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Hypertension is a major risk factor for cardiovascular disease, for which the management involves both lifestyle modification (diet,
exercise etc) and medication. Digital interventions (mobile applications, websites, and SMS messages) are being developed to
facilitate lifestyle change, but their effectiveness remains uncertain. This review aimed to establish whether digital interventions
targeting lifestyle factors are effective in reducing blood pressure in individuals with hypertension. A systematic search was run
through MEDLINE, EMBASE and the Cochrane Library. 5302 records were screened for eligibility and data on the primary outcome
(systolic blood pressure (SBP)) and secondary outcomes (diastolic blood pressure (DBP) and change in lifestyle factors) were
extracted from eligible papers. Where sufficient data were available, meta-analysis was undertaken using a random effects model.
17 randomised controlled trials were eligible for inclusion (3040 patients). 12 studies were suitable for meta-analysis. Lifestyle
change mediated by digital interventions were associated with a larger SBP reduction than controls (mean difference (MD)
—2.91 mmHg; 95% confidence interval (Cl) —4.11, —1.71; p value (p) <0.0001). A significant difference was also seen in DBP
reduction between groups (MD —1.13 mmHg; Cl —1.91, —0.35; p = 0.005). Reporting of other secondary outcomes relating to
lifestyle change was too heterogenous for meta-analysis. Digital interventions targeting lifestyle factors were associated with an
improvement in blood pressure in patients with hypertension, but interpretation of the results is limited by significant
heterogeneity between studies. Further research is required to understand which lifestyle factors, when targeted with digital

interventions, result in maximal blood pressure reduction.

Journal of Human Hypertension (2025) 39:690-700; https://doi.org/10.1038/s41371-025-01051-3

INTRODUCTION

Hypertension is a key risk factor for the development of
cardiovascular disease and therefore is a major contributor to
global disease burden [1, 2]. It is estimated that a third of adults in
England have hypertension (most commonly defined as a clinic
blood pressure (BP) reading >140/90 mmHg, or home or
ambulatory blood pressure reading >135/95 mmHg [3]). Reducing
blood pressure is correlated with reduced mortality [4] - a
10 mmHg reduction in BP can lead to a 41% reduction in stroke
and a 22% reduction in coronary heart disease [5].

Blood pressure lowering can be achieved through lifestyle
modification [6, 7]. This includes reduced salt intake, increased
physical activity, weight loss, smoking cessation, and reduced
alcohol consumption. Multi-component lifestyle interventions
have demonstrated effective blood pressure reduction in hyper-
tension [8]. As a result, both NICE and European hypertension
management guidelines recommend lifestyle modification prior to
or alongside anti-hypertensive medication [9, 10]. Despite
evidence for the efficacy of lifestyle interventions in BP manage-
ment, there is often little improvement in lifestyle factors
following a diagnosis of raised blood pressure [11].

Digital interventions have been used to facilitate behaviour
change, and thereby improve management, in a range of conditions
[12]. Evidence from randomised controlled trials and systematic
reviews supports the use of digital interventions to modify risk factors
for cardiovascular disease [13], and specifically for hypertension [14].
In hypertension, digital interventions have the potential to indirectly
improve blood pressure by enhancing lifestyle modification. They
may also be more cost-effective than non-digital equivalents, as they
can be delivered at large scale at low cost. However, the digital
interventions used in hypertension trials are heterogenous and often
target multiple aspects of disease management including medication
adherence, lifestyle change and remote monitoring.

This systematic review aimed to establish whether digital
interventions targeting lifestyle behaviour modification are effective
for the reduction of blood pressure in individuals with hypertension.

METHODS

The protocol for this systematic review and meta-analysis was prospec-
tively registered with the Prospero Database of Systematic Reviews
(CRD42021292206).
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Search strategy

The search strategy was developed in collaboration with a healthcare
librarian with expertise in systematic review search (see Figure, Supple-
mentary Digital Content (SDC) 1, outlining search strategy). The following
databases were searched for relevant randomised controlled trials up to 24
December 2021: MEDLINE(OvidSP) (1946 to 24 December 2021), Emba-
se(OvidSP) (1974 to 24 December 2021) and the Cochrane Central Register
of Controlled Trials (CENTRAL) via Cochrane Library, Wiley [Issues 12 of 12,
December 2021].

