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Pharmacological blood-pressure lowering for the prevention 
of cardiovascular disease and death across the full spectrum 
of chronic kidney disease severity: an individual-participant 
data meta-analysis 
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Summary
Background Individuals with chronic kidney disease (CKD), particularly those at more advanced stages, have been 
systematically under-represented in randomised controlled trials (RCTs) of blood-pressure-lowering treatment due to 
safety concerns, leading to a persistent paucity of evidence for cardiovascular risk management in this high-risk 
group. We investigated the effect of blood-pressure-lowering treatment on the risk of major cardiovascular disease 
and death across the full spectrum of CKD stages and by key clinical subgroups.

Methods We conducted a one-stage meta-analysis of individual-participant data from RCTs in which participants were 
randomly assigned to a blood-pressure-lowering therapy versus a comparator. We used RCTs collated in the Blood 
Pressure Lowering Treatment Trialists’ Collaboration dataset, published at any time in any language, which were 
eligible for inclusion if they had at least 1000 person-years of follow-up per arm, baseline blood-pressure and creatinine 
measurements, and time-to-event outcomes; those with unclear randomisation procedures or restricted to heart 
failure or acute care settings were excluded. Participants with a documented history of heart failure or extreme 
creatinine values were excluded. No age criteria were applied. The primary outcome was major cardiovascular events, 
defined as a composite of fatal or non-fatal stroke, ischaemic heart disease, or hospitalisation for, or death from, heart 
failure. Relative treatment effects were estimated with a stratified Cox proportional hazards model. Heterogeneity of 
treatment effects was evaluated across prespecified subgroups defined by CKD status, CKD stage (1–5), diabetes, 
proteinuria, and baseline blood pressure. A stratified network meta-analysis was performed to examine whether 
treatment effects differed by defined subgroups within each of five principal antihypertensive drug classes. The 
systematic review was registered in PROSPERO (CRD42018099283).

Findings From 52 RCTs (363 684 participants), a total of 285 124 participants from 46 randomised trials met the 
eligibility criteria; 116 145 (40·7%) were women, 168 979 (59∙3%) were men, 59 185 (20·7%) had CKD at baseline, and 
86 067 (30·2%) had type 2 diabetes. During a median follow-up of 4·4 years (IQR 3·2–5·1), a 5 mm Hg reduction in 
systolic blood pressure reduced the risk of major cardiovascular disease in individuals with CKD (hazard ratio 
[HR] 0·91 [95% CI 0·87–0·94]) and without CKD (0·90 [0·88–0·93]; pinteraction>0·99). Furthermore, these observed 
relative risk reductions were consistent across all CKD stages, including severe stages 4–5 (pinteraction>0·99). Similar 
treatment effects were observed by proteinuria status and across blood-pressure categories, down to <120/70 mm Hg. 
However, the relative treatment effect in individuals with CKD was notably attenuated among those with coexisting 
diabetes (HR 0·96 [95% CI 0·90–1·02]) compared with those without (0·88 [0·84–0·93]; pinteraction=0·044). The stratified 
analysis within each drug class showed that the class-specific effects of antihypertensive agents versus placebo on 
cardiovascular disease risk remained unchanged across the investigated subgroups. 

Interpretation In the context of cardiovascular risk reduction, the relative benefit of blood-pressure lowering in 
patients with CKD is similar to that in individuals without CKD, with consistent efficacy across all CKD stages, blood-
pressure thresholds, and proteinuria status. However, notably, this relative benefit is attenuated in patients with CKD 
and concomitant diabetes, underscoring the requirement for adapted therapeutic strategies in this high-risk subgroup. 
Moreover, the class-specific effects of principal antihypertensives in CKD mirror those observed in the broader 
population, independent of CKD stage or proteinuria status.
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Introduction
The cardioprotective benefits of blood-pressure-lowering 
therapy are well documented across diverse populations 
with varied clinical backgrounds.1–3 However, the efficacy 
and optimal application of blood-pressure-lowering 
therapy in people with chronic kidney disease (CKD) 
remain insufficiently investigated. This evidence gap 
arises primarily from the under-representation of patients 
with CKD in randomised controlled trials (RCTs) due to 
concerns about kidney-related harm that have led to their 
frequent exclusion from blood-pressure-lowering trials.4 
As CKD severity increases, evidence becomes increasingly 
scarce, especially in later stages of the disease, leaving 
clinicians dependent on data from non-CKD or lower-risk 
populations.5 Despite widespread recognition of this 
evidence gap, progress over the past two decades has 
been slow6 and several crucial questions remain: (1) 
whether blood-pressure-lowering efficacy varies by CKD 
status, stage, or baseline blood pressure; (2) whether 
blood-pressure-lowering treatment influences the risk of 
cardiovascular disease or death in patients with advanced 
CKD, potentially conferring either benefit or harm; (3) 
whether diabetes and proteinuria modify treatment 

effects; and (4) and whether specific classes of 
antihypertensive drugs differ in their ability to reduce 
cardiovascular risk in CKD, depending on disease stage 
or the presence or absence of proteinuria.7

