REVIEW

Annals of Internal Medicine

Effects of Intensive Blood Pressure Treatment on Orthostatic Hypotension

A Systematic Review and Individual Participant-based Meta-analysis

Stephen P. Juraschek, MD, PhD; Jiun-Ruey Hu, MD, MPH; Jennifer L. Cluett, MD; Anthony Ishak, PharmD; Carol Mita, MLIS;
Lewis A. Lipsitz, MD; Lawrence J. Appel, MD, MPH; Nigel S. Beckett, MB, ChB; Ruth L. Coleman, MSc; William C. Cushman, MD;
Barry R. Davis, MD, PhD; Greg Grandits, MS; Rury R. Holman, MB, ChB; Edgar R. Miller lll, MB, PhD; Ruth Peters, PhD, MSc;

Jan A. Staessen, MD, PhD; Addison A. Taylor, MD, PhD; Lutgarde Thijs, MSc; Jackson T. Wright Jr., MD, PhD;

and Kenneth J. Mukamal, MD, MPH, MA

Background: Although intensive blood pressure (BP)-lowering
treatment reduces risk for cardiovascular disease, there are con-
cerns that it might cause orthostatic hypotension (OH).

Purpose: To examine the effects of intensive BP-lowering
treatment on OH in hypertensive adults.

Data Sources: MEDLINE, EMBASE, and Cochrane CENTRAL
from inception through 7 October 2019, without language
restrictions.

Study Selection: Randomized trials of BP pharmacologic treat-
ment (more intensive BP goal or active agent) that involved more
than 500 adults with hypertension or elevated BP and that were
6 months or longer in duration. Trial comparisons were groups
assigned to either less intensive BP goals or placebo, and the
outcome was measured OH, defined as a decrease of 20 mm Hg
or more in systolic BP or 10 mm Hg or more in diastolic BP after
changing position from seated to standing.

Data Extraction: 2 investigators independently abstracted arti-
cles and rated risk of bias.

Data Synthesis: 5 trials examined BP treatment goals, and 4
examined active agents versus placebo. Trials examining BP

treatment goals included 18466 participants with 127 882
follow-up visits. Trials were open-label, with minimal heteroge-
neity of effects across trials. Intensive BP treatment lowered risk
for OH (odds ratio, 0.93 [95% Cl, 0.86 to 0.99]). Effects did not
differ by prerandomization OH (P for interaction = 0.80). In sen-
sitivity analyses that included 4 additional placebo-controlled tri-
als, overall and subgroup findings were unchanged.

Limitations: Assessments of OH were done while participants
were seated (not supine) and did not include the first minute
after standing. Data on falls and syncope were not available.

Conclusion: Intensive BP-lowering treatment decreases risk for
OH. Orthostatic hypotension, before or in the setting of more
intensive BP treatment, should not be viewed as a reason to
avoid or de-escalate treatment for hypertension.

Primary Funding Source: National Heart, Lung, and Blood Insti-
tute, National Institutes of Health. (PROSPERO: CRD42020153753)
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rthostatic hypotension (OH) is an important risk

factor for falls, syncope, and death. It is common
among adults with hypertension (1-3) and is associated
with multiple classes of antihypertensive medications
(4). These associations with hypertension and its treat-
ment have led to the widespread concern that OH is a
complication of intensive blood pressure (BP) therapy,
harming vulnerable groups (such as elderly persons) (5,
6). Thus, many view OH detected in the setting of BP
treatment as a reason to relax BP treatment.

Our objectives were to determine the effects of BP
treatment on OH and to use individual participant data
from trials to assess for effect modification by demo-
graphic characteristics or related comorbidities. We hy-
pothesized that contrary to widespread concerns, more
intensive BP treatment would reduce patients' risk for
OH, regardless of their baseline characteristics.
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METHODS

We followed standard procedures for conducting
reviews (7) and registered the protocol for this review
at PROSPERO (CRD42020153753) on 19 September
2019 (Supplement 1, available at Annals.org, shows the
submitted proposal and amendments).

Data Sources and Search Strategy

We searched (without language restrictions)
MEDLINE (PubMed), EMBASE, and the Cochrane Cen-
tral Register of Controlled Trials (CENTRAL) databases
through 7 October 2019 by using a strategy collated by
an experienced librarian (C.M.). Search terms focused
on hypertension, BP treatment, OH, and randomized
trials (Supplement 2, available at Annals.org). Duplicate
abstracts were removed in Microsoft EndNote and im-
ported into Covidence for screening. Two investigators
(J.L.B., S.P.J.) independently reviewed the abstracts.
Discrepancies were adjudicated by consensus with a
third investigator (A.L).

We also reviewed the bibliography of a recent
meta-analysis of trials of intensive BP control and car-
diovascular disease (CVD) (8) and attempted to contact
investigators of each to ask whether or not the trial ob-
tained standing BP measurements. One trial of BP treat-
ment goal included in our primary meta-analysis was
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identified through this approach (Supplement Table 1,
available at Annals.org) (9).

Study Selection

Prespecified inclusion criteria were 1) population:
500 or more adults with hypertension or elevated BP; 2)
intervention: randomized trials of BP pharmacologic
treatment (BP goal or active agent) that lasted 6 months
or longer; 3) comparison: at least 2 BP goals (one less
than the other) or placebo; and 4) outcome: OH mea-
sured during postrandomization study visits. Trials of
pregnant women or children, observational studies,
and studies with self-reported or claim-based OH were
excluded. We made an a priori decision to include trials
comparing 2 treatment goals (a more intensive goal
versus a less intensive goal) in our primary pooled anal-
ysis and to include placebo-controlled trials in a sec-
ondary sensitivity analysis.

