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ABSTRACT

Objective To compare the effects of exercise training
modalities on 24-hour ambulatory blood pressure in
adults with hypertension.

Design Systematic review and network meta-analysis.
Data sources MEDLINE, Embase, Cochrane Central
and Regional Portal of the Virtual Health Library were
systematically searched from November 2024 to August
2025.

Eligibility criteria for selecting

studies Randomised controlled trials evaluating the
effects of exercise training (intervention duration >4
weeks) compared with a non-exercise control condition
or another exercise modality on 24-hour systolic and
diastolic blood pressure were included.

Results 31 trials were included, with 67 arms and 1345
participants. In the network meta-analysis, compared
with the control, combined training (mean difference
(MD) —6.18 mm Hg, 95% credible interval (Crl) —11.45
to —1.21), aerobic training (MD —4.73 mm Hg, 95% Crl
—7.53 to —2.01), and high-intensity interval training
(MD =5.71mm Hg, 95% Crl —11.31 to —0.002)
reduced 24-hour systolic blood pressure. Reductions

in 24-hour diastolic blood pressure were observed

with combined training (MD —3.94, 95% Crl —6.47 to
—1.34), aerobic training (MD —2.76, 95% Crl —4.21 to
—1.34), high-intensity interval training (MD —4.64, 95%
Crl —=8.21 to —0.72) and pilates (MD —4.18, 95% Crl
—7.18 to —1.17). Exercise-versus-exercise comparisons
were inconclusive with respect to superiority between
modalities.

Conclusion Aerobic training (continuous and interval)
and combined training significantly reduced 24-hour
blood pressure. Evidence for dynamic and isometric
resistance training remains uncertain. Data on non-
conventional exercise modalities such as pilates and
recreational sports are limited and imprecise for the
management of ambulatory blood pressure.

INTRODUCTION

Hypertension is the most prevalent modifiable
cardiovascular risk factor and remains the leading
cause of death and disability worldwide.' * Life-
style modifications, including regular exercise, have
been extensively recommended as a cornerstone for
blood pressure control,’* with benefits comparable
to those of antihypertensive medications.” While
aerobic and resistance training are well-established

' Patricia Klarmann Ziegelmann,’

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Exercise is recommended for the prevention and
treatment of hypertension.

= Ambulatory blood pressure is a stronger
predictor than office blood pressure for
cardiovascular events and mortality risk.

WHAT THIS STUDY ADDS

= This study is the first comprehensive network
meta-analysis comparing the effects of multiple
exercise modalities on 24-hour ambulatory
blood pressure.

= Aerobic, combined and high-intensity interval
training significantly reduced 24-hour blood
pressure versus control.

= There was no exercise modality demonstrating
clear superiority over others, and comparative
effectiveness remains uncertain.

= Evidence on resistance training, isometric
training and non-conventional exercise
modalities remain limited and uncertain for the
management of ambulatory blood pressure.

= Combined training and high-intensity interval
training are new alternatives to reduce 24-
hour ambulatory blood pressure in adults with
hypertension.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Current recommendations should include
aerobic (continuous or interval training) or
combined training as primary evidence-based
interventions for reducing 24-hour ambulatory
blood pressure in adults with hypertension.

= Despite promising results for yoga, pilates and
recreational sports, larger randomised trials
using ambulatory monitoring are essential
to confirm the efficacy of non-conventional
exercise modalities in hypertension
management.

= The established benefits of resistance training
for office blood pressure have yet to be
confirmed by robust 24-hour ambulatory data,
marking a critical priority for future research.

interventions for reducing office blood pressure,’ °
data derived from 24-hour ambulatory blood pres-
sure monitoring (ABPM) provide a more nuanced
perspective. Unlike isolated office measurements,
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ABPM captures blood pressure fluctuations during daily activ-
ities and sleep, allowing the identification of nocturnal dipping
patterns and the detection of white coat or masked hyperten-
sion.” ® Although office blood pressure is a standard clinical
tool, it fails to capture the dynamic fluctuations of the 24-hour
cycle. Consequently, this continuous assessment offers superior
prognostic value for mortality, cardiovascular risk’ '° and a more
comprehensive evaluation of the true physiological effects of
exercise.

Despite the well-documented benefits of exercise on blood
pressure, significant gaps remain in the literature. Most existing
systematic reviews and meta-analyses continue to rely predom-
inantly on office blood pressure measurements.® '™ To date,
only a few reviews have specifically assessed the effects of exer-
cise on ABPM.'* % Furthermore, the scope of available evidence
is often restricted because many syntheses focus exclusively on
conventional aerobic or resistance training, excluding emerging
modalities such as yoga, pilates and recreational sports.'® !

While traditional meta-analyses have established the benefits
of exercise for blood pressure control, their reliance on pair-
wise comparisons precludes simultaneous ranking of multiple
interventions. Network meta-analysis (NMA) overcomes this
by integrating direct and indirect evidence, yet its application in
exercise science has yielded disparate findings. Notably, recent
NMA data suggesting the superiority of isometric training for
office blood pressure'” contrast with broader evidence regarding
ABPM. To date, no NMA has evaluated the effects of a compre-
hensive spectrum of physical activity on 24-hour blood pressure.
This study is the first to synthesise evidence across conventional
(aerobic, resistance, and combined) and non-conventional (yoga,
pilates and recreational sports) modalities, specifically targeting
24-hour blood pressure outcomes in adults with hypertension.

METHODS

Protocol and reporting standards

This systematic review and NMA adhered to the extension
of the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses for NMA (PRISMA-NMA) guidelines'® online
supplemental file, section SO . The protocol was prospectively

registered with the International Prospective Register of System-
atic Reviews (PROSPERO; CRD420250563177).

Eligibility criteria

We included randomised trials that evaluated the effects of
structured exercise training on ambulatory blood pressure in
adults (=18 years) with hypertension. We defined hypertension
according to the criteria of the American College of Cardiology/
American Heart Association'” as a 24-hour systolic blood pres-
sure =130 mm Hg and/or diastolic blood pressure =80 mm Hg
or current use of antihypertensive medication.

