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Abstract

Background The choroid plexus plays an important role in brain homeostasis, including the active secretion of
cerebrospinal fluid. Its function and structure have been reported to be affected by normal ageing. However, existing
measures of choroid plexus volume may be complicated by partial volume (in vivo MRI) and tissue fixation artefacts
(histology). In this study, we investigate possible changes in choroid plexus volume within the lateral ventricles of
aged mice utilising two structural MRI protocols explicitly designed for time-efficient, high-resolution in vivo imaging
of the choroid plexus.

Methods Two MRI sequences were utilised to examine in vivo choroid plexus volume in the lateral ventricles of
young (~6 months) and aged (~ 24 months) mouse brains: (1) an ultra-long echo-time T2 weighted fast-spin-echo
and (2) a multi-TE T2* mapping protocol. A test-retest study was performed on a subset of the data to examine the
reproducibility of choroid plexus volume estimation based on manual segmentation. A two-way ANOVA test was
performed to determine possible differences in choroid plexus volume in young and aged mouse groups across the
two distinct MRI protocols.

Results Reproducibility tests showed a low test-retest variability of the manual segmentation pipeline for both MRI
protocols. A statistically significant reduction of in vivo choroid plexus volume was found in the aged mouse brain.
This finding is concordant with previous histological observations of a reduction in epithelial cell height with ageing
across a wide range of species.

Conclusions We present an in vivo investigation of changes to lateral ventricle choroid plexus volume in the mouse
brain utilising a manual segmentation approach based on two bespoke MRI protocols designed for time-efficient
high resolution imaging of the choroid plexus. Based on these protocols, we provide evidence for a reduction in
choroid plexus volume in the aged brain. This research provides insight for studies utilising MRl measurements of
choroid plexus volume as a biomarker of age-related neurologic conditions as it indicates that the ageing process
itself does not result in hypertrophy of the choroid plexus, but a decrease in tissue volume.
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Introduction

The choroid plexus (ChP) resides in the lateral, third,
and fourth ventricles of the brain and forms the blood-
cerebrospinal fluid barrier (BCSFB). The ChP performs
several key roles in service of normal brain function
including the active secretion of cerebrospinal fluid (CSF)
which may in turn support the efficacy of CSF-mediated
brain-clearance mechanisms such as the glymphatic
pathway [1, 2]. Given this multifaceted and unique physi-
ology, the ChP has been proposed as a hitherto under-
explored site of mechanistic significance in age-related
conditions such as multiple sclerosis (MS) and Alzheim-
er’s disease (AD) [3-6].

Towards the goal of developing novel imaging biomark-
ers of ChP derangement, there has been an emergence of
publications reporting changes in ChP volume associated
with disease, based on segmentation of high-resolution
structural MRI scans [7—15]. One notable observation in
the context of age-related neurodegenerative disease, are
reports of increased lateral ventricle (LV) ChP volume in
the aged human brain [16, 17]. Interestingly, this finding
would appear to contradict direct histological assess-
ment where ChP epithelial atrophy has been reported
with age in both mice and rats as well as in the human
brain [18-20]. These reports are further complicated by
possible methodological limitations associated with both
approaches such as partial volume effects exacerbated by
the retrospective analysis of structural MRI scans that
were not explicitly designed for reliable ChP segmenta-
tion as well as possible artefacts due to tissue fixation
procedures required in histology. Thus, we aimed to help
disambiguate the relationship between LV ChP volume
and ageing by acquiring in vivo measurements of ChP
volume using two bespoke time-efficient MRI protocols
designed for high-resolution in vivo imaging of the ChP:
(i) an ultra-long echo-time (TE) T2 weighted fast-spin
echo (FSE) scan and (ii) a multi-TE T2* mapping proto-
col. We demonstrate that both MRI protocols provide
measures of ChP volume with low test-retest manual-
segmentation variability. We then apply both imaging
protocols to aged and young-adult control mice for non-
invasive, in vivo estimation of ChP volume. Doing so
returns evidence for a reduction in ChP volume in the
aged brain, suggesting that the ageing process results in a
decreased volume of ChP tissue.

