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Abstract

Background and Purpose—The role played by post-stroke inflammation after an ischemic
event in limiting functional recovery remains unclear. One component of post-stroke inflammation
is disruption of the blood-brain barrier (BBB). This study examines the relationship between post-
stroke BBB disruption and functional outcome.

Methods—Acute stroke patients treated with thrombolysis underwent MRI scanning 24 hours
and 5 days after their initial event. BBB permeability maps were generated from perfusion
weighted imaging. Average permeability was calculated in the affected hemisphere. Good
functional outcome, defined as a modified Rankin score of 0 or 1, was compared with average
permeability using logistic regression.

Results—Of the 131 patients enrolled, 76 patients had the necessary data to perform the analysis
at 24 hours and 58 patients had data for the 5-day assessment. Higher BBB permeability measured
at 24 hours (OR 0.57; 95% CI 0.33- 0.99, p=0.045) and at 5 days (OR 0.24; 95% CI 0.09:0.66,
p=0.005) was associated with worse functional outcome one to three months after the acute
ischemic stroke. For every percentage increase in BBB disruption at 5 days, there was a 76%
decrease in the chance of achieving a good functional outcome after stroke. Multivariate analysis
found this to be independent of age, stroke volume or clinical stroke severity.

Conclusions—Post-stroke BBB disruption appears to be predictive of functional outcome
irrespective of stroke size.
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Introduction

Methods

Population

Acute ischemic stroke (AIS) causes immediate brain injury due to a lack of sufficient blood
flow to the affected brain tissue. Treatments for AIS aim to restore blood flow either
mechanically with thrombectomy or pharmacologically with thrombolysis using intravenous
tissue plasminogen activator (tPA). Successful early reperfusion is associated with better
functional outcomes. In the days after an AlS, a post-stroke inflammatory response occurs;
however, the role of this post-stroke inflammation in functional outcome has yet to be
established.

In a healthy brain, the blood-brain barrier (BBB) regulates the entry of cells and molecules
into the brain which, in conjunction with the central nervous system (CNS)
microenvironment, creates a certain degree of immune privilege.2 The BBB is known to
become disrupted during and after an AlS. There is an early, reversible opening of the BBB
during the hours after stroke which is followed by a second irreversible disruption of the
BBB in the days after the stroke due to an inflammatory response.! Clinically, this
neuroinflammatory phase is seen as gadolinium enhancement on magnetic resonance
imaging (MRI) when performed several days after the AlS.3

In this study we quantified BBB disruption on MRI as a biomarker for post-stroke
neuroinflammation during the days after thrombolysis for AIS in order to investigate the role
of this measure in functional outcome.

All patients included in this study were enrolled in our IRB-approved National Institutes of
Health (NIH) Natural History of Stroke (NHS) Study (identification number NCT00009243)
which is an observational cohort study of stroke patients. Patients enrolled in the NHS study,
whenever possible, have MRIs performed 24 hours after treatment and again approximately
5 days after their stroke. Patients enrolled during 2013 and 2014 who had an MRI scan prior
to treatment with intravenous (IV) tPA and follow-up MRI imaging with gadolinium at the
24 hour and/or the 5-day time points after their AIS were included in this study if they had a
unilateral supratentorial stroke. This study required comparison between the affected and
unaffected hemispheres to perform the BBB analysis; thus, patients with bilateral strokes
were excluded.

MRI Parameters

Images were acquired on a 1.5T GE Signa scanner (General Electric Medical Systems,
Milwaukee, WI), a 3T Philips Achieva scanner (Philips Healthcare, Best, The Netherlands),
or a 3T Siemens Skyra scanner (Siemens AG, Munich, Germany). Image sequences and
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typical parameter ranges were: Diffusion tensor imaging (TR 4461 — 10500msec, TE 61.6 —
91.3 msec, 3.5mm slice thickness, 40 slices) used to generate trace diffusion weighted
images (DWI1) using three orthogonal directions (b = 0 and 1000 s/fmm2) and apparent
diffusion coefficient (ADC) maps; dynamic susceptibility contrast (DSC) perfusion
weighted imaging (PWI) (TR 1-1.5 sec, TE 25 — 45 msec, 7mm slice thickness, 20 slices, 40
— 80 dynamics), which was collected during the injection of a weight-based dose of
gadolinium; FLAIR imaging (TR 9000 msec, TE 120 — 145 msec, 3.5 mm slice thickness,
40 slices); time-of-flight magnetic resonance angiography (MRA) images (TR 18 — 23 msec,
TE 3.43-6.8 msec, 0.75 — 1.4 mm slice thickness, 73 — 95 slices); and gradient recall echo
(GRE) images (TR 700 — 800 msec, TE 12 — 20.4 msec, 3.5 — 7mm slice thickness, 20 — 40
slices).

