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Abstract

Background and Purpose—It is unknown whether blood pressure (BP) reduction influences 

secondary brain injury in spontaneous intracerebral hemorrhage (ICH). We tested the hypothesis 

that intensive BP reduction is associated with decreased perihematomal edema expansion rate 

(PHER) in deep ICH.

Methods—We performed an exploratory analysis of the Antihypertensive Treatment of Acute 

Cerebral Hemorrhage-2 (ATACH-2) randomized trial. Patients with deep, supratentorial ICH were 

included. PHER is calculated as the difference in perihematomal edema volume between baseline 

and 24-hour CT divided by hours between scans. We used regression analyses to determine 

whether intensive BP reduction was associated with PHER and if PHER was associated with poor 
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outcome (3-month modified Rankin Scale [mRS] score 4–6). We then used interaction analyses to 

test whether specific deep location (basal ganglia vs thalamus) modified these associations.

Results—Among 1000 patients enrolled in ATACH-2, 870 (87%) had supratentorial, deep ICH. 

Of these, 780 (90%) had neuroimaging data (336 thalamic and 444 basal ganglia hemorrhages). 

Baseline characteristics of the treatment groups remained balanced (p>0.2). Intensive BP reduction 

was associated with a decrease in PHER in univariable (β −0.15; 95% CI −0.26 to −0.05; 

p=0.007) and multivariable (β −0.12; 95% CI −0.21 to −0.02; p=0.03) analyses. PHER was not 

independently associated with outcome in all deep ICH (OR 1.14; 95% CI 0.93–1.41; p=0.20), but 

this association was modified by specific deep location (multivariable interaction p=0.02); in 

adjusted analyses, PHER was associated with poor outcome in basal ganglia (OR 1.42; 1.05–1.97; 

p=0.03) but not thalamic (OR 1.02; 95%CI 0.74–1.40; p=0.89) ICH.

Conclusions—Intensive BP reduction was associated with decreased 24-hour PHER in deep 

ICH. PHER was not independently associated with outcome in all deep ICH, but was associated 

with poor outcome in basal ganglia ICH. PHER may be a clinically relevant endpoint for clinical 

trials in basal ganglia ICH.

INTRODUCTION

Spontaneous intracerebral hemorrhage (ICH) remains a devastating disease with limited 

treatment options, as candidate therapies targeting primary injury have failed to improve 

outcomes.1,2 As such, secondary brain injury resulting from the hematoma has been 

proposed as a potential therapeutic target.3 Perihematomal edema (PHE), which appears as a 

perihematomal hypodensity on head CT, is a well-established neuroimaging biomarker of 

secondary brain injury and has been used as an endpoint in clinical trials targeting edema 

formation.4,5 Recent studies have shown that PHE expansion rate (PHER) is an accurate 

biomarker of underlying pathophysiological changes related to secondary brain injury and 

has been associated with poor outcome.6,7

Prior studies have shown that the association between PHE expansion and functional 

outcome varies by location, with the strongest associations seen in deep, small hemorrhages.
8,9 However, it is unknown if interventions aimed at limiting primary injury, including 

intensive blood pressure (BP) reduction, are associated with decreased PHER in deep ICH 

and, furthermore, if specific deep location (thalamus versus basal ganglia) modifies these 

associations.

We performed an exploratory analysis of the Antihypertensive Treatment of Acute Cerebral 

Hemorrhage-2 (ATACH-2) trial, a large, multi-center study of intensive BP reduction with 

standardized neuroimaging timepoints, to determine if intensive BP reduction is associated 

with decreased PHER in deep ICH. Furthermore, we explored the association between 

PHER and outcome in this population and tested whether specific location (thalamus versus 

basal ganglia) modifies these associations. We hypothesize that intensive BP reduction 

decreases PHER in deep ICH and that clinical and anatomical differences between thalamic 

and basal ganglia ICH may contribute to differences in PHE formation and clinical outcome.
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METHODS

Data Availability

Anonymized data from the ATACH-2 trial are publicly available by request through the 

National Institute of Neurological Disorders and Stroke (NINDS) Archive of Clinical 

Research Datasets and can be accessed at https://www.ninds.nih.gov.

