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BACKGROUND: Survivors of intracranial hemorrhage (ICH) are at increased risk for major adverse cardiovascular and cerebro-
vascular events (MACCE), in the form of recurrent stroke and myocardial Infarction. We investigated whether long-term blood
pressure (BP) variability represents a risk factor for MACCE after ICH, independent of average BP.

METHODS AND RESULTS: We analyzed data from prospective ICH cohort studies at Massachusetts General Hospital and the
University of Hong Kong. We captured long-term (ie, visit-to-visit) BP variability, quantified as individual participants’ varia-
tion coefficient. We explored determinants of systolic and diastolic BP variability and generated survival analyses models to
explore their association with MACCE. Among 1828 survivors of ICH followed for a median of 46.2 months we identified 166
with recurrent ICH, 68 with ischemic strokes, and 69 with myocardial infarction. Black (coefficient +3.8, SE 1.3) and Asian (co-
efficient +2.2, SE 0.4) participants displayed higher BP variability. Long-term systolic BP variability was independently associ-
ated with recurrent ICH (subhazard ratio [SHR], 1.82; 95% ClI, 1.19-2.79), ischemic stroke (SHR, 1.62; 95% ClI, 1.06-2.47), and
myocardial infarction (SHR, 1.54; 95% ClI, 1.05-2.24). Average BP during follow-up did not modify the association between
long-term systolic BP variability and MACCE.

CONCLUSIONS: Long-term BP variability is a potent risk factor for recurrent hemorrhage, ischemic stroke, and myocardial infarc-
tion after ICH, even among survivors with well-controlled hypertension. Our findings support the hypothesis that combined
control of average BP and its variability after ICH is required to minimize incidence of MACCE.
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form of stroke, accounting for almost half of all
stroke-related morbidity and mortality.! Primary
ICH represents an acute manifestation of under-
lying cerebral small vessel disease, a progressive

Intracerebral hemorrhage (ICH) is the most severe

degenerative condition of small caliber arterial and
venous cerebral vessels and a leading cause of
both ischemic and hemorrhagic stroke worldwide.?
Because of underlying cerebral small vessel disease
over one third of all survivors of ICH will suffer from
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CLINICAL PERSPECTIVE

What Is New?

e Survivors of intracerebral hemorrhage display-
ing higher long-term blood pressure variability
were at higher risk for recurrent hemorrhage,
ischemic stroke, and myocardial infarction

e Even survivors with well-controlled hyperten-
sion were at higher risk for stroke and myocar-
dial infarction when displaying higher long-term
blood pressure variability

What Are the Clinical Implications?

e Optimal prevention of recurrent stroke and my-
ocardial infarction among survivors of intracer-
ebral hemorrhage likely requires both lowering
average blood pressure and controlling its long-
term variability.

Nonstandard Abbreviations and Acronyms

HKU Hong Kong University

ICH intracerebral hemorrhage

MACCE major adverse cardiovascular and
cerebrovascular events

MGH Massachusetts General Hospital

recurrent stroke (either ischemic or hemorrhagic) in
the 10-year period following the acute hemorrhage.®
Recent studies also highlighted that survivors of
ICH are at higher risk for myocardial Infarction (MI).*
Taken together, recurrent vascular events represent
major contributors to functional decline, decreased
quality of life, diminished productivity, and prolonged
disability after ICH.5

Elevated blood pressure (BP) has been associated
with cerebral small vessel disease severity and rep-
resents an established modifiable risk factor for recur-
rent stroke after ICH.387 Recent studies indicate that
increased BP variability could also play a crucial role
in hypertensive end-organ damage (independently
of mean BP measurements), therefore affecting risk
of stroke, coronary heart disease, end-stage renal
disease, and all-cause mortality.®® A recent post
hoc analysis of the PRASTRO-I trial (Comparison of
Prasugrel and Clopidogrel in Japanese Patients With
Ischemic Stroke-l) demonstrated that higher visit-to-
visit BP variability is associated with increased re-
current stroke risk after noncardioembolic infarcts.!°
However, crucial evidence regarding the association
between BP variability and vascular events after ICH
is currently lacking.
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We therefore sought to determine whether survivors
of ICH with increased long-term BP variability are at
higher risk for MACCE, that is, recurrent hemorrhage,
ischemic stroke, and MI. We specifically sought to in-
vestigate whether the association between BP vari-
ability and MACCE after ICH is affected by underlying
hypertension severity (ie, average BP). To address
these questions, we leveraged longitudinal data from 2
ongoing, single-center prospective studies of ICH with
standardized capture of vascular events and visit-to-
visit BP variability during follow-up.

METHODS

Data Availability

The authors certify they have documented all data,
methods, and materials used to conduct the research
presented. Anonymized data pertaining to the research
presented will be made available upon reasonable re-
quest from external investigators.

