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THESIS ABSTRACT

Introduction: Acute blood pressure (BP) reduction is among the few treatments options
available in the acute management of intracerebral hemorrhage (ICH). Recent
observational studies have demonstrated the presence of lesions suggestive of ischemia
on diffusion-weighted sequences (DWI) on MRI. We hypothesized that DWI lesions in
ICH are independent from acute BP reduction and hypoperfusion.

Methods: Patients with spontaneous ICH undergoing MR imaging were retrospectively
enrolled in the first part of the study. In the second part of the study, ICH patients who
underwent MRI with perfusion-weighted imaging were prospectively enrolled.
Perilesional cerebral blood flow (CBF) was calculated on post-processed calibrated
perfusion maps.

Results: One hundred-seventeen patients were enrolled in the first substudy. DWI
lesions in regions remote to the hematoma were found in 17 (14.7%) patients. Maximal
SBP drop at 24 hours was similar in patients with (-20.5(51) mmHg) and without remote
DWI lesions (-27(33.5) mmHg, p=0.96). Nineteen patients were enrolled in the second
substudy. On baseline MRI, 3 DWI hyperintensities remote to the hematoma were found
in 2 patients and 1 subsequent remote DWI hyperintensity was found in one patient on
day 7 MRI. Mean absolute perilesional CBF was 37.6 £ 17.2 ml/100g/min with a
perilesional rCBF of 1.1 &+ 0.1. Mean absolute internal borderzone (BZ) CBF was slightly
lower in patients with DWI lesions (18.8 &+ 1.8 ml/100g per minute) than patients without
DWI lesions (22.6 = 8.0 ml/100g, p=0.29); however, mean rCBF in the internal BZ

regions did not differ between groups (0.96 + 0.01 and 1.0 & 0.2, respectively, p=0.37).
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Conclusion: DWI lesions remote to the hematoma region are commonly observed in
sponatneous ICH. Remote DWI lesions are not associated with acute 24-hour BP
reduction nor do they appear to be associated with perilesional or borderzone
hypoperfusion. These data do not support a hemodynamic mechanism of ischemic injury

after spontaneous ICH.
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CHAPTER 1.

Introduction - Blood Pressure Management In Acute Intracerebral Hemorrhage:
Current Evidence And Ongoing Controversies

(published in Current Opinion of Critical Care, 2015, vol. 21, issue 2, page 99-106)

I. Elevated Blood Pressure In Intracerebral Hemorrhage

Spontaneous intracerebral hemorrhage (ICH) occurs in 7-8% of patients with acute
stroke, and is associated with high rates of morbidity (60%) and mortality (30%) at 30
days. Few proven medical treatment options exist. One potential acute medical
intervention is blood pressure (BP) reduction.

Elevated BP, defined as a systolic blood pressure >140 mmHg, is seen in 75% of
acute ICH patients.(1) The etiology of this acute BP increase remains unknown. Although
a history of uncontrolled hypertension is associated with elevated acute BP, there is an
acute elevation in most patients, which begins to resolve within hours of admission to
hospital.(2) Evidence that this is an acute hypertensive response also comes from a recent
population-based study that compared admission BP following acute ICH with 10-year
premorbid BP readings obtained from primary care records.(3) In this study, admission
BP after ICH was significantly higher (189.8+38.5 mmHg) than the mean 10-year
premorbid BP (149.1+17.9 mmHg). The authors reported, however, that SBP was also
higher in the days to weeks prior to ICH when compared to premorbid levels (P<0.0001),
raising the possibility that this is etiologically related to the acute ICH.

Other proposed mechanisms for the acute post ICH BP elevation include stress
activation of neuroendocrine systems (renin-angiotensin-aldosterone cascade,

sympathetic nervous activity, or glucocorticoid system) and damage to the central



autonomic centers including the insular cortex. Alternatively, acute BP elevation has
been proposed to be a compensatory homeostatic mechanism that serves to maintain
adequate cerebral perfusion pressure in the presence of increased intracranial pressure.
Elevated BP is a robust predictor of early mortality in ICH. Several studies have
shown that admission mean arterial pressures (MAP) >145 mmHg are associated with
higher 30-day mortality rates (47-67%) than lower MAP values (21-40%) (p<0.01).(4,5)
Elevated SBP, particularly >180 mmHg, has also been reported to be a predictor of 12-
month mortality.(6) A biologically plausible link between elevated BP and mortality is
higher hematoma volumes, secondary to ongoing bleeding and/or rebleeding after the
initial arteriolar rupture. Data from observational serial CT scan studies suggest that
higher SBP is associated with an increased likelihood of hematoma expansion (7,8). This
relationship is clinically relevant given that larger hematoma volumes, particularly >30
mL, are associated with 30-day mortality rates ranging from 60-90%, irrespective of ICH
location.(9) An individual patient pooled meta-analysis indicated the hazard ratio of death

increased by 3% for each 1 ml increase in hematoma growth (p<0.0001).(10)

I1. Is Acute BP Reduction Feasible?

Seven prospective trials have assessed acute BP reduction in ICH patients (11—
17)(Table 1). In general, these studies indicate that rapid lowering of BP using IV
antihypertensive agents is possible, but achieving pre-specified reduction targets in a
timely manner is challenging. In the pilot INTERACT study, only 40% of patients
randomized to the intensive arm achieved a SBP <140 mmHg one hour after

randomization(12). Even at 6 hours, only 66% of patients were at or below this target.



The INTERACT II trial was subject to some of the same limitations seen in INTERACT
I (13). Once again, the <140 mmHg target was achieved in only 33% of patients
randomized to that group. At 6 hours, only 53% were at or below target. Failure to
achieve the target in a timely fashion may have been related to the lack of a stringent
treatment protocol. In both INTERACT studies, several protocols were provided, but the
antihypertensive therapy administered was ultimately determined by local availability
and investigator preference. Accordingly, the antihypertensive agents used in the trials
varied considerably. In INTERACT I, 22% of patients were treated with IV furosemide,
which reduces cardiac pre-load, but has limited efficacy as an acute antihypertensive
agent. In INTERACT II, IV urapidil, an alpha-1-adrenoreceptor antagonist, was the most
common antihypertensive agent used (23%). The somewhat slow reduction in BP in the
INTERACT trials may also reflect treatment resistance. Indeed, approximately 40% of
patients required 2 or more antihypertensive agents to achieve target.

Although pilot data from the Antihypertensive Treatment of Acute Cerebral
Hemorrhage (ATACH) study showed that IV nicardipine can lower BP in a more rapid
and sustained manner, assigned BP targets were only achieved at 2 hours after start of
treatment. Furthermore, treatment failure was seen in 15% of patients at the lowest SBP
tier (110-140 mmHg).(14) In ICH ADAPT, the use of a strict BP-lowering protocol with
three agents permitted a significant BP differential (-22 mmHg) between groups at 2
hours after randomization. The target BP was achieved in 79% of patients in the <150

mmHg group at 2 hours.



I1I. Is Acute BP Reduction Safe?

Intensive BP reduction was not associated with an increase in serious adverse
event rates in the INTERACT studies (380/1602 (23.7%) in <140 mmHg group, and
399/1631 (24.5%) in <180 mmHg group, p=0.62). Rates of neurological deterioration
<72 hours were also similar between groups (14.6% and 15.1%, respectively, p=0.67). In
a pilot study of 3 different BP tiers (170-200, 140-170, and <140 mmHg) with IV
nicardipine, rates of neurological deterioration and serious adverse events were more
common in the 2 lowest tiers, but remained above pre-specified safety thresholds.(14) At
a physiological level, however, physicians have remained concerned that rapid BP
reduction may precipitate ischemic injury in the region surrounding the hematoma and/or
more globally.

Long-standing hypertension has been hypothesized that cerebral autoregulation is
right-shifted toward higher BP values. In addition, autoregulation may be disrupted
following ICH, resulting in cerebral blood flow (CBF) becoming passively dependent on
systemic arterial BP. Cerebral blood flow studies using various modalities (SPECT (18),
PET(19), and MR perfusion(20,21)) have demonstrated the presence of hypoperfusion
within the perthematoma region. However, PET imaging studies have also shown that
while present, perthematoma hypoperfusion is accompanied by decreased oxygen
extraction fraction (rather than increased oxygen extraction fraction as seen in ischemia),
suggesting a state of reduced metabolic demand rather than ischemia as the underlying
mechanism of perthematoma hypoperfusion.(19) The same group further demonstrated

that perthematoma and hemispheric CBF remained unchanged after pharmacological BP



reduction in patients 6-22 hours after ICH onset.(22) This indicates some preservation of
cerebral autoregulation in acute ICH patients.

