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Abstract
Background and Objectives
Although blood pressure (BP) control is considered the most effective measure to prevent
functional decline after intracerebral hemorrhage (ICH), fewer than half of survivors achieve
treatment goals. We hypothesized that long-term (i.e., prehemorrhage) hypertension severity
may be a crucial factor in explaining poor BP control after ICH. We investigated changes in
hypertension severity after vs before ICH using latent class analysis (LCA) and identified
patient characteristics predictive of individuals’ BP trajectories.

Methods
We analyzed data for ICH survivors enrolled in a study conducted at Massachusetts General
Hospital (MGH) from 2002 to 2019 in Boston, a high-resource setting with near-universal
medical insurance coverage. We captured BP measurements in the 12 months preceding and
following the acute ICH hospitalization. Using LCA, we identified patient groups (classes)
based on changes in hypertension severity over time in an unbiased manner. We then created
multinomial logistic regression models to identify patient factors associated with these classes.

Results
Among 336 participants, the average age was 74.4 years, 166 (49%) were male, and 288 (86%)
self-reported White race/ethnicity. LCA identified 3 patient classes, corresponding to minimal
(n = 114, 34%), intermediate (n = 128, 38%), and substantial (n = 94, 28%) improvement in
hypertension severity after vs before ICH. Survivors with undertreated (relative risk ratio
[RRR] 0.05, 95% CI 0.01–0.23) or resistant (RRR 0.03, 95% CI 0.01–0.06) hypertension
before ICH were less likely to experience substantial improvement afterwards. Residents of
high-income neighborhoods were more likely to experience substantial improvement (RRR
1.14 per $10,000, 95%CI 1.02–1.28). Black, Hispanic, and Asian participants with uncontrolled
hypertension before ICH were more likely to experience minimal improvement after hemor-
rhagic stroke (interaction p < 0.001).

Discussion
Most ICH survivors do not display consistent improvement in hypertension severity after
hemorrhagic stroke. BP control after ICH is profoundly influenced by patient characteristics
predating the hemorrhage, chiefly prestroke hypertension severity and socioeconomic status.
Neighborhood income was associated with hypertension severity after ICH in a high-resource
setting with near-universal health care coverage. These findings likely contribute to previously
documented racial/ethnic disparities in BP control and clinical outcomes following ICH.
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More than half of intracerebral hemorrhage (ICH) survivors
experience recurrent stroke or functional decline within 5
years of the acute hemorrhage.1-4 Blood pressure (BP) control
represents the cornerstone of secondary prevention after
ICH, with lower BP associated with reduced risk of recurrent
stroke, dementia, and functional decline.5,6 Fewer than half of
ICH survivors achieve recommended treatment targets.2,7

Racial/ethnic disparities exist in hypertension control after an
acute hemorrhagic stroke,8,9 but we have limited insight into
biological and social factors associated with inadequate BP
control among ICH survivors.

We hypothesized that information on BP measurements
obtained before an ICH event may be analyzed alongside
corresponding data after acute hemorrhage to define in-
dividual trajectories in hypertension severity. Differences in
these trajectories could identify subgroups for development of
novel targeted strategies, ultimately leading to improved BP
control after ICH. We expected ICH survivors whose BP was
elevated pre-ICH to be most likely to experience little to no
change in hypertension severity afterwards. We also sought to
identify biological and social factors accounting for changes in
hypertension severity at the individual level. Because of the
established racial/ethnic disparities in outcomes after ICH, we
focused our approach through the lens of health equity in BP
control among survivors.8

To pursue these objectives, we leveraged data from the single-
center, ongoing, longitudinal study of ICH conducted at
Massachusetts General Hospital (MGH). We analyzed tem-
poral trajectories in hypertension severity after vs before ICH
using an unbiased bioinformatic approach (latent class anal-
ysis [LCA]) allowing investigators to identify patient sub-
groups sharing similarities in disease risk factors or
manifestations.10

Methods
Study Inclusion and Exclusion Criteria
We initially screened for inclusion all individuals age ≥18 years
presenting to MGH between January 2002 and December
2019 with a new diagnosis of acute ICH.2 Individuals with
ICH secondary to trauma, conversion of an ischemic infarct,
rupture of a vascular malformation or aneurysm, or brain
tumor were excluded. Based on previously reported findings,
we approached and enrolled more than 99% of all consecutive
ICH cases presenting to our institution. Because we focused
on BP control in the 12 months before and after ICH, only

individuals alive at 1 year from the acute ICH hospitalization
were included. Survivors without at least 1 BP measurement
in the 12 months before and after the acute ICH were ex-
cluded. Participant characteristics for those included in the
final sample compared with those excluded due to missing BP
measurements are shown in eTable 1 (links.lww.com/WNL/
B806). We excluded all participants not discharged to a pri-
vate residency, rehabilitation center, or nursing facility in
Massachusetts. This criterion was applied because (1) we
expected only participants residing in our hospital catchment
area to be available for subsequent BP data capture2,5 and (2)
interpretation of our findings would be informed by the
availability of near-universal health care coverage for indi-
viduals residing in Massachusetts.11