Methods

Animal preparation

All experiments were conducted in accordance with the
European Commission Directive 86/609/EEC (European
Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes)
and the United Kingdom’s Home Office Animals (Scien-
tific Procedures) Act (1986). Prior to data collection, mice
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were acclimatized in an animal facility with a 12-hour
light/12-hour dark cycle, and food and water were pro-
vided ad libitum.

Imaging was performed using a horizontal-bore 9.4T
Bruker preclinical system (BioSpec 94/20 USR; Bruker)
equipped with a 440-mT/m gradient set featuring outer
and inner diameters of 205 mm and 116 mm, respec-
tively (BioSpec B-GA 12S2). An 86-mm volume transit
RF coil and a four-channel receiver-array coil, specifically
designed for mouse brain imaging (Bruker), were used
for data acquisition. Mice were anesthetized with a 2%
isoflurane mixture (4:1 room air/O,), adjusted to 1.5%
to maintain a respiratory rate of approximately 150 bpm,
which was continuously monitored using a pressure pad
throughout the scan. The mouse’s head was rigidly fixed
using blunt ear bars. Core body temperature was mea-
sured with a rectal probe (SA Instruments, Stony Brook,
NY) and kept at 37.0 + 0.5 °C, regulated by an adjustable
water bath connected to a mouse heating pad (Bruker
BioSpec; Bruker, Kontich, Belgium). MRI experiments
were performed on male C57BL/6JRj mice at 6 and 24
months of age (Janvier labs) (# = 10 and #n = 12 respec-
tively). This corresponds to an age in human years of
approximately 30 and 70 years respectively [21].

Data acquisition

In this study, two structural MRI protocols designed
for high resolution/contrast imaging of mouse ChP
were applied in separate scan sessions: (1) 3D FSE
ultra-long TE readout with the following parameters:
FOV=19.6x19.6 x 3.6 mm (centred around the LVs, see
Fig. 1); matrix size=196x196x36; 0.1 mm isotropic
resolution; echo train length = 64; effective TE=176.2ms;
TR =5000ms; 1 average; acquisition time ~ 6.5 min; (2) 3D
multi-TE gradient echo with the following parameters;
FOV=16%x19.25x12 mm; matrix size=128 x 154 x 96;
TEs=2.19, 5,25, 8.31, 11.37, 14.43, 17.49, 20.55, 23.61,
26.67,29.73, 32.79, 35.85 ms; TR = 66ms; flip angle =15%1
average; 0.125 mm isotropic resolution; acquisition
time ~ 16 min.

Both imaging datasets were collected to estimate
the volume of ChP. The raw MRI images of the 3D FSE
h-T2w readout were directly utilised, while the 3D multi-
TE GRE T2*w readout was then used to generate T2*
map images for ChP volume estimation by fitting the
data to a simple mono-exponential model using Matlab
(Mathsworks, Massachusetts, USA).

ChP volume estimation

A manual segmentation pipeline was conducted for in
vivo ChP volume estimation in young and aged mouse
brains among all image datasets (Fig. 1). For each slice,
the ChP was manually segmented based on visual inspec-
tion of the T2w images/ T2* maps. The segmentations
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Fig. 1 Schematic of manual segmentation pipeline. Top: The LV images were extracted from the mouse brain (upper left and upper middle) using MRI
protocols that are explicitly designed for ChP segmentation, where the ChP is viewed and manually segmented slice by slice (upper middle). The ChP
(upper right) is then labelled within the LV and is highlighted in purple. Bottom: Representative datasets from the same subject utilising two different
imaging protocols (T2w and T2* map, n=1 representative), which demonstrates a collection of sequential slices that capture the LV for ChP volume

estimation

were carried out using the Volume Segmenter toolbox
in MATLAB. The manual segmentation was performed
blind to the animal group (aged vs. young control). To
investigate the reproducibility of ChP volume estima-
tion using the manual segmentation pipeline, the seg-
mentation pipeline was repeated on 3 randomly selected
subjects within a one-day interval. This was performed
separately for both MRI protocols. The mean absolute %
difference in volume measurements was calculated for
each subject.

