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Abstract

Background: With the increasing use of magnetic resonance imaging in the assessment of acute intracerebral
hemorrhage, diffusion-weighted imaging hyperintense lesions have been recognized to occur at sites remote to the
hematoma in up to 40% of patients. We investigated whether blood pressure reduction was associated with diffusion-
weighted imaging hyperintense lesions in acute intracerebral hemorrhage and whether such lesions are associated
with worse clinical outcomes by analyzing imaging data from a randomized trial.

Methods: We performed exploratory subgroup analyses in an open-label randomized trial that investigated acute
blood pressure lowering in 1000 patients with intracerebral hemorrhage between May 2011 and September 2015.
Eligible participants were assigned to an intensive systolic blood pressure target of 110-139 mm Hg versus 140-

179 mm Hg with the use of intravenous nicardipine. Of these, 171 patients had requisite magnetic resonance imaging
sequences for inclusion in these subgroup analyses. The primary outcome was the presence of diffusion-weighted
imaging hyperintense lesions. Secondary outcomes included death or disability and serious adverse event at 90 days.

Results: Diffusion-weighted imaging hyperintense lesions were present in 25% of patients (mean age 62 years).
Hematoma volume > 30 cm? was an adjusted predictor (adjusted relative risk 2.41, 95% confidence interval 1.00-5.80)
of lesion presence. Lesions occurred in 25% of intensively treated patients and 24% of standard treatment patients
(relative risk 1.01, 95% confidence interval 0.71-1.43, p=0.97). Patients with diffusion-weighted imaging hyperintense
lesions had similar frequencies of death or disability at 90 days, compared with patients without lesions.

Conclusions: Randomized assignment to intensive acute blood pressure lowering did not result in a greater fre-
quency of diffusion-weighted imaging hyperintense lesion. Alternative mechanisms of diffusion-weighted imaging
hyperintense lesion formation other than hemodynamic fluctuations need to be explored.

Clinical trial registration ClinicalTrials.gov (Ref. NCT01176565; https://clinicaltrials.gov/ct2/show/NCT01176565).
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Introduction

With the increasing use of magnetic resonance imaging
(MRI) in the assessment of acute intracerebral hemor-
rhage (ICH), diffusion-weighted imaging hyperintense
lesions (DWIHL) have been recognized to occur at sites
remote to the hematoma in 11-41% of individuals [1—
12]. DWIHLs are believed to predominantly represent
acute and subacute ischemic lesions [13—15]. In view
of their association with rapid therapeutic reductions
in mean arterial pressure (MAP) [2, 6, 7], the triggering
event for DWIHLs has been hypothesized to be hypop-
erfusion in the setting of blood pressure dysregulation
in patients with ICH [11]. However, methodological
limitations imposed by the observational design of all
relevant studies to date hamper our current under-
standing of the pathogenesis of DWIHLs. For instance,
residual confounding from a common indirect link
between greater changes in MAP and DWIHLs (3, 4,
7] may account for the association, rather than a causal
treatment effect. Consistent with this view are results
reported by the Intracerebral Hemorrhage Acutely
Decreasing Arterial Pressure Trial (ICH ADAPT)
investigators, which did not show a clinically relevant
reduction in cerebral blood flow or blood volume in
patients with acute ICH who had rapid reduction of
systolic blood pressure (SBP) to <150 mm Hg in com-
parison with <180 mm Hg [9] nor an association with
blood pressure reduction and DWIHLs [10].

The Antihypertensive Treatment of Acute Cerebral
Hemorrhage II (ATACH-2) clinical trial offers a unique
opportunity to examine whether randomized allocation
to acute intensive blood pressure lowering contributes
to DWIHLs on MRI. We tested the hypothesis that the
frequency of DWIHLs is not higher in the intensive
blood pressure lowering group compared with standard
care. We also aimed to examine whether DWIHLs pre-
dict worse outcomes in patients with ICH and whether
the presence of DWIHLs modifies the effect of inten-
sive blood pressure lowering.

