Fast DTI @ 11.7T: Ready for Cohort Studies
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Abstract

The application of the cryogenically cooled resonator
enables rapid DTl acquisitions as basis for cohort
studies in mice.

Introduction: /n vivo high resolution diffusion tensor
imaging (DTI) of the mouse brain has proven promising
application for a variety of pathologies. Its application
to large cohort studies, however, is often limited by the
intrinsic low signal to noise ratio (SNR) causing long
acquisition times. Cryogenically cooled resonators (CCR)
have demonstrated the potential for significantly increasing
SNR and appear attractive for reducing scan times in DTI
imaging thus enabling cohort studies. This contribution
describes the DTI acquisition optimization using CCRs and
presents the outcome of an initial cohort study at the group

level to B-amyloid precursor protein (APP) transgenic mice.

Methods: A DTl sequence providing 1562 x 250 pm?3 spatial
resolution with 30 diffusion encoding directions was
optimized for using CCR at ultrahigh field (11.7 T), resulting in
a total acquisition time of 35 minutes. The quality was directly
comparedwithastandardized 110 minutes acquisition protocol
published earlier. Fractional anisotropy (FA) and fiber tracking
(FT)

results including quantitative tractwise fractional

anisotropystatistics(TFAS)werequalitativelyandquantitatively
compared. The optimized sequence was then applied to 5
wild type and 7 APP transgenic (tg2576) mice for investiga-
tion of its potential for cohort studies. Fractional anisotropy
(FA) maps were statistically compared by whole brain-based
spatialstatistics (WBSS)atthegrouplevelvs.wildtypecontrols.

Results: With the optimized protocol no remarkable differ-
ences were observed for the qualitative and quantitative
assessment of the calculated fractional anisotropy maps
and fibre tracking results. Coefficients of variation for
ROIl-based FA-comparison as well as for TFAS revealed
comparable results for the investigated scanning protocols.
At the group level, differences were observed between
the WT and the transgenic animals at locations associated
with Alzheimer’'s disease in humans, such as the hip-
pocampus, the entorhinal cortex, and the caudoputamen.

Conclusion: DTlofthe mousebrainat11.7 T canbe performed
within approximately 30 minutes, which renders cohort stud-
ies feasible. With the fast protocol reliable and reproducible
FA-values and FT reconstructions could be achieved. The
application of the fast protocol to cohort studies revealed
changes identified by WBSS of the FA maps in regions asso-
ciated with amyloid-p deposition for the transgenic mice,
thus proving the potential of rapid DTl for cohort studies.



Introduction

in vivo as well as in-vitro diffusion tensor imaging (DTI) 12
has evolved as an increasingly important tool for studying the
anatomy of the mouse brain "2l With DTl mapping of the
brain fiber directions and reconstruction of its 3D architecture,
rendering axonal tracts and tracking white matter pathways
of the human brain is feasible ®. In DTI for each voxel the
diffusion tensor of the water protons is assessed !". Trac-
tography algorithms use this information to track the neural
pathways C! enabling to study the anatomical connectivity.

DTI studies of the rodent brain have been reported for dif-
ferent field strength 7% but still demand long scan times
to provide sufficient signal-to-noise ratio (SNR) and spatial
resolution. Published acquisition protocols utilize in-plane
resolutions between 117 um and 160 um with slice thickness
between 375 pm and 1T mm with acquisition times ranging up
to 1-2 hours "3 Even though the spatial resolution revealed
acceptable quality to conduct fiber tracking (FT) and conse-
quent tract based spatial statistics (TBSS) 1, the related long
scanning times limit the application to large cohort studies.
For routine pre-clinical application of DTI, further optimization
especially regarding reducing acquisition times is mandatory.

The application of cryogenically cooled resonators (CCR)
has been proven to enable significant improvement of
SNR 81 The at least two-fold increase of SNR can be applied
for substantial reduction of scan time without sacrificing spa-
tial resolution and should enable high-fidelity DTl information
with even decreased slice thickness for improved 3D fiber
reconstruction within scan times as short as 30 minutes.

The reduced scan time and well defined DTl information
likely enables cohort studies for the analysis of structural
changes at the group level. E.g. DTI has been promisingly
applied as an imaging correlate to the assessment of human
ALZD 8771 Two major pathologic disorders have been identi-
fied: a) accumulation of extracellular amyloid plaques, caused
by amyloid-b protein aggregation, and b) the presence of
intracellular neurofibrillary tangles, formed by aggregates of
the hyperphosphorylated tau protein 8. Changes originate in
the medial temporal lobe (entorhinal cortex and hippocam-
pus), spreading across the limbic cortex and neocortex 819,
Establishing similar biomarkers in preclinical research is cur-
rently ongoing 22", Here DTl plays an increasingly important
role for studying the mouse anatomy 223 Previous studies
18.24251 compared different animal groups at subject coordi-
nate space level level (e.g. by individual ROl analyses).

