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Background

Antihypertensives are effective at reducing the risk of cardiovascular disease, but limited

data exist quantifying their association with serious adverse events, particularly in older peo-

ple with frailty. This study aimed to examine this association using nationally representative

electronic health record data.

Methods and findings

This was a retrospective cohort study utilising linked data from 1,256 general practices

across England held within the Clinical Practice Research Datalink between 1998 and 2018.

Included patients were aged 40+ years, with a systolic blood pressure reading between 130

and 179 mm Hg, and not previously prescribed antihypertensive treatment. The main expo-

sure was defined as a first prescription of antihypertensive treatment. The primary outcome

was hospitalisation or death within 10 years from falls. Secondary outcomes were hypoten-

sion, syncope, fractures, acute kidney injury, electrolyte abnormalities, and primary care

attendance with gout. The association between treatment and these serious adverse events

was examined by Cox regression adjusted for propensity score. This propensity score was

generated from a multivariable logistic regression model with patient characteristics, medi-

cal history and medication prescriptions as covariates, and new antihypertensive treatment

as the outcome. Subgroup analyses were undertaken by age and frailty. Of 3,834,056

patients followed for a median of 7.1 years, 484,187 (12.6%) were prescribed new antihy-

pertensive treatment in the 12 months before the index date (baseline). Antihypertensives

were associated with an increased risk of hospitalisation or death from falls (adjusted hazard

ratio [aHR] 1.23, 95% confidence interval (CI) 1.21 to 1.26), hypotension (aHR 1.32, 95% CI

PLOS MEDICINE

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004223 April 19, 2023 1 / 18

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Sheppard JP, Koshiaris C, Stevens R,

Lay-Flurrie S, Banerjee A, Bellows BK, et al. (2023)

The association between antihypertensive

treatment and serious adverse events by age and

frailty: A cohort study. PLoS Med 20(4): e1004223.

https://doi.org/10.1371/journal.pmed.1004223

Academic Editor: Sanjay Basu, Harvard Medical

School, UNITED STATES

Received: November 1, 2022

Accepted: March 24, 2023

Published: April 19, 2023

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pmed.1004223

Copyright: © 2023 Sheppard et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Data were obtained

via a CPRD institutional licence. Requests for data

sharing should be made directly to the CPRD

(https://cprd.com). The Hospital Episode Statistics

https://orcid.org/0000-0002-4461-8756
https://orcid.org/0000-0002-9258-4060
https://orcid.org/0000-0001-8741-3411
https://orcid.org/0000-0001-7976-7172
https://orcid.org/0000-0002-5842-4645
https://orcid.org/0000-0002-8501-2531
https://doi.org/10.1371/journal.pmed.1004223
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004223&domain=pdf&date_stamp=2023-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004223&domain=pdf&date_stamp=2023-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004223&domain=pdf&date_stamp=2023-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004223&domain=pdf&date_stamp=2023-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004223&domain=pdf&date_stamp=2023-04-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pmed.1004223&domain=pdf&date_stamp=2023-04-19
https://doi.org/10.1371/journal.pmed.1004223
https://doi.org/10.1371/journal.pmed.1004223
http://creativecommons.org/licenses/by/4.0/
https://cprd.com


1.29 to 1.35), syncope (aHR 1.20, 95% CI 1.17 to 1.22), acute kidney injury (aHR 1.44, 95%

CI 1.41 to 1.47), electrolyte abnormalities (aHR 1.45, 95% CI 1.43 to 1.48), and primary

care attendance with gout (aHR 1.35, 95% CI 1.32 to 1.37). The absolute risk of serious

adverse events with treatment was very low, with 6 fall events per 10,000 patients treated

per year. In older patients (80 to 89 years) and those with severe frailty, this absolute risk

was increased, with 61 and 84 fall events per 10,000 patients treated per year (respectively).

Findings were consistent in sensitivity analyses using different approaches to address con-

founding and taking into account the competing risk of death. A strength of this analysis is

that it provides evidence regarding the association between antihypertensive treatment and

serious adverse events, in a population of patients more representative than those enrolled

in previous randomised controlled trials. Although treatment effect estimates fell within the

95% CIs of those from such trials, these analyses were observational in nature and so bias

from unmeasured confounding cannot be ruled out.

