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In Vivo Measurement of Rat Brain Water
Content at 9.4 T MR Using
Super-Resolution Reconstruction:
Validation With Ex Vivo Experiments
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Background: Given that changes in brain water content are often correlated with disease, investigating water content
non-invasively and in vivo could lead to a better understanding of the pathogenesis of several neurologic diseases.
Purpose: To adapt a super-resolution-based technique, previously developed for humans, to the rat brain and report
in vivo high-resolution (HR) water content maps in comparison with ex vivo wet/dry methods.
Study Type: Prospective.
Animal Model: Eight healthy male Wistar rats.
Field Strength/Sequence: 9.4-T, multi-echo gradient-echo (MGRE) sequence.
Assessment: Using super-resolution reconstruction (SRR), a HR mGRE image (200 um isotropic) was reconstructed from
three low-resolution (LR) orthogonal whole-brain images in each animal, which was followed by water content mapping
in vivo. The animals were subsequently sacrificed, the brains excised and divided into five regions (front left, front right,
middle left, middle right, and cerebellum-brainstem regions), and the water content was measured ex vivo using wet/dry
measurements as the reference standard. The water content values of the in vivo and ex vivo methods were then com-
pared for the whole brain and also for the different regions separately.
Statistical Tests: Friedman’s non-parametric test was used to test difference between the five regions, and Pearson’s cor-
relation coefficient was used for correlation between in vivo and ex vivo measurements. A P-value <0.05 was considered
statistically significant.
Results: Water content values derived from in vivo MR measurements showed strong correlations with water content mea-
sured ex vivo at a regional level (r=0.902). Different brain regions showed significantly different water content values.
Water content values were highest in the frontal brain, followed by the midbrain, and lowest in the cerebellum and
brainstem regions.
Data Conclusion: An in vivo technique to achieve HR isotropic water content maps in the rat brain using SRR was adopted
in this study. The MRI-derived water content values obtained using the technique showed strong correlations with water
content values obtained using ex vivo wet/dry methods.
Level of Evidence: 1
Technical Efficacy: Stage 1
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nimal disease models are an important tool for widening
Aour understanding of the pathogenesis and longitudinal
evolution of brain diseases. Rat models for stroke, traumatic
brain injury (TBI), Parkinson’s disease, and Alzheimer’s dis-
ease are well established.' Water content is known to be
well regulated in the brain and is expected to change in
almost all brain disorders.® For example, ischemia, brain inju-
ries, and hypoxia in the brain are all associated with changes

11
7 Furthermore, total water

in water content in humans.
content is often found to be increased in patients with tumors
or multiple sclerosis (MS).'= P Using ex vivo techniques,
some studies have characterized the water content of the nor-

16718 while other studies have investigated the

mal rat brain,
changes in water content in different disease states like ische-
mia, hypertension, space-occupying lesions, arterial hyperten-
sion, and water intoxication.'*!*2! Since the water content
is known to be tightly regulated in the healthy brain and
since water content is very sensitive to pathologies in the
brain, it is indeed desirable to develop a robust method to
non-invasively measure the water content of the brain in rats.
Wet/dry methods are considered the reference standard for
ex vivo water content measurements.''® However, given
that this invasive method cannot be performed in vivo, it can-
not be applied in patient diagnostics and can only serve as a
research tool. In contrast, MRI offers a non-invasive way to
study in vivo changes in the brain following the onset of dis-
ease. In this context, studies with animal models could be
useful for the purpose of validating MRI techniques following
the sacrifice of the animals, and the ex vivo brain can be used
to correlate the changes seen in MRI to those seen on histo-
logical sections of the rat brain. Quantitative validation of
MRI-based measurements offers the opportunity to transfer
new methods to human applications, providing potential for
further research and diagnosis. Based on initial research using
ex vivo techniques in animals, over the past three decades,
MRI techniques to map the water content of the in vivo
human brain have been developed.”**® With ever-increasing
access to MRI in the clinical context, it can be expected that
quantitative MRI (gMRI)-based water content measurement
will gain a role in the clinical routine for the evaluation of
patients with diseases such as MS, Alzheimer’s disease, hepatic
encephalopathy, and brain tumors.