The objective of this study was to enable group comparison
after stereotaxic normalization on a study-specific template.
The feasibility of rapid DTI measurements in cohort studies is
shown in APP transgenic mice (APP mice) vs. wild type mice
(wt mice). Diffusion related brain differences are identified.
The presented work provides the basis for future studies
aiming at examining experimental model of ALZD and other
neurodegenerative diseases.

Methods and Materials

Animal setup

All experiments were performed in accordance with German
animal protection laws and had been approved by the national
animal board. The optimized DTI protocol was evaluated in
three adult wild type mice (C57/B6, 12 months old). For group
comparison seven transgenic mice (tg2576, C57BL6/SJL 29,
23 months old) and five adult wild type mice (C57BL/6, 23
months old) were investigated with the optimized protocol.

All data acquisition was perforemd under isoflurane anesthe-
sia (3% for induction and 1.5% for maintenance). The animals
were placed in a stereotactic head support (Bruker Biospin,
Ettlingen, Germany). Body temperature was controlled by a
water based heating system and monitored by a rectal tem-
perature probe. The breathing frequency was maintained at
75-80 cycles per minute. The mice rapidly recovered (< 5
min) after the termination of anesthesia at the end of the MRI
procedure.

Data acquisition

All data was acquired applying a two-element transmit/
receive 'H mouse cryogenic surface coil (CryoProbe,
Bruker BioSpin) at 11.7 T (Biospec 117/16, Bruker, Ettlingen,
Germany). The rapid DTI protocol ?° comprised a diffusion
prepared spin echo EPI imaging protocol with acquisition
parametes as: TE/TR 50.5 ms / 15000 ms, matrix 128 x 96,
in-plane resolution 156 pm x 156 pm, 60 axial slices with
a slice thickness of 250 um. DTI encodings include thirty
diffusion directions with b=1000 s/mm2 and 5 unweighted
b=0 volumes (standard gradient scheme as provided by
the Bruker software). With one signal average and four EPI
segments, the total acquisition time resulted as 35 minutes
(SP A). For the evaluation of the rapid technique additional
measurements were obtained with the protocol as sug-
gested by Harsan et al. ", with acquisition parameter as:



TE/TR 20.5 ms / 7750 ms, matrix 128 x 96, in-plane
resolution 156 pm x 156 pm, 30 axial slices with a slice
thickness of 500 um, diffusion scheme identical as before.
Six signal averages resulted in a total acquisition time of 110
minutes (SP B). For further assessment of the potential of the
CCR, a third protocol identical to SP B with only a single signal
average was acquired, resulting in 18 minutes scan time
(SP C). No respiratory or cardiac synchronization was used.

Data analysis

Data preprocessing was performed with the Tensor Imaging
and Fiber Tracking (TIFT) software package ?”!. Fractional
anisotropy (FA) maps were calculated and displayed by direc-
tional color encoded maps of FA overlaid onto (b=0) anatomi-
cal images (Figure 2). FA values were compared between the
different techniques in three spherical volumes located the
septohippocampal nucleus, the coprus callosum, and in the
medial septal nucleus. Major pathways were identified by FT
with seed points located at the genu and along the corpus
callosum, near the lateral septal nucleus, and in the olfactory
tract (Figure 3). Quality of the tractography was assessed by
tractwise fractional anisotropy statistics (TFAS) 28],

For group analysis, iterative spatial normalization to a stereo-
taxic standard space was performed using a study-specific
b0O-template and an FA-template %, Scanner- and sequence
specific b0- and FA-templates were created averaging data
sets of all mice after linear transformation according to manu-
ally identified landmarks according to a stereotaxic mouse
atlas ¥, The flow chart of the whole brain-based spatial
statistics is provided in Figure 5. A recently published quality
procedure ¥? was applied for reduction of motion artifacts.
DTI metrics were calculated according to current standard
methods 3. For a more detailed description, please refer to
Mueller et al 2,

Results

For the suggested segmented EPI sequence, application of
the two-element cryogenic brain resulted in an average gain
in SNR over the brain by a factor of 2.3 with peak values
close to 3, when compared to the four-element phased-array
coil (Figure 1).
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Figure 1: Four-element brain array coil (top) vs. two-element
cryogenic cooled resonator (CCR — bottom)Anatomic images (axial
slice and coronal reconstruction) used for signal-to-noise ratio (SNR)
calculations.

A representative slice of the color-coded FA map recon-
structed in coronal orientation is presented in Figure 2. The
quality of the 18 min scan (SP C) with 500 pm slice thickness
appears similar to the 110 min protocol (SP B). Decreasing
the slice thickness (SP A) yields improved delineation of the
axial structures.

Figure 2: Directional encoded color maps of FA overlaid to anatomical
images reconstructed in coronal slice orientation. Scanning protocols
SP A (35 minutes, 1 average, 250 um slice thickness), SP B (110
minutes, 6 averages, 500 um slice thickness, protocol according

to 1"¥), and SP C (18 minutes, 1 average, 500 um slice thickness,
protocol according to "* but with CCR and optimized acquisition
time).
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Figure 3: FT results for seed points in the genu and along the corpus callosum, near the lateral septal
nucleus, and in the olfactory path (left). Exemplary FT with different scanning protocols (SP A-C).