Data Extraction and Risk of Bias Assessment

Two reviewers (J.R.H. and A.l.) independently ex-
tracted information from published papers about pub-
lication characteristics, trial characteristics, and OH
measurement details, which was confirmed by a third
reviewer (S.P.J.). One reviewer (J.R.H.) assessed each
trial's risk of bias (confirmed by a second reviewer
[S.P.J.]), considering the following factors: random se-
quence generation, allocation concealment, blinding of
participants and personnel, blinding of outcome as-
sessment, incomplete outcome data, selective report-
ing, and reporting bias. Risk of bias was characterized
as low, high, or uncertain on the basis of published
descriptions of trial design. Disagreements were adju-
dicated by a third reviewer (K.J.M.).

Data Requests

We requested the following data from investigators
or data repositories: age, sex (female or male), race
(Black or non-Black), prerandomization seated and
standing systolic BP (SBP) and diastolic BP (DBP), base-
line creatinine concentration or estimated glomerular
filtration rate (eGFR) or chronic kidney disease status,
body mass index, diabetes status, prior stroke, and his-
tory of any CVD. Obesity was defined as a body mass
index (BMI) of 30 kg/m? or greater. Stage 3 chronic
kidney disease was defined as an eGFR less than 60
mL/min per 1.73 m? on the basis of the CKD-EPI equa-
tion (10). Definitions of diabetes, stroke, and CVD var-
ied among studies (Supplement Tables 2 and 3, avail-
able at Annals.org).

Outcomes

Orthostatic hypotension was derived by taking the
difference between standing and seated BP. Seated BP
was based on the convention reported by each trial (1
measurement or the average of 2 to 3 measurements,
sometimes excluding the first measurement). Standing
BP was also based on trial conventions, which included
various numbers and timing of measurement (details
are summarized in the Results section). Orthostatic hy-
potension was defined by using the consensus defini-
tion as a decrease in SBP of at least 20 mm Hg or a
decrease in DBP of at least 10 mm Hg (11). Baseline OH
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was based on the seated and standing BP measured at
the visit just before randomization.

Secondary outcomes were postural change in SBP
or DBP (standing minus seated BP), systolic OH (a de-
crease in SBP =20 mm Hg), diastolic OH (a decrease in
DBP =10 mm Hg), the occurrence of low standing SBP
or DBP (standing SBP <110 mm Hg or DBP <60 mm
Hg), and the occurrence of high standing SBP or DBP
(standing SBP =180 mm Hg or DBP =100 mm Hg).
These thresholds were based on the fifth and 95th per-
centiles for the pooled, postrandomization SBP and
DBP of all 9 trials, respectively.

Statistical Analysis

Details of the analytical approach are found in Supple-
ment 3 (available at Annals.org). Data from all trials and all
prerandomization and postrandomization follow-up visits
were combined into a single analytic data set before
pooled analyses. To address outliers, analyses were re-
stricted to BP, BMI, and eGFR measures between the
0.01st and 99.99th percentiles of all measurements (base-
line and follow-up) from all 9 trials. We used means and
proportions to characterize population characteristics ac-
cording to each study.

Given that OH is a recurrent clinical phenomenon
and that surveillance for OH only occurred during
scheduled follow-up visits, we used a generalized esti-
mating equation (GEE) to account for repeated within-
person measurement (12, 13). We used this approach
in prior studies of OH (14-16). This model is advanta-
geous because it allows for the use of the Huber-White
sandwich estimator of variance, which can generate
valid SEs even if the correlations within group are not
as hypothesized (12).

Mean (SE) seated and standing BP as well as the
mean difference were determined by low and high BP
treatment goal for each study and in pooled analyses
overall (GEE with normal family, identity link). We also
used kernel density plots to examine the distribution of
SBP and DBP according to the prerandomization visit,
follow-up visits among participants assigned to a more
intensive BP treatment goal, and follow-up visits among
those assigned to a standard BP treatment goal.

We examined the effect of the intensive compared
with the standard treatment goals on the odds of OH
during follow-up visits, using GEE (binomial family, logit
link) for the 5 BP treatment goal trials and the 4
placebo-controlled trials, individually and overall. Mod-
els were repeated for change in postural SBP or DBP
(GEE with normal family, identity link) and low and high
SBP or DBP (GEE with binomial family, logit link). We
also performed models examining OH in the following
subgroups: age (<75 or >75 years), sex (male or fe-
male), race (non-Black or Black), prerandomization
seated SBP of 140 mm Hg or greater or DBP of 90 mm
Hg or greater, diabetes (no or yes), prior stroke (no or
yes), eGFR (<60 or 260 mL/min per 1.73 m?), BMI (<30
or 230 kg/m?), history of CVD (no or yes), standing SBP
before randomization (=110 or <110 mm Hg), and pre-
randomization OH (no or yes). Interaction terms were
used to make comparisons across strata.
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Table 1. Characteristics of Included Trials

Inclusion Status

Study, Year
(Reference)

Participants,
n

Study Population

Standard BP Treatment
(Goal or Placebo),
mm Hg

Intensive BP Treatment
(Goal or Agent),
mm Hg

Primary: BP
treatment goal

Primary: BP
treatment goal

Primary: BP
treatment goal

Primary: BP
treatment goal

Primary: BP
treatment goal

Secondary:
placebo-controlled

Secondary:
placebo-controlled

Secondary:
placebo-controlled

Secondary:
placebo-controlled

AASK, 2002 (19)

ACCORD BP,

2010 (20)

SPRINT, 2015 (18)

SPS3,2013(21)

UKPDS, 1998 (9)

HYVET, 2008 (22)

SHEP, 1991 (23)