Participating Studies and Enroliment
Eligibility Criteria

Participants were individuals aged 18 years or older
admitted at participating institutions with a new diag-
nosis of acute, primary ICH. For the purpose of the
present study we included consecutive ICH cases pre-
senting to either (1) Massachusetts General Hospital
(MGH) between January 2006 and December 20175
or (2) Hong Kong University (HKU) from January 2011 to
March 2019."? Eligible individuals were initially identified
via daily manual review of medical records, and ICH
diagnosis was subsequently confirmed by brain com-
puted tomography (CT) scan obtained within 24 hours
of symptoms’ onset. Individuals with ICH secondary to
trauma, conversion of an ischemic infarct, rupture of a
vascular malformation or aneurysm, and brain tumor
were excluded. Because we focused on recurrent
major vascular events as outcomes of interest, only in-
dividuals alive at time of discharge from the acute ICH
hospitalization were included in subsequent analyses.
Study protocols were approved by the institutional re-
view boards at all participating institutions and written
informed consent was obtained from all participants.

Baseline Data Collection

Trained study staff collected demographic, social,
and medical history in both studies via in-person in-
terview of patients (and/or reliable informants) and
review of electronic medical records at time of enroll-
ment. Participants and/or informants provided self-
identified race and ethnicity, choosing from categories
recommended by the National Institutes of Health for
use in research studies.! All available CT scans were
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deidentified, digitalized, and uploaded to the central
neuroimaging repository at both sites. Admission (ie,
first available) CT scans were analyzed to determine
ICH location, hematoma volume, and presence of in-
traventricular blood according to a previously validated
methodology.® All neuroimaging was analyzed blinded
to clinical information.

Longitudinal Follow-Up

For the MGH-ICH study, survivors of ICH and their
caregivers were interviewed by dedicated study staff
(blinded to baseline and neuroimaging information)
at 3, 6, and 12 months after index ICH and every
6 months thereafter, based on established protocols.®
Participants from the HKU-ICH study were followed up
by clinicians 3, 6, and 12 months after index ICH and
every 6 months thereafter.'? In both studies we supple-
mented patient-based collection of follow-up data with
semiautomated review of longitudinal electronic health
records to confirm and augment participant-reported
information. We specifically collected information on
antihypertensive medication use during follow-up.
In both studies if participants or caregivers reported
new neurologic symptoms, recurrent stroke, Ml, hos-
pital admission, or death, pertinent medical records
and radiology reports were reviewed by study staff to
minimize loss to follow-up.® Adjudication of recurrent
ischemic and hemorrhagic stroke events required di-
rect review of neuroimaging scans.

Capture of Blood Pressure and
Antihypertensive Medication Data

MGH-ICH and HKU-ICH research staff collected infor-
mation on BP measurements obtained in an outpatient
medical setting by medical personnel (self-reported or
home measurements were not taken into considera-
tion) according to previously published methods.6'"13
Eligible outpatient encounters for BP capture included
both prespecified follow-ups (at 3 months, 6 months,
12 months, and thereafter every 6 months from ICH in
both studies), as well as additional outpatient clinical
encounters initiated by patients or prompted by clinical
needs (both related to stroke care and to other non-
cerebrovascular medical problems). For all encounters
BPs were measured using an automated BP machine
with the patient in a sitting position, after a 5-minute
rest. For all measurements 2 BP readings were ob-
tained, and the average BP was recorded. For both
studies we specifically excluded BP measurements
obtained in inpatient settings (including emergency de-
partments) to avoid capturing short-term BP variabil-
ity attributable to acute medical events. At-home BP
measurements (whether from a visiting medical pro-
fessional or self-monitoring) were also not considered
for the purpose of our analyses. Only measurements
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including value for both systolic and diastolic BP were
considered eligible for analysis. All patients with 1 or
more missing BP measurements or medication use
data at any time point during follow-up were excluded.

Definition of Variables

Age at index ICH was analyzed as a continuous variable.
Race or ethnicity was analyzed as a set of dichotomous
variables. Measurements of systolic and diastolic BP
were calibrated on 10 mm Hg increases and entered in
survival models (discussed later) as time-varying vari-
ables, as previously described.®' Systolic and diastolic
BP long-term variability were quantified by computing
variation coefficients (ie, ratios of SD during follow-up
over the mean value) for each variable, which were then
subdivided into quintiles for analyses purposes.”” The
number of antinypertensive agents prescribed during
follow-up was analyzed as an ordinal variable with levels
corresponding to concomitant use of none, 1, 2, or 3 or
more agents. Outcomes of interest were MACCE, spe-
cifically including recurrent ICH, incident ischemic stroke,
incident MI, and vascular death (defined as mortality
attributed to recurrent ICH, ischemic stroke, or MI)."
Recurrent ICH was defined as the first episode during
follow-up of new-onset of neurological symptoms attrib-
utable to an intraparenchymal hemorrhage distinct from
the initial event, as confirmed by CT imaging. Incident
ischemic stroke was defined as the first episode during
follow-up of new-onset of neurological symptoms attrib-
utable to a cerebral infarct, as confirmed by CT or mag-
netic resonance imaging. Incident Ml was defined as the
first episode during follow-up of new-onset of clinical
symptoms consistent with acute myocardial ischemia
and/or infarct due to abrupt reduction in coronary blood
flow, as demonstrated by both elevated cardiac biomark-
ers and ECG changes in the appropriate clinical context.