Animal studies, conference abstracts, and publications not in the English
language were excluded from the search. Publications before January 2000
were excluded as digital technology prior to that date would no longer be
relevant. A search string developed by EPOC (https://zenodo.org/records/
5106292) was applied to filter by study design. The authors searched
references of included full-text papers to identify other relevant studies.
Study protocols recovered by the search which met the inclusion criteria
were searched on PubMed to identify any reported results. If none were
found, the protocols were excluded.

Inclusion criteria

Duplicate studies were removed from the search result. Titles and abstracts
of remaining studies were screened independently by two review authors
against the following inclusion criteria:

Population - Adults (>18 years of age) with a diagnosis of hypertension
(blood pressure >140/90 mmHg), without other cardiovascular disease,
diabetes mellitus, chronic kidney disease, or a secondary cause of
hypertension.

Intervention - Digital interventions targeting lifestyle factors (exercise,
diet, weight loss, smoking) to lower blood pressure, where the
intervention was used for a minimum of 3 months. Digital interventions
were defined as phone-based interventions (text messages, mobile
applications, online messaging groups), computer-based interventions
(emails, websites, software) or wearable digital monitors (where the
results of the monitoring were used to guide lifestyle modification).
Comparator — Usual care, placebo, or alternative intervention differing
in nature or intensity.

Outcomes - The primary outcome was change in systolic blood
pressure (mmHg) from baseline to last available follow-up. Secondary
outcomes were change in diastolic blood pressure, BMI, physical
activity, diet and smoking from baseline to last available follow-up.

Studies with interventions primarily targeting medication adherence or
involving titration of anti-hypertensive medications were excluded. Where
studies had multiple intervention groups, with only one intervention group
meeting the inclusion criteria, (e.g. other intervention groups medication-
focused intervention), data from groups relevant to the research question
was included. We excluded studies where the digital intervention was used
only to facilitate a live interaction between a patient and healthcare
professional, as we were specifically interested in whether digital
interventions that are likely to be low-cost and scalable still mediate a
blood-pressure lowering effect. Studies where the digital intervention only
involved blood pressure self-monitoring, with no lifestyle advice, were also
excluded. Only randomised controlled trials were included.

The full text of articles not excluded through title and abstract screening
were independently assessed for inclusion by two review team members.
Where disagreements between two reviewers occurred over inclusion of a
paper a third review author was involved to reach a consensus.

Data extraction

Data were independently extracted by two review authors. A standardised
form was used to extract data from included studies. Background details,
intervention details and data for bias assessment were extracted. Data
were extracted for the primary outcome and for the secondary outcomes
where available. Where discrepancies occurred in data extraction between
two review authors, a third review author checked to confirm the correct
figures. Where there was significant missing data, some authors were
contacted to try and access this data.

Quality assessment

The quality and risk of bias of included studies were independently
assessed by two review authors using the Cochrane Risk of Bias 1 tool [15].
The Risk of Bias 1 tool was used as the review protocol was determined

Journal of Human Hypertension (2025) 39:690 - 700

A. Lindsay-Perez et al.

prior to the implementation of the Risk of Bias 2 tool and its integration
into Revman [16]. Domains considered included random sequence
generation, allocation concealment, blinding of participants and personnel,
blinding of outcome assessment, incomplete outcome data, and selective
reporting. For each domain, studies were ranked as either low risk of bias,
high risk of bias, or unclear risk. Overall bias was considered on the basis of
the lowest scoring domain.