Conclusions

Antihypertensive treatment was associated with serious adverse events. Overall, the abso-

lute risk of this harm was low, with the exception of older patients and those with moderate

to severe frailty, where the risks were similar to the likelihood of benefit from treatment. In

these populations, physicians may want to consider alternative approaches to management

of blood pressure and refrain from prescribing new treatment.

Author summary

Why was this study done?

• The benefits of blood pressure–lowering treatment have been widely studied, with

recent reviews of the scientific literature suggesting increasing benefit as patients get

older.

• The harms of blood pressure–lowering treatment are less well known, although another

recent review of clinical trials showed that treatment is associated with acute kidney

injury, hyperkalaemia (high blood potassium leading to medical complications), hypo-

tension (low blood pressure) and syncope (fainting), but not falls or fracture.

• However, the trials included in these reviews are likely to have limited external validity,

since participants are typically highly selected and diligently supported by trial teams in

a way that does not reflect routine clinical practice.

• At present, there is little evidence to describe how the harms of antihypertensive treat-

ment change as patients get older and develop frailty.
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What did the researchers do and find?

• This observational study utilised anonymised data from the electronic health records of

patients in England. Those included were aged 40+ years, with high blood pressure, but

had not previously been prescribed blood pressure–lowering treatment.

• A statistical analysis was undertaken to examine whether patients prescribed a blood

pressure–lowering medication were more likely to experience a serious adverse event

sooner, compared to those who were not prescribed such medications.

• In a total of 3,834,056 patients, blood pressure–lowering treatment was associated with

an increased risk of hospitalisation or death from falls, hypotension, syncope (but not

fracture), acute kidney injury, electrolyte abnormalities, and primary care consultations

for gout.

• These risks were much higher in older patients and those with frailty. For example, in

those aged 40 to 49 years, 3,501 patients would need to be treated for 5 years to cause a

serious fall. However, for those aged 80 to 89 years, only 33 patients would need to be

treated for the same period to cause a serious fall.

What do these findings mean?

• Blood pressure–lowering treatment was found to be associated with an increased risk of

serious adverse events.

• Across the whole population, the likelihood of experiencing this harm was very low.

• However, in older patients (aged 80+ years) and those with moderate to severe frailty,

the risk of harm was notably increased.

• This analysis suggests that new prescription of blood pressure–lowering treatment in

these older patients with frailty was just as likely to cause a serious fall, as it would pre-

vent a stroke or heart attack.

Introduction

An individual’s risk of cardiovascular disease can be significantly reduced with antihyperten-

sive treatment [1], and in recent years, hypertension management guidelines have recom-

mended more intensive blood pressure–lowering strategies [2,3] based on trials demonstrating

benefits in all age groups [4]. Antihypertensives are also among the most commonly prescribed

medications in patients admitted to hospital with adverse drug reactions [5]. Consequently,

guidelines [6,7] also recommend that physicians weigh the potential benefits of treatment

against the potential harms when prescribing decisions are made [8]. However, such recom-

mendations are hard to implement since little empirical evidence exists describing the associa-

tion between antihypertensive therapy and serious adverse events.

A recent systematic review of 58 randomised controlled trials found some evidence that

antihypertensive treatment is associated with acute kidney injury, hyperkalaemia, hypoten-

sion, and syncope, but not falls or fracture [9]. This review had some limitations, such as a

PLOS MEDICINE Association between antihypertensive treatment and serious adverse events by age and frailty

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1004223 April 19, 2023 3 / 18

https://doi.org/10.1371/journal.pmed.1004223


small sample size for certain outcomes and the selection bias associated with patients recruited

to trials, compared to free-living people [10]. In addition, it was not possible to determine how

treatment effects vary by patient-level characteristics such as age or frailty, due to the absence

of individual patient data. Such information is critical for clinicians, particularly when making

individualised treatment decisions in these subpopulations. Indeed, there is increasing support

for the consideration of frailty status when prescribing of antihypertensive treatment [11],

but in order to do this, better evidence is needed on the adverse effects of therapy in frailty

subpopulations.

The present study, therefore, set out to accurately determine the association between anti-

hypertensive treatment and subsequent serious adverse events, using nationally representative

electronic health record data, by first replicating population treatment effects shown in meta-

analyses of randomised controlled trials [9], and then studying how such serious adverse

effects vary by age and frailty.

Methods

The full methods for this study are described in the S1 Extended Methods. This study is

reported as per the REporting of studies Conducted using Observational Routinely-collected

Data (RECORD) guideline (S1 RECORD Checklist).

