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Abstract

Introduction: Intravenous Tissue Plasminogen Activator (rTPA) is used to treat acute ischemic stroke (AIS). Early
recanalization from this leads to better stroke outcomes, but the exact mechanism remains unknown. To clarify this, we
correlated tissue perfusion and functional outcomes in acute stroke patients (AIS) who received rTPA to resting state
default mode network (DMN) and task-positive (TPN) activities measured with fMRI. Following NIH stroke scale (NIHSS)
assessments, patients underwent magnetic resonance imaging (MRI) scans during rTPA infusion (baseline), six hours
post stroke and at 30d follow up visit.

Results: Paired t-tests revealed that NIHSS at 6 hrs post stroke and at 30-days follow up significantly better
compared to baseline, indicating improved functional outcomes. Changes in NIHSS were associated by significant
changes in resting connectivity in TPN and DMN. In the TPN, both the undamaged Frontal Eye Field (FEF) and the
undamaged intraparietal sulcus (IPS) node at the 6 hrs time point improved in connectivity with other TPN nodes
compared to baseline. 30 days follow up resting connectivity of the DMN on the medial-prefrontal (MPF) node, and
undamaged lateral parietal (LP) node, along with the damaged medial-temporalnode of TPN showed more robust
correlations from baseline to 30 days follow up. The damaged IPS connectivity was the only measure that significantly
correlated with NIHSS at the 6 hrs time point. No correlations with NIHSS were found at baseline or the 30 days time
points with resting state or perfusion data.

Conclusion: In this pilot study, we found that patients who received rTPA showed changes in resting state networks
and functional outcomes over time. These findings point to an intriguing possibility, that the improvement of resting state
networks may reflect improved efficiency of brain activity that is potentially related to functional outcomes in AIS patients
who receive rTPA. As such, the improved functional connectivity measured with rsBOLD fMRI should be further explored

as a potential predictive biomarker for rTPA response. Larger studies are needed to verify these findings.

Keywords: Resting state functional MRI; Cerebral perfusion;
Thrombolysis; NTHSS; Outcome measures; Prediction; Stroke

Introduction

At present, the only FDA approved therapy for acute ischemic
strokes is intravenous tissue plasminogen activator (fTPA) [1]. The use
of IV 1TPA is associated with improved outcomes for a broad spec-
trum of patients who can be treated within 3 hours or 3-4.5 hours of
stroke onset [2,3]. When a cerebral artery is occluded, as occurs in
ischemic stroke, regional cerebral blood flow (rCBF) drops precipi-
tously within a central core region of brain supplied by that artery, but
that core is surrounded by regions (stroke penumbra) of progressively
increasing rCBF where perfusion is maintained by collateral circula-
tion. During acute ischemic stroke, the level of perfusion determines
the eventual core lesion size, the resulting stroke deficits and func-
tional outcome [4]. Prior studies have documented that patients with
large vessel occlusions have more severe stroke volumes and worse
prognosis than those without [5-8], and are likely to be poor respond-
ers to rTPA [2,9,10]. If this is so, the long term outcomes are also likely
to be less favorable. A recent thrombolytic study suggested that early
recanalization may be associated with better functional outcomes af-
ter an ischemic stroke [11], but concerns have been raised that con-
ventional measures of improvement based on NIHSS alone after rTPA
may not be reliable predictors for future outcomes after an ischemic
stroke [12].

It is well established in neuroscience that the role of widely dis-
tributed neural networks is important for the control of neurological
functions [13-15]. A network perspective, which is now thought to be
a more biologically plausible model for how the brain works [16-18],
suggests that physiological effects of brain injury are best assessed

over entire networks rather than just locally at the site of structural
damage [1,19,20]. However, it is entirely unknown what patterns of in-
teraction within brain neuronal networks are most closely associated
with behavioral deficits after ischemic tissue injury.