Individual blood-pressure-lowering RCTs have not 
succeeded in bridging this gap and, in some cases, have 
further complicated the evidence base, thereby making 
clinical interpretation more challenging. For example, 
although earlier trials did not report a cardiovascular 
benefit of blood-pressure lowering in individuals with 
CKD,8 the Systolic Blood Pressure Intervention Trial 
(SPRINT)9,10 showed a transparent and similar reduction 
in risk with intensive blood-pressure lowering in both 
CKD and non-CKD participants. However, a post-hoc 
analysis of SPRINT10 suggested a decreasing trend in the 
relative reduction of risk with progression to more 
advanced CKD stages. Moreover, trials published in 2025 
explicitly conducted in patients with advanced CKD have 
not shown an apparent reduction in cardiovascular risk 
with antihypertensive treatment.11,12

Similarly, meta-analyses of RCTs have produced 
inconsistent findings. An aggregate data meta-analysis of 
18 RCTs showed that a 10 mm Hg reduction in blood 

Research in context

Evidence before this study
We searched PubMed and the Cochrane Library from database 
inception to Jan 31, 2025, using MeSH terms and keywords for 
“hypertension”, “blood pressure”, “chronic kidney disease”, 
and “antihypertensive agents”, including variant terms and 
relevant drug classes, without language restrictions. Existing 
evidence on the cardiovascular benefits of blood-pressure 
lowering in chronic kidney disease (CKD) is scarce, 
inconsistent, and often non-generalisable, deriving largely 
from individual trials that enrolled participants with mildly 
reduced kidney function or were underpowered to examine 
treatment effects across the full spectrum of disease severity. 
No previous meta-analysis has comprehensively assessed 
treatment effects across all CKD stages—particularly stages 
4–5—or examined effect modification by diabetes and 
proteinuria within a unified individual-participant data 
framework. Studies of class-specific antihypertensive effects 
have predominantly focused on kidney outcomes, leaving 
uncertainty about whether the cardiovascular efficacy of 
individual drug classes observed in the general population is 
maintained in people with CKD, and whether any class confers 
differential cardiovascular benefit across disease stages or by 
proteinuria status. 

Added value of this study
This one-stage, individual-participant data meta-analysis, 
pooling data from 46 large-scale trials involving 
285 124 participants (20·7% with CKD at baseline), represents 
the largest randomised dataset to date in this population. 
Importantly, 14 148 (23·9%) of the CKD subgroup had stage 3b 

or higher disease progression, allowing for a comprehensive 
assessment across the entire spectrum of CKD. We found that a 
5 mm Hg reduction in systolic blood pressure is associated with 
a relative risk reduction in major cardiovascular disease in both 
CKD and non-CKD participants, with consistent treatment 
effects across all CKD stages and baseline blood-pressure values, 
and by proteinuria status. We found that the relative treatment 
effect is attenuated in participants with coexisting diabetes, 
highlighting a crucial subgroup of patients with CKD for 
targeted treatment strategies. Furthermore, the class-specific 
effect of antihypertensives versus placebo was similar in those 
with CKD compared with those without CKD, with similar 
effects across all stages and by proteinuria status.

Implications of all the available evidence
When the main therapeutic goal is cardiovascular risk 
management, clinicians can recommend blood-pressure-
lowering treatment to individuals at all stages of CKD 
progression, regardless of blood-pressure values, provided the 
balance of benefits and harms is favourable and patient 
preferences are considered. This recommendation can be done 
with the expectation that the class-specific effects of different 
antihypertensive drugs mirror those observed in the broader 
population. In individuals with CKD and coexisting diabetes, 
blood-pressure-lowering treatment is essential due to their 
notably elevated absolute risk and the well documented 
beneficial effects of treatment in patients with diabetes. 
However, the attenuated relative risk reduction associated with 
diabetes highlights the need for adapted strategies to enhance 
cardiovascular risk management in this population at high risk.
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pressure decreased major cardiovascular events in both 
the CKD and non-CKD groups; however, the benefit was 
smaller in the CKD group.13 An individual-participant 
data meta-analysis of 23 RCTs with 152 290 participants 
indicated that blood-pressure lowering reduced 
cardiovascular risk in both groups, with no advantage 
related to specific drug classes.14 However, most 
participants with CKD (76%) had estimated glomerular 
filtration rate (eGFR) values of 45–60 mL/min per 
1·73 m² and only 0·4% had eGFRs lower than 30 mL/min 
per 1·73 m². Limitations of this meta-analysis, such as 
varying treatment definitions, the absence of a direct 
interaction assessment, the absence of standardisation 
for blood-pressure reduction, and the small number of 
trials included, hampered definitive conclusions.14

We aimed to address these gaps by pooling individual-
participant data from large-scale RCTs representing the 
largest known randomised dataset for this population that 
included, importantly, participants with eGFR below 
45 mL/min per 1·73 m² and 30 mL/min per 1·73 m² or 
lower. 

