide, whereas the
control group (n="7) underwent i.v. delivery of vehicle.
The f;or-tm curves of representative animals from each
group are presented in Fig. 5A. Acetazolamide admin-
istration led to a 66% reduction in the CP steady-state
water efflux rate (k,,=0.22+0.11 s!) compared with
the vehicle control (k,,=0.66+0.33 s}, p=0.0012).
Conversely, the remaining three parameters showed
no significant differences between the two groups
(Fig. 5B): fiore 1=0.36 £ 0.04 (treatment) vs. 0.34+0.07
(control, p=0.2593); T, ¢=43.71£3.03 ms (treat-
ment) vs. 41.01 +2.48 ms (control, p=0.1649); and T,

long=268.75+14.61 ms (treatment) vs. 285.43+16.49
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ms (control, p=0.0728). These quantitative results Discussion

clearly demonstrate the sensitivity and specificity of The CP is essential for maintaining CSF homeostasis

REXI in measurement of the CP steady-state water in the brain. It acts as a primary CSF secretion site and

efflux rate (k). neuroprotective barrier, preventing harmful compounds
from accumulating in the CSF and brain tissue. Despite
the critical importance of the CP, studies of BCSFB
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function have been limited, primarily due to the lack of
a practical, non-invasive measurement technique [12].
In this study, we introduced a non-invasive MRI method,
REXI, to assess BCSFB function by measuring the trans-
BCSFB water exchange rate in the CP. We demonstrated
the ability of REXI to measure exchange processes using
a well-established two-pool system: urea-water phan-
toms with varying pH. In the rat CP, the MSME signal
exhibited a clear bi-exponential decay with distinct T,
values for CP tissue and CSF water. REXI successfully
suppressed CP tissue in the filter block, and the expected
recovery of the CP tissue component was observed and
accurately described by the 2SXM. Further scan-rescan
experiments demonstrated the high reproducibility of
REXI in measuring the steady-state water efflux rate
from CP to CSF. Finally, REXI exhibited high sensitivity
to acetazolamide-induced CP dysfunction, revealing a
66% decrease in k..

REXI is a specialized version of relaxation exchange
spectroscopy (REXSY), a technique widely used in

porous media and chemistry to study proton or other
molecular exchange in systems with multi-component
T,s [23, 33, 34]. REXI differs from REXSY by offering
imaging capabilities and a faster acquisition protocol.
This shortened acquisition time is achieved by reduc-
ing the three-dimensional data acquisition of REXSY to
two dimensions. Specifically, the first multi-echo block in
the REXSY experiment is replaced with a fixed T,-filter
block optimized to suppress signals from molecules with
shorter T, values. A similar strategy has been applied
in diffusion exchange spectroscopy (DEXSY) through
the development of a clinical MRI version termed filter
exchange imaging (FEXI) [29], which fixes the first diffu-
sion weighting to shorten acquisition time. FEXI is now
widely used in studies of cell membrane in tumors [30,
35] and also blood—brain barrier [36, 37]. REXI utilizes
the difference in T,s between two components (e.g., CP
tissue and CSF), while FEXI exploits the difference in
apparent diffusivities between two components (e.g., tis-
sue and blood). The difference between the diffusivities
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of CSF (~3.2x10° m?%s) and tissue (e.g., gray mat-
ter,~0.8x 107 m?/s) [38] is only around fourfold. The
blood flow inside the CP could also induce pseudo dif-
fusivity [39], making the apparent diffusivity difference
between CSF and CP tissue even smaller. But the differ-
ence between T, of CSF (~2000 ms at 3 T) [40] and T,
of tissue (e.g., gray matter,~80 ms at 3 T) [41] is much
larger, around 25-fold. Thus, REXI can easily filter out the
signal of CP tissue without altering the signal of CSF too
much in the filter block, whereas it would be much more
challenging to use FEXI to achieve this goal. Recently,
other non-invasive methods based on the ASL MRI [16,
18, 20, 42] have been developed to measure the water
efflux rate from CP to CSF. However, the ASL-based
approaches usually require a long acquisition time and
are limited by low SNR (signal-to-noise ratio) or low spa-
tial resolution due to the acquisition of both the control
and arterial label images and the subtraction of the two
images. For example, for small-animal CP function detec-
tion, the acquisition time of ASL-based method in [16] is
around 48 min and that in [42] is around 45 min, but the
acquisition time of our REXI is only~21 min. Besides,
the spatial resolution of our REXI is 0.27 mm X 0.36 mm,
but the spatial resolution of ASL-based method is only
0.625 mmx0.625 mm in [16] and 1.0 mmX1.0 mm in
[42]. These advantages could potentially make REXI
a more favorable technique for clinical transfer in the
future.