Statistical Analysis

Univariable and Multivariable Analyses of
Long-Term BP Variability

Continuous variables were expressed as either mean
with SD or median with interquartile range. Categorical
data were expressed as numbers and percentages of
subtotal. Categorical variables were compared using
chi-square or Fisher exact tests (2 tailed) and continu-
ous variables using the Mann-Whitney U rank-sum or
Student ¢ test, as appropriate. We used linear regres-
sion models to identify factors associated with systolic
and diastolic BP. For both models we initially included
all factors associated with BP variability in univariable
analyses at significance level of P<0.20. We subse-
quently used backward elimination procedures to arrive
at a minimal model including only variables associated
at P<0.05. We prespecified adjustment for patient age,
sex, self-reported race or ethnicity, participating study
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(dichotomous variable indicating MGH versus HKU
data source), year of index ICH (in 2-year increments),
and number of available BP measurements.

Univariable and Multivariable Analyses of
Recurrent Acute Vascular Events

We determined factors associated with recurrent vas-
cular events in univariable analyses using Kaplan-Meier
plots, with significance testing via the log-rank test.
Patient data were censored only in case of death or loss
to follow-up. We performed multivariable analyses of sur-
vival outcomes using competing risk regression models
via the Fine and Gray method, to account for competing
risks between recurrent vascular events and death.'® We
created separate multivariable models for all MACCE,
recurrent ICH, incident ischemic stroke, and incident MI.
For all multivariable models we initially included all fac-
tors associated with outcomes of interest in univariable
analyses at significance level of P<0.20. Systolic and di-
astolic BP measurements and their variation coefficients
were modeled as time-varying variables, in agreement
with previously published methodology.® Briefly, for each
study time period (ie, 3 to 6 months, 6 to 12 months,
and every 6-month interval thereafter) we first calcu-
lated mean systolic and diastolic BP variables using all
available measurements. These were then included in
our multivariable models as time-varying variables. For
each participants and within each study period we then
calculated the variation coefficient for both systolic and
diastolic BP, after ensuring we had at least 3 separate
measurements available (to guarantee the stability of our
long-term variability estimates). These were then also
included in our multivariable models as time-varying
variables. We subsequently used backward elimination
procedures to arrive at a minimal model including only
variables associated at P<0.05. We prespecified adjust-
ment for patient age, sex, self-reported race or ethnic-
ity, participating study (dichotomous variable indicating
MGH versus HKU data source), year of index ICH (in 2-
year increments), and number of available BP measure-
ments. Of note, all survival analyses were first conducted
separately in the MGH-ICH and HKU-ICH and then in a
combined data set with adjustment for data source (as
described previously). We conducted tests of heteroge-
neity for all associations tested, but found no evidence
of differential effects based on data source (all heteroge-
neity P values >0.20). The proportional hazard assump-
tion was tested for all survival analyses using graphical
checks and Schoenfeld residuals-based tests.

Additional Analyses

We prespecified several additional analyses. First, we
explored additional metrics of long-term BP variability
for association with MACCE, including (1) SD, another
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commonly reported metric of variability; (2) BP range,
that is, difference between maximum and minimum
values in each follow-up period; and (3) average real
variability, which better captures long-term variations in
BP over time. Second, we sought to determine whether
the association between BP variability was affected by
hypertension severity (ie, average BP) during follow-up.
To do so, we created multivariable models for associa-
tion between BP variability and vascular events (ICH,
ischemic stroke, MI) within strata defined by hyperten-
sion stages (ie, normal BP, elevated BP, hypertension
stage 1, and hypertension stage 2) as codified in the
2017 American Heart Association/American College
of Cardiology Guidelines for the Prevention, Detection,
Evaluation, and Management of High Blood Pressure
in Adults.'® Differences in observed effect sizes based
on hypertension severity were explored using forest
plots, and statistical significance was determined via
heterogeneity of effects testing (as implemented in
the metareg function in R). Finally, in order to address
potential indication bias we also repeated all analyses
investigating the association between long-term BP
variability and MACCE after removing (1) all survivors
of ICH with prior history of ischemic stroke or Ml and
(2) all survivors of ICH on antiplatelet or anticoagulation
therapy at time of index ICH.

Multiple Testing Adjustment

We corrected for multiple testing using the Benjamini-
Hochberg false discovery rate method for adjust-
ment."” We report P values after false discovery rate
adjustment, applied to all predictors included in uni-
variable and multivariable models (owing to multiple
models being created as part of planned analyses). Al
significance tests were 2 tailed and significance set at
P<0.05 (after adjustment). All analyses were performed
using R software (The R Foundation for Statistical
Computing), version 4.1.1.