The Intracerebral Hemorrhage Acutely Decreasing Arterial Pressure Trial (ICH
ADAPT) study was designed to assess the effect of two different BP management
strategies on perithematoma cerebral blood flow in acute ICH(16). In ICH ADAPT, 75
ICH patients <24 hours from symptom onset were randomized 1:1 to SBP target <150
mmHg or <180 mmHg. Patients in the <150 mmHg group readily achieved BP control
within 15 minutes from randomization using a treatment protocol of IV labetalol, IV
hydralazine, and/or IV enalapril, and maintained SBP <150 mmHg until CT perfusion
imaging at 2 hours. The primary endpoint was perihematoma CBF.

In all patients, the mean absolute perihematoma CBF was lower (38.7 = 11.9
ml/100g/min) than contralateral homologous regions (44.4+11.1 ml/100g/min, p<0.001),
but remained above proposed CBF thresholds for ischemia (<20 ml/100g/min).(24)
Furthermore, perihematoma relative CBF was not exacerbated by aggressive BP
reduction since rCBF values were similar (0.8640.12 vs. 0.89+0.09, absolute difference,
0.03; 95% confidence interval -0.018 to 0.078) in the <150 and <180 groups respectively;
P=0.19).

Aggressive BP reduction was not associated with an increase in the proportion of
hypoperfused tissue reaching ischemic thresholds (<18 ml/100g/min) in the
perihematoma region nor in the vascular borderzone (watershed) regions.(24) A subgroup
analysis of patients undergoing CTP before and after BP treatment showed aggressive
antihypertensive therapy did not alter perthematoma or hemispheric CBF, suggesting

some preservation of cerebral autoregulation after ICH (Figure 1).(25) Further studies



have also shown that perihematoma oxygen delivery (as measured by the maximum
oxygen extraction fraction, and the resulting maximum cerebral metabolic rate of
oxygen) were unaffected by aggressive BP treatment.(26) Finally, aggressive BP
reduction did not result in an increase in the volume of perihematoma edema.(27) Data
from ICH ADAPT trial provides direct physiological evidence that acute BP reduction
does not precipitate cerebral ischemia in ICH patients.

A recent post-hoc analysis of 274 patients with ICH enrolled the Scandinavian
Candesartan Acute Stroke Trial (SCAST) suggested that BP-lowering treatment with
candesartan within the first week after ICH was associated with an increased risk of
poorer functional outcome at 90 days (adjusted common OR 1.61 (95% CI: 1.03-
2.50;p=0.036).(28) Several limitations including the absence of a significant SBP
differential between groups and the lack of adjustment of key predictors of outcome in

ICH limit the strength of conclusions of this study. (Gioia et al. Stroke (In press)).

IV. Is Acute BP Reduction Effective?

The best available evidence for the efficacy of aggressive BP reduction in acute
ICH comes from the Intensive Blood Pressure-Reduction in Acute Cerebral Hemorrhage
Trial INTERACT) trials. In the pilot INTERACT study, the primary endpoint was mean
hematoma growth at 24 hours. Unadjusted univariate analysis indicated the mean
proportional hematoma growth increase at 24 hours was higher (36.3%) in patients
randomized to the <180 mmHg target than those with a <140 mmHg target (13.7%,
p=0.04). This association was no longer evident, however, after adjustment for baseline

hematoma volume and time to first CT (16.2% proportional increase in <180 mmHg arm



versus 6.2% increase in <140 mmHg arm, (p=0.06), with an overall 1.7 mL mean
absolute difference in hematoma volume between groups (p=0.12). It is possible that the
limited efficacy of acute BP reduction was related to the failure to achieve targets in a
timely fashion. A post-hoc analysis indicated patients in the lower tertile of achieved SBP
(<144 mmHg) experienced lower mean absolute and proportional increases in hematoma
volume than those with higher SBP (p=0.03).(29)

In INTERACT 2, the primary outcome was the proportion of death or major
disability (defined as mRS scores of 3-6) at 90 days. There was a trend to reduction in the
risk of death or major disability in patients randomized to the <140 mmHg target (3.6%
absolute risk reduction), but this was not statistically significant (OR 0.87 [95% CI: 0.75,
1.01], p=0.06). Ordinal shift analysis of 90-day mRS scores revealed a favorable outcome
was more likely in patients randomized to the <140 mmHg target (OR 0.87 (0.77-1.00),
p=0.04). This was a pre-specified secondary endpoint of INTERACT 2.(30)

In addition to the difficulty in achieving intensive BP targets (Section II), failure
to demonstrate clear-cut efficacy in INTERACT may have been related to delays in
treatment initiation. In both INTERACT studies, the median time from symptom onset to
start of IV BP treatment was 4 hours. This delay may be relevant to the efficacy of early
intensive BP treatment, as observational data indicates the majority of hematoma
expansion occurs within 3 hours from ICH onset.(31) It is possible that initiation of
antihypertensive medication at 4 hours from symptom onset may have diluted the overall
efficacy of intensive BP treatment in acute ICH.

Finally, many patients enrolled in INTERACT 2 may have been at relatively low risk

for hematoma expansion and may have had an overall better prognosis irrespective of



treatment. Known predictors of hematoma expansion, include the CT angiographic spot
sign,(32)(33) time to first CT,(8) and baseline hematoma volume(8)(34). In INTERACT
2, the median (IQR) baseline hematoma volumes was 11.0 (6-19) mL. Data from the
Virtual Stroke Archives (VISTA-ICH) indicate that smaller baseline hematoma volumes,
particularly those <10 mL, are associated with a lower probability (OR 0.1 95% CI: 0.0-
0.2, p<0.001) of ICH expansion (>6 ml), and have better clinical outcomes relative to
those with hematoma volumes >30 ml.(34) Indeed, the 12% mortality rate at 90 days in
both treatment arms reflects a trial population with a better prognosis than that seen in
previous observational studies. (6,35) The rate of ICH growth in INTERACT 2 has not
yet been published. However, preliminary results indicate that the mean absolute
hematoma growth was lower in patients who achieved SBP <140 mmHg within 1 hour of
randomization (1.7 mL) than patients who achieved the this target at later time points (4.2
mL at 1-6 hours, and 4.6 mL at >6 hours, p=0.04).(36) Therefore, there does appear to be
a treatment effect, which is likely maximized by early and intensive BP treatment. This
conclusion is supported by the results of a meta-analysis, which pooled data on 24-hour
hematoma volume from the 4 RCTs. This analysis indicated that intensive BP reduction
is associated with attenuation of hematoma growth, relative to standard BP treatment (-
1.54 ml (95% CI: 0.04-3.04)).(37) In the Antihypertensive Treatment of Acute Cerebral
Hemorrhage (ATACH) pilot study, rates of hematoma expansion did not differ between
patients treated with more aggressive (32%) or less aggressive SBP reduction (17%,
p>0.05). This was only a feasibility study, however, which was underpowered to

adequately assess this endpoint.(38)



V. What Are The Remaining Knowledge Gaps?

The Phase I1I multicenter randomized-controlled study of the Antihypertensive
Treatment of Acute Cerebral Hemorrhage (ATACH 1) is currently underway.(15) A total
of 1,280 patients will be treated with a single antihypertensive agent, IV nicardipine,
titrated to achieve the BP target within one hour of randomization. The primary outcome
is the rate of death or major disability at 90 days. The study design of ATACH II does
have some theoretical advantages over INTERACT 2. Specifically, in that patients are
randomized at an earlier time point (<4.5 hours) and with the use of strict BP-lowering
protocol using a single agent (IV nicarpidine).

All trial data to date indicate that actually achieving an intensive BP target within
the high-risk period for hematoma expansion (<3 hours from onset) is difficult. The
recently published FAST-MAG study demonstrated the feasibility of conducting acute
stroke trials in the prehospital setting.(39) Aggressive BP reduction in the prehospital
setting may be a logical next step, although differentiating ischemic from hemorrhagic
stroke presents a barrier to this approach. Phase II studies of modest prehospital BP
reduction, using topical nitroglycerin in undifferentiated acute stroke patients are
currently underway.(40—41)

Beyond the perithematoma region, MRI observational studies have described the
presence of lesions with restricted diffusion on diffusion-weighted images (DWI),
suggestive of acute ischemic injury in ICH, with prevalences ranging from 14-41%.(42-
47) Furthermore, two studies demonstrated that the presence of DWI lesions was
associated with a five-fold increase in the likelihood of a poor functional outcome.(42)

Predictors of DWI lesions in ICH patients include ICH volume, cerebral microbleed



burden and leukoariaosis. Most concerning is the association with acute BP reduction.
(42,43,46) Definitions of BP reduction varied between studies and actual pressures were
not measured prospectively or systemically in any of them. A recent study of 117 ICH
patients with MRI <14 days from ICH indicated DWI lesions, present in 14.5% of
patients, were associated with prior ICH, antiplatelet use, and higher leukoariaosis
volumes.(48) Conversely, BP reduction, measured at 6 time points within the first 24
hours, was not associated with DWI lesions. It is possible that these lesions are an
epiphenomenon, resulting from the same underlying cerebral microangiopathy that
caused the original ICH.