Methods

Study Design

The rationale, design, and main results of the ATACH-2
randomized controlled trial have been reported else-
where [16, 17]. The CTA spot sign score in acute
cerebral hemorrhage (SCORE-IT) is a prospective
observational study nested within the ATACH-2 trial,
with exploratory analysis of DWIHLs in trial partici-
pants who underwent clinical brain MRI during their
initial hospitalization [18].

Standard Protocol Approvals, Registrations, and Patient
Consents

The ATACH-2 protocol and consent forms were
approved by the institutional review board or equiva-
lent ethics committee at each participating site, and all
participants or their legally authorized representative
provided written informed consent.

Study Participants

In brief, ATACH-2 was an international randomized
open-label clinical trial investigating the optimal acute
blood pressure target in patients with ICH. The trial was
stopped for futility once 1000 of the target 1280 partici-
pants were enrolled. Eligible participants were patients
aged > 18 years with ICH volumes <60 cc on computed
tomography and a Glasgow Coma Scale score of 5 or
more on initial assessment in whom the study drug could
be initiated within 4.5 h of symptom onset. At least one
reading of SBP of 180 mm Hg or more from symptom
onset was required for eligibility.

ATACH-2 participants were eligible for the current
analysis if they had a clinical brain MRI within 24 h and
10 days following randomization, with interpretable axial
diffusion-weighted imaging (DWI) and apparent diffu-
sion coefficient sequences.

Intervention

Eligible participants were randomly assigned (1:1) to a
SBP target of 110-139 mm Hg (intensive treatment) or a
target of 140-179 mm Hg (standard treatment) with the
use of intravenous nicardipine. The infusion was started
within 4.5 h of symptom onset.

Data Collection

Demographic information and vascular risk factors were
prospectively recorded at the time of study enrollment as
described in the ATACH-2 trial protocol [16, 17]. AMAP
was calculated by subtracting the minimum MAP prior
to MRI from the maximum MAP prerandomization.
ASBP was calculated through the same equation by using
the corresponding SBP values.

Imaging Acquisition and Analysis
Computed tomography and MRI images were reviewed
centrally by the ATACH-2 and SCORE-IT teams. ICH
topography, volume, and associated intraventricular
hemorrhage were rated on computed tomography scans
Obtained at entry. Intrahematomal contrast extravasa-
tion (spot sign) was rated on computed tomography
angiography as previously described [18].

In addition to DWIHLs, MRI markers of interest
included cerebral microbleeds, rated on gradient echo
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sequences or susceptibility weighted imaging according
to standardized criteria [19, 20], and white matter hyper-
intensities (WMH), which were evaluated visually on
fluid attenuated inversion recovery (FLAIR) images using
the Fazekas scale [21].

DWIHLSs were defined as remote areas outside of the
perihematomal border that were hyperintense on DWI
with either corresponding hypointensity or isointensity
on apparent diffusion coefficient maps.

All MRI images were independently rated by one pri-
mary rater (AS) as well as one secondary rater (JOF, FS,
AM). The primary rater (AS) has previously demon-
strated excellent interrater (AS and JOF; n=40) agree-
ment for the presence (K =0.82, p<0.001) and number
(intraclass correlation coefficient=0.85, p<0.001) of
DWIHLs [22]. The raters were blinded to baseline fea-
tures, randomization, and outcomes. Any disagreement
between the primary and secondary raters were reviewed
and resolved according to consensus.

Outcomes

Adjudication of all outcomes was blinded to interven-
tion. The primary outcome was the presence of DWIHLSs
on MRI performed with 24 h and 10 days of randomiza-
tion. Secondary outcomes of interest were (1) death or
disability (defined as a modified Rankin scale of 4-6) at
90 days, (2) hematoma volume expansion of 33% or more
on a computed tomography scan obtained 24 h after ran-
domization (as compared with the entry scan), (3) neu-
rological deterioration within 24 h (defined as a decrease
from baseline of 2 or more points in the Glasgow Coma
Scale score or an increase of 4 or more points in the score
on the National Institutes of Health Stroke Scale) that
was not related to sedation or hypnotic-agent use and
was sustained for at least 8 h within the 24 h after ran-
domization, (4) serious adverse events occurring within
90 days after randomization and that were considered
by the site investigator to be related to treatment, and
(5) quality of life as assessed by the European Quality of
Life-5 Dimensions (EQ-5D) questionnaire. The 3-month
EQ-5D utility index (on which scores range from —0.109
[least favorable health state] to 1 [most favorable health
state], with 0 imputed for death) was derived by applying
Shaw’s weight to the response patterns of the five ques-
tions regarding mobility, self-care, usual activities, pain
and discomfort, and anxiety and depression. The EQ-5D
visual-analog scale score was obtained by requesting that
patients indicate their perception of their own health
state on a scale of 0 (worst) to 100 (best), with a score of 0
assigned to those who died [17].