RESULTS

Study Participants and Follow-Up
Information

We screened 3245 consecutive patients with ICH
(MGH-ICH study: 2354; HKU-ICH study: 891) for in-
clusion in the present study. After application of in-
clusion and exclusion criteria (Figure 1), we included
1828 survivors of ICH (MGH-ICH study: 1305, HKU-
ICH study: 523) in all subsequent analyses. Aside
from expected differences in self-reported race and
ethnicity, survivors of ICH enrolled at MGH were
more likely to be female; older; have a prior medical
history of hypertension, coronary artery disease, and
atrial fibrillation; use statins before index ICH; and
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Consecutive ICH
Cases = Age =118 yedrs .
MGH-ICH: 2354 . Prlmgry ICH diagnosis
____________ HK-ICH: 891 (confirmed on CT scan)
} Survived < 90 days :
| after ICH L e o o e o
| MGH-ICH:943 [
| HK-ICH: 253 l
——————————— ICH Survivors
MGH-ICH: 1411
| Lost to Follow-up : HIICH; 656
| before 90 days I
| after ICH: | ——— — — — —
| MGHICH:33 |
| HK-ICH: 5 : .
————— Enrolled ICH Survivors
MGH-ICH: 1378
R Tt I HK-ICH: 633
| Missing = 1 BP I
| Data Points: D ——
| MGH-ICH: 21 |
| HKICH:110 |
| Missing = 1 :
| Antihypertensive
: Medication Data Points == == === === ===
I MGH-ICH:35 !
I HK-ICH: 0 : With Available
B e Follow-up Data
MGH-ICH: 1322
HK-ICH: 523
| DiscrepantEMR |
| vs. Self-report I
I Medication Data: €= == == m= o= o o o
| MGH-ICH:17 |
| HK-ICH: 0 }
TTTTTT T T T Final Study Participants
MGH-ICH: 1305
HK-ICH: 523
Figure 1. Flow diagram of study inclusion and exclusion criteria.

BP indicates blood pressure; CT, computed tomography; EMR, electronic medical records; HK, Hong
Kong University; ICH, intracerebral hemorrhage; and MGH, Massachusetts General Hospital.

present with lobar index ICH (all P<0.05, Table 1). We
found that study participants enrolled at HKU pre-
sented with higher systolic and diastolic BP at time
of hospital admission (both P<0.05). Antihypertensive
agents’ prescription patterns also differed between
studies (Table 1).

We followed participants enrolled at MGH for a total
of 5973 person-years, with median of 50.6 months
(interquartile range 41.6-62.3), with a yearly loss to
follow-up rate of 1.1%. During follow-up in the MGH
study we identified 129 recurrent ICH events (annual
rate of 4.2%, 95% Cl, 3.4-5.4), 43 ischemic stroke
events (annual rate of 1.4%, 95% CI, 0.7-2.1), and 40
Ml events (annual rate of 1.2%, 95% Cl, 0.6-2.0). Study
participants enrolled at HKU were followed for a total of
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1710 person-years, with median of 34.6 months (inter-
quartile range 23.5-49.8) and yearly loss to follow-up
rate of 1.4%. Among survivors of ICH enrolled at HKU
we observed 37 recurrent ICH events during follow-up
(annual rate 2.9%, 95% Cl, 2.0-3.6), 25 ischemic stroke
events (annual rate 1.6%, 95% ClI, 1.1-2.7), and 29 MI
events (annual rate 1.8%, 95% CI, 1.3-3.0).

Determinants of Long-Term Blood
Pressure Variability After Intracerebral
Hemorrhage