The ongoing ICH ADAPT Il trial is aimed at addressing whether BP reduction is
causally associated with DWI lesion formation in ICH. (17) In ICH ADAPT II, 300
patients will be randomized to two BP targets, <140 mmHg or <180 mmHg. The primary

endpoint, which is the DWI lesion frequency, will be assessed with MRI 48 hours later.

VI. Conclusions

More than 3000 acute ICH patients have been enrolled in randomized trials of
aggressive BP reduction. To date, these studies indicate that BP reduction is safe is
associated with a modest benefit with respect to both hematoma expansion and functional
outcomes. These trials also make it clear that rapid pharmacological reduction of BP is
feasible, but not easily accomplished in all cases. Although not yet proven, available data
suggest that earlier and more aggressive antihypertensive therapy may have a greater
clinical benefit. While some clinicians do have lingering safety concerns, these are

increasingly difficult to support.
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Table 1.1 Prospective clinical trials of BP reduction in Intracerebral Hemorrhage.

Trial N Study SBP targets (mmHg) Time ICH onset to Intravenous Mean SBP at 1 hour Primary
design randomization Antihyperte endpoint
nsive Agent
studied

Trials with Clinical Endpoints
Koch et al. 42 | RCT, Standard: MAP 110-130 | <8 hours Variable S: MAP 123 mmHg Neurological
2008 (11) PROBE, Aggressive: MAP <110 -mean 3.2 hours A: MAP 114 mmHg deterioration at

phase Il -86% <6 hours (0-3h MAP reported) 48 hours
INTERACT 404 | RCT, Standard: <180 -<6 hours Variable S: 167 mmHg 24-hour
2008 (12) phase Il Intensive: <140 -median 3.4 hours [: 153 mmHg hematoma

growth

INTERACT 2 2,839 | RCT, Standard: <180 -<6 hours Variable S: 164 mmHg mRS @90 days
2013 (13) phase III Intensive: <140 -median 3.7 hours I: 150 mmHg

(PROBE)
ATACH 60 | RCT, Tier 1: <170-200 -<6 hours Nicardipine Tier 1: 200 mmHg Treatment
2010 (14) phase II Tier 2: <140-170 -mean 4 hours Tier 2: 173 mmHg feasibility and

Tier 3: <110-140 Tier 3: 160 mmHg safety

ATACH II 1,200 | RCT, Standard: <180 -<4.5 hours Nicardipine n/a mRS at 90 days
2013- (15) (target) | (PROBE) | Aggressive: <140 (ongoing)

phase III

Trials with Imaging Endpoints

ICH ADAPT 75 | RCT, Standard: <180 - <24 hours Labetalol S: 164 mmHg Perihematoma
2013 (16) (PROBE) | Aggressive: <150 - median 8 hours Hydralazine A: 150 mmHg CBF

phase Il - 46% <6 hours Enalapril
ICH ADAPT 300 | RCT, Standard: <180 -<6 hours Labetalol n/a DWI lesion
I1(17) (target) | PROBE Aggressive: <140 (ongoing) Hydralazine frequency at 48
2013- phase Il Enalapril hours
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Figure 1.
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A, Examples of hematoma and perihematoma edema regions of interest (ROI) on
non-contrast CT images and cerebral blood flow (CBF) maps before and after blood
pressure (BP) treatment. The ROIs were drawn on the non-contrast CT and
transferred to perfusion maps. B, Time course of systolic BP (SBP) reduction from

baseline CT perfusion (CTP).



CHAPTER 2.

Ischemia In Intracerebral Hemorrhage Is Associated With Leukoaraiosis And
Hematoma Volume, Not Blood Pressure Reduction

(published in Stroke, 2015, vol. 46, issue 6, page 1541-1547.)

Introduction

Primary intracerebral hemorrhage (ICH) is associated with high morbidity and
mortality. Baseline hematoma volume', hematoma expansion?, and high blood pressure’
are associated with poor outcome. The Intensive Reduction of Blood Pressure Reduction
in Acute Cerebral Hemorrhage Trials (INTERACT and INTERACT II) have shown that
aggressive blood pressure (BP) reduction (<140 mmHg) in ICH is associated with
decreased hematoma growth at 24 hours and better functional outcomes.* > Despite this,
the possibility of ischemic injury, both within the perthematoma region and remote from
the hematoma remains a concern. Although few cases of clinically evident ischemic
stroke were seen in either INTERACT trial, several MRI studies indicate subacute
ischemic injury after ICH is relatively common.®"!

The primary aim of this study was to identify the frequency of perihematoma and
remote MRI ischemic lesions in primary ICH patients. We also aimed to determine
whether acute BP change over the first 24 hours was associated with ischemic injury. We

tested the hypotheses that larger ICH volumes and blood pressure (BP) reduction are

associated with DWI lesions.
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Methods
Patients

We conducted a retrospective analysis of all patients admitted to the University of
Alberta Hospital between January 2007 and June 2014. Patients with primary ICH and
who underwent MR imaging (MRI) including DWI sequences <14 days from symptom
onset were included. All known or suspected causes of secondary ICH such as vascular
malformations, structural lesions, trauma, or hemorrhagic transformation of an ischemic
infarct were excluded. The research protocol was approved for waiver of consent by our

local Human Research Ethics Board.

Blood Pressure Analyses

Clinical data and BP data (systolic (SBP)/diastolic (DBP)/mean arterial pressure
(MAP) at baseline/1/2/6/12/24 hours) were collected by chart review. The maximal SBP
drop in 24 hours was calculated as admission SBP minus nadir SBP within the first 24
hours. The weighted average BP was calculated as the area under the curve of systolic,

diastolic, and mean arterial BP over 24 hours'”.

Imaging Analyses

All available neuroimaging, including CT, MRI and vascular studies were reviewed.
Patients were imaged using either a single or 8-channel phased array radiofrequency head
coil on a 1.5-T whole-body Siemens Sonata MRI scanner. The MRI protocol consisted of
axial T1 and T2-weighted images, gradient recalled echo (GRE) or susceptibility-

weighted imaging (SWI), Fluid-Attenuated Inversion Recovery (FLAIR), and DWI
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sequences. Single shot Echoplanar (EPT) DWI images were obtained using diffusion
gradient strengths (b values) between 0 s/mm2, equivalent to a T2-weighted image, and
1000 s/mm2, applied in 3 orthogonal planes. These were combined to form isotropic
(trace) diffusion images and Apparent Diffusion Coefficient (ADC) maps were generated
from these raw data. DWI acquisition parameters were: repetition time (TR) of 3 s, spin
echo time (TE) of 86 ms, 8 averages, 128x128 matrix base resolution zero filled to
256x256, 22 cm field-of-view, and 1396 Hz/pixel acquisition bandwidth. The entire brain
will be imaged using 19-24 contiguous axial slices each 5 mm in thickness, with a 1.5
mm inter-slice gap.

All planimetric analyses were performed using Analyze 11.0 (Biomedical
Imaging Resource, Mayo Clinic, Rochester, NY)."* Hematoma volumes were measured
on non-contrast CT scan images using semi-automatic threshold-based segmentation
techniques. The boundaries of the hematoma and perihematoma edema regions on MRI
were outlined manually, based on consensus between three authors (LCG, MK, KB), on
baseline DWI (b=0; no diffusion gradients applied) images as described previously.'*
Region-of interest (ROI) object maps were co-registered to ADC maps to obtain the
absolute ADC values within the perithematoma edematous region. Perihematoma edema
volumes were calculated as the tissue volume with an ADC >965 X 10°mm?/s within the
visibly edematous region. This threshold was based on the mean and standard deviation
(SD) of the ADC within the edematous region reported previously,'* as well as the

15-17 Relative

reported upper ADC of normal appearing white matter (960 X 10° mm?/s).
ADC was calculated as the ratio of the absolute perithematoma ADC to that in

contralateral homologous regions. ADC thresholds for moderate ischemia (730 X 10
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*mm/s), and severe ischemia (550 X 10°mm/s) were applied within the visibly
edematous perihematoma region as described previously.'® Areas with high signal on
DWI (b=1000) images and corresponding low ADC both within the perihematoma region
and remote from the hematoma were manually outlined.