Standard Protocol Approvals, Registrations,
and Patient Consents
Study protocols were approved by the MGH institutional
review board and written informed consent was obtained
from all participants.

Enrollment and Longitudinal Follow-up
Study staff collected demographic, social, and medical history
information via in-person interview of patients (or reliable
informants).2,5 Participants or informants also provided self-
identified race and ethnicity, choosing from categories recom-
mended by the NIH for use in research studies.8 We analyzed
admission (i.e., first available) CT scans to determine ICH lo-
cation and hematoma volume according to a previously validated
methodology.1

All neuroimaging was analyzed blinded to clinical in-
formation. Participants were then interviewed by dedicated
study staff (blinded to baseline and neuroimaging in-
formation) at 3, 6, and 12 months after ICH.2 We augmented
patient-provided information via review of electronic health
records (EHRs) using an enterprise data warehouse (EDW),
a dedicated, secure data storage and retrieval platform for
affiliated institutions in our health care delivery network.12 All
participants in our study received care at clinical settings
contributing data to the EDW. Additional information on
social determinants of health (SDOH), medication exposures,
and laboratory results were obtained in this manner. We
attempted to address data missingness via additional manual
review of EHR; random sampling imputation was used to fill
in values that remained missing. We captured income in-
formation at the neighborhood (zip code) level using a vali-
dated, publicly available database.13 We obtained information
on health insurance coverage status (insured vs uninsured)

Glossary
ANOVA = analysis of variance; BP = blood pressure; CAA = cerebral amyloid angiopathy; DBP = diastolic blood pressure;
EDW = enterprise data warehouse; EHR = electronic health record; ICH = intracerebral hemorrhage; LCA = latent class
analysis;MGH =Massachusetts General Hospital; SBP = systolic blood pressure; SDOH = social determinants of health;VIF =
variance inflation factor.
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and coverage source (private sector, state or federal, mixed
private and state/federal) from the EHR.

BP Data Capture
We queried the EDW to obtain BP values from patient en-
counters in our health care system (Mass General Brigham).
BP measurements obtained on dates corresponding to in-
patient stays were excluded, assuming unrelated medical
conditions may have unduly altered BP homeostasis. We also
excluded BP obtained on the day prior to admission and the
day after discharge. EHRs were then manually reviewed by a
board-certified physician to gather additional BP measure-
ments not electronically available in the data warehouse. We
prespecified the following time intervals for BP data capture:
(1) 12 months before ICH; (2) from day of discharge from
initial ICH hospitalization to 3 months later; (3) 3–6 months
after discharge; (4) 6–12 months after discharge. Within each
time period, we calculated median systolic BP (SBP) and
diastolic BP (DBP) measurements from all available values, as
described previously.2

Definition of Variables
Age at index ICH was analyzed as a continuous variable.
Neighborhood median yearly income was analyzed as a
continuous variable, calibrating for $10,000 increments. Race
and ethnicity categories were collapsed to determine self-
reported race/ethnicity as one of the following: White
(i.e., non-Hispanic White), Asian (non-Hispanic Asian),
Black or African American (non-Hispanic Black or African
American), Hispanic or Latino (Hispanic of any race), or
other (non-Hispanic other race, or unknown race and eth-
nicity). We defined use of English as preferred language or
interpreter services, veterancy, United States as country of
origin, and college education as dichotomous yes/no vari-
ables. Employment status, religious affiliation, marital status,
and health care insurance coverage were analyzed as cate-
gorical variables. We defined chronic kidney disease as esti-
mated glomerular filtration rate <60 (calculated using the first
creatinine value obtained after admission for index ICH).
ICH volume was analyzed as a continuous variable, calibrating
for 10 mL increments.2 We defined lobar ICH as selective
involvement of the cortex and subcortical white matter.
Hemorrhages involving the thalami, basal ganglia, cerebellum,
and brainstem (with or without concomitant involvement of
cortex and subcortical white matter) were defined as non-
lobar.1We utilized the 2017 American College of Cardiology/
American Heart Association guidelines to quantify hyper-
tension severity before and after ICH, as follows: (1) normal
BP (SBP <120 mm Hg and DBP <80 mm Hg); (2) elevated
BP (SBP 120–129 mm Hg and DBP <80 mm Hg); (3) hy-
pertension stage 1 (SBP 130–139 mm Hg or DBP 80–89 mm
Hg); (4) hypertension stage 2 (SBP ≥140 mm Hg or DBP
≥90 mm Hg).14 Number of antihypertensive medications pre-
scribed before ICHwas analyzed as an ordinal variable indicating
use of 0, 1, 2, or 3 or more. We then defined pre-ICH hyper-
tension treatment status as follows: (1) not hypertensive: normal
or elevated BP without use of antihypertensive medications; (2)