We conducted univariable and multivariable analyses
to identify factors associated with systolic and diastolic
BP variability long term. We identified association in
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Table 1. Study Participants’ Characteristics Table 1. Continued
Variables MGH-ICH HKU-ICH P value Variables MGH-ICH HKU-ICH P value
No. of individuals (%) 1305 (100) 523 (100) Calcium channel 503 (39) 413 (79)
Demographics blockers
Age, y, mean, SD 69.5 (12.1) 67.3 (14.4) 0.011 Diuretics 295 (29) 816
Sex, male 696 (53) 326 (62) <0.001 Beta blockers 756 (58) 188 (36)
Face or ethnicity 0001 Alpha blockers 124 (10) 86 (16)
White 1125 (86) 3(1) Values presented as number (percentage), unless otherwise specified. P
values represent results of univariable comparisons between the MGH and
Black 49 (4) 000 HKU studies. BP indicates blood pressure; HKU-ICH, Hong Kong University
Hispanic 59 (5) 0(0) ICH study; ICH, intracerebral hemorrhage; MGH-ICH, Massachusetts
- General Hospital ICH study.
Asian 48 (4) 517 (99)
Zt;"rf'iﬁi'fyr“e and B 0 univariable analyses (all P<0.05) between greater long-
Medical history term systplip BP variability and the following patient
Hypertension 1021 (78) 305 (58] 0001 Characterlstps: self—reported Black and Asian race,
— 249 (19) ) 059 history of d|§bet§§, history of hypercholggterolem@,
and greater disability after ICH (higher modified Rankin
32:;’;? artery 285 (20) &) <0.001 Scale score at discharge). Of note, we found Asian
T ICH survivors to display higher BP variability in both
/;:z' ller"'a“‘)” Zf’(ge) . E;) o the MGH (coefficient +2.9, SE 1.0, P=0.043) and HKU
— . (coefficient +2.1, SE 0.4, P=0.011) studies, with no evi-
Prior ischemic stroke | 121 (9) 66 (13) 0.054 dence of effect heterogeneity (P=0.45). We also found
Medication use that higher mean systolic BP during follow-up was as-
B gk I sociated with greater long-term systolic BP variability
Antiplatelet agents | 250 (19) 107 (20) 0.54 (coefficient +1.5, SE 0.2, P<0.001). We determined
Oral anticoagulation | 123 (9) 42 (8) 0.36 use of calcium channel blockers to be associated with
Statins 455 (35) 122 (23) <0.001 lower long-term systolic BP variability (coefficient —2.1,
After index ICH SE 0.5, P=0.009), whereas use of beta blockers was
Antiplatelet agents 153 (12) 72 (14) 0.95 associated with greater long-term systolic BP vari-
Oral anticoagulation | 25 (1) 130 046 ability (coefficient +3.3, SE 0.7, P=0.014). Multivariable
Statins 382 (29) 170 39) 019 analyses (Table 2) confirmed that all aforementioned
Ty E—— variables were independently associated with systolic
— : BP variability long-term.
Admission systolic BP 179 (28) 183 (29) 0.008 . - .
(mean, SD) Among patient characteristics, history of hyper-
Admission diastolic BP | 95 (1) 99 (19) 0.054 cholesterolemia was associated with greater diastolic
(mean, SD) BP variability (coefficient 1.4, SE 0.2, P=0.028). We
ICH location also determined that higher mean diastolic BP during
Lobar 601 (46) 116 22) 0.001 follow-up was associated with greater diastolic BP
Nomlobar 692 (59) 204.(77) variability (Cpeffioient +1.7, SE 0.3, P<0.Q22). WQ fou.nd
Vied 20 50 no medmatpn exposures to be assomatgd with dia-
e p——— S.tO|I(.3 BP variability (all P>.O.20). Upon creation of a mul—
- - tivariable model we confirmed that average BP during
ggé:tfsam‘hype”ens've o follow-up and history of hypercholesterolemia were
None s 266 independently associated with diastolic BP variability
1 296 (23) 157 (30) (Table 2).
2 447 (34) 185 (35) o
Py— 248 64 155 60) Long-Term BP Variability and Vascular
Antinyportonsive 0,001 Events After Intracerebral Hemorrhage
agents classes In univariable analyses, individuals’ systolic BP varia-
Angiotensin- 811 (62) 265 (51) tion coefficients were associated with risk of all MACCE
ﬁn%?gﬁgtrll% enzyme combined (subhazard ratio [SHR], 1.70 per quintile;
angiotensin receptor 95% Cl, 1.14-2.52), recurrent ICH (SHR, 1.77 per quin-
blocker tile; 95% Cl, 1.14-2.73), ischemic stroke (SHR, 1.68 per
. quintile; 95% CI, 1.08-2.59), and MI (SHR, 1.55; 95%
(Continued)
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Table 2. Predictors of BP Variability After ICH

Variable Coefficient (SE) P value
Systolic BP variability
Average systolic BP during +1.1 (0.3) 0.035
follow-up
(per 10 mm Hg incr.)
Race: Black +3.6 (1.1) 0.031
Race: Asian +2.5 (0.3) 0.005
Diabetes +1.7(0.4) 0.041
Hypercholesterolemia +1.8 (0.3) 0.011
Discharge modified Rankin Scale +0.7 (0.2) 0.021
score (for each point)
Calcium channel blockers -2.2(0.6) 0.012
Beta blockers +3.1 (0.6) 0.009
Diastolic BP variability
Average diastolic BP during +1.9 (0.4) 0.038
follow-up (per 10 mm Hg incr.)
Hypercholesterolemia +1.1 (0.2) 0.027

All analyses adjusted for age, sex, race or ethnicity, study source
(Massachusetts General Hospital vs Hong Kong University), and year of
enroliment. BP indicates blood pressure; and ICH, intracerebral hemorrhage.

Cl, 1.06-2.25). Diastolic BP variation coefficients were
not associated with recurrent vascular events after ICH
(all P>0.05). We present risk of MACCE (Figure 2A), re-
current ICH (Figure 2B), ischemic stroke (Figure 2C),
and MI (Figure 2D) by quintiles of systolic BP varia-
tion coefficient in Figure 2. In multivariable analyses
(Table 3) we found that systolic BP long-term varia-
tion coefficient was independently associated with all
acute vascular outcomes of interest. We present re-
sults demonstrating association between MACCE risk
after ICH and other long-term BP variability metrics in
Table S1. We also found (Table S2) similar association
between long-term systolic BP variability and risk of
MACCE after removal of survivors of ICH (1) with prior
history of ischemic stroke or Ml or (2) on antiplatelet or
anticoagulation therapy at time of index ICH.

Blood Pressure Variability, Hypertension
Severity, and Vascular Events After
Intracerebral Hemorrhage

As mentioned previously, we found that systolic BP
variation coefficients during follow-up were associ-
ated with recurrent ICH, ischemic stroke, and MI after
adjustment for average BP measurements and other
relevant patient characteristics and medication expo-
sures (Table 3). In addition, we constructed identical
multivariable models within patient subgroups defined
by stages of hypertension severity, that is, normal BP,
elevated BP, hypertension stage 1, and hypertension
stage 2.'® We allowed for individual participants’ hy-
pertension severity information to vary over time, thus
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modeling the relationship between average BP and
variability dynamically during follow-up. We found that
higher long-term systolic BP variability was associated
with increased risk for all MACCE, recurrent ICH, and is-
chemic stroke across all stages of hypertension sever-
ity, including among patients with normal BP (Figure 3).
Long-term systolic BP variability was associated with
MI among survivors of ICH in the elevated BP, hyper-
tension stage 1 and hypertension stage 2 subgroups
(Figure 3). We provide a graphical representation of the
combined effect of average SBP measurements and
their long-term variability on yearly MACCE incidence
during follow-up in Figure 4.