Cerebral microbleeds were counted using either GRE or SWI sequences
(whichever was available) and classified by anatomic location (lobar/deep/infratentorial)
according to the BOMBS scale.'” The presence of any previous ICH identified on
GRE/SWI (whether symptomatic or not) was also recorded. Leukoariaosis was identified
as hyperintensities on FLAIR sequences and leukoariaosis volumes were measured using
semi-automatic thresholding segmentation techniques. Leukoariosis severity was graded

according to the Fazekas scale.”’

Statistical analyses

All statistical analyses were performed using the Statistical Package for Social
Sciences version 21.0.0 (IBM SPSS Statistics Inc, 2013, Armonk, NY, USA).
Differences in baseline patient characteristics and imaging data between patients with and
without DWI lesions were assessed using independent t-tests or Mann-Whitney tests, for
parametric and non-parametric data respectively. Pearson Chi-square or Fisher’s exact
tests were used to compare the frequencies of clinical and imaging characteristics
between patients with and without DWI lesions. Spearman’s rank correlations test was
used to assess the correlation between perthematoma tissue volumes reaching ischemic
thresholds and hematoma volumes. Volume data were subsequently log-transformed for

univariate and multivariate linear regression analyses. Inter-rater reliability was estimated
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using intra-class correlation coefficients (ICC) between two raters for hematoma and

leukoariaosis volumes.

Results

One hundred and seventeen patients met the inclusion criteria. Sixty-two patients
with primary ICH and MR imaging were excluded from analyses due to MRI performed
without DWI sequences (n=47), MRI performed >14 days after onset (n=14), or
decompressive hemicraniectomy performed prior to MRI (n=1). The mean age was
65.6+13.0 years, and 52.1% of patients were male. The median (IQR) GCS score was 15
(14-15) and the median NIHSS score was 5 (2-11). Sixty-five percent of patients had a
previous history of hypertension (44.4% were taking antihypertensive therapy), 4.3% had
a previous ischemic stroke, and 5.1% had a previous ICH. The ICH was associated with
antiplatelet or anticoagulant use in 24.8% and 8.5% of patients respectively.

Forty-four percent of bleeds were lobar in location, 41.0% were deep, and 15.4%
were infratentorial. Hypertension was the most common cause of ICH (45.7%),
probable/possible amyloid angiopathy was considered to be the cause in 11 (9.4%)
patients. A total of 10 (8.5%) of cases were considered to be anticoagulant-associated
ICH. The cause of ICH was unknown in 36.4% of patients. The median hematoma
volume, measured on CT scan, was 9.8 (2.6-23.0) ml (range 0.5-113.8mL). Inter-rater
agreement for hematoma volumes was excellent (ICC 0.96). The median time to

diagnostic CT scan was 2.8 (1.5-7.8) hours.
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Perihematoma DWI Lesions

The median (IQR) time to MRI was 2 (1-5) days. The median perihematoma
edema volume was 7.0 (2.9-18.6) ml with a mean absolute ADC value of 1260+117.3
x10°mm?/s. The mean relative ADC (rADC) value was 1.47+0.18 and perihematoma
rADC values were >1.1 in all patients.

The median (IQR) volume of tissue below the threshold for moderate ischemia
was 0.7 (0.3-2.0) ml, which represented 8.0 (2.9-14.5)% of tissue within the
perihematoma edematous region. The median volume of perihematoma tissue reaching
severe ischemic thresholds was 0.13 (0.04-0.5) ml (1.1 (0.3-3.5)%). Focal areas of
diffusion restriction within the perihematoma region were visible in 38 patients (32.4%),
with a median volume of 1.3 (0.5-4.0) ml. The mean ADC in this tissue was 630.5+76.0
x10°mm?/s (Figure 1). The volume of visually apparent perihematoma DWI lesions was
directly correlated with the volume of tissue reaching both moderate (R=0.72, p<0.001)
and severe (R=0.80,p<0.001) ischemic thresholds.

Patients with perthematoma DWTI lesions had higher baseline NIHSS scores,
larger hematoma and perihematoma edema volumes, as well as higher rates of
subarachnoid extension than those who did not (Table 1). Both hematoma and
perihematoma volumes reaching ischemic thresholds were log-transformed for further
analyses. The volume of perihematoma tissue with ADC below the thresholds for both
moderate (R=0.53,$=0.62,p<0.001) and severe ischemia (R=0.56,=0.69,p<0.001) was
correlated with hematoma volumes (Figure 2). The total volume of visible DWI lesions
was also correlated with hematoma volume (R=0.54,$=0.54,p<0.001). In a multivariable

linear regression model adjusting for age, baseline NIHSS scores, and perihematoma
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edema volumes, hematoma volume remained the only independent predictor of
perihematoma tissue volume reaching moderate (R=0.59,=0.60,p<0.001) and severe

ischemic thresholds (R=0.66,3=0.94,p<0.001).

Remote DWI Lesions

A total of 42 DWI lesions remote from the hematoma/perihematoma region were
found in 17 patients (range 1-6 lesions/patient; 14.5% prevalence). The mean volume of
remote DWI lesions was 0.44+0.3ml. Fifty percent of remote DWI lesions were cortical
in location, while the remainder were subcortical except for 1 infratentorial lesion.
Remote DWI lesions in 11 patients (66%) were located in the hemisphere contralateral to
the hematoma. Three patients with DWI lesions underwent cerebral angiography prior to
MRI and were excluded from further analyses.

Baseline clinical characteristics were similar between patients with and without
remote DWI lesions, with the exception of higher rates of antiplatelet and
antihypertensive drug use in patients with remote DWI lesions (Table 2). A history of
prior ICH was also more common in patients with DWI lesions. There was a trend to
larger hematoma volumes in patients with remote DWI lesions (16.2 (5.1-65.5) ml)
relative to those without (8.6 (2.5-22.0) ml, p=0.06). Lobar ICH location was also more
frequent in patients with remote DWI lesions (71.4%) compared to those without (41%,
p=0.03).

The median leukoariaosis volume was 6.8 (1.5-17.8) ml in all patients. Inter-rater
agreement for leukoariosis volumes was excellent (ICC 0.99). Median leukoaraoisis (LA)

volumes were larger in patients with remote DWI lesions (17.4 (9.6-46.5) ml vs. 5.3 (0.5-
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16.9) ml (p=0.02)). Microbleed burden (p=0.76) and microbleed location (p=0.55) did

not differ between patients with and without remote DWI lesions.

Blood Pressure Treatment and DWI Lesion Development

BP data were available in 103/117 patients (88.0%). Fourteen patients were
excluded from BP analysis due to late hospital arrival (symptom onset or last time seen
well >24 hours; n=10), or transfer from another hospital without accompanying BP
documentation (n=4). All patients with remote DWI lesions, and 34 of 38 patients
(89.5%) with perithematoma DWI lesions had available 24-hour BP data.

Mean admission SBP was similar in patients with (166.7+30.9 mmHg) and
without DWI lesions in any location (161.1+30.3 mmHg, p=0.36; Figure 3A). The
median maximal SBP drop at any time point during the first 24 hours relative to
admission BP did not differ between patients with (-29 (-54, -15) mmHg) and without
perihermatoma DWI lesions (-26.5 (-46, -9) mmHg, p=0.33) or between patients with (-
20.5 (-55, -10) mmHg) and without remote DWI lesions (-27 (-46, -13) mmHg, p=0.96).
The median SBP drop at all time points relative to admission BP did not differ across
patient groups (Figure 3B). The volume of perihematoma tissue reaching ischemic
thresholds was not correlated with the maximal SBP drop at 24 hours (R=-0.1,
p=0.38)(Figure 3C). Weighted average BPs over the first 6 hours and 24 hours were
similar in patients with and without DWI lesions(Figure 3D). Rates of intravenous (IV)
antihypertensive drug administration were not different between patients with/without
perihematoma (38.8% vs. 31.6%, p=0.24) or remote DWI lesions (35.7% vs. 32%,

p=0.30).
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Discussion

In a large sample of patients with primary ICH using objective ADC thresholds,
we showed that small volumes of tissue reaching moderate and severe ischemic
thresholds are present both within and outside the perihematoma region. Perihematoma
DWI lesions were independently predicted by larger ICH volumes. DWI lesions remote
from the perihematoma region were associated with higher leukoaraiosis volumes, prior
antiplatelet and antihypertensive use, prior ICH, and lobar ICH location. We found no
relationship between any measure of BP reduction during the first 24 hours and DWI
lesion development in any location.