Syst-Eur,
1997 (24)

TOMHS,
1993 (25)

1094

4733

9361

3020

1148

3845

4736

4695

902

African American patients aged
18-70 y with hypertensive
renal disease, without
diabetes

Seated DBP <95 mm Hg

Patients aged =40 y with
diabetes and CVD or aged
=55y with diabetes with CV
risk factors

Seated SBP 130-180 mm Hg*

Patients aged =50y at high risk
for CVD but who do not have
stroke or DM

Seated SBP 130-180 mm Hg*
and standing SBP <110 mm
Hg

Patients aged =30 y who had
had a recent lacunar stroke
Seated SBP =140 mm Hg or
seated DBP =90 mm Hg and
diagnosis of hypertension
Patients aged 25-65 y with
diabetes and hypertension
Seated SBP =150 mm Hg or
seated DBP =85 mm Hg
(=160/=85 mm Hg if
receiving hypertension
medication)
Patients aged =80 y with
hypertension
Seated SBP 160-199 mm Hg,
standing SBP =140 mm Hg,
seated DBP 90-109 mm Hgt
Patients aged =60 y with
isolated systolic hypertension
Seated SBP 160-219 mm Hg§,
standing SBP =140 mm Hg,
seated DBP <90 mm Hg
Patients aged =60 y with
isolated systolic hypertension
Seated SBP <220 mm Hg,
standing SBP =140 mm Hg,
seated DBP <95 mm Hg

Patients aged 45-69 y with mild
hypertension
DBP 90-99 mm Hg

MAP 102-107

SBP <140

SBP <140

SBP 130-149

BP <180/105

Placebo

Placebo

Placebo

Nutritional-hygienic

intervention and
placebo

MAP <92

SBP <120

SBP <120

SBP <130

BP <150/85

<150/<80

SBP <160 if baseline SBP
was >180

20-mm Hg reduction if
baseline SBP was
160-179

SBP <150 (a reduction
220 mm Hg)

Nutritional-hygienic
intervention and 1 of 5
arms||: acebutolol,
amlodipine,
chlorthalidone,
doxazosin, or enalapril

AASK = African American Study of Kidney Disease and Hypertension; ACCORD BP = Action to Control Cardiovascular Risk in Diabetes: Blood Pressure; ACE =
angiotensin-converting enzyme; BP = blood pressure; CKD = chronic kidney disease; CV = cardiovascular; CVD = cardiovascular disease; DBP = diastolic blood
pressure; DM = diabetes mellitus; MAP = mean arterial pressure; SPRINT = Systolic Blood Pressure Intervention Trial; SPS3 = Secondary Prevention of Small
Subcortical Strokes; UKPDS = U.K. Prospective Diabetes Study; HYVET = Hypertension in the Very Elderly Trial; SHEP = Systolic Hypertension in the Elderly
Program; Syst-Eur = Systolic Hypertension in Europe; TOMHS = Treatment of Mild Hypertension Study; SBP = systolic blood pressure.

* Range varied by baseline antihypertension use: SBP of 130 to 160 mm Hg while receiving 0 to 3 antihypertensive agents, SBP of 161 to 170 while receiving 0
to 2 antihypertensive agents, or SBP of 171 to 180 mm Hg while receiving 0 or 1 antihypertensive agents.
T Of 4 measures, the first was discarded and the mean of the next 3 consecutive readings with a coefficient of variation <15% was used in the study.

1 The average seated DBP was later changed to <110 mm Hg to be able to recruit participants with isolated systolic hypertension.

§ Range was 130 to 219 mm Hg and DBP <85 mm Hg if receiving antihypertensive medications.
|| These arms were combined to represent the “intensive blood pressure treatment group” in our extended pooled meta-analysis, which included the 4 placebo-

controlled studies.
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Table 1-Continued

Duration of Antihypertensive Agents Used Blood Pressure Seated BP Standing BP Measurement = OH Assessment Visits

Follow-up, for Intervention Device Measurement

y

Range, First line: 1 of 3 agents: metoprolol Hawksley random-zero  Mean of the last 1 measure obtained after Pre-randomization and

3-6.4 (50-200 mg/d), ramipril (2.5-10 sphygmomanometer 20f3 2 min 45 s of standing follow-up visits (monthly
mg/d), or amlodipine (5-10 measurements for the first 6 mo and
mg/d) then every 2 mo for the

trial duration)

Median, 4.7  First line: a combination of a Omron HEM-907 Mean of 3 Mean of 3 measures obtained Baseline for newly enrolled,
diuretic and either an ACE measurements 1 min after standing, each 12 mo, 48 mo, and exit
inhibitor or a B-blocker measure separated by visits (in participants with

1 min no study events)

Median, 3.3  First line: thiazide-type diuretic Omron HEM-207 Mean of 3 1 measurement obtained Baseline, 1, 6, 12, 24, 36,
encouraged, loop diuretics measurements 1 min after standing 48, 60-mo, and exit visit
(advanced CKD), and (in participants with no
B-adrenergic blockers (coronary study events)
artery disease)

Chlorthalidone was encouraged as
the primary thiazide-type
diuretic, and amlodipine as the
preferred calcium-channel
blocker

Mean, 3.7 Clinician directed the Colin Press-Mate Mean of 3 1 measurement obtained Baseline and quarterly

(SD, 2.0) antihypertensive regimen BP-8800C measurements 2 min after standing during follow-up

Median, 8.4  First line: captopril (25 mg/dto 50  Copal UA-251, Takeda Mean of the last 1 measurement obtained Baseline and every 3y of
mg twice daily) or atenolol UA-751, or Hawksley 3of4 1 min after standing follow-up
(50-100 mg/d) Random Zero measurementst