Statistical analysis

The effect of age and imaging protocol (ultra-long TE
T2w & T2*maps) on ChP volume was investigated using
a two-way analysis of variance (ANOVA) test using
GraphPad Prism (GraphPad Software, Boston, Massa-
chusetts USA). Errors are reported as standard deviations
from the mean.

Results

ChP segmentation reproducibility test

Reproducibility tests were carried out to investigate the
consistency of the manual ChP volume segmentation
methods (Fig. 2). An average absolute change of 9.38%
was observed between the repeatedly segmented datasets

using high-resolution ultra-long TE T2w MRI images
(Fig. 2(A)), while an average absolute change of 7.07%
was observed using T2* map images (Fig. 2(B)). A repre-
sentative example of the reproducibility test is shown in
Fig. 3(C)(D), where we observe a high degree of segmen-
tation agreement for both protocols. Here, we established
that the manual segmentation method yielded reproduc-
ible estimates of ChP volume.

In vivo choroid plexus volume in the aged mouse brain

A two-way ANOVA test was conducted to compare the
main effects of age and MRI protocol as well as the inter-
action effects on the ChP volume. Prior to unblinding,
one mouse was excluded from all T2* map analyses due
to MRI artifacts within the LV that affected the segmen-
tation. No other animals were excluded from the analy-
sis. The age effect was statistically significant ( P < 0.01).
The effect of imaging datasets was statistically significant
(P < 0.05). The interaction effects showed no signifi-
cance (P > 0.05). A comparison of ChP volume between
young (N =10, 0.405+ 0.076mm?®) and aged
mice (N =12, 0.356=+ 0.036 mm3) from ultra-
long TE T2-weighted MRI images is shown in Fig.
3(A). A comparison of ChP volume between young
(N =10, 0.481 4 0.129 mm?) and aged mice (N = 11,
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Fig. 2 Segmentation pipeline reproducibility tests. (A) ChP volume segmentation reproducibility test based on T2w datasets. (n=3, randomly selected)
(B) ChP volume segmentation reproducibility test based on T2* map datasets. (n= 3, randomly selected) (C) Representative example of visual comparison
of sequential manual segmentation based on a T2w MRI image obtained from the reproducibility test. (D) Representative example of visual comparison
of sequential manual segmentation based on a T2* map image obtained from the reproducibility test. For (C) and (D), the green areas indicate the regions
segmented on both the first and second days. The purple areas represent the segmentations made on the first day that were not included on the second
day. Conversely, the blue areas represent the segmentations made on the second day that were absent on the first day
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Fig.3 Comparison of the ChP volume estimated in young and old groups
from high-resolution T2-weighted MRI images (A) and T2* map MRl im-
ages (B). Each dot represents an individual mouse

0.383 £+ 0.050 mm?) from T2* map images is shown in
Fig. 3(B). These findings indicate a statistically significant
difference in ChP volume between the young and old
groups.

Discussion

In this study we applied two time-efficient MRI proto-
cols designed for robust estimation of ChP volume in the
LVs of the mouse brain. The protocols employed were
an ultra-long TE FSE and a multi-TE gradient echo T2*
mapping sequence. We then evaluated the reproducibil-
ity of ChP volume estimates from manual segmentation
of the images which returned a mean absolute difference
of 9% and 7% for each protocol respectively, providing
a solid foundation to detect putative group-wise differ-
ences in ChP volume in mouse models. We then applied
the protocols to a cohort of aged and young mice to
investigate possible changes in ChP volume in the ageing
brain, given conflicting reports in the literature. Doing so,
we found evidence for reduced ChP volume in the aged
mouse brain, a finding concordant with observations of
ChP epithelial atrophy from direct histological assess-
ment [18-20]. This finding suggests that ageing causes
atrophy of the ChP and highlights that this can be readily
detected using non-invasive in vivo structural MRI. An
important limitation of the current work is that the effect
of age on ChP volume was investigated only in a single
sex (male), thus limiting the relevance of our findings
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[19]. Scarpetta and colleagues reported no differences
due to sex in their recent histological characterisation
of ChP changes in the aged mouse brain, suggesting that
our observations are likely to extend to female mice.
Future work, however, should be performed to character-
ise putative sex differences in structural alterations of the
ChP with ageing.