Image Processing

MRI scans were co-registered to a template atlas using a diffeomorphic registration
algorithm.# The template atlas was used to segment the left and right hemispheres and
remove infratentorial structures. Blood-brain barrier (BBB) permeability maps were
generated from the PWI source images using a method previously described.>~’ BBB
permeability of the affected hemisphere was calculated relative to the unaffected hemisphere
on a voxel-by-voxel basis, expressed as a percent increase over normal. Voxels in the
affected hemisphere that demonstrated increased BBB permeability above the noise
threshold of 1% were averaged to generated the average permeability of the hemisphere. The
size of the pre-treatment perfusion deficit was calculated from the PWI using a time-to-peak
threshold (TTP) of 4 seconds beyond normal tissue. TTP was used instead of time-to-
maximum (Tmax) since it has been shown to be reasonably interchangeable with Tmax; it is
more easily reproduced, and it is less susceptible to artifacts introduced by deconvolution.8:°
The final infarct volume was calculated from the 24-hour MRI scan as per recommended
guidlines1 using an ADC threshold of 600 pm?2/sec. The 24-hour time point was used to
calculate infarct volume to avoid the effects of vasogenic edema and normalization of ADC
values that can occur at the 5-day time point.19 Image processing was performed in Matlab
(Mathworks, Natick, MA). Image processing was done using an automated pipeline with
minimal user interaction. The BBB calculations were completely automated and thus not
influenced by an operator or other variables as described previously.!

Clinical and outcome measures

Stroke severity was determined at the 5-day time point based on the NIH Stroke Scale
(NIHSS). If a patient was discharged prior to the 5-day time point, the NIHSS at the time of
discharge was used as the 5-day value. Hemorrhagic transformation complications were
assessed on the MRI at the 24-hour time point. New hemorrhage since the prethrombolysis
MRI was graded according to ECASS criteria.12 Patients were assessed for any hemorrhage,
parenchymal hematoma (PH), or symptomatic intracranial hemorrhage (sICH) based on
SITS-MOST criteria.13 Large vessel occlusion (LVO) was defined as occlusion of the
internal carotid artery or the first segment of the middle cerebral artery on the pretreatment
MRA. Chronic cerebral small vessel disease was assessed by applying the Fazekas scalel* to
the pretreatment FLAIR scan. Functional outcome was assessed based on the modified
Rankin scale (mRS), evaluated by stroke researchers certified in performing this evaluation.
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Patients who returned for an MRI one month after their acute event had their one-month
mRS assessed during that visit. Patients who could be contacted by phone three months after
their event had their three-month mRS calculated based on that phone interview. Final mRS
used for this study was based on the three-month mRS if that data point was available. In the
absence of a three-month mRS, the one-month mRS was used as the final mRS. Patients
without either a one-month or a three-month mRS were excluded from this study. Good
functional outcome was defined as a final mRS of 0 or 1 since this is the standard definition
used in studies of thrombolysis.1®> Outcome assessments were conducted blinded to the
results of the BBB analysis.

Statistical Analysis

Average permeability was treated as a continuous independent variable and compared with
the continuous dependent variable mRS using linear regression. Average permeability was
also treated as a continuous independent variable when compared with the binary dependent
variable good functional outcome using logistic regression. A p-value less than 0.05 was
considered significant. Receiver operator characteristic (ROC) analysis was used to compare
the 24-hour and 5-day average BBB values to determine which was better at predicting a
good functional outcome. To compare the degree of BBB disruption at 24 hours with the
degree at 5 days in patients with a good functional outcome, a mean comparison t-test was
used. Demographics, vascular risk factors, stroke severity, perfusion deficit and final infarct
volume where included in a logistic regression multivariate analysis comparing average
permeability with good functional outcome if they had a p-value less than 0.1 in univariate
analysis. All statistical analysis was performed using STATA 13 (StataCorp LLC, College
Station, TX).