Median, 1.8  First line: indapamide (sustained Mercury Mean of 2 Mean of 2 measurements Pre-randomization and
release, 1.5 mg) or matching sphygmomanometer measurements  obtained after 2 min of yearly
placebo alone or a validated standing

automated device

Median, 4.0 Step 1: chlorthalidone, 12.5-25 Hawksley random zero  Mean of 2 2 measurements obtained Baseline and every 1-2 mo

mg/d sphygmomanometer measurements  after 1 and 3 min of during follow-up
Step 2: atenolol, 25-50 mg/d, or standing
reserpine, 0.05-0.1 mg/d

Median, 2.0  Nitrendipine (10 mg/d to 20 mgtwice  Unspecified, Mean of 2 2 measurements obtained Run-in and every 3 mo
daily), combined with or replaced conventional measurements  after 2 min of standing during follow-up
by enalapril (5-20 mg/d), sphygmomanometers
hydrochlorothiazide (12.5-25
mg/d), or both. Goal to reduce the
sitting SBP by =20 mm Hg to <150
mm Hg

Placebos were identical to the study
drugs, with a similar schedule
Median, 4.4  Chlorthalidone, 15-30 mg/d Hawksley random-zero  Mean of 2 1 measurement obtained Pre-randomization
Acebutolol, 400-800 mg/d sphygmomanometer measurements 2 min after standing screening visit and every
Doxazosin mesylate, 2-4 mg/d 3 mo during follow-up
Amlodipine maleate, 5-10 mg/d
Enalapril maleate, 5-10 mg/d
Doses were doubled or
chlorthalidone/enalapril was
added if DBP was =95 mm Hg (3
successive visits or 2105 mm Hg
during a single visit)
Participants assigned to the placebo
group were given chlorthalidone if
BP was not controlled with
nutritional-hygienic intervention
alone
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Table 2. Population Characteristics of the 5 Blood Pressure Treatment Goal Trials Included in the Primary Meta-analysis*

Characteristic AASK (19) ACCORD BP (20) SPRINT (18) SPS3 (21) UKPDS (9)
Participants, Value Participants, Value Participants, Value Participants, Value Participants, Value
n n n n n

Mean age (SD), y 1090 54.6(10.7) 4196 62.6(6.6) 9221 67.9(9.4) 2887 62.8(10.7) 1072 56.8(8.0)

Age >75y, % 1090 0.0 4196 4.8 9221 24.9 2887 13.8 1072 0.0

Women, % 1090 38.9 4196 46.4 9221 355 2887 36.6 1072 453

Black, % 1090 100.0 4196 22.3 9221 31.3 2887 16.0 1072 7.6

Prerandomization seated 1087 143.8(22.3) 4195 139.1(15.7) 9219 139.7 (15.6) 2886 143.1(18.8) 1044 158.1(21.9)
SBP (SD), mm Hg

Prerandomization seated 1088 88.7(13.5) 4195 75.9(10.3) 9220 78.1(11.9) 2887 78.4(10.6) 1047 92.8(11.2)
DBP (SD), mm Hg

Prerandomization standing 1087 143.2(23.4) 1218 139.3(16.8) 9204 140.3(17.9) 2294 144.3(22.4) 1047 155.0(22.0)
SBP (SD), mm Hg

Prerandomization standing 1086 91.5(14.5) 1218 79.1(11.2) 9206 81.8(12.9) 2298 81.1(12.9) 1047 93.7(10.9)
DBP (SD), mm Hg

eGFR (SD), mL/min per 1088 42.4(13.8) 4181 84.6(17.6) 9184 72.4(20.0) 2520 80.7 (18.9) 0 Not released
1.73 m?t

Stage 3 CKD (SD), %t 1088 89.5 4181 10.1 9184 271 2520 15.2 1045 25.3

Body mass index (SD), kg/m? 1090 30.6(6.6) 4196 32.1(5.4) 9158 29.9(5.8) 2879 28.9(5.6) 1042 29.6(5.5)

Obese, % 1090 46.7 4196 61.3 9158 43.0 2879 35.0 1042 39.6

Diabetes, % 1090 6.7 4196 100.0 9220 1.6 2887 332 1072 100.0

Prior stroke, % - NR - NR 9218 0.5 2887 100.0 1072 0.3

History of CVD, % - NR 4196 329 9221 20.0 2887 10.6 1072 0.4

Standing SBP <110 mm Hg 1087 5.8 1218 3.6 9204 3.2 2294 4.1 1047 0.6
before randomization, %

Pre-randomization OH, % 1081 9.1 1218 7.5 9203 7.2 2293 10.2 1044 16.6

AASK = African American Study of Kidney Disease and Hypertension; ACCORD BP = Action to Control Cardiovascular Risk in Diabetes: Blood
Pressure; CKD = chronic kidney disease; CVD = cardiovascular disease; DBP = diastolic blood pressure; eGFR = estimated glomerular filtration rate;
SPRINT = Systolic Blood Pressure Intervention Trial; SPS3 = Secondary Prevention of Small Subcortical Strokes; UKPDS = U.K. Prospective Diabetes
Study; NR = not reported; OH = orthostatic hypotension; SBP = systolic blood pressure.

* This sample was restricted to participants with a follow-up visit. The number cited in the table is not always equal to the number of participants in

the original trial who underwent randomization.
T Based on the CKD-EPI equation.
1t Defined as eGFR <60 mL/min per 1.73 m?.

