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ABSTRACT

OBJECTIVE

To determine the effects of intensive blood pressure
treatment on orthostatic hypertension.

DESIGN

Systematic review and individual participant data
meta-analysis.

DATA SOURCES

MEDLINE, Embase, and Cochrane CENTRAL databases
through 13 November 2023.

INCLUSION CRITERIA

Population: 2500 adults, age 218 years with
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hypertension or elevated blood pressure; intervention:

randomized trials of more intensive antihypertensive
drug treatment (lower blood pressure goal or active
agent) with duration =6 months; control: less
intensive antihypertensive drug treatment (higher
blood pressure goal or placebo); outcome: measured
standing blood pressure.

MAIN OUTCOMES

Orthostatic hypertension, defined as an increase in
systolic blood pressure 220 mm Hg or diastolic blood
pressure 210 mm Hg after changing from sitting to
standing.

DATA SYNTHESIS

Two investigators independently abstracted articles.
Individual participant data from nine trials identified
during the systematic review were appended together
as a single dataset.

WHAT IS ALREADY KNOWN ON THIS TOPIC

Orthostatic hypertension (an extreme increase in blood pressure after standing)
is a pathologic form of higher standing blood pressure, predicting adverse health
outcomes in observational studies

Current recommendations to treat orthostatic hypertension are based on a few
small trials of agents not considered first line for hypertension treatment

WHAT THIS STUDY ADDS

Using data from nine randomized trials of 30 000 participants, this individual
level meta-analysis shows that more intensive blood pressure treatment reduces
the occurrence of orthostatic hypertension

Many of the included trials used first line antihypertensive agents, suggesting
that common approaches for seated hypertension may also be used to treat
orthostatic hypertension

Although orthostatic hypertension is common among adults with hypertension,
it may be treated using standard approaches recommended for seated
hypertension
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RESULTS

Of 31124 participants with 315497 standing

blood pressure assessments, 9% had orthostatic
hypotension (that is, a drop in blood pressure after
standing of systolic 220 mm Hg or diastolic 210 mm
Hg), 17% had orthostatic hypertension, and 3.2% had
both arise in systolic blood pressure and standing
blood pressure 2140 mm Hg at baseline. The effects
of more intensive treatment were similar across trials
with odds ratios for orthostatic hypertension ranging
from 0.85 to 1.08 (1°=38.0%). During follow-up, 17%
of patients assigned to more intensive treatment

had orthostatic hypertension, whereas 19% of those
assigned less intensive treatment had orthostatic
hypertension. Compared with less intensive treatment,
the risk of orthostatic hypertension was lower with
more intensive blood pressure treatment (odds ratio
0.93, 95% confidence interval 0.90 to 0.96). Effects
were greater among non-black versus black adults
(odds ratio 0.86 v 0.97; P for interaction=0.003) and
adults without diabetes versus those with diabetes
(0.88 v 0.96; P for interaction=0.05) but did not differ
by age 275 years, sex, baseline seated blood pressure
>2130/280 mm Hg, obesity, stage 3 kidney disease,
stroke, cardiovascular disease, standing systolic
blood pressure 2140 mm Hg, or pre-randomization
orthostatic hypertension (P for interactions 20.05).

CONCLUSIONS

In this pooled cohort of adults with elevated blood
pressure or hypertension, orthostatic hypertension
was common and more intensive blood pressure
treatment modestly reduced the occurrence of
orthostatic hypertension. These findings suggest that
approaches generally used for seated hypertension
may also prevent hypertension on standing.

STUDY REGISTRATION
Prospero CRD42020153753 (original proposal).

Introduction

Orthostatic hypertension, an elevation in blood
pressure after standing, is an emerging risk factor
for several adverse health outcomes, including
cardiovascular disease, stroke, kidney disease, and
cognitive impairment."® Orthostatic hypertension
also seems to be an important predictor of all cause
mortality among older adults.* Although individual
cohort studies have observed that orthostatic
hypertension disproportionately affects adults with
hypertension, the effects of blood pressure treatment
on the occurrence of orthostatic hypertension have not
been systematically examined.
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In arecent, individual participant data meta-analysis
of hypertension trials with standing blood pressure
assessments, we examined the effect of more intensive
blood pressure treatment on orthostatic hypotension.’
However, we did not examine the effect of treatment
on orthostatic hypertension, which was also collected
during these trials. Current recommendations for the
treatment of orthostatic hypertension focus on agents
that are not considered first line for seated hypertension
(that is, thiazide diuretics, dihydropyridine calcium
channel blockers, or angiotensin converting enzyme
inhibitors/angiotensin receptor blockers).® Whether
more intensive treatments generally used for seated
hypertension might be efficacious for orthostatic
hypertension is unknown, but it could have
implications for the formulation of treatment strategies
to tackle this emerging hypertensive phenotype.

The objectives of this study were to use the individual
participant data combined from the nine hypertension
trials identified by the systematic review above to
determine the prevalence of orthostatic hypertension
among adult participants of hypertension treatment
trials and the effect of more intensive blood pressure
treatment (that is, a lower blood pressure treatment
goal or active therapy versus either a higher blood
pressure treatment goal or placebo) on orthostatic
hypertension and to assess for effect modification by
demographic characteristics.