Study Design and Inclusion Criteria

We performed an exploratory analysis of the ATACH-2 trial, an international, randomized, 

multicenter, two-group, open-label trial.10 ATACH-2 randomized 1000 patients with primary 

ICH less than 60 mL and elevated systolic BP (SBP) (>180 mm Hg) presenting within 4.5 

hours of onset to intensive (target SBP 110–139 mm Hg within 2 hours) or standard (target 

SBP 140–179 mm Hg within 2 hours) treatment using intravenous nicardipine. Patients with 

INR > 1.5 at presentation or ICH due to secondary causes were excluded. In the present 

analysis, enrolled patients with supratentorial deep ICH and available neuroimaging data 

were included. The study protocol was approved by an ethics committee at each site, and 

written informed consent was obtained from each participant or his or her legal surrogate. 

The ATACH-2 study is registered with ClinicalTrials.gov (NCT01176565) and study data 

are publicly available.

Neuroimaging and PHE Ascertainment

Head CT scans obtained at baseline and 24 hours as per the ATACH-2 study protocol and 

were sent to a core imaging analysis center for location determination and volumetric 

analysis. Trained readers blinded to treatment assignment, clinical status, and scan time 

point classified ICH location based on the location of its major component, defined as 

greater than or equal to 50% of total hematoma from visual evaluation, and measured ICH 

and PHE volumes via computerized analysis (Image-Pro Express; Media Cybernetics, Silver 

Spring, Maryland).11 Regions of ICH and PHE, identified as a rim of hypodensity 

surrounding the hemorrhage, were marked on each slice. The number of pixels constituting 

the area of hemorrhage with and without edema was determined on each slice and summed 

to obtain volume. The PHE volume was calculated by subtracting the hematoma volume 

from the hematoma plus PHE volumes. PHER was calculated as the difference in PHE 

volume between baseline and 24-hour CT scan divided by hours between scans.

Outcomes

The primary outcome measure was PHER. Our secondary outcome was poor outcome at 90 

days, defined as a Modified Rankin Scale (mRS) of 4–6. The mRS was analyzed as a 

dichotomous variable as in the ATACH-2 trial.

Statistical Methods

Discrete variables are presented as counts (percentages [%]), and continuous variables are 

presented as means (standard deviation [SD]) or medians (interquartile range [IQR]). 

Unadjusted differences in baseline and imaging characteristics by location (thalamus versus 

basal ganglia) were evaluated using Fisher exact test (2‐tailed), Kruskal–Wallis, or unpaired 
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t-test. Normality of variables was assessed by visually inspecting histogram plots, with 

confirmation of non-normal distributions using the Shapiro-Wilk test. PHER and ICH 

volume were modeled as continuous variables and natural-log transformed to remove 

skewness. The volume of hematoma expansion was modeled as a continuous variable. We 

used linear regression to evaluate the association between intensive BP reduction and PHER 

and logistic regression to evaluate the association between PHER and functional outcome. 

We tested for effect modification by the specific deep location involved (thalamus versus 

basal ganglia) by adding product terms to our regression models. We then implemented the 

analyses above stratified by specific deep location. We performed three sensitivity analyses; 

first, we tested the association between intensive treatment and PHER including hematoma 

expansion > 33% as a dichotomous variable as used in the ATACH-2 trial; second, we tested 

the association between 24-hour SBP and PHER by treatment group; finally, we tested for 

effect modification by intraventricular hemorrhage (IVH) on the association between PHER 

and poor outcome in basal ganglia and thalamic ICH. Models were built using forward 

selection of covariates with p<0.1 in univariable analyses followed by backwards 

elimination of covariates with p>0.1. Universal confounders (age and sex) were included in 

all models. Colinear covariates with a variance inflation factor >5 were identified, and one 

covariate was removed. A two-sided p-value of 0.05 was set as the significance threshold, 

and 95% confidence intervals [CI] were reported for all odds ratios. R (version 3.5.1) was 

used for all analyses.