Study design and setting

This was a retrospective observational cohort study, utilising electronic health record data

from 2 datasets held within the Clinical Practice Research Datalink (CPRD); CPRD Gold, and

CPRD Aurum (details of these datasets can be found the S1 Extended Methods). Both datasets

have been shown to be representative of patients in England in terms of age, ethnicity, and

deprivation [12,13]. These datasets were combined (excluding overlapping practices from the

CPRD Aurum dataset) and linked at a patient level to Office for National Statistics (ONS) mor-

tality data, basic inpatient hospital episode statistics (HES), and Index of Multiple Deprivation

(IMD) data. The CPRD has global ethical approval for the use of anonymised electronic health

records for research purposes, subject to approval of a study protocol by their Independent

Scientific Advisory Committee. The protocol for this study was given prospective approval in

February 2019 (ISAC protocol number 19_042) and is provided in the supporting information

(S1 Protocol).

Participants

Patients were eligible if they were aged 40 years or older, registered at a linked, “up-to-stan-

dard” general practice, had no previous prescription of antihypertensive therapy, and had

records available after the study start date (1 January 1998). Eligible patients entered the cohort

following their first systolic blood pressure reading�130 mm Hg (S2 Fig) [2,3]. Patients were

excluded if they had no record of blood pressure measurement or a systolic blood pressure

�180 mm Hg, since at this level treatment would be indicated regardless of risk of serious

adverse events [2,3,6]. Exposure to antihypertensive medication was defined by the most

recent prescriptions in the 12 months following cohort entry. The index date was defined

at the end of this exposure period, after which patients were followed up for up to 10 years

(S1 Fig).

Patient characteristics were determined from information recorded at any point prior to

the index date. Patients exited the study on the study end date (31 December 2018), or when

they transferred out of a registered CPRD practice, died, or experienced the specific outcome

of interest.
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Outcomes

The primary outcome of this analysis was first hospitalisation or death with a primary diagno-

sis of a fall (defined according to ICD9 and ICD10 codes listed in S1 Table). Secondary out-

comes were first hospitalisation or death with a primary diagnosis of hypotension, syncope,

fractures, acute kidney injury, electrolyte abnormalities, and primary care attendance with

gout (S1 Table and our GitHub page for codelists). In response to peer review comments, all-

cause mortality and a composite outcome of serious adverse events were examined in further

post hoc analyses. Serious adverse events were defined as first hospitalisation or death with

a primary diagnosis of any of the conditions mentioned above (with the exception of gout,

which was not included because it is typically less serious and usually only captured in primary

care records).

Exposure

The main exposure was prescription of any antihypertensive medication as defined in the

British National Formulary (see S2 Table for details) [14]. Patients were allocated to the expo-

sure group if they were prescribed at least 1 antihypertensive medication during the 12-month

exposure window and medications at baseline were defined by the most recent prescriptions

prior to the index date. Those not exposed during this period were included in the nonexposed

group.

Covariates

Predictors of antihypertensive treatment and the outcomes of interest were included as covari-

ates in the analysis. These were selected based on clinical treatment guidelines [3], previous lit-

erature [15], and expert opinion and are detailed in the supporting information (S1 Extended

Methods). Models were also adjusted for the database from which the data were derived (Gold

or Aurum) and previous history of the outcome of interest.

Sample size

A sample size of at least 88,380 patients (44,190 in each group) and 4,634 events was prespeci-

fied for analyses of each outcome of interest. This assumed a clinically significant increase in

the rate of each adverse event with treatment of 10% [16], and an event rate of at least 0.5% per

year in the nonexposed group, with 90% power and an alpha of 0.05. A conservative baseline

event rate lower than previously reported in the literature [17,18] was chosen (2.2% to 7.7%

per year in populations aged 55+ and 75+ years), due to the inclusion of younger patients than

previously studied (40+ years).

Propensity score estimation

Propensity scores were generated using multivariable logistic regression. Models included

the covariates listed above, with continuous variables categorised to account for nonlinear

associations with the outcome (the use of splines/fractional polynomials was explored but

led to model convergence issues). Missing data were present for some covariates (see S1

Extended Methods for details), and these were dealt with using multiple imputation with

chained equations (20 imputations) [19]. Propensity score model performance was assessed

by the area under the receiver operating characteristic curve (AUROC) statistic, ratio of

observed to expected probabilities (O/E ratio), and calibration plots. For propensity score

matched analyses, treated patients were matched 1:1 to untreated patients, using the nearest
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neighbour method (with calliper size restricted to 0.2), and standardised mean differences

were estimated pre and post matching.