Methods
Search strategy and eligibility criteria
This post hoc study focuses on orthostatic hypertension,
but the search strategy of our original systematic
review, focused on orthostatic hypotension, was
described elsewhere.” 7 In brief, our review was
registered in the PROSPERO registry on 28 April 2020
(CRD42020153753) and initial searches included
MEDLINE/PubMed), Embase, and the Cochrane Central
Register of Controlled Trials databases without language
restrictions. A research librarian (CM) prepared our
search strategy, which focused on hypertension,
blood pressure treatment, standing blood pressure
(particularly orthostatic hypotension), and randomized
trials. Duplicate records were removed in EndNote,
and two independent investigators (SPJ] and JLC)
screened abstracts with Covidence, with discrepancies
adjudicated by consensus. This search was updated
to include citations through 13 November 2023
(supplementary methods 1; supplementary figure A).
The search ultimately entailed 1127 unique abstracts
and 70 unique trials. Only one of the eligible trials
was excluded owing to inability to share individual
participant data. Because our original search included
all trials with standing blood pressure measurements,
we were able to use the outcomes of this search to
examine orthostatic hypertension as a post hoc analysis.
The original systematic review was guided by the
following PICO (population, intervention, comparison,
outcomes) criteria.® Population: trials of at least
500 adults (ages 18 years or older) with elevated
blood pressure or hypertension (based on seated
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measurements). Intervention: at least six months of
randomized antihypertensive drug treatment (blood
pressure goal or active agent). Comparison: at least
two blood pressure goals (one less than the other) or
active therapy versus placebo. Outcome: orthostatic
hypotension measured after randomization. Although
orthostatic hypotension was the outcome of the
original search, all these trials also had the relevant
data for calculation of orthostatic hypertension.
We excluded trials of pregnant women or children,
animal experiments (non-human trials), reviews,
observational studies, and studies without direct
measures of orthostatic hypotension (for example,
based on self-report or claims). We pooled trials
together overall and by type—that is, those comparing
two treatment goals (a lower versus a higher goal) or
placebo controlled trials.

In addition to our systematic review above, we
also attempted to contact investigators of trials
of antihypertensive drug treatment in adults with
elevated blood pressure or hypertension included
in a recent meta-analysis focused on cardiovascular
disease,” asking about the availability of standing
blood pressure measurements. This process led to the
inclusion of one trial not identified through our original
search.'® One trial was not able to provide us with data
owing to data sharing restrictions.!* All trials identified
had both pre-randomization and post-randomization
orthostatic blood pressure assessments, which could
be used to derive orthostatic hypertension. Risk of bias
characterization was updated to reflect orthostatic
hypertension as the primary outcome of this systematic
review (supplementary table A).*?

Treatment assignment

Similarly to our previous work, we chose a priori to
examine pooled effects by categories of trial design:
trials of blood pressure treatment goal (that is, one
goal lower than the other goal) and trials of an active
antihypertensive agent versus placebo. More intensive
treatment included patients assigned a lower blood
pressure treatment goal and those assigned to active
antihypertensive treatment, and less intensive
treatment included those assigned a higher blood
pressure treatment goal and those assigned to placebo.

Orthostatic hypertension

We determined the difference between standing minus
seated blood pressure for each trial at all available visits
(a visit being a clinical session whereby a participant
interacted with a study team and blood pressure was
measured). We defined orthostatic hypertension as
standing minus seated systolic blood pressure of =20
mm Hg or diastolic blood pressure of >10 mm Hg, the
definition used in SPRINT and our previous work.'>
7 Seated blood pressure varied by trial protocol—for
example, based on one measurement or based on the
average of two or three measurements (sometimes
with the first measurement excluded). Standing blood
pressure similarly varied according to trial protocols
but often included only a single measurement (see
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table 1). We defined standing systolic hypertension as
a standing systolic blood pressure >140 mm Hg. This
was incorporated into a recently updated definition of
orthostatic hypertension—that is, a change in systolic
blood pressure of >20 mm Hg and a standing systolic
blood pressure of 140 mm Hg (the new consensus
definition).'®? Orthostatic hypotension was defined as
standing minus seated systolic blood pressure of <-20
mm Hg or diastolic blood pressure of <~10 mm Hg.?°
Baseline orthostatic hypertension or standing systolic
hypertension was based on the seated and standing
blood pressures measured in the visit in closest
proximity and before or during the randomization visit.

Other covariates

We obtained the following covariate information
from each trial: age, sex (women, men), race (black,
non-black; this was not universally available), pre-
randomization seated and standing systolic and
diastolic blood pressure, baseline creatinine or
estimated glomerular filtration rate or chronic kidney
disease status, body mass index, diabetes status,
previous stroke, and history of cardiovascular disease.
We defined obesity as body mass index =30 and stage
3 chronic kidney disease as estimated glomerular
filtration rate <60 mL/min/1.73 m? on the basis of the
2021 CKD-EPI race-free, creatinine equation?’ or self-
reported history of kidney disease (SHEP trial only).
Differences in the definitions of diabetes, stroke, and
cardiovascular disease between studies were described
elsewhere.’’