It is important to note that some strains of mice such
as BALB/c or DBA/2 have much smaller lateral ventricles
in comparison to the C57BL/6 strain examined in this
work [22]. This can make it challenging to accurately
measure ChP volume using the protocols employed here.
This is illustrated in Supplementary Fig. 1 where exam-
ple images taken from a 5-week-old BALB/C mouse are
compared against equivalent scans from the C57BL/6
strain. We were unable to identify ChP tissue on images
acquired in the BALB/c strain despite confirming the
presence of ChP tissue on histology (see Supplementary
Fig. 1). Therefore, future studies should carefully consider
the background strain of their mice when intending to
apply non-invasive MRI protocols for in-vivo assessment
of ChP volume.

The concept of the ultra-long FSE sequence for time-
efficient imaging of ChP volume is a simple one that has
been used before in MRI studies primarily designed to
image the CSF [23, 24]. This employs a long echo train
(in this case 64) which allows the acquisition of multiple
lines of k-space after a single excitation for time-effi-
cient data capture (in this case giving 0.1 mm isotropic
resolution images in ~ 6 min). The resultant long echo
time (TEeff = 176ms) will highly attenuate the signal
from all tissue types within the brain with the excep-
tion of CSF due to its uniquely long T2 relaxation time
(~ 300ms [25]). Thus, in these images, negative contrast
is employed where the CSF appears bright and the ChP
tissue is dark. Accordingly, a downside of this approach
is that all extra-ventricular tissue signal is nulled in these
images meaning that this protocol will only inform about
ventricular and ChP structure and not other grey/white
matter regions for example. Here we implemented a 3D
ESE sequence as image quality was found to be poor
using an equivalent 2D sequence with matched geometry
likely due to the cumulative effect of multiple refocus-
ing pulses when using 0.1 mm slice thickness (data not
shown). The multi-echo gradient echo 3D sequence is
designed for time-efficient T2* mapping using a short TR
and reduced flip angle. Similarly, this exploits the marked
difference in T2* between the ChP and adjacent CSE.
Unlike the ultra-long TE FSE sequence however, this also
yields T2* maps across the extra-ventricular tissue which
could be useful for detection of other radiological mark-
ers of pathology, such as micro-hemorrhages.

In regards to employing a more automated and objec-
tive approach to ChP volume estimation, within the

Page 5 of 8

ultra-long TE FSE data we explored using signal-intensity
based thresholding across the LVs under the premise
that there would be two distinct signal populations at ~
0 signal (ChP) and > >0 signal (CSF). However, the dis-
tribution of signal intensities within the LVs was found
to more continuous and not as bi-modal as we initially
surmised meaning that it was challenging to define a ‘cut-
oft’ signal intensity to accurately separate ChP and CSF
voxels. We suspect that this principally reflects the partial
volume of the CSF with tissue at the edge of the ventricles
and ChP respectively, in addition to some subtle Gibbs
ringing artefacts in the CSF (whose characteristic pattern
can be distinguished by eye). Thus, we proceeded with a
manual segmentation approach which further benefits
from the experience of the rater to recognise the charac-
teristic morphology of the ChP within the LVs (see Fig. 1).
Indeed, this approach returned a mean absolute error in
ChP volume estimation of 9% (ultra-long TE FSE) and 7%
(multi-TE GE T2* maps) following test-retest ChP seg-
mentations suggesting that this approach can yield reli-
able estimates of ChP volume. Moving forward, the use
of more automated approaches may alleviate the need for
the time-consuming manual segmentation [17, 26, 27].
Interestingly, the estimates of ChP volume based on the
T2* maps were greater than those using the ultra-long TE
ESE protocol which likely stems from a ‘blurring’ of the
ChP tissue due to the macro time-invariant susceptibility
effects that are present with T2* vs. T2 contrast.