controlled hypertension: normal or elevated BP on medication
treatment; (3) undertreated hypertension: hypertension stage 1
or 2 using <3 antihypertensive agents; (4) treatment-resistant
hypertension: hypertension stage 1 or 2 using ≥3 antihyper-
tensive agents.

Statistical Methods
We first applied latent class analysis to hypertension severity
data at each time point, followed by multinomial logistic
regression predicting class membership. We prespecified
sensitivity analyses investigating interactions between self-
reported race/ethnicity and other variables in the final model.
LCA utilized as input individual participants’ hypertension
stage data at all prespecified time points (12 months before
ICH; 3, 6, and 12 months after ICH), with the goal of iden-
tifying individual-specific trajectories in BP. The optimal
number of classes was chosen according to Akaike in-
formation criterion. The LCA analyses returned for each
study participant probability for membership in each class,
and we assigned individuals to the class with the highest
probability. We then conducted univariable analyses screen-
ing factors predicting assignment to LCA-derived patient
classes. Continuous variables were compared using 1-way
analysis of variance (ANOVA); categorical variables were
compared using χ2 test or Fisher exact test (as appropriate).
Predictors with univariable associations with p < 0.20 were
included in a multinomial logistic regression model predicting
class membership. We subsequently generated via backward
elimination a minimal model including only variables with p <
0.05 comparisons between any of the classes, along with
variables that improved overall model fit (ANOVA p < 0.05).
We examined the final resulting model for multicollinearity by
computing variance inflation factor (VIF) for all variables;
none of the included variables met predefined criteria (VIF
>5.0) for removal from analyses. We investigated interactions
between self-reported race/ethnicity and other variables in
the final multinomial model. Categorical variables were col-
lapsed as necessary to ensure n ≥10 in each cell. Interaction
terms with p < 0.05 between any 2 of the 3 classes or ANOVA
p < 0.05 were considered significant. Analyses were performed
using STATA v16.0 and R v4.0.2.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
Study Participants and Patient Classes
After application of inclusion and exclusion criteria to 650
potentially eligible ICH cases (Figure 1), we included 336
events in all subsequent analyses (Table 1). Among excluded
cases, 285/314 (91%) were excluded due tomortality before 1
year from discharge from index ICH hospitalization. We ex-
cluded 29/314 (9%) participants due to missing BP mea-
surements during follow-up. We present comparisons
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between individuals excluded due to missing BP values and
participants in the final study group in eTable 1 (links.lww.
com/WNL/B806). We analyzed a total of 2,238 BP mea-
surements in the 12 months before ICH and 1,882, 1,275, and
1,458 BP measurements at 3, 6, and 12 months after ICH,
respectively.

We performed LCA of hypertension severity (defined as
normal BP, elevated BP, stage 1 or stage 2) in the 12 months
before and after hemorrhagic stroke to define patient groups
with similar trajectories after vs before ICH. We identified a
model with 3 classes as best fit for the data provided. We
present information on hypertension severity in each patient
class in the 12 months before and after ICH in Figure 2, A–C.
Upon visual inspection (Figure 2, D–F), we identified dif-
ferences in hypertension severity changes after vs before ICH
across LCA-defined patient classes, and identified them ac-
cordingly as minimal (n = 114), intermediate (n = 128), and
substantial (n = 94) improvement.

Hypertension Severity After vs Before ICH
We sought to confirm that LCA-derived classes indicated
different trajectories in hypertension severity change after vs
before ICH (Figure 3). Among all participants, 163 (49%)
displayed lower hypertension severity after ICH when com-
pared to before ICH. Decrease in hypertension severity after
ICH was experienced by 42/114 (37%) individuals in the
minimal improvement class, 67/128 (52%) individuals in the
moderate improvement class, and 54/94 (57%) individuals in
the substantial improvement class. Among participants ex-
periencing lower hypertension severity after ICH, the average
reduction was 1.3 severity stages in the minimal improvement
class, 1.5 severity stages in the moderate improvement class,
and 1.9 severity stages in the substantial improvement class.
Overall class assignment was significantly associated with

changes in hypertension severity (by at least 1 stage) before vs
after ICH (p < 0.001 for comparison).