RESULTS

Among 1,000 patients enrolled in ATACH-2, 870 (87%) had ICH in supratentorial, deep 

locations. Of these, 780 (90%) had complete neuroimaging data and were included in this 

post-hoc analysis (Figure 1). Patients excluded due to missing neuroimaging data were more 

likely to be on antihypertensive medication prior to enrollment (57 [63%] versus 47 [47%], 

p=0.004), had larger baseline ICH volumes (median 11.5 mL [IQR 7–18 mL] versus 9.1 mL 

[5–17 mL], p=0.02), were more likely to have IVH extension (39 [43%] versus 216 [28%], 

p=0.003) and were more likely to have died (10 [12%] versus 41 [5%], p=0.03) 

(Supplemental Table 1). Among included patients, the ICH was located in the thalamus in 

336 (43%) patients and the basal ganglia in 444 (57%) patients. The mean (SD) age was 62 

(13) years, 489 (63%) were male, and 405 (52%) were randomized to intensive treatment. 

After stratification by deep location, baseline characteristics remained balanced between the 

intensive and standard treatment groups as in the original study (all p>0.2) (Table 1).

Intensive BP Reduction and PHE Expansion Rate

Median (IQR) PHE volumes at baseline and 24 hours were 1.9 mL (0.6–2.3 mL) and 3.0 mL 

(0.9–3.7 mL), respectively (Table 2). The median PHER was 0.02 mL/hr (IQR 0.00 – 0.07 

mL/hr). In patients with deep ICH, intensive BP reduction was associated with decreased 

PHER in univariable analysis (β −0.15; 95% CI −0.26 to −0.05; p=0.007). This association 

remained significant after adjustment for age, sex, time to baseline scan, baseline ICH 

volume, presence of IVH, and volume of hematoma expansion (β −0.12; 95% CI −0.21 to 

−0.02; p=0.03). Among those with basal ganglia ICH, intensive treatment was associated 

with decreased PHER in univariable (β −0.20; 95% CI −0.36 to −0.04; p=0.02) but not 
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multivariable analysis (β −0.12; 95% CI −0.27 to 0.02; p=0.09). In patients with thalamic 

ICH, intensive BP reduction was not associated with PHER in univariable or multivariable 

analysis (all p>0.2) (Table 3). In a sensitivity analysis with hematoma expansion > 33% 

modeled as a dichotomous variable, the association between intensive BP reduction and 

PHER in basal ganglia ICH did not reach significance in multivariable analysis (β −0.13; 

95% CI −0.29 to 0.02; p=0.07). In an analysis using 24-hour BP as the exposure, we found 

that 24-hour SBP was associated with increased PHER, and this association was modified by 

the treatment group (interaction p=0.02). In multivariable analysis, 24-hour SBP was 

associated with increased PHER in the intensive treatment group (β 0.01; 95% CI 0.00–

0.015; p=0.04) but not in the standard treatment group (β −0.002; 95% CI −0.007–0.002; 

p=0.20) (Supplemental Figure 1).

Association Between PHE Expansion Rate and Outcome

In patients with deep ICH, PHER was associated with poor outcome in univariable (OR 

1.43; 95% CI 1.24–1.67; p<0.001) but not multivariable analysis (OR 1.14; 95% CI 0.93–

1.41; p=0.20) (Table 4). However, this association was modified by the specific deep brain 

nuclei involved (multivariable interaction p=0.02); in the basal ganglia, PHER was greater in 

those with a poor outcome versus those with a good outcome (0.05 mL/hr [IQR 0.0–0.15 

mL/hr] versus 0.02 mL/hr [IQR −0.01–0.07 mL/hr]; unadjusted p<0.001), but in the 

thalamus, there was no difference in PHER between those with a poor versus good outcome 

(0.1 mL/hr [IQR 0.0–0.03 mL/hr ] versus 0.1 mL/hr [IQR −0.01–0.07 mL/hr]; unadjusted 

p=0.64). PHER remained associated with poor outcomes in the basal ganglia (OR 1.42; 95% 

CI 1.05–1.97; p=0.03) but not in the thalamus (OR 1.02; 0.74–1.40; p=0.89) after 

adjustment for age, sex, admission GCS, baseline ICH volume, presence of IVH, volume of 

hematoma expansion, and treatment group (Table 5). The association between PHER and 

outcome was not modified by IVH (interaction p>0.2).