The urea-water phantom is a well-defined two-pool
exchange system, in which the exchange rate between
water and urea amino protons can be adjusted by vary-
ing the pH [25]. In the present study, the proton exchange
rate constants detected by REXI were consistent with
those reported in previous studies using REXSY [25].
Importantly, REXI also detected an increase in the
exchange rate as the pH decreased from 7.0 to 6.7, which
aligns with the mechanism of protolysis in standard
amides (i.e., proton exchange in urea solutions is acid-
catalyzed) [43, 44]. In addition to the exchange rate, the
T, values of both components decreased with decreas-
ing pH, which matched previous findings of reduced
T, in urea solutions [45]. This decrease can be further
explained by chemical exchange theory [46], which
indicates that increased exchange shortens T,. Taken
together, these results demonstrate that REXI can sensi-
tively detect exchange processes within a reasonable scan
time.

In the CP, the MSME signal exhibited a clear bi-expo-
nential decay, with a short T, of approximately 40 ms and a
long T, of approximately 270 ms, consistent with reported
T, values for CP tissue and CSF in rats at 94T [20]. The
REXI filter block effectively suppressed the blood signal,
reducing fy, .. from 0.40+0.08 to 0.20 £ 0.06. This reduction
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was expected based on the T, difference between blood
and CSF, and it significantly recovered (to 0.25+0.06) after
a mixing time of 400 ms. The changes in f; . according
to variations in ¢, were clearly described by the 2SXM,
demonstrating the ability of REXI to capture the water
exchange rate between blood and CSF based on differences
in T, across the two compartments. Further scan-rescan
experiments demonstrated the excellent reproducibility of
REXI in terms of measuring k. within the CP (ICC=0.90),
as well as measurement of the blood fraction (f;,.,,) and
the T, values of the two components. The high CV of &,
(40%) may be due to individual physiological differences,
as reported by Eisma et al. in their study of CSF flow rates
[47]. Another possible source of this high CV could be the
relatively short ¢, used in the current protocol.

Acetazolamide has been shown to reduce CSF secretion
in humans [48, 49] and animal models [50-52], includ-
ing rats [14, 53]. Acetazolamide is a non-specific carbonic
anhydrase inhibitor, effective across various delivery modes
(i.v., intracerebroventricular, and intraperitoneal) due to
its membrane permeability; thus, it affects both intra- and
extracellular carbonic anhydrases [2, 27]. Among the vari-
ous ion transporters and channels expressed on the CP
epithelium, the contribution of HCO,™ transporters to CSE
secretion is well-established [2]. These transporters include
the Na*-driven chloride bicarbonate exchanger (NCBE),
Nat*-driven bicarbonate cotransporter €2 (NBCe2),
Na*-driven bicarbonate cotransporter nl (NBCnl), and
anion exchanger 2 (AE2; a CI"/HCO;~ exchanger) [54, 55].
The activities of these transporters rely on the presence of
their substrate, HCO;™. Acetazolamide inhibits several
carbonic anhydrases localized in the CP, hindering the
conversion of CO, to H,CO, and reducing HCO;™ genera-
tion; this process impacts bicarbonate transporter-medi-
ated CSF production [27]. In the present study, REXI
also revealed a 66% reduction in ky, comparable to the
40% reduction in acetazolamide-mediated CSF secretion
observed by fluorescent imaging [27]; this result demon-
strated REXI’s sensitivity to CP dysfunction.

In this study, we chose to use and report the steady-state
water efflux rate from CP tissue (essentially blood) to CSF,
ki, rather than the steady-state water exchange rate from
CSF to CP (k) or the overall exchange rate between CP
and CSF k (=ky .+ k). The k. is a physical parameter and
an independent biomarker that describes the barrier per-
meability and is not sensitive to the partial volume effect as

ki P A
=P<— >
bc Vop
where P is the water permeability coefficient of CP-CSF
barrier (the choroid plexus epithelial cell), < % > is the
surface to volume ratio of CP tissue. Considering the fact
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that the CP is a network of capillaries lined by epithelial
cells and assuming the capillaries as cylinders with radius
r, < ’% > of these capillaries would be 2/r and a con-
stant if the size of capillary doesn’t change. This makes kp
insensitive to the CSF volume fraction in each voxel and a
direct biomarker of the water permeability coefficient of
the CP-CSF barrier. On the other hand, the steady-state

water exchange rate from CSF to CP (k) is,

Acp
>

ke, =P <
¢ Vese

where Vg is the CSF volume in each voxel. As REXI still
has a very low spatial resolution, V¢ can vary across
voxels and experiments due to the partial volume effect,
which would induce k&, to be strongly biased by the Vg
in each voxel. The overall exchange rate between CP and
CSF k (=k,.+k,,) would also depend on Vg and thus
is not an independent biomarker of barrier permeability
to water. Similar choices have been made to describe the
cell membrane permeability to water and BBB permeabil-
ity to water, which are the steady-state intracellular water
efflux rate [56] and steady-state intravascular water efflux
rate [36].