Main analysis

For the primary analysis, propensity scores were included in Cox regression models along

with previous history of the outcome of interest to examine the association between antihyper-

tensive treatment and serious adverse events. For secondary analyses, (1) Cox regression mod-

els were adjusted for the same factors included in the propensity score models, with multiple

imputation used to address missing data; (2) treatment effects were compared by Cox regres-

sion in patients matched by propensity score; and (3) inverse probability treatment weights

were generated from the propensity score and used in a weighted Cox regression analysis with

robust standard errors. The robustness of these methods was examined by comparing the

results to published estimates from a meta-analysis of randomised controlled trials [9]. Model

assumptions were checked through inspection of Schoenfeld residuals and survival curves for

the main exposure. All analyses took an intention-to-treat approach and examined the time to

event for a maximum of 10 years. Absolute risk differences were estimated (see S1 Extended

Methods for details) and reported as the number of events per 10,000 patients treated per year,

with confidence intervals (CIs) generated using bootstrap resampling (200 replications).

Subgroup and sensitivity analyses

Analyses of treatment associations were examined in subgroups of the population by age

(grouped into 10-year age bands) and frailty, determined using the electronic frailty index [20]

and categorised into fit (score = 0 to 0.12), mild (score =>0.12 to 0.24), moderate (score =

>0.24 to 0.36), and severe frailty (score =>0.36), using propensity score adjustment to control

for confounding. Sensitivity analyses were undertaken to test the assumptions made to deal

with missing smoking and deprivation data and examine the impact of competing risks on the

treatment effect estimates, where the association between antihypertensives and falls (the pri-

mary outcome) was examined using a Fine-Gray competing risks model, with death from any

cause (apart from falls) treated as a competing risk.

Results

Population characteristics

From a total population of 38,770,479 registered patients, 3,834,056 fulfilled the eligibility

criteria (S2 Fig). The characteristics of individuals from both datasets were similar and are

detailed in Table 1 and S3 Table. In the 12 months prior to the index date, 484,187 (12.6%)

patients were prescribed antihypertensive therapy and included in the exposure group. Of

these, 307,706 (63.6%) patients were prescribed 1 antihypertensive medication, 131,342

(27.1%) were prescribed 2, and 45,139 (9.3%) were prescribed 3 or more medications.

Patients entered the cohort throughout the period of observation (between 1998 and 2019;

S3 Fig) and were followed up for a median of 7.0 years (interquartile range [IQR] 3.0 to 10.0

years). A total of 936,404 patients (28%) in the control group were prescribed an antihyperten-

sive drug at some point during follow-up (S4 Table), but total treatment duration among these

patients was significantly lower than in the exposure group (median 0.0 years [nonexposed;

IQR 0 to 0.8 years] versus 6.0 years [exposed; IQR 2.0 to 10.0 years]).

The propensity score models included 31 covariates (S5 Table), displaying good discrimina-

tion (AUROC 0.82) and calibration (O/E ratio 1.36) predicting likelihood of treatment prior
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Table 1. Baseline characteristics of the study population.

Characteristic No antihypertensive prescription during the

12-month exposure period (nonexposed)

Antihypertensive prescription during the

12-month exposure period (exposed)