Statistical Analysis

Patient demographic and clinical characteristics were
compared between groups in cross-sectional analyses
using a y* or Fisher’s exact test for categorical variables
and Student’s f-test or Kruskal-Wallis test for con-
tinuous variables. Independent predictors of DWIHLs
were assessed with a multivariable logistic regression
model. Multivariable analyses adjusting for age, base-
line Glasgow Coma Scale score, and presence of intra-
ventricular hemorrhage at baseline were used to assess
the association between DWIHL and (1) death and dis-
ability, (2) hematoma volume expansion, and (3) seri-
ous adverse events (SAEs). Analyses adjusting for age,
baseline Glasgow Coma Scale score, presence/absence
of intraventricular hemorrhage at baseline, total Fazekas
Score (WMH) and time from onset to baseline computed
tomography were used for the outcome of hematoma
volume expansion and analyses adjusting for age, base-
line Glasgow Coma Scale score, intraventricular hemor-
rhage at baseline, and diabetes mellitus were used for the
outcome of neurological deterioration within 24 h. These
covariables were selected a priori based on the known
predictors of these outcomes. Treatment interaction
between randomized intervention and DWIHL for the
outcome of death or disability at 90 days was assessed,
with analyses following the intention-to-treat paradigm.
All tests were two-sided, and statistical significance was
accepted at the 0.05 level. Analyses were performed with
the statistical software SAS 9.4.

Data Availability Statement
Individual deidentified ATACH-2 participant data are
available through the National Institute of Neurologi-
cal Disorders and Stroke (NINDS) Archived Clinical
Research Dataset Web site.

Results

Diffusion-weighted images were available in 171 of 1,000
(17.1%) randomized ATACH-2 participants between
May 2011 and September 2015. Of those excluded, 16
(1.9%) participants were enrolled at centers where the
internal review board did not approve central review of
MRIs, 763 (92.0%) participants did not undergo MRI,
42 (5.1%) did not have axial DWI/apparent diffusion
coefficient sequences available, 7 participants had their
MRI >10 days post randomization (0.8%), and 2 (0.2%)
were excluded as the MRI suggested that the sympto-
matic hemorrhage was hemorrhagic transformation of
an ischemic infarct, rather than primary ICH. Patients
included in this cohort were less likely to be Asian Amer-
ican and more likely to be White, Black, and hyperlipi-
demic. In addition, they had less baseline neurological
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Table 1 Comparison of baseline characteristics and neuroimaging findings for patients included in DWIHL analyses
and the remainder of ATACH-2 participants

DWIHL Analysis Excluded
(n=171) (n=2829)

Male sex, n (%) 107 (62.6) 513(61.9) 0.87
Age, mean (SD) (year) 61.8(13.1) 62.0(13.1) 0.87
White 62 (36.3) 225 (27.1)

Black 33(19.3) 98(11.8)

Asian American 72 (42.1) 490 (59.1)

Other 4(23) 16 (1.9)

Total white blood cell count, median (IQR) 72(58,9.1) 76(6.1,9.7) 0.05
Platelet count, mean (SD) 213.5(55.2) 223.0 (64.2) 0.05
Hemoglobin, mean (SD) 14.2 (1.7) 14.3(1.8) 0.82
Hematocrit, mean (SD) 42.1(4.8) 419 (4.8 0.56
Serum glucose, median (IQR) 122 (106, 153) 122 (106, 150) 0.96
Serum creatinine, median (IQR) 0.7 (0.6, 1.2) 0.8(0.7,1.1) 0.01

