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Abstract

A recent MRI method, fast macromolecular proton fraction (MPF) mapping, was used to quantify demyelination in the
transient middle cerebral artery occlusion (MCAO) rat stroke model. MPF and other quantitative MRI parameters (T,
T,, proton density, and apparent diffusion coefficient) were compared with histological and immunohistochemical
markers of demyelination (Luxol Fast Blue stain, (LFB)), neuronal loss (NeuN immunofluorescence), axonal loss
(Bielschowsky stain), and inflammation (Ibal immunofluorescence) in three animal groups (n=>5 per group) on the
Ist, 3rd, and 10th day after MCAO. MPF and LFB optical density (OD) were significantly reduced in the ischemic lesion
on all days after MCAQO relative to the symmetrical regions of the contralateral hemisphere. Percentage changes in MPF
and LFB OD in the ischemic lesion relative to the contralateral hemisphere significantly differed on the first day only.
Percentage changes in LFB OD and MPF were strongly correlated (R =0.81, P <0.001) and did not correlate with other
MRI parameters. MPF also did not correlate with other histological variables. Addition of T, into multivariate regression
further improved agreement between MPF and LFB OD (R=0.89, P <0.001) due to correction of the edema effect.
This study provides histological validation of MPF as an imaging biomarker of demyelination in ischemic stroke.
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Introduction

Myelin disruption is a characteristic histopathological | ] o ]
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feature of the ischemic brain lesion that begins as early
as 30min after the ischemic event' * and further pro-
gresses till the formation of a gliotic scar or tissue
necrosis.>*”’ Remyelination after stroke may serve as
an indicator of structural repair and functional recov-
ery of brain tissues."* ® As such, information about the
state of myelin in stroke may play an important role for
treatment monitoring and predicting rehabilitation out-
comes. To date, there have been no histologically vali-
dated noninvasive imaging methods enabling
quantitative assessment of demyelination in stroke.

A recently proposed quantitative MRI method, fast
macromolecular proton fraction (MPF) mapping,'®!!
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has been established as an accurate and simple neuroi-
maging tool for myelin quantitation in neural tissues'>"?
and demonstrated promising results in pilot clinical stu-
dies of multiple sclerosis (MS)'* and mild traumatic
brain injury (mTBI)."> MPF is a biophysical parameter
describing the magnetization transfer (MT) effect and
closely correlated with the myelin content according to
numerous animal model studies.'*'*'* ' MT imaging in
its various technical implementations showed a promise
in quantifying brain tissue damage associated with ische-
mia at different stages in animal models®®** and
humans.”* 2 MT imaging techniques vary in their com-
plexity and offer a wide spectrum of applications ranging
from simple empirical measurements of the saturation
effect in the form of MT ratio’” to sophisticated
image-based multi-parameter fitting procedures intended
to generate parametric maps decomposing the MT effect
into specific parameters of the two-pool model.*** Due
to complex dependence of the MT effect on various
changes in molecular and cellular tissue composition,
interpretation of quantitative MT parameters is often
difficult, particularly in stroke. Although some earlier
observed MT abnormalities in brain ischemia could
have been attributed to myelin loss,”>*® no direct
histological evidence of such a relationship has been
established to date. Among MT-based techniques for
quantitative tissue characterization, a recently emerged
fast MPF mapping method'®!'" offers several practical
advantages including clinically acceptable scan time,'*!”
straightforward biophysical interpretation in terms of
macromolecular content,'® insensitivity to magnetic
field strength and relaxation properties of tissues,'"*
high reproducibility,'"'* and a linear dependence on
the myelin content histologically confirmed for normal
and demyelinated brain tissues.'*!?

The objectives of this study were to evaluate the cap-
ability of MPF mapping to quantitatively characterize
demyelination in stroke at different stages using the rat
middle cerebral artery occlusion (MCAQO) model, com-
pare MPF performance as a myelin biomarker in stroke
with other commonly used quantitative imaging par-
ameters including T;, T,, proton density (PD), and
apparent diffusion coefficient (ADC), and identify
potential confounders in estimation of the myelin con-
tent using MPF. The choice of the animal model was
motivated by its widespread use, reproducibility, and
convenience for MRI applications associated with the
animal size and anesthesia tolerance.