Factors Associated With Changes in
Hypertension Severity After vs Before ICH
We conducted univariable analyses comparing individuals in
classes reflecting improvement in hypertension severity be-
fore vs after ICH (Table 1). In univariable analyses, we
identified the following potential factors associated with de-
creased hypertension severity after ICH (all p < 0.20): median
neighborhood income, United States country of origin, prior
history of ICH or dementia, larger hematoma volumes, and
greater disability (higher modified Rankin Scale score at dis-
charge). Potential factors associated with increased hyper-
tension severity after ICH (all p < 0.20) included veterancy
status, prehemorrhage history of undertreated or resistant
hypertension, history of chronic kidney disease, and nonlobar
(i.e., more likely hypertensive in etiology) hemorrhage. ICH
survivors prescribed antiplatelets showed a potential associ-
ation (p = 0.14) with intermediate hypertension severity
improvement. In multivariable analysis (Table 2), we found
that median neighborhood income, prior history of ICH,
prior history of dementia, and larger hematoma volumes were
independently associated with higher likelihood of in-
termediate or substantial improvement in hypertension se-
verity after ICH (all p < 0.05). In contrast, veterancy status,
prehemorrhage history of undertreated or resistant hyper-
tension, and nonlobar ICH location were independently as-
sociated with lower likelihood of intermediate or substantial
improvement in hypertension severity after ICH (all p < 0.05).
We present visual representations of the relationship between
hypertension severity improvement classes, pre-ICH hyper-
tension treatment status, and neighborhood income in
Figure 4. eTable 2 (links.lww.com/WNL/B806) presents re-
sults of multivariable comparisons across all 3 patient classes.

Figure 1 Study Participants and Inclusion/Exclusion Criteria

BP = bloodpressure; ICH = intracerebral
hemorrhage; MGH = Massachusetts
General Hospital.
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Table 1 Participant Characteristics

Variable All participants Hypertension severity improvement (after vs before ICH) p Value

Minimal Intermediate Substantial

Total individuals 336 (100.0) 114 (33.9) 128 (38.1) 94 (28.0)

Demographics

Age, y 74.36 ± 11.6 75.50 ± 12.7 73.86 ± 10.2 73.65 ± 11.9 0.429

Male sex 166 (49.4) 57 (50.0) 65 (50.8) 44 (46.8) 0.832

Race/ethnicity 0.711

White or Caucasian 288 (85.7) 95 (83.3) 111 (86.7) 82 (87.2)

Asian 14 (4.2) 7 (6.1) 3 (2.3) 4 (4.3)

Black or African American 12 (3.6) 3 (2.6) 6 (4.7) 3 (3.2)

Hispanic or Latino 19 (5.7) 7 (6.1) 8 (6.2) 4 (4.3)

Other 3 (0.9) 2 (1.8) 0 (0.0) 1 (1.1)

Social determinants of health

Median neighborhood income, USD 75,978 ± 27,995 73,319 ± 27,499 74,709 ± 26,368 80,930 ± 30,319 0.120

English preferred language 304 (90.5) 106 (93.0) 114 (89.1) 84 (89.4) 0.532

Interpreter required 25 (7.4) 6 (5.3) 11 (8.6) 8 (8.5) 0.552

Veteran 67 (19.9) 30 (26.3) 22 (17.2) 15 (16.0) 0.108

US country of origin 303 (90.2) 103 (90.4) 111 (86.7) 89 (94.7) 0.143

College graduate 119 (35.4) 39 (34.2) 48 (37.5) 32 (34.0) 0.822

Employment 0.221

Employed 43 (12.8) 13 (11.4) 13 (10.2) 17 (18.1)

Not employed 12 (3.6) 1 (0.9) 7 (5.5) 4 (4.3)

Retired 261 (77.7) 92 (80.7) 102 (79.7) 67 (71.3)

Disabled 20 (6.0) 8 (7.0) 6 (4.7) 6 (6.4)

Religion affiliation 0.428

Christian 247 (73.5) 86 (75.4) 98 (76.6) 63 (67.0)

Non-Christian 45 (13.4) 12 (10.5) 16 (12.5) 17 (18.1)