Resting state functional connectivity (FC) magnetic resonance
imaging (MRI) (rsf MRI) [21] measures, within a subject, the tem-
poral correlation of the blood oxygenation level dependent (BOLD)
signal across regions without any imposed task, providing a measure
of temporal coherence of activity between brain regions. Recent stud-
ies indicate that such functional networks identified with the use of
resting FC measurements strongly overlap with networks activated by
task performance [22], and that spontaneous activity correlates with
trial-to-trial fluctuations in task-evoked responses [23] and behavior
[22,24]. The resting FC methodology circumvents the need for task-
oriented behavioral tests that could be extremely cumbersome in the
setting of acute ischemic stroke. The purpose of this pilot study was
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to correlate DMN and TPN resting state network activity with tissue
perfusion and relevant functional outcomes, in stroke patients who
received rTPA.

Materials and Methods

Acute ischemic stroke patients who qualified for rTPA protocol
were consented for an institutional review board approved sequential
MRI protocol. An MRI safety screening questionnaire was completed
to ensure patients were eligible to have an MRI. The MRI protocol
included three sets of images obtained at baseline (during rTPA in-
fusion), six-hours and thirty-days post symptom onset. Scans were
performed using a 3T Siemens Trio scanner, (12-channel head coil)
located adjacent to the Emergency Room. These patients underwent
an abbreviated MRI scan to verify the presence of brain ischemia
(brain attack diffusion weighted MRI) as a part of our routine stan-
dard of care. The resting state fMRI was therefore the additional MR
acquisition that was done experimentally. In an effort to avoid delay
of treatment with rTPA, consent was obtained either before rTPA was
administered or shortly afterwards; however, the baseline MRI scan
was initiated within 30 minutes of initiating rTPA treatment in the pa-
tient. The patients who were found not to have ischemia on the base-
line MRI were excluded. Processing for MR images was identical for
the baseline and six-hour (6 hrs) post rTPA time points.

MRI diffusion and perfusion imaging

The imaging sequences include an initial diffusion-weighted se-
quence: EPI, repetition time/echo time (TR/TE), 2900/78 ms; b=0,
500, 1000 s/mm 2; 3 axis encoding; matrix, 128 x 128 pixels. All im-
ages were acquired in transverse plane with identical position for each
patient, sectional thickness (5 mm), intersection gap (1 mm), and FOV
(230 mm). This was followed by contrast (a standard dose of IV Gado-
linjum; 100 mL) enhanced perfusion images obtained at baseline
and six-hours from symptom onset using the following parameters:
Axial echo-planar imaging (EPI) scan, TR=1580 ms, TE=43 ms, flip
angle=90°, FoV=230 mm, matrix size=128 x 128, with 18 slices each
5 mm thick. Following data collection, we chose the auto-generated
Siemens percentage of baseline at peak (PBP) and Time to Peak (TTP)
images as our measures of perfusion and used these modalities for our
SPM12 analysis pipeline that involved normalization, and parcella-
tion using the Johns Hopkins University (JHU) atlas of cortical brain
regions [25]. The PBP image shows the signal change of the bolus peak
relative to the baseline. Brighter voxels in this modality indicate less
contrast agent arrived. On the other hand, TTP images show time
from first appearance of bolus in the artery to peak signal change ob-
served in tissue. Since the auto-generated PBP and TTP maps are not
computed for all voxels (e.g. signal drop out in large sulci and near the
ventricles) neither voxel-wise analyses nor conventional smoothing
was appropriate for these data. Therefore, normalization used near-
est neighbor approximations and mean signal within each region of
interest in the atlas based only on voxels where a signal was present.
After normalization to a mirror-symmetric template included in the
clinical toolbox [26], the images from individuals with left hemisphere
injury were left-right flipped so that all stroke damage appeared in
the right hemisphere for each individual (regardless of whether the
patient had a left or a right hemisphere stroke). Left-right flipping the
images allowed for greater statistical power during later inferential
statistics.