Finally, we examined the effects of treatment on
OH according to follow-up window. These follow-up
windows for visits were categorized as prerandomiza-
tion, less than 1 month, 1 month or longer, more than 1
month to 6 months or less, more than 6 months to 12
months or less, more than 12 months to 24 months or
less, more than 24 months to 36 months or less, more
than 36 months to 48 months or less, and more than 48
months. We determined the association of time interval
with OH in strata of treatment (GEE with binomial fam-
ily, logit link), using interaction terms to assess for dif-
ferences at different time windows. We also examined
time trends within strata of treatment, using a continu-
ous variable defined by the median follow-up days in
each time window.

All primary analyses were performed among the 5
trials, comparing 2 BP treatment goals. In secondary
analyses, we included 4 placebo-controlled trials (for a
total of 9 trials). Sensitivity analyses included removing
SPRINT (Systolic Blood Pressure Intervention Trial,
which was the trial with the largest effect on OH) and
pooling findings by use of Hawksley random-zero
sphygmomanometers. We assessed trial heterogeneity
using the /? statistic, which provides the proportion of
total variation in study estimates that is due to hetero-
geneity (17). Statistical analyses were performed by us-
ing Stata, version 15.1.

Role of the Funding Source

This review and analysis was funded by the Na-
tional Institutes of Health (grant 7K23HL135273). The
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funder did not play any role in the design, conduct, and
analysis of the study or in the decision to submit the
manuscript for publication.

RESULTS

Details of our systematic review are shown in the
Appendix Figure (available at Annals.org). Of 1619 ref-
erences from the database searches, we screened 1083
unique records, identifying 4 trials of different BP treat-
ment goals that measured OH. One additional trial (9)
with OH data was identified from the Blood Pressure
Lowering Treatment Trialists' Collaboration systematic
review (8), for a total of 5 trials (9, 18-21). We also iden-
tified 4 eligible placebo-controlled BP treatment trials
that measured OH (22-25).

Trial size ranged from 1090 to 9361 participants in
our primary grouping of trials (Table 1). Intensive BP
goal varied, with 2 trials targeting a SBP less than 120
mm Hg (versus <140 mm Hg), 1 trial targeting a SBP
less than 130 mm Hg (versus 130 to 149 mm Hg), 1 trial
targeting a mean arterial pressure of 92 mm Hg or less
(versus 102 to 107 mm Hg), and 1 trial targeting a SBP
less than 150 mm Hg and DBP less than 85 mm Hg
(versus <180/<105 mm Hg). Trial duration varied from
a median of 3.3 years to 8.4 years. Among the primary
studies, OH was measured 1 to 3 times after standing,
at time points ranging from immediately after standing
to after 2 minutes 45 seconds of standing. Frequency of
measurements ranged from monthly to yearly.
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Participants (N = 18 466) in the primary 5 trials had
a mean age of 64.5 years (SD, 9.9) and 38.9% were
women (Table 2), and they had a total of 127 882
follow-up visits. The overall mean baseline seated SBP
was 141.4 mm Hg (SD, 17.6) (n = 18 431), and mean
DBP was 79.1 mm Hg (SD, 12.2) (n = 18 437). Of 14 846
participants with baseline OH measurements, 8.5% had
OH in the visit just before randomization. Characteris-
tics of participants in the 4 placebo-controlled trials are
shown in Supplement Table 4 (available at Annals.org).

Trials had a low risk of bias with regard to random
sequence generation, allocation concealment, and out-
come reporting and a higher risk for performance and
detection bias, given that study personnel were aware
of the treatment assignment and performed the OH as-
sessment (Supplement Table 5, available at Annals
.org). One of the 5 trials had unclear evidence of attri-
tion bias, given potential imbalances in follow-up
between treatment groups (21).

Pooled Effects on Blood Pressure

There was minimal heterogeneity (¥ = 0.0%; P =
0.84) across the 5 primary studies. Among the primary
group of studies, the mean postural increase in SBP
was 1.82 mm Hg (95% Cl, 1.65 to 2.00 mm Hg) in
63 630 follow-up visits among participants assigned to
a standard BP goal and 1.84 mm Hg (Cl, 1.67 to 2.01
mm Hg) in 64 252 follow-up visits among those as-
signed an intensive BP treatment goal (Table 3).
Whereas the distributions of seated and standing SBP
shifted to the left among those assigned the intensive
BP treatment goal, the distributions of postural change
were nearly identical among baseline, standard BP
goal, and intensive BP treatment goal (Supplement Fig-
ure 1, available at Annals.org). Findings were similar in
secondary pooled analyses of the 5 BP treatment goal
trials and the 4 placebo-controlled trials and in analyses

REVIEW

of DBP (Supplement Figure 2 and Supplement Table 6,
available at Annals.org).

Orthostatic Hypotension

All trials comparing different BP treatment goals
demonstrated reductions in the odds of OH, with
SPRINT demonstrating the strongest relationship (odds
ratio [OR], 0.89 [CIl, 0.80 to 0.98]) (Figure). In the
pooled analysis of the primary 5 trials of BP treatment
goals, assignment to a more intensive versus standard
BP goal lowered the odds of OH (OR, 0.93 [CI, 0.86 to
0.99]). Together, there was no effect among placebo-
controlled BP trials on OH (OR, 0.95 [CI, 0.88 to 1.02];
P = 0.13) (Supplement Table 7, available at Annals.org).
When these placebo-controlled trials were pooled with
the 5 trials of different BP treatment goals, more intensive
BP treatment was still associated with a significantly lower
risk for OH (OR, 0.93 [CI, 0.89 to 0.98]).

We also examined the effects of more intensive BP
treatment on postural change in BP, systolic OH, dia-
stolic OH, low standing BP (<110/=60 mm Hg), and
high standing BP (=180/=100 mm Hg) (Supplement Ta-
bles 8 and 9, available at Annals.org). More intensive
BP treatment was not associated with postural change
in BP, systolic OH, or diastolic OH but did increase the
risk for low standing BP and decrease the risk for high
standing BP.