To date, only a few studies have tried to validate animal
brain water content obtained by MRI against the reference
standard of ex vivo wet/dry techniques.'”*”*? Lin et al vali-
dated their water content mapping technique using a 3-T
small animal MRI scanner in Long Evans rats with focal cere-
bral ischemia.'®'”*” However, the water content mapping
technique employed required corrections for T, bias in the
fast low-angle shot (FLASH) images, resulting in the need for
additional scan time.'” Using a similar method, Schwarcz
et al attempted to carry out water content mapping at 9.4 T

. . . . . 2. . s
in mice with induced vasogenic edema. 8 However, a critical
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assessment of the accuracy of the water content values
obtained was not carried out.”® No further study that corre-
lated the MRI-based water content mapping techniques with
wet/dry ex vivo techniques has been conducted, despite a
number of advances in water content mapping techniques.
Of particular note are the robust corrections made for the
bias caused due to differing Ty and T,* decay and the B,
field inhomogeneities in different regions of the brain.***>°
Furthermore, previous techniques used an external water
phantom to achieve calibration, requiring additional correc-
tions for the difference between the phantom and rat body
temperature. Although used in a similar manner in humans
at lower fields,?? at higher fields, this calibration method has
been replaced with the use of cerebrospinal fluid (CSF) as the
internal calibration standard for 100 p.u. (percentage units)
water.”*?*3° Recently, a single-scan technique has been
developed that avoids the need for additional scans for T
correction, thus decreasing scan time and improving clinical
applicability.”* A high signal-to-noise ratio (SNR) is crucial
for accurate qMRI mapping, and super-resolution reconstruc-
tion (SRR) techniques can provide a further advantage in the
trade-off between SNR, acquisition time, and resolution.”’
Recently, SRR techniques were combined with a modified
version of the single-scan water content mapping technique*
to obtain accurate water content maps of the in vivo human
brain at isotropic high resolution (HR).’>** The biggest hur-
dle in obtaining accurate water content maps—especially at
very high field strengths—is the presence of radiofrequency
(RF) magnetic field inhomogeneities in the MRI data. This is
because the receive field By~ (or sensitivity) is difficult to
measure accurately in vivo. Similar to the transmit field B, ",
B, is modified by interactions with the sample placed inside
the coil and hence is different for every subject.

Against this background, we aimed to compare the water
content values obtained in five regions (front left, front right,
middle left, middle right, and the cerebellum—brainstem
regions [CB-BS]) using a proposed super-resolution-based
in vivo MRI technique with bias field correction to those
obtained with ex vivo wet/dry methods as the reference stan-
dard. We further aimed to investigate the observed broad
regional variations in the water content of the rat brain.

Materials and Methods

All animals were handled in accordance with the guidelines of the
Animal Research Committee of our institute. The local ethics com-

mittee approved this prospective study.

Animals

Experiments were carried out on a total of eight male Wistar rats
(Charles River Laboratories, Sulzfeld, Germany), with an age range
of 10-11 weeks and a mean weight of 400 g. All rats were housed in
groups of at least two under standard conditions. Food and water
were provided ad libitum.
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In Vivo MRI Methods

DATA ACQUISITION AND SRR RECONSTRUCTION. The
rats were first scanned with a 9.4-T MRI scanner and later sacrificed
to carry out the ex vivo studies. The MRI experiments were carried
out in an in-house assembled small animal 9.4-T MRI scanner.>* A
body coil was used for RF transmission, and a four-channel phased
array receive coil (Rapid Biomedical, Rimpar, Germany) was used
for receiving the signal. For animal supervision, the acquisitions of
electrocardiography (ECG), respiration rate, and temperature were
carried out using a commercially available monitoring system (Small
Animal Instruments Inc., Stony Brook, NY, USA). The monitoring
system provides a user-configurable respiration trigger signal that is
interfaced with the MRI scanner to enable synchronized sequences
using the breathing signals of the animal. In the method described
previously, three orthogonal low-resolution (LR) multi-echo gradient
echo (mGRE) images were acquired and recombined using SRR to
obtain a single HR mGRE image, which was then used for water
content mapping.>> Similarly, three orthogonally oriented LR
mGRE images (12 echoes) with an in-plane resolution of
200 pm X 200 pm and a slice thickness of 600 pm were acquired.
The sequence parameters were as follows: repetition time (TR)

=3330 msec, flip angle (FA)=15° first echo time
(TE)p = 1.35 msec, ATE = 2.10 msec, nTE (number of echoes)

=12, bandwidth = 650 Hz/pixel, field of view (FOV)

= 38.4 mm X 38.4 mm, size =192 x 192,  partial
Fourier = 6/8, no. of slices = 90, and 4 averages per orientation.

matrix

The total measurement time was 2 hours. The four datasets acquired
for each orientation were averaged to obtain three high SNR and
orthogonally oriented LR mGRE images. These were then SRR rec-
ombined to obtain one HR mGRE image (12 echoes) of isotropic
voxel size of 200 pm cubic, as shown in Fig. 1. The SNR was calcu-
lated by taking the average intensity of an ROI in the corpus cal-
losum at the midline and dividing it by the SD of an ROI selected
right outside the rat brain area.

