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Introduction
In a normal brain, autoregulation mechanisms tightly regu-

late cerebral blood flow (CBF) to adequately perfuse the brain 
[1]. A regional disruption of CBF, as it happens by a throm-
bus or embolism, perturbs hemispheric CBF [2] that leads 
to cerebral hemodynamics disruption [3]. This initiates focal 
ischemia that can lead to cerebral infarction, with ischemic 
core and the penumbra [4]. Restoration of CBF to the isch-
emic core (ischemia/reperfusion, I/R) yet remains the only 
effective strategy to recover viable tissues and limit ischemic 
injury [5]. This I/R further impacts CBF dynamics not only in 
the penumbra but also in remote anatomical areas that may 
initiate further oxidative damage in core and penumbra even 
in anatomical areas beyond lesion neighboring area [6].

I/R causes abrupt changes in CBF which directly affects ce-
rebral perfusion pressure (CPP) [7]. Cerebral perfusion pres-
sure (CPP) is the net pressure gradient that is sensed by en-
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Abstract
Background: It is now little doubt that the insult of ischemia/reperfusion (I/R) impacts cerebral blood flow (CBF) not 
only within the lesion area but also in the area beyond the lesion territory. Focal I/R has been shown to impact the 
CBF dynamics even in the non-ischemic hemisphere. However, the quantitative transhemispheric CBF dynamics and its 
relationship to tissue microstructure changes following I/R has not been investigated.

Objective: In this study, we aimed to investigate longitudinally transhemispheric dynamics of regional CBF and tissue 
reorganization following I/R and find the impact of time on cerebral hemispheric diaschisis.

Methods: Regional evolutions of infarct volume, CBF and water diffusion parameters of rat models of I/R (middle cerebral 
artery occlusion; 90 min ischemia and reperfusion) were measured in eight consecutive in vivo imaging sessions with 
magnetic resonance imaging for 21 days. Both individual and group longitudinal data were analyzed statistically using 
a non-parametric factorial method. The difference between the relative treatment effects of time on CBF recovery was 
investigated in hemispheric mirror anatomical regions of interest (ROIs).

Results: After I/R, significant transhemispheric changes in CBF (p < 0.05 at 48 and 72 h), as well as fractional anisotropy (p 
< 0.05 at 24 and 48 h) and mean diffusivity (p < 0.05 at 14 d) were observed. We observed a variable longitudinal effect 
of time on CBF for all of the studied ROIs (p < 0.001). The relative effect of time on CBF recovery in hemispheric mirror 
ROIs was significantly different at early times following reperfusion (cortical; p < 0.05 and p < 0.01 at 12, 24 h respectively, 
subcortical; p < 0.01 at 12, 24, 72 h) compared to later times (7 d, 14 d, and 21 d).

Conclusions: The presence of a dynamic transhemispheric CBF and diffusion parameters are suggestive of important 
roles for transhemispheric plasticity following the insult of focal I/R.
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statistical power of 0.80 or greater. All rats received ad li-
bitum food and water (Harlan, Indianapolis, IN, USA). Pro-
cedures were conducted in accordance with the “Guide for 
the Care and Use of Laboratory Rats” (Institute of Labora-
tory Animal Resources on Life Sciences, National Research 
Council, 2011) and approved by the IACUC of the Universi-
ty of South Florida. Twenty MCAo rats survived to the end 
of all imaging sessions. At the end of the experiment, all 
rats were euthanized according to the standard approved 
protocol.

Inclusions and exclusions
For all rats used in this study, successful MCAo was con-

firmed prior to MR imaging by Laser Doppler Flowmetry (LDF; 
Moor Instruments, Wilmington, DE) [24]. Rats were included 
in this study if, during ischemia, LDF regional CBF dropped be-
low 15.4 ± 1.8% of the pre-ischemic level or if post-reperfu-
sion CBF rebounded to 90.5 ± 3.6% of the pre-ischemic level. 
Rats were also excluded from this study if their body weight 
dropped below 30% of their pre-MCAo weight.

Middle cerebral artery occlusion (MCAo)/reperfu-
sion

MCAo was performed following an intraluminal filament 
model as previously described [25], and reperfusion was 
completed after 90 min of occlusion by the gentle withdrawal 
of the suture. Sham animals (controls) underwent neck sur-
gery in which a suture was simply inserted then removed. 
The same surgeon has performed all surgeries (ST). Within 
surgery, 3-4.0% isoflurane was used for induction and 2.0% 
for maintenance. Vital signs (core body temperature, as well 
as heart and respiratory rate) were monitored, and core body 
temperature was controlled during surgery and while in MR 
bore using an SAII Monitoring System (Model 1025, Small An-
imal Instruments, Inc. Stony Brook, NY).