Statistical analysis
Pre-randomization and post-randomization visit data
from all trials were appended into a single analytic
dataset before pooled analyses. Analyses were
restricted to blood pressure, body mass index, and
estimated glomerular filtration rate measures between
the 0.01st and 99.99th centiles of all measurements
(baseline and follow-up) from all nine trials to account
for biologically implausible outliers (particularly
relevant for stratified analyses; see supplementary
table B for values corresponding to these thresholds
and supplementary table C for values corresponding to
0.1st and 99.9th centiles). We summarized population
characteristics via means and proportions overall,
by orthostatic hypertension status, by trial type, and
according to each study. We used kernel density plots
(bandwidth 5) to visually examine the distribution
of systolic and diastolic blood pressure in seated
and standing positions and the difference between
positions (standing minus seated) according to the
pre-randomization visit and follow-up visits among
participants assigned to a lower blood pressure
treatment goal or active therapy and among those
assigned to a higher blood pressure treatment goal or
placebo across all studies. We compared characteristics
between participants with and without a baseline
orthostatic hypertension assessment.

We plotted the proportion of orthostatic hypertension
detected during study visits grouped according to a
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series of time intervals: month O/pre-randomization,
after randomization to <1 month, >1 to <6 months,
>6 to <12 months, >12 to <24 months, >24 to <36
months, >36 to <48 months, and >48 months. We
plotted proportions overall according to assignment
(that is, a lower treatment goal/active therapy or
a higher treatment goal/placebo) via generalized
estimating equations (Poisson family, log link, robust
variance estimator, exchangeable correlation matrix)
without adjustment. We tabulated the number of
measurements and number of individual participants
at risk, determining the proportion with orthostatic
hypertension at any time during each time period.
We also examined the proportions, changes in
proportion, and odds of orthostatic hypertension
over time, using generalized estimating equations
(binomial family, logit link, robust variance estimator,
exchangeable correlation matrix) adjusted for study.
We used generalized estimating equations to account
for repeated measurements within participants as
they are able to generate valid variance estimates
even when the within group correlation structure is
mis-specified. Models included interaction terms to
assess for differences at different time points. We also
examined the relation between baseline orthostatic
hypertension and follow-up orthostatic hypertension
via generalized estimating equations (binomial family,
logit link, robust variance estimator, exchangeable
correlation matrix), using an interaction term with
randomized treatment assignment to assess whether
this relation differed by treatment.

In addition, we compared the effect of more intensive
treatment (that is, a lower treatment goal or active
therapy) versus higher treatment goals or placebo on
the odds of orthostatic hypertension during follow-
up visits, using generalized estimating equations
(binomial family, logit link, robust variance estimator,
exchangeable correlation matrix). We did these
analyses for individual trials and pooled by trial type
(that is, the five blood pressure treatment goal trials
and the four placebo controlled trials) and overall. We
repeated this as a sensitivity analysis using a Poisson
family log link.

We repeated models using alternate definitions of
orthostatic hypertension (described above) both for
0.01st to 99.99th centiles of blood pressure values
and with truncation at 0.1st and 99.9th centiles. We
also determined mean systolic or diastolic blood
pressure before and after randomization and treated
orthostatic change in systolic or diastolic blood
pressure as a continuous outcome (these models used
a normal family, identity link; by contrast, all models
with alternate definitions of orthostatic hypertension
as dichotomous outcome variables used a binomial
family logit link).

Moreover, we did subgroup analyses examining
orthostatic hypertension in the following pre-specified
strata: age (<75 or >75 years), sex (men or women),
race (non-black or black), pre-randomization seated
blood pressure (systolic blood pressure 2130 mm Hg
or diastolic blood pressure >80 mm Hg, no or yes),
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Table 2 | Participants’ characteristics

No orthostatic hyper-

Orthostatic hyperten-

Placebo controlled

All trials tension at baseline sion at baseline Treatment goal trials trials

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Characteristic No or % No or % No or % No or % No or %
Age, years 31120 67.6 (10.4) 22743 68.5(10.7) 4567 67.3(10.1) 18547 64.5(9.9) 12573 72.3(9.2)
Age >75 years 31120 25.1 22743 28.4 4567 23.0 18547 15.7 12573 39.1
Women 31124 47 .4 22745 47.7 4569  47.6 18547 38.9 12577 59.9
Black 24125 26.1 16340 25.2 3978 32.4 18547 29.5 5578 14.7
Seated SBP*, mm Hg 30988 152.6 (21.3) 22745 155.2 (21.2) 4569 149.0 (21.7) 18512 1413 (17.6) 12476 169.4 (14.2)
Standing SBP*, mm Hg 27353 152.3(21.2) 22745 151.3 (21.0) 4569 157.1(21.1) 14877 142.1(19.7) 12476 164.5 (15.7)
Postural change in SBP*, mm Hg 27 346 -1.9 (11.4) 22745 -3.9(9.9) 4569  8.1(13.0) 14870 0.6 (12.3) 12476 -4.9 (9.4)
Seated DBP*, mm Hg 30970 80.9 (11.5) 22745 82.4(11.2) 4569 77.2 (12.0) 18518 79.1(12.2) 12452 83.7 (9.8)
Standing DBP*, mm Hg 27338 83.9 (12.1) 22745 82.6 (11.5) 4569 90.6 (12.1) 14879 83.0 (13.4) 12459 85.1(10.1)
Postural change in DBP*, mm Hg 27 326 2.4 (7.4) 22745 0.2 (5.5) 4569 13.4 (6.0) 14878 3.2(7.8) 12448 1.4 (6.8)
eGFRt, mL/min/1.73 m? 24939 72.1(20.1) 17801 69.8 (19.7) 3539  72.7(20.2) 17050 74.8 (21.4) 7889 66.4 (15.4)
Stage Ill CKDt 30542 28.1 22339 30.8 4469 26.9 18095 25.1 12447 32.4
Body mass index 30940 28.9 (5.6) 22611 28.4 (5.3) 4538  29.4 (6.1) 18453 30.3 (5.8) 12487 27.0 (4.5)
Obesity 30940 35.8 22611 32.0 4538 38.5 18453 46.0 12487 20.9
Diabetes 31121 24.7 22743 16.5 4569 15.6 18546 34.9 12575 9.6
Previous stroke 25833 12.9 20887 9.9 4123 14.6 13258 22.8 12575 2.4
History of CVD 30021 14.9 21876 12.7 4343 13.8 17 457 20.4 12564 7.3
Standing SBP =140 mm Hg* 27353 1.9 22745 2.1 4569 0.7 14877 3.4 12476 0.1
Orthostatic hypotension¥ 27314 8.7 22745 10.1 4569 2.0 14866 8.5 12448 9.0
Orthostatic hypertension§ 27314 16.7 22745 0.0 4569 100 14866 21.0 12448 11.6
Orthostatic hypertension (consensus 27 314 3.2 22745 0.0 4569 100 14866 5.1 12448 0.8