Material and methods
Animal procedures

All procedures were performed in accordance with the
European Convention for the Protection of Vertebrate

Animals used for Experimental and other Scientific
Purposes. The experimental protocol was approved by
the Bioethical Committees at Tomsk State University
and the Institute of Cytology and Genetics of the
Siberian Branch of the Russian Academy of Sciences.
All experiments described below have been reported
following/in compliance with the ARRIVE (Animal
Research: Reporting in Vivo Experiments) guidelines.
Twenty male Sprague-Dawley rats (weight range
250-270 g) were used. Animals were bred and housed
in the specific pathogen-free (SPF) vivarium in indi-
vidually ventilated cages (one animal per cage, 10/14
light/dark cycle, temperature of 22 to 24°C, humidity
of 40 to 50%, water and SPF granulated chow ad lib-
itum). Transient left MCAO was achieved in 15 animals
by inserting a nylon filament (diameter 0.185mm,
length 30 mm, diameter with coating 0.39 +0.02 mm,
coating length 9-10 mm; Doccol, USA) to the origin
of the artery for 1h as described previously.’' Five
sham-operated rats underwent similar manipulations
without filament insertion. Animal surgery was per-
formed under isoflurane anesthesia (3% for induction
and 1.5-2% for maintenance in combination with
100% oxygen). Quantitative MRI and histological pro-
cessing were performed on days 1 (MCAO: n=>5,
sham-operated: n=15), 3 (MCAO: n=5), and 10
(MCAO: n=5) after surgery. Physiological variables
including respiration rate, heart rate, body temperature
were monitored during the surgical procedure and MR
scanning. After MRI, rats were transcardially perfused
(4% paraformaldehyde), brains were removed, cryo-
protected (sucrose in phosphate buffer solution, 24h
at 10% and 24 h at 20%, 4°C), and stored at —80°C.

Quantitative MRI

In vivo quantitative MRI experiments were performed on
an 11.7T Biospec small-animal MRI scanner (Bruker
Biospin, Germany) under isoflurane anesthesia (1.5-2%
in oxygen). MPF maps were obtained using the single-
point synthetic reference method.'"*” In brief, the method
is based on reconstruction of MPF maps from three
source images (MT-, T;-, and PD-weighted) with correc-
tion of By*> and B,** field non-uniformities by voxel-
based iterative solution of the pulsed MT equation'®
with a calculated synthetic reference image for data nor-
malization."'*® Whole-brain 3D MPF maps were
obtained with spatial resolution of 200 x 200 x 400 um®
and total scanning time of 35 min using a protocol similar
to those previously described.'*** The protocol for MPF
mapping included the following sequences:

1. MT-weighted spoiled gradient echo (GRE) imaging:
repetition time (TR)=22ms, echo time (TE)=
2.6 ms, flip angle (FA)=_8°, off-resonance saturation
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by the Gaussian pulse with offset frequency of 5 kHz,
effective FA =900°, and duration of 10 ms;

2. Ti-weighted spoiled GRE imaging: TR =16ms,
TE=2.6ms, FA=16°;

3. PD-weighted spoiled GRE imaging: TR =16ms,
TE =2.6ms, FA =3°;

4. By mapping based on the dual-TE GRE phase-dif-
ference method®>> TR=16ms, TE;=2.4ms,
TE,=4.1ms, FA=7°;

5. By mapping based on the dual-TR actual flip-angle
imaging (AFI) method®*: TR, = 12 ms, TR, = 60 ms,
TE =3.6ms, FA =60°.

T,-weighted and PD-weighted images obtained with
the above sequences were also used for the reconstruc-
tion of Ty and PD maps according to the variable flip
angle method with B, correction.>® Additionally, maps
of macromolecular proton density (MPD) were calcu-
lated as a product of parameters MPF and PD.** MPD
has been suggested in the literature®® as a parameter
less sensitive to the effect of edema than MPF. T,
PD, MPF, and MPD parametric maps were recon-
structed using in-house written C-language software.