NeuroImaging
MR imaging was performed with 7T BioSpec MR Scan-

ner (Bruker Biospin, Ettlingen, Germany), equipped with 
500 mT/m (rise time 80-120 µs) gradient set (for performing 
high-resolution small animal imaging), a small bore linear RF 
coil (internal diameter 119 mm) as the RF transmitter, and 
a 4-channel surface array coil as the RF receiver after reper-
fusion at 6, 12, 24, 48 hours, and 7, 14, and 21 days. These 
sampling times were selected because of their importance as 
milestones for ischemia evolution [25-27]. During MR imaging 
isoflurane gas was used for anesthesia with a lower possible 
dosage to minimize the effect of anesthesia on CBF (induction 
dosage 3-4% and maintenance dosage 1.5%-2%; controlled 
for a stable respiration rate and minimum motion), at 1 L/min 
compressed-air flow under spontaneous respiration through-
out the entire course of each imaging session. Real-time mon-
itoring of physiological parameters (heart rate, respiratory 
rate, and body temperature) was achieved during each im-
aging session for signs of distress (Small Animal Instruments 
Inc., Stony Brook, NY). Also while animal inside the magnet, 
the core body temperature was maintained stable with con-
trolled-warm airflow.

dothelial cells. Endothelial cells, an important element of CBF 
autoregulation mechanisms, in both affected and unaffected 
hemispheres respond to CPP changes by contracting or di-
lating vessels [2]. This has been established by observing the 
bilateral failure of cerebral autoregulation in patients who de-
veloped delayed cerebral ischemia [8]. Moreover, both isch-
emic insult and any drastic changes in CPP alter the homeo-
stasis of water compartments by vasogenic and/or cytotoxic 
edema [9]. Regardless of its pathogenesis edema, in general, 
hinders free diffusion of water molecules and complicates 
CBF [10]. This is not a reciprocal relationship, as the alteration 
of contralateral regional (r)CBF without a significant presence 
of edema has been reported [11].

Following focal I/R, opposite changes in water free 
diffusion parameters of cerebral hemispheres have been 
observed by using MR diffusion imaging techniques [12]. 
However, it is not clear if this opposite change has any 
connection with emergent rCBF interhemispheric dynamic 
differences. The role for longitudinal differences in hemi-
spheric hemodynamics in predicting the recovery of isch-
emia has been recognized [13]. Other studies also, indicate 
that understanding the temporal evolution of cerebral he-
modynamic and functional shock of intact regions, as well 
as dynamic diaschisis during and after I/R, maybe sensitive 
enough in predicting brain viability responses and treat-
ment planning [14,15]. Furthermore, diaschisis ipsilateral 
to stroke in cortical gray matter characterized by changes 
in rCBF [16] as well as functional alteration as revealed by 
changes in GABAergic transmission and GABAA receptor 
subunit [17]. These pieces of evidence point to a clinical 
meaning of transhemispheric changes in hemodynamics 
parameters. However, there is no longitudinal data or lon-
gitudinal analyses of transhemispheric diaschisis evolution 
after the insult of focal I/R.

With advances in non-invasive ultra-high field MRI, it 
becomes possible to capture changes in cerebral perfusion 
and diffusion with high temporal and spatial resolutions 
[18]. As such, we aimed to assess the evolution of transh-
emispheric diaschisis by using arterial spin labeling (ASL) 
[19] and diffusion tensor imaging (DTI) [20] techniques in a 
rat model of focal cerebral I/R. ASL is proving to be a pow-
erful and reliable method in the study of regional CBF [21].
On the other hand, DTI has emerged as a promising tech-
nique to examine WM integrity [22] and changes in water 
compartments because of vasogenic or cytotoxic edema 
[23]. In addition, we aimed to investigate the relative ip-
silateral diaschisis at different times on the evolution of 
the ischemic brain and balancing role of the contralateral 
hemisphere in recovering CBF following I/R.

Materials and Methods

Rats
Thirty-six male Wistar-Kyoto rats (280-310 g, Charles 

River Laboratory) were randomly assigned into two groups 
per each time point: (1) Control (n = 6), and (2) MCAo 
group (n = 30). These numbers were selected based on our 
previous experiments with this stroke model to attain the 
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tional anisotropy (FA) and mean diffusivity (MD) maps, while 
post-processing of ASL data involved calculation of vox-
el-based regional CBF. Regional CBF was calculated by fitting 
T1-selective and T1-nonselective values to the CASL equation 
[33]. Anatomical average of FA (unitless), MD (mm2/s) and 
rCBF (ml/100 g/min) values in mirror areas of each slice were 
calculated by averaging data in manually drawn ROIs and 
were represented as mean ± standard error of mean (SEM).