SRR THEORY. The three high SNR and orthogonally oriented
LR mGRE magnitude images can be denoted as LR, LR,, and
LR;. Each of these
200 pm X 200 pm X 600 pm. It is possible to reconstruct one
HR mGRE (200 pm X 200 pm X 200 pm)  with
O(3-mx 1) as the vector of the HR object that we aimed to recon-

images had a resolution of

image

struct, where 72 is the number of voxels in the individual LR images.
The acquisition of LR; (j=1 ... 3) can then be modeled as follows:

LR;=X;0+e¢;, (1)
where ¢;(m X 1) represents the noise corresponding to the jth LR
image, and X;(7 x 3-m) is the transformation matrix that maps O
to the jth LR image. The acquisition of the vector S(3-m x 1), con-
taining all LR image voxels from the LR images, can then be
modeled as follows:

S=X0+-e¢, (2)

with
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LR1 X1 €1
SZ LRZ ,X: X2 ,e—= €2 ]. (3)
LR3 X3 €3

The problem of estimating O is then reduced to a minimization
problem of finding the optimum O such that the squared difference
between the predicted LR images and the actual LR images is mini-
mized. L2-based (Laplacian) regularization is added to improve robust-

ness, leading to the following regularized linear least-squares problem:
arg min o||XO — S|2 + || 703,

where 7 computes the squared partial second derivates of O along
the x-, y-, and z-directions and 4 is the regularization value. This reg-
ularized least-squares problem was solved efficiently using a method
described previously, based on the conjugate-gradient method.*®
The A value used depends on the SNR of the first TE image of the
individual LR images. In this work, the SNR of the first echo of
the individual LR images was ~100. Hence, a relatively low regulari-
zation value of 0.05 was used for SRR of all datasets. Figure S1 in
the Supplemental Material shows the effect of A1 value on the
reconstructed water content maps. An optimum A value of 0.05
gives a good trade-off between increased noise (low A value) and
increased blurring (high 4 value). Apart from the final resolution of
the SRR mGRE image and the regularization used, the SRR recon-
struction framework used in this work is exactly the same as that
used in Ref. 33. In Eq. 3, LR1, LR2, and LR3 were vectorized in
such a way that the voxels from the different echoes were
concatenated one after the other to obtain 3 1D vectors for each of
the LR images. The matrix X was constructed by constructing the
implicit matrix as described by Poot et al and replicating it for 4D

mGRE, as is currently the case.”’

WATER CONTENT MAPPING. The reconstructed 12-echoes
HR mGRE image was then used to perform water content mapping
using CSF as an internal 100 p.u. water reference. The method used
for water content mapping was similar to that described previously.*?
In Ref. 33, the HR mGRE image was corrected for B;* and B,~
field (receive field) inhomogeneities and T,* relaxation to obtain the
MO map. The final H;O map was obtained by dividing the MO
map by a calibration factor. The calibration factor was calculated
from the MO values of the CSF voxels, corrected for a saturation
factor of 0.97 for the incomplete T1 recovery of the CSF voxels.
However, a few notable differences were required in three pre-
processing steps in order to adapt the method to animal imaging
and an ultra-high field strength: 1) receive field inhomogeneity
correction, 2) CSF mask generation, and 3) T,* correction. These
modifications are described in detail below. In order to properly
evaluate the advantages of employing SRR, water content maps were
obtained using the SRR HR image (SRR-H,O) and also using the
three individual LR mGRE datasets (LR-H,O).

Receive field inhomogeneity correction. First, the brain

masks were generated manually by D.C.T. with 4 years of experience
in animal and human brain MRI imaging, using ITK SNAP (version

163

85U8017 SUOWIWIOD BA1TE81D) 3ot dde 8y} Aq peusenob ake SapIe O 8sN JO S9INJ 10} ARIq1T 8UIUO /8|1 UO (SUOIPUOD-PUR-SLLIBY WD A8 |1 Aeq1 Ul |Uo//Sty) SUORIPUOD pue Swis 1 841 88S *[7202/90/22] U0 Al auljuo AB|IM 'B1usD yo1eesay HAWS Yol ing wnnuezsbunyosio Ad 19062 W I/Z00T 0T/10p/woo A 1mArelqijeul|uo//sdny woij pspeoiumod ‘T ‘720z ‘985222ST