definition)§

Some covariates were missing at baseline. These participants were not excluded if they were randomized and had follow-up orthostatic hypertension assessments.
CKD=chronic kidney disease; CVD=cardiovascular disease; DBP=diastolic blood pressure; eGFR=estimated glomerular filtration rate; SBP=systolic blood pressure; SD=standard deviation.

*Pre-randomization measurements.

tBased on Chronic Kidney Disease-Epidemiology (CKD-EPI) 2021 race-free, creatinine equation. eGFR was not available from UKPDS or SHEP. Although UKPDS provided stage IIl CKD categories
based on 2021 CKD-EPI equation, self-reported history of kidney disease was relied on for SHEP.
+As orthostatic hypertension and orthostatic hypotension are defined on basis of criterion from either systolic or diastolic blood pressure, both definitions can be met at same time (although this

is rare).

§This table is based on a single visit (visit closest to and preceding randomization). However, some trials had multiple pre-randomization measurements, which were included in models
elsewhere (eg, fig 1 and supplementary table E). Consequently, proportion with pre-randomization orthostatic hypertension differs slightly on basis of these two approaches. Orthostatic
hypertension was defined as orthostatic increase in SBP 220 mm Hg or DBP =10 mm Hg. Consensus orthostatic hypertension definition was based on orthostatic increase in SBP 220 mm Hg and

standing SBP =140 mm Hg.

diabetes (no or yes), previous stroke (no or yes), stage
3 chronic kidney disease (<60 or 260 mL/min per 1.73
m?; in SHEP, kidney disease was self-reported), body
mass index (<30 or >30), history of cardiovascular
disease (no or yes), standing systolic blood pressure
before randomization (<140 or 2140 mm Hg), and pre-
randomization orthostatic hypertension (no or yes). We
used interaction terms to compare effects across strata.
We repeated these analyses using the recent consensus
definition for orthostatic hypertension,'® * as well
as with truncation at the 0.1st and 99.9th centiles of
continuous covariates.

We did all analyses for the nine trials as well as by
trial type—that is, the five trials that compared two
blood pressure treatment goals or the four placebo
controlled trials. We used a two stage meta-analysis
with a random effects model weighted by the inverse
variance in sensitivity analyses and evaluated
heterogeneity between studies via the I” statistic.?> We
examined heterogeneity by trial design and overall.
Although our a priori intention was to pool studies,
this plan was subject to evaluation of heterogeneity
(both its magnitude and direction of effect).> Small
study effects were assessed via Egger’s test and funnel
plots.** We used Stata 15.1 for all statistical analyses.
We considered a two tailed P value of <0.05 without
adjustment for multiple comparisons to be statistically
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significant. A dummy dataset and analytic codes are
available at https://doi.org/10.7910/DVN/RHUF9F;
the code is also available in supplementary methods 2.

Patient and public involvement

The original systematic review was initiated without
patient or public involvement. However, a patient of
SP] with a history of orthostatic hypertension was a
motivation for this work and reviewed this manuscript
at the time of the revision request. This patient’s
feedback was incorporated into the manuscript.

Results

Population characteristics

Of the 31 124 participants with 315 497 measurements
contributing to this individual participant data meta-
analysis, the mean age was 67.6 (standard deviation
(SD) 10.4) years with 25.1% over the age of 75
years; 47.4% of participants were women (table 2).
Differences between participants with and without
orthostatic assessments at baseline are found in
supplementary table D. Before randomization, the
mean seated systolic blood pressure was 152.6 (SD
21.3) mm Hg and the mean seated diastolic blood
pressure was 80.9 (11.5) mm Hg. After standing,
systolic blood pressure was 152.3 (SD 21.2) mm Hg
and diastolic blood pressure was 83.9 (12.1) mm
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Proportion with OHTN (95% CI)

No of measures

15
14

—$— Higher blood pressure goal/placebo
Lower blood pressure goal/active

11 1 1 1 1 1 1
0<1 1-6 6-12 12-24 24-36 36-48 >48
Study month
1-6 6-12 12-24 24-36 36-48 >48
Higher blood pressure goal/placebo
19312 10244 25322 23659 30351 24441 20613 19384
Lower blood pressure goal/active
20386 10617 25132 22820 32227 26386 23174 21127
No at risk (% OHTN at any time)
Higher blood pressure goal/placebo
13265 10197 12058 9232 7743 8082 6048
(3300 (265 (344 (355 (324) (348
Lower blood pressure goal/active
14154 10652 12709 10104 8465 9098 6622
(29.9) (223) @11 (GB24 (296 (32.6)