DISCUSSION

In this exploratory analysis of the ATACH-2 trial, we tested the hypothesis that intensive BP 

reduction decreases PHER in spontaneous, deep ICH. We found that intensive BP reduction 

was associated with decreased 24-hour PHER in this population. While PHER was not 

independently associated with poor outcome in all deep ICH, this association was modified 

by the specific deep location of the hemorrhage: PHER was independently associated with 

poor functional outcome in basal ganglia, but not thalamic, ICH.

Our results provide evidence for an association between intensive BP reduction and 24-hour 

PHER in deep ICH. Although the mechanisms underlying the association between BP 

reduction and early PHE formation are unknown, our observations are consistent with the 

proposed pathophysiological basis of edema; early PHE formation is thought to result from 

clot retraction and cytotoxic edema caused by mass effect of the primary injury, whereas 

later stages of PHE may be driven by blood breakdown and downstream inflammatory 

pathways.4 Therefore, interventions aimed at limiting the extent of primary injury, through 

reduction in hematoma volume or hematoma expansion, may result in less early PHE 

formation and downstream secondary injury. This proposed mechanism is consistent with 
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the results of our sensitivity analysis, which showed attenuation of the relationship between 

intensive BP treatment and PHER in basal ganglia ICH with hematoma expansion modeled 

dichotomously. Furthermore, this proposed mechanism is consistent with reports of less 

PHE growth in the intensive treatment group in a pooled analysis of the Intensive Blood 

Pressure Reduction in Acute Cerebral Hemorrhage Trial (INTERACT) studies8 and reduced 

72-hour edema growth in the phase IIb trial of recombinant activated factor VII for limiting 

hematoma growth.12

Our results extend the findings of prior studies that demonstrated independent associations 

between PHE expansion and functional outcome. While early studies yielded conflicting 

results,13–15 more recent studies have shown independent associations between various 

measures of PHE16 and functional outcome in single-center6,17,18 and multi-center 

observational studies.7–9 A recent study of PHE in the VISTA-ICH collaboration reported 

that the association between 72-hour PHE growth and outcome is dependent on both 

location and volume, with the strongest associations seen in deep locations and small-to-

moderate sized hemorrhages.9 Our results further clarify the clinical significance of PHE 

and add that the association between PHE expansion and outcome is not uniform among 

ICH in deep locations. We identified an important subset of ICH patients - those with basal 

ganglia ICH - in which 24-hour PHER is independently associated with outcomes after 

adjustment for age, sex, GCS, admission hematoma volume, the volume of hematoma 

expansion, and IVH. These findings could reflect unknown differences in underlying 

biology or could be the result of differential effects of hematoma volume, IVH, and other 

neuroanatomical factors in the deep brain nuclei. In this regard, higher rates of IVH in 

thalamic locations could impact our ability to detect the impact of PHE on outcomes, even in 

multivariable analysis. However, we did not find effect modification by IVH on the 

association between PHER and outcome in secondary analyses.

Our location-specific findings may have important implications for future trials targeting 

secondary injury in ICH. While deep ICH has been grouped as a single phenotype in prior 

and ongoing studies of secondary injury,5,19 our results provide evidence of clinically 

significant differences in PHER and functional outcome in the thalamus and basal ganglia. 

The population with basal ganglia ICH, which may be less affected by factors such as IVH, 

is ideal for proof-of-concept studies to demonstrate the intended effects of candidate 

therapies on PHE formation. Such a personalized therapeutic approach has shown success in 

several recent ischemic stroke trials20–22 and seems to be the logical next step in ICH 

research, where many negative trials have enrolled patients without regard to the underlying 

biology of ICH.