Stratified Analyses

There was no difference in the primary pooled ef-
fect of more intensive versus standard BP treatment on
OH on the basis of age, sex, or Black race (Table 4).
Adults without diabetes had a lower odds of OH (OR,
0.90[Cl, 0.83 to 0.98]) with an intensive versus standard
BP goal, whereas intensive treatment in adults with di-
abetes demonstrated a nonsignificant higher risk for
OH (OR, 1.10 [CI, 0.96 to 1.27]; P for interaction =

Table 3. Effect of Intensive Therapy on Seated, Standing, and Orthostatic SBP

Trial Standard Goal (or Placebo) Low Goal (or Active Treatment)
Participants, Visits, n* Mean Seated Mean Standing Difference Participants, Visits, n* Mean Seated Mean Standing Difference
n SBP (SD), SBP (SD), (95% CI) n SBP (SD), SBP (SD), (95% CI)
mm Hg mm Hg mm Hg mm Hg
BP treatment goal
AASK (19) 553 23 986  142.1(0.45) 141.2 (0.50) -0.87 (-1.42 t0 -0.32) 537 24785 131.7(0.52) 130.9 (0.54) -0.80(-1.33t0 -0.27)
ACCORD BP (20) 2119 3590  133.9(0.26) 136.7 (0.30) 2.81(2.40to 3.23) 2077 3572 120.1(0.27) 122.9(0.30) 2.79(2.3810 3.21)
SPRINT (18) 4606 25482 135.5(0.12) 137.2(0.16) 1.73(1.49 to 1.96) 4615 25745 123.3(0.13) 125.3(0.16) 2.00(1.77 to0 2.22)
SPS3(21) 1443 9673 137.1(0.27) 140.2(0.32) 3.18(2.7310 3.62) 1444 8420  129.9(0.28) 133.1(0.33) 3.24(2.7810 3.70)
UKPDS (9) 359 899  160.7 (0.95) 159.2(0.99) -1.64(-2.52 t0 -0.76) 713 1730 150.8 (0.65) 149.0 (0.66) -1.79(-2.51 t0 -1.07)
Pooled effect of 9080 63 630 136.9(0.11) 138.7(0.13) 1.82(1.65 to 2.00) 9386 64252 126.3(0.13) 128.1(0.14) 1.84(1.67 to 2.01)
5 treatment goal
trials
Placebo-controlled
HYVET (22) "7 2219 159.6(0.50) 155.7 (0.49) -3.91(-4.25 t0 -3.57) 1233 2513  145.3(0.39) 141.8 (0.40) -3.57(-3.88t0 -3.27)
SHEP (23) 2345 46 222 155.5(0.26) 154.2(0.27) -1.22(-1.48 10 -0.97) 2336 43134 142.4(0.23) 140.8 (0.25) -1.66 (-1.92 to -1.40)
Syst-Eur (24) 2244 18 377  162.7(0.30) 160.2(0.31) -2.41(-2.63t0-2.19) 2351 20 952  152.3(0.22) 149.8 (0.24) -2.49 (-2.70 to -2.28)
TOMHS (25) 234 3526  132.0(0.76) 130.3(0.77) -1.59 (-2.13 to -1.06) 663 10273 124.3(0.43) 122.1(0.43) -2.17 (-2.47 to -1.88)
Pooled effect of 15074 133974 145.5(0.14) 145.7 (0.13) 0.18(0.05 to 0.30) 15 969 141124 134.2(0.13) 134.2(0.13) -0.00(-0.12 to 0.11)
all 9 trials

AASK = African American Study of Kidney Disease and Hypertension; ACCORD BP = Action to Control Cardiovascular Risk in Diabetes: Blood
Pressure; SPRINT = Systolic Blood Pressure Intervention Trial; SPS3 = Secondary Prevention of Small Subcortical Strokes; UKPDS = U.K. Prospective
Diabetes Study; HYVET = Hypertension in the Very Elderly Trial; SHEP = Systolic Hypertension in the Elderly Program; Syst-Eur = Systolic Hyper-
tension in Europe; TOMHS = Treatment of Mild Hypertension Study; SBP = systolic blood pressure.
* Postrandomization follow-up visits.
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Figure. Effects of BP treatment on risk for orthostatic hypotension, by study.

Trial (Reference) Participants, n  Visits, n ) OR (95% ClI) P Value
AASK (19) 1090 48771 l—‘l——l 0.93 (0.79-1.11) 0.43
ACCORD BP (20) 4196 7162 l—é—v—l 0.98 (0.77-1.25) 0.88
SPRINT (18) 9221 51227 I—.—E—| 0.89 (0.80-0.98) 0.02
SPS3 (21) 2887 18093 '—5—0—‘ 0.98 (0.83-1.15) 0.82
UKPDS (9) 1072 2629 f : 1 0.96 (0.73-1.25) 0.74
Primary analysis: trials E
comparing BP goals (n=5) 18466 127 882 ""' 0.93 (0.86-0.99) 0.030
HYVET (22) 2404 4732 } : 0.74 (0.56-0.99) 0.04
SHEP (23) 4681 89356 |_§.‘|_| 0.97 (0.89-1.06) 0.54
Syst-Eur (24) 4595 39329 |—¢——| 0.93 (0.81-1.08) 0.37
TOMHS (25) 897 13799 |—;——0—| 1.06 (0.84-1.33) 0.64
Secondary analysis: BP goal and E
placebo-controlled trials (n =9) 31043 275098 " 0.93 (0.89-0.98) 0.007
T T T T
0.5 0.75 1.0 1.5 2.0