Fig 1 | Proportion of participants with orthostatic hypertension by study month.
Follow-up visits were grouped together (month 0/before randomization, <1 month,
1-6 months, 6-12 months, 12-24 months, 24-36 months, 36-48 months, and »48
months). Proportions were estimated with generalized estimating equations, using
unadjusted Poisson family, log link. This model accounts for correlated within

person measurements. Numbers below figure represent measurements contributing
to each proportion by time period. Note that some trials had multiple visits before
randomization, which contributed to these models and may account for differences in
proportion of orthostatic hypertension estimated by this approach, versus descriptive
estimate based on single visit in table 2. In addition, number of unique participants
atrisk in each time period is reported, with percentage with orthostatic hypertension
at any time during this time period. These proportions differ from those in figure.
BP=blood pressure; Cl=confidence interval; OHTN=orthostatic hypertension

Hg, with a mean postural change in systolic blood
pressure of —-1.9 (SD 11.4) mm Hg and in diastolic
blood pressure of 2.4 (7.4) mm Hg (see supplementary
table E for similar results based on all available pre-
randomization visits). Before randomization, 8.7%
of participants had orthostatic hypotension, 16.7%
had orthostatic hypertension, and 1.9% had standing
hypertension. The distribution of systolic and diastolic
blood pressure became narrower with treatment and
shifted to the left (supplementary figures B and C).
Little change occurred in the distribution of orthostatic
changes before and after treatment, regardless of
assignment.

Proportion of orthostatic hypertension over time

The proportion of participants with orthostatic
hypertension increased initially but then decreased
over time in both arms, with a greater reduction in the
more intensive treatment group (fig 1). We observed
a similar pattern with respect to the relative odds of

orthostatic hypertension in that a significant increase
occurred within the first month in the lower goal/
active therapy group compared with the higher goal/
placebo group (supplementary table F). However,
these initial increases did not persist over time in the
lower goal/active therapy group, whereas the odds in
the standard group remained elevated compared with
pre-randomization. Having orthostatic hypertension
before randomization was associated with having
orthostatic hypertension during follow-up (odds ratio
2.53, 95% confidence interval (CI) 2.39 to 2.68), and
this relation did not differ by randomized treatment
assignment (P for interaction=0.61).

Aggregate effects on orthostatic hypertension
Although all trials, except AASK, showed a lower odds
of orthostatic hypertension in either the lower goal or
active arms, only SHEP and SPRINT had statistically
significant results (fig 2). Pooling the five trials
comparing blood pressure treatment goals showed that
a lower (more intensive) treatment goal was associated
with lower odds of orthostatic hypertension (odds ratio
0.95, 95% CI 0.92 to 0.99). Similarly, pooling together
the placebo controlled trials showed that active therapy
lowered the odds of orthostatic hypertension (odds
ratio 0.87, 95% CI 0.83 to 0.93). We found moderate
heterogeneity across the nine trials (I°’=38.0%). When
we pooled the nine trials together, a lower goal or active
therapy reduced the odds of orthostatic hypertension
compared with a higher goal or placebo (odds ratio
0.93, 95% CI 0.90 to 0.96). A sensitivity analysis using
Poisson regression did not meaningfully change our
findings (prevalence ratio 0.94, 95% CI 0.91 to 0.97).
In sensitivity analyses using a two stage analysis,
results were similar, both overall and by trial design
(supplementary figures D-F).

We examined alternative definitions of orthostatic
hypertension. With nearly all definitions examined,
a lower (more intensive) blood pressure treatment
goal or active therapy was associated with a lower
odds ratio of orthostatic hypertension compared with
a higher blood pressure treatment goal or placebo
(table 3). We also examined the effect of treatment on
orthostatic change as a continuous outcome variable
(supplementary table G). Whereas trials of blood
pressure treatment goal tended to increase orthostatic
change in systolic blood pressure (that is, a trend
toward an increase in systolic blood pressure with
standing), placebo controlled trials tended to decrease
orthostatic change in systolic or diastolic blood
pressure. We also repeated the principal analyses
using the recent consensus definition and the systolic
change alone with similar results (see supplementary
figures G-I). Finally, we examined alternate definitions
of orthostatic hypertension with truncated centile
ranges with similar results (supplementary table H).

Stratified analyses

More intensive treatment (thatis, alower blood pressure
treatment goal or active therapy) was associated with a
lower odds of orthostatic hypertension than a higher
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Trial No of No of Odds ratio Odds ratio P
patients visits  (95%Cl) (95% CI) value
AASK 1090 48 764 ‘— 1.08(0.95t01.22) 0.25
ACCORD BP 4196 7162 > 0.98(0.87t0 1.12) 0.79
SPRINT 9221 51225 —‘— 0.93(0.88t00.99) 0.02
SPS3 2968 58 511 —’— 0.95(0.87t01.04) 0.27
UKPDS 1072 2629 0.90(0.72t01.12) 0.33
Trials comparing BP goals (n=5) 18 547 168291 > 0.95(0.92t00.99) 0.03
HYVET 2404 4732 * 0.95(0.68t01.33) 0.75
SHEP 4681 89 346 0.85(0.80t00.91) <0.001
SYST-EUR 4595 39329 0.90(0.80t0 1.01) 0.08
TOMHS 897 13799 0.86(0.70t0 1.07) 0.17
Placebo controlled trials (n=4) 12577 147206 0.87(0.83t00.93) <0.001
All trials (n=9) 31124 315497 0.93(0.90t00.96) <0.001
!