Methods 
Study design and procedures
In this individual-participant data meta-analysis, we used 
RCTs from the third cycle of the Blood Pressure Lowering 
Treatment Trialists’ Collaboration (BPLTTC).15 The 
BPLTTC, with the first cycle established in 1995, is an 
international collaboration of investigators from major 
RCTs of pharmacological blood-pressure-lowering 
therapies, dedicated to assessing their effects across 
diverse populations and clinical subgroups.16 The general 
eligibility criteria for inclusion in the BPLTTC dataset 
were RCTs, published at any time and in any language, 
that compared an antihypertensive drug versus placebo 
or another antihypertensive, or investigated different 
blood-pressure-lowering intensities, with a minimum of 
1000 patient-years of follow-up in each randomised arm. 
There were no age criteria for participant inclusion. 
Trials without a clearly defined randomisation process, 
those evaluating non-pharmacological interventions, and 
those conducted exclusively in patients with heart failure 
or in short-term acute settings (such as acute myocardial 
infarction) were excluded.1,15 Further methodological 
details, including the central systematic review, quality 
and risk-of-bias assessments, characteristics of the 
included trials, and estimated achieved blood-pressure 
reductions, have been reported previously1,15,17 and are 
available in the appendix (pp 16–17, 52). 

The BPLTTC operates in accordance with the University 
of Oxford’s policies on research integrity, codes of 
practice, and the management of research data and 
records. The systematic review protocol underpinning 
the third cycle of BPLTTC, specifying eligibility criteria, 
search strategy, and analytical methods, was prospectively 
registered in PROSPERO (CRD42018099283). The 
Steering Committee oversees all scientific activities, 

requiring that all studies are prespecified and approved 
before data are released for analysis. The study obtained 
ethics approval from the Oxford Tropical Research Ethics 
Committee (reference 545–14), and each contributing 
trial secured informed consent from its participants.15

For our meta-analysis, we included BPLTTC trials that 
provided data on baseline blood pressure, baseline 
creatinine values, major cardiovascular events, cause-
specific cardiovascular and all-cause death, and the 
corresponding dates of occurrence. We excluded 
participants with a history of heart failure and those with 
extreme creatinine values (ie, <0·2 mg/dL or >5·0 mg/dL). 

Treatment and comparator groups were defined 
according to the original trial design. In placebo-
controlled trials, the active treatment arm was considered 
the intervention and the placebo arm was considered the 
comparator. In head-to-head trials comparing drug 
classes, the arm with the greater reduction in systolic 
blood pressure was designated the intervention, and the 
arm with the lesser reduction was designated the 
comparator. In trials with different treatment intensities, 
the intensive arm was the intervention and the standard 
arm was the comparator.

We estimated eGFR using the CKD Epidemiology 
Collaboration 2021 race-free equations (appendix p 5).18 
For subgroup analyses by baseline CKD status, 
participants with an eGFR less than 60 mL/min per 
1·73 m² were categorised as having CKD at baseline.7,19 
The presence of proteinuria was defined as a protein-to-
creatinine ratio of 0·22 or higher, urinary albumin 
excretion 200 μg/min or higher (>300 mg/day), urinary 
albumin concentration of 200 mg/L or higher, urinary 
albumin-to-creatinine ratio of 30 mg/g or higher, or a 
urinary protein dipstick result of 1 or higher.20,21 To assess 
the effects of blood-pressure-lowering treatment across 
the spectrum of CKD severity, five stages were defined 
according to baseline eGFR: stage 1 (≥90 mL/min per 
1·73 m²); stage 2 (60–89 mL/min per 1·73 m²); stage 3a 
(45–59 mL/min per 1·73 m²); stage 3b (30–44 mL/min 
per 1·73 m²); and stages 4–5 (<30 mL/min per 1·73 m²).22

Baseline systolic and diastolic blood pressure 
measurements were categorised by 10 mm Hg intervals, 
resulting in seven categories for systolic blood pressure 
(ranging from <120 mm Hg to ≥170 mm Hg) and 
six for diastolic blood pressure (ranging from <70 mm Hg 
to ≥110 mm Hg). Baseline diabetes status was established 
based on the diagnostic information provided by each trial.3 

Artificial intelligence (AI) was not used in the design, 
conduct, analysis, or interpretation of this study. However, 
AI-assisted tools were used for language editing, 
proofreading, and R code debugging.

Data analysis
The primary outcome was the first occurrence of a major 
cardiovascular disease, defined as a composite of fatal or 
non-fatal stroke or other cerebrovascular disease, fatal or 
non-fatal ischaemic heart disease, or heart failure leading 
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to death or hospitalisation. Secondary outcomes included 
the individual components of the primary outcome as 
well as cardiovascular and all-cause death. We defined 
and ascertained outcomes based on the diagnostic 
definitions and endpoint adjudication criteria applied in 
each contributing trial, using the adjudicated event data 
supplied in the individual-participant datasets. 