Studies were eligible if they met the following: (1) used a
randomised parallel-group design; (2) enrolled adults with
hypertension, as defined above; (3) implemented a structured
exercise intervention lasting =4 weeks; (4) compared exercise
with a non-exercise control (eg, usual care, waitlist, attention
control) or another exercise modality; and (5) reported baseline
and post-intervention data (or change values) for at least one of
the following outcomes: 24-hour, daytime or nighttime systolic
or diastolic ABPM.

Exercise was defined as ‘planned, structured and repeti-
tive bodily movements performed to improve or maintain one
or more components of physical fitness’.*” All protocols were
reviewed and classified by modality (eg, aerobic continuous

training, resistance, isometric, aerobic interval training, yoga,
and recreational sports) to create interpretable nodes and support
the geometry of the network to compare the mean differences
between modalities (online supplemental table 1).

Studies were excluded if they: (1) combined exercise with
other interventions known or likely to affect blood pressure (eg,
diet, supplementation, behavioural counselling or medication
changes); (2) used active controls with potential antihyperten-
sive effects; or (3) used crossover designs. No language or publi-
cation year restrictions were imposed.

Information sources and search strategy

A comprehensive literature search was conducted to iden-
tify relevant randomised controlled trials (RCTs) published in
any language. Four electronic databases were systematically
searched from November 2024 to August 2025: MEDLINE (via
PubMed), Embase, Cochrane Central Register of Controlled
Trials (CENTRAL) and Regional Portal of the Virtual Health
Library (VHL). No restrictions were applied with respect to
publication date or language. The search strategy incorporated
Medical Subject Headings (MeSH), Emtree terms and free-text
keywords related to exercise, physical activity and ambulatory
blood pressure. Boolean operators were used to maximise sensi-
tivity without applying filters in the study design.

All the retrieved references were exported to EndNote X9
(Clarivate Analytics) for deduplication and reference manage-
ment. Additionally, the reference lists of included studies and
relevant systematic reviews were manually screened for addi-
tional eligible trials. The detailed search strategies for each
database, including all terms and Boolean combinations, are
provided in online supplemental S2.

Study selection and data extraction

Two reviewers (VMS and DMP) independently screened all the
records using EndNote X9. Following automatic deduplication,
the titles and abstracts were screened in duplicate. Full-text arti-
cles that were deemed potentially eligible were retrieved and
independently assessed by the same reviewers. Discrepancies were
resolved by consensus, with arbitration by a third reviewer (RF)
when necessary. The reasons for study exclusion after the full-text
assessment are summarised in online supplemental table S3.

Data extraction was performed independently by the same
reviewers using a standardised Microsoft Excel spreadsheet. For
each included trial, information was collected on bibliographic
details (first author, year, and country), participant characteris-
tics (mean age, sex distribution, baseline blood pressure), inter-
vention and comparator features (sample size, exercise modality,
frequency, intensity and duration) and outcomes of interest.
These included 24-hour, daytime and nighttime systolic and
diastolic ABPM measurements.

Trials with multiple eligible arms were fully included in the
network provided that each arm represented a distinct and
methodologically valid comparison. In such cases, care was
taken to model multi-arm trials appropriately, ensure statistical
coherence and avoid data duplication. All data were extracted
according to the intention-to-treat principle, considering the
final post-intervention follow-up values, to calculate the mean
changes from baseline.

Data preparation and imputation procedures

Only outcome data corresponding to the final post-intervention
follow-up were included in the synthesis, using the mean
changes from baseline when available. For studies that reported
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mean changes with 95% confidence intervals (95% CI), stan-
dard errors were calculated from the CI width and subse-
quently converted to SD using the reported sample size. When
the mean change, SD or CI was missing, it was estimated using
the formulas recommended in the Cochrane Handbook for
Systematic Reviews of Interventions.”! To be conservative, the
correlation was set to zero in these calculations. In addition, if
no dispersion measure was available, SD for mean change (SD
change) was either computed from available p values or imputed
using the average SD change from other studies included in the
meta-analysis. When two or more intervention arms within a
study were deemed clinically and methodologically equivalent
(eg, the same exercise modality, frequency, intensity and dura-
tion), they were combined to form a single group. Means were
combined using weighted averages, and pooled SDs were calcu-
lated using the combined variance formula incorporating arm-
specific sample sizes and SD. Studies reporting medians without
means were excluded because the data could not be reliably
transformed or modelled in the NMA. When studies reported
ABPM outcomes at more than one follow-up time point, we
consistently extracted the first available post-intervention assess-
ment to ensure comparability across studies and avoid unit-of-
analysis errors.

For studies with missing or unclear outcome data, the authors
were contacted via email. Of the six authors contacted, three
responded and provided requested information. No study was
excluded due to missing data after unsuccessful contact attempts.
A list of studies and their responses is presented in online supple-
mental $4.

Risk of bias and study quality assessment

The risk of bias and methodological quality were evaluated using
the Tool for the Evaluation of Study Quality and Reporting in
Exercise> (TESTEX), a 12-item scale with a maximum score
of 15 points, specifically designed for trials involving exercise
interventions. The scale comprises five elements that assess the
quality of the study (eg, randomisation, concealment of allo-
cation, blinding and statistical comparisons between groups)
and seven elements related to reporting (eg, exercise intensity,
adherence and adverse events). Two reviewers (VMS and DPM)
independently assessed all the included trials. Discrepancies
were resolved through discussion, and a third reviewer (RF) was
consulted when a consensus could not be reached.

Data synthesis and statistical analysis

Bayesian NMA models were conducted using the gemic and
rjags packages in R version 4.4.1. A normal likelihood with an
identity link function was specified, and consistency models
were fitted. Four Markov chains were run with 10000 adap-
tation iterations, followed by 10000 sampling iterations with
a thinning interval of 20. Convergence was assessed using
trace plots, autocorrelation diagnostics and the Gelman-Rubin
statistic. The fit of the model was evaluated using the devi-
ance information criterion, which also guided the selection
between fixed- and random-effects models.”> All analyses
followed an arm-based approach with each row representing a
single treatment arm. The effect measure was the mean differ-
ence of the mean changes from baseline (we will simply call
it MD) in ABPM (mm Hg) with 95% credible intervals (95%
Crl) compared with control. The treatment ranking was based
on the surface under the cumulative ranking curve (SUCRA)
derived from posterior ranking probabilities. The SUCRA
values were interpreted as the probability of each treatment

being the most effective. Cumulative ranking curves and
league tables were generated, and SUCRA plots were refined
for publication.** The plausibility of the transitivity assump-
tion was assessed conceptually by examining the distribution
of key potential effect modifiers across treatment comparisons.
Inconsistency was explored using the node-splitting approach
to compare direct and indirect estimates for each contrast.
A Bonferroni-adjusted threshold for statistical significance
(p<0.05/number of comparisons) was applied as a control for
multiple tests.” To aid in the interpretation of clinical rele-
vance, we estimated the potential reduction in cardiovascular
risk associated with a decrease of 2mm Hg in systolic and
diastolic ABPM.” '° Exploratory traditional pairwise meta-
analyses were conducted to synthesise direct evidence for
exercise versus control and exercise versus exercise compar-
isons, and full methodological details are reported in online
supplemental S13.