T, maps were obtained using a multiple spin-echo
sequence with TR =3000 ms, 16 echoes with TE in a
range 10-160ms, slice thickness 0.8 mm, in-plane reso-
lution 200 x 200 um>, and scan time 6min50s. For
ADC mapping, a single-shot spin-echo diffusion-
weighted echo-planar sequence was used with TR/
TE =1500/15.4ms, three actual b-values of 4.5, 484.2
and 946.5s/mm?, slice thickness 0.8 mm, in-plane reso-
lution 300 x 300 um?, and scan time 6 min40s. T, and
ADC maps were reconstructed within three-parameter
single-exponential models with the noise level as an
adjustable parameter using the scanner’s software
package. All parametric maps were obtained in the cor-
onal plane.

Histology and immunohistochemistry

Brain locations for quantitative histological/immuno-
chemical analysis included ischemic lesion and were
defined from —1.92mm to +1.74mm from bregma
according to a rat brain atlas.>> Coronal brain sections
(10 um thickness) were prepared using an HM525 cryo-
stat (Thermo Fisher Scientific, Germany) and were
stained histologically with Luxol Fast Blue (LFB) for
myelin detection and Bielschowsky’s silver impregnation
(BSI) for the assessment of axonal density.
Immunofluorescence staining was used for the assess-
ment of neuronal loss and inflammatory response
mediated by activated microglia. Mature neurons were
detected by the neuronal marker NeulN using rabbit anti-
NeulN primary antibodies (#ABN78; 1:500; Merck
Millipore, USA). Microglia were detected by ionized

calcium-binding adapter molecule 1 (Ibal) labeling
using rabbit anti-Ibal primary antibodies (#019-19741;
1:500; Wako Pure Chemical Industries, Japan).
Secondary donkey anti-rabbit AlexaFlour 488 antibodies
(#711-545-152; 1:500;  Jackson  Immuno-esearch
Laboratories, USA) and VECTASHIELD mounting
medium (Vector Laboratories, USA) with DAPI (4,6-
diamidino-2-phenylindole) were used for immunofluores-
cence. Whole-brain sections were photographed using an
Axio Imager Z2 microscope (Carl Zeiss, Germany) with
AxioVision 4.8 software. Identical imaging parameters
(voltage of a microscope lamp and exposure time) were
set for all photographed slices. Magnified views of NeuN
and Ibal labeled sections were obtained using an LSM
780 NLO laser confocal microscope (Carl Zeiss,
Germany) with x200 magnification.

Image analysis

All images were analyzed using Image] software (National
Institutes of Health, USA). A circular region of interests
(ROI) of the standard size was manually placed in the
center of the ischemic lesion on MRI parametric maps
and microphotographs of anatomically matched LFB,
BSI, NeuN, and Ibal-stained sections. The lesion was
defined as hypointense on MPF maps and hyperintense
on T, maps area that also showed abnormal LFB staining
on a matched histological section. A similar ROI was
placed at the symmetrical anatomic location in the contra-
lateral hemisphere. The ROI size was chosen based on the
smallest lesion observed in the entire animal sample. For
sham-operated animals, ROIs were placed approximately
in the center of the caudoputamen. LFB optical density
(OD) was quantified from the intensity of the red channel
on RGB images with background correction as previously
described.'*!* Axonal density was quantified from BSI-
stained sections using the Otsu threshold method®® in the
ImageJ implementation described elsewhere.?” Percentage
of the total area of detected objects was used as a surro-
gate measure of axonal density.>” The number of neurons
was assessed as the count of NeuN-positive cells co-loca-
lized with DAPI within an ROI and normalized to 1 mm?
area. Microglial activation was evaluated similarly using
Ibal-labeled sections. Images of each type were analyzed
by a single operator blinded to information about the time
between surgery and imaging.

Statistical analysis

The differences between the ischemic lesions in the left
hemisphere and the contralateral hemisphere were
assessed using the paired z-test. The percentage changes
(PC) in the measured MRI, histological, and immuno-
histochemical parameters were calculated as PC = (CL—-
IL)/CL x 100, where IL is a parameter value in the
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Figure |. Example MRI parametric maps of the rat brain obtained on the first day after MCAO. Grayscale range corresponds to the
following parameter ranges: 0-22% for MPF, 0-3000 ms for T, 0—110% for PD, 0—-15% for MPD, 0—100 ms for T,, and 0-2 x 103
mm?/s for ADC. Arrows indicate the ischemic lesion.