Resting state functional MRI

Resting state BOLD (rsBOLD) images were obtained at baseline,
6-hours, and 30 days from symptom onset using the following param-

eters: T2*-weighted GRE-EPI sequence, with interleaved acquisition
of slices, a 256 x 256 mm field of view (FoV), 80° flip angle, TR=2000
ms, TE=32 ms, and 34 interleaved slices for 150 volumes. Each slice
was 4 mm thick with a 50% gap resulting in 6 mm between voxel cen-
ters. An anatomical image was also collected for each participant with
the following parameters: T1 MPRAGE sequence, with ascending ac-
quisition of slices, a 256 x 256 mm field of view (FoV), 15° flip angle,
TR=1520 ms, TE=3.69 ms, and 144 slices. Each slice was 1 mm thick
with a 50% gap resulting in 1.5 mm between voxel centers. Resting
state images were processed in SPM12 using a standard pipeline of
slice time correction, motion correction, coregistration, normaliza-
tion, frequency filtering with a 0.01 to 0.1 Hz band-pass [27] spatial
smoothing (8 mm FWHM), and parcellation into TPN and DMN
nodes based on the work of Fox et al. [22] Standard Pearson correla-
tions were calculated to explore the relationship between and within
these networks.

MRI post-processing

Each participant’s perfusion scan was parcellated into cortical re-
gions using the JHU atlas. Using these parcellated images, we then
averaged every region in each hemisphere resulting in a hemispheric
average perfusion value based on these cortical locations. Generat-
ing hemispheric averages for perfusion was necessary due to slightly
varying plane differences in the FoV for the clinical perfusion scans,
which resulted in no datas for some regions in the parcellated images.
In other words, the FoV was kept at a constant size across participants.

Clinical assessments

To measure clinical outcomes that may be associated with func-
tional connectivity in the brain, the patients were assessed using clini-
cal scales at baseline at the time of arrival at the ED prior to admin-
istration of rTPA, after rTPA has been given, and at 30 days. Prior to
the post stroke day 30 MRI, patients underwent a clinical evaluation
by one of the study investigators. This evaluation included the inter-
val history and neurological examination (including NIH stroke scale
-NIHSS). The following information was obtained and recorded: de-
velopment of recurrent signs or symptoms consistent with a recurrent
stroke, NIHSS, and disability scores.

Statistical analysis

Standard parametric statistics were computed for images in this
data set. The TPN and DMN individual node correlations were aver-
aged across patients and fed to subsequent analyses that included re-
peated measures t-tests (baseline during rTPA administration and six-
hours from stroke symptom onset), and Pearson correlations using
Fisher z transformed correlation values from rsf MRI data. We aimed
to investigate changes that are likely to be subsequent to rTPA, and the
effects on patient outcome as measured by the NIHSS. The perfusion
images were averaged across patients by hemisphere and used in the
same analysis procedures. We chose not to use the analysis of variance
(ANOVA) to analyze the differences between groups as the data sets
were dependent of one another.

Results

Fourteen patients (mean age = SD=63 + 14; 7 male, 50% white,
43% black and 7% other; 3 with a left MCA stroke, 8 with a right MCA
stroke, 3 other) who qualified for rTPA protocol consented and com-
pleted the MRI scan at baseline and 6 hours post stroke onset. rTPA
was administered using a MR safe IV infusion pump per NINDS
protocol with an average door to needle time of 55 minutes (range
25-110 minute) with door to needle time <60 min in 11 of the 14 sub-
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jects. Three of these patients were found not to have ischemia and one
patient had an incomplete series of scans. These four patients were
excluded resulting in 10 sets of patient data for analysis. Of these,
only six patients had valid follow up data at 30 days, as three expired
prior to 30-day visit and one was unable to return for follow-up MRI
scan due to stroke related disability. NTHSS scores at 6 hrs post stroke
(M=7.5, SD=5.3) t(9)=3.2, p<0.05, Hedges [27] g=0.87 and at 30-days
follow up (M=4.7, SD=6) t(5)=3.55, p<0.05, g=1 were significantly im-
proved from the NIHSS scores at baseline (M=12, SD=5.7), indicat-
ing that functional outcome as measured by the NTHSS is improved
across participants (Figure 1). The TPN node IPS on the damaged
side was the only locus that was directly and significantly correlated
with NITHSS score at the 6 hrs time point (r=-0.82, q (FDR corrected)
<0.05) (Figure 2). No correlations with NITHSS were found at baseline
or the 30-day time points. In the meantime, the changes in NTHSS
corresponded to a reciprocal and significant change in resting con-
nectivity in TPN and DMN as measured by MRI (Figure 3). Both the
left Frontal Eye Field (FEF) node (baseline: M=-0.05, SD=0.12, 6 hrs:
M=0.08, SD=0.11) t(9)=-4.9, p<0.001, g=1.2 and the left intraparietal
sulcus (IPS) node (baseline: M=0.09, SD=0.1, 6 hrs: M=0.19, SD=0.14)
t(9)=-2.7, p<0.05, g=0.86 showed improved in connectivity with other
task positive nodes at the 6 hrs time point compared to baseline. Al-
though 30-day follow up resting connectivity data were only available
in 6 participants, DMN network connectivity on the medial-prefronal
(MPF) node (baseline: M=0.15, SD=0.21, 30 day: M=0.42, SD=0.2)
t(5)= -2.9, p<0.05, g=1.2, and left lateral parietal (LP) node (baseline:
M=0.25, SD=0.31, 30 day: M=0.5, SD=0.26) t(5)=-2.7, p<0.05, g=0.82,
along with the TPN right medial-temporal node (baseline: M=0.01,
SD=0.13, 30 day: M=0.14, SD=0.09) t(5)= -2.8, p<0.05, g=1 showed
improvement in those 6 participants from baseline to 30-days follow
up (Table 1).