Statistical analysis
Data were subjected to both individual and group longi-

tudinal statistical analysis for significances. Individual rCBF 
data were statistically analyzed for significance in longitu-
dinal changes by using a non-parametric factorial analysis 
of variance (ANOVA). To investigate the impact of time on 
rCBF and its recovery we employed a longitudinal model 
and used the relative treatment effect (RTE) as a measure 
[34]. RTE has a value between 0 and 1 and in an ld-f1 lon-
gitudinal model [35] indicates the probability that a mea-
surement in one condition at a given time point is larger 
than a value of this condition in any other combination of 
group and time. RTE of time was calculated for rCBF recov-
ery at hemispherical mirror cortical and subcortical ROIs 
using R software (R core team 2017). Unless indicated, 
all other statistical comparisons between data sets were 
made based on the mean ± SEM representation. A two-
tailed Student’s t-test (parametric data) was used for the 
statistical analyses and the two-tailed p-value was consid-
ered statistically significant as p < 0.05.

Results
We have in vivo quantified the dynamics of cerebral 

ischemic lesion volume in both cortical and subcortical ar-
eas of the affected hemisphere in the MCAo model of I/R 
for 21 days following reperfusion (Figure 1). Representa-
tive examples of a coronal section of a rat brain indicating 
the dynamics of the ischemic lesion for seven consecutive 
measuring times are shown in Figure 1A. In this panel, the 
peak of ischemic lesion volume was at 48 h of reperfusion. 
This maximum was significantly different from its earlier 
volume at 6 h and 12 h (p < 0.01) as well as from its lat-
er values at 7 d, 14 d, and 21 d of reperfusion (p < 0.01). 
The evolution patterns of reperfusion injury at early time 
points after ischemia were the same in both the cortical 
and subcortical areas. Simple statistics of lesion volume, 
mean ± SEM, in three ROIs for seven measuring times, is 
shown in panels B, C, and D, respectively. As these panels 
show, the striatal lesion decreases by time until the end of 
the study while the cortical lesion decreases to its lowest 
value at the seventh day of reperfusion. The whole lesion 
volume reaches its maximum value at 48h after reperfu-
sion and, afterward, continuously decreases.

The presence of dynamics in longitudinal diffusion data 
indicates the evolution of water compartments due to 
possible time-dependent vasogenic or cytotoxic edema, as 
well as tissue integrity impairment due to direct impact of 
I/R. Figure 2 represents the spatial evolution of DTI met-
rics; FA and MD that are used as measures of water free 

MR imaging protocol for each imaging session included 
sequences for anatomical, diffusion, and perfusion imaging. 
High-resolution T2-weighted (T2w) anatomical images were 
acquired in the coronal plane centered 5 mm caudal from 
the posterior edge of the olfactory bulb using a RARE (Rapid 
Acquisition with Relaxation Enhancement) sequence (TR/TE 
4000/65 ms, field of view (FOV) 3.7 cm × 3.7 cm, slice thick-
ness 2 mm, slice gap 0.1 mm, contiguous slices 12, matrix 256 
× 128, number of averages 5, and receiver bandwidth 250 
kHz; Figure 1A). FOV of 3.7 cm × 3.7 cm and an acquisition 
matrix of 256 × 128 resulted in an image resolution of 0.145 
× 0.296 × 2 mm3.

Mean water diffusion parameters in regions of interest 
(ROIs) were investigated based on DTI data. Acquisition of dif-
fusion data was performed using DTI with echo-planar image 
acquisition (DTI-EPI) sequence; the same FOV and geometri-
cal centers were used as for the anatomical image acquisi-
tion, but a smaller matrix size (128 × 128 and TR/TE 3800/44.7 
ms, 30 diffusion per direction, number of averages 1, receiver 
bandwidth 250 kHz, d = 5 ms, D = 10 ms, and two b values of 
0 and 1000 s mm-2). FOV of 3.7 cm × 3.7 cm and an acquisition 
matrix of 128 ×128 resulting in an image resolution of 0.296 
× 0.296 × 2 mm3.

Regional CBF (rCBF) was quantified with continuous ASL 
(CASL) technique implemented by single-shot, gradient-echo, 
EPI acquisition (FAIR-EPI) [28-30]. The labeling pulse was a 
1.78-s, square radiofrequency pulse in the presence of 1.0 
G/cm gradient along the flow direction. The sign of the fre-
quency offset was switched for non-labeled images (TR/TE 
3300/29 ms, Number of TIR 24, FOV 3.7 cm × 3.7 cm, slice 
thickness 1 mm, slice gap 0.1 mm, number of slices 3 located 
at the center of the lesion, matrix 128 × 128 and number of 
averages 1).