All core variables, including comparison arms, blood-
pressure measurements after treatment, trial endpoints, 
general baseline characteristics including sex, and 
diabetes status, had already been harmonised in previous 
BPLTTC studies and were used in this analysis.1–3,17,23,24 In 
parallel, a dedicated harmonisation process was done for 
variables specific to this study: baseline creatinine, eGFR, 
and presence or absence of proteinuria. We applied a 
fixed-effects, one-stage, individual-participant data meta-
analysis framework, pooling participant-level data from all 
eligible trials and analysing them as a single, large-scale 
dataset, with each trial as a cluster.

We fitted Cox proportional hazards models, stratified 
by trial, to allow trial-specific baseline hazards and to 
control for between-trial differences in baseline risk.25 
Given the design of the included trials, the main source 
of heterogeneity was the variation in blood-pressure 
reduction after treatment, driven primarily by 
differences in comparison arms and treatment types.17 
To account for this heterogeneity, the models were 
standardised for the blood-pressure reduction after 
treatment at the trial level, and hazard ratios (HRs) were 
rescaled to express the relative treatment effect per 
5 mm Hg reduction in systolic blood pressure and 
3 mm Hg reduction in diastolic blood pressure (ie, 
values representing the mean reductions reached in all 
BPLTTC trials, excluding head-to-head RCTs; appendix 
p 6).1,2,17 This parametrisation implicitly scales each 
trial’s contribution by the blood-pressure reduction after 
treatment such that trials with larger reductions 
contribute more information to the standardised effect 
estimate, whereas trials with smaller reductions are 
retained but contribute correspondingly less. This 
approach prevents the arbitrary exclusion of trials with 
small blood-pressure reductions after treatment, 
maximises statistical power for subgroup analyses, and 
yields effect estimates with clear clinical interpretation 
(appendix pp 7–12).26 The cumulative probability of 
major cardiovascular disease was estimated in each 
treatment arm using the Kaplan–Meier method and 
plotted separately for subgroups with and without CKD 
and by CKD stage.

In subgroup analyses, the likelihood-ratio test was used 
to assess interactions between treatment and subgroups, 
with p values for interaction corrected for multiple 
comparisons by use of Hommel’s method (appendix 
pp 11–12).27 Results from subgroup analyses were 
reported and interpreted in accordance with established 
principles for clinical trial interpretation.28,29 When the 
statistical test for interaction was non-significant, the 

overall effect was considered the most valid estimate of 
the treatment effect. A significant interaction was 
interpreted in the context of effect magnitude and 
direction, previous literature, biological plausibility, and 
clinical relevance.

In addition to the main analysis, we conducted an 
individual-participant data network meta-analysis to 
estimate stratified, class-specific treatment effects for the 
five principal antihypertensive drug classes: angiotensin-
converting enzyme inhibitors, angiotensin receptor 
blockers, β blockers, calcium channel blockers, and 
thiazide diuretics.3,23 This analysis was designed to assess 
whether effects within drug classes varied by CKD status, 
CKD stage, or presence of proteinuria, which is a 
research question that is not feasible to investigate with a 
conventional network meta-analysis. The comparison or 
ranking of drug classes was not the objective of this study 
because this question has been investigated previously in 
several aggregate-data meta-analyses.13,30,31 Logistic 
regression models were applied to individual-level data 
from each trial to estimate the odds ratio as the relative 
treatment effect for each available comparison, stratified 
by CKD status, CKD stage, and proteinuria status. 
Finally, the estimated effects were pooled with a fixed-
effect Bayesian network meta-analysis based on Markov 
Chain Monte Carlo methods (four chains, 10 000 burn-in 
iterations, and 100 000 sampling iterations), with the 
placebo arm serving as the network reference.32 To assess 
whether drug-class-specific effects varied by subgroups, 
Wald-type Z tests were used to compare subgroup-
specific log-odds ratios.33 For each drug class, the linear 
trend across CKD stages was assessed with meta-
regression with CKD stage as an ordinal covariate, 
deriving the p value for trend from the test of 
moderators.34

All analyses in this study were conducted according to 
the intention-to-treat principle. We performed statistical 
analyses using R (version 4.2.0). Details of packages used 
for analysis are reported in the appendix (p 15).

Role of the funding source
The funder of the study had no role in study design, data 
collection, data analysis, data interpretation, or writing of 
the report.

Results
The current third cycle of BPLTTC included individual-
level data from 52 RCTs, encompassing 
363 684 participants.15 From these RCTs, we excluded 
one trial due to the absence of time-to-event data35 and 
five trials for not having baseline creatinine measure
ments.36–40 Consequently, 46 trials comprising 
285 124 participants (59 185 with CKD and 225 939 without) 
met the eligibility criteria and were included in the 
analysis (appendix pp 17–24). A detailed flow chart 
showing the study selection is available in the appendix 
(p 35). Baseline diabetes status was available for all 
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included trials and proteinuria measurements were 
obtained from 24 trials (appendix pp 17–24). Compared 
with those without CKD, patients with CKD were more 
likely to be female and older, had higher baseline systolic 
blood pressure, were less likely to be smokers, and had a 
greater prevalence of cardiovascular comorbidities (table). 
The distribution of eGFR and corresponding CKD stages 

at baseline for all included participants are presented in 
the appendix (p 36).