Data synthesis

A meta-analysis was undertaken to compare the mean difference in
systolic and diastolic blood pressure change from baseline to end point
between intervention and control groups. Meta-analysis was performed
using the inverse variance statistical model in Review Manager (RevMan)
software version 5.4. Given the clinical heterogeneity between studies, a
random-effects model was used. Studies reporting a mean change in
blood pressure for intervention and control group were included in the
meta-analysis. Studies where mean change in BP could be calculated from
other data reported in the study (such as baseline and end point values, p
values) using the methods in Cochrane Handbook for Systematic Review of
Interventions [17] were also included in the meta-analysis. The I? and T2
statistic was used to measure heterogeneity amongst studies. Pre-specified
sub-group analyses were performed determined by intervention type,
sample size, study duration, and bias risk.

Of the secondary outcomes, only change in diastolic blood pressure was
reported with sufficient consistency to allow meta-analysis of mean
difference from baseline to end point between groups. Results for BMI,
weight, alcohol intake, salt intake, tobacco smoking and fruit/vegetable
intake were therefore reported narratively.

RESULTS

Search results

Following de-duplication, the database search resulted in 5302
titles and abstracts (Fig. 1). After review based on titles and
abstracts, 426 full text articles were assessed for eligibility, leaving
17 studies included in the final analysis. 12 of these had sufficient
data for meta-analysis.

Study characteristics

Characteristics of the 17 included studies are outlined in Table 1.
The studies were conducted in a range of countries. Most studies
were conducted in outpatient [18-25] or community [26-31]
clinics.

The pooled sample size for change in systolic blood pressure
was 3040 participants (range 30 [32] to 493 participants [24]). Most
studies included participants based on a previous diagnosis of
hypertension [18, 20-23, 25, 26, 28-30, 33, 34], with some
specifying this to be >140/90 mmHg [22, 33] or =140/90 mmHg
[18, 22, 23, 25, 30, 33]. The rest included individuals based on
screening visit blood pressure readings =135/85mmHg [31],
=2140/90 mmHg [24, 27, 32], or >140/90 mmHg at a previous clinic
visit [19].

Intervention duration ranged from 3 months to 12 months. Only
two studies followed participants up beyond the end of the
intervention. Both had interventions lasting 3 months but
followed up their participants at 6 months [30] or 12 months
[18]. The outcomes at the end of the intervention period were
included in the meta-analysis, as either there was an option to add
medication after the end of the intervention period [30], or later
end-point values were not given for each group [18].

The nature of the digital intervention varied amongst studies
(Table 2). Six studies used multi-faceted interventions that
involved contact with a healthcare professional as well as a
digital intervention (e.g. website access and nurse telephone
counselling) [19, 21, 22, 26, 29, 34]. The remaining 11 studies had
fully automated digital interventions, with no direct involvement
from a healthcare professional [18, 20, 23-25, 27, 28, 30-33]. Eight
studies had interventions that involved participants self-
monitoring their blood pressure [19, 22, 24, 27, 30-32, 34].
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Fig. 1 Flowchart of included studies.

Control interventions varied between studies. Three studies had
usual care as a comparator [23, 26, 28]. Ten studies had gave
hypertension lifestyle advice in a ‘non-digital’ format, with eight
providing written advice [18, 20, 21, 24, 27, 30-32] and two studies
providing in-person hypertension education to control groups
[19, 29]. Four studies gave control participants access to a limited
element of the digital intervention received by the intervention
group [22, 25, 33, 34].

11 studies had change in blood pressure as their primary
outcome [19, 22-27, 30-33]. The remaining six had blood pressure
measurement as secondary outcomes, with primary outcomes
being change in BMI [18], change in weight [21], proportion of
patients meeting pre-specified targets (glycated haemoglobin
<7%, systolic blood pressure <140 mmHg, or low-density lipopro-
tein cholesterol <130 mg/dL) [20], study feasibility [28], and
changes in health behaviour [29, 34].

Methods of blood pressure data collection included averages of
repeat blood pressure measurements taken during study visits
[18, 22, 24-26, 28, 31, 33, 34], self-reported home readings [19, 32],
measurements taken in the community [27], 24-hour ambulatory
blood pressure measurements [30], and was unspecified in
4 studies[20, 21, 23, 29].