Strengths of this study include the standardized follow-up imaging and PHE measurements 

in a large, multi-site trial, as most studies of PHE have been limited by observational cohorts 

with variable time to follow-up. However, there are several limitations in our study that arise 

from the use of the ATACH-2 trial data. First, as with all post-hoc subgroup analyses, our 

findings may be due to chance, although our analysis was prespecified and informed by an a 
priori biological rationale and the baseline characteristics between treatment groups 

remained well-balanced as in the original study. Second, we are limited by the use of a trial 

population with mild to moderate ICH severity and small hematomas (<60 mL), and thus, 

Leasure et al. Page 6

Stroke. Author manuscript; available in PMC 2020 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



our findings may not be generalizable. Patients excluded due to missing follow-up 

neuroimaging data also had larger hemorrhages at baseline, so it is possible that severe cases 

more likely to die before the 24-hour CT scan were excluded. Our results will require 

validation in a cohort of patients with larger hematomas. However, our population is relevant 

for proof-of-concept studies targeting secondary injury and PHE formation. Third, with 

stratification by specific deep location, there is limited power to detect differences between 

groups, which may contribute to the lack of association between PHER and outcome in 

thalamic ICH. Fourth, we are limited by the lack of data on ICH involving multiple 

locations. It is possible that larger hemorrhages may involve both the thalamus and the basal 

ganglia. However, ATACH-2 enrolled patients with smaller hemorrhages, so 

misclassification of location, if present, is likely random and non-differential and would 

introduce bias towards the null. We are also limited by lack of data on other modifiable 

factors that may influence PHER, such as temperature, osmotherapy, antiplatelet agents, and 

statins. Fifth, there is no follow-up imaging at other time points with which to study later 

edema formation. Prior studies have evaluated PHER at 72 hours to account for the 

continued growth of edema during the days following the primary injury.15 However, PHER 

has been shown to be the fastest in the first few hours after ICH,23,24 so 24 hours may be an 

optimal window in which to study PHER. Further studies of PHER at later time points with 

standardized scan follow-up times are needed to determine the clinical significance of 

continued edema growth. Finally, this study does not address balancing the risks of intensive 

BP reduction with the potential benefits of decreased PHER.25

In conclusion, we demonstrate that intensive BP reduction is associated with decreased 

PHER in ATACH-2 patients with deep ICH. While PHER was not associated with outcome 

in all deep ICH, we found that PHER is independently associated with functional outcome in 

basal ganglia ICH. These results suggest that PHER may be a clinically relevant endpoint in 

early phase trials targeting secondary injury in patients with basal ganglia ICH. Further 

evaluation of PHER as an intermediate endpoint for trials of growth-limiting interventions in 

deep ICH - including BP reduction - is warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Patient Inclusion Criteria

Legend: Abbreviations: ICH = intracerebral hemorrhage. Flowchart of patient inclusion 

and exclusion criteria. Included patients from ATACH-2 had supratentorial deep ICH and 

complete neuroimaging and outcome data.
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Table 1.

Baseline Demographic and Clinical Characteristics of Included Patients, by Treatment Group.

Variable, n (%) Standard Treatment (n=375) Intensive Treatment (n=405) p

Age years, mean (SD) 62 (13) 62 (13) 0.88

Male sex 245/375 (65) 246/405 (61) 0.21

Black 31/375 (8) 56/405 (14) 0.02

White 91/375 (24) 103/405 (25) 0.77

Hispanic 25/375 (7) 32/405 (8) 0.80

Hypertension 278/362 (77) 328/393 (84) 0.03

Diabetes 53/369 (14) 76/397 (19) 0.10

Hyperlipidemia 81/359 (23) 97/381 (26) 0.40

Congestive heart failure 8/372 (2) 12/400 (3) 0.61

Atrial fibrillation 10/374 (3) 13/399 (3) 0.71

Prior ischemic stroke 65/374 (17) 62/402 (15) 0.52

Smoker 183/375 (49) 166/405 (41) 0.03

Cocaine use 7/375 (2) 10/405 (3) 0.74

On antihypertensive medication 157/373 (42) 204/402 (51) 0.02

Admission GCS, median (IQR) 15 (13–15) 15 (13–15) 0.70

Admission systolic BP mmHg, mean (SD) 175 (25) 176 (26) 0.44

Admission diastolic BP mmHg, mean (SD) 111 (20) 113 (21) 0.39

Admission INR 1 (0.1) 1 (0.1) 0.23

Abbreviations: SD = standard deviation, GCS = Glasgow coma scale, BP = blood pressure, ICH = intracerebral hemorrhage, IQR = interquartile 
range
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Table 2.