During a median follow-up of 4·4 years (IQR 3·2–5·1), 
the primary composite outcome occurred in 36 473 (12∙8%) 
of 284 134 participants, with individual event counts of 
ischaemic heart disease (17 817 [6∙3%] of 284 333), stroke 
(12 795 [4∙5%] of 284 350), heart failure (6875 [2∙8%] of 

Individuals with CKD at baseline (n=59 185) Individuals without CKD at baseline (n=225 939)

Intervention Comparator Total Intervention Comparator Total

Sex

Female 14 340/27 804 (51·6%) 16 201/31 381 (51·6%) 30 541/59 185 (51·6%) 40 474/106 149 (38·1%) 45 130/119 790 (37·7%) 85 604/225 939 (37·9%)

Male 13 464/27 804 (48·4%) 15 180/31 381 (48·4%) 28 644/59 185 (48·4%) 65 675/106 149 (61·9%) 74 660/119 790 (62·3%) 140 335/225 939 (62·1%)

Age, years 69·5 (9·4) 70·0 (9·2) 69·8 (9·3) 63·6 (9·6) 64·1 (9·3) 63·9 (9·5)

Systolic blood pressure, 
mm Hg

156 (23) 155 (23) 156 (23) 153 (21) 152 (21) 152 (21)

Diastolic blood pressure, 
mm Hg

86 (13) 86 (13) 86 (13) 88 (13) 88 (12) 88 (13)

BMI, kg/m² 28·1 (5·2) 28·1 (5·6) 28·1 (5·4) 27·8 (5·0) 28·0 (9·9) 27·9 (8·0)

Smoking status

Never 10 082/20 001 (50·4%) 11 366/23 019 (49·4%) 21 448/43 020 (49·9%) 33 991/74 382 (45·7%) 37 972/86 375 (44·0%) 71 963/160 757 (44·8%)

Past 7108/20 001 (35·5%) 8416/23 019 (36·6%) 15 524/43 020 (36·1%) 25 526/74 382 (34·3%) 31 463/86 375 (36·4%) 56 989/160 757 (35·5%)

Current 2811/20 001 (14·1%) 3237/23 019 (14·1%) 6048/43 020 (14·1%) 14 865/74 382 (20·0%) 16 940/86 375 (19·6%) 31 805/160 757 (19·8%)

Ethnicity

White, Caucasian, or 
European

13 837/21 202 (65·3%) 15 472/24 590 (62·9%) 29 309/45 792 (64·0%) 52 596/80 312 (65·5%) 60 554/92 425 (65·5%) 113 150/172 737 (65·5%)

Black 2893/21 202 (13·6%) 3856/24 590 (15·7%) 6749/45 792 (14·7%) 4852/80 312 (6·0%) 7241/92 425 (7·8%) 12 093/17 737 (68·2%)

Hispanic 965/21 202 (4·6%) 1386/24 590 (5·6%) 2351/45 792 (5·1%) 3751/80 312 (4·7%) 5644/92 425 (6·1%) 9395/17 737 (53·0%)

Asian 2484/21 202 (11·7%) 2792/24 590 (11·4%) 5276/45 792 (11·5%) 16 670/80 312 (20·8%) 16 452/92 425 (17·8%) 33 122/17 737 (186·7%)

Other 1023/21 202 (4·8%) 1084/24 590 (4·4%) 2107/45 792 (4·6%) 2443/80 312 (3·0%) 2534/92 425 (2·7%) 4977/17 737 (28·1%)

Comorbidity

Peripheral vascular disease 1510/11 314 (13·3%) 1451/11 038 (13·1%) 2961/22 352 (13·2%) 3415/41 368 (8·3%) 3540/39 850 (8·9%) 6955/81 218 (8·6%)

Atrial fibrillation 1300/14 345 (9·1%) 1404/16 519 (8·5%) 2704/30 864 (8·8%) 3124/55 179 (5·7%) 3373/63 051 (5·3%) 6497/118 230 (5·5%)

Cerebrovascular disease 4466/22 080 (20·2%) 4879/23 813 (20·5%) 9345/45 893 (20·4%) 15 702/85 469 (18·4%) 17 132/91 583 (18·7%) 32 834/177 052 (18·5%)

Ischaemic heart disease 8191/25 157 (32·6%) 9333/26 788 (34·8%) 17 524/51 945 (33·7%) 27 243/94 999 (28·7%) 31 934/101 237 (31·5%) 59 177/196 236 (30·2%)

Type 2 diabetes 8474/27 801 (30·5%) 9582/31 377 (30·5%) 18 056/59 178 (30·5%) 31 824/106 109 (30·0%) 36 187/119 741 (30·2%) 68 011/225 850 (30·1%)

Previous use of non-trial medications

Diuretics 5210/15 556 (33·5%) 5967/16 673 (35·8%) 11 177/32 229 (34·7%) 9492/56 753 (16·7%) 11 054/61 340 (18·0%) 20 546/118 093 (17·4%)