Availability of Data and Materials

Results

Data in this study is monitored by the NIH Office of Human Subjects Research Protections
(OHSRP) and the Combined NeuroScience (CNS) IRB of NIH. Requests for access to the
data may be possible if approved by these governing bodies. Please contact author for data
requests.

Of the 131 tPA-treated patients who were evaluated with MRI and enrolled during the study
period, 76 patients met the inclusion criteria for this sub-study and had the necessary
imaging at the 24-hour time point. For the 5-day time point, 58 patients had the necessary
imaging. These two cohorts overlapped by 50 patients who had both timepoints. The
breakdown for the population is shown diagrammatically in figure 1. Average permeability
measured at 24 hours (p=0.012, r2=0.08) and 5 days (p<0.001, r2=0.19) was significantly
associated with mRS one to three months later. However, the r? terms suggest that the role of
BBB disruption in determining outcome is twice as important at 5 days than at 24 hours.

Looking at the binary outcome of good functional outcome (mRS of 0 or 1), average
permeability was significant when measured at 24 hours (p=0.045, OR 0.57; CI 33:0.99) but
even more so at 5 days (p=0.005, OR 0.24; C1 0.09:0.66). This indicates that for every one
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percent increase in the BBB permeability measured 5 days after stroke, the chance of
achieving a good functional outcome decreases by 75%. A boxplot showing the difference in
day 5 BBB disruption between the outcome groups is shown in figure 2.

ROC analysis testing the predictive value of average permeability in determining if a patient
will have a good outcome found an area under the curve (AUC) of 0.67 for the 24-hour BBB
and AUC of 0.77 for the 5-day BBB. This confirms that 5-day BBB disruption plays a more
substantial role in determining functional outcome than the BBB measured at 24-hours.
Looking only at patients who had a good functional outcome, average BBB was
significantly higher at 24 hours than at 5 days (p=0.04) as seen in figure 3. This suggests that
some portion of the BBB disruption detected at the earlier time point was reversible in
patients who did well, again supporting the notion that 5-day BBB disruption is a better
predictor of outcome.

Given the stronger association with 5-day BBB, the subsequent analysis focused only on the
5-day BBB measurements. Table 1 shows the characteristics of the 58 patients included in
the 5-day BBB analysis separated by those who did, and did not, achieve a good functional
outcome. Overall this cohort had predominantly mild strokes with a median NIHSS of 3 at
the time of the 5-days scan and fairly good outcomes with a median mRS of 2. LVO was
present in 14 patients, seven that had a good functional outcome and seven that did not. At
the time of the study, the use of endovascular treatment had not been validated, however,
three patients in this cohort did have endovascular treatment in addition to IV thrombolysis,
and all had a good functional outcome.

Although strokes were on average larger in the poor outcome group, this did not reach
significance. Good functional outcome was associated with younger age (p=0.003) and
lower NIHSS at 5 days (p=0.043). Chronic small vessel disease trended toward a larger
white matter lesion load in patients with a poor outcome (p=0.060). In multivariate analysis,
5-day average permeability remained independent of age (p=0.016, OR 0.33; CI 0.13:0.82),
NIHSS at 5 days (p=0.019, OR 0.27; C1 0.09:0.80) or Fazekas score (p=0.008, OR 0.26; CI
0.10:0.71). None of the variables included in the multivariate analysis were identified as
being collinear with 5-day average permeability.

Discussion

This study used a quantitative measure of gadolinium leakage through the BBB as a
component measure of post-stroke inflammation. We identified a range of values across the
population suggesting that post-stroke inflammation is variable between patients in a manner
that is independent of stroke size or severity. Patients with more post-stroke inflammation
five days after their ischemic event were more likely to have a poor outcome one to three
months later. In our cohort, BBB permeability had a stronger relationship with outcome than
final infarct volume. Final infarct volume reflects the injury that has already occurred, while
BBB disruption presumably reflects ongoing injury and thus may be a better predictor of
functional outcome over the subsequent months.
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The use of BBB disruption as a marker for post-stroke inflammation performed better at the
five-day time point than the 24-hour time point which is consistent with the known time
course of BBB disruption and its relationship to post-stroke inflammation. BBB
permeability has been shown to be dynamic in animal models of strokel® and also in
humans.” BBB disruption early after stroke has been attributed to hypoxia induced activation
of latent matrix metalloproteinase 2 (MMP-2) and is reversible.1 However a second phase of
BBB disruption can occur in the days after a stroke mediated by MMP-3, MMP-9, and
cyclooxygenases 2 (COX-2).17 This inflammatory opening of the BBB leads to neutrophil
infiltration, cerebral edema, microglial activation and the production of neuroinflammatory
mediators that exacerbate the cerebral injury.16