REXI measures the water exchange rates between
the CP and CSF, rather than the net water secretion
rate from CP to CSF, and the exchange is expected to
be much faster than the net water secretion. Consider-
ing the CSF production rate in rats (approximately 1.40
uL/min [14]) and the volume of CP tissue (1.21 mm?),
the net water secretion flux rate from CP to CSF is
approximately 0.02 s™!. Given the mean k,,=0.49 s™*
in the rat CP of the scan-rescan experiment measured
in this study, the unidirectional water efflux greatly
exceeds the net CSF secretion flux [57], supporting
the steady-state assumption in the 2SXM. Therefore,
only one in 200 water molecules cycled through the
CP tissue (e.g., epithelial cells) is transported into the
CSF without immediate return. However, the water
exchange between CP and CSF and the net water secre-
tion from CP to CSF are two closely linked processes,
making k. an indirect but sensitive biomarker of CSF
secretion. This is because both processes are facili-
tated by the ion transporters and the Na*-K*-ATPase
pump located on the membrane of CP epithelium [17].
CSF (including water) production is an active meta-
bolic process as CSF contains a higher concentration
of Na™ and a lower concentration of K* than would be
expected from an ultrafiltrate from plasma [54]. The
driving force of these ion transporters would eventually
be tracked back to the Na™-K*-ATPase pump, which is
largely expressed in the apical membrane of CP epithe-
lium and the suppression of whose activity with oua-
bain could largely reduce CSF secretion rate [51, 58].
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Water exchange across cell membrane can also be facil-
itated by ion transports as many of them are also water
cotransporters [59], and driven by the Na*-K*-ATPase
activity [31, 60]. For example, on the membrane of CP
epithelium, Na*/K*/2Cl~ cotransporter 1 (NKCC1) is
a well-established water cotransporter, in which there
are 590 water molecules transported per turn over [61].
At the same time, NKCC1 also plays a key role in CSF
secretion [62-64]. Although the studies of the water
cotransporting capacity of HCO,~ transporters are
still limited, evidence has shown that administration of
acetazolamide could also slow down the activity of the
Na*-K*-ATPase pump [65], which could then induce
slower trans-membrane water exchange observed in
this study. More studies are still highly needed to clar-
ify the major molecular pathways governing the trans-
membrane water exchange and water secretion in CP,
though this remains technically challenging.

Several limitations and future directions of this study
should be clarified. First, the Ts of the CP tissue and
CSF are assumed to be same in the current analysis
model of REXI. Indeed, it is difficult to decouple the T;
relaxation and exchange when the Ts of CP tissue and
CSF are different [66]. The influence on exchange estima-
tion is largely dependent on the ratio between exchange
rate k (=ky.+ky) and R, difference (AR,), i.e.,, more
bias in exchange estimation is expected when AR,/k is
larger [29]. Fortunately, the R;s of CP tissue (using cor-
tex value) and CSF at 9.4 T are very close (0.53 s™! and
0.41 s™%, respectively, [67]), resulting in a very small AR,
(=0.12 s7') and AR,/k (=14%, taking ky,.=0.49 s7! and
CP volume fraction ~ 0.44, the average results of all rats
in the scan-rescan experiment of this study). With such
a small AR;, we would expect the effect of R, difference
on the exchange estimation to be limited. In addition,
considering the R;s of each site would not change dra-
matically even in pathological conditions, a possible solu-
tion in the future is to fix the R;s of each site as constant
values to remove the potential bias in exchange estima-
tion. Second, other REXI acquisition parameters, such
as the selection of single or multiple TE, values and the
combination of several ¢, values, could be optimized to
improve the precision of exchange estimation. A recent
paper proposed an optimization pipeline specifically for
this type of NMR/MRI experiments [35], which can be
implemented for REXI optimization in the future. Third,
we used a relatively high concentration of 2.5% isoflu-
rane to minimize the head motion of rats. Compared to
the awake state, the CSF production rate is increased in
mice under isoflurane anesthesia [15], which might lead
to an overestimation in our measurements. Addition-
ally, because of its novelty, future studies should com-
pare REXI with other methods (e.g., invasive methods)
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to further validate its feasibility in animal models and
humans. We anticipate that REXI will be utilized to eluci-
date the molecular mechanisms of water transport in the
BCSEB and the regulation of the CP by circadian rhythm.
It would also be useful to incorporate REXI into explora-
tions of age-dependence regarding BCSFB water permea-
bility and CP dysfunction in neurological disorders, such
as traumatic brain injury and Alzheimer’s disease.

Conclusions

REXI is a novel method for measuring trans-barrier
water exchange between the CP and CSF, based on the
large T, difference between these two components.
This proof-of-concept study established this tech-
nique for non-invasive and quantitative assessments
of BCSFB function. Considering the multifaceted role
of the BCSFB in maintaining brain homeostasis, this
method exhibits great potential for enhancing analyses
and clinical management of brain disorders.
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