α blockers 833/12 126 (6·9%) 898/13 323 (6·7%) 1731/25 449 (6·8%) 1379/40 945 (3·4%) 1633/46 040 (3·5%) 3012/86 985 (3·5%)

β blockers 5734/16 365 (35·0%) 6637/17 461 (38·0%) 12 371/33 826 (36·6%) 18 464/60 339 (30·6%) 21 748/64 936 (33·5%) 40 212/125 275 (32·1%)

Angiotensin-converting 
enzyme inhibitors

5780/14 954 (38·7%) 6699/16 105 (41·6%) 12 479/31 059 (40·2%) 14 827/53 623 (27·7%) 18 617/58 153 (32·0%) 33 444/111 776 (29·9%)

Angiotensin-receptor 
blockers

748/9193 (8·1%) 746/8726 (8·5%) 1494/17 919 (8·3%) 3198/39 354 (8·1%) 3195/37 053 (8·6%) 6393/76 407 (8·4%)

Calcium-channel blockers 5977/16 377 (36·5%) 6360/17 475 (36·4%) 12 337/33 852 (36·4%) 18 634/60 342 (30·9%) 19 961/64 936 (30·7%) 38 595/125 278 (30·8%)

Antiplatelets 4825/12 353 (39·1%) 6088/13 556 (44·9%) 10 913/25 909 (42·1%) 16 138/41 257 (39·1%) 21 601/46 943 (46·0%) 37 739/88 200 (42·8%)

Anticoagulants 765/8027 (9·5%) 878/9188 (9·6%) 1643/17 215 (9·5%) 1804/26 857 (6·7%) 2221/32 457 (6·8%) 4025/59 314 (6·8%)

Lipid-lowering treatments 4159/12 528 (33·2%) 5065/12 991 (39·0%) 9224/25 519 (36·1%) 16 540/50 834 (32·5%) 20 677/53 476 (38·7%) 37 217/104 310 (35·7%)

eGFR, mL/min per 1·73m² 49·8 (8·6) 49·9 (8·6) 49·9 (8·6) 81·8 (13·5) 81·6 (13·3) 81·7 (13·4)

Proteinuria 2975/14 036 (21·2%) 3023/15 152 (20·0%) 5998/29 188 (20·5%) 5434/46 821 (11·6%) 6146/52 076 (11·8%) 11 580/98 897 (11·7%)

Follow-up, years 4·3 (3·0–5·0) 4·4 (3·0–5·0) 4·4 (3·0–5·0) 4·4 (3·2–5·1) 4·4 (3·3–5·1) 4·4 (3·3–5·1)

Data are n/N (%), mean (SD), or median (IQR). Sex refers to biological sex as recorded by trial investigators at enrolment and harmonised across trials. Data on gender identity and psychosocial or cultural gender 
constructs were not available in the Blood Pressure Lowering Treatment Trialists’ Collaboration database and therefore could not be analysed. CKD=chronic kidney disease. eGFR=estimated glomerular filtration 
rate.

Table: Baseline characteristics of participants by CKD status and study arm
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246 202), cardiovascular death (10 044 [3∙6%] of 282 222), 
and all-cause death (25 197 [8∙9%] of 284 365). In 
participants with CKD, the incidence rate of the primary 
outcome was 51·6 per 1000 person-years (95% CI 
50·3–52·9) in the comparator arm versus 45·8 (44·6–47·2) 
in the treatment arm. Among those without CKD, the 
corresponding rates were 30·4 (29·9–30·9) and 
26·4 (25·9–26·9), respectively.

A 5 mm Hg reduction in systolic blood pressure was 
associated with a reduced risk of major cardiovascular 
disease among participants with CKD (HR 0·91 [95% CI 
0·87–0·94]) and participants without CKD (0·90 
[0·88–0·93]), with no evidence of heterogeneity 
(pinteraction>0·99; appendix p 37). Similar results were 
observed for all secondary outcomes (all pinteraction>0·15; 
appendix p 38). In the analysis stratified by CKD stage, 
relative treatment effects on risk of major cardiovascular 
disease were consistent across all stages, with clear 
sustained benefits in advanced CKD stages 4–5 (mean 
eGFR 25 mL/min per 1·73 m²) and no evidence of effect 
modification (pinteraction>0·99; figure 1). For secondary 
outcomes, although some variation in effect sizes was 
observed among subgroups, there was no strong 
statistical evidence of effect modification, suggesting 
these variations were likely due to chance (all 
pinteraction>0·74; figure 2). Likewise, analyses stratified by 
baseline blood pressure showed consistent treatment 
effects across systolic and diastolic blood-pressure 
categories for either the primary (figure 3) or secondary 
outcomes, in participants with or without CKD 
(appendix pp 39–40).