Cerebral ischemia-related inflammation engages both the innate and adaptive immune
systems with innate immunity being activated in the first 24-48 hours, and adaptive
responses occurring several days later.18 In animal models of ischemia-reperfusion, peak
inflammation was observed three to seven days after the ischemic event.1® This
inflammation peak was associated with a high infiltration rate of not only neutrophils but
also adaptive immune system cells which were represented by dendritic cells, T-cells and
NK cells.1®

This peak of inflammation occurs during the second phase of BBB which allows invasion of
immune cells into the infarcted brain. These cells, upon encountering novel brain antigens,
initiate an autoimmune response which leads to further destruction of neurological tissue.2°
Pathological studies in humans have shown an inflammatory infiltrate persists after the
stroke between days 3-37 and is characterized by the presence of polymorphonuclear
leucocytes and mononuclear cells in 84% and 41% of cases respectively.?! Given the
existing evidence that the second phase of BBB disruption on day 3—7 coincides with the
peak of proinflammatory cell infiltration in infarcted tissue, it is likely that inflammatory
immune reactions, characterized by BBB disruption, are responsible for the unfavorable
stroke outcome seen in our study.

If proinflammatory immune response and BBB disruption are associated with unfavorable
stroke outcome, could anti-inflammatory interventions improve stroke outcome? Thus far,
there is limited clinical evidence that anti-inflammatory therapy improves stroke outcome. A
phase |1, randomized, double-blind, placebo-controlled clinical trial of recombinant human
IL-1ra in patients with acute stroke showed that, among patients with cortical infarcts,
clinical outcomes at three months in the rhiL-1ra treated group were better than in the
placebo group.22 Minocycline, the antibiotic with anti-inflammatory and protease inhibitor
properties, has been shown to be safe when administered together with 1V t-PA.23 In another
open-label study, minocycline appeared to improve NIHSS, mRS, and Barthel Index.24
However it is also possible that the BBB disruption itself is facilitating the ongoing injury
leading to poor outcome. Thus, treatments targeting BBB stabilization may also play a role.
One approach is to identify agents that inhibit MMP activity.2

Natalizumab, which is anti-a4-integrin monoclonal antibody, was tested in a phase 11,
randomized, placebo-controlled clinical trial in acute ischemic stroke2® and was found to be
associated with better functional outcome in the treatment group compared to placebo.
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Natalizumab is known, in multiple sclerosis, to prevent white blood cells from crossing the
blood-brain barrier and attacking the CNS.27 It is possible that favorable clinical outcome in
the stroke trial was achieved through the modulation of late proinflammatory effects
associated with the prevention of T-cell traffic through disrupted BBB. A follow-up study of
natalizumab in stroke was reportedly negative. However, measurement of BBB disruption
prior to enrollment has not been part of any clinical trial testing anti-inflammatory
medications in stroke patients. The present study indicates that measurement of BBB
leakage may provide a useful biomarker for future trials of anti-inflammatory agents as
promoters of recovery from stroke.

MRI has previously been used to measure post-stroke gadolinium leakage in stroke patients.
28 This previous study also found variable levels of BBB disruption across the population
that appeared to peak in the timeframe of 6—48 hours after stroke; however that study did not
have serial imaging, nor the temporal resolution, to identify the fluctuations seen in the
current study. Our study used a method for measuring BBB disruption that involved post
processing of an MRI sequence that is routinely acquired as part of a clinical stroke
evaluation.® 2% 30 Thus, in identifying a link between post-stroke BBB disruption and
functional outcome, a biomarker for identification of patients who may benefit from a
therapeutic intervention may also have been identified.