Not affiliated 44 (13.1) 16 (14.0) 14 (10.9) 14 (14.9)

Marital status 0.928

Married 178 (53.0) 56 (49.1) 69 (53.9) 53 (56.4)

Separated 34 (10.1) 11 (9.6) 13 (10.2) 10 (10.6)

Single 50 (14.9) 18 (15.8) 20 (15.6) 12 (12.8)

Widowed 74 (22.0) 29 (25.4) 26 (20.3) 19 (20.2)

Insurance coverage 0.842

Private and state/federal 174 (51.8) 62 (54.4) 68 (53.1) 44 (46.8)

Private 60 (17.9) 19 (16.7) 21 (16.4) 20 (21.3)

State/federal 101 (30.1) 33 (28.9) 38 (29.7) 30 (31.9)

Uninsured 1 (0.3) 0 (0.0) 1 (0.8) 0 (0.0)

Continued

Neurology.org/N Neurology | Volume 98, Number 13 | March 29, 2022 e1353

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


Racial and Ethnic Differences in Hypertension
Severity After vs Before ICH
We first determined whether significant racial/ethnic differences
existed for predictors of improvement in hypertension severity
before vs after ICH, as determined from multivariable analyses
(Table 2). ICH survivors differed by race/ethnicity in age (White:
75 ± 11 years, Asian: 76 ± 13 years, Black or African American: 65
± 14 years,Hispanic or Latino: 69 ± 11 years, Other: 60 ± 23 years;

p = 0.001), veteran status (White: 66/288 [23%], Asian: 1/14
[7%], Black or African American: 0/12, Hispanic or Latino: 0/19,
Other: 0/3; p = 0.014), prior hemorrhage status (White: 35/288
[12%], Asian: 0/14, Black or African American: 5/12 [42%],
Hispanic or Latino: 3/19 [16%], Other: 1/3 [33%]; p = 0.019),
and median neighborhood income (White: $77,900 ± $2,800,
Asian: $67,400 ± $2,900, Black or African American: $59,100 ±
$1,400, Hispanic or Latino: $61,900 ± $2,700, Other: $84,800 ±

Table 1 Participant Characteristics (continued)

Hypertension control before ICH

Pre-ICH hypertension treatment status <0.001

Not hypertensive 32 (9.5) 2 (1.8) 10 (7.8) 20 (21.3)

Controlled 80 (23.8) 12 (10.5) 40 (31.2) 28 (29.8)

Undertreated 178 (53.0) 75 (65.8) 63 (49.2) 40 (42.6)

Resistant 46 (13.7) 25 (21.9) 15 (11.7) 6 (6.4)

Antihypertensive medications 0.210

0 84 (25.0) 21 (18.4) 32 (25.0) 31 (33.0)

1 118 (35.1) 40 (35.1) 44 (34.4) 34 (36.2)

2 65 (19.3) 26 (22.8) 23 (18.0) 16 (17.0)

3+ 69 (20.5) 27 (23.7) 29 (22.7) 13 (13.8)

Other medical history

Diabetes 84 (25.0) 31 (27.2) 30 (23.4) 23 (24.5) 0.789

Atrial fibrillation 82 (24.4) 32 (28.1) 29 (22.7) 21 (22.3) 0.533

Hypercholesterolemia 201 (59.8) 65 (57.0) 81 (63.3) 55 (58.5) 0.584

Prior ICH 44 (13.1) 5 (5.6) 29 (15.0) 9 (24.3) 0.044

Prior ischemic stroke 48 (14.3) 20 (17.5) 16 (12.5) 12 (12.8) 0.473

Coronary artery disease 71 (21.1) 25 (21.9) 29 (22.7) 17 (18.1) 0.689

Pre-ICH dementia 30 (8.9) 9 (7.9) 5 (3.9) 16 (17.0) 0.003

Chronic kidney diseasea 102 (30.4) 45 (39.5) 32 (25.0) 25 (26.6) 0.032

Acute ICH characteristics

Hematoma location 0.011

Lobar 162 (48.2) 42 (36.8) 70 (54.7) 50 (53.2)

Nonlobar 174 (51.8) 72 (63.2) 58 (45.3) 44 (46.8)

ICH volume, mL 6.19 (1.96–16.14) 5.05 (1.15–10.23) 6.82 (1.94–19.89) 9.34 (2.84–22.39) 0.005