Mean/number SD/% Mean/number SD/%

Total population 3,349,869 484,187

Age (years) (SD) 55.9 12.1 61.7 12.9

Sex (% female) 1,666,304 49.7% 245,498 50.7%

White ethnicity (%)* 1,477,232 67.9% 270,144 73.7%

Black ethnicity (%)* 68,806 3.2% 15,209 4.1%

South Asian ethnicity (%)* 59,856 2.8% 12,951 3.5%

Other ethnicity (%)* 569,195 26.2% 68,335 18.6%

High deprivation (IMD score of 5) (%)*† 480,976 15.4% 82,698 18.4%

Current smoking status (%)* 770,592 24.4% 98,215 21.4%

Alcohol consumption (heavy drinker) (%)* 59,238 2.4% 9,122 2.5%

Body mass index (kg/m2) (SD) 27.0 5.2 28.5 5.7

Systolic blood pressure (mm Hg) (SD) 141.4 10.8 150.8 13.7

Diastolic blood pressure (mm Hg) (SD) 83.2 9.0 88.2 11.8

QRisk2 risk score (SD) 10.8% 11.0% 22.2% 15.5%

eFrailty index score (SD) 0.04 0.05 0.08 0.06

Comorbidities

Stroke (%) 41,229 1.2% 19,973 4.1%

Transient ischemic attack (%) 19,309 0.6% 9,404 1.9%

Myocardial infarction (%) 18,560 0.6% 25,893 5.3%

Heart failure (%) 12,118 0.4% 13,782 2.8%

Peripheral vascular disease (%) 14,657 0.4% 7,744 1.6%

Coronary artery bypass graft (%) 3,404 0.1% 6,170 1.3%

Angina (%) 26,816 0.8% 31,356 6.5%

Atrial fibrillation (%) 34,551 1.0% 24,218 5.0%

Diabetes (%) 150,771 4.5% 70,884 14.6%

Chronic kidney disease (%) 28,219 0.8% 21,309 4.4%

Cancer (%) 116,589 3.5% 24,303 5.0%

Treatment prescriptions

ACE inhibitors (%) 0 0% 187,209 38.7%

Angiotensin II receptor blockers (%) 0 0% 48,229 10.0%

Calcium channel blockers (%) 0 0% 141,454 29.2%

Thiazides and thiazide-like diuretics (%) 0 0% 148,652 30.7%

Beta-blockers (%) 0 0% 162,211 33.5%

Alpha-blockers (%) 0 0% 20,074 4.1%

Other antihypertensives (%)‡ 0 0% 8,143 1.7%

Statins (%) 215,128 6.4% 151,603 31.3%

Antiplatelets/anticoagulants (%) 228,947 6.8% 146,849 30.3%

Anticholinergics (%) 295,101 8.8% 40,000 8.3%

Antidepressants (%) 604,344 18.0% 88,625 18.3%

Hypnotics/anxiolytics (%) 582,895 17.4% 79,284 16.4%

Opioids (%) 930,773 27.8% 140,760 29.1%

*Proportions based on the number of patients with information available (i.e., excluding those with missing values).
†IMD, indices of multiple deprivation; IMD score of 5 indicates patients in the highest quintile of deprivation (most deprived).
‡Other antihypertensives = centrally acting antihypertensives, direct renin inhibitors, and vasodilators.

https://doi.org/10.1371/journal.pmed.1004223.t001
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to the index date (S4 Fig). A total of 429,800 treated patients were compared to 429,800 similar

controls for the matched analysis (S6 Table).

Primary outcome

During follow-up, a total of 63,561 patients (1.7%) were hospitalised or died following a fall,

including 14,951 patients (3.1%) in the exposure group and 48,610 (1.5%) in the nonexposed

group. In the primary analysis, using propensity score adjustment, antihypertensive treatment

exposure was associated with an increased risk of hospitalisation or death from falls (adjusted

hazard ratio [aHR] 1.23, 95% CI 1.21 to 1.26). This point estimate fell within the 95% CIs of

estimates from meta-analyses of randomised controlled trials. [9]. Analyses using multivari-

able adjustment, propensity score matching, and inverse probability treatment weighting pro-

duced similar results (Fig 1). The overall absolute risk of falls with antihypertensive treatment

was very low, with just 6 events (95% CI 6 to 7) per 10,000 patients treated per year, equivalent

to a number needed to harm (NNH) of 434 and 153 over 5 and 10 years, respectively (Table 2).

Secondary outcomes

Antihypertensive treatment exposure was also associated with an increased risk of hospitalisa-

tion or death from hypotension, syncope, acute kidney injury, electrolyte abnormalities, and

primary care consultations for gout, but not fracture (Fig 1 and Table 2). Once again, the point

estimates for each outcome were similar across analytical approaches and fell within the 95%

CIs of estimates from meta-analyses of randomised controlled trials [9], with the exception of

hypotension and acute kidney injury (Fig 1). The absolute risk of serious adverse events with

antihypertensive treatment was low for each individual outcome (Table 2). Post hoc analyses

confirmed that antihypertensive treatment is associated with an increased risk of any adverse

event (examined as a composite outcome) but overall a reduced risk of all-cause mortality

(S7 Table).