Risk of bias

Results from the risk of bias assessment are summarised in Fig. 2. Six
studies had a high risk of bias in at least one domain
[19, 20, 23, 26, 27, 34], and risk of bias was unclear in at least one

SPRINGER NATURE

domain for the remainder. Where high risk of bias was present, this
was most commonly due to attrition bias. Of those studies included
in the meta-analysis, three had a high risk of bias [23, 26, 27].

Primary outcome

Systolic blood pressure. Eight studies performed statistical analy-
sis comparing the change in systolic blood pressure between
intervention and control groups [22, 24-27, 30, 31, 33], of which
four found a significant reduction with the intervention
[24, 26, 30, 33]. Three studies compared difference in systolic
blood pressure change between multiple groups [23, 28, 29], with
two finding a significant difference between groups [23, 29]. One
study reported a significant difference in the proportion controlled
<140/90 mmHg between groups [20]. The remaining studies did
not compare blood pressure outcomes between groups.

Ten studies reported a mean change in systolic blood pressure
from baseline to end point for both intervention and control
groups [18, 23-27, 30-33] (See Supplementary Digital Content 2).
Two further studies reported baseline and end point blood
pressure values for both groups, from which a mean change and
standard deviation was calculated [22, 34]. These 12 studies were
included in the meta-analysis (Fig. 3). The remaining five reported
insufficient numerical data for inclusion [19-21, 28, 29]. Blood
pressure readings from study visits were reported and used by 10
of the studies [18, 22-27, 31, 33, 34]. The remaining two studies
reported participant self-measured blood pressure, and these
values were included in the meta-analysis [30, 32].
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Fig. 2 Risk of bias summary: review authors’ judgements about individual risk of bias domains for each included study.
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Fig. 3 Forest plot of the effect of digital interventions targeting lifestyle factors for hypertension on systolic blood pressure.

The forest plot in Fig. 3 summarises the effect of intervention on
systolic blood pressure. Digital interventions were associated with
a statistically significant reduction in systolic blood pressure
compared to control (mean difference (MD) —2.91 mmHg; 95%
cg)nﬁdence interval (Cl) —4.11, —1.71; p value (p) <0.001; I = 4%,
“=0).

Subgroup analysis. Larger studies (sample size >100) had a
greater effect size than smaller studies: mean SBP difference
—3.22mmHg (Cl—4.45, —1.98) vs 1.86 mmHg (CI —3.02, 6.4)
respectively, p < 0.05 (Fig. 4). No significant differences between
subgroups were seen based on use of home blood pressure
monitoring (p = 0.97), intervention duration (p =0.91), nature of
control group (p=0.41) or clinician involvement (p=0.7) (see
Figures, Supplementary Digital Content 3-6).

Sensitivity analysis. A post-hoc sensitivity analysis was under-
taken. A significant difference in change in systolic blood pressure
was seen even when studies with unclear risk of bias in more than
2 domains, or high risk of bias in any domain were removed from
analysis (—3.20 mmHg; ClI —5.13, —1.26; p=10.001) (see Figure,
Supplementary Digital Content 7). A funnel plot of studies

Journal of Human Hypertension (2025) 39:690 - 700

included in the meta-analysis did not suggest reporting bias in
favour of the intervention. Most smaller studies did not show a
blood pressure reducing effect (see Figure, Supplemental Digital
Content 8).

Secondary outcomes. Ten studies included sufficient data for
inclusion in a meta-analysis of diastolic blood pressure [18,
22-27, 30, 31, 34]. The mean difference in diastolic blood pressure
change between 9roups was —1.13mmHg (CI —1.91, —035),
p=0.005, I> 0%, T>=<0.0001 (see Figure, Supplementary Digital
Content 9).