Image processing
All raw diffusion and perfusion data were processed 

using the in-house developed MATLAB-based (Mathworks, 
Natick, MA) DTI and ASL software. Unless otherwise indi-
cated, all images from each rat were co-registered by rigid 
body alignment to a standard template. Ischemic lesion 
volumes were determined based on T2w images with val-
ues above mean plus two standard deviations of contra-
lateral measurements. Anatomically defined ROIs were 
manually traced on the template using a rat atlas [31] as 
a guide in Image. The ipsilateral hemisphere, contralateral 
hemisphere, ipsilateral cortex, contralateral cortex, ipsi-
lateral subcortical area, and contralateral subcortical area 
were studied as ROIs. These ROIs were selected because 
of the high frequency of ischemic injury incidence in these 
areas, as well as relevant differences in their microvascu-
lar anatomy [32]. Corresponding contralateral ROIs were 
selected to mirror the damaged hemisphere ROIs and to 
investigate relative hemispheric changes. Quantitative 
hemispheric data were acquired by post-processing of 
voxel-based DTI and ASL data in these ROIs and their hemi-
spheric mirror ROIs.

Post-processing of DTI data involved calculation of frac-
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any statistically significant difference in contralateral and 
ipsilateral MDs (p = 0.12). Similarly, we observed the dif-
ference between MD values in the ipsilateral and contra-
lateral subcortical area. However, only these differences at 
12 h and 14 d of reperfusion were statistically significant. 
We did not observe any statistically significant differenc-
es between MDs in the ipsilateral cortex and contralateral 
cortex.

As evidenced in the figure, statistically significant dif-
ferences between FA in hemispheres have occurred in I/R 
injury phase (up to 72 h) but not in the recovery phase. We 
observed a reduction in FA of ipsilateral anatomical areas, 
as it was expected, however, we also observed reduction in 
FA values in contralateral ROIs at these imaging times. The 
deviation of MD from baseline starts from the first imaging 
time and continues till 48 h of I/R then the difference starts 
to shrink till 72 h of reperfusion where it reaches the base-
line values. After that, the MD becomes higher than the 
baseline values with a peak at 14 d and 7 d for subcortical 
and cortical areas respectively. The MD’s dynamics is more 
complex than FA’s dynamics. This indicates the presence of 

diffusion in tissues. The top panel represents examples of 
color-coded directional FA maps of a MCAo rat brain in-
cluding ischemic lesion for eight consecutive time points 
after reperfusion. The darker areas on all images represent 
lower FA, which reflects a lower directional diffusion of 
water molecules in underlying tissues. The middle panel 
of Figure 2 represents the statistical comparison of mean 
FA in contralateral and ipsilateral hemispheres of the rat 
brains. The difference between FA values calculated in 
contralateral and ipsilateral hemispheres was significant 
at 12 h, 24 h, 48 h, and 72 h of reperfusion (p < 0.05). The 
same significant difference was also observed when com-
paring FA values in the ipsilateral and contralateral subcor-
tical area. However, the difference between the FA values 
in the ipsilateral cortex and contralateral cortex was only 
significant at 48 h and 72 h of reperfusion (p < 0.05). The 
bottom panel of Figure 2 presents the comparison of mean 
MD between contralateral and ipsilateral hemispheres for 
both cortical and subcortical areas of the rat brains. Even 
though MD in the ipsilateral hemisphere was lower than 
that in the contralateral hemisphere, we did not observe 

         