OR (95% CI)

Pooled effects are organized by the 5 primary studies (primary effect) and with the 4 additional trials identified through our search. The size of each
point estimate is weighted by the number of follow-up visits with orthostatic hypotension assessments. AASK = African American Study of Kidney
Disease and Hypertension; ACCORD BP = Action to Control Cardiovascular Risk in Diabetes: Blood Pressure; BP = blood pressure; HYVET =
Hypertension in the Very Elderly Trial; OR = odds ratio; SHEP = Systolic Hypertension in the Elderly Program; SPRINT = Systolic Blood Pressure
Intervention Trial; SPS3 = Secondary Prevention of Small Subcortical Strokes; Syst-Eur = Systolic Hypertension in Europe; TOMHS = Treatment of

Mild Hypertension Study; UKPDS = U.K. Prospective Diabetes Study.

0.015). Effects of intensive versus standard BP treat-
ment goal did not differ by prerandomized seated SBP
of 140 mm Hg or greater or DBP of 90 mm Hg or
greater, history of stroke, eGFR less than 60 mL/min per
1.73 m?, obesity status, or history of CVD. There was
evidence that the odds of OH were lower among adults
with a standing SBP less than 110 mm Hg at baseline
(OR, 0.66 [CI, 0.48 to 0.91]; P for interaction = 0.02).
Effects did not differ by prerandomization OH (P for
interaction = 0.80).

Time Effects

Follow-up time was associated with a lower odds of
OH, regardless of being assigned to a standard (P for
trend < 0.001) or intensive BP treatment goal (P for
trend < 0.001) (Supplement Figure 3 and Supplement Ta-
ble 10, available at Annals.org). There was no consistent
evidence that the temporal association between trial
follow-up and OH differed by treatment assignment, even
after the 4 placebo-controlled trials were incorporated
(Supplement Figures 4 and 5 and Supplement Table 11,
available at Annals.org).

Sensitivity Analyses

Effects were nearly identical after the 4 placebo-
controlled trials were included (Supplement Table 12,
available at Annals.org) and were attenuated after
SPRINT (the trial with the largest effect on OH) was ex-
cluded (Supplement Table 13, available at Annals.org).
Effects were attenuated in the subgroup of trials that
measured BP with a Hawksley random-zero sphygmo-
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manometer (Supplement Tables 14 and 15, available at
Annals.org).

DISCUSSION

In this individual participant data meta-analysis of
18 466 adults with hypertension enrolled in random-
ized trials, in which sitting and standing BPs were mea-
sured to assess for OH, a lower BP treatment goal de-
creased the odds of OH. The odds of OH were even
lower in adults without diabetes and in adults with low
standing SBP before treatment initiation but were not
significantly altered by age, sex, or Black race. These
findings confirm that a more intensive BP treatment
regimen does not increase risk for OH in most patients.

Over the past several years, secondary analyses of
trials have suggested that more intensive BP treatment
lowers risk for OH, although results of individual trials
were not always statistically significant (14-16, 18, 26).
To our knowledge (based on English-language litera-
ture searches through August 2020), our study is the
first attempt to systematically pool these trials. Our
pooled effects are striking in that they demonstrate that
mean postural change is conserved with more intensive
BP treatment. This modification in the distribution of
postural change at the population level results in a
lower (not higher) risk for OH. Of note, these findings
were even greater among persons with a standing SBP
less than 110 mm Hg before randomization, a group
excluded from SPRINT (18). It is possible that intensive
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treatment improves BP regulation upon standing by im-
proving baroreflex function (27) and diastolic filling
while reducing left ventricular hypertrophy and arterial
stiffness (28), but confirmation of these mechanisms
goes beyond the scope of our study.

Our findings may seem at odds with clinical expe-
rience because many clinicians have observed hypo-
tension, syncope, and falls while treating their hyper-
tensive patients (29). This observation may be due to
the acute effects of antihypertensive therapy (30, 31)
before baroreflex sensitivity, vascular stiffness, ventric-
ular diastolic filling, and other blood pressure regula-
tory mechanisms have had a chance to adapt. The
long-term treatment of hypertension has been shown

REVIEW

to improve many of these mechanisms (28, 32), which
may explain the beneficial effect of treatment shown
here. It is also possible that the medication regimens or
the titration procedures in most of these trials may have
different effects on OH incidence than other medica-
tions or regimens used in clinical practice. This hypoth-
esis is illustrated by TOMHS (Treatment of Mild Hyper-
tension Study), the only trial suggesting some increase
in OH, in that it included an a-blocker among its active
treatments, which is known to cause more OH or ortho-
static lightheadedness (25). Finally, we noted that inten-
sive treatment did increase risk for low standing BP.
Whether falling below low standing BP thresholds predict

Table 4. Subgroup Analyses from the 5 Primary Blood Pressure Treatment Goal Trials: Effects of More Intensive Treatment

Versus Standard Treatment on OH

Characteristic Participants, n Visits, n* OR (95% CI) P Value P Value for
Interaction

Age
<75y 15571 112 897 0.96(0.89-1.04) 0.34 0.70
>75y 2895 14985 0.92(0.79-1.09) 0.35

Sex
Male 11278 80 568 0.97 (0.88-1.06) 0.48 0.71
Female 7188 47 314 0.94(0.85-1.04) 0.25

Race
Non-Black 13015 58 515 1.00 (0.91-1.09) 0.94 0.068
Black 5451 69 367 0.87(0.78-0.98) 0.02

Pre-randomization seated SBP

=140 mm Hg or DBP =90 mm Hgt
No 3635 22187 0.96(0.81-1.14) 0.67 0.99
Yes 14 804 105 631 0.96(0.89-1.03) 0.26