Figure 2. Examples of anatomically matched T, maps, MPF maps, and LFB-stained histological sections obtained from a sham-
operated animal and animals studied on the Ist, 3rd, and 10th day after MCAO. Circles indicate ROls used for parameter meas-
urements in the ischemic lesion and contralateral anatomic region.
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ischemic lesion and CL is a parameter value at the sym-
metrical location in the contralateral hemisphere. To
assess relationships between demyelination and other
histological and imaging variables, percentage changes
in LFB optical density were compared to percentage
changes in other variables in a series of analyses using
a repeated-measures ANOVA model. In these analyses,
the percentage change in LFB optical density was uni-
formly used as a reference standard reflecting an extent
of demyelination, and all other variables were sequen-
tially tested to identify distinctions or similarities across
animal groups. The model included a group factor (1-,
3-, and 10-day groups), a repeated-measurement factor
(LFB optical density and any other measured param-
eter), and their interaction followed by post hoc pair-
wise tests with Tukey correction for multiple
comparisons. Associations between imaging and histo-
logical variables were assessed using the Pearson cor-
relation coefficient (R). Additionally, multivariate
regression models were tested using a stepwise variable
elimination procedure to identify a combination of
quantitative MRI parameters that could provide the
best prediction of percentage changes in LFB optical
density. Statistical analysis was carried out in Statistica

software (StatSoft Inc, USA). All tests were two-tailed
with significance level of P <0.05.

Results

Quantitative MRI, histology, and immunohistochem-
istry of the ischemic lesions

Example quantitative MRI maps used in this study are
shown in Figure 1. Ischemic lesions located in the stri-
atum were clearly identifiable in all animals by both
histological LFB staining and parametric MPF and
T, mapping. Figure 2 exemplifies the appearance of
lesions in the 1-, 3-, and 10-day animal groups on
MPF and T, maps and LFB-stained sections along
with ROIs used for parameter measurements. Figure
3 shows magnified views of the lesion and contralateral
anatomic region on microphotographs of LFB- and
BSI-stained and NeuN and Ibal immunofluorescence-
labeled sections corresponding to the locations
presented in Figure 2. Microphotographs for a sham-
operated animal demonstrate normal microscopic
appearance of the striatum. According to LFB staining
(Figure 3), on the first day after MCAO, the lesion

NeuN IBA'I

Lesion Lesion

Figure 3. Magnified views of microphotographs of LFB- and BSI- stained and NeuN and Ibal immunofluorescence-labeled histo-
logical sections obtained from a sham-operated animal and animals studied on the Ist, 3rd, and 10th day after MCAO.
Microphotographs of ischemic lesions (or ipsilateral region in a sham-operated animal) and symmetric contralateral anatomic regions
(CL) are from the same animals and anatomic locations, which are presented in Figure 2. In the immunofluorescence images of NeuN
and Ibal-labeled sections, the green channel corresponds to NeuN-positive or Ibal-positive cells, and the blue channel depicts the

nuclei labeled with DAPI.
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Figure 4. Scatterplots of quantitative MRI, histological, and immunohistochemical measurements across the groups of animals

(sham-operated and |, 3, and 10 days after MCAOQ) in the ischemic lesions or ipsilateral regions in sham-operated animals (IL) and
symmetric contralateral regions (CL): (a) LFB optical density, (b) NeuN-positive cell count, (c) axonal density, (d) Ibal-positive cell
count, (e) MPF, (f) MPD, (g) PD, (h) Ty, (i) T,, and (j) ADC. Horizontal bars indicate mean values. Error bars correspond to standard
deviations. Asterisks indicate significant differences between ipsilateral and contralateral measurements according to the paired t-test:
*P < 0.05, ¥P < 0.01, **P < 0.001.
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showed myelin pallor in the ischemic core with enlarged
interstitial spaces and without visible destruction of
fiber tracts. In the 3-day group, marked vacuolization
and partial destruction of myelin sheaths were
observed. On the 10th day, the infarct core contained
myelin debris and sparse fragments of residual myelin
sheaths. BSI staining (Figure 3) showed progressive
axonal loss from the 1st to the 10th day after the onset
of ischemia with extensive disintegration of fiber bundles
clearly visible on the 3rd and 10th days. NeuN immuno-
fluorescence (Figure 3) demonstrated profound neuronal
loss, which became almost complete in the 3- and 10-day
groups. Ibal immunofluorescence (Figure 3) identified
prominent proliferation of activated microglia in the
infarct core on the 3rd and, especially, 10th day after
MCAO with characteristic changes in cellular morph-
ology including an enlargement of soma and reduction
of cell processes.