Additional analyses

To assess possible publication bias, comparison-adjusted funnel
plots were visually inspected, and Egger’s regression tests were
conducted for primary outcomes (24-hour systolic and diastolic
ABPM). A p value <0.10 was considered indicative of the effects
of small studies. Finally, the Confidence in Network Meta-
Analysis (CINeMA) platform was used to assess confidence in
NMA estimates in six domains: within-study bias, reporting bias,
indirectness, imprecision, heterogeneity and incoherence.*®

Equity, diversity and inclusion statement

The study encompassed all identified RCTs assessing
exercise training for the management of ABPM, without
imposing restrictions based on gender, race or ethnicity, or
socioeconomic status. The review included adults of both
sexes, across a range of ages. However, younger adults (<40
years) and older adults (>75 years) were underrepresented
in the included trials. In addition, not all studies reported
the distribution of participants by sex within intervention
groups. These constraints hindered a more nuanced under-
standing of how exercise influences blood pressure across
different age groups in men and women. The research team
comprised two men and two women from diverse disci-
plinary backgrounds, including sports and exercise science,
nutrition and statistics. VMS and DMS were PhD students.
The research design, data extraction and analytical methods
were applied consistently and were not adjusted according
to the regional, educational or socioeconomic characteris-
tics of the study population.

RESULTS

Study selection and characteristics

A database search identified 5960 records. After removing
925 duplicates, 5035 unique titles and abstracts were
screened. Of these, 75 full-text articles were assessed for
eligibility, 44 were excluded for consensus-based reasons
(online supplemental S3) and 31 RCTs were included in
this systematic review. Twenty-nine RCTs contributed to
the primary NMA of 24-hour systolic and diastolic ABPM,
and 28 were included in the analysis of daytime and night-
time ABPM outcomes (figure 1). Online supplemental file,
section S7, lists the references and characteristics of the
included studies, including sample features and details of the
exercise intervention. In total, 67 intervention arms were
analysed for primary NMA. The number of participants per
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Records identified through
database searching (n = 5960)
¢ PubMed (n = 1912)
¢ Embase (n = 3012)
¢ Cochrane (n = 877)

e VHL (n = 99)

Duplicate records removed
(n = 925)

A 4

Records screened
(n = 5035)

Records excluded
(n = 4960)

\ 4

Reports assessed for eligibility
(n =75)

Reports excluded:
* Non-randomised trials (n = 16)

o Not ambulatory monitoring (n = 8)
* Normotensive Participants (n = 6)
e Co-intervention (n = 6)
¢ Not supervised exercise (n = 4)
* Duplicate reports (n = 2)
¢ Single-arm study (n = 2)

Studies included in review
(n=31)
* 24h SBP/DBP (n = 29)
* Daytime and nighttime (n = 28)

Figure 1 Study flow diagram. DBP, diastolic blood pressure; SBP, systolic blood pressure; VHL, Regional Portal of the Virtual Health Library.

arm ranged from five to 89, with a pooled sample of more
than 1345 individuals. Baseline ABPM and mean age were
broadly similar across nodes based on descriptive inspec-
tion of study characteristics (online supplemental table S7).
Variability was observed in exercise prescription parame-
ters, including intensity, volume and intervention duration.
Reporting of antihypertensive medication use was incom-
plete in several trials.

Methodological quality of the included studies

Among the 31 included trials, the quality scores ranged
from 6 to 13, with a median of 9 points. Most studies were
rated as having moderate to high quality. Only one study
scored <6and was considered to have a high risk of bias.
The most frequent methodological limitations were insuffi-
cient reporting of exercise adherence, lack of blinding of the
outcome assessor and omission of adverse event data. The

HIT

AERO

RT

SPORTS

YOGA

full scoring details and study-level summaries are presented
in online supplemental table S8.

Network geometry

The NMA for 24-hour systolic and diastolic ABPM compared
eight different exercise interventions: aerobic training (AERO),
combined training (COMB), resistance training (RT), high-
intensity interval training (HIIT), isometric training (ISO), pilates
(PIL), yoga (YOGA), recreational sports (SPORTS) and a control
condition (CON). All interventions were linked through direct
or indirect comparisons, forming a single coherent network.
CON was the most common comparator, directly connected to
all exercise modalities, and contributed to the 25 study arms.
AERO was the most frequently studied intervention (17 arms),
followed by COMB (six arms), ISO (six arms) and RT (five
arms). The most frequent direct comparisons were AERO versus
CON (10 arms), COMB versus CON (five arms) and AERO

HIT

AERO

RT

SPORTS

YOGA

Figure 2 Network geometries of all included studies for the 24-hour (A) and for the daytime and nighttime (B) network meta-analyses. AERO,
aerobic training; COMB, combined training; CON, control condition; HIIT, high-intensity interval training; ISO, isometric training; PIL, pilates; RT,

resistance training; SPORTS, recreational sports; YOGA, yoga.
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{ MD (95% Crl) SUCRA Sample Size
COoMB ——i -6.18 (-11.45 to -1.21)* 70% 107/77
I
1
HIT |—0—! -5.71(-11.31t0 -0.002)* 67% 56/51
I
I
AERO —e— -4.73(-7.53 10 -2.01)* 58% 312/260
I
(]
SPORTS ' L 4 +— -6.27 (-13.86 t0 1.68) 68% 117/100
I
I
PIL ' * : { 5,52 (-12.74 10 1.49) 63% 20/20
I
]
YOGA I * i 1 -4.32(-15.71t0 6.96) 52% 36/32
I
]
ISO —e—— -2.23(-7.24t02.73) 32% 70/72
]
1
RT I—O—'—il -2.41(-7.23t02.28) 32% 46/42
I
-20 -15 -10 -5 0 5 10

24-Hour Systolic Blood Pressure

Figure 3 Network meta-analyses of different exercise modalities on 24-hour ambulatory systolic blood pressure compared with the control
condition, with 95% credible intervals. AERO, aerobic training; COMB, combined training; HIIT, high-intensity interval training; ISO, isometric training;
MD, mean changes from baseline versus control condition; PIL, pilates; RT, resistance training; SPORTS, recreational sports; SUCRA, surface under the

cumulative ranking curve; YOGA, yoga.

versus RT (four arms). No interventions were excluded based on
the sample size or network connectivity (figure 2).