3-11 16 (9.4) 131(15.8)
12-14 49 (28.7) 245 (29.6)
15 106 (62.0) 453 (54.6)

Intensive blood pressure target, n (%) 85 (49.7) 415 (50.1) 0.93

ATACH-2 Antihypertensive Treatment of Acute Cerebral Hemorrhage II, CABG coronary artery bypass grafting, DBP diastolic blood pressure, DWIHL diffusion-weighted
imaging hyperintense lesions, GCS Glasgow Coma Scale, ICH intracerebral hemorrhage, IQR interquartile range, MAP mean arterial pressure, Ml myocardial infarction,
NIHSS National Institutes of Health Stroke Scale, PTCA percutaneous transluminal coronary angioplasty, SBP systolic blood pressure, SD standard deviation, TIA
transient ischemic attack

deficit compared with excluded ATACH-2 participants A past medical history of hypertension (n=131, 78.0%),
(Table 1). smoking (n=70, 44.9%) and hyperlipidemia (n=55,

Included participants had a mean age (standard devia-  33.5%) were common. MRI were performed within
tion [SD]) of 61.8 (13.1) years and 102 (62.6%) were men. 24 h to 10 days following randomization at a median
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Table 2 Baseline characteristics by DWIHL status

No DWIHLs DWIHL(s)
(n=129) (n=42)

Male sex, n (%) 80 (62.0) 27 (64.3) 0.79

Age, mean (SD) (year) 62.7 (13.6) 59.0 (11.5) 0.11
Racen() 000

White 47 (36.4) 15(35.7)

Black 18 (14.0) 15 (35.7)

Asian American 62 (48.1) 10 (23.8)

Other 2(1.6) 2(4.8)

Total white blood cell count, mean (SD) 75(2.4) 8.1 (3.0) 017
WBC>11 12(93) 7(16.7) 0.26
Platelet count, mean (SD) 209.9 (55.8) 2249 (52.3) 013
Hemoglobin, mean (SD) 143 (1.7) 14.1 (1.8) 0.50
Hematocrit, mean (SD) 42.2(4.8) 419 (4.7) 0.77
Serum glucose, mean (SD) 137.3(65.2) 148.2 (58.6) 034
Serum creatinine, median (IQR) 09(0.7,1.1) 1.0(0.8,1.3) 0.03
GFR, mean (SD) 83.6(33.0) 74.2 (34.9) 0.11
GFR< 60, n (%) 28 (21.7) 15(35.7) 0.07
Newologicalscales

Baseline GCS, n (%) 0.53
3-11 11(8.5) 5(11.9)

12-14 35(27.1) 14 (333)

15 83 (64.0) 23 (54.8)

Baseline NIHSS, median (IQR) 8(5,14) 12.5(7,15) 0.06

Intensive blood pressure target, n (%) 64 (49.6) 21 (50.0) 0.97
AMAP?, median (IQR) 21.0(73,34.7) 32.7(19.0,50.7) 0.0008
ASBPP, median (IQR) 33.0(12.0,51.0) 40.5 (29.0, 66.0) 0.003

CABG coronary artery bypass grafting, DBP diastolic blood pressure, DWIHL diffusion-weighted imaging hyperintense lesions, GCS Glasgow Coma Scale, GFR
glomerular filtration rate, QR interquartile range, MAP mean arterial pressure, Ml myocardial infarction, NIHSS National Institutes of Health Stroke Scale, PTCA
percutaneous transluminal coronary angioplasty, SBP systolic blood pressure, SD standard deviation, TIA transient ischemic attack, WBC white blood cell

2 Calculated by subtracting the minimum MAP prior to MRI from the maximum MAP prior to randomization
b Calculated by subtracting the minimum SBP prior to MRI from the maximum SBP prior to randomization
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(interquartile range [IQR]) of 1.5 (0.4—4.6) days after
randomization.

Twenty-five percent (n=42) of the 171 patients had at
least one DWIHL (Table 2). Patients with DWIHLSs were
more likely to be Black, have a prior history of stroke/
transient ischemic attack, congestive heart failure, and
diabetes mellitus, and tended to have greater renal insuf-
ficiency (Table 2). Minimum MAP prior to MRI was
lower in patients with DWIHLs (112.24+19.3 mm Hg)
than those without.