Reporting of other secondary outcomes was too heterogeneous
between studies to allow meta-analysis (see Supplementary Digital
Content 10). Three studies reported the change in BMI between
groups [28, 30, 31], one of which found a statistically significant
improvement in BMI with the intervention (—0.2kg/m? Cl —4 to
—0.1, p = 0.005) [30]. Of three studies that reported values for weight
change [21, 22, 30], only one performed an analysis to compare
groups, and found a significant difference (—0.5 kg, p = 0.003) [30].
Four studies performed statistical analysis comparing physical activity
measures between groups [20, 25, 31, 33], with one finding a
significant difference in physical activity (p=0.02 for difference in
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Intervention Control
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Still 2020 30 0.55 18.2000 30 -2.17 19.7000 — 2.72 [-6.88;12.32] 1.6%
Effect within subgroup (REM) 137 121 < 1.86 [-3.02; 6.74] 6.0%
Heterogenelty: /> = 0%, ©° =0, p = 0.8613 :
Overall effect (REM) 1030 1040 < -2.91 [-4.11; -1.71] 100.0%
Heterogeneity: 1?=3.7%,¢=0, p =0.4082 ! ! ! !
Test for subgroup differences: p = 0.0481 -20 -10 0 10 20

Favours Intervention Favours Control

Fig. 4 Subgroup analysis of effect of sample size on systolic blood pressure outcome.

daily steps at 12 months) [33]. Reporting for salt intake (five studies
[23, 29, 30, 33]), and/or dietary outcomes (five studies
[23, 25, 29, 31, 33]) used entirely heterogenous outcomes. One
study found a significant reduction in salt intake in the intervention
group compared to control (p <0.001), using check sheets filled by
participants to measure salt intake. All studies reporting dietary
outcomes found either no significant difference [25, 31, 33] or did
not perform statistical analysis [23, 29]. Outcomes relating to smoking
were only reported by two studies, each with a different measure
[23, 34]. Neither compared between group changes in smoking
measures.

DISCUSSION
This systematic review and meta-analysis finds a greater reduction
in systolic blood pressure amongst hypertensive participants
receiving a digital intervention to support lifestyle change,
compared to controls. We hypothesise that the digital interven-
tions lead to improved lifestyle modification, and thus mediate an
improved blood pressure reduction. The intervention also proved
effective for reduction in diastolic blood pressure. The actual mean
systolic blood pressure reduction in the intervention group was
—6.4 mmHg (compared to —4.6 mmHg in control group; between
group difference of —2.91 mmHg). Previous studies suggest a
blood pressure reduction of this size could lead to a risk reduction
of 12% for coronary heart disease, and 15% for stroke [35].
However, interpretation of the results should bear in mind the
limitations of the meta-analysis — the intervention, study duration
and lifestyle factors targeted varied significantly between studies.

To our knowledge, this is the first meta-analysis of digital
interventions in hypertension specifically targeting lifestyle factors
to reduce blood pressure. The search was comprehensive
(although the exclusion of articles not published in English is a
limitation). There was no evidence of reporting bias suggested by
our funnel plot. Instead, smaller studies showing a blood pressure
reducing effect were missing. This may be due to smaller studies
being underpowered to detect an effect, or due to inadequate
methodology in smaller studies.

By excluding studies with interventions primarily focused on
medication adherence, our results are particularly applicable to

SPRINGER NATURE

those individuals with hypertension using lifestyle change as a
first step in management, prior to starting medication. This first
step is recommended in many guidelines for low-risk individuals
with modestly raised blood pressure [10]. Previous meta-analyses
have assessed digital interventions aimed at medication adher-
ence or titrating anti-hypertensives and have reported similar
blood pressure reductions to those seen here [14].

Despite this study’s strengths, the interpretation of our results
must consider a number of limitations. Most notably, there was
significant heterogeneity across multiple components of the
included studies, which particularly limits the interpretation of
the meta-analysis. Studies varied in both the delivery method and
intensity of the digital intervention, the lifestyle factors targeted,
the method of blood pressure measurement, and the intervention
duration. The meta-analysis groups these heterogeneous studies
together, even though they are not all comparable across all
variables. Recent meta-analyses of digital interventions targeting
multiple aspects of hypertension in lower- and middle-income
were similarly limited by heterogeneity between studies [36].