DISCUSSION

We conducted a longitudinal multicenter study of
survivors of ICH and identified associations between
long-term systolic BP variability and risk of MACCE (all
events, hemorrhagic stroke, ischemic stroke, and Ml)
after the initial cerebral hemorrhage. These associa-
tions were independent of average BP during follow-up.
We specifically demonstrated that elevated long-term
systolic BP variability is associated with increased risk
for MACCE even among patients with normal BP (as
defined based on average BP during follow-up). Our
findings support the hypothesis that lowering aver-
age BP may not be sufficient to minimize risk of acute
vascular events after ICH unless long-term variability is
also brought under control.

Multiple studies previously demonstrated asso-
ciations between higher average BP and recurrent
stroke risk after ICH.®™" In the PROGRESS (Perindopril
Protection Against Recurrent Stroke Study) trial, BP
lowering with perindopril in the treatment arm reduced
recurrent stroke after ICH by almost half.”'® Our study
adds a critical piece of evidence by clarifying that
long-term BP variability is also likely to play a key role.
Because we were able to analyze data for a relatively
large group of high-risk patients, we found evidence
that the associations between long-term BP variability
and MACCE are independent of hypertension severity.
These findings support focusing future clinical and re-
search efforts on BP control after hemorrhagic stroke
to include evaluation of variability over time.

We also found that use of specific antihypertensive
medications after ICH was associated with long-term
systolic BP variability. Specifically, use of beta block-
ers was associated with higher systolic BP variability,
whereas use of calcium channel blockers was asso-
ciated with lower BP variability. These findings are
consistent with previous reports from studies of long-
term BP variability after ischemic stroke.'®2° Current
European (European Stroke Organisation) and North
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Figure 2.

Blood pressure variability and risk of recurrent vascular events after ICH.

Kaplan-Meier plots of risk for all MACCE events (A), recurrent ICH (B), ischemic stroke (C), and myocardial infarction (D), based on
long-term systolic blood pressure variability during follow-up, expressed as quintiles of variation coefficient values. HKU indicates
Hong Kong University; ICH, intracerebral hemorrhage; MACCE, major adverse cardiovascular and cerebrovascular events; MGH,
Massachusetts General Hospital; SBP, systolic blood pressure; and VC, variation coefficient.

American (American Heart Association/American
Stroke Association) ICH management guidelines do
not recommend use or avoidance of specific antihy-
pertensive agents after ICH.?"?2 Based on our find-
ings, additional studies (including randomized clinical
trials) investigating the specific impact of different an-
tihypertensive classes on MACCE risk after ICH are
warranted. Evaluating risks and benefits for MACCE
in general versus specific acute vascular events will
be of key importance, because individual antihyper-
tensive agents may exert differential effects on risk
for hemorrhagic stroke, ischemic stroke, or cardiac
ischemia.?®24

Expanding upon previous studies demonstrating
evidence of racial or ethnic disparities in average BP
after ICH, we found that Black and Asian survivors of
ICH also displayed evidence of higher long-term sys-
tolic BP variability."-?® In turn, these systematic differ-
ences in long-term BP variability control are likely to

J Am Heart Assoc. 2022;11:e024158. DOI: 10.1161/JAHA.121.024158

contribute to established racial or ethnic disparities
in recurrent stroke risk after ICH, as we previously
demonstrated for average BP."" We are limited in our
ability to further explore factors accounting for these
disparity by the nature of information collected as part
of our study. Existing evidence indicates that disparities
in access to care, medication affordability, and other
factors reflecting systemic racism in the United States
are likely to play a major role in explaining disparities
among Black survivors of ICH.?52” Conversely, we
found Asian survivors of ICH to be more likely to dis-
play higher long-term BP variability both in the United
States and in the Hong Kong Special Administrative
Region, a high-resource setting with universal health
care coverage and a unique historical and socioeco-
nomic context.?82° Ultimately, additional studies are
warranted to clarify social and biological determinants
of racial or ethnic disparities in long-term BP variability
after ICH.
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Table 3. Multivariable Analyses of Risk Factors for Major Adverse Cardiovascular and Cerebrovascular Events After ICH

All MACCE Intracerebral hemorrhage Ischemic stroke Myocardial infarction
P

Variable SHR (95% ClI) value SHR (95% CI) P value SHR (95% CI) P value SHR (95% CI) P value
Education (>12y) 0.68 (0.50-0.92) | 0.01 0.66 (0.57-0.93) 0.021 0.70 (0.51-0.94) | 0.028 0.74 (0.56-0.96) 0.032
Prior ICH 1.31 (0.97-1.75) 0.084 2.30 (1.10-4.78) 0.029 1.40 (0.91-2.19) 0.17 1.34 (0.84-2.12) 0.23
Prior transient 1.55 (1.05-2.27) 0.029 1.61 (0.93-2.76) 0.094 1.88 (1.09-3.22) | 0.029 1.25 (0.91-1.70) 0.16
ischemic attack/
ischemic stroke
Race: White 0.61 (0.41-0.89) 0.012 0.57 (0.34-0.96) 0.041 0.79(0.65-0.98) | 0.028 0.68 (0.45-1.02) 0.069
Systolic BP 1.33 (1.08-1.63) 0.008 1.34 (1.05-1.70) 0.019 1.28 (1.03-1.59) 0.029 1.41 (1.05-1.87) 0.019
(per 10 mm Hg incr.)
Systolic BP 1.75 (1.16-2.63) 0.008 1.81 (119 -2.80) 0.007 1.65 (1.05-2.57) | 0.033 1.54 (1.04-2.24) 0.029
variation coefficient
(per quintile)