(119.7 SD+19.7 mm Hg, p=0.03) and there existed
a numerical trend for greater maximum MAP prior to
randomization (148.8+19.7 vs. 142.8+17.7 mm Hg,
p=0.07) in this subgroup, which resulted in greater
median AMAP in patients with DWIHL(s) than in those
without (32.7 [IQR 19-50.7] vs. 21 [IQR 7.3-34.7] mm
Hg, p<0.001). ASBP was also greater in patients with
DWIHL(s) (40.5 [29.0, 66.0] vs. 33 [12.0, 51.0] mm Hg,
p=0.003).

Neuroimaging findings are summarized in Table 3. The
median number of DWIHL lesions in each patient was
1 (IQR 1-3). DWHILs were found strictly ipsilateral to
the primary hematoma in 38.1% of cases, strictly con-
tralateral in 31%, and were bilateral in 31%. They were

Table 3 Neuroimaging findings by DWIHL status

CT findings
ICH location, n/total, n (%)
Lobar
Basal ganglia
Thalamus
Intraventricular hemorrhage, n/total, n (%)
ICH>30 cm?, n/total, n (%)
CTA spot sign, n/total, n (%)
MRI findings
CMB present, n/total, n (%)
CMB counts, median (IQR)?
Total Fazekas WMH score, median (IQR)P
DWIHLs count per participant, median (IQR)
Proportion of participants with DWIHLs ipsilateral to ICH, n (%)
Proportion of participants with with DWIHLs contralateral to ICH, n (%)

Proportion of participants with DWIHLs both ipsilateral and contralateral to ICH,

n (%)
Proportion of participants with lobar DWIHLSs, n (%)
Proportion of participants with deep DWIHLs, n (%)
Proportion of participants with both lobar and deep DWIHLSs, n (%)

Table 4 Adjusted predictors of DWIHLs

Covariable Relative risk 95% Cl p value
Asian race 0.68 0.29-1.61 039
Black race 1.69 0.76-3.74 0.20
Prior stroke/transient ischemic 1.98 0.98-4.03 0.06
attack
Congestive heart failure 1.28 042-391 0.69
Diabetes mellitus 1.15 0.56-2.37 0.71
Creatinine (per mg/dL) 1.10 0.93-1.31 0.27
AMAP (per mm Hg) 1.01 0.99-1.03 0.16
Intracerebral hemorrhage vol- 241 1.00-5.80 0.05*
ume>30 mL

Cl confidence interval, DWIHL diffusion-weighted imaging hyperintense lesions,
MAP mean arterial pressure

" p=0.049

distributed in lobar, deep, and mixed lobar/deep regions
in 47.6%, 16.7%, and 21.4% of cases, respectively. Hema-
toma volumes > 30 cm?® were more frequent in the groups
of patients with DWIHL (17.1% vs. 4.7%, p=0.02).
There were no differences in ICH topography, pres-
ence of intraventricular hemorrhage, computed tomog-
raphy angiography spot sign, or other MRI markers of

No DWIHL DWIHL(s) (n=42) p value
(n=129)
0.56

29/128 (22.7) 12/41 (29.3)
58/128 (45.3) 19/41 (46.3)
41/128 (32.0) 10/41 (24.4)
26/127 (20.5) 8/42 (19.5) 0.89
6/127 (4.7) 7/41 (17.1) 0.02
10/25 (40.0) 7/17 (41.2) 0.94
78/109 (71.6) 22/32 (68.8) 0.76
1(0,5) 3(0,11) 0.28
4(3,5) 5(3,5) 040
- 1(1,3) =
- 16 (38.1) -
- 13(31.0) -

13(31.0) -
- 20 (47.6) -
- 7(16.7) -
- 9(21.4) -

CMB cerebral microbleeds, CT computed tomography, CTA computed tomography angiography, DWIHL diffusion-weighted imaging hyperintense lesions, ICH
intracerebral hemorrhage, IQR interquartile range, MRI magnetic resonance imaging, SD standard deviation, WMH white matter hyperintensity

@ Data were missing for 20 patients in the DWIHL negative group and for 10 patients in the DWIHL positive group

b Data were missing for five patients in the DWIHL negative group
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small vessel disease between patients with and without
DWIHLs (Table 3).