Subgroup and sensitivity analyses

The relative association between antihypertensive treatment and serious adverse events

increased with age for falls, acute kidney injury, electrolyte abnormalities, and gout (Fig 2).

These trends were less obvious in subgroups by baseline frailty (Fig 3). However, the estimated

absolute risk of serious adverse events did increase substantially with both age and frailty, par-

ticularly for falls, acute kidney injury, and electrolyte abnormalities (Figs 2 and 3). For exam-

ple, the absolute risk of hospitalisation or death from a fall with antihypertensive treatment in

individuals aged 40 to 49 years was 1 event (95% CI 0 to 1) per 10,000 patients treated per year

(equivalent to a number needed to harm [NNH] of 3,501 at 5 years and 1,751 at 10 years). In

those aged 80 to 89 years, this was increased to 61 events (95% CI 52 to 70) per 10,000 patients

treated per year (equivalent to an NNH of 33 and 16 at 5 and 10 years, respectively). Similarly,

in fit patients, the absolute risk of a serious fall with antihypertensive treatment was 5 events

(95% CI 4 to 5) per 10,000 patients treated per year (equivalent to an NNH of 433 at 5 years

and 217 at 10 years). However, in those with severe frailty, this was increased to 84 events

(95% CI 29 to 141) per 10,000 patients treated per year (equivalent to an NNH of 24 and 12 at

5 and 10 years, respectively).

Sensitivity analyses, examining different ways of dealing with missing smoking and IMD

data, produced similar results to the primary analysis (S8 Table). Further sensitivity analyses,

using a competing risks approach to examine the primary outcome, also found no difference

between the sub-hazard ratio for serious falls (adjusted sub-hazard ratio 1.27, 95% CI 1.24 to

1.30) and the aHR from the primary analysis (S8 Table).
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Discussion

Summary of main findings

In this observational study of 3.8 million patients, previously untreated and with raised systolic

blood pressure, antihypertensive treatment was associated with an increased risk over the

subsequent decade of hospitalisation or death from falls, hypotension, syncope (but not frac-

ture), acute kidney injury, electrolyte abnormalities, and primary care consultations for gout.

Fig 1. Association between antihypertensive treatment and serious adverse events leading to hospitalisation or death,

based on analyses of electronic health records and meta-analyses of randomised controlled trials. Estimates from

randomised controlled trials represent risk ratios rather than hazard ratios. For rare events such as the outcomes presented here,

these would be expected to be equivalent. The total number of patients included in each analysis varies due exclusion of

participants who experienced the outcome of interest on the index date, model convergence, and variation in the matching

algorithm. CI, confidence interval; IPTW, inverse probability treatment weights.

https://doi.org/10.1371/journal.pmed.1004223.g001
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Overall, serious adverse events were rare and the absolute risk of harm from treatment was

very low. However, in older patients (aged 80+ years) and those with moderate to severe frailty,

the absolute risk of harm was notably increased.

These data confirm the association between antihypertensive treatment and serious adverse

events [9] and, to our knowledge, show for the first time how an individual’s absolute risk of

harm changes with increasing age and frailty. In older patients, the absolute risk of harm from

a fall with treatment (NNH5 = 33) was found to be very similar to the likelihood of benefit

(number needed to treat [NNT5] = 38) [21], and in such situations, the decision about whether

or not to prescribe treatment is more finely balanced. With this in mind, recent calls to remove

age-related blood pressure treatment thresholds from international guidelines [21,22] should

be considered with caution. These findings can also be used by clinicians to guide individual-

ised treatment decisions in partnership with patients. While patient choice remains key for

all treatment decisions, the combination of advanced old age and increasing frailty severity

may be a particular situation in which the balance of risk tips in favour of a more circumspect

approach to treatment.

Comparison with previous literature

Very few previous studies have attempted to quantify the relationship between antihyperten-

sive treatment and serious adverse events and how these change with increasing age and frailty.

A previous systematic review found evidence that antihypertensive treatment is associated

with acute kidney injury, hyperkalaemia, hypotension, and syncope, but not falls or fracture

[9]. This was also reported in another review focussing exclusively on falls [23], although both

studies included heterogeneous populations and may have underrepresented patients with

advancing age and frailty [24]. Some trials focussing on older populations have presented

results stratified by frailty and concluded little association between treatment and serious

adverse events [25,26]. However, these studies typically recruited healthier older people

and were therefore not representative of those with moderate to severe frailty living in the

community [27].