Journal of Magnetic Resonance Imaging

LR-1-
mGRE

200 pm x 200 pm X 600 ym

Brain masking

B1
s HR- inhomogeneity
[ete mGRE correction
200 um x 200 pm X 600 um 200 x200ux200u
CSF mask T2*
LR-3- generation mapping
[l ——
Rat brain HR-
200 pm X 200 ym X 600 ym CSF mask T2* map
\ )
Y

Respiration triggering

Water content

mapping

FIGURE 1: Schematic showing the steps of data acquisition, image reconstruction, and the data processing pipeline.

3.8.0; http://www.itksnap.org/pmwiki/pmwiki.php).*® The whole brain
was segmented out for each rat and care was taken to include the CSF
voxels surrounding the rat brain in the brain mask. The skull-stripped
HR mGRE images were then corrected for the receive field inhomogene-
ities using the N4 bias field correction algorithm.37 The bias field was
estimated using the first echo (high SNR) image. The default parameters
were used for the latter, with the number of
iterations = 100 x 100 x 100 x 100. Additionally, the brain mask was
provided as the “mask” so that the bias field algorithm only corrected for
the bias field in the brain region. The estimated bias field from the first
echo image was used to correct all the echoes for the receive field

inhomogeneity.

CSF mask generation. The pixel intensities (PIs) of the first echo
of the bias-field-corrected HR mGRE images were sorted in ascend-
ing order (bold black line in the graph in Fig. 2). Due to the pres-
ence of numerous structures in the brain with different water
content values, and because of the presence of partial volume effects
in the bordering voxels in these structures, the MRI-based water
content can be expected to increase smoothly and linearly in the
middle portion of the curve. Hence, the middle 1,000,000 pixels
were fitted with a straight line (bold green line in the graph in
Fig. 2). This linear fit was then extrapolated (dashed green line).
When denoting the mean pixel intensity as /, all pixels with a differ-
ence between the normalized pixel intensity (normalized to /) and
the linear fit greater than a predefined threshold value () were con-
sidered as belonging to the CSF.

1, (PI/I-(mx+c))>k
0, otherwise

CSF mask = { (4)

where (mx+c) is the linear fit and # is a predefined threshold value.
The value of & was empirically set to a conservative value of 0.095,
thus excluding the CSF voxels affected by partial volume effects and
only including the “pure” CSF voxels. For the CSF calibration in

164

the LR-based water content mapping, the value of 4 was determined
empirically and was set to 0.030 for all LR datasets. Figure S2 in the
Supplemental Material shows the effect of 4-value on the CSF mask
generated for TRA-H,O.

T>* correction, My calculation, and calibration. The bias-
field-corrected HR mGRE images were used to perform a voxel-wise
mono-exponential fit of the T,* decay. Due to the high By field, the
T,* values for the brain tissue were found to be shorter (~25 msec)
than at 3 T (~50 msec). The T,* values for the brain tissue were
found to lie between 15 msec and 45 msec. Further, ROIs
were defined in the corpus callosum and in the cortex adjacent to
the corpus callosum for one of the rats. The mean T,* values in
these regions were analyzed. The T,* maps obtained were then used
to perform voxel-wise extrapolation of the first echo to TE = 0:

S(TE,)

¢ 2K

(5)

0=

The correction in Eq. 5 was only performed for voxels with
15 msec < T,* < 45 msec. Voxels with T,* > 45 msec were consid-
ered to belong to the CSF. T,* correction was not carried out in
these voxels since the T,* fitting was not robust. It was assumed that
the CSF signal did not decay between TE =0 msec and
TE = 1.35 msec (first TE). The final water content maps were
obtained by CSF calibration from M, as reported previously.”*

Ex Vivo Wet/Dry Measurements

Following the MRI experiments, the rats were sacrificed in deep
inhalation anesthesia using a guillotine. The brain was excised and
divided into five regions as follows: frontal left (FL), frontal right
(FR), midbrain left (ML), midbrain right (MR), and the CB-BS
regions as shown in Fig. 3. The CB-BS was dissected out first from
the rest of the brain by cutting along the groove separating the
CB-BS from the cerebral hemispheres. Then, the olfactory lobes
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FIGURE 2: The pipeline for brain masking, bias field correction, and CSF mask generation is shown here. The images in the bottom
row show the generation of the CSF mask. The bold black line in the graph shows the sorted array of pixel intensities for the first
echo of the bias field corrected mGRE image. The bold green line is the linear fit of the middle 1,000,000 pixels. The area shaded in
blue represents the CSF voxels. In the graph, the pixel numbers are ordered in ascending intensity from left to right.

were removed. The length of the cerebral hemispheres was measured
and a line was marked at the midline of the length of the cerebral
hemispheres. A cut was made at this line to separate the Frontal
from the midbrain region. The right and left frontal and midbrain
regions were then separated by an incision along the inter-
hemispheric fissure.

