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Introduction
Accumulating literature evidence suggests that the MS disability associated with acute MS relapses is related
to the combined effect of the underlying inflammation, axonal injury, and demyelination, while long-term MS
disability is due to the extent of permanent axonal damage, independent of the frequency or severity of
relapses(1-10). In the current proposal, in vivo diffusion basis spectrum imaging (DBSI) was employed to
simultaneously quantify CNS white matter pathologies of axonal injury, demyelination, and inflammation,
correlating with postmortem immunohistochemical staining, in experimental autoimmune encephalomyelitis
(EAE) and cuprizone treated mice.
Body
The approved statement of work for the year one covers all tasks proposed in specific aim 1 “Longitudinal
DBSI evaluation of evolving pathology of corpus callosum from mice treated with cuprizone for 0, 4, and 8
weeks followed by 4, and 8 weeks of recovery. Cross sectional DBSI studies will be performed on the same
longitudinal time points for histology validation of DBSI findings. (Months 1 – 14)”. In the following we will
describe steps we took in preparation for performing the proposed studies and results from our efforts.
1. A simplified diffusion scheme was developed to shorten acquisition time.
Despite our previous success in acquiring diffusion basis spectrum imaging (DBSI) data using the 99-direction
diffusion weighting scheme (~5-hour acquisition) for cross-sectional in vivo studies (11), a team member raised
the concern of the protocol for longitudinal studies. We thus performed preliminary tests and developed a
simplified diffusion weighting scheme to shorten the acquisition time of the previously proposed protocol by
~50%.
To image the coherent white matter tracts without
fiber crossing, such as optic nerve and corpus
callosum, a reduced scanning time can be
achieved by significantly reducing the number of
diffusion weighted images. Thus, we adopted a
25-direction diffusion encoding scheme (12) to
assess the effect of extra-fiber structural and
pathological components confounding diffusion
tensor imaging (DTI) computation using data
generated by both Monte-Carlo simulations and
DBSI measurements on fixed tissue phantoms.
Increased extent of vasogenic edema was
mimicked by addition of various amount of gel to
fixed normal trigeminal nerves or by increasing
non-restricted isotropic diffusion tensor component
in Monte-Carlo simulations. Increased cellularity
was simulated by graded increase of restricted
isotropic diffusion tensor component in MonteCarlo simulations.
Results suggested
that the 25-direction
diffusion scheme
provided accurate
DBSI estimation of
both fiber diffusion
parameters and
extra-fiber
cellularity/edema
extent (Fig. 1). An in
vivo 25-direction
DBSI analysis was
performed on EAE
optic nerve as an
example to
demonstrate the

Figure 1 DBSI derived non-restricted (A) and restricted
isotropic diffusion fraction (B) using 99- (circle) and 25direction (triangle) diffusion encoding scheme was
compared with the input values used for Monte-Carlo
simulations. Data obtained from both diffusion encoding
schemes fall on the line of identity (black dashed lines in A
and B) suggesting that DBSI analysis can be accurately
performed using 25-direction encoding scheme in
situations where fiber crossing is not of concern.
Figure 2 DBSI maps of restricted isotropic diffusion
fraction, λ║, and λ of sham (A, B, C) and EAE (D, E, F)
mouse optic nerves were compared to DAPI (blue),
SMI-31 (green), MBP (red) from sham (A’, B’, C’) and
EAE (D’, E’, F’) optic nerves, from the selected area (B,
C, E, F). Increased restricted diffusion fraction (0.25
vs. 0.03 for EAE vs. sham), decreased λ║ (1.38 vs.
2
2.10 µm /ms for EAE vs. sham), and slightly increased
2
λ (0.13 vs. 0.11 µm /ms for EAE vs. sham) was seen
in the optic nerve with ON, correctly reflecting
pathologies seen by immunohistochemistry. The
heterogeneously increased cellularity in the EAE optic
nerve cross-section map detected by DBSI closely
corresponded to the heterogeneity of DAPI intensity.
Similarly, decreased λ║ corresponded with SMI-31 and
increased λ paralleled MBP staining intensity. Scale
bars represent 100 µm (F and D’), 10 µm (F’).
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validity of derived DBSI parameters with post-imaging immunohistochemistry verification (Fig. 2). Thus, 25direction diffusion weighting scheme was selected for the proposed studies.
2. Improved image planning was optimized to reduce partial-volume effect.
In the previously published report on cross-sectional in vivo DBSI of cuprizone treated mice, significant partial
volume was noted (Fig. 3). To reduce the potential complication from the partial-volume effect in the studies
outline in statement-of-work for aim 1, imaging protocol tests were performed to optimize image planning (Fig.
4).
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Figure 3 Previous image protocol referencing brain
anatomy for slice selection (a) resulted in significant
partial-volume effect (b). Note the loss of corpus
callosum contrast in b-2 and b-3.