The same network structure was applied to the daytime and
nighttime ABPM analyses (figure 2). Although fewer studies
contributed to these secondary outcomes, all interventions
remained connected to CON, preserving the overall integrity of
the network.

Primary outcomes

24-hour systolic and diastolic ambulatory blood pressure

Figure 3 presents the MDs in 24-hour systolic ABPM for each
exercise modality compared with CON, alongside the SUCRA
values and the number of contributing studies. Compared with
CON, all interventions exceeded the predefined minimum clin-
ically important difference of —2.00mm Hg. However, only
COMB (MD —6.18 mm Hg, 95% Crl —11.45 to —1.21), HIIT
(MD —=5.71mm Hg, 95% Crl —11.31 to —0.002) and AERO
(MD —4.73mm Hg, 95% CrI —7.53 to —2.01) demonstrated
significant differences. AERO was the most robust evidence with
a 95% Crl entirely beyond —2.00mm Hg (95% Crl —7.53 to
—2.01). All other modalities, including PIL (—5.56 mm Hg),
SPORTS (—6.40 mm Hg), ISO (—3.04 mm Hg), RT (-2.64mm
Hg) and YOGA (—4.50mm Hg), had Crls that included zero.
According to the SUCRA values, COMB had the highest ranking
probability (70%), followed by SPORTS (68%), HIIT (67%),
and PIL (63%). AERO had a SUCRA value of 58%. YOGA
ranked in the intermediate range (52%), whereas ISO and RT
presented lower probabilities (32%). CON showed the lowest
ranking (8%).

Figure 4 presents the MDs in 24-hour diastolic ABPM for each
exercise modality compared with CON, along with the SUCRA
values and the number of contributing studies. Compared with
the CON group, HIIT (MD —4.64mm Hg, 95% Crl —8.21 to
—-0.72), PIL (MD —4.18 mm Hg, 95% Crl —7.18 to —1.17),
COMB (MD —3.94mm Hg, 95% Crl —6.47 to —1.34) and
AERO (MD —2.76 mm Hg, 95% Crl —4.21 to —1.34) showed
significant reductions, with 95% Crl excluding the null value.
RT (MD —1.47 mm Hg), YOGA (MD —3.46 mm Hg), ISO (MD

—2.43mm Hg) and SPORTS (MD —2.81 mm Hg) had estimates
with Crls that included zero. Only RT did not achieve reduc-
tions exceeding the predefined minimal clinically important
difference of —2.00 mm Hg compared with the CON group. No
modality showed a 95% CrI fully surpassing the —2.00 mm Hg
threshold. According to the SUCRA values, HIIT ranked highest
(76%), followed by PIL (72%) and COMB (65%). YOGA (57%),
ISO (53%), SPORTS (49%), AERO (44%) and RT (41%) ranked
lower, whereas CON showed the lowest probability (290).

Online supplemental figure S11 shows the rank probabilities
for each intervention for 24-hour systolic and diastolic ABPM.
COMB, SPORTS and HIIT were most likely to rank among the
top three treatments for systolic ABPM. HIIT, PIL and COMB
had the highest probabilities of being ranked among the top
three treatments for diastolic ABPM.

The league table of the NMA results for exercise-versus-exercise
comparisons is presented in online supplemental table S9 and shows
no evidence of superiority between modalities, as all comparisons
displayed overlapping 95% Crl. In the node-splitting analysis,
only the 24-hour systolic ABPM outcome yielded p values <0.05
(COMB vs CON and COMB vs RT); however, neither compar-
ison remained significant after applying the Bonferroni correction
(p<0.005), and no inconsistencies were identified (online supple-
mental table S10).

Secondary outcomes: daytime and nighttime ambulatory
blood pressure

Compared with the CON group, daytime systolic ABPM was
reduced by COMB (MD —6.55mm Hg, 95% Crl —11.90 to
—1.29), AERO (MD —5.81mm Hg, 95% Crl —8.45 to —3.13)
and HIIT (MD —6.50mm Hg, 95% Crl —12.04 to —0.67)
compared with CON. All other modalities, including I1SO, PIL,
RT, SPORTS and YOGA, produced estimates with 95% CrI that
included the null hypothesis. SUCRA rankings identified COMB
as the top-ranked intervention (75%), followed by HIIT (75%)
and AERO (72%). AERO was robust evidence with a 95% CrI
entirely beyond —2.00mm Hg (95% Crl —8.45 to —3.13).
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1
-10 5 0

24-Hour Diastolic Blood Pressure

MD (95% Crl) SUCRA Sample Size
-4.64(-8.21t0-0.72)* 76.6% 56/51
-4.18(-7.18to -1.17)* 72.5% 20/20
-3.94(-6.47 to -1.34)* 65.8% 107/77
-2.76 (-4.21to -1.34)* 44.9% 312/260
-3.55(-8.39to 111) 57.4% 36/32
-243(-4.861t00.12) 53.8% 70/72
-2.74 (-5.64 t0 0.01) 49.2% 117/100
-2.47(-4.86t00.13) 25.7% 46/42

Figure 4 Network meta-analyses of different exercise modalities on 24-hour diastolic blood pressure compared with the control condition, with
95% credible intervals. AERO, aerobic training; COMB, combined training; HIIT, high-intensity interval training; 1SO, isometric training; MD, mean
changes from baseline versus control condition; PIL, pilates; RT, resistance training; SPORTS, recreational sports; SUCRA, surface under the cumulative

ranking curve; YOGA, yoga.