All analyses adjusted for age, sex, race or ethnicity, study source (Massachusetts General Hospital vs Hong Kong University), year of enrollment, and number
of available BP measurements. BP indicates blood pressure; ICH, intracerebral hemorrhage; MACCE, major adverse cardiovascular and cerebrovascular
events; SHR, subhazard ratio.

Vascular Hypertension Effect of Systolic BP Variability
Events Severity (SHR, 95% CI per var. coeff. quintile)
Normal BP : —— 1.31 (1.08-1.58)
|
All Elevated BP | —— 1.43 (1.11-1.82)
|
MACCE Hypertension Stage 1 | ——— 1.59 (1.14-2.21)
|
Hypertension Stage 2 | L 1.67 (1.18-2.34)
|
|
Normal BP :—-— 1.37 (1.02-1.83)
Recurrent  Elevated BP : —_—— 1.48 (1.06-2.05)
. Hypertension Stage 1 | - 1.87 (1.22-2.86)
Hypertension Stage 2 : —_—l 1.66 (1.17-2.23)
|
|
Normal BP |—— 1.23 (1.01-1.49)
|
Ischemic Elevated BP : —— 1.31 (1.06-1.62)
Stroke Hypertension Stage 1 | —— 1.46 (1.07-2.00)
|
Hypertension Stage 2 | ——— 1.51 (1.13-2.02)
|
|
Normal BP JI—I— 1.12 (0.96-1.30)
|
Myocardial Elevated BP — 1.29 (1.02-1.63)
Infarction Hypertension Stage 1 : —_— 1.64 (1.20-2.23)
Hypertension Stage 2 e 1.47 (1.12-1.93)
|
T T T T T T
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‘ |
Decreased Event Risk <:l | :> Increased Event Risk

Figure 3. Hypertension severity, blood pressure variability, and major adverse cardiovascular

and cerebrovascular events after ICH.

Forest plot presenting the association between long-term systolic BP variability (per quintile of variation
coefficient) and MACCE (all events, recurrent ICH, ischemic stroke, and myocardial infarction) with
participants’ subgroups identified by hypertension severity (based on average BP) during follow-up. BP
indicates blood pressure; ICH, intracerebral hemorrhage; MACCE, major adverse cardiovascular and
cerebrovascular events; and SHR, subhazard ratio.
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Figure 4. Blood pressure control and incidence of major adverse cardiovascular and cerebrovascular events after ICH.

Surface area graph presenting the yearly incidence of MACCE after ICH (Per 1000 person/years) based on combined values of
average systolic BP and BP variation coefficients (by quintiles) during follow-up. For each subgroup identified by combination of
average BP and variation coefficients we report in the labels the exact MACCE yearly incidence observed in our study. Different colors
identify combinations of average Bp and its variability at comparable risk for MACCE during follow-up. BP indicates blood pressure;
ICH, intracerebral hemorrhage; and MACCE, major adverse cardiovascular and cerebrovascular events.

Our study has several limitations. First, both the
MGH-ICH and HKU-ICH cohorts are retrospective
analyses of prospective observational studies em-
ploying unblinded hypertension control strategies, as
determined by individual patients and care providers.
Additionally, acute cerebrovascular events have previ-
ously been shown to result in subsequent increases
in BP variability, which may represent a noncausative
marker for increased cerebrovascular and cardiovascu-
lar riska.'%3%3" Our approach, therefore, cannot identify
causal relationships and we are limited to establishing
associations between BP measurements and MACCE
incidence. Both studies also captured BP measure-
ments using a nonstandardized approach, which may
have resulted in imprecise quantification of hyperten-
sion severity. In the HKU-ICH study in particular, =17%
of eligible patients lacked sufficient BP measurement
data. However, nonstandardized BP capture would not
be expected to generate false positives associations
but rather bias our results toward the null hypothesis.