For all animals, the five tissue samples were then weighed
immediately on a basic precision measuring scale (KERN ABJ-NM
[Kern & Sohn GMBH, Balingen, Baden-Wiittemberg, Germany],
precision = 0.1 mg) and placed into an oven that had been pre-
heated to 72 °C. The tissue samples were dried in the oven for up
to 42 hours at 72 °C. The tissue samples were weighed intermit-
tently to track the evaporated percentage of water. The weight was
found to remain constant after a period of 35 hours. To be on the
safer side, we chose 42 hours as the time to completely dry the

Ex vivo schematic MRI measurement

Sagittal view

FIGURE 3: Figure depicting the division of the ex vivo brain and
the in vivo MR brain images into the five regions.

Coronal view Coronal view

July 2024

tissue. The weight measured after 42 hours was used to calculate the
water content of each of the tissue samples as follows:

wet weight — dry weight (at 42 hours)

Water content [p.u.] = -
wet weight

X 100.
(6)

Data Analysis: Comparison of In Vivo and Ex Vivo
Measurements

The water content maps were obtained for all rats as described above
and regionally compared to the ex vivo information. The in vivo water
content maps were also divided into the five regions as shown in
Fig. 3. The olfactory lobes were excluded as these were cut out in the
ex vivo experiments. To divide the brain into the front, middle, and
CB-BS regions, the sagittal orientation of the MRI data was used.
The superior border of the cerebellum was used to delineate the sepa-
ration between the CB-BS regions and the rest of the brain. The rest
of the brain was then divided into the front and middle regions by
dividing the remaining brain into two equal halves. For the division of
the front and middle regions into frontleft, front-right, middle-left,
and middle-right, the coronal orientation was used. An upper limit of
86 p.u. was selected to completely exclude all voxels belonging to CSF
and also white matter (WM) and gray matter (GM) voxels bordering
CSF spaces, which might be affected by partial volume effects. Also,
the water content of all brain regions in Wistar rats was below
86 p.u., as reported earlier.'® The mean in vivo water content of the
whole brain was compared with the mean ex vivo water content of the
whole brain, calculated as a weighted mean:
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FIGURE 4: Water content maps derived from the three
orthogonal LR images (TRA: transverse, COR: coronal, SAG:
sagittal) and from the SRR-H,O method of a representative
animal. The red box denotes the high-resolution plane (in-plane).
As is seen, the SRR-H,O water content maps have a high
resolution in all three orientations.

5
> H,0(i) x wet weight(7)
Whole brain H,O == z , (7)
>~ wet weight(i)
=1

where i=1,2,3,4,5 refers to the different tissue samples FL, FR,
ML, MR, and CB-BS, respectively.

Statistical Analysis

Statistical evaluation was performed using Python (version 3.7;
https://www.python.org/, Scipy and Numpy packages). Comparisons
of the different brain regions (FL, FR, ML, MR, and CB-BS) were
made using a non-parametric Friedman’s test. A Pearson’s correla-
tion analysis was done for correlations between data resulting from
ex vivo and in vivo measurements both at a whole brain level and at
a regional level. Box plots were generated for the data of this study

where applicable, including the median and mean values and inter-
quartile ranges or SD, as well as minimum and maximum values. A
P-value of <0.05 was considered statistically significant.

Results

In Vivo Results

Figure 4 shows the water content maps obtained using both
the individual LR images and the SRR-H,O method. It can be
seen that SRR-H,O produced high and isotropic water content
maps, while the individual LR-H,O maps had a high in-plane
but a lower through-plane resolution. Figure 5 shows one of
the in vivo water content maps in the three orthogonal orienta-
tions with an isotropic voxel size (200 pm). Qualitatively, it
can be seen that the low-frequency variation of intensity (as a
result of receive field inhomogeneities) was well corrected.
Furthermore, good contrast was achieved between WM, GM,
and CSF. The mean whole-brain water content value for this
particular rat was 77.43 p.u. The water content in the different
brain regions ranged from 71 p.u. to 85 p.u.