For daytime diastolic ABPM, the SUCRA values favoured
HIIT (92%) and AERO (67%). Among these, only HIIT
(MD —6.53mm Hg, 95% Crl —10.40 to —2.23) and AERO
(MD —3.54mm Hg, 95% CrI —5.05 to —2.01) had 95% Crl
excluding the null, while estimates for the other modalities
remained imprecise. AERO (95% Crl —5.05 to —2.01) and
HIIT (95% Crl —10.40 to —2.23) showed robust evidence with
a 95% Crl entirely beyond —2.00 mm Hg.

Regarding nighttime systolic ABPM, significant reductions
were observed with AERO (MD —3.02 mm Hg, 95% Crl —5.44
to —0.78), COMB (MD —4.46mmHg, 95% CrI —8.95 to
—0.11) and SPORTS (MD —6.99mm Hg, 95% Crl —13.58 to
—0.61). The SUCRA rankings indicated the highest probability
of effectiveness for SPORTS (83%), followed by HIIT (68%)
and COMB (67%).

Night-time diastolic ABPM showed significant reductions
with AERO (MD —1.96 mm Hg, 95% Crl —3.47 to —0.63), RT
(MD —3.28 mm Hg, 95% Crl —6.74 to —0.75) and YOGA (MD
—4.51mm Hg, 95% CrI —8.79 to —0.02). The SUCRA rankings
favoured YOGA (80%), RT (77%) and SPORTS (67%).

A complete summary of the results, including the SUCRA rank-
ings, ranking curves and league table comparisons, is provided in
online supplemental file 12. Traditional pairwise meta-analysis
and forest plots are presented in online supplemental file 13.

Confidence in the NMA and publication bias

The credibility of the NMA estimates for the primary outcomes
(24-hour systolic and diastolic ABPM) was assessed using the
CINeMA framework. For 24-hour systolic ABPM, all compar-
isons were rated as having very low confidence, primarily due
to concerns regarding bias and imprecision within the study, and
in some cases there was substantial heterogeneity. For 24-hour
diastolic ABPM, only the comparison between AERO and control
was rated as low confidence, whereas all remaining comparisons
were classified as very low confidence. The complete CINeMA
ratings across domains for each comparison are presented in
online supplemental file 14.

Publication bias was evaluated for the primary results (24-
hour systolic and diastolic ABPM) using funnel plots and Egger’s
regression tests. For 24-hour systolic ABPM, Egger’s test yielded
a bias coefficient of —2.03 (p=0.27), whereas for 24-hour
diastolic ABPM the coefficient was —3.51 (p=0.57), indicating
that there was no statistically significant evidence of small study
effects. Visual inspection of funnel plots revealed no notable
asymmetry (online supplemental file 15). Overall, these results
suggest a low likelihood of publication bias affecting the main
outcomes of the review.

DISCUSSION

This NMA synthesised evidence from 31 RCTs comparing eight
exercise modalities and their effects on ABPM in adults with
hypertension. AERO showed consistent reductions in ABPM,
reinforcing its established role in blood pressure control. Impor-
tantly, this study provides the first evidence that COMB and
HIIT are effective in reducing 24-hour ABPM.

Our findings extend previous evidence based on office blood
pressure!” by identifying exercise modalities that effectively
reduce ABPM, which is a more prognostic outcome.” '° In
contrast to a previous NMA'” that identified isometric training
as the best exercise modality for office blood pressure reduc-
tion, we observed no significant effect of this exercise on ABPM.
While office blood pressure studies frequently use large-muscle
mass protocols such as wall squats, the ISO trials in this ABPM-
focused NMA primarily employed short-term handgrip proto-
cols. Similarly, dynamic resistance training did not significantly
reduce ABPM in our NMA, in contrast to office blood pressure
meta-analyses that reported reductions of 4-6mm Hg."' " This
lack of effect may stem from low training intensities (<70%
1rep max (1RM)) in the included trials, as higher intensities
are more strongly associated with blood pressure lowering'? %’
than lower intensities. Together, these data suggest that dynamic
or isometric resistance training should be viewed as a comple-
mentary rather than a first-line strategy for ABPM reduction in
hypertensive individuals.
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From a physiological perspective, the improvements in endo-
thelial function and the reduction in total peripheral resistance
resulting from sustained vasodilation, driven by increased shear
stress during exercise, are more closely attributed to aerobic than
resistance training.”® *° Furthermore, resistance training may
induce transient arterial stiffness due to high-pressure loads.?’ !
These mechanistic differences may explain the divergent find-
ings observed between our NMA and previous reports. When
comparing methodological characteristics of studies assessing
office and ambulatory blood pressure, the observed discrepancies
between our findings and previous NMAs may also be associated
with the outcome assessment. While office-based measurements
are widely utilised, their susceptibility to limited standardisation
and a lack of specific power calculations could potentially inflate
the main effects of some exercise modalities.**>* In contrast,
ABPM-based trials of our study presented higher methodological
quality and internal validity (average TESTEX score of 9/15).
Previous large NMAs based on office blood pressure’ 7 assessed
methodological quality in a subset of included trials, while the
present review systematically evaluated the quality of all eligible
studies. Therefore, our findings may reflect a more nuanced clin-
ical reality, as ABPM minimises the precision bias and ‘white-
coat’ effects often inherent in office settings,® providing a more
rigorous basis for evaluating exercise efficacy.

General recommendations for blood pressure management
do not pay much attention to strategies to motivate seden-
tary adults to start exercising or ensure adherence to physical
activity over time.’ * Monotony during traditional exercise may
lead to reduced adherence to exercise programmes.* In this
context, non-conventional modalities may offer promising and
potentially more engaging strategies to enhance exercise adher-
ence.’®?” This is the first NMA to integrate non-conventional
modalities, such as PIL, YOGA and SPORTS, into the ABPM
evidence base. SPORTS was associated with reductions in night-
time systolic ABPM, PIL with reductions in 24-hour diastolic
ABPM, and YOGA with reductions in nighttime diastolic ABPM.
These modalities also achieved relatively high SUCRA rankings,
indicating favourable positions within the treatment hierarchy.
However, this result reflects ranking probabilities rather than
definitive clinical superiority, particularly when effect estimates
overlap.’® ** Due to wide Crls, limited direct comparisons and
predominantly low-to-very-low confidence ratings, these find-
ings must be interpreted with caution.** *! Consequently, large-
scale RCTs focusing on non-conventional exercise are essential
to confirm these preliminary benefits on ABPM and inform
future clinical practice.