J Am Heart Assoc. 2022;11:e024158. DOI: 10.1161/JAHA.121.024158

Both enrollment sites are tertiary care centers with
expertise in ICH research and care. Our results may
not, therefore, be generalizable to survivors of ICH at
large, because of the introduction of severity bias in our
analyses. However, we previously reported highly con-
sistent findings for the association between elevated
BP and recurrent stroke when comparing MGH-ICH
results to those generated by the ERICH (Ethnic/Racial
Variations of Intracerebral Hemorrhage) study, con-
ducted at different academic and community-based
hospitals in the United States." We could not control
for several covariates influencing risk of MACCE (eg,
physical activity, diet, social determinants of health,
and smoking) that were not part of originally collected
participant data. Finally, we focused exclusively on
long-term BP variability and its association with car-
diovascular and cerebrovascular outcomes, as we lack
data required to investigate the potential role of short-
term (ie, circadian) variability. Our study also displays
numerous strengths. First, we provided novel evidence
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for long-term BP variability influencing risk of MACCE
among survivors of ICH, a high-risk population.*632
Our analyses focused on highly relevant clinical end
points, thus emphasizing the need to further investi-
gate the impact of long-term BP variability on MACCE
risk after ICH. Second, we studied a relatively large
sample of consecutive ICH cases from 2 large longitu-
dinal studies using highly compatible, consistently ap-
plied enrollment criteria and follow-up methodologies.
Third, considering the differences between the partici-
pating studies in geographical location, racial or ethnic
demographics, health care delivery, and sociocultural
factors, the consistency of our primary findings sug-
gests remarkable generalizability to survivors of ICH at
large. Finally, enrollment of a large number of high-risk
participants allowed us to adequately power subgroup
analyses across hypertension severity stages, thus
providing more robust evidence for an association be-
tween long-term BP variability and MACCE incidence
that is independent of average BP.

CONCLUSIONS

In summary, we demonstrated that long-term BP vari-
ability is associated with increased risk of MACCE after
ICH and that this effect is independent of hypertension
severity (ie, average BP). This novel finding is of criti-
cal importance in the secondary prevention of vascular
events in this high-risk patient population. Future stud-
ies exploring biological mechanisms linking long-term
BP variability to MACCE are warranted, ultimately lead-
ing to randomized clinical trials examining the effect of
long-term BP variability control following primary ICH.
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SUPPLEMENTAL MATERIAL



Table S1. Multivariable Association of Long-term BP Variability Metrics with Risk of Major Adverse

Cardiovascular and Cerebrovascular Events after ICH

All Intracerebral Ischemic Myocardial
BP Variability MACCE Hemorrhage Stroke Infarction
Metric SHR SHR SHR SHR
@s%ch | P (95% CI) P (95% ClI) P (95% Cl) P

Systolic BP
Variation 1.75 1.81 1.65 1.54
Coefficient (1.16 - 2.63) 0.008 (1.19 — 2.80) 0.007 (1.05 - 2.57) 0.033 (1.04 - 2.24) 0.029
(per quintile)
Systolic BP
Standard 1.88 1.81 1.77 1.68
Deviation 118 -2.98)| %0%°| (1.15-2.83)| %01 | (1.16- 2.67)| %010 | (1.12- 2.50) | 0018
(per 5 mmHg)
Systolic BP

1.28 1.25 1.22 1.18
Range 0.017 0.014 0.029 0.035
(per 10 mmHg) (1.05 - 1.55) (1.05 - 1.48) (1.02 - 1.45) (1.01 - 1.36)
Systolic BP
Average Real 1.68 1.78 1.71 1.48
Variability 111 -253)] %018 | (116 2.70)| 909%| (1.13-2.57)| %018 | (1.04-2.09)| 0034
(per quintile)

All analyses adjusted for age, sex, race / ethnicity, education, history of prior ICH, history of prior TIA or
ischemic stroke, average systolic BP during follow-up, study source (MGH vs. HKU), year of enrollment,
and number of available BP measurements.

Abbreviations: BP = Blood Pressure, ICH = Intracerebral Hemorrhage, MACCE = Major Adverse

Cardiovascular and Cerebrovascular Events, SHR = Sub-Hazard Ratio, TIA = Transient Ischemic Attack.



Table S2. Subset Analyses of Multivariable Association of Long-term BP Variability with Risk of

Major Adverse Cardiovascular and Cerebrovascular Events after ICH

All Intracerebral Ischemic Myocardial
MACCE Hemorrhage Stroke Infarction
Study Group
SHR SHR SHR SHR
@s%ch | P (95% CI) P (95% ClI) P (95% Cl) P

All participants 1.75 1.81 1.65 1.54
(n = 1828) (1.16 - 2.63) 0.008 (1.19 — 2.80) 0.007 (1.05 - 2.57) 0.033 (1.04 - 2.24) 0.029
Excluding
participants
with history of 1.78 1.82 1.67 1.55
Ischemic 1.13-2.80)| %01 | (1.15-2.87)| %01 | (1.00-2.53) | %019 | (1.07 - 2.23)| 0022
Stroke or TIA
(n = 1641)
Excluding
participants on
antiplatelet on

. 1.68 1.89 1.71 1.48
anticoagulant | ; 4" 5 6gy 0-038 1 ) 1773 19| 0022 | (102 2.86)| %048 | (0.6 - 2.26) | 0081
agents at time
of Index ICH
(n = 1306)

All analyses adjusted for age, sex, race / ethnicity, education, history of prior ICH, history of prior TIA or
ischemic stroke (where applicable), average systolic BP during follow-up, study source (MGH vs. HKU),
year of enrollment, and number of available BP measurements.

Abbreviations: BP = Blood Pressure, ICH = Intracerebral Hemorrhage, MACCE = Major Adverse

Cardiovascular and Cerebrovascular Events, SHR = Sub-Hazard Ratio, TIA = Transient Ischemic Attack.