At the group level, the whole-brain water content was
found to be 77.48 £ 0.33 p.u. (mean £ SD). Figure 6 shows
the T,* maps for the same rat brain obtained with a mono-
exponential fit of the mGRE decay curve, and it can be seen that
the T,* maps also provided good contrast between WM and
GM. The T,* values of the different brain regions varied from
15 msec to 45 msec. In a region of interest (ROI) selected in
the corpus callosum, the T,* value was found to be
22.6 £ 2.0 msec. In an ROI in the cortex right adjacent to the
corpus callosum ROI, the T,* values were found to be
39.96 + 3.03 msec. Since the bony (air-filled) part of the ear
canals is quite large in rats, the areas near the ear canals are prone
to strong By inhomogeneity artifacts, which can lead to a rapid
decay of the T,* signal. This leads to abnormally low T,* values
near the ear canals, as seen by the red arrows shown in Figure 6.

Water content maps- Isotropic voxel size: 200 um

FIGURE 5: Whole-brain water content maps in the three orthogonal orientations from a representative animal: sagittal (top row),

coronal (middle row), and axial (bottom row) views.
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T,* maps- Isotropic voxel size: 200 um

FIGURE 6: Whole-brain T,* maps in the three orthogonal orientations for the same rat brain shown in Fig. 4. The red
arrows show the areas which are affected by strong B, inhomogeneity effects. These regions are close to the bony
auditory canal.
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FIGURE 7: (a) Correlation between the water content values obtained with MR measurements and those obtained with wet/dry
measurements at a regional level (linear fit: y = 0.70x + 23.39). (b) Correlation at the whole-brain level (linear fit: y = 0.81x + 14.29).
(c) Box plots of the water content values of the five brain tissue samples as measured ex vivo using wet/dry measurements.
FL = front left; FR = front right; ML = middle left; MR = middle right; CB-BS = cerebellum-brainstem. In each box plot, the orange
line represents the median, the green arrow shows the mean value, the box represents the interquartile range, and the whiskers
represent the minimum and maximum value of the water content values of the eight rats.
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A good and significant correlation (0.76) between the
SRR-H,0 and wet/dry measurements is evident in Figure 7.
As seen in the Bland—Altman plots shown in Figure 8, the
bias is relatively low for the SRR-H,Os and LR-H,Os.
However, SRR-H,O has the least bias (—0.01 p.u.) followed
by TRA-H,O (-0.13 p.u.), SAG-H,O (0.95 p.u.) and
COR-H,O (0.98 p.u.). Further SRR-H,O also has the lowest
1.96 SD limits [0.42, —0.45]. The Bland—Altman plots show
a very good agreement between SRR-H2O and the reference
wet/dry measurements.

Figure 9a shows the T,* maps of a representative rat
and the SRR-
reconstructed HR image. No clear differences were apparent
in the distribution of T,* values in the brain. Figure 9b
shows the histogram of the whole-brain T,* values for each
individual LR acquisition and the SRR. The distribution of
the values within the histograms was also similar. For further

brain dataset using the LR datasets

exemplification of this point, the T,* maps are compared
between TRA-T,* and SRR-T,* in Fig. 9c. The mean T,*
values in the ROI delineated in the corpus callosum were
23.04 + 3.28 (TRA-T,*) and 24.74 + 3.95 (SRR-T,*).
Figure S3 in the Supplemental Material shows the
comparison between the CSF masks obtained using the
SRR-H,O method and the three LR-H,O methods. It can
be noticed that the CSF masks obtained using the SRR-H,O

method lead to selection of fewer voxels with partial volume

effects as opposed to the CSF masks obtained using the LR
images. Correspondingly, the SRR-H,O method could lead
to a more conservative delineation of the CSF voxels, thus
only the pure CSF voxels could be selected. This possibly
leads to a higher accuracy of the water content values
obtained using the SRR-H,O method.