GCS >8 at presentation 316 (94.0) 107 (93.9) 122 (95.3) 87 (92.6) 0.688

Discharge mRS 4 (3–4) 4 (3–4) 4 (3–4) 4 (3–4) 0.132

Medication use at time of ICH

Warfarin 68 (20.2) 29 (25.4) 24 (18.8) 15 (16.0) 0.207

Antiplatelet medication 174 (51.8) 55 (48.2) 75 (58.6) 44 (46.8) 0.144

Abbreviations: GCS = Glasgow Coma Scale; ICH = intracerebral hemorrhage; mRS = modified Rankin Scale.
Data presented as number (%), mean ± SD, or median (interquartile range). Reported p values represent univariable comparison across patient classes
(minimal, intermediate, and substantial improvement in hypertension severity after vs before ICH).
a Chronic kidney disease defined as estimated glomerular filtration rate <60.
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$4,300; p = 0.015). Based on our prespecified analysis plan, we
then conducted interaction analyses between factors associated
with improvement in hypertension severity and self-reported race/
ethnicity. We found that Black, Hispanic, and Asian participants
with undertreated or treatment-resistant hypertension before
ICH were all likely to experience minimal improvement in BP
control after hemorrhagic stroke compared to their White
counterparts (all 3 interactions, p < 0.001).

Discussion
We conducted a longitudinal analysis of hypertension severity
in the 12 months preceding and following ICH in a single-
center study. We leveraged LCA as an unbiased analytical tool
to uncover underlying temporal trends in participants’ BP

measurements. We identified changes in hypertension severity
after ICH (i.e., degree of improvement compared to before) as
the most relevant temporal trend differentiating survivors. The
patient classes we identified significantly differ in likelihood and
magnitude of hypertension severity improvement after vs before
ICH. Our analyses indicate that most ICH survivors experience
very limited improvement in hypertension severity after ICH,
with immediate implications for individuals as well as at a
broader societal level. Furthermore, our findings support the
hypothesis that challenges in controlling BP after ICH largely
reflect the longstanding effects of social and biological determi-
nants of health predating the acute hemorrhage.

We found that a history of undertreated and treatment-
resistant hypertension before hemorrhagic stroke profoundly

Figure 2 Hypertension Severity After vs Before ICH

(A–C) Stacked bar charts representing prevalence of hypertension (HTN) severity stages before intracerebral hemorrhage (ICH) (12 months preceding) and
afterwards (3, 6, and 12months after discharge from stroke hospitalization). Data presented as absolute number of patients in each category and percentage.
(D–F) Sankey diagrams of changes in hypertension severity staging before vs after ICH, subdivided by patient classes identified by latent class analysis.
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affected likelihood of hypertension severity decreasing after
ICH. It is likely that the effect of biological and social factors
acting as barriers to hypertension control before ICH

persisted or even worsened after a major, destabilizing acute
event such as hemorrhagic stroke.15 Conversely, a subset of
individuals achieving BP control goals after ICH were also

Figure 3 Changes in Hypertension Severity After vs Before ICH

(A–C) Stacked bar charts representing changes in hypertension staging before vs after intracerebral hemorrhage (ICH), subdivided by patient classes
identified by latent class analysis. Individuals with positive values experienced worsening of hypertension control (with the number indicating how many
stages higher after ICH); individuals with negative values experienced improvement in hypertension control (with the number indicating how many stages
lower after ICH). Individuals assigned a value of zero experienced identical hypertension severity before vs after ICH. Data presented as absolute number of
patients in each category and percentage.

Table 2 Multivariable Model for Patient Classes Reflecting Changes in Hypertension Severity After vs Before ICH

Variables

Intermediate improvement class (vs minimal) Substantial improvement class (vs minimal)