Figure 1: Regional evolution of ischemic volume in a rat MCAo model of focal ischemia/reperfusion (I/R).
This figure represents spatial and temporal changes in profiles of infarct volume in MCAo/reperfusion (n = 20; completed the longi-
tudinal study) measured by anatomical MRI. Panel A represents examples of non-registered coronal section of a rat brain high-reso-
lution T2-weighted (T2w) images acquired at 7 consecutive times following reperfusion. In these T2w images, the hypertensive area 
represents the ischemic area in cortical (C) and subcortical area (S). As it is clear from these representative images we did not find any 
MR-visible abnormal tissue in contralateral hemispheres of other rats. Panel B represents mean + standard error of the mean (SEM) of 
lesion volume dynamics in the ipsilateral hemisphere as measured at eight consecutive times for 21 days following I/R (n = 20). Panels 
C and D depict the statistics of the evolution of the cortical and subcortical lesion volumes after I/R, respectively (n = 20). Comparisons 
were made between lesion volume at 48 h and 6 h and 7 d of I/R.
**(p < 0.01) and ***(p < 0.001) indicate statistically significant differences.
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MD values in the contralateral hemisphere are below the 
normal baseline values, though statistically nonsignificant. 
Here, we in vivo measured voxel-based rCBF by employ-
ing the ASL technique in MRI. Representative color-coded 
rCBF maps for a coronal slice covering the largest ischemic 
area in a rat MCAo model along with a corresponding cor-
onal slice in a control rat for eight sequential time points 
following ischemia are shown in Figure 3A. The color bar 
represents the color codes used for representing rCBF val-
ues in the images. Darker shades of color represent lower 
rCBF values; brighter colors correspond to higher rCBF val-
ues. As shown in the panel A and the statistical analysis of 
group data in panels B, C, and D, the lowest value of rCBF 
was at 72 h of reperfusion. Subsequently, rCBF started re-
covering to its original value in the recovery phase. Figure 
3B shows the mean ± SEM of rCBF as it is calculated in a ce-
rebral volume confined to three coronal sections contain-
ing ischemic lesion 21 d after MCAo. The largest difference 
between hemispherical rCBF is at 48 h of reperfusion (p = 
0.035). The result demonstrates that the ipsilateral cortex 

more directional water diffusion in the contralateral hemi-
sphere than in the ipsilateral one. At 48 h of reperfusion, 
this difference reached its peak as it is evident by com-
paring the difference between ipsilateral and contralater-
al FA at this time. At 7 d of reperfusion, the mean FA of 
the contralateral hemisphere returned to its normal value, 
while at this time in the ipsilateral hemisphere, the mean 
FA value remained lower than the normal value, possibly 
due to the existence of lesions and scar tissues. The devia-
tion of MD from baseline starts from the first imaging time 
and continues till 48 h of I/R then the difference start to 
shrink till 72 h of reperfusion where it reaches the baseline 
values. After that the MD become higher than the baseline 
values with a peak at 14 d and 7 d for subcortical and cor-
tical areas respectively. We observe that the MD’s dynam-
ics are more complex than FA’s dynamics. However, after 
experiencing a dynamic following the insult of I/R, both 
MD and FA values in the ipsilateral hemisphere approach-
ing to their baseline normal values at 21 d of reperfusion 
(Figure 2B and Figure 2C). Of note is that at this time the 

         

Figure 2: Longitudinal comparison of water diffusion parameters in hemispheric mirror ROIs after MCAo reperfusion.
Diffusion tensor imaging (DTI) is used to measure WM integrity and changes in water compartments due to vasogenic or cytotoxic 
edema. Fractional anisotropy (FA) refers to the degree of diffusion directionality while mean diffusivity (MD) refers to the overall 
mobility of water molecules. Temporal change in FA and MD compared in hemispheric mirror ROIs after MCAo reperfusion. Panel A 
representative examples of color-coded diffusion directional map for a coronal slice of an MCAo rat brain are shown in eight consecutive 
times. The darker areas on all images represent areas with lower diffusion of water. Panel B represents Mean + standard error of the 
mean (SEM) of FA in contralateral and ipsilateral ROIs with corresponding control values respectively for eight consecutive times 
after I/R. A significant increase in Mean + SEM of FA in contralateral volume at reperfusion injury can be observed (p < 0.01); Panel C 
compares MD in hemispheric mirror ROIs with controls. Mean + SEM of FA and MD in these mirror ROIs are represented for ipsilateral 
cortex (C1), contralateral cortex (C2) and also for ipsilateral subcortex (S1) and contralateral subcortex (S2).
*(p < 0.05) indicates statistically significant differences.
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Calculated values of RTE for two hemispheric mirror 
anatomical regions of the brain are shown in Figure 4. 
Changes in RTE indicate the presence of a variable longitu-
dinal effect of time on rCBF for all studied ROIs (p < 0.001), 
though non-uniform. Figure 4A represents this non-uni-
form RTE on rCBF for eight measured times following I/R. 
As it can be observed from this figure, rCBF recovery was 
faster in the ipsilateral cortex compared to the contralat-
eral cortex. This is more pronounced in the injury phase. Of 
note is that, in the recovery phase, both hemispheres had 
the same impact on rCBF, however, after day 14 the con-
tralateral cortex recovered faster (RTE > 0.63). Figure 4B 
represents the relative effect of time on rCBF in the sub-
cortical area. As it is seen, at the early time after ischemia 
(< 48 h) rCBF has a more pronounced recovery rate in the 
ipsilateral subcortical area compared to the contralateral 
area. However, after 48 h of reperfusion, the recovery of 