Ex Vivo Results

The ex vivo water content results showed some regional
dependence. The water content values of FL and FR con-
verged at ~78.50 p.u., the water content values of ML and
MR converged at ~77.50 p.u., and the water content value
of the CB-BS regions converged at 75.28 p.u. At a group
level, the water content values of all rat brains measured with
the wet/dry method appeared to be similar in both hemi-
spheres, but differed between regions (Fig. 7). The water con-
tent values between the front (FL/FR), middle (ML/MR),
and CB-BS regions were significantly different (Table 1). No
significant difference was observed between the water content
values between the left and right hemispheres. The whole-
brain ex vivo water content at the group level was found to
be 77.47 £ 0.31 p.u. (mean & SD). The whole brain water
content values measured using the wet/dry agreed with values
previously reported in the literature (mean values ranging
from 76.08 p.u. to 80.1 p.u.).'***"%
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FIGURE 8: (a) Bland-Altman plots between SRR-H,O and wet/dry measurements, TRA-H,O and wet/dry measurements, COR-H,O
and wet/dry measurements, and SAG-H,0 and wet/dry measurements. (b) Box plots comparing the whole brain mean water content
values with the different methods. In each box plot, the orange line represents the median, the green arrow shows the mean value,
the box represents the interquartile range, and the whiskers represent the minimum and maximum value of the water content
values of the eight rats. (c) Correlations between SRR-H,O and the individual LR-H,Os.
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Il SRRT*
TRA-T*

B CORT*
Bl SAGT*

ROIT,* = 24.74+3.95

ROIT,* =23.04+3.28

0 msec

FIGURE 9: (a) T>* maps obtained using the SRR-HR image (SRR-T,*) and using the individual LR images (TRA-T,*, COR-T,*, and SAG-
T,*). (b) Histograms of the T,* values (15 msec < T,* < 45 msec) obtained with the SRR-H,0O method and the LR-H,O methods. (c)
ROIl-based comparison of the T,* values from T,* maps obtained using the SRR-HR image and the TRA-LR image. The ROl is selected

in the region of the corpus callosum (CC).

Correlation and Comparison of Water Content
Measured In Vivo and Ex Vivo

The water content values of the different regions obtained
with the MRI experiments and with the reference standard of
ex vivo wet/dry measurements are shown in Table 1. The SD
of the SRR-H,O (0.33 p.u.) was found to be comparable
with that of the ex vivo measurements (0.31 p.u.). Figure 7
shows the correlation between water content values obtained
using MRI measurements and wet/dry measurements. A
strong correlation was achieved between the water content
values in the different brain regions obtained with the ex vivo
and in vivo methods (r = 0.902; Fig. 7a). At the whole-brain
level, a good correlation between the MR measurements and
wet/dry measurements was noted with a Pearson’s correlation
coefficient » = 0.768 (Fig. 7b). With the wet/dry measure-
ments, the whole-brain water content values had a narrow

narrow range, a good correlation between the MRI measure-
ments and the wet/dry measurements was noted.

Figure 8a shows the correlation between the water con-
tent values obtained using the LR mGRE images (LR-H,O)
and the water content values obtained using the proposed
method (SRR-H,O). The water content values using the LR
images and the HR SRR images were strongly correlated.
Figure 8b illustrates the advantage of using the SRR-H,O
method over using single LR mGRE images for water content
mapping. The SD of the water content derived after SRR
from each of the eight animals matched well with the SD of
the water content of the wet/dry measurements.

Discussion

In this study, we presented a technique to achieve isotropic

range from 7720 to 7820 p.u. Even within this HR brain water content maps in rats at 9.4 T using SRR and
TABLE 1. Comparison of the Water Content Values (Mean + SD) Between the Ex Vivo (Wet/Dry) and In Vivo (MR)
SRR-H,O Techniques.
FL FR ML MR CB-BS Whole-Brain
Wet/dry measurements [p.u.] 79.14+04 789+04 777+03 777+03 754+05 775+03
MR measurements [p.u.] (SRR-H,O) 789 +£0.6 784+04 778 +06 775+£0.2 762+03 775£0.3
FL = front left; FR = front right; ML = middle left; MR = middle right; CB-BS = cerebellum-brainstem.
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respiration triggering. The SNR of each of the single LR
acquisitions (Nug = 1) was 50, with an acquisition time of
10 minutes. Since four averages were acquired, the SNR
of the averaged LR image (N, =4) was 100 (at the first
TE), with an acquisition time of 40 minutes. The SNR of
the first echo of the reconstructed HR mGRE image was also
100. This is expected since, as long as the anisotropy factor is
equal to the improvement in resolution (as in our case), SRR
is expected to improve the resolution and not the SNR. Since
data were acquired in three orientations, the total measure-
ment time using SRR was 2 hours. To generate an HR
mGRE image with the same high and isotropic resolution
and SNR with a direct acquisition instead of SRR, a single
mGRE acquisition with N, =36 would need to be
acquired, requiring an acquisition time of 6 hours. Hence,
the use of SRR allowed us to achieve a better trade-off
between SNR and scan time as compared to averaging, and
thus the derivation of high isotropic resolution water content
maps. Among others, the high and isotropic resolution
achieved using SRR enabled a more accurate delineation of
the CSF with minimal partial volume effects, thus leading to
more accurate water content values. Furthermore, the preci-
sion of the SRR-based water content, reflected by its variabil-
ity over different animals, is higher than for the LR
acquisitions. This is similar to a previous observation in
humans,” and believed to be due to an averaging of the
effects of physiological noise over the different orientations.
Despite unchanging the SNR, the SRR acquisition
scheme and reconstruction could provide improved resolution
and improved accuracy of water content values over the
single-orientation scans. Further, using a TR of 3330 msec
and FA of 15° could ensure a good contrast between the CSF
and brain tissue, which has also been suggested by previous
work.”” Since CSF voxels are rather few in the rat brain, high
isotropic resolution as achieved by SRR could be helpful for
obtaining accurate CSF masks. In water content mapping,
the biggest problem may arise from the smoothly varying B,
receive fleld inhomogeneities. In humans, this is often