Our finding of reduced ChP volume in the aged brain
is consistent with histological observations of epithe-
lial cell atrophy in the aged mouse, rat and human brain
[18-20]. Although, it is important to point out that a
recent study in rats found no evidence for ChP cell atro-
phy at 24 months of age [28]. The precise reasons why,
based on in vivo structural MRI data, we find a reduction
in ChP volume in the aged mouse brain whereas oth-
ers have reported an increase in ChP volume with age-
ing in the human brain [16, 17], remains unknown at this
time. Here, we speculate the following methodological/
physiological factors may be at play: (i) the limited spatial
resolution of in vivo structural MRI scans to accurately
spatially resolve the fine structure of the ChP may lead
to systematic errors that influence the accuracy of ChP
volume measurement. This may be impacted by changes
in the volume of the LVs that occur with ageing, in turn
altering the expanse of fluid in which the ChP tissue
can float within. ChP tissue that is diffusely present in a
larger volume of ventricular CSF could be misinterpreted
as possessing a greater volume than ChP tissue more
densely packed into a small volume of lateral ventricular
CSF due to partial volume effects given the limited spa-
tial resolution of the images. In the mice examined here,
no significant differences in our in vivo measurements of
ventricular volume were detected between the aged and
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young adult groups, as found in our previous study [29]
(data not shown). It could also be related to the presence
of ChP cysts that were recently captured with high reso-
lution imaging of the human brain at 7T [30]. These cysts
which would likely act to artificially enhance measures of
ChP volume from in-vivo structural MRI scans, where
the outer surface of the CP tissue is typically segmented
to estimate it’s volume. (ii) earlier studies have reported
an increased volume of ChP tissue in a range of neurolog-
ical conditions (e.g [11, 31-35]). Of note, to our knowl-
edge a decrease in ChP volume associated with a disease
has yet to be reported. Therefore, the increased ChP vol-
ume observed in the aged human brain may reflect undi-
agnosed comorbidities with human ageing that are not
necessarily recapitulated in the aged mouse brain, high-
lighting the limitations of the mouse to model the com-
plex multifaceted co-morbidities that come with human
ageing. (iii) the ChP is known to undergo marked move-
ment due to cardiac and respiratory pulsation. As, to our
knowledge, none of the previous studies of ChP volume
have been gated to cardiac or respiratory signals (includ-
ing the present work), this movement may introduce a
degree of inaccuracy into the structural images where
ChP tissue that undergoes a greater degree of motion
presents with a spurious increase in volume due to blur-
ring during the acquisition (which typically takes several
minutes). This possible artefact may have an age depen-
dence where, in the case of cardiac pulsation, upstream
stiffening of the vessels leads to greater pulse wave propa-
gation to the downstream cerebral vessels [36]. Our pre-
liminary investigation into the degree of ChP motion
with cardiac and respiratory cycles suggested that this
motion was subtle however and will thus have relatively
little influence on our ChP volume measurements (data
not shown).