(C1) had a larger variation in rCBF than the contralater-
al cortex (C2). Figure 3C compares the evolution of rCBF 
in the ipsilateral and contralateral cortex. Figure 3D com-
pares the evolution of rCBF in ipsilateral and contralateral 
subcortical areas S1 and S2 respectively. We observe from 
this figure that after a short decrease in rCBF, there is an 
increase in rCBF at 12 and 24 h of reperfusion. Moreover, 
a delayed increase in rCBF is observed in S2. As it is evi-
dent from panels A and D of this figure, in the recovery 
phase we did not observe any significant differences be-
tween mean rCBF of S1 and of S2. rCBF of the contralateral 
hemisphere was reduced at 72 h of reperfusion, although 
the change in rCBF was smaller than the change of rCBF in 
the ipsilateral hemisphere. Interestingly, there was also a 
global change in CBF post ischemia. Finally, the CBF (the 
whole brain) was fully recovered to its normal value at 21 
d after I/R (Panel B).

         

Figure 3: Dynamics of regional cerebral blood flow (CBF) after focal ischemia/reperfusion (I/R).
Regional CBF was measured in vivo by using arterial spin labeling (ASL) MRI technique in a coronal section of MCAo rat brain for 21 
d after ischemia/reperfusion (I/R). A) the upper row is a representative color-coded rCBF map for a control rat. The lower row is a 
representative color-coded rCBF map for averaged-three coronal slices covering the ischemic lesion. Darker color represents lower rCBF 
values. As we observe the lower value of rCBF was at 72 h of reperfusion, then rCBF starts recovering in the recovery phase. B) Mean + 
standard error of the mean (SEM) of rCBF in coronal sections containing ischemic lesion (ipsilateral) compared with contralateral rCBF 
for 21d after I/R (n = 18). C) Mean + SEM of rCBF in transhemisphere cortical areas. C1; an ipsilateral cortical area containing ischemic 
lesion and C2; a contralateral cortical area in 21 d after MCAo/reperfusion (n = 18). D) Mean + SEM of rCBF in hemispheric subcortical 
areas, ipsilateral; S1, and contralateral; S2 hemispheres in 21 d after I/R (n = 18).
*(p < 0.05) indicates statistically significant differences.
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ed cerebral hemispheres. Subsequently, the data demon-
strate that post I/R FA value tends to decrease in both 
hemispheres, while it was decreased more in the affected 
hemispheres compared to the baseline for all the measur-
ing times following the insult of I/R (see Figure 2B). Finally, 
we also found that the impact of time as measured by “rel-
ative effect of time” on cerebral perfusion is different in 
cerebral hemispheres.

Recent advances in MR quantitative techniques (such 
as ASL and DTI for perfusion and diffusion imaging, respec-
tively) enable us to quantitatively monitor the evolution 
of rCBF [36], and changes in water diffusion parameters 
after the insult of ischemia [37]. ASL is a non-invasive im-
aging technique gaining popularity in rCBF quantification 
[38,39]. DTI, on the other hand, becomes more accurate 
in in vivo estimates of cerebral tissue microstructures [20]. 
The use of MRI acquired water diffusion parameters such 
as FA (a measure of directional water diffusion) and MD (a 
measure of mean diffusivity of water, a surrogate mark-
er of cerebral edema) have become popular in cerebral 
ischemia injury assessment [40-43]. Each of these imaging 
techniques has been used to study ischemic stroke, how-
ever, the use of both imaging techniques as a multi-modal 
imaging approach is considered to be more effective in the 
characterization of cerebral ischemia [44]. More impor-
tantly, with the advance of these imaging techniques, one 
can collect data with higher spatial and temporal resolu-
tion gaining more insight about tissue evolution following 
ischemic insult.

rCBF in the contralateral subcortical area starts to improve. 
In contrast to the cortical area, in subcortical area after 72 
d of I/R, the recovery of rCBF in the contralateral area is 
better than recovery in the subcortical area. We also found 
that perfusion duration accounted for different effects on 
CBF recovery in hemispheric areas (Figure 4). Early time 
points had more profound effects on rCBF in ipsilateral 
regions. Also, there were significant differences in RTE of 
time on rCBF recovery between the hemispheres. This re-
lationship was more pronounced in subcortical areas (Fig-
ure 4B). The differences may result from a higher impact 
on the improvement of rCBF at 12 and 24 h of reperfusion 
in the ipsilateral subcortex than in the contralateral one.