Our study is consistent with previous studies describing perihematoma diffusion
restriction after ICH. Limited areas of bioenergetic compromise within the perihematoma
region have been described in 22-61% of patients within the first 6 hours of ICH.'*'®
However, these studies had relatively small sample sizes (n=12-32) and sometimes
included ICH with secondary etiologies, including hemorrhagic transformation of
ischemic stroke and vascular malformations. Our results confirm that although the
perihematoma region consists primarily of tissue with elevated ADC values, consistent
with vasogenic edema, a small amount of perihematoma tissue reaching ischemic ADC
thresholds is present. Furthermore, the probability of diffusion restriction is strongly
correlated with hematoma volume.

It is unknown if perihematoma diffusion restriction represents true ischemic
injury, presumably related to microvascular compromise, or bioenergetic compromise
secondary to mechanical compression of the tissue, and/or neurotoxicity related to

hematoma formation and/or degradation.”' Certainly, the correlation between hematoma
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volume and diffusion restriction is compatible with all three of these hypotheses. The
ischemic hypothesis is most relevant to patient management, due to the implications for
BP treatment.

In our study, we found no relationship between baseline BP, change in BP or
control of BP over the initial 24 hours and the subsequent development of perihematoma
DWTI lesions. This is consistent with the results of a recent randomized controlled trial of
2 BP treatment targets demonstrating that perihematoma hypoperfusion is not
exacerbated by acute BP reduction.”? Nonetheless, we cannot exclude the possibility that
perihematoma DWI lesions are related to aggressive BP reduction. One potential
implication may be that larger hematomas should be treated more conservatively with
respect to BP reduction, but this requires verification in larger clinical studies.

More recent MRI studies have raised concerns related to sub-acute ischemic
injury in regions remote from the hematoma.®'' Among various variables shown to be
associated with DWI lesions, the most concerning is the association with BP lowering.® "
""" Garg et al completed a relatively large study (n=95), where remote DWI lesions were
seen in 41% of patients. They showed that patients with DWI lesions had a greater mean
decrease from baseline BP values within 96 hours from symptom onset.'' In our study,
we did not find an association between remote DWI lesions and any measure of BP
change or control over the first 24 hours. This may be related to the relatively modest
decrease in BP over 24 hours in our patients. Given that admission SBP was below the
current guideline-recommended target for BP reduction (<180 mmHg) in a significant
proportion of patients in our study, it is possible that some patients were less likely to

receive aggressive BP treatment. We have previously shown that BP targets are rarely
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achieved in a timely fashion in patients treated outside of clinical trials.” Indeed, we
found median SBP changes over 24 hours ranged from -5 to -35 mmHg, in contrast to the
more precipitous drop (-55 to -70 mmHg) seen in patients with DWI lesions in Garg et al.
Thus, it is possible that a larger decline in SBP is associated with higher rates of acute
DWI lesion formation. Two other studies reported an association between MAP decline
>40% and DWI lesion formation.®’ However, these results were based on BP values
obtained at few time-points (baseline, lowest to highest values before MRI, and BP at one
month), and therefore may not reflect true BP control during the acute phase of ICH. In
our study, we included several time-points within the first 24 hours after ICH, a period
where BP change is the most dramatic. Furthermore, we attempted to assess global BP
control over 24 hours by assessing the weighted average BP over 24 hours.

Nonetheless, the relationship between BP reduction and DWI lesion formation
can only be effectively addressed using a randomized trial design and an MRI endpoint.
In addition to differences in DWI lesion frequency with respect to BP targets, it may be
of interest to analyze the relationship between the likelihood of DWI lesion development
and the magnitude of BP drop over time in ongoing and future trials.

The etiology of remote DWTI lesions in sub-acute ICH remains unknown. We
found correlations between remote DWI lesion and previous antiplatelet use,
antihypertensive use and leukoaraiosis volumes, which is consistent with previous
investigations.® ° These findings suggest that an underlying microangiopathy may play a
role in DWI lesion formation in ICH. An ischemic “stroke-prone” prothombotic state in
ICH has been previously hypothesized.”* Anti-platelet withdrawal at the time of ICH

presentation may contribute to remote DWI lesion formation, particularly in the presence
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of an underlying vasculopathy.

The fact that patients with remote DWI lesions had higher rates of prior ICH and
lobar ICH location also raises the possibility that these are related to amyloid angiopathy.
Indeed, previous studies have demonstrated an association between DWI lesions and
cerebral microbleed burden.® '° Although we did not find an association between DWI
lesions and cerebral microbleeds, our relatively small study with heterogenous T2*
imaging for microbleed detection (SWI and GRE) certainly does not exclude a
relationship between the two.

Finally, we did observe potential embolic sources in several patients with remote
DWTI lesions. Three patients with remote DWI lesions underwent cerebral angiography
prior to MRI. Distal embolization is a known complication of cerebral angiography,
which is often included in the etiological workup of ICH. Although such patients were
excluded from our predictive modelling analyses, they are part of the spectrum of
etiologies which may be associated with DWTI lesion formation in ICH.

Cardioembolic sources of DWI lesion formation are also possible in ICH. In our
study, we observed a trend between a diagnosis of atrial fibrillation and remote DWI
lesions. Given that paroxysmal atrial fibrillation is found in approximately 25% of
patients >85 years of age and oral anticoagulation is sometimes associated with ICH,
including 8.5% of our patients, a cardioembolic source is a plausible mechanism of DWI
lesion development in at least some ICH patients. Hence, all potential sources of
embolization need to be considered in ICH patients with DWI lesions.

Due to its retrospective design, selection bias is possible in our patient population.

Indeed, there is a higher than expected proportion of lobar ICH in our sample, reflecting
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the fact these patients are more likely to undergo MR imaging to rule out a secondary
cause of ICH. Similarly, patients with early declaration of poor prognosis and
withdrawal of care were systematically excluded from our study. It is possible that
perihematoma and remote DWI lesions are even more common in these patients, most of
whom would have larger hematoma volumes. Furthermore, BP analysis was limited to
the clinical data recorded, and ideally, shorter intervals between BP measurements would
better represent BP changes in the first 24 hours. Nevertheless, our study included more
time points in the acute phase of ICH than previous studies. Finally, it is possible that
variable time to MRI may have resulted in an underestimation of the frequency of remote
and perihematoma DWTI lesions, particularly at later imaging time points (>7 days), as
most DWI lesions are small and may not result in visible permanent T2/FLAIR lesions

once they resolve.

Conclusion

Small ischemic lesions are common in the perthematoma region and remote from
the hematoma in patients with primary ICH. DWI lesion formation in ICH appears to be
multifactorial, including the effects of the hematoma itself, the presence of an underlying
microangiopathy (hypertensive and/or amyloid), or possibly sources of distal
embolization. We could find no relationship between BP reduction in the first 24 hours
and DWI lesion formation in any location. These data do not support a hemodynamic
etiology of DWI lesion development. Nonetheless, a randomized study with an MR
imaging endpoint will be needed to definitively determine if BP reduction is causally

related to ischemic lesion development after ICH.
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Table 1. Baseline Clinical And Imaging Characteristics And Perihematoma DWI Lesions.

Perihematoma DWI No perihematoma p-value
lesions DWI lesions
(n=38) (n=79)

Age (mean£SD) 66.9+13.9 65.2+13.3 0.41
Sex (n, %omale) 18 (47.3) 43 (54.4) 0.47
Clinical characteristics
Baseline GCS (median (IQR)) 15 (12-15) 15 (14.5-15) 0.12
Baseline NIHSS 7 (4-15) 4(2-9) 0.045
Hypertension 23 (60.5) 54 (68.3) 0.45
Previous TIA/ischemic stroke 3(7.9) 8 (10.1) 0.67
Previous ICH 3(7.9) 3(3.8) 0.39
Atrial fibrillation 6 (15.7) 8 (10.1) 0.30
Dementia 0 2(2.5) 1
Antiplatelet use 9 (23.7) 20 (25.3) 0.86
Anticoagulant use 5(13.2) 5(6.3) 0.29
Antihypertensive use 15 (39.5) 37 (46.8) 0.49
Statin use 10 (26.3) 20 (25.3) 0.87
Imaging characteristics
Hematoma volume,ml 23.0(12.1-49.5) 5.3 (2.1-15.5) <0.001
Perihematoma edema volume,ml 14.4 (6.3-24.7) 5.7 (2.6-12.7) 0.006
ICH Location 0.27

Lobar 19 (50) 32 (40.5)

Deep 16 (42.1) 32 (40.5

Infratentorial 3(7.9) 15 (18.9)