RRR 95% CI p Value RRR 95% CI p Value

Age (per year) 0.98 0.95, 1.00 0.083 0.97 0.94, 1.00 0.028a

Male sex 1.48 0.77, 2.83 0.242 1.29 0.63, 2.66 0.486

Race/ethnicity

White Ref Ref Ref Ref Ref Ref

Asian 0.23 0.05, 1.09 0.064 0.40 0.09, 1.86 0.243

Black or African American 1.05 0.22, 5.08 0.949 0.82 0.13, 5.35 0.837

Hispanic or Latino 0.85 0.27, 2.65 0.776 0.57 0.14, 2.37 0.436

Other NA NA NA 0.21 0.01, 3.23 0.264

Median income (per $10,000) 1.08 0.97, 1.20 0.184 1.15 1.02, 1.29 0.019a

Veteran 0.37 0.16, 0.84 0.017a 0.37 0.15, 0.92 0.033a

Pre-ICH hypertension treatment status

Not hypertensive Ref Ref Ref Ref Ref Ref

Controlled 0.84 0.15, 4.56 0.838 0.31 0.06, 1.61 0.163

Undertreated 0.15 0.03, 0.74 0.020a 0.05 0.01, 0.23 <0.001a

Resistant 0.14 0.03, 0.77 0.024a 0.03 0.01, 0.16 <0.001a

Pre-ICH dementia 0.50 0.15, 1.70 0.267 2.35 0.82, 6.71 0.110

Nonlobar hematoma location 0.47 0.27, 0.84 0.011a 0.60 0.32, 1.12 0.109

Abbreviations: ICH = intracerebral hemorrhage; NA = not applicable (analysis not feasible due to sample size); RRR = relative risk ratio.
a Significant.
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Figure 4 Hypertension Treatment Status before ICH, Neighborhood Income, and Improvement in Hypertension Severity
After vs Before ICH

(A) Stacked bar charts representing prevalence of minimal, intermediate, and substantial improvement in blood pressure (BP) control (as defined by latent
class analysis) among study participants, subdivided by hypertension status before intracerebral hemorrhage (ICH). Data presented as absolute number of
patients in each category and percentage. (B) Stacked bar charts representing prevalence of minimal, intermediate, and substantial improvement in BP
control (as defined by latent class analysis) among study participants, subdivided by median residential income. Data presented as absolute number of
patients in each category and percentage. (C) Predicted prevalence ofminimal, intermediate, and substantial improvement in BP control (as defined by latent
class analysis) as a function of participants’ hypertension status before ICH and median residential income. ICH survivors with prestroke history of under-
treated or treatment-resistant hypertension did not experience the same degree of BP control improvement as their counterparts with no hypertension or
controlled hypertension diagnoses, even with comparable median residential incomes. Values were computed for graphical illustration purposes from
multinomial logistic regression results for a 75-year-old White man, not veteran status, without prior history of dementia or ICH before enrollment, and with
an ICH volume of 6 mL (median value in cohort).
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well-controlled before the acute hemorrhage event. While these
patients may not be strictly considered to have experienced im-
provement in hypertension severity after ICH, preservation of
optimal BP control in spite of the acute hemorrhage likely reflects
underlying favorable genetic, environmental, and social effects.16

Overall, obtaining a detailed history of hypertension control be-
fore an acute intraparenchymal hemorrhage is critical to sub-
sequent care of ICH survivors. Our results to do not imply an
inevitable lack of progress in BP control for ICH survivors in
general. Undertreated hypertension before ICH is a modifiable
risk factor to be proactively addressed in the secondary prevention
setting. Similarly, identifying ICH survivors with treatment-
resistant hypertension before the acute hemorrhage would facili-
tatemore rapid referral to clinics that specialize in itsmanagement.

We also identified associations between history of ICH and
dementia and greater improvement in hypertension severity
after ICH (vs before). From a care delivery standpoint, these
findings may reflect greater attention to secondary prevention
measures for individuals with more advanced cerebral disease.
However, multiple hemorrhagic stroke events and higher in-
cidence of cognitive impairment also identify survivors more likely
to harbor cerebral amyloid angiopathy (CAA), rather than hy-
pertensive arteriopathy, an underlying small vessel disease
subtype.17-19 These individuals may therefore carry a lower un-
derlying risk for severe hypertension, reflected in greater im-
provement in BP control after ICH.The association between lobar
hematoma location and greater improvement in hypertension
control is also likely to reflect underlying CAA, rather than ana-
tomical considerations related to selective involvement of cortical
structures.20-22 Ultimately, dedicated studies will be required to
disentangle the effects of the acute hemorrhage anatomical char-
acteristics, underlying small vessel disease subtype, and patient–
physician behaviors on hypertension control after ICH.

We found that higher median neighborhood income served as a
potent predictor of greater improvement in hypertension severity
after ICH. However, neighborhood income likely represents a
proxy for many more SDOH, both individual and structural.23-25

Someof these (e.g., housing stability, health literacy, environmental
health, food security, healthful food availability) are modifiable by
means of targeted interventions.26,27 Additional research focused
on identifying modifiable SDOH associated with BP control after
ICH are therefore warranted. Of note, we conducted our research
in a high-resource setting; Massachusetts has one of the highest
development indices in the world, as well as near-universal health
care coverage (as also evident in our analyses).11 It is therefore not
surprising that, in our analyses, someSDOHaffecting hypertension
control in other settings (e.g., health insurance coverage) did not
play a crucial role. However, even in this setting, individuals’ so-
cioeconomic status exerted a significant effect on BP control after
ICH. Our findings support expanding the scope of public health
policy and future ICH research beyond focusing on health care
availability and affordability alone.28