Resulting tractography results with respective seed points are
shown in Figure 3. Quantitative comparison of the FA values
and TFAS yielded high reproducibility of the results between
the different mice. Observed FA values were slightly higher
in the repid high-resolution protocol (SP A). TFAS and coef-
ficient of variance (CV) revealed almost identical values.

The application of the rapid scan protocol for the cohort
analysis revealed significant alteration of the FA values
between APP and wt mice. A widespread characteristic and
symmetric pattern of FA differences was revealed by whole
brain-based spatial statistics (WBSS). FA reduction in APP
mice was observed in caudoputamen, the dorsal hippocam-
pus, the entorhinal cortex, the thalamus, internal capsules,
paramedian raphe nucleus area and in the periaqueductal
grey. Increased FA values were observed near the lateral
septal nucleus area and the ventral ventricles, and in the lat-
eral cerebellum. Further observed differences include signifi-
cant signal reduction in mean diffusivity (MD; lateral septal
nucleus area, dorsal hippocampus, amygdale, and internal
capsule), reduction of axial diffusivity (AD; bilaterally in the
dorsal hippocampus and the entorhinal cortex, dorsomedial
hypothalamic nucleus, lateral septal nucleus), and radial diffu-
sivity (RD; bilaterally in the cerebellum and the dentate gyrus,
lateral septal nucleus and in the thalamus region). Exemplary
results for the lateral septal nucleus are shown in Figure 4.

Figure 4: Results from whole brain-based spatial statistics (WBSS) of
FA-, MD-, AD-, and RD-maps of APP mice vs. wt mice at p < 0.05,
exemplarily shown for the lateral septal nucleus.



DTI data
(normaliz

(i) quality check

DTI data
(quality imy

(ii) calculate (+eddy-current
correction)

(iii) smoothing

DTI metric
(smoothed)

(iv) statistical voxelwise
comparison

(v) correction for multiple
comparisons (FDR)

(vi) clustering

group differences

- J

Figure 5: Workflow of the whole brain-based spatial statistics
(WBSS). After a quick quality check (i) to eliminate motion corrupted
volumes, eddy-current correction was performed prior to DTI-metrics
calculation (ii). Smoothing of the DTI-metrics maps (iii), statistical
voxelwise comparison (iv), correction for multiple comparisons (v),
and clustering (vi) lead to significant group differences.

Conclusions

We could show that using a two-element cryogenically
cooled resonator (CCR) enables in vivo fiber tracking and
microstructural analysis of the mouse brain with high spatial
definition based on MRI DTI data acquired in about 35 min-
utes. The average SNR improvement of a factor of 2.3 with
the CCR enabled DTI scans with only a single signal average
and provides the opportunity to accurately calculate diffusion
tensors and FA-maps yielding reliable FA-values and FT recon-
structions. For high-resolution FT, small preferably isotropic
voxels are paramount. With the presented protocol, spatial
resolutions in the order of axon bundles could be achieved.
Sufficient spatial resolution was provided for enabling the
use of post-processing technique well known from human
group studies. Slight differences in the FA values may be
attributed to the higher spatial resolution and the resulting
less averaging over axons or the reduction of partial volume

effects especially in the vicinity of white matter or CSF.

The experimental setup of this study allows for in vivo large
scale whole brain murine DTI cohort studies as shown
in the presented investigation of structural brain changes
at the group level. The rapid imaging protocol at 11.7 T
ensured sufficient image quality for subsequent analysis at
the group level by WBSS. Significant differences in the FA
values between wt and APP mice could already be observed
in small animal cohorts. The identified bilateral DTl metric
alterations in the dorsal hippocampus and in the entorhinal
cortex may suggest axonal injury. Myelin degeneration in not
coherently aligned fiber structures may cause FA increase in
the cerebellum combined with RD decrease. The small but
significant bilateral RD decrease in the dentate gyrus is not
understood and should be topic to further research.

Interestingly, the regions with identified FA alterations (i.e.
hippocampus and entorhinal cortex) were mainly related
to anatomical structures already identified as ALZD related
in human DTI studies. Other alteration (thalamus, internal
capsule, and hippocampus) have also been identified by DTI
studies in mice. Further regions being likely associated with
ALZD were identified, e.g. the caudoputamen, as well as the
thalamus and the raphe nuclei.

Even though the current study at the group level is still limited
by the small number of animals enrolled and no histological
workup, we believe that the hemispherical symmetry of
the FA alterations indicates a high reliability of the achieved
results.

The single signal average used for the fast DTl imaging pro-
tocol may be prone to motion artifacts. With the suggested
techniqgue for detection and elimination of motion corrupted
volumes, we did not experience any severe limitations in
cases where up to 10 directions have to be excluded from
further analysis. Motion artifacts might be addressed by car-
diac and respiratory gating. Initial experiments did only show
slight to no improvement in image quality while substantially
sacrificing image acquisition time. Therefore automatic iden-
tification of corrupted volumes may be sufficient.
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