Discussion
In this study, multiple advanced MR imaging tech-

niques were used longitudinally to identify cerebral inter-
hemispheric differences in diffusion and perfusion param-
eters following I/R. We measured the dynamics of rCBF, a 
marker of hemodynamic variability by using ASL technique, 
along with water diffusion metrics in a rat MCAo model of 
focal I/R. Longitudinal values of both FA and MD of water 
diffusion were utilized as measures of tissue microstruc-
ture and edema evolution respectively. Spatio-temporal 
diffusion and perfusion data were individually and group 
analyzed to investigate transhemispheric significance in 
the recovery of I/R injury. The main findings are that the 
dynamics of rCBF and structure of water compartments in 
acute phases are different between affected and unaffect-

         

Figure 4: The relative effect of time on CBF recovery in hemispheric mirror regions of interest (ROIs).
An ld-f1 longitudinal model with ANOVA-type statistics was used to investigate the effect of time on rCBF recovery in hemispheric 
mirror anatomical ROIs. Relative treatment effect (RTE) of time in which each sample time is compared to the average of all marginal 
distributions, were calculated to investigate the dynamics of hemispheric diaschisis in the recovery of I/R injury. Cortical and subcortical 
areas were investigated independently for RTE of each rCBF samples. A) The relative effect of time on cortical rCBF recovery. B) The 
relative effect of time on subcortical rCBF recovery after I/R. There are noticeable differences in RTE of time in mirror ROIs at early time 
points after I/R. The ipsilateral regions have a higher impact on improving the CBF at 12 and 24 h of reperfusion.
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tentative explanation for the increase in contralateral rCBF 
after I/R is the following: After unilateral ischemia, there 
will be more vessels in contralateral areas that respond to 
the vascular dilation that happens post-hypoxic ischemia. 
However, it remains to be investigated if focal ischemia dif-
ferentially changes levels of endothelial dilator/constrictor 
(e.g. NO, prostaglandin, angiotensin) within hemispheres.

One of the significant discovery from our study is that mi-
crostructural changes happen in both cerebral hemispheres 
following a focal unilateral I/R. Both FA values of the two 
hemispheres were significantly different from the normal 
baseline values in opposite directions during the acute phase 
of I/R (Figure 2). The underlying mechanism that leads to the 
FA changes in cerebral tissues is still debatable [55]. The de-
crease of FA in the ischemic hemisphere is mostly connect-
ed to the loss of tissue integrity and restriction of water dif-
fusion in all directions (likely the result of cytotoxic edema 
and pathological damage to tissue structures). On the other 
hand, the increased FA in the unaffected hemisphere could 
be linked to the elevated directional water diffusion, a condi-
tion that arises from increased CPP.

A significant time-dependent reduction in FA, within 
the ischemic lesion, has been observed in patients with 
acute ischemia [56,57]. Liu, et al., have found that there 
are differences in the evolution of FA between transient 
and permanent occlusion models [58]. The present results 
extend these previous observations of FA in transient isch-
emic hemisphere [59]. Though the reason for such differ-
ences in FA evolution between hemispheres is not clear, 
the differences in the extent of cytotoxic edema between 
hemispheres could be a reason for observed differences in 
FA evolution. An increased FA, observed in hypoperfused 
WM in hyperacute ischemic stroke, is suggestive of early 
ischemic microstructural changes [40,60].

One of the major limitations of this study is the varia-
tion in survivability rates of MCAo models. In longitudinal 
studies of stroke, there is a concern as to whether survived 
samples are from the models that survived the insult of 
ischemic stroke. Therefore, there is bias in samples and the 
results of such studies should be cautiously interpreted. 
Another limitation of the current study is the age of rat 
models. The age of rats in this study mimics fairly young 
adults. However, stroke incidence is higher in older people 
[61]. Therefore, a logical continuation of this study would 
be the study of diaschisis following the insult of I/R on old-
er models that provides knowledge about the plasticity 
and recovery of elderly patients following the insult of I/R.

Another limitation of the study is the lack of histological 
validation of high-resolution DTI parameters. It has been now 
accepted that there are significant connections between DTI 
parameters value and the underlying histological and chem-
ical changes following cerebral ischemia [62-64]. However, 
there are controversies around the mechanism that leads 
to specific DTI parameter changes. For example, Tuor, et al. 
were investigated the potential contribution of various cel-
lular responses to FA and MD by using ischemia/hypoxia 
neonatal models [43]. They have suggested that microgli-

Although the impact of cerebral focal I/R on rCBF has 
been recognized before [45], longitudinal details on rCBF 
dynamics in the non-ischemic hemisphere, and mirror an-
atomical areas are not being fully understood. In ischemic 
areas, as it has been confirmed previously, a decrease in 
rCBF is expected because of vascular occlusion. Howev-
er, the impact of ischemia on rCBF in non-ischemic areas, 
particularly in the collateral hemisphere, remained to be 
investigated. Here, we used state of the art in vivo imaging 
techniques to quantitatively determine the dynamics of 
hemispheric cerebral perfusion along with diffusion imbal-
ance after I/R. Our results demonstrate that the maximum 
difference in rCBF between the hemispheres (with ipsilat-
eral rCBF being the lowest) happens at 3 days of reperfu-
sion. The results are supported by previous observations 
by Schrandt, et al. who examined rCBF by using different 
approaches (multiexposure speckle and two-photon imag-
ing) [46].