0.50 0.75 0 1.50

Favors lower BP Favors higher BP

goal/active therapy goal/placebo

Fig 2 | Effects of blood pressure (BP) treatment (either lower blood pressure treatment goal or active therapy versus higher blood pressure treatment
goal or placebo) on occurrence of orthostatic hypertension at visit level, using generalized estimating equations to account for clustering by
participant. Pooled effects are organized according to five blood pressure treatment goal trials and four placebo controlled trials and overall. Size of
each point estimate and pooled effect is weighted by number of follow-up visits with orthostatic hypertension assessments. 1°’=38.0% (determined
on basis of two stage meta-analysis, used to assess trial heterogeneity). Cl=confidence interval

blood pressure treatment goal or placebo in strata
of age, sex, seated systolic blood pressure of =130
mm Hg or diastolic blood pressure of >80 mm Hg,
estimated glomerular filtration rate <60 mL/min/1.73
m?, body mass index, history of cardiovascular
disease, pre-randomization standing systolic blood
pressure of >140 mm Hg, and pre-randomization
orthostatic hypertension (table 4). We found evidence
for greater reduction in the occurrence of orthostatic
hypertension among non-black participants and
participants without diabetes. Results were similar
when we defined orthostatic hypertension by using the
consensus definition (supplementary table I) and with
truncated centiles (supplementary table J).

Discussion

In this meta-analysis of individual participant data
from 31124 adults with elevated blood pressure and
hypertension, more intensive treatment (that is, a
lower blood pressure treatment goal or active therapy)
modestly reduced the occurrence of orthostatic
hypertension on the basis of measurements from
315497 visits. This effect was consistent regardless
of trial type or definition of orthostatic hypertension.
Moreover, these effects were generally consistent
across demographic characteristics and medical
comorbidities.

Comparison with other studies

Blood pressure is highly regulated by the autonomic
nervous system in healthy adults such that blood
pressure remains relatively constant across body
positions. Whereas substantial focus has been directed
toward falls in blood pressure on standing (that is,
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orthostatic hypotension), little attention has been given
to orthostatic hypertension.? 2 Recent epidemiological
evidence has identified increases in blood pressure on
standing as potentially pathologic, linking orthostatic
hypertension with a range of adverse events, including
cardiovascular disease, stroke, kidney disease, and
cognitive impairment.' These long term associations
with adverse health outcomes contribute to a growing
belief that orthostatic hypertension may represent a
form of unrecognized or masked hypertension that may
require monitoring of adults in the standing position
and adjusting drug treatment accordingly.?’

This study confirms that orthostatic hypertension is
common among adults with hypertension, but it also
shows that more intensive blood pressure treatment
might attenuate orthostatic hypertension over time.
This is an important observation. Our previous work
showed that more intensive treatment caused a
net increase in the difference in blood pressure in
response to standing.” However, this study suggests
that this effect may be short term and dissipate with
chronic treatment. This observation, if replicated,
may be important for treating clinicians, who might
be dissuaded from treating hypertension because
of short term orthostatic hypertension. Physiologic
mechanisms for this observation are unclear. The
short term increase may be secondary to autonomic
over-response to valsalva, cardioacceleration after leg
muscle contraction, or mobilization of excess lower
extremity fluid.”® ?° In the long term, we speculate
that the resolution of orthostatic hypertension may
be related to healthy remodeling of the vasculature
with tighter blood pressure control.>® Further study
of mechanisms should be evaluated in future work,
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Table 3 | Effect of more intensive treatment on orthostatic hypertension, alternate definitions

Lower BP goal or active therapy—

Higher BP goal or placebo—

Definition of orthostatic hypertension (mm Hg) No of visits (exposure/no exposure)  No of visits (exposure/no exposure)  Odds ratio (95% CI) P value
BP treatment goal trials (n=18 547)

ASBP 220 or ADBP =10 (primary definition) 19833/73827 19982/72472 0.95(0.92t00.99) 0.03
ASBP 220 5612/88048 5878/86576 0.92 (0.86 t0 0.99) 0.02
ADBP =10 17837/75823 1774874706 0.97 (0.93t0 1.01) 0.11
ASBP =20 and standing SBP 2140 (consensus definition) 4223/89 437 5370/87 084 0.71 (0.66t00.76)  <0.001
Standing SBP >140 26559/67 101 45988/46 466 0.31(0.30t00.33) <0.001
Placebo controlled trials (n=12577)

ASBP 220 or ADBP 210 (primary definition) 11406/76803 12356/68516 0.87 (0.831t00.93) <0.001
ASBP 220 1503/86706 1754/79118 0.82 (0.73t00.92) 0.001
ADBP =10 10673/77536 11501/69371 0.88 (0.831t00.94) <0.001
ASBP =20 and standing SBP =140 (consensus definition) 1375/86834 1704/79 168 0.78 (0.691t00.88)  <0.001
Standing SBP =140 50665/37 544 65555/15317 0.30(0.28100.32) <0.001
All trials (n=31124)

ASBP 220 or ADBP 210 (primary definition) 31239/150630 32338/140988 0.93 (0.90t0 0.96) <0.001
ASBP 220 7115/174754 7632/165694 0.90 (0.85 t0 0.96) <0.001
ADBP =10 28510/153359 29249/144077 0.94 (0.90t0 0.97) <0.001
ASBP =20 and standing SBP 2140 (consensus definition) 5598/176271 7074/166252 0.73(0.68t00.77)  <0.001
Standing SBP =140 77 224/104 645 111543/61783 0.31(0.30t00.32) <0.001

Effects were determined via generalized estimating equations using binomial family logit link with robust variance estimator with adjustment for study.