Previous observational studies have produced inconclusive findings when examining the

association between antihypertensive treatment and adverse events, with some showing an

association with falls and others not [15,16,23,28]. The present analysis examined a large

Table 2. Hazard ratios, absolute risk differences, and numbers needed to harm to cause 1 outcome at 5 and 10 years.

Outcome Unadjusted analyses Adjusted analyses* Absolute risk difference

(additional events per

10,000 patients per year)

Number needed to harm

Hazard ratio 95% CI aHR 95% CI Events 95% CI 5 years 10 years

Falls (primary outcome) 2.19 2.15 to 2.23 1.23 1.21 to 1.26 6 6 to 7 431 158

Hypotension 2.43 2.39 to 2.48 1.32 1.29 to 1.35 7 6 to 7 434 153

Syncope 2.02 1.98 to 2.05 1.20 1.17 to 1.22 5 5 to 6 429 183

Fracture** 1.45 1.43 to 1.47 0.99 0.97 to 1.01 0 −1 to 0 - -

Acute kidney injury 2.92 2.88 to 2.96 1.44 1.41 to 1.47 16 15 to 17 174 64

Electrolyte abnormalities 2.64 2.60 to 2.68 1.45 1.43 to 1.48 14 14 to 15 205 72

Gout 1.99 1.97 to 2.02 1.35 1.32 to 1.37 13 12 to 14 135 79

*Models adjusted for propensity score.

**Absolute risk difference too small to estimate number needed to harm

aHRAU : AnabbreviationlisthasbeencompiledforthoseusedinTable2:Pleaseverifythatallentriesarecorrectlyabbreviated:, adjusted hazard ratio; CI, confidence interval.

https://doi.org/10.1371/journal.pmed.1004223.t002
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population, more generalizable than those included in previous trials, including a significant

proportion of patients at older age and with moderate to severe frailty [24]. Not only was anti-

hypertensive treatment found to be associated with falls, but the absolute risk increase with

treatment was shown to be notably higher in the populations underrepresented in previous

trials [24]. The lack of association between antihypertensive treatment and fracture has been

reported previously [29] and may be partly explained by that fact that some fractures are not

caused by syncope and falls and, therefore, may not be directly related to antihypertensive

treatment.

Strengths and limitations

To our knowledge, this was the largest population-based analysis of serious adverse events

associated with antihypertensive therapy conducted to date [15], and the first to examine how

Fig 2. Association between antihypertensive treatment and serious adverse events leading to hospitalisation or death, by age at

the index date. The total number of patients included in each analysis varies due to the exclusion of participants who experienced

the outcome of interest on the index date. Models adjusted for propensity score. CI, confidence interval.

https://doi.org/10.1371/journal.pmed.1004223.g002
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these associations vary by age and frailty. Data were taken from 2 databases of electronic health

records, covering more than half the population in England, and representative on the basis

of age, ethnicity, and deprivation [12,13]. Outcomes were based on secondary care data on the

primary cause or hospitalisation or death and, therefore, were less likely to be biased by any

knowledge that patients were taking antihypertensive therapy.

Treatment effect estimates fell within the 95% CIs of estimates from meta-analyses of ran-

domised controlled trials [9] for all outcomes except hypotension and acute kidney injury.

These discrepancies may be partly explained by differences in the way outcomes were mea-

sured in this study and previous trials; hypotension is more likely to be detected in a rando-

mised controlled trial where blood pressure is measured at regular intervals in a standardised

manner. Similarly, the definition of acute kidney injury used here was based on clinical codes

at hospital admission (or death) and maybe different from that used in trials where kidney

function is measured much more closely.

The present analyses used an intention-to-treat approach and did not account for those

patients starting treatment in the control group (936,404; [28%]). This makes the findings

Fig 3. Association between antihypertensive treatment and serious adverse events leading to hospitalisation or death, by frailty status at the index

date. The total number of patients included in each analysis varies due to the exclusion of participants who experienced the outcome of interest on the

index date. Models adjusted for propensity score. CI, confidence interval.

https://doi.org/10.1371/journal.pmed.1004223.g003
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comparable to randomised controlled trials but potentially underestimates the true adverse

event signal. More complex analyses are possible to address this issue, for example, using time-

varying covariates [30]; however, the addition of such analyses to those already employed

(multiple imputation with propensity scores) would require further statistical assumptions,

which are not well understood in the literature. Given that patients in the exposure group

were typically exposed to treatment for much longer than those in the nonexposed group

(median 0 years versus 6 years), these treatment effect estimates should be viewed as conserva-

tive estimates of the true underlying adverse event signal. Given that these data could be used

to justify not starting treatment, which could carry some benefit, such conservative estimates

are appropriate.