To our knowledge, the weight of the mouse ChP has
not been reported in the literature (and by extension the
weight of the mouse brain ChP in the LVs). Interpolat-
ing the rat ChP weight of 2.9 mg [37, 38] and assuming
that the weight/volume of the mouse brain is 20% of the
rat brain, this gives an approximate weight of the mouse
ChP of 0.58 mg. Based on prior measurements of the sur-
face area of the ChP in the mouse brain [39] the ChP in
the LVs represents 43% of the total ChP tissue giving an
estimated mass of 0.25 mg. We estimate ChP volume to
be 0.40 and 0.48 mm? for our two MRI protocols in the
young mouse brain. Therefore, assuming the ChP tis-
sue has the density of water, there is an approximately
two-fold overestimation in the volume of the ChP using
our MRI protocol. This is perhaps not surprising as par-
tial volume effects are notoriously challenging using
non-invasive in-vivo imaging of the ChP, given it’s fine
and delicate structure which is microscopically inter-
twined with the CSF and often directly proximal to the
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ventricular wall. Nonetheless, this inaccuracy does not
necessarily confound measures of differences in ChP vol-
ume between different groups (here young vs. old), but
reinforces the need to carefully consider the imaging
methods (spatial resolution/ contrast etc.) when compar-
ing MRI-derived estimates of in-vivo ChP volume from
different studies. In their recent examination of ChP
morphology in the aged mouse brain, Scarpetta and col-
leagues found a ~ 10% and ~ 30% decrease in epithelial
cell area and microvilli length when comparing 2 and 20
month old mice [19]. Similarly Serot et al., reported a
15% decrease in epithelial cell height when comparing 30
and 6 month old rats [18]. Here, we measure a 12% and
20% decrease in ChP volume with age for the ultra-long
TE T2-weighted and T2* map scans respectively (when
comparing mice at 6 and 24 months of age). Thus, the
volume changes are broadly consistent with decreases in
ChP cell dimensions previously reported.

Recently, studies have reported an association between
ChP volume and neurological disorders such as AD,
MS, and Parkinson’s disease (PD). An earlier investiga-
tion found that an increased ChP volume is associated
with patients with AD, as determined by T1-weighted
(T1w) MRI scans [35]. This investigation also empha-
sised the need for more accurate measurement tech-
niques to delineate ChP volume in MRI scans, alongside
the development of effective segmentation methods [35].
In addition, a retrospective analysis indicated that the
ChP volume within the LV is greater in individuals with
Alzheimer’s disease compared to those experiencing
subjective cognitive impairment (SCI) or mild cognitive
impairment (MCI), as assessed through 3D Tlw imag-
ing [15]. Apart from AD, a previous study has shown that
patients with MS, particularly those with the relapsing-
remitting form, exhibit a larger ChP volume compared
to healthy individuals based on 3D T1w images and that
this enlargement is speculated to be partially related to
inflammatory processes [40]. Another retrospective
study reported ChP enlargement, based on Tlw MRI
images, may indicate a higher risk of developing demen-
tia with PD [41]. Apart from studies related to neuro-
logical disorders, other human studies also reported an
increase in ChP volume with normal ageing. For exam-
ple, a cross-sectional study reported that larger ChP vol-
ume in the LVs was associated with older age. In addition,
this cross-sectional study also emphasises the need for
enhanced image resolution and improved segmenta-
tion techniques to more precisely evaluate ChP volume
[16]. Another study developed a deep learning segmen-
tation method to assess the ChP volume in the human
brain utilizing T1w MRI, T2w MRI, and T2w FLAIR MRI
images and reported a positive association between ChP
volume and age in all three MRI protocols [17]. Further
studies, including longitudinal studies and functional
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investigations of ChP, are warranted to elucidate the com-
plex interplay between ChP morphology, function, and
ageing. In addition, preclinical studies including mouse
models of AD, PD, MS, and other conditions, could uti-
lise the MRI acquisition and analysis methods presented
in this study. These approaches may enhance the under-
standing of the utility of MRI measurement of ChP vol-
ume as biomarkers of disease processes, with additional
comparison with invasive assessment techniques.

To conclude, in this work we aimed to better under-
stand the impact of ageing on ChP volume, captured
using simple, translational, structural MRI scans. We did
this by applying two MRI protocols specifically designed
for efficient, high resolution, high contrast imaging of the
ChP, to the young and aged mouse brain. We find evi-
dence for a reduction in ChP volume in the aged brain,
with both methods returning similar findings. This pro-
vides evidence that ageing itself results in atrophy and
not hypertrophy of the ChP.
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