Discussion

Our study revealed several intriguing preliminary findings. Fore-
most, it establishes the feasibility of conducting resting functional
connectivity in conjunction with acute stroke thrombolysis without
adversely influencing the door to needle time or clinical outcome.
This alone is a novel and important methodological issue that is worth
noting, given the ubiquitous availability and ease of use of resting
state fMRI. In our small sample, we note that the IPS functional con-
nectivity on the damaged hemisphere was robustly correlated with
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Figure 2: This graph shows the correlation between NIHSS score at the
6h time point and the TPN node IPS on the damaged side (r=-0.82, q (FDR
corrected) <0.05).

Figure 3: The top panels show rsBOLD data and PBP perfusion data at
baseline. The bottom panel illustrates the rsBOLD and PBP data at 6 hours
post TPA infusion. The PBP measure indicates areas of reduced perfusion and
“hotter” colors indicate a greater reduction in signal (i.e. lower perfusion). PBP
data have been smoothed using a 6mm FWHM Gaussian kernel in SPM12 and
thresholded to maximize the reduction of noise due to signal dropout around
the ventricles and skull. Resting state connectivity data are represented
by nodes and lines connecting the nodes together. The temperature and
thickness of the lines indicate the strength of the connections, with warmer,
and thicker lines indicating more correlational connectivity.
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Figure 1: Improvement of NIHSS scores over time from base line to 6h post
stroke (M=7.5, SD=5.3) t(9)= 3.2, p<0.05, Hedges [26] g=0.87 and at 30-days
follow up (M=4.7, SD=6) t(5)=3.55, p<0.05, g=1 were significantly improved
from the NIHSS scores at baseline (M=12, SD=5.7), indicating how the
functional outcomes improved.

Table 1: Significant statistical results of behavioral and neuroimaging data at
baseline, 6 hours, and 30 days.
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improvement in neurological status as evidenced by the decrement
in NIHSS. These findings point to the exciting possibility that resting
state functional MRI data may compliment previously reported ADC
based findings, which had been used to provide a reliable risk assess-
ment for brain injury; however, due to uncertainties of reperfusion,
these ADC maps could not predict future outcome in animals [28].
As such, we show here that rsfMRI might be a useful, and perhaps
additive biomarker used to determine functional prognosis in AIS
patients. The findings are in agreement with a recent human study
that demonstrated that rsfMRI scans have the potential to estimate
brain tissue viability after acute ischemia [29]. To our knowledge our
study here is the first attempt at feasibility of resting functional MRI
along with perfusion imaging to predict outcome after acute stroke
thrombolysis.