LA volume, ml 5.9 (1.7-16.4) 6.9 (1.5-18.1) 0.82
IVH extension 10 (26.3) 17 (21.5) 0.56
Subarachnoid extension 11 (28.9) 8 (10.1) 0.01
Time to MRI (days) 2.6+2.3 4.0+3.7 0.17
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Table 2. Baseline Clinical And Imaging Characteristics And Remote DWI Lesions

Remote DWI No remote DWI |
lesions lesions p-value
(n=14) (n=100)
Age, years (mean+SD) 69.2+10.8 65.4+14.0 0.36
Sex (n, %male) 9 (64.2) 52 (52) 0.57
Clinical Characteristics
Baseline GCS (median (IQR)) 15 (12-15) 15 (14-15) 0.97
Baseline NIHSS 2 (2-9) 5(3-11) 0.36
Hypertension (n,%) 12 (85.7) 64 (64) 0.22
Previous TIA/ischemic stroke 2(14.2) 9(9) 0.75
Previous ICH 3(21.4) 3(3) 0.03
Atrial fibrillation 4 (28.5) 10 (10) 0.08
Antiplatelet use 8(57.1) 21 (21) 0.01
Anticoagulant use 1 (7.1) 9(9) >(0.99
Antihypertensive use 10 (71.4) 41 (41) 0.03
Statin use 4 (28.5) 26 (26) 0.75
Imaging Characteristics
Hematoma volume, ml (median (IQR)) 16.2 (5.1-65.5) 8.6 (2.5-22.0) 0.06
12.5(7.2-23.8) 6.8 (2.9-17.5) 0.22
Perihem. edema volume, ml
1326.0+153 1254.8+110 0.13
Perihematoma ADC (x10°mm?/s)
Perihematoma DWI lesions 6 (47.0) 30 (30) 0.33
ICH Location 0.04
Lobar 10 (71.4) 41 (41.0)
Deep/infratentorial 4 (28.5) 59 (59)
LA volume, ml 17.4 (9.6-46.5) 5.3 (0.5-16.9) 0.02
LA, periventricular, Fazekas grade 0.35
0 2 (14.2) 29 (29)
1 3(21.4) 32 (32)
2 6 (42.9) 25 (25)
3 3(21.4) 14 (14)
LA deep white matter, Fazekas grade 0.046
0 1(7.1) 39 (39)
1 6 (42.9) 40 (40)
2 6 (42.9) 16 (16)
3 1(7.1) 5(5)
IVH extension 5(35.7) 22 (21.5) 0.24
Subarachnoid extension 3214 16 (15.6) 0.59
Time to MRI, days 33+3.0 3.6+34 0.84




Figure 1.

A. :
Perihematoma DWI lesions Remote DW!I lesions

2140 (x 10° mm?/s)

Examples of Diffusion-Weighted Imaging (DWI) lesions in the perihematoma region and
more remotely in patients with ICH. A) Perthematoma DWI lesions as seen on DWI b=0
and b=1000 sequences and ADC maps with corresponding regions of interest
(red=hematoma boundary/ white=perihematoma edema boundary). High intensity on
DWI b=1000 and low ADC values (depicted in blue) represent diffusion restriction. B.
Examples of DWI lesions in regions remote to the perthematoma region as seen on DWI

b0, b1000, and ADC maps.
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Figure 2.
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Relationship between perithematoma tissue volumes reaching ischemic thresholds and hematoma volume. A: Correlation between the
volume of perihematoma tissue with ADC below the moderate ischemia threshold (<730 x10 mm?/s) and severe ischemia (<550 x10°
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mm?/s) (B). C: Correlation between the volume of visible DWI lesions and hematoma volume. Correlation coefficients calculated

using Spearman rank correlation

35



Figure 3.
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perihematoma (PHDWI) or remote DWI lesions. Error bars represent Standard Error. All p-values >0.05. B) The median SBP drop at all time points relative
to admission BP across patient groups, all p-values >0.05. C) Scatter plot of the correlation between the volume of perihematoma tissue reaching moderate

ischemic thresholds and the maximal SBP drop at 24 hours. D) Weighted average blood pressures over 6 and 24 hours across patient groups. All p-values
>0.05
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CHAPTER 3.

Analysis Of The Relationship Between Cerebral Blood Flow And Remote DWI Lesions

In Patients With Acute Intracerebral Hemorrhage

Introduction

Hyperintensities suggestive of ischemia on diffusion-weighted imaging (DWI)
sequences on MRI have been frequently observed (14-40%) in patients with intracerebral
hemorrhage (ICH). (1-6) Although many clinical factors have been shown to be associated
with DWI lesions in ICH, data is conflicting regarding the relationship between DWI lesion
formation and acute BP reduction. Recent randomized controlled trials have shown the
safety of acute BP reduction in acute ICH. (7-8) Clinicians remain reluctant, however, to
aggressively treat elevated BP in acute ICH for fear of precipitating or exacerbating cerebral
hypoperfusion. Studies have shown that cerebral autoregulation is lost in the setting of acute
cerebral insults such as ICH, and therefore cerebral blood flow (CBF) is thought to become
linearly associated with systemic blood pressure (BP) (9). Accordingly, cerebral
hypoperfusion following intensive BP reduction is a plausible mechanism of DWI lesion
formation in acute ICH.
Although several perfusion studies have shown that hypoperfusion exists within the
perihematoma region (10-13), its nature is debated given evidence that perthematoma
hypoperfusion is consistent decreased metabolism rather than ischemia (11). Furthermore, a
recent phase Il randomized clinical trial of two different BP management strategies on

perihematoma CBF in acute ICH showed that while mean



absolute perihematoma CBF was lower than contralateral homologous regions, it
remained above ischemic thresholds. (14) Furthermore, perihematoma relative CBF
(rCBF) was not exacerbated by acute BP reduction nor was there an increase of tissue
reaching ischemic thresholds in the vascular borderzone regions. (15)

On the other hand, the relationship between cerebral hypoperfusion and DWI
lesion formation in ICH has not been described. It therefore remains unknown
whether DWI lesions remote to the hematoma are associated with hypoperfusion in
the perilesional area or more extensively in the borderzone regions or in the
ipsilateral hemisphere. If aggressive BP reduction is causal in DWI lesion formation
in ICH, it is hypothesized that this may be due to hypoperfusion (compromised CBF)
in the perilesional region of remote DWI lesions or more globally.

The aim of this study was to determine whether remote DWI lesions are
associated with decreased perilesional CBF on dynamic susceptibility contrast MRI
(DSC-MRI). We tested the hypothesis that remote DWI lesions are independent of

hypoperfusion within the perilesional area surrounding DWI lesions.

Methods
Patients

Patients with spontaneous ICH admitted at the University of Alberta Hospital
were prospectively screened and enrolled in one of two ICH research studies using
MRI (the ICHADAPT II clinical trial or the TIAMISO observational study)
according to the eligibility criteria of each study. Research MRIs were performed

according to pre-defined study protocols: (ICHADAPT II: at 48 hours, 7 days, and 30



days after ICH onset; TIAMISO: within 3 days of ICH, 7 days, and 90 days after ICH

onset).

Imaging Sequences and Analyses

Patients were imaged using either a single or 8-channel phased array
radiofrequency head coil on a 1.5-T whole-body Siemens Sonata MRI scanner. MRI
sequences included a T1-weighted sagittal localizer, axial T1 and T2-weighted
images, Fluid-Attenuated Inversion Recovery (FLAIR), Gradient Recalled Echo
(GRE)/Susceptibility Weighted Imaging (SWI), diffusion-weighted (DWI) and
perfusion-weighted images (PWI). Single shot Echoplanar (EPI) DWI images were
obtained using diffusion gradient strengths (b values) between 0 s/mm2, equivalent to
a T2-weighted image, and 1000 s/mm?2, applied in 3 orthogonal planes. These were
combined to form isotropic (trace) diffusion images and Apparent Diffusion
Coefficient (ADC) maps were generated from these raw data. DWI acquisition
parameters were: repetition time (TR) of 3 s, spin echo time (TE) of 86 ms, 8
averages, 128x128 matrix base resolution zero filled to 256x256, 22 c¢m field-of-
view, and 1396 Hz/pixel acquisition bandwidth. The entire brain was imaged using

19-24 contiguous axial slices each 5 mm in thickness, with a 1.5 mm inter-slice gap.

Perfusion images were derived from the concentration-time curve obtained
after the administration of intravenous gadolinium (gadopentate (Magnevist'™) 0.5
mmol/ml, 15 ml; 5 ml/sec power injection via an 18 g angiocatheter in an antecubital
vein, followed by 20 ml saline flush at the same rate) with EPI gradient-echo (T2*)

images acquired every 1.2 seconds for 80 seconds (19 axial slices at each time point).
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PWI was not performed in patients with estimated Glomerular Filtration Rate (¢GFR)
<30 ml/min (Cockcroft-Gault equation). In patients with moderate renal impairment
(estimated eGFR 30-60 ml/min), a lower volume of concentrated gadolinium

(gadobutrol (Gadovist™), 1.0 mmol/ml, 7.5 ml) was used.