The limitations of this study should be considered when inter-
preting the results. The conservative assumptions used in data
imputation may have increased the imprecision of effect esti-
mates, leading to wider Crls for several comparisons. Although
it should not overestimate the effect sizes, it likely contributed to
the predominantly low or very low confidence ratings observed
in the CINeMA assessment, particularly within the imprecision
domain.”® Sensitivity analyses exploring alternative correlation
values or variance assumptions were not feasible due to incom-
plete reporting and the limited number of studies per compar-
ison. Furthermore, to maximise the available evidence, trials
with small sample sizes and studies lacking complete dispersion
measures were included. The overall methodological quality was
moderate to high (mean=9 of a maximum of 15 points on the
TESTEX). Recurring limitations included the lack of blinding,
underreporting of adverse events, limited adherence data and
insufficient monitoring of the control group. Another limitation
pertains to the inherent heterogeneity in the classification of

exercise modalities within NMA. To maintain network connec-
tivity, interventions were categorised into broad nodes based on
modality. However, considerable variability was noted in terms
of intensity, volume, session structure and follow-up across
studies. Consequently, true dose- or intensity-dependent effects
may have been attenuated, and the absence of clear effects should
be interpreted with caution. Although key effect modifiers were
judged sufficiently similar to support the transitivity assumption,
heterogeneity in exercise prescription and incomplete reporting
of medication use across trials may have introduced residual
intransitivity, limiting the certainty of indirect comparisons. The
small number of trials on HIIT, PIL and SPORTS limits defini-
tive conclusions regarding their relative efficacy. Furthermore,
substantial between-study variability and limited direct evidence
for some modalities warrant cautious interpretation of compar-
ative effectiveness. While AERO consistently demonstrated
robust results across high-quality trials, the findings for COMB
and HIIT remain promising but require confirmation through
adequately powered, standardised RCTs to enhance the certainty
of evidence for clinical practice.

CONCLUSION

Aerobic exercise training consistently reduced 24-hour, daytime
and nighttime ambulatory blood pressure, reinforcing its central
role in hypertension management. Combined training and high-
intensity interval training were also associated with reductions
in 24-hour ambulatory blood pressure, extending evidence
beyond office-based measurements. In contrast, the evidence
for resistance training, isometric exercise and non-conventional
modalities remains limited and imprecise. Overall, aerobic exer-
cise, combined training and high-intensity interval training show
the most consistent signals of benefit based on current data.
However, adequately powered randomised trials using ABPM
are required to strengthen comparative inference and clarify the
role of other exercise modalities.

Social media Rodrigo Ferrari, Instagram @get.hcpa

Acknowledgements VMS and DMP received a scholarship from Coordenacéo
de Aperfeicoamento de Pessoal de Nivel Superior (CAPES) - finance code 001.
The funders did not have a role in the study design, data collection, analysis,
interpretation of results, or manuscript.

Contributors VMS and RF contributed to the study conception and design. VMS
and DMP contributed to the development of the search strategy and conducted

the systematic review. VMS and DMP completed data acquisition. VMS and PKZ
performed data analyses. VMS and RF are the leading authors of this manuscript.
VMS, PKZ and RF contributed to the writing and reviewing of the final article. All
authors approved the final version of the manuscript. VMS is the guarantor. Artificial
intelligence tools were used to assist with language editing, clarity and organisation
of the manuscript. The tools were used to improve grammar, readability and
structure only. All study design, data analysis, interpretation of results and scientific
content were developed, verified and approved by the authors. The authors take full
responsibility for the content of the manuscript.

Funding The authors have not declared a specific grant for this research from any
funding agency in the public, commercial or not-for-profit sectors.

Competing interests None declared.

Patient consent for publication Not applicable.

Ethics approval Not applicable.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available in a public, open access
repository. Online supplemental file S5.

Supplemental material This content has been supplied by the author(s). It
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have
been peer-reviewed. Any opinions or recommendations discussed are solely those
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content

Mallmann Schneider V, et al. Br J Sports Med 2026;60:983-990. doi:10.1136/bjsports-2025-111474

989

‘salfojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
"1sanb Aqg 920z ‘92 1snbny uo jwoo fwa wslg//:diy woiy papeojumoq ‘920z Ae ZT U0 ¥/¥TTT-G202-S10dsla/9eTT 0T st paysiignd 1.1y :pajA s1iods [ g


https://instagram.com/get.hcpa
https://dx.doi.org/10.1136/bjsports-2025-111474
http://bjsm.bmj.com/

Systematic review

includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error

Evaluation, and Management of High Blood Pressure in Adults: A Report of the
American College of Cardiology/American Heart Association Joint Committee on
Clinical Practice Guidelines. JAm Coll Cardiol 2025;86:1567-678.

and/or omissions arising from translation and adaptation or otherwise. 20 Caspersen CJ, Powell KE, Christenson GM. Physical activity, exercise, and physical

fitness: definitions and distinctions for health-related research. Public Health Rep

QRC_ID iD _ ) 1985;100:126-31.

Vinicius Mallmann Schneider https://orcid.org/0000-0003-4332-1042 21 Higgins JP, Li T, Deeks JJ. Choosing effect measures and computing estimates of effect.

In: Cochrane Handbook for Systematic Reviews of Interventions. 2019: 143-76.

REFERENCES 22 Smart NA, Waldron M, Ismail H, et al. Validation of a new tool for the assessment

1 Gao Y, Liu K, Fang 5. Changing Patterns of Stroke and Subtypes Attributable to High of study quality and reporting in exercise training studies: TESTEX. Int J Evid Based
Systolic Blood Pressure in China From 1990 to 2019. Stroke 2024;55:59-68. 3 Hea/\ihszog 5’1129[12 de Brock B. et al. Automati twork meta-analvsis. R

2 Flint AC, Conell C, Ren X, et al. Effect of Systolic and Diastolic Blood Pressure on ;antha/we?h o; 2(’)1;.3_’2;5_;05 el al. Automating network meta-analysis. fes
Cardiovascular Outcomes. N Engl / Med 2019;381:243-51. ynth etnoas e . . .