Multivariable analysis indicated only ICH volume > 30
cm?® remained independently associated with DWIHLs
(Table 4). The relationship with AMAP in univari-
able analysis was not significant after adjusted analyses
(Table 4). Similarly, when substituting ASBP for AMAP
(due to collinearity) into this multivariable analysis the
association with ASBP was no longer significant (adjusted
relative risk [aRR] 1.01, 95% confidence interval [CI] 0.99,
1.02; p=0.35). Further exploratory analysis assessing for
potential interaction with MRI markers of cerebral small
vessel disease (CSVD), demonstrated the absence of an
interaction between AMAP and microbleed presence
(p=0.93) or with moderate to severe WMH (total Faze-
kas scale 3—6; p =0.48) for the outcome of DWIHL.

Association with Randomized Intervention and Achieved
Blood Pressures

The proportion of patients with DWIHLs did not differ
among those allocated to intensive blood pressure treat-
ment and those allocated to standard treatment (25%
[21 of 85] vs. 24% [21 of 86]; RR 1.01, 95% CI 0.71-1.43,
p=0.97). An area under the curve analysis comparing
mean hourly minimum systolic blood pressures during
the first 24 h following randomization between patients
with DWIHLs and those without indicated achieved
minimum systolic blood pressures were similar in both
groups (Fig. 1; p=0.27).

Secondary Outcomes and Treatment Interactions

During a mean=+SD follow-up of 92.1+8.5 days, 45
(28.5%) of 158 patients died or were left disabled (Modi-
fied Rankin Scale score >4); 31 (25.2%) of 123 patients
without DWIHLs and 14 (40.0%) of 35 patients with
DWIHLs (Table 5). Participants with DWIHLs were
not at significantly increased risk of death or disability
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Fig. 1 Achieved systolic blood pressures within 24 h according to DWIHL status. DWIHL, diffusion-weighted imaging hyperintense lesions
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Table 5 Primary and secondary outcomes

No DWIHL
(n=129)

DWIHL(s)
(n=42)

Unadjusted relative risk or
beta estimate (95% Cl)

Adjusted relative risk
or beta estimate (95%

(@)]

Primary outcome

Death or disability, n/total n (%) 31/123(25.2) 14/35 (40.0) 1.59(0.84,2.98) 1.59 (0.84,3.02)°
Secondary outcomes

Hematoma expansion at 24 h, n/total, n (%) 22/111(19.8) 8/35(22.9) 1.15(0.51,2.59) 1.15 (0.50, 2.65)°

Neurological deterioration within 24 h, n (%) 9 (7.0) 4(9.5) 137 (042, 4.43) 1.15(0.35, 3.83)¢

EQ-5D utility index score, median (IQR)®
EQ-5D visual analog score, median (IQR)f
Any SAE within 3 months, n (%)

0.77 (0.57,0.84)
69.0 (50.0, 80.0)
25(194)

0.69 (0.44,0.78)
60.0 (50.0, 73.5)
16 (38.1)

—0.11(=0.20,—0.01)
—5.93 (—15.76,3.90)
1.97 (1.05, 3.68)

—0.09(—0.18,—0.01)¢
—6.94 (—16.81,2.93)9
1.92(1.01,3.65)°

Cl confidence interval, DWIHL diffusion-weighted imaging hyperintense lesions, EQ-5D European Quality of Life-5 Dimensions, GCS Glasgow Coma Scale, IQR
interquartile range, NCCT non-contrast computed tomography, SAE serious adverse events, TIA transient ischemic attack, WMH white matter hyperintensities

@ Multivariable analysis adjusting for age, baseline GCS score, presence, or absence of intraventricular hemorrhage at baseline

b Multivariable analysis adjusting for age, baseline GCS score, presence, or absence of intraventricular hemorrhage at baseline, total Fazekas Score (WMH) and time
from onset to baseline NCCT