Existing evidence indicates that Black and Hispanic ICH survi-
vors in theUnited States are at higher risk for recurrent ICH.8,9,29

We previously uncovered evidence of worse hypertension con-
trol after ICH among Black andHispanic ICH survivors.8 In line
with these prior findings, we found that Black, Hispanic, and
Asian ICH survivors were more likely (compared to their White
counterparts) to experience minimal improvement in BP mea-
surements after ICH when displaying evidence of undertreated
or treatment-resistant hypertension before the hemorrhage.
Lower residential income among Black and Hispanic individuals
further exacerbated this disparity, ultimately contributing to
previously identified inequities in outcome after ICH. As pre-
viously mentioned, health care availability and insurance status
may not be as relevant of a contributor to racial/ethnic disparities
in BP control in our study setting. However, more complex
disparities in care delivery, care performance, and barriers to a
healthy lifestyle are still likely to be highly relevant. Future in-
vestigations of racial/ethnic disparities in ICH outcome will
therefore benefit from incorporation of a broader array of
structural, environmental, and individual-level SDOH.

Our study has several limitations. We analyzed data from ICH
survivors presenting to a single tertiary care center with ex-
pertise in ICH care, potentially leading to severity or referral
bias and limiting the generalizability of our findings. However,
joint analyses of data on hypertension control after ICH from
MGH and the multicenter US Ethnic/Racial Variations in ICH
study (enrolling at both academic centers and community
hospitals) showed highly consistent findings in previous
studies.8,30 Our findings are therefore likely to be generalizable
to ICH survivors at large. By excluding those with no BP
measurements in the year prior to ICH from the study, we may
have excluded the more vulnerable patients who may not have
regular access to care. However, this would likely result in an
underestimation of the effect of prehemorrhage factors on BP
measurements after ICH. Any bias introduced by this exclusion
may also have been partiallymitigated in our health care setting,
due to the availability of near-universal health care coverage.
Conducting our study in a high-resource setting with near-
universal health care coverage limits generalizability of our
findings, but allowed us to explore the effects of SDOH on
hypertension severity after ICH in greater depth, beyond fo-
cusing on health care access and affordability alone. Our anal-
yses were also limited in scope by the small sample size for
participants self-reporting Black, Hispanic, and Asian race/
ethnicity. Despite this significant limitation, we explored the
effect of race and ethnicity on hypertension severity before and
after ICH. Our approach identified interactions between Black,
Hispanic, or Asian race/ethnicity and hypertension severity
before ICH in determining BP control afterwards, implying
substantial effect at both the individual and societal levels.
Because of small sample size, these specific findings are to be
considered preliminary, but support conducting dedicated
studies of social determinants of hypertension control after
ICH employing a balanced racial/ethnic recruitment scheme.
Our analytical models, although helpful in providing additional
insight into BP control after ICH, are not ready for imple-
mentation as bedside tools to guide individual patient care.
Whereas this represents a highly relevant future direction, our
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findings have immediate implications in terms of clinical care,
policy-making, and future research efforts. Finally, restriction of
our analyses to individuals surviving at least 1 year after ICH is
likely to limit generalizability to more severe hemorrhagic
stroke cases.

Our study also displays several strengths. We gathered de-
tailed information obtained from participants’ interviews,
semi-automated review of EHR, neuroimaging, and BP
measurements before and after ICH in a highly consistent
manner. As a result, our study is uniquely equipped to in-
vestigate the temporal trends in hypertension control before
vs after ICH, as well as the complex network of biological and
social factors contributing to them. We also leveraged LCA,
an established and unbiased analytical tool, in an innovative
way to explore the relevance of individual-level information in
determining BP control temporal trends at a larger scale.

We leveraged BP measurements in the 12 months preceding
and following ICH to categorize temporal trends in hyper-
tension severity before vs after the acute hemorrhage. We
found that most survivors did not display substantial im-
provement in hypertension severity after ICH, implicating
persistence of longer-standing trends in its management.
Socioeconomic status (reflected as residential median in-
come) also affected likelihood of improvement in BP. Black,
Hispanic, and Asian ICH survivors were disproportionately
more likely to achieve minimal improvement when diagnosed
with undertreated or treatment-resistant hypertension before
ICH. Systematic differences in residential income further
compounded this inequity. Additional studies are warranted
to disentangle the complex network of biological and social
factors influencing BP control before and after ICH.
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