A=change; BP=blood pressure; Cl=confidence interval; DBP=diastolic blood pressure; SBP=systolic blood pressure.

particularly with repeat standing measurements.
This may also be related to measurement error and
additionally to more controlled blood pressure in
general, such that blood pressure and fluctuation
in blood pressure measurement is also lower,>! 3
reducing risk for orthostatic hypertension.

Our study wused a definition of orthostatic
hypertension that mirrored the one for orthostatic
hypotension, used in previous work.">” However,
discussion is ongoing as to how orthostatic
hypertension should be defined.”> Unlike with
orthostatic hypotension, which focuses on changes in
blood pressure alone, recent guidelines have advocated
for a definition that includes both an increase in
systolic blood pressure on standing and an elevated
standing threshold (systolic blood pressure =140
mm Hg).'® This definition was proposed for a general
population, not necessarily a hypertensive population.
When we used this definition, the prevalence of
orthostatic hypertension was substantially lower in
our population. Nevertheless, the effects of treatment
were even more pronounced. This is due in part to our
observation that antihypertensive agents, particularly
the longer acting agents used in many of the trials in our
study, lower blood pressure in all body positions.®>>* As
a result, standing hypertension would also be reduced
with more intensive treatment. From the perspective of
studying mechanisms of injury related to orthostatic
hypertension, we caution against the use of this joint
definition as it may make identifying and evaluating
treatment response to the rise in blood pressure, which
itself may be pathologic and occur below the 140 mm
Hg threshold, more difficult."” Some authors have also
questioned whether diastolic blood pressure should
be included in definitions of orthostatic hypertension,
as diastolic blood pressure usually increases with
standing.>* However, given that systolic and diastolic
blood pressure are known to be correlated in both
seated and standing positions, their change would

be expected to correlate as well, and thus some
patients with a rise in diastolic blood pressure would
also have a rise in systolic blood pressure. Whether
thresholds of change in systolic blood pressure or
diastolic blood pressure are optimal for identifying
risk with cardiovascular disease should be the focus of
subsequent work. Nevertheless, the effects of treatment
on orthostatic increases in systolic and diastolic blood
pressure as defined in this study, using thresholds that
mirrored those for orthostatic hypotension, were quite
consistent.

We did not identify compelling evidence that
the effects of treatment differed by demographic or
medical characteristics. Although a strong interaction
between black and non-black populations was
apparent, this information was not uniformly collected
by trials outside of the US, reducing our sample for this
analysis. We also observed that effects were attenuated
among adults with diabetes. Mechanisms are beyond
the scope of this study, but we speculate that this lack
of effects among black adults and those with diabetes
may reflect known challenges in achieving blood
pressure control. Additional research should probe
these associations further.

Limitations and strengths of study

Our study has limitations. Firstly, we identified
only nine trials, which differed with respect to their
interventions, frequency of follow-up, duration,
blood pressure measurement procedures, and study
populations. These differences might have influenced
our results. Despite these differences, our findings were
relatively consistent and our sample was sufficiently
large that additional trials are not likely to alter our
pooled observation. Secondly, generalizability to
clinical practice may be limited owing to the strict
entry criteria used by these trials, differences in
prescribing regimens that might not reflect real
world drug choices, and careful monitoring and drug
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Table 4 | Effect of more intensive treatment on orthostatic hypertension, stratified by pre-specified subgroups (all 9

trials)
Subgroups No of participants No of visits  Odds ratio (95% Cl)  Pvalue P forinteraction
Age:

<75 years 23298 252864 0.90 (0.86 t0 0.93) <0.001 071

>75 years 7822 62559 0.88 (0.82 t0 0.95) 0.001 )
Sex:

Male 16365 168933 0.92 (0.88 t0 0.97) 0.001 0.06

Female 14759 146564 0.86 (0.82t0 0.91) <0.001 )
Race:

Non-black 17833 180418 0.86 (0.83 to 0.90) <0.001 0.003

Black 6292 91018 0.97 (0.91 t0 1.03) 0.35 )
Pre-randomization SBP =130 or DBP >80 mm Hg*:

No 3669 31396 0.95 (0.86 to 1.04) 0.25 0.18

Yes 27327 281881 0.89 (0.85 t0 0.92) <0.001 )
Diabetes:

No 23446 269158 0.88 (0.85t0 0.91) <0.001 0.05

Yes 7675 46320 0.96 (0.89 to 1.04) 0.29 )
Previous stroke:

No 22513 198317 0.86 (0.83 to 0.90) <0.001 0.05

Yes 3320 61224 0.95 (0.87 to 1.03) 0.21 )
Estimated eGFR:

260 mL/min/1.73 m? 21959 199587 0.89 (0.86 t0 0.93) <0.001

<60 mL/min/1.73 m? 8583 106563 0.90 (0.84 to 0.96) 0.002 0.7
Body mass index:

<30 19849 205648 0.89 (0.85 t0 0.93) <0.001 0.83

>30 11091 108118 0.90 (0.85 t0 0.95) <0.001 )
History of cardiovascular disease:

No 25548 237618 0.88 (0.85t0 0.91) <0.001 0.59

Yes 4473 28849 0.90 (0.82 t0 0.99) 0.03 )
Standing SBP just before randomization*

<140 mm Hg 26842 285204 0.89 (0.85 t0 0.92) <0.001 055

2140 mm Hg 511 6153 0.96 (0.74 to 1.25) 0.75 )
Pre-randomization orthostatic hypertension*:

No 22745 2377 05 0.89 (0.86 t0 0.93) <0.001

Yes 4569 52916 0.93 (0.87 to 1.00) 0.04 0.35

Effects were determined via generalized estimating equations using binomial family logit link with robust variance estimator in strata of baseline
covariates with adjustment for study. Models were restricted to follow-up visits and included interaction terms between low goal assignment and stratum

of interest.

Cl=confidence interval; DBP=diastolic blood pressure; eGFR=estimated glomerular filtration rate; SBP=systolic blood pressure

*Based on visit in closest temporal proximity to randomization.

titration protocols that may affect titration patterns.
Thirdly, subgroup analyses relied on covariate
definitions that were based on self-report and at times
differed in definition across studies. Any resulting
misclassification could weaken contrasts across
subgroups, reducing our ability to detect differences.
Moreover, we pre-specified our subgroups. Whether
associations might differ across different categories
(for example, younger age) should be examined in
dedicated studies. Fourthly, we did not examine
antihypertensive drug class in this study, which should
be a focus of subsequent work. Fifthly, assessments
of orthostatic hypertension were based on seated-to-
standing protocols, which may not be interchangeable
with supine-to-standing maneuvers.”” ¥ * In the
case of orthostatic hypotension, some authors
have proposed modified thresholds for identifying
adults with orthostatic hypotension (that is, a drop
in systolic blood pressure of 15 mm Hg or diastolic
blood pressure of 7 mm Hg).>® In our own work, we
have observed a net increase in blood pressure with
standing from the seated position.?’ Thus, whether a
seated-to-standing protocol should have a higher or
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lower threshold compared with supine-to-standing to
establish orthostatic hypertension remains unclear.
Moreover, aside from SYST-EUR, none of the major
outcomes trials examined in our study measured
supine blood pressure.’*> The manner by which
starting position might underestimate or overestimate
orthostatic hypertension should be the focus of future
work. Sixthly, although both lower treatment goals and
active therapy lowered the occurrence of orthostatic
hypertension, the effect of active therapy was greater
in magnitude. Whether different goals might alter
the observed effect is beyond the scope of this study.
Seventhly, temporal effects of treatment on orthostatic
hypertension should be interpreted cautiously, as
different populations contributed to visits at different
time points. We attempted to include all available data
to preserve the trials’ randomized contrasts. However,
as some trials (for example, ACCORD) assessed
orthostatic blood pressure after starting, some of
these participants did not have a pre-randomization
assessment, which could influence estimates of
orthostatic hypertension at baseline. This would not
affect the pooled contrast overall but could affect
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the proportion with orthostatic hypertension over
time. Finally, our analysis did not examine the effects
of treatment on clinical events among adults with
orthostatic hypertension. This has been questioned in
previous work and represents an important focus for
subsequent research.*

This study has notable strengths. Firstly, this
systematic review and meta-analysis represents one of
the largest data collections of orthostatic hypertension
in the context of drug treatment for hypertension.
Secondly, doing an individual participant meta-
analysis allowed for greater harmonization of data
and examination of under-represented subgroups
that were not feasible within individual trials. Thirdly,
whereas data on orthostatic hypertension have been
presented from various trials with respect to outcomes,
to our knowledge this is the only patient level meta-
analysis of the risk of orthostatic hypertension in
treated hypertensive patients. Finally, the associations
between treatment and orthostatic hypertension
across trials were similar, suggesting that the effects of
more intensive hypertension treatment on orthostatic
hypertension are quite reproducible.

Implications

Our study potentially has clinical implications.
Orthostatic hypertension has received increasing
attention as a novel and distinct presentation of
hypertension. This carries the suggestion that distinct
pharmacologic strategies are needed for its treatment.
Some authors have suggested that  blockers may be
more effective for treating orthostatic hypertension by
blunting the B adrenergic response to standing, and
evidence also shows that peripheral o blockers may be
effective.® However, neither of these classes is preferred
for initial treatment of hypertension on the basis of
the experience from hypertension outcome trials.’’
Nevertheless, if either is superior to other classes in
reducing orthostatic hypertension, it might be of value
as add-on therapy in the presence of residual orthostatic
hypertension. Although more work is needed to
evaluate specific drug classes with respect to orthostatic
hypertension, our data provide reassurance that
focusing on seated blood pressure control and treating
seated hypertension among adults with hypertension
can modestly reduce orthostatic hypertension. At this
time, no trials are assessing whether treating standing
blood pressure levels to some goal provides additional
benefit to the traditional seated approach.

Conclusions

In this large, individual participant data meta-analysis
of blood pressure treatment trials, more intensive blood
pressure treatment, especially with active treatment
(versus placebo), modestly reduced the occurrence of
orthostatic hypertension regardless of its definition
or baseline demographic and medical characteristics.
Future research should examine orthostatic
hypertension in relation to clinical outcomes as well as

whether specific classes of antihypertensive drugs or
lower treatment goals might better prevent orthostatic
hypertension and its sequelae.
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