Baseline proteinuria status did not modify relative 
treatment effects, suggesting similar benefits in CKD 
patients with and without proteinuria (figure 4; appendix 
p 41). In contrast, diabetes status modified treatment 
effects, with attenuated relative risk reductions for major 
cardiovascular events in patients with CKD and 
coexisting diabetes compared with those without 
(pinteraction=0·044; figure 4). No such effect modification was 
observed for secondary outcomes (appendix p 42).

We performed several post-hoc analyses. A comple
mentary analysis with four subgroups based on CKD and 
proteinuria status yielded results similar to the main 
analysis (appendix p 26). Sensitivity analyses—including 
Fine–Gray competing risk models (appendix p 27), a 
two-stage random-effects individual-participant data meta-
analysis (appendix p 28), unstandardised treatment effects 
(appendix p 29), and exclusion of head-to-head trials 
(appendix p 30)—supported the robustness of our primary 
findings. Absolute treatment effects were also estimated 
(appendix p 31).

The network meta-analysis stratified by CKD status and 
stage included 29 trials: 16 placebo-controlled 
(n=71 399 participants) and 13 head-to-head comparisons 
(n=108 782). For the analysis stratified by proteinuria, 
16 trials with available data were included: ten placebo-
controlled (n=9048) and six head-to-head comparisons 

(n=12 988; appendix pp 32–35). The analysis comparing 
individual drug classes with placebo showed that class-
specific antihypertensive effects did not differ by CKD 
status (figure 5; appendix p 43). Similarly, across CKD 
stages, no drug class showed a stage-related gradient of 
effect compared with placebo; estimates were directionally 
consistent and of similar magnitude in both early and 
advanced CKD (figure 5; appendix p 44). Furthermore, we 
found no evidence that class-specific effects varied by the 
proteinuria status (figure 5; appendix p 45).

Discussion
This individual-participant data meta-analysis, pooling 
46 RCTs and comprising 59 185 participants with CKD 
and 225 939 without CKD, provides the most 
comprehensive randomised evidence on cardiovascular 
benefits of blood-pressure lowering across the full 
spectrum of CKD, including subgroups with key clinical 
features such as diabetes and proteinuria, and across a 
granular range of blood-pressure thresholds at 
treatment initiation. Each 5 mm Hg reduction in 
systolic blood pressure was associated with a lowering 
of the risk of major cardiovascular events, regardless of 
CKD status. This beneficial treatment effect extended 
across the full spectrum of CKD severity, including 
advanced CKD stages 4–5 (mean eGFR 25 mL/min per 
1·73 m²), across categories of baseline blood pressure 

Figure 1: Kaplan–Meier curves for major cardiovascular disease, by treatment allocation and CKD stage
Cumulative incidence curves for major cardiovascular events stratified by CKD stage, with solid lines representing 
the treatment arm and dashed lines representing the comparator arm. Number-at-risk data are given in the 
appendix (p 25). HRs with 95% CIs were standardised to a 5 mm Hg reduction in systolic blood pressure, estimated 
from one-stage stratified Cox proportional hazards models. CKD stages were defined with the CKD Epidemiology 
Collaboration 2021 race-free equations:18 stage 1 (eGFR ≥90 mL/min per 1·73 m²), stage 2 (60–89 mL/min per 
1·73 m²), stage 3a (45–59 mL/min per 1·73 m²), stage 3b (30–44 mL/min per 1·73 m²), and stages 4–5 
(<30 mL/min per 1·73 m²). Major cardiovascular events were defined as fatal or non-fatal stroke or other 
cerebrovascular disease, fatal or non-fatal ischaemic heart disease, or heart failure leading to death or 
hospitalisation. The increasing cumulative incidence with advancing CKD stage reflects the higher baseline 
cardiovascular risk among patients with more severe CKD. Relative treatment benefit was consistent across all CKD 
stages (pinteraction>0·99). CKD=chronic kidney disease. eGFR=estimated glomerular filtration rate. HR=hazard ratio.
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down to less than 120/70 mm Hg, and irrespective of 
proteinuria status. Notably, patients with CKD and 
coexisting diabetes derived substantially smaller relative 
benefits from blood-pressure lowering than those 
without diabetes, highlighting a high-risk CKD 
subgroup that might warrant optimised cardiovascular 
risk management.

Few meta-analyses have examined the effect of blood-
pressure lowering on major cardiovascular disease and 
death in patients with CKD, and the available evidence has 
yielded conflicting results. A Cochrane meta-analysis 
incorporating six trials comparing more-intensive versus 
less-intensive blood-pressure targets (n=7348) found no 
treatment effect on total cardiovascular disease 