. . . 26,30
corrected using a correlation of T1 to proton density, 3% or,

alternatively, with the method described by Ashburner et al.*
However, this requires segmentation of the brain into WM,
GM, and CSF classes, which is not very straightforward in
animals. Hence, in this study, the N4 bias field correction
algorithm was used and yielded a good B; inhomogeneity
correction, as can be seen from the consistent values of water
content with increasing penetration depth. This might be evi-
dent by the high level of accuracy obtained in different tissue
regions (front, middle, and CB-BS regions) as compared to
the ex vivo data. With wet/dry measurements, the three broad
regions into which the brain was divided had a gradient of
water content values from the anterior to the posterior areas.
The differences in water content values are not surprising as
different brain regions are known to have different water

170

content values.'®?* These broad differences scen in the refer-
ence wet/dry measurements have also be accurately reflected
by the MRI-based water content values, thus validating the
accurate correction of the bias field. The SD of the SRR-
H,O was found to be comparable with that of the ex vivo
measurements. The stability of the water content values
obtained with either method is remarkable, and could reflect
once more the fact that water content is tightly regulated in
the healthy brain.

Gottschalk et al showed that brain water content varied
with age and body weight in Wistar rats.'” However, since all
eight rats in this study were scanned between 10 and
11 weeks of age, a narrow range of brain water content values
was obtained. A good correlation between ex vivo and in vivo
measurements even at a whole brain level, indirectly indicates
a high sensitivity of the proposed method to changes in
whole-brain water content values. Although different proto-
cols for drying the brain tissue samples exist, here we dried
the samples for 42 hours at 72 °C and observed almost no
change in water content after 42 hours using a basic precision
scale.

Limitations

Brain masking was carried out manually. In the future, brain
masking algorithms could be integrated into this method,
thus making it a fully automated process. Second, for CSF
masking, the threshold % was selected empirically to obtain
“pure” CSF voxels and exclude voxels that were prone to par-
tial volume effects. However, # would change with different
scanner hardware and/or software, and thus an automated
method of setting the threshold is desirable. Moreover, since
lesions are likely to have higher than normal water content
values in pathological animal models, the voxels from lesions
might be falsely included in the CSF mask if an appropriate
value of 4 is not selected. Third, the acquisition time of
2 hours is relatively long. One could choose to acquire each
of the LR acquisition with N = 1, with an acquisition time
of 30 minutes, leading to the same isotropic resolution of
200 pm but with half the SNR. If this is done, the regulariza-
tion value should be adjusted accordingly as demonstrated in
Ref. 33. Fourth, our study included only a small number of
rats (N = 8). Fifth, as is noticeable, SRR-H,O water content
values of the CB-BS region are underestimated. This is possi-
bly due to a slight overcorrection of the bias field by the N4
bias field algorithm. Since a four-channel phased array coil
was used, the sensitivity in the CB-BS region was lower than
in the frontal and middle regions leading to errors in the esti-
mation of the bias field. Better bias field correction algorithms
need to be developed in order to correct for the B; inhomo-
geneity accurately in regions with low coil sensitivity. Finally,
T,* correction for the voxels near the ear canals was not car-
ried out in this study. In the future, techniques like the sinc
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correction could possibly be used to correct for the T,*
. 40
effects in such voxels.

Conclusion

An in vivo technique to achieve isotropic HR water content
maps in rats using SRR and respiration triggering has been
developed in this study. The MRI-derived water content
values may show strong correlations with the water
content values obtained using ex vivo wet/dry methods.
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