Source PWI images were then post-processed using the semi-automated
Mistar imaging software (Apollo Medical Imaging Technology, Melbourne). The
arterial input function (AIF) was chosen automatically at the M2 branch of the middle
cerebral artery contralateral to the hematoma. Processed CBF and cerebral blood
volume (CBV) maps were normalized using normal-appearing white matter in the
contralateral hemisphere (verified on FLAIR sequences at either the centrum
semiovale or anterior limb of the internal capsule) to generate calibrated CBF and
CBV maps.

Hematoma boundaries were defined on PWI source images due to its
susceptibility-weighted properties, and were used to calculate hematoma volumes.
Regions of interest (ROI)s for hematoma, perihematoma (defined as 1 cm perimeter
around the hematoma) and contralateral homologous regions were outlined using
semi-automated planimetric techniques on Analyse 13.0 software package
(Biomedical Imaging Resource, Mayo Clinic). ROIs were then co-registered to post-
processed perfusion maps to calculate perihematoma CBF and CBV.

Remote DWI lesions were identified as hyperintense lesions on B-1000
images with corresponding hypointensities on ADC maps. Perilesional ROIs were
outlined as one-centimeter perimeters around DWI hyperintensities and in the

contralateral homologous normal-appearing cerebral tissue . Perilesional ROIs were
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then co-registered to post-processed CBF and CBV maps. Bilateral internal and
external borderzones ROIs were outlined as previously described (15) (Figure 1). All
voxels containing blood vessels (CBF>100 mL/100 g/min or CBV>8 mL/100 g) were
removed from ROI using intensity thresholds. In cases where the hematoma itself

involved a borderzone, the latter was not outlined.

Statistical Analysis

All statistical analyses were performed using the Statistical Package for Social
Sciences version 21.0.0 (IBM SPSS Statistics Inc, 2013, Armonk, NY, USA).
Differences in imaging data between patients with and without DWI lesions were
assessed using independent t-tests or Mann-Whitney tests, for parametric and non-
parametric data respectively. Pearson Chi-square or Fisher’s exact tests were used to
compare the frequencies of clinical and imaging characteristics between patients with

and without DWI lesions.

Results

Nineteen patients were enrolled from January 2013 to summer 2015, after
which the research MR magnet used for these studies was permanently shutdown.
Twelve patients (63%) had a deep ICH, six (32%) had a lobar ICH, and one patient
suffered an infratentorial ICH (Table 1). The median (IQR) hematoma volume on
PWI source images was 50.4 (54.6) ml and the median time from symptom onset to

PWI was 48 (24) hours.
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On baseline MRI, 3 remote DWI hyperintensities were found in 2 patients and
1 subsequent remote DWI hyperintensity was found in one patient on day 7 MRI.
Remote DWI lesions were located in the ipsilateral hemisphere in 50% and the
majority of DWI lesions were subcortical (n=3, 75%). The median remote DWI
lesion volume was 0.24 (0.17) ml. Median hematoma volumes were larger in patients
with remote DWI lesions (60.4 (68.1) ml) than patients without DWI lesions (50.4

(50.5) ml, p=0.58).

Perilesional CBF (primary endpoint)
The mean absolute perilesional CBF was 37.6 + 17.2 m1/100g/min and the
CBF in the contralateral homologous normal-appearing cerebral tissue was 35.3 +

17.4 ml/100g per minute, with a perilesional rCBF of 1.1 + 0.1.

Relationship between DWI lesions and perihematoma CBF

Mean (+ SD) absolute CBF in the perthematoma region was 36.7 + 8.2
ml/100g/min and 39.9 + 8.5 ml/100g per minute in the contralateral homologous
regions (p=0.25), corresponding to a perihemtaoma rCBF of 0.94 + 0.18 (Table 2).
Both absolute (32.8 £11.4 vs. 37.5 + 7.4 ml/100g per minute, p=0.37) and relative
perihematoma CBF (0.84 +0.1 vs. 0.95 £0.19 ml/100g per minute, p=0.33) were
slightly lower in patients with DWI lesions when compared to those without,
respectively. Conversely, mean absolute and relative perthematoma CBV were

similar in DWI positive and DWI negative patients (Table 1).
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Relationship between DWI lesions and Borderzone CBF

Mean absolute CBF in the internal borderzone (BZ) region was 22.2 = 7.5
ml/100g (n=16, not calculated in 3 patients on account of hematoma presence in the
internal BZ in 3 patients (1 DWI positive and 2 DWI negative patients)). Absolute
internal borderzone CBF was slightly lower in patients with DWI lesions (18.8 £ 1.8
ml/100g per minute) than patients without DWI lesions (22.6 + 8.0 m1/100g, p=0.29);
however, mean rCBF in the internal BZ regions did not differ between groups (0.96 +
0.01 and 1.0 £ 0.2, respectively, p=0.37).

In the external borderzone regions, mean absolute CBF was 34.5 £ 7.2
ml/100g per minute in all patients, with an rCBF of 0.97 = 0.1. Mean absolute
external BZ CBF was similar in patients with DWI lesions (35.3 + 2.3 ml/100g per
minute) and without DWI lesions (34.3 + 7.5 ml/100g per minute, p=0.83). Similar
results were observed with respect to rCBF in the external BZ region in both groups

(1.1 £0.2 vs. 0.95 £0.1, p=0.91 respectively).

Relationship between DWI lesions and Hemispheric CBF

Mean absolute ipsilateral hemispheric CBF was 35.7 + 6.8 ml/100g per
minute in all patients with rCBF of 0.96 + 0.07. Mean absolute hemispheric CBF did
not differ in patients with DWI lesions (39.8 = 0.9 ml/100g per minute) when
compared to patients without DWI lesions (34.9 + 7.1 ml/100g per minute, p=0.24).
Similarly, ipsilateral rCBF did not differ between groups (0.98 = 0.03 vs. 0.96 +0.07,

p=0.60 respectively).
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Discussion

In a small sample of prospectively enrolled spontaneous ICH patients
undergoing diffusion-weighted and perfusion-weighted MR imaging, we found no
direct evidence for hypoperfusion in the perilesional region of remote DWI
hyperintensities. Perthematoma CBF was slightly lower in patients with DWI lesions
when compared to those without. Similarly, mean absolute ipsilateral internal
borderzone CBF was slightly lower in patients with DWI lesions; however, internal
borderzone relative CBF remained similar in patients with and without DWI lesions.
No relationship was found between remote DWI lesions and hypoperfusion in the

external borderzone regions or hemispherically.

Perihematoma Hypoperfusion in ICH

Perihematoma hypoperfusion has been well documented in several
observational studies using MRI, PET and SPECT imaging modalities, as well as in
the interventional clinical study ICH ADAPT trial using CTP. These studies have
also demonstrated, however, that the nature of perihemtoma hypoperfusion is more
consistent with a state of reduced metabolism rather than ischemia (through evidence
of decreased oxygen extraction rather than increased oxygen extraction as expected in
ischemia). Furthermore, we recently showed that DWI lesions within the
perihematoma region were independently predicted by larger ICH volumes, possible
due bioenergetic compromise secondary to mechanical compression of the tissue,
and/or neurotoxicity related to hematoma formation and/or degradation.(16) In our

study, perihematoma CBF was slightly lower in patients with remote DWI lesions.
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One possible explanation for this finding may be due to the presence of larger
hematoma volumes found in patients with DWI lesions. Previous studies have shown

that remote DWI lesions were associated with larger ICH volumes.(2)

DWI lesions and Perilesional Hypoperfusion in ICH

To our knowledge, this is the first study to describe the relationship, or lack
thereof, between hypoperfusion and remote DWI lesions in ICH. Previous studies
have shown that DWI lesion development after transient ischemic attack or acute
ischemic stroke was associated with an underlying perfusion deficit. (17,18) Given
that DWI lesions are frequently seen after acute ICH, it is therefore plausible that
DWI lesions are associated with hypoperfusion, partly in response to a hemodynamic
effect of acute BP reduction. (19) We did not find, however, evidence of
hypoperfusion in the perilesional area of DWI lesions since perislesional CBF was
similar to the CBF in contralateral homologous areas with normal-appearing cerebral

tissue.