Quantitative MRI, histology, and immunohisto-
chemistry measurements in the ischemic lesions and
symmetric contralateral regions are summarized in
Figure 4. No significant differences between the hemi-
spheres were found in the sham-operated animals. LFB
optical density, axonal density, and NeuN-positive cell
count were significantly reduced relative to the contra-
lateral hemisphere in all MCAO animal groups. Ibal-
positive cell count was significantly increased in the 3-
and 10-day groups. Among quantitative MRI vari-
ables, MPF and MPD were significantly reduced, and

T, was significantly increased on the 1st, 3rd, and 10th
day after MCAO. PD was significantly increased on the
first day only. ADC demonstrated a significant increase
in the 10-day group only. Ty did not show significant
distinctions in any group.

Percentage changes in MRI and histology param-
eters measured in the lesion relative to the contralateral
hemisphere across MCAO groups are plotted in
Figure 5. Detailed statistical report of a series of
repeated-measures ANOVA tests comparing the per-
centage changes in LFB optical density used as a ref-
erence standard with other variables is available in
online supplementary Table 1. Pairwise comparisons
between LFB staining and other variables identified
substantial similarity in the patterns of changes
depicted by LFB, MPF, and MPD (Figure 5).
Percentage changes in MPF and MPD significantly dif-
fered from those in LFB optical density on the 1st day
after MCAO only (P=0.001 and 0.035 for MPF and
MPD, respectively) and did not differ on the 3rd and
10th days. A similar series of analyses revealed signifi-
cant differences with respect to percentage changes in
LFB optical density for the NeuN-positive cell count,
axonal density, T,, and PD (Figure 5) in all animal
groups. Percentage changes in the Ibal-positive cell
count significantly differed from changes in LFB opti-
cal density in the 3- and 10-day groups. T; percentage
changes were significantly different from LFB optical
density changes on the 1st and 10th days after MCAO,

T
e x|

Percentage changes

11 day
u 3 days
‘!'*I‘}::# = 10 days

LFB MPF MPD NeuN AD Ibat T2 ADC PD T

Figure 5. Mean percentage changes in quantitative MRI, histological, and immunohistochemical variables calculated for the ischemic
lesion relative to the contralateral anatomical region across animal groups studied on the Ist, 3rd, and 10th day after MCAO. Note
that percentage changes in Ibal-positive cell count are calculated after logarithmic transformation of raw cell count data due to
extremely large scale of changes (see Figure 4(d)). Error bars correspond to standard deviations. Asterisks indicate significant
differences as compared to percentage changes in LFB optical density for the same-day group according to repeated-measures

ANOVA: *P < 0.05, *P < 0.01, **P < 0.001.
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but the difference on the 3rd day did not reach signifi-
cance. ADC showed a significant difference in the 10th-
day group only.

Associations between quantitative MRI and histology

Coeflicients of correlations between percentage changes
in imaging and histological variables are summarized in
Table 1. Scatterplots of selected correlations along with
linear regression models are presented in Figure 6.
Among quantitative MRI parameters, only percentage
changes in MPF and MPD significantly correlated with
changes in LFB optical density (Table 1, Figure 6).
Percentage changes in MPF and MPD did not signifi-
cantly correlate with any other histological and immu-
nohistochemical variable. Percentage changes in T,
significantly correlated with changes in NeuN-positive
cell count and axonal density. For ADC percentage
changes, significant correlations were identified with

percentage changes in NeuN- and Ibal-positive cell
count and axonal density. Within the block of imaging
variables, significant correlations were identified only
between changes in MPF and MPD (R=0.98,
P <0.001) and between changes in T, and PD
(R=0.72, P=0.002). Among histological variables,
significant correlations were found between axonal
and neuronal loss (R=0.72, P=0.002) and between
changes in LFB optical density and Ibal-positive cell
count (R=-10.55, P=0.04).

A series of regression analyses was performed to iden-
tify the combinations of quantitative MRI parameters
enabling the best prediction of demyelination in the ische-
mic lesion as described by the LFB optical density.
Percentage changes in either MPF or MPD appeared
the best predictors of percentage changes in LFB optical
density in the lesion within univariate models (Figure 6)
and demonstrated very similar strengths of correlations
(R=0.81 and 0.82, respectively). Both models had

Table |. Correlations between percentage changes in histological and MRI parameters.