Analyses focussed on new users of antihypertensive treatment to avoid the observed associ-

ations being confounded by previous prescription of antihypertensive treatment. However,

this means that the results only reflect the association between antihypertensive treatment and

serious adverse events in patients within 10 years of starting therapy. The association between

treatment and serious adverse events in those already prescribed therapy for longer periods

may be different. Further, baseline covariates were defined at the index date, rather than

cohort entry, so it is possible that some covariates reflected the characteristics of patients after

treatment was prescribed, although the impact of this is likely to have been small given the

short exposure period.

It is possible that those patients included in the exposure group were more likely to be truly

hypertensive (hence receiving antihypertensive treatment), and, therefore, the observed differ-

ences in outcomes reflect this difference in hypertensive status rather than differences in treat-

ment prescription. However, this study focussed on adverse events associated with treatment,

which are predominately independent from blood pressure (with the exception of hypoten-

sion). Hypertension itself would not necessarily increase the risk of these adverse events, and

conversely getting blood pressure under control through lifestyle modification would not nec-

essarily reduce the risk of falls, syncope, or other adverse events of interest.

In addition, the study start date was 1 January 1998, and more than 50% of the cohort

entered the cohort in the last 15 years. Although antihypertensive prescribing trends may have

changed during the whole study period, it is unclear whether this would affect the associations

observed in the present study. These prescribing trends reflect those in the United Kingdom

during the study period and may have differed from those in other parts of the world. Ideally,

these results should be replicated using data from other countries with different population

characteristics and different antihypertensive treatment regimens.

Implications for clinical practice

Clinical guidelines for the management of hypertension recommend greater consideration of

the benefits and harms of antihypertensive treatment as patients get older and develop frailty

[3,6,7], but there are limited empirical data that support this decision-making. The present

analysis demonstrates a clear association between antihypertensive treatment and serious

adverse events, which, for outcomes such as falls, syncope, acute kidney injury, and electrolyte

abnormalities, increases with age and moderate to severe frailty.

For many patients, it is likely that both the benefits and harms of treatment will increase as

they get older. In younger patients, the present analysis showed the NNH with treatment over 5

years for serious falls was negligible, meaning that the benefits of treatment clearly outweigh any

harms. By contrast, in older patients (80 to 90+ years), the NNH5 for serious falls was 20 to 33

(or 24 for those with severe frailty), while the NNT5 for major cardiovascular events is 38 [21].

In these older patients, the benefits and harms of treatment are much more finely balanced.
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There are many other factors beyond age and frailty that will affect an individual’s likeli-

hood of benefit and harm from treatment. A better understandingAU : PleasecheckandconfirmthattheeditstothesentenceAbetterunderstandingofthesewouldenablephysiciansandpatients . . . didnotaltertheintendedthoughtofthesentence:of these would enable physi-

cians and patients to make more personalised treatment decisions. This approach is common

place in the context of anticoagulation for patients with atrial fibrillation [31], where predic-

tion models are used to estimate an individual’s risk of stroke (and likelihood of benefiting

from treatment) [32] and weigh this against their risk of a serious bleed (which may be exacer-

bated by treatment) [33]. Such models are now being developed in the context of antihyperten-

sive treatment prescription [34,35], and these are needed to facilitate personalised treatment

decisions based on an individual’s risk and personal preferences. It is likely to be some time

before these are available in routine clinical practice, so in the meantime, the results from

our study offer an important insight as to when one might want to consider intervening to pre-

vent an individual from suffering adverse events from antihypertensive treatment. These data

should therefore be used to inform future health economic modelling and support evidence-

based prescribing recommendations.

Conclusions

In previously untreated patients with raised systolic blood pressure, antihypertensive treat-

ment was associated with an increased risk of serious adverse events. Overall, the absolute

risk of this harm was low, with the exception of older patients and those with moderate to

severe frailty, where the risks were similar to the likelihood of benefit from treatment. In

such patients, decisions about initiating or continuing antihypertensive treatment are much

more finely balanced, and this should be reflected in clinical guidelines and advice given by

clinicians.
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