3 McEvoy JW, McCarthy CP, Bruno RM, et al. 2024 ESC Guidelines for the management 24  Salanti G Ades AE, Ioann|d|s_ JPA. Graphical methods a’Td numenca_l summaries f_or
of elevated blood pressure and hypertension: developed by the task force on the pres‘entm'g regults from multiple-treatment meta-analysis: an overview and tutorial.
management of elevated blood pressure and hypertension of the European Society of J Clin fg/?’de’”")’ ,2,01,1"64:16,37,71' . . ) )

Cardiology (ESC) and endorsed by the European Society of Endocrinology (ESE) and 25 Veronlkl AA.’ Vasiliadis H?, ngglns JPT, et al. Evaluation of inconsistency in networks
the European Stroke Organisation (ESO). Eur Heart J 2024;45:3912-4018. 2% oflllnTeLvenU(?ns. lnz‘JlEpl/dem/o/ 2013k;42:332,_45' I ) h

4 Brandao AA, Rodrigues CIS, Bortolotto LA, et al. Diretriz Brasileira de Hipertensao Nikola opoulou A[ ngglqs JPT, Papakonstantinou T, et al. INel\/IlA.An approac
Atterial — 2025. Arq Bras Cardiol 2025;122. for assessing confidence in the results of a network meta-analysis. PLoS Med

5 Naci H, Salcher-Konrad M, Dias S, et al. How does exercise treatment compare with 2020;_17:“003082' b / b training § alh )
antihypertensive medications? A network meta-analysis of 391 randomised controlled 27 Correia RB' Veras ASC{ Te quR, et al. Strengt raining for arterial hypertension
trials assessing exercise and medication effects on systolic blood pressure. Br J Sports treatnl”len.t. a systematic review and meta-analysis of randomized clinical trials. Sci Rep
Med 2019;53:859-69. 2023,13:201. g

6 Hanssen H, Boardman H, Deiseroth A, et a/. Personalized exercise prescription in 28 Cornelissen VA, Ifagard RH. Effects of endqrance training on blood pressure, blood
the prevention and treatment of arterial hypertension: a Consensus Document from pressf”e'_reQ“la“”g mechanisms, and cardiovascular risk factors. Hypertension
the European Association of Preventive Cardiology (EAPC) and the ESC Council on 2005'46j667_75' . ) ) )
Hypertension. Eur J Prev Cardiol 2022;29:205-15. 29 Song Y, Jia H, Hua Y, et al. The Molecular Mechanism of Aerobic Exercise Improving

7 Muntner P, Shimbo D, Carey RM, et al. Measurement of Blood Pressure in Humans: Vqsculqr Remodeling in Hypertension. front Physiol 2022;13:7922?2' »

A Scientific Statement From the American Heart Association. Hypertension 30 Miyachi M, Kawano H, Sugawara J, et al. Unfavorable effects of resistance training
2019:73:e35-66. on central arterial compliance: a randomized intervention study. Circulation

8 O'Brien E, Parati G, Stergiou G. Ambulatory blood pressure measurement: what is the 2004;110:2858-63. . ) o o
international consensus? Hypertension 2013;62:988-94. 31 Lecce E, Amoruso P, Felici F, et a/. Resistance training-induced adaptations in the

9 LiuW, Ge W, Fan X, et al. Ambulatory blood pressure monitoring and mortality. Lancet neuromuscular system: physiological mechanisms and implications for human
2024:403:811-2. performance. J Physiol 2026;604:81-115.

10 Staplin N, de la Sierra A, Ruilope LM, et a/. Relationship between clinic and 32 loannidis JPA. Why most published research findings are false. PLoS Med
ambulatory blood pressure and mortality: an observational cohort study in 59 124 2005f2:e1 24. i
patients. Lancet 2023;401:2041-50. 33 Stergiou GS, Parati G, Vlachopoulos C, et al. Methodology and technology for

11 Cornelissen VA, Smart NA. Exercise training for blood pressure: a systematic review peripheral and central blood pressure and blood pressure variability measurement:
and meta-analysis. J Am Heart Assoc 2013;2:e004473, current status and future directions - Position statement of the European Society

12 Schneider VM, Domingues LB, Umpierre D, et a/. Exercise characteristics and blood of Hypertension Working Group on blood pressure monitoring and cardiovascular
pressure reduction after combined aerobic and resistance training: a systematic variability. J Hypertens 2016;34:1665-77.
review with meta-analysis and meta-regression. J Hypertens 2023;41:1068-76. 34 Hecksteden A, Faude O, MeyerT, et a/. How to Construct, Conduct and Analyze an

13 MacDonald HY, Johnson BT, Huedo-Medina TB, et a/. Dynamic Resistance Training as Exercise Training Study? front Physiol 2018,9:1007. . _
Stand-Alone Antihypertensive Lifestyle Therapy: A Meta-Analysis. / Am Heart Assoc 35 Collado-Mateo D, Lavin-Pérez AM, Pefiacoba C, et al. Key Factors Associated with
2016;5:e003231. Adherence to Physical Exercise in Patients with Chronic Diseases and Older Adults: An

14 Saco-Ledo G, Valenzuela PL, Ruiz-Hurtado G, et a/. Exercise Reduces Ambulatory Umbrella Review. Int J Environ Res Public Hga/th 2021;18:2023. ]

Blood Pressure in Patients With Hypertension: A Systematic Review and Meta-Analysis 36 Krustrup P. Aagaard P, Nybo L, et al. Recreational football as a health promoting
of Randomized Controlled Trials. J Am Heart Assoc 2020;9:e018487. activity: a topical review. Scand J Med Sci Sports 2010;20 Suppl 1:1-13.

15 Dassanayake S, Sole G, Wilkins G, et al. Effectiveness of Physical Activity and Exercise 37 Lim EJ, Hyun EJ. The Impacts of Pilates and Yoga on Health-Promoting Behaviors and
on Ambulatory Blood Pressure in Adults with Resistant Hypertension: A Systematic Subjective Health Status. Int J Environ Res Public Health 2021;18:3802.