It has been shown that despite resolving cerebral occlu-
sion, CBF does not recover fully in ischemic areas [47]. The 
present data not only confirm previous findings on CBF slow 
recovery in the ischemic area but also provide an update on 
CBF recovery dynamics in ischemic and non-ischemic hemi-
sphere [48]. Several reasons have been proposed to justify 
the observation. First, it might be due to microvascular im-
pairment and incomplete microcirculatory reperfusion (IMR) 
or no re-flow (a failure to achieve adequate reperfusion of 
cerebral microcirculation) that are observed in ischemic re-
gions [49]. Second, it might be the result of endothelial swell-
ing [50] and compression by swollen astrocyte end-feet [51] 
and/or transient constriction of smooth muscle cells [52]. 
Alternatively, Tsuchidate, et al. undertook a detailed study, 
using a rat model of ischemia and autoradioactive imaging 
techniques confirmed that after reperfusion some areas of 
ischemic tissues experienced hyperperfusion [53]. Together, 
these conflicting pieces of evidence confirm the complex na-
ture of rCBF dynamics following I/R even in the unaffected 
hemisphere. However, more precise mapping of longitudinal 
change in rCBF would be needed to provide further clues into 
the cerebrovascular pathophysiology of I/R insult.

Here, we observed complex patterns in contralateral 
rCBF dynamics following I/R with the minimum flow at 24 
h of reperfusion. Our data suggest a hemispheric decrease 
in contralateral rCBF compared to ipsilateral hemispher-
ic rCBF, though it is not statistically significant. We found 
that at this time of reperfusion contralateral cortical rCBF 
was significantly reduced compared to the baseline. Of 
note is that our results on contralateral hemispheric rCBF 
(Figure 3) are not fully in agreement with data reviewed 
by Andrews, et al. [54]. Based on the reported data, they 
have concluded that rCBF in contralateral hemisphere de-
creased over the first week followed by a gradual return 
toward baseline. A possible reason for such discrepancy 
between our data and the data reported by Andrews, et 
al. is that most of the reported data came from acute isch-
emia with no reperfusion. A different complex mechanism 
may be involved in the general phenomenon of permanent 
ischemia, as opposed to I/R that affects the entire brain. A 
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al or astroglial activation have modest contributions to the 
evolution of axonal changes in DTI parameters. On the other 
hand, Lodygensky, et al. have shown in the same model that 
glial changes without marked cell death can change MD [64]. 
Further histochemical studies are required to underline the 
mechanisms of hemispheric diaschisis and its connection with 
cerebral autoregulation following the insult of focal cerebral 
ischemia.

It is also important to note that CPP is a vital parameter 
in cerebral autoregulation. CPP, which is the difference be-
tween mean arterial blood pressure (MAP) and intracranial 
pressure (ICP), is linearly related to rCBF. In ipsilateral areas a 
higher ICP is expected to be accompanied with a lower rCBF, 
this is mainly because of lesions mass and edema in this area. 
This is different from what is happening in the contralateral 
hemisphere where there is no lesion. In contralateral hemi-
sphere, higher cranial pressure results in a higher rCBF. Note 
that the relationship between CPP and rCBF becomes more 
complex in pathological conditions (such as focal ischemia). 
Therefore, the dynamics of rCBF may not correctly reflect 
the impaired cerebral autoregulation mechanisms. For future 
studies, it is advisable to measure cranial pressure in order 
to provide a pressure reactivity index [65,66]. This can be 
done by using transcranial Doppler ultrasonography [67,68]. 
Although the importance of the degree of diaschisis in the 
prediction of neurological outcomes following cerebral isch-
emia being appreciated [69], our experiments were the first 
steps in acquiring quantitative hemispheric diaschisis data. 
The next step of this study would be to investigate the effect 
of age on diaschisis.

In summary, our quantitative in vivo longitudinal imag-
ing data provide evidence supporting the concept of tran-
shemispheric diaschisis of both rCBF and tissue microstruc-
tural integrity following the insult of focal cerebral I/R. The 
study suggests that, in ischemic phases, transhemispheric 
diaschisis is dynamic, while in the recovery phase, it is not. 
Transhemispheric diaschisis may be formulated as a surro-
gate marker of I/R recovery. Although several mechanisms 
were discussed as to why this might occur, more research 
is required in order to substantiate this claim.
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