Percentage changes MPF MPD PD T, T, ADC

LFB optical density 0.81 (<0.001) 0.82 (<0.001) —0.24 (0.38) —0.24 (0.39) 0.12 (0.67) —0.48 (0.07)
NeuN+ cell count —0.07 (0.80) 0.03 (0.92) 0.45 (0.09) 0.20 (0.47) 0.68 (0.006) —0.54 (0.04)
Axonal density (% total area) —0.14 (0.62) —0.07 (0.80) 0.35 (0.20) 0.25 (0.36) 0.65 (0.008) —0.56 (0.03)
Ibal+ cell count —0.34 (0.21) —0.39 (0.15) —0.09 (0.75) —0.17 (0.55) —0.42 (0.12)  0.74 (0.002)

Note: Data are the Pearson correlation coefficients (R) with P values in parentheses. Significant correlations are highlighted in bold.

(c) 0 Observedvs. Predicted LFBOD

L]
LFB OD =-0.06+1.26*MPF+0.26*T,
R=0.89,R*=0.77, p< 0.001

2
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-] 8
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Figure 6. Linear regression plots of percentage changes in LFB optical density in the ischemic lesion relative to the symmetric
contralateral anatomical region as a function of (a) percentage changes in MPF, (b) percentage changes in MPD, and (c) percentage
changes in LFB optical density predicted using a bivariate regression model with percentage changes in MPF and T, as independent
variables. Points represent color-coded experimental data for the Ist day (blue), 3rd day (green), and |10th day (red) groups.
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non-significant intercept values, which, however, were
substantially different from zero (—7.84% (P =0.26)
and —7.99% (P=0.25) for the models with MPF and
MPD, respectively). In the stepwise multivariate regres-
sion analyses, only percentage changes in MPF or MPD
and T, were retained in the models as significant pre-
dictors of percentage changes in LFB optical density
(Figure 6). Note that MPF and MPD were separately
treated in these models to avoid collinearity problems.
The resulting models provided significant improvement
of R? compared to univariate models with R? change of
0.14 (P=0.02) for the regression on percentage changes
in MPF and T, and R? change of 0.10 (P = 0.04) for the
regression on percentage changes in MPD and T,. The
structure of these models reflects the dominant effect of
MPF or MPD and essentially similar behavior of
changes in MPF and MPD as predictors of changes in
LFB optical density with the following regression statis-
tics:. R=0.89, adjusted R*=0.76, B(MPD)=0.92
(P <0.001), and B(T5)=0.38 (P=0.02) for the model
including MPF and T, and R=0.88, adjusted
R?=0.74, B(MPD)=0.90 (P <0.001), and B(T,)=0.33
(P=0.02) for the model including MPD and T5,. In both
bivariate models, intercept values were insignificant and
very close to zero (—0.06% (P=0.99) and 0.48%
(P=0.94) for the models with MPF and MPD,
respectively).

Discussion

This study demonstrates the feasibility of non-invasive
quantitative assessment of myelin damage in ischemic
stroke and provides histological validation of the fast
MPF mapping method as a myelin imaging tool at dif-
ferent stages of the lesion formation. Similar to previ-
ous studies of MPF mapping in the normal rat brain'’
and cuprizone-induced demyelination in mice,'? we
found close quantitative agreement between MPF and
histologically determined myelin content in brain tis-
sues. An important practical advantage of the fast
MPF mapping method is its easy clinical translation
confirmed by the recent MS and mTBI studies.'*!*
Based on the fastest to date MPF mapping technology
utilizing synthetic reference reconstruction,''° it is
possible to design MRI protocols with a scan time of
a few minutes suitable for clinical stroke studies.