We previously reported increased BBB permeability in patients with chronic small vessel
disease.1! This form of BBB disruption is also thought to be inflammatory in nature.® In the
current study we controlled for chronic white matter hyperintensities and found that elevated
BBB permeability at 5 days was associated with poor outcome independent of the baseline
burden of white matter lesions. However, there may be a link between acute and chronic
BBB disruption in cerebrovascular disease, and further studies are needed. Increased BBB
permeability is a known risk factor for SICH®, and idiopathic ICH itself causes opening of
the BBB. sICH was rare in our cohort and only occurred in the poor outcome group; thus,
we are not able to separate the role of sSICH versus the 5-day BBB measurement in
functional outcome. However, removing the two patients with sICH from the logistic
regression did not impact the relationship between 5-day BBB and functional outcome
(p=0.006).

There are several limitations to this study; the sample size was modest and varied based on
the available data. However, this did not lead to marginal significance or a small effect size
with regard to the primary hypothesis. There may be selection bias since only patients who
signed informed consent to be part of our observational study were included, and, among
those who participated, only those with adequate data were included in the analysis. Because
of this, it is also possible, that patients with more severe strokes were not included in the
study. Since patients with poor renal function are unable to received gadolinium, they were
excluded from this study. As such, these results may not generalize to them. All patients in
this study received IV tPA which may have affected the BBB, thus it is not known if these
results would apply to an untreated population. Also, despite the significant circumstantial
support presented above, we do not know definitively that the BBB measured is a true
reflection of the inflammatory response. Similarly, we do not know that treatment of the
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measured BBB disruption would change outcome. Future studies should test the effect of
anti-inflammatory drugs on post-stroke BBB disruption to further characterize these points.

Conclusions

This study found that higher degrees of BBB disruption, measured on MRI five days after
thrombolytic therapy for acute stroke, was associated with worse outcome despite prior
treatment with acute reperfusion therapy and independent of stroke size or severity. Thus,
BBB leakage as a biomarker for post-stroke inflammation may constitute a useful
therapeutic index for treatment in future studies of ischemic stroke.
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Figure 1:

A flow chart shows how the original population of patients enrolled in the study were either
included or excluded to arrive at the final cohort populations. Note the 50 patients who had
both time points were included in both cohorts.
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5 Day BBB Disruption vs. Functional Outcome
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Figure 2:
A box plot compares the blood-brain barrier (BBB) measured on day five between patients

who had a good outcome (modified Rankin scale (mRS) <= 1) with patients who did not
(mRS > 1).
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BBB of Patients with a Good Funtctional Outcome
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Figure 3:
A box plot compares the blood-brain barrier (BBB) measured 24 hours after stroke with the

BBB measured five days after stroke for patients who had a good outcome (modified Rankin
scale (MRS) <=1).
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The population of patients who had BBB measured five days after stroke is characterized and separated by
outcome. The p-values reflect the significance of differences between the groups based on the listed
characteristic. Sample size indicates the number of patients who had the necessary information to be part of

the logistic regression.

All patients (n=58) | GFO, mRS 0-1(n=24) | No GFO, mRS>1 (n=34) | p-value | Sample size
Demographics:
Age (median) 75 68 80 0.003% 58
Sex (% female) 51% 42% 59% 0.2 58
Risk Factors:
Hypertension 2% 67% 76% 0.412 58
Diabetes 26% 25% 26% 0.9 58
Hyperlipidemia 31% 21% 38% 0.164 58
Atrial Fibrillation 34% 38% 32% 0.685 58
Fazekas Score (median) 3 3 4 0.060 57
Stroke Characteristics:
LVO 24% 30% 21% 0.454 58
5-day NIHSS (median) 3 1 5 0.043% 57
Acute Perfusion Volume (mean) 57.7mL 51.2mL 62.3 mL 0.600 53
24-hour Infarct Volume (mean) 14.6 mL 5.1mL 21.8 mL 0.162 49
Average 5-day Permeability 3.17% 2.64% 3.53% 0.005% 58
Hemorrhage:
Any HT 26% 25% 26% 0.79 56
PH 7% 4% 9% 0.47 56
sICH 4% 0% 6% -- 56
Outcome:
mRS (median) 2 0 35

*
=significant difference

GFO=good functional outcome; LVO=large vessel occlusion; HT=hemorrhagic transformation; PH=parenchymal hematoma; sICH=symptomatic

intracranial hemorrhage
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