DWI lesions and Borderzone Hypoperfusion in ICH

To further explore whether regional hypoperfusion may be present in patients
with DWI lesions, we analysed perfusion parameters in the vascular borderzone (or
watershed) regions, given that these regions are considered to be vulnerable to
hemodynamic compromise.(20) Situated between in areas of junction between two
vascular beds: internal (between anterior cerebral artery (ACA) and middle cerebral

artery (MCA) territories), and the external borderzone (between ACA and MCA, and
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between MCA and posterior cerebral artery (PCA) territories), it is thought that
vascular borderzone regions are highly dependent on adequate cerebral perfusion.
Accordingly, if hypoperfusion is a contributing factor in DWI lesion formation in
ICH, changes compatible with hypoperfusion would be anticipated within the
vascular borderzone regions.

In this study, we observed a lower mean absolute internal borderzone CBF of
22 ml/100g/min in all ICH patients, particularly in patients with DWI lesions (18.8
ml/100g/min). These findings contrast previous studies which have reported a mean
absolute internal borderzone CBF values of 32-35 ml/100g/min in ICH patients.(15)
The discrepancy between our finding and prior studies is of unclear significance, but
may result from the small number of patients included in this study, the presence of
underlying white matter hyperintensities that may confound perfusion analyses, and
differences in perfusion imaging techniques (CT perfusion and DSC-MRI perfusion),
particularly since quantification of absolute CBF values may not be reliable,
particularly with DSC-MRI . Nonetheless, although the absolute internal borderzone
CBF observed in our study is lower than previous studies, it remained within the
range of normal CBF values for cerebral white matter published in the literature.

(21,22)

Limitations
The recognizably small sample size of our study precludes any firm
conclusions based on our findings. Nonetheless, the primary purpose of this study

was an exploratory analysis of the relationship between remote DWI lesions and
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hypoperfusion in ICH. Secondly, our study is limited by very few numbers of patients
(n=3) with DWI lesions, thereby limiting the comparison of perfusion parameters
between patients with and without DWI lesions. Thirdly, the presence of larger
hematoma volumes affected the outlining of ROIs and subsequently perfusion
analyses in some patients. Lastly, analyses of mean transit time and delay time
perfusion maps were not possible due to substantial artefacts in these maps rendering

them non-interpretable.

Conclusion

In this small prospective study of ICH patients who underwent perfusion-
weighted MRI, we did not find evidence of hypoperfusion in the perilesional region
of remote DWI lesions. Although mean absolute ipsilateral internal borderzone CBF
was slightly lower in patients with DWI lesions, this finding is of unclear significance

and requires replication in larger prospective studies.
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Table 1. Cerebral Perfusion Analyses In Patients With And Without Remote DWI

Lesions.

All patients
(n=19)

DWI positive
(n=3)

DWI negative
(n=16)

Perihematoma region

Perihematoma CBF (absolute)
(mean£=SD)

36.7+£8.2

32.8+11.4

37.5£7.4

Contralateral perihematoma
CBF

absolute)

(mean£=SD)

39.9+£8.5

39.0+13.2

40.0+7.9

Perihematoma
rCBF

0.94+0.18

0.84+0.1

0.95+0.19

Perihematoma CBV

2.9£1.0

3.2+1.1

2.8+0.9

Perihematoma rCBV

1.0+0.3

1.1£0.8

0.98+0.2

Borderzone regions (BZ)

Internal BZ CBF
(absolute)
(ml/100g/min)

22.2+7.5

18.8+1.8

22.6+8.0

Contralateral internal BZ CBF
(absolute)
(ml/100g/min)

22.2+6.6

19.7+2.1

22.6+7.0

Internal BZ
rCBF

1.0+0.17

0.96+0.01

1.0+0.2

Internal BZ CBV
(absolute)
(ml/100g)

1.5+0.8

1.3+0.1

1.7+0.8

Internal BZ
rCBV

1.1+0.3

1.1£0.1

1.1£0.3

External BZ CBF
(absolute)
(ml/100g/min)

34.5+£7.2

35.3£2.3

34.34£7.5

External BZ
rCBF

0.97+0.1

1.1£0.2

0.95+0.1

External BZ CBV
(absolute)
(ml/100g)

1.9+0.6

2.1+0.1

2.0+£0.7

External BZ
rCBV

1.0+£0.2

1.2+0.5

0.99+0.1

Hemispheric

Ipsilateral hemispheric CBF
(ml/100g/min) (absolute)
(mean+SD)

35.746.8

39.8+£0.9

34.9+7.1

Ipsilateral hemispheric rCBF

0.96+0.07

0.98+0.03

0.96+0.07
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Figure 1.

Hematoma and perihematoma
ROIs on PWI source images

Internal borderzone ROI External borderzone ROI

Example of perihematoma and borderzone regions of interest (ROI) in perfusion-
weighted MRI in patients with intracerebral hemorrhage (ICH). Perithematoma region
and contralateral homologous regions (top left) with co-registering of ROI to
calibrated cerebral blood flow (CBF) (top middle) and cerebral blood volume (CBF)
maps (topr right), as well as internal borderzone ROI (bottom left) and external

borderzone ROIs (bottom right).
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Chapter 4.

Conclusions

Despite advances in acute stroke treatment in recent years, intracerebral
haemorrhage (ICH) remains a devastating disease with high rates of morbidity and
mortality. Furthermore, few treatment options currently exist for acute ICH. Recent
clinical trials have shown that acute BP reduction to SBP <140 mmHg is safe in ICH
patients, but does not influence clinical outcomes. Recent observations that DWI
lesions are common after acute ICH have renewed concern for aggressive BP
reduction in ICH patients. The overall aims of the work described in this thesis were
to 1) study the clinical and imaging factors associated with lesions suggestive of
ischemia on diffusion-weighted sequences (DWI) on MRI in patients with acute I[CH
and 2) determine whether DWI lesions are associated with BP reduction within the
acute phase of ICH or hypoperfusion on DSC-MRL

In this thesis, we have shown that DWI lesions are common within and
outside the perthematoma region. Similar to previous studies, we found that these
lesions are associated with prior antiplatelet use, lobar ICH location and larger
leukoaraiosis volumes; factors which are suggestive of a microvascualr arteriopathy
that is probably related to the underlying pathogenesis of ICH itself. Contrary to
previous studies, however, we were unable to show an association between BP
reduction within the first 24 hours of ICH and DWI lesions. As mentioned
previously, the discrepancy between our findings and previous studies may be in part

due to the inclusion of several time points within the first 24 hours after ICH.
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We further explored whether DWI lesions were associated with an underlying
hypoperfusion in the second substudy of this thesis. Although the study is limited by
its small sample size, we did not find any direct evidence of hypoperfusion in the
perilesional area or more globally in the vascular borderzone regions. Although there
was some data suggestive of lower internal borderzone CBF in patients with DWI
lesions, this is of unclear significance and requires replication in larger prospective

studies.

Strengths and Limitations

The work represented by this thesis has a number of strengths and limitations.
The strengths of these studies include a novel analysis of the association between
DWI lesion formation and BP reduction within the first 24 hours of acute ICH, as
well as the first exploratory analysis of the relationship between DWI lesions and
perilesional or regional hypoperfusion on PWI-MRI.

These studies, however, are limited to the retrospective design of the first
substudy and a small sample size in the second substudy. Ideally, all consecutive ICH
patients would be prospectively enrolled and undergo MRI with PWI sequences in
the acute phase of ICH. Conducting MRI research in acute ICH patients, however,
was seemingly difficult on account of the medical instability in a large number of
ICH patients, often precluding them from undergoing MRI/PWI imaging for research
purposes. As a result, the studies represented here are inherently biased toward less

severe ICH patients.
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Future directions

Although the data represented here argue against a hemodynamic mechanism
with respect to DWI lesion formation in ICH, this issue can only be properly
addressed with a randomized clinical trial of different BP strategies and pre-specified
MR imaging. The ICH ADAPT II trial with a 48-hour MRI endpoint is currently
ongoing and will help to elucidate the role of BP reduction and DWI formation in the
acute phase of ICH.

Secondly, prospective perfusion imaging studies using arterial-spin labeling
(ASL) due to the use of an endogenous tracer (arterial blood water protons) could
help increase the likelihood of acquiring perfusion imaging in ICH patients
irrespective of kidney function. The use of ASL could also facilitate serial perfusion

imaging in these patients.

Closing Remarks

The work included in this thesis provides evidence to suggest that DWI lesion
formation is independent from BP reduction in ICH patients, but rather associated
with an underlying vasculopathy rather than hemodynamic compromise. Ultimately,
these findings may help support further clinical trials to determine the safety and

efficacy of aggressive BP reduction in the acute phase of ICH management.
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