A notable finding of this study is insensitivity of MPF
to various pathological processes in the ischemic lesion,
such as neuronal and axonal loss and inflammation, sug-
gesting that changes in the myelin content provide the
main pathological substrate of MPF changes. Myelin
damage in stroke occurs due to several mechanisms. In
the acute phase, intramyelinic edema disrupts the inter-
nal structure of the myelin sheath that histologically
manifests as myelin pallor.® This process further

advances to vacuole formation and sheath destruction
followed by myelin debris clearance by microglia and
macrophages.* © In parallel, oligodendroglial injury
also starts at the earliest stroke stage and prevents sub-
sequent remyelination."* Secondary mechanisms of
myelin loss include anterograde (Wallerian) and retro-
grade axonal degeneration, which occur in chronic
stroke.*®* Our observations are in overall agreement
with numerous studies that showed a decrease in the
myelin content in the ischemic lesion from the first
hours! ¢ after stroke in animal models. Furthermore,
a weak but significant correlation between a decrease in
LFB optical density and Ibal-positive cell proliferation
probably reflects the role of inflammatory cascade in
myelin degradation.* ® At the same time, the absence
of correlation between MPF and proliferation of acti-
vated microglia suggests that MPF is mainly determined
by the global changes in tissue composition at the levels
of myelin and water content rather than specific cellular
events potentially causing such changes. Similarly, neu-
roaxonal loss seems to cause a negligible effect on the
tissue macromolecular content measured by MPF as
compared to demyelination. Subtle changes in MPF
associated with neural tissue cellularity also may be
offset by the replacement of dying neurons, axons, and
oligodendroglia with proliferating microglia. Although
the loss of myelin, axons, and neuron occurs simultan-
eously in the infarct core, according to our data, these
processes are characterized by different rates and degrees
of completeness within the timeframe of our experi-
ments. Particularly, demyelination seems to be a slower
process as compared to neuronal and axonal loss, and
the residual amount of myelin observed in the 10-day
group appeared larger relative to the number of intact
neurons and axons. While these discrepancies can be
explained in terms of fundamentally different sensitivities
of CNS tissue components to ischemia, some methodo-
logical aspects of the used histological techniques also
should be taken into account. Specifically, LFB staining
is a semi-quantitative technique which does not allow the
absolute myelin content quantification. As most histo-
logical stains, it is subjected to limitations of background
staining, uneven staining, and inherent variability of
staining intensity due to various laboratory factors.
The use of normalization to the contralateral hemisphere
in our study to some extent alleviated these problems.
LFB staining also may not distinguish between viable
myelin and its debris based on the optical density meas-
urements as long as the products of myelin breakdown
retain the affinity to LFB.*® Therefore, residual LFB
staining in the infarct core may result in underestimation
of an actual extent of demyelination in terms of the loss
of functional myelinated fibers. As such, quantitative
correlations with LFB optical density should be inter-
preted with caution, though the global similarity
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between LFB staining and MPF maps has been repro-
ducibly observed in this and previous studies.'*"?

While MPF and LFB optical density demonstrated
strong correlation, a discrepancy between these param-
eters on the first day after MCAO should be noted. An
overestimation of myelin loss in acute stroke by MPF can
be addressed to the confounding effect of edema due to
increased water concentration. It was shown that water
content in the injured hemisphere reaches maximum on
the first day after transient MCAO.*! The effect of edema
on MPF can be quantitatively estimated as dilution of
the macromolecular content. For example, an increase in
regional water content by 10% (which is typical for the
rat MCAO model****) would decrease an absolute MPF
value approximately by 1% from a baseline value of
10%. In terms of percentage change, the 10% dilution
effect completely explains the difference between MPF
(~30%) and LFB optical density (~20%) seen in the
first-day group (Figure 5). At the same time, MPF and
histology provided nearly identical estimates of myelin
loss at the latter stages of the lesion formation.

To further improve quantitative accuracy of MPF
as a myelin biomarker in stroke, we tested two
approaches to correct the effect of edema. One
approach is based on the literature®® and relies on
the assumption that the combination of MPF and
PD taken as the MPD parameter could be less sensi-
tive to changes in the tissue water content. However,
while the observed time course of PD changes is in
agreement with water content changes in stroke,***
this approach seems to be incapable of correcting for
a possible dilution effect in MPF. It is also noticeable
that the changes in PD observed in our study are
highly consistent with earlier data in a rat stroke
model,** where this parameter was elevated by
about 5% at 24 h after MCAO, reached the maximum
of around 10% at 48 h, and gradually decreased then.
Our results showing a nearly identical behavior of
MPF and MPD in univariate and multivariate regres-
sion models are in close agreement with the previous
findings for acute multiple sclerosis lesions,** where
both variables showed very similar temporal trajec-
tories, and MPD did not provide any substantial cor-
rection for edema. To some extent, the above
limitation of the PD correction technique could be
addressed to the absence of the external standard
and sophisticated techniques for coil sensitivity profil-
ing, which are required for precise PD measure-
ments* and were not used in our and the previous*
studies. At the same time, improvements in accuracy
of absolute PD quantitation are unlikely to change
the above conclusions, because both studies utilized
normalization to a similar location in the contralat-
eral hemisphere. It also should be pointed out that
absolute PD quantitation is rather impractical in the

context of clinical translation due to the complexity of
involved acquisition and processing procedures.