Diabetes
No 12018 107 648 0.90(0.83-0.98) 0.01 0.015
Yes 6447 20231 1.10(0.96-1.27) 0.17

Prior stroke
No 10 240 53577 0.95(0.86-1.04) 0.25 0.76
Yes 2937 18 358 0.98(0.83-1.15) 0.77

Stage 3 CKD#
No 13 483 64 980 0.95(0.87-1.04) 0.27 0.65
Yes 4535 60718 0.97(0.87-1.08) 0.59

Body mass index
<30 kg/m? 9921 69 848 0.97 (0.88-1.06) 0.49 0.69
>30 kg/m? 8444 57 579 0.94(0.85-1.05) 0.27

History of CVD
No 13 837 64 543 0.96 (0.88-1.05) 0.35 0.98
Yes 3539 14 568 0.96(0.81-1.14) 0.65

Standing BP before randomization
=110 mm Hg 14 352 113 247 0.96 (0.89-1.04) 0.35 0.02
<110 mm Hg 498 4915 0.66(0.48-0.91) 0.010

Prerandomization OH
No 13577 107 395 0.94(0.87-1.02) 0.11 0.75
Yes 1262 10 462 0.91(0.77-1.09) 0.33

CKD = chronic kidney disease; CVD = cardiovascular disease; DBP = diastolic blood pressure; OH = orthostatic hypotension; OR = odds ratio;

SBP = systolic blood pressure.

* Postrandomization follow-up visits.

T Based on the visit in closest temporal proximity before randomization.

1 Defined as an estimated glomerular filtration rate <60 mL/min per 1.73 m? based on the CKD-EPI equation.
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adverse events independently of orthostatic changes in
BP is an important topic for subsequent research.

Our study has limitations. First, we only identified
data from 5 clinical trials for our primary analysis. Al-
though we attempted to contact investigators of other
trials that compared BP treatment goals, many could
not be reached and publications of most of these trials
did not describe whether standing OH was assessed.
As a result, it is possible that we missed some hyper-
tension trials that measured OH. Second, trials differed
in their interventions, duration and frequency of follow-
up, and study populations. Nevertheless, statistical het-
erogeneity was minimal despite these differences,
which attests to the robustness of our findings. Third,
subgroups based on medical history involved different
definitions across studies, which could result in misclas-
sification, introducing a conservative bias in subgroup
analyses. Fourth, we did not have consistent access to
orthostatic symptoms or notable sequelae of OH (such
as syncope and falls). Fifth, most studies assessed OH
based on measurements occurring after 1 minute of
standing (versus within 1 minute) and based on transi-
tions from seated to standing positions (versus transi-
tions from supine to standing). Such measurements
may miss the important first minute after standing (1)
and blunt the effects of gravity, reducing the opportu-
nity to detect OH (33). Sixth, despite the number of
trials included, the large sample, and consistency of
findings, the strict entry criteria utilized in trials may
limit generalizability of our findings, especially to more
frail populations. Moreover, trial safety protocols, par-
ticularly in the open-label studies, may unduly influence
response to OH identified among the intensive BP
treatment group. This extra attention (especially in the
form of medication titration) could affect the subse-
quent occurrence of OH. The careful observation expe-
rienced by these participants may not generalize well
to clinic practices where visits are less frequent, BP is
not measured appropriately, and medications are not
carefully titrated. Seventh, the 5 BP treatment goal trials
were open-label and thus are at risk of performance
and detection bias. Although use of standard protocols
and objective BP monitors mitigate this risk, it cannot
be ruled out. Finally, we did not conduct a search to
examine BP medication class, although this would be of
interest for subsequent studies.

Our study also has several strengths. First, this re-
view is one of the only attempts to synthesize individual
studies of BP treatment and OH. It is the largest such
analysis to date. Second, the large sample allowed us
to examine the effects of treatment in groups that may
have been excluded or represented in small numbers
in the individual trials (for example, standing SBP <110
mm Hg). Third, the meta-analysis was conducted at the
individual participant data level rather than the study
level. Finally, statistical heterogeneity was limited,
which speaks to the consistency of the observed effects
of lower BP treatment goal on OH across populations
and study designs.

Our study has direct clinical implications. Hyperten-
sion affects over 45% of the U.S. adult population (34)
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and 31% of the world population (35) and is a major
contributor to premature death (36). Despite revised
guidelines and public health initiatives, treatment of hy-
pertension remains suboptimal with over 32% of adults
with known hypertension being uncontrolled (37). One
of the primary obstacles to effective BP management is
the concern that treatment causes adverse side effects
that increases risk for disability in vulnerable popula-
tions, especially older adults. Orthostatic hypotension
is a known risk factor for adverse events, such as falls
and syncope, that is prevalent among older adults with
hypertension (38) and is frequently attributed to BP
treatment (39). Our study, incorporating a diverse
range of treatment agents and goals and a large pop-
ulation older than 75 years, strongly affirms that more
intensive BP treatment usually does not induce OH
even among older adults. Furthermore, our study sug-
gests that intensive BP treatment may potentially im-
prove postural regulation of BP upon standing particu-
larly, among adults with lower standing BP before
treatment.

In conclusion, in this large, individual participant-
level synthesis of data from BP treatment trials, more
intensive BP treatment did not increase risk for OH, re-
gardless of age, and may even improve BP regulation
in adults with standing hypotension. Although individ-
ual patients may have unique reactions to specific
agents requiring changes in therapy, our aggregate
findings support the growing body of evidence that OH
identified in the setting of intensive BP treatment
should not be viewed as a reason to downtitrate or
discontinue BP treatment.
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