A recent non-acute stroke study demonstrated the utility of
concurrent BOLD and rCBF signals from ASL perfusion MRI for as-
sessing resting brain function [30]. That particular study raised the
possible utility of correlating perfusion imaging and resting state
functional connectivity. Here, we were not able to replicate this find-
ing, quite likely due to our small statistical sample size, based on our
observation that there was no significant difference between baseline
and 6 hrs mean hemispheric PBP (which measures decreased perfu-
sion). The lack of statistical difference in our perfusion values could
be attributed to our averaging method, which may have masked any
important differences that we were interested in. Unfortunately, the
hemispheric averaging was necessary for perfusion data due to large
signal dropout near the ventricles and other areas. Still, our finding
of an improvement on the resting networks after rTPA indicates that
resting state connectivity might serve as a MRI surrogate for func-
tional outcomes after stroke. The fact that these networks were not
negatively correlated as in healthy brain tissue might indicate that
the observed changes in the networks are those that appear in dam-
aged network systems, rather than in healthy networks. Moreover, the
noted DMN improved connectivity, but not the TPN from 6 hours
post stroke to 30-days follow up, with improved 30-day functional
outcomes measured by NTHSS leads to speculation of how differential
networks may takeover different stages of functional recovery after
stroke. All of these findings may be confounded by small sample size,
and therefore our intent is merely to report a potential methodologi-
cal approach and to suggest long-term follow-up with MRI imaging
that would help understand the physiology of these very intriguing
findings.

The findings we report here lead to several important consider-
ations. First, with statistical tests that are considered appropriate for
small samples we have found significant correlations between func-
tional connectivity and clinical outcomes following thrombolysis for
ATS, this may lead to the consideration of the possibility that rsfMRI
may provide an additional, adequately robust predictive method when
the application of this technique for acute ischemic stroke settings is
developed. Because main mechanisms underlying functional recov-
ery after the acute phase of an ischemic stroke are quite likely deter-
mined by functional reorganization of distributed brain networks,
non-invasive functional connectivity mapping is a useful tool, which
is widely available to clinicians who need to understand the prognos-
tic data for their patients. It is also intriguing to speculate whether the
improvement of resting state connectivity over time is perhaps a re-
flection of recovery achieved by plastic changes in response to discon-
nection caused by remote degeneration affects in distant brain regions
because of losses in white matter (WM) integrity. As we mentioned

before, the human brain works by way of networked activity [31], such
a scenario can speculatively explain the initial functional deficits that
are grossly captured by NIHSS and the subsequent improvement of
NIHSS over time, thus suggesting that perhaps rsfMRI is possibly an
additive, and perhaps a more objective measure of functional recovery
for acute stroke.

Our findings also lead to a number of pathophysiological ques-
tions that must be investigated in the future. For example, given im-
paired cerebral auto regulation that occurs during the acute stage of
an ischemic stroke, cerebral blood flow, perfusion, and subsequently
the BOLD signal characteristics are all likely to be different from nor-
mal, healthy brain tissue. While thrombolytics are known to lead to
improved tissue perfusion in the penumbra of a stroke, our study did
not reveal an association between perfusion and NIHSS, even as func-
tional connectivity improved. So, it is worthy speculating whether the
clinical improvements occur not merely due to perfusion but perhaps
due to improved and plastic nature of the network connectivity. In
the meantime, the correlations we have noted reaffirm the relative ro-
bustness of rsFMRI as a potential future predictive modality in AIS
patients.

There are methodological limitations to the preliminary research
we report here. The results of the small pilot study must be interpreted
with caution. For example, even though we examined rsfMRI data
with a view to seek changes that are likely to be subsequent to TPA,
exact elucidation of such changes requires a control group. Overall,
our findings and methods should be carefully utilized in designing a
larger definitive study with a control arm. In addition to confirming
the above finding, a larger case-control study will allow the investiga-
tion of individual networks such as visual, auditory and sensorimotor
networks, in addition to the default-mode network [32,33].

Conclusion

In this preliminary feasibility study we found that rTPA is associ-
ated with changes in MRI based resting state networks and associ-
ated functional outcome. Correlations were found between functional
connectivity and NIHSS but not with perfusion. These correlations
point to the possibility that the improvement of resting state networks
means improved efficiency of brain activity indicated by functional
outcome and may be a potential predictive MRI biomarker for rTPA
response. Larger studies with control arms are needed to verify this
finding, and further ascertain the potential role of network changes
that may be predictive of stroke recovery.
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