Neuroimaging Characteristics of Included Patients by Treatment Group.

Variable Standard Treatment (n=375) Intensive Treatment (n=405) p

Time from symptom onset to baseline scan hours, mean (SD) 1.6 (0.8) 1.7 (0.9) 0.36

Baseline ICH volume mL, median (IQR) 9.4 (4.6–17.1) 8.9 (4.8–16.4) 0.50

Baseline PHE volume mL, median (IQR) 1.3 (0.7–2.4) 1.4 (0.6–2.3) 0.91

IVH 111/375 (30) 105/405 (26) 0.29

Time to 24-hour CT scan hours, mean (SD) 22.9 (2.6) 22.9 (2.6) 0.95

24-hour ICH volume mL, median (IQR) 10.5 (5.3–21.2) 9.6 (4.7–18.7) 0.16

24-hour PHE volume mL, median (IQR) 2.1 (0.9–4.1) 1.6 (0.8–3.3) 0.02

Volume of hematoma expansion mL, mean (SD) 4.0 (9.1) 3.0 (8.7) 0.24

Volume of PHE expansion mL, mean (SD) 1.3 (3.3) 0.9 (3.4) 0.09

PHER mL/hr, median (IQR) 0.02 (0.0–0.08) 0.01 (−0.01–0.05) 0.009

Abbreviations: SD = standard deviation, ICH = intracerebral hemorrhage, IVH = intraventricular hemorrhage, PHE = perihematomal edema, 
PHER = perihematomal edema expansion rate
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Table 4.

Demographic, Clinical and Radiographic Characteristics of Included Patients, by Outcome.

Variable, n (%) Good Outcome (n=469) Poor Outcome (n=286) p

Age years, mean (SD) 59 (12) 65 (13) <0.001

Male Sex 315/469 (67) 159/286 (56) 0.003

Black 43/469 (9) 35/286 (12) 0.20

White 98/469 (21) 85/286 (30) 0.008

Hispanic 34/469 (7) 20/286 (7) 0.76

Hypertension 357/456 (78) 232/276 (84) 0.01

Diabetes 70/462 (15) 55/279 (20) 0.34

Hyperlipidemia 103/446 (23) 67/269 (25) 0.92

Congestive heart failure 8/465 (2) 12/282 (5) 0.05

Atrial fibrillation 9/468 (2) 14/280 (5) 0.01

Prior ischemic stroke 65/468 (14) 56/283 (19) 0.05

Smoker 210/469 (45) 129/286 (45) 0.67

On antihypertensive medication 193/466 (41) 158/284 (56) <0.001

Admission GCS, median (IQR) 15 (14–15) 14 (11–15) <0.001

Admission systolic BP mmHg, mean (SD) 176 (24) 175 (29) 0.84

Admission diastolic BP mmHg, mean (SD) 114 (20) 109 (21) 0.005

Admission INR 0.98 (0.09) 1.01 (0.14) <0.001

Thalamic location 180/469 (38) 144/286 (50) <0.001

ICH Volume mL, median (IQR) 7.2 (3.7–12.8) 13.7 (7.8–22.6) <0.001

PHE Volume mL, median (IQR) 1.1 (0.6–2.1) 1.7 (0.9–3.0) <0.001

IVH 77/469 (16) 130/286 (46) <0.001

Hematoma Expansion mL, mean (SD) 1.5 (7.7) 4.0 (14.0) 0.001

PHER mL/hr, median (IQR) 0.01 (0.0–0.05) 0.03 (0.0–0.1) <0.001

Abbreviations: SD = standard deviation, GCS = Glasgow coma scale, BP = blood pressure, ICH = intracerebral hemorrhage, IQR = interquartile 
range
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