The inter-study variability was such that no consistent factor
leading to blood pressure reduction could be identified in
subgroup analysis by intervention type, and so we could not get
insight into the mechanism by which a blood pressure reduction
was mediated. The evidence base from which future digital
interventions can be designed, or from which practitioners can
guide their patients as to which apps to use, therefore remains
limited, but worthy of further study. Future primary studies could
be encouraged to report more clearly some of the above factors.

The treatment of control group participants was highly variable
between studies (Table 1). Some studies used ‘usual care’ as a
control, others delivered similar lifestyle advice to the intervention
group but through non-digital means (e.g. education courses or
printed information), whilst others received a digital intervention
of differing intensity to the intervention group. Subgroup analysis
by nature of control intervention showed a trend towards greater
difference in blood pressure in studies where the intervention did
not include any digital element, but the between subgroup
difference was not significant (Supplementary Digital Content
Fig. 5). Previous meta-analyses of the impact of non-digital
interventions for lifestyle change in hypertension have shown

Journal of Human Hypertension (2025) 39:690 - 700



similar blood pressure changes to those seen in this analysis [7]. It
is possible that lifestyle modification facilitated by digital
interventions provide at least a similar benefit to that delivered
by non-digital means, whilst providing an advantage in terms of
scalability and cost.

There remains some clinical uncertainty as to the benefit of
digital approaches across different populations. Although our
inclusion criteria selected for hypertensive populations, differ-
ences in individual study definitions of “hypertensive populations”
resulted in a mean baseline blood pressure that was not
consistently >140/90 mmHg (Table 1). There is increasing evi-
dence that a reduction in blood pressure in individuals at risk of
cardiovascular disease is beneficial regardless of the baseline
blood pressure value [37], but it is difficult to predict the efficacy
of a digital intervention in individuals with a systolic blood
pressure =140 mmHg as few studies had mean baseline blood
pressures in this range.

It should also be noted that the studies in this review were
generally of short duration: only one study used an intervention
for 12 months [24], with the intervention duration of the rest
being 8 months or less. As a result, the longevity of the blood
pressure reducing effect observed here remains unknown and
future studies should include greater longitudinal follow up.

Although the conclusions of the review are tempered by the
heterogeneity between studies, particularly in regard to the digital
interventions used, this issue is not unique to digital interventions
for lifestyle in hypertension — the American Heart Association
found over 13,000 apps for cardiovascular disease in the Apple
Store in 2015, few of which had undergone substantial testing for
efficacy [38]. There is a growing consensus that these digital
interventions need more rigorous testing [12, 38, 39]. We would
support the same conclusion from our review.

In summary, lifestyle factor modification facilitated by digital
interventions appears to lower blood pressure by small amounts
compared with control interventions. However, heterogeneity in
methodology and interventions used in the studies constrain the
interpretation of the meta-analysis. As such, there is limited scope
for making specific recommendations for clinical practice from this
review. However, lifestyle interventions delivered digitally could
offer rapidly scalable, low-cost and effective management options
at a population level, potentially delaying or avoiding pharma-
cotherapy. Digital interventions in this context show promise but
further research is required to understand the specific compo-
nents which may be effective in blood pressure reduction before
they can be integrated into existing care pathways.

SUMMARY
What is known about the topic:

® Modification of lifestyle (weight loss, lowering salt intake,
physical exercise, smoking cessation) can effectively lower
blood pressure in individuals with hypertension, and is often
recommended as a first management step.

® Digital interventions are being investigated in hypertension as
they may offer a scalable, low-cost method to improve disease
management.

What this study adds:

® This study suggests digital interventions targeting lifestyle
modification in hypertension result in a greater reduction in
systolic and diastolic blood pressure than controls. Variability
between the included studies limited understanding of the
mechanism of blood pressure reduction.

Journal of Human Hypertension (2025) 39:690 - 700
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® There is significant heterogeneity between available digital
interventions, and further rigorous testing is required to
identify the key factors that produce an effective blood
pressure reduction.

DATA AVAILABILITY
All data included in this analysis have been taken from published articles and their
supplementary files.
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