Diffusion Sensitizing Gradient Direction: 

Figure 4 Revised image protocol referencing corpus
callosum (CC, a) to maximize cross-section of CC in
axial view (b). Note the improved contrast of CC in b-2
and b-3

3. Longitudinal and Cross-sectional DBSI of corpus callosum (CC) at 0, 6, 12 weeks of cuprizone feeding
followed by 6 and 12 weeks of recovery.
During a visit to the Uniformed Services University of the Health Sciences meeting with Dr. Regina Armstrong
(Director of Center for Neuroscience and Regenerative Medicine, and Professor of Anatomy, Physiology and
Genetics) who is a renowned expert in curpizone mouse model and a long-time collaborator, the PI was
advised to modify the initially proposed time course to match the “norm” in the field. After a further discussion
with team members, we decided to perform our studies matching the time course most commonly used by
others in the field. The revised time course lengthens the study by 2 months but our results will match previous
and future studies in the field (Table 1). In addition, a parallel cross-sectional DBSI-IHC study was also
performed to match DBSI results with IHC validation (Table 2).
weeks
Control
(number of mice)

0 (baseline)

Cuprizone
(number of mice)

Completed
Ongoing

Control
Cuprizone
Control
Cuprizone

6

8

Table 1. Summary of Longitudinal DBSI
6
12
12 + 6
No scans
4 (2 mice died
scanner down
6
before imaging)
No scans
scanner down

7 (1 mouse died
before week 12)

Table 2. Summary of Cross-Sectional DBSI-IHC
6 weeks
12 weeks
3
3
3
3
rd
rd
3 (3 week Nov, 2013)
3 (3 week Dec, 2013)
rd
rd
3 (3 week Nov, 2013)
3 (3 week Dec, 2013)

7

12 + 12
4 (to complete at
st
1 week of Nov.)
7(to complete at
st
nd
1 & 2 week of
Nov.)

12 + 6 weeks
2
3
nd
3 (2 week Feb, 2014)
nd
3 (2 week Feb, 2014)

Preliminary results suggested that in the absence of significant cell infiltration as seen in the previous report of
4-week cuprizone treatment DTI derived axial and radial diffusivity performed reasonably well as seen by DBSI
at 6, 12, and 12+6 weeks. Consistent with our previous findings, axonal injury detected by DTI largely
recovered based on DTI derived axial and radial diffusivity. Although the absolute value of axial and radial
diffusivity was different from those derived by DBSI, the general trend reflecting axonal and myelin integrity has
been comparable between DTI and DBSI (Fig. 5). However, DBSI derived isotropic diffusion tensor
components clearly revealed tissue structural changes that were not visible by DTI (Fig. 6). Specifically, the
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extent of increased cellularity in cuprizone treated animals at 6, 12, and 12+6 weeks was significantly
decreased comparing with those seen at 4-week as previously reported (11, 13). Most interestingly, both
longitudinal and cross-sectional animals showed clear increase in non-restricted isotropic diffusion tensor
component (putatively corresponding to vasogenic edema, tissue loss, or increased inter-axonal space
resulting from reduced axonal caliber). Currently, all cross-sectional study animals have been perfusion fixed
and sectioned. All IHC staining was performed and images captured ready for quantification. The longitudinal
end point, 12 + 12 weeks, animals will also serve as the cross-section end point histology. The quantification
will start after the 12 + 12 weeks animals are sectioned and stained.

Figure 6 Group averaged in vivo DBSI erived restricted
(A) and non-restricted (B) isotropic diffusion tensor
compoent fractions in curpizone (red) treated and
control (blue) corpus callosum. Error bars are standard
deviations (n = 3). The extent of increased cellularity
after 6 weeks of cuprizone treatment was significantly
decreased comparing with those seen at 4 –week (as
seen in previous reports). An interesting finding that has
not been demonstrated using MRI is the increased nonrestricted isotropic diffusion tensor components (B) after
6 weeks of cuprizone treatments. Such increase was
not see at 4-week treatment previously.

Figure 5 Group averaged DTI derived axial (A) and
radial (B) diffusivity from the cross-sectional in vivo
diffusion MRI measurements using the revised 25direction diffusion weighting scheme exhibits comparable
trends in reflecting axon and myelin integrity as axial (C)
and radial (D) diffusivity derived by DBSI in cuprizone
(red) treated mice.

Key Research Accomplishments
 Established a simplified diffusion weighting scheme to perform DBSI analysis on coherent white matter
tracts such as optic nerve and corpus callosum (targets of this work), and spinal cord.
 Improved DBSI computation algorithm to shorten the time required for analysis by more than 10 folds.
 Changes in inter-axonal environment, may reflect previously seen axonal structural changes in EM
(13), were detected by in vivo DBSI that was not seen previously by DTI or other MRI techniques.
 Established experimental protocol for in vivo DBSI of mouse optic nerves as described in statement-ofwork of years 2 and 3.
Reportable Outcomes
Currently, we do not have any reportable outcomes in terms of scientific publications. The longitudinal DBSI
studies on cuprizone treated mice turned out to be more challenging than cross-sectional measurement or
expected. After initial setbacks, we are now close to the end of the time course study. Hopefully, we may have
one or two reportable outcomes in the format of publications in next report.
Conclusion
In the first year of this funding support, we have overcome the challenge of lengthy in vivo diffusion MRI
measurements of mouse corpus callosum by developing an abbreviated data acquisition protocol. This was
achieved by performing phantom studies as well as Monte-Carlo simulations assuming all targeted tissues, i.e.,
optic nerve and corpus callosum, in this proposal are coherent without fiber crossing. Our results suggested
that the 25-direction diffusion weighting scheme was perfect for mouse optic nerve measurements outlined in
this proposal. However, for mouse corpus callosum measurements the signal-to-noise ratio may be at the low
end where DBSI analysis may not be as accurate as those obtained by the 5-hour data acquisition. Our
preliminary results suggested that current protocol although not perfect is sufficient to detect structural changes
(known by classical histology and EM) that were not reported by other MRI methods. Thus, we are confident
that in completion of the proposed study we will be able to establish DBSI as the future diffusion MRI method
for noninvasive detection of CNS pathologies and structural changes.
In anticipating the future work of this proposal, we would like to request the approval of using the FDA
approved anti-inflammatory drug, Gilenya® (fingolimod, or FTY720), instead of the proposed use of
dexamethasone to increase the clinical relevance of the current proposal.
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