¢ Multivariable analysis adjusting for age, baseline GCS score, presence, or absence of intraventricular hemorrhage at baseline and diabetes mellitus

4 Data were missing for six patients in the DWIHL negative group and for eight patients in the DWIHL positive group

€ Multivariable analysis adjusting for age, baseline GCS score, presence, or absence of intraventricular hemorrhage at baseline and prior stroke/TIA

f Data were missing for 37 patients in the DWIHL negative group and for 18 patients in the DWIHL positive group

9 Multivariable analysis adjusting for age, baseline GCS score, presence, or absence of intraventricular hemorrhage at baseline and race (Black, Asian America, White/

other)

(aRR 1.59; 95% CI 0.84-3.02). Hematoma expansion
was observed in 30 (20.5%) of 146 patients, 22 (19.8%)
of 111 patients without DWIHLs and 8 (22.9%) of 35
patients with DWIHLs. Multivariable analysis indicated
that patients with DWIHLs were not at increased risk of
hematoma expansion (aRR 1.22; 95% CI 0.53-2.76). Neu-
rological deterioration within 24 h occurred in a similar
proportion of both groups; 9 of 129 (7.0%) patients with-
out DWIHLSs and 4 of 42 (9.5%) with DWIHLSs (aRR 1.15;
95% CI 0.35-3.83). Any serious adverse event at 90 days
occurred in 41 patients and at an approximately twofold

greater rate in patients with DWIHLs, compared with
those without; 25 (19.4%) of patients without DWIHLSs
and 16 (38.1%) of patients with DWIHLs (aRR 1.92;
95% CI 1.01-3.65). The increased risk of serious adverse
events did not seem isolated to neurological events (sup-
plementary Table 1). The median EQ-5D utility index and
visual-analog scale scores were not lower at 3 months in
patients with DWIHLs (Table 5).

The risk of poor outcome (Modified Rankin Scale score
4—6) was similar for those assigned to intensive versus
standard acute blood pressure lowering among patients

P value for
Subgroup No. of Patients Relative risk (95% Cl) Interaction
DWIHL* Negative 139 L 1.18[0.56,2.48] 0.98
Positive 35 '—*—' 1.13[039,329]
DWIHL 3 or more 1" 0.38[0.05,266] 0.46
1or2 24 . 167[048,576]
None 139 1.23[061,250]

| T T T
006 012 025 0.50

i T T 1
1.00 200 4.00 800

Intensive treatment
better

diffusion-weighted imaging hyperintense lesions

Standard treatment
better

Fig. 2 Treatment interaction between treatment assignment and DWIHL status for outcome of death and disability at 90 days. *Multivariable analy-
sis adjusting for age, baseline Glasgow Coma Scale score and presence of intraventricular hemorrhage at baseline. Cl, confidence interval, DWIHL,
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with DWIHLs (aRR 1.13; 95% CI 0.39-3.29) and those
without DWIHLs (aRR 1.18; 95% CI 0.56-2.48; p value
for interaction =0.98). There was no effect modification
observed with number of DWIHLSs (Fig. 2).

Discussion

Overall, we found that DWIHLs are prevalent on MRIs
obtained within 24 h to 10 days following ICH in patients
with ICH of mild to moderate severity who present with
an acute high blood pressure. DWIHLs were associated
with larger ICH volumes and greater rates of serious
adverse events, but not disability, at 3 months. We found
no evidence that random assignment to intensive blood
pressure lowering, or actual achieved SBP, was associated
with DWIHLs.