An alternative approach discovered in this work is
based on the use of T, for the edema effect correction
within a multiple regression model. Our results indi-
cate that bivariate regression with MPF and T, as
predictors enables accurate estimation of myelin dens-
ity and eliminates any bias as indicated by the zero
intercept in the regression equation. At the same time,
this observation should be considered preliminary and
taken with caution for the two reasons. First, this
proof-of-concept study was not designed for precise
multiple regression model testing, and therefore the
sample size may be insufficient for drawing reliable
conclusions from such regressions. Second, our results
were obtained using an ultra-high-field MRI scanner
and need to be revalidated for clinical field strengths.
While MPF is independent of magnetic field, T, has a
strong field dependence.’® In view of the multicompo-
nent nature of T, in tissues and different field depend-
ences of these components,*® T, measured in different
magnetic fields may have different sensitivity to
edema. Multi-echo T, measurements are also rather
time-consuming for routine clinical use. For this
reason, in the perspective of clinical translation, sur-
rogate fast T, estimation techniques, such as a gradi-
ent and spin-echo approach®® need to be tested.
Alternatively, the strategies based on using T; instead
of T, need to be evaluated owing to the fact that
temporal trajectories of T; and T, changes in the
ischemic lesion are substantially similar.** Being a
part of the MPF mapping protocol,'™'" T, mapping
would not impose scan time penalties in this scenario.
It also needs to be emphasized that a limited utility of
T, for the characterization of the ischemic lesion
demonstrated in our study should be attributed to
the effect of T; convergence in ultra-high magnetic
fields,>® and therefore is not representative of T,
behavior at clinical field strengths.

As a parallel outcome of this study, one should men-
tion several significant correlations between imaging and
histological variables, which are not related to the myelin
content. Particularly, percentage changes in T, and the
quantities of neurons and axons were positively corre-
lated. Percentage changes in ADC negatively correlated
with neuronal and axonal changes and positively with
Ibal-positive cell count changes (Table 1). Note that in
view of the uniform definition of percentage changes
relative to the contralateral hemisphere used in this
study, a negative change reflects an actual increase of a
parameter in the lesion and vice versa. As such, the
observed correlations suggest that T, decreases and
ADC increases with a greater extent of neuronal and
axonal loss and, additionally, ADC increases with pro-
liferation of activated microglia in the infarct core. A



Khodanovich et al.

929

possible explanation of the observed trends may be
related to the synchrony of processes of edema reso-
lution, continuing neuroaxonal death, gliosis, inflamma-
tion, and necrosis, which cause rather complex changes
in tissue water compartmentalization. The timeframe of
our experiments corresponds to nearly monotonic trends
of a decrease in T, and increase in ADC after reaching
their maximal and minimal values, respectively, within
24h after the onset of cerebral ischemia.***® More spe-
cifically, our first observation point (l-day group)
approximately matches the time of equalization of
ADC related to the coincidence of cytotoxic and vaso-
genic edema.*****” Further increase in ADC is typically
attributed to massive cell necrosis,*****” which is in
agreement with the profound neuronal and axonal loss
observed in our work. The decline in T, probably reflects
a decrease in the tissue water content during vasogenic
edema resolution from its peak value occurring around
24h after ischemia.***® It remains to be established in
future studies how specific cellular events contribute into
T, and ADC, and whether the above associations have
further biological or clinical implications.

In conclusion, this study demonstrates that fast
MPF mapping enables quantitative assessment of
myelin damage in the MCAO model of ischemic
stroke. Our results provide histological validation and
methodological background for future clinical and pre-
clinical applications of MPF as an imaging biomarker
of demyelination in cerebral ischemia.
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