Review and Meta-Analysis. High Blood Press Cardiovasc Prev 2022;29:275-86. 38 Wang Z, Carter RE. Ranking of the most effective treatments for cardiovascular

16 Teixeira JMM, Roever L, Ramasamy A, et al. Statistical heterogeneity in meta-analysis disease using SUCRA: Is it as sweet as it appears? Eur J Prev Cardjolog
of hypertension and exercise training: a meta-review. J Sports Sci 2023;41:2033-44. 2018;25:842-3. B .

17 Edwards JJ, Deenmamode AHP, Griffiths M, et al. Exercise training and resting blood 39 Daly CH, Neupane B, Beyene J, et al. Empirical evaluation of SUCRA-based treatment
pressure: a large-scale pairwise and network meta-analysis of randomised controlled ranks in network meta-analysis: quantifying robustness using Cohen’s kappa. BM/
trials. BrJ Sports Med 2023;57:1317-26. Open 2019;9:e024625.

18 Hutton B, Salanti G, Caldwell DM, et a/. The PRISMA extension statement for 40 Veroniki AA, Straus SE, Riicker G, et al. Is providing uncertainty intervals
reporting of systematic reviews incorporating network meta-analyses of health care in treatment ranking helpful in a network meta-analysis? J Clin Epidemiol
interventions: checklist and explanations. Ann Intern Med 2015;162:777-84. 2018;100:122-9.

19 Jones DW, Ferdinand KC, Taler SJ, et al. 2025 AHA/ACC/AANP/AAPA/ABC/ACCP/ 41 Salanti G, Nikolakopoulou A, Efthimiou O, et a/. Introducing the Treatment Hierarchy
ACPM/AGS/AMA/ASPC/NMA/PCNA/SGIM Guideline for the Prevention, Detection, Question in Network Meta-Analysis. Am J Epidemiol 2022;191:930-8.

990 Mallmann Schneider , et al. Br J Sports Med 2026;60:983-990. doi: 10.1136/bjsports-2025-111474

salbojouyoal rejiwis pue ‘Buluresy |y ‘Buiuiw elep pue 1xa) 01 pale|al sasn 1o} Buipnjoul ‘1ybiAdos Aq paloaloid
"1sanb Aqg 920z ‘92 1snbny uo jwoo fwa wslg//:diy woiy papeojumoq ‘920z Ae ZT U0 ¥/¥TTT-G202-S10dsla/9eTT 0T st paysiignd 1.1y :pajA s1iods [ g


https://orcid.org/0000-0003-4332-1042
http://dx.doi.org/10.1161/STROKEAHA.123.044505
http://dx.doi.org/10.1056/NEJMoa1803180
http://dx.doi.org/10.1093/eurheartj/ehae178
http://dx.doi.org/10.36660/abc.20250624
http://dx.doi.org/10.1136/bjsports-2018-099921
http://dx.doi.org/10.1136/bjsports-2018-099921
http://dx.doi.org/10.1093/eurjpc/zwaa141
http://dx.doi.org/10.1161/HYP.0000000000000087
http://dx.doi.org/10.1161/HYPERTENSIONAHA.113.02148
http://dx.doi.org/10.1016/S0140-6736(23)02621-1
http://dx.doi.org/10.1016/S0140-6736(23)00733-X
http://dx.doi.org/10.1161/JAHA.112.004473
http://dx.doi.org/10.1097/HJH.0000000000003455
http://dx.doi.org/10.1161/JAHA.116.003231
http://dx.doi.org/10.1161/JAHA.120.018487
http://dx.doi.org/10.1007/s40292-022-00517-6
http://dx.doi.org/10.1080/02640414.2024.2309055
http://dx.doi.org/10.1136/bjsports-2022-106503
http://dx.doi.org/10.7326/M14-2385
http://dx.doi.org/10.1016/j.jacc.2025.05.007
https://pubmed.ncbi.nlm.nih.gov/3920711
http://dx.doi.org/10.1097/XEB.0000000000000020
http://dx.doi.org/10.1097/XEB.0000000000000020
http://dx.doi.org/10.1002/jrsm.1054
http://dx.doi.org/10.1002/jrsm.1054
http://dx.doi.org/10.1016/j.jclinepi.2010.03.016
http://dx.doi.org/10.1016/j.jclinepi.2010.03.016
http://dx.doi.org/10.1093/ije/dys222
http://dx.doi.org/10.1371/journal.pmed.1003082
http://dx.doi.org/10.1038/s41598-022-26583-3
http://dx.doi.org/10.1161/01.HYP.0000184225.05629.51
http://dx.doi.org/10.3389/fphys.2022.792292
http://dx.doi.org/10.1161/01.CIR.0000146380.08401.99
http://dx.doi.org/10.1113/JP289716
http://dx.doi.org/10.1371/journal.pmed.0020124
http://dx.doi.org/10.1097/HJH.0000000000000969
http://dx.doi.org/10.3389/fphys.2018.01007
http://dx.doi.org/10.3390/ijerph18042023
http://dx.doi.org/10.1111/j.1600-0838.2010.01108.x
http://dx.doi.org/10.3390/ijerph18073802
http://dx.doi.org/10.1177/2047487318767199
http://dx.doi.org/10.1136/bmjopen-2018-024625
http://dx.doi.org/10.1136/bmjopen-2018-024625
http://dx.doi.org/10.1016/j.jclinepi.2018.02.009
http://dx.doi.org/10.1093/aje/kwab278
http://bjsm.bmj.com/

	Effects of different exercise training modalities on ﻿
﻿24-­hour ambulatory blood pressure in adults with hypertension: a network meta-­analysis of randomised controlled trials
	Abstract
	Introduction﻿﻿
	Methods
	Protocol and reporting standards
	Eligibility criteria
	Information sources and search strategy
	Study selection and data extraction
	Data preparation and imputation procedures
	Risk of bias and study quality assessment
	Data synthesis and statistical analysis
	Additional analyses
	Equity, diversity and inclusion statement

	Results
	Study selection and characteristics
	Methodological quality of the included studies
	Network geometry
	Primary outcomes
	24-hour systolic and diastolic ambulatory blood pressure

	Secondary outcomes: daytime and nighttime ambulatory blood pressure
	Confidence in the NMA and publication bias

	Discussion
	Conclusion
	References