In contrast to suggestions from observational studies,
our findings assessing randomized acute intensive blood
pressure lowering suggest alternative contributory mech-
anisms over hemodynamic fluctuations as the causative
trigger for DWIHLs. Although our analysis lacks the
power to confidently exclude such an effect, there were
no suggestive numerical trends identified. Moreover,
our findings are consistent with a recent individual pat-
ent data meta-analysis that similarly noted an associa-
tion between DWIHLs and baseline hematoma volume,
but not with degree of blood pressure reduction [23]. It is
uncertain whether the consistently reported association
between DWIHLs and hematoma volume is a direct or
indirect one. The observation that DWIHLs often occur
rather remotely from the inciting hematoma or perihe-
matomal region (such as in the contralateral hemisphere,
or infratentorial DWIHLSs in supratentorial ICH, in the
absence of subfalcine or transtentorial/uncal herniation)
would suggest an indirect association. The observation
that DWIHLs continue to occur outside of the acute
post-ICH period suggest that they are a manifestation
of active underlying cerebral small vessel disease [5, 7].
One possible mechanism is that in acute ICH, the rapid
release of cytokines and activation of the clotting cascade
generate an inflammatory/prothrombotic milieu that
promotes microthrombosis at regions of vulnerable cere-
bral vessels afflicted by small vessel disease. Associations
between DWIHLs and larger hematoma volume, intra-
ventricular extension, stress-induced hyperglycemia, and
surgical evacuation, all of which may exacerbate these
cascades, could be consistent with this hypothesis [2, 7,
24]. In our study larger hematoma volume was the sole
independent predictor of DWIHLs on MRI. It should be
noted that the remote punctate DWIHLSs reported here
are different from the rim of perihematomal DWI hyper-
intensity (with associated decreased apparent diffusion
coefficient) that has also been reported in acute/suba-
cute ICH. The latter has been associated with larger ICH

volume, but not MRI markers of CSVD and is believed
to represent cytotoxic edema [10]. It is however uncer-
tain whether this cytotoxic edema results from ischemia
or alternate mechanisms, such as hematoma-induced
mechanical and inflammatory injury to surrounding neu-
rons, as positron emission tomography studies have sug-
gested that the reduced blood flow in the perihematomal
region is driven by hypometabolism within this brain tis-
sue rather than being ischemic in nature [25].

In contrast to results from the Ethnic/Racial Variations
of Intracerebral Hemorrhage (ERICH) study [11], we did
not find an adjusted relationship between DWIHLs and
worse outcomes in patients with ICH, although serious
adverse events were more common. In view of the lack
of association with neurological deterioration at 24 h, the
presence of DWIHLs likely marks a more vulnerable dis-
ease population at risk for serious adverse events, rather
than any direct causal relationship. The association could
have also been merely a chance finding due to multiple
testing.

Our results were limited by the fact that only 171 of
1,000 ATACH-2 trial participants had the requisite MRI
sequences for our analyses and by the trial’s eligibility
criteria, which limit the generalizability of our findings
to all ICH. MRI studies in patients with stroke are prone
to selection bias, and this is likely also true in an acute
ICH population. Indeed, included participants were less
likely to be Asian, were more hyperlipidemic and had less
neurological deficit at baseline compared with excluded
participants. Similar selection bias—particularly in rela-
tion to neurological status—likely applies to previous
ICH MRI studies on DWIHLs. Trial eligibility man-
dated an acute blood pressure >179 mm Hg, which likely
selected against patients with cerebral amyloid angi-
opathy who typically present with lower blood pressures
[26]. Fittingly, our mean age 62 years (although similar
to excluded participants in ATACH-2) is younger than
most ICH cohorts. In ATACH-2, mean achieved systolic
blood pressures within the first 2 h were 141 mm Hg in
the control arm and 129 mm Hg in the intensive treat-
ment arm, which limits our ability to compare the con-
tribution of intensive blood pressure lowering (< 140 mm
Hg) to DWIHLSs relative to higher mean SBPs within the
guideline treatment (140-180 mm Hg) range. The lack
of variability of MRI markers of small vessel disease (i.e.,
>70% with cerebral microbleeds) and rating of WMH
using the visual Fazekas scale, rather than volumetric
measurements, may have limited our ability to detect an
association between DWIHLs and other MRI markers.
Heterogeneity in sequence acquisition parameters and
MRI field strengths across participating centers could
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have led to heterogeneous detection DWIHL detection
rates and influenced our findings. Lastly, our study may
not have been adequately powered to detect an associa-
tion between DWIHLSs and functional outcomes.

Conclusions

Randomized allocation to intensive acute blood pressure
lowering did not result in greater DWIHL frequency.
Accordingly, alternative mechanisms of DWIHL forma-
tion other than hemodynamic fluctuations need to be
explored.
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