Figure 2: Effects of blood-pressure-lowering treatment on primary and secondary outcomes by CKD stage
The forest plot shows HRs and 95% CIs per 5 mm Hg reduction in systolic blood pressure, separately for each outcome. HRs and 95% CIs were standardised to a 
5 mm Hg reduction in systolic blood pressure, estimated from one-stage stratified Cox proportional hazards models. CKD stages were defined with the CKD 
Epidemiology Collaboration 2021 race-free equations:18 stage 1 (eGFR ≥90 mL/min per 1·73 m²), stage 2 (60–89 mL/min per 1·73 m²), stage 3a (45–59 mL/min per 
1·73 m²), stage 3b (30–44 mL/min per 1·73 m²), and stages 4–5 (<30 mL/min per 1·73 m²). Mean eGFR values within each stage represent the baseline eGFR of 
participants classified in that subgroup. p values for interaction were derived from likelihood ratio tests comparing models with and without treatment-by-CKD stage 
interaction terms, assessing heterogeneity of treatment effect across the five CKD stages, and were adjusted for multiple testing with Hommel’s method. Events 
denotes the number of participants who had the outcome; total denotes the total number at risk. The size of each square is proportional to the inverse variance of the 
log HR. The vertical line indicates an HR of 1·0 (ie, no effect). CKD=chronic kidney disease. HR=hazard ratio.
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(relative risk 1·00 [95% CI 0·87–1·15]), cardiovascular 
cause death (0·90 [0·70–1·16]), and all-cause death (0·90 
[0·76–1·06]).41 These null findings persisted in analyses 
stratified by only two eGFR categories (<30 mL/min vs 
30–60 mL/min). An earlier meta-analysis of 11 trials 
comparing intensive versus standard blood-pressure 
targets (n=9287) reported concordant results, showing no 
benefit for cardiovascular disease and no effect on 
all-cause death.42 In contrast, a meta-analysis using 
broader eligibility criteria with respect to trial design and 
intervention (18 trials; n=60 178) found that a 10 mm Hg 
reduction in systolic blood pressure was associated with a 
reduction in the risk of major cardiovascular disease 
among patients with CKD.13 Moreover, this study also 
identified significant effect modification by baseline CKD 
status, with a more pronounced relative risk reduction in 
HR observed in the non-CKD group.13 Our study—
constituting the largest analysis of trial data to 
date—addressed the uncertainties inherent in individual 
RCTs and previous meta-analyses that did not have 
sufficient statistical power and generalisability across the 
CKD spectrum. In contrast to previous investigations, we 
stratified treatment effects by granular CKD stage while 
simultaneously comparing individuals with and without 
CKD, and we incorporated comprehensive subgroup 
analyses by blood-pressure threshold, proteinuria, and 
diabetes status. Our study fills a crucial evidence gap 

Figure 4: Effects of blood-pressure-lowering treatment on major cardiovascular disease in people with CKD, 
stratified by baseline diabetes and proteinuria status
The forest plot shows HRs and 95% CIs for major cardiovascular events within participants with CKD, stratified by 
proteinuria and diabetes status. HRs and 95% CIs were standardised to a 5 mm Hg reduction in systolic blood 
pressure, estimated from one-stage stratified Cox proportional hazards models. Proteinuria was defined as urine 
albumin-to-creatinine ratio of ≥30 mg/g or urine protein-to-creatinine ratio of ≥0·22 or dipstick ≥1. Previous 
diabetes was defined as a history of diabetes at baseline. p values for interaction were derived from likelihood ratio 
tests comparing models with and without treatment-by-subgroup interaction terms, assessing heterogeneity of 
treatment effect, and were adjusted for multiple testing with Hommel’s method. Sample sizes for proteinuria 
analysis are smaller because proteinuria data were available only in a subset of trials. Events denotes the number of 
participants who had the outcome; total denotes the total number at risk. The size of each square is proportional to 
the inverse variance of the log HR. The vertical line indicates an HR of 1·0 (ie, no effect). CKD=chronic kidney 
disease. eGFR=estimated glomerular filtration rate. HR=hazard ratio.
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Figure 3: Effects of blood-pressure-lowering treatment on major cardiovascular events by baseline CKD status and SBP
The forest plot shows HRs and 95% CIs for major cardiovascular events by baseline SBP categories, separately for participants with and without CKD. HRs and 95% CIs 
were standardised to a 5 mm Hg reduction in systolic blood pressure, estimated from one-stage stratified Cox proportional hazards models. Mean SBP values within 
each category represent the baseline SBP of participants classified in that subgroup. p values for interaction were derived from likelihood ratio tests comparing 
models with and without treatment-by-baseline SBP category interaction terms, assessing heterogeneity of treatment effect across the seven SBP categories within 
each CKD stratum, and were adjusted for multiple testing with Hommel’s method. Events denotes the number of participants who had the outcome; total denotes 
the total number at risk. The size of each square is proportional to the inverse variance of the log HR. The vertical line indicates an HR of 1·0 (ie, no effect). 
CKD=chronic kidney disease. HR=hazard ratio. SBP=systolic blood pressure.
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concerning the efficacy of blood-pressure-lowering 
therapy for cardiovascular risk reduction in patients with 
CKD.

Clinical guidelines’ recommendations for blood-
pressure management in CKD vary considerably.7,43–45 The 
2021 Kidney Disease: Improving Global Outcomes 

Figure 5: Class-specific effects 
of antihypertensive drugs on 

the risk of major 
cardiovascular disease, 

stratified by CKD status, 
stage, and proteinuria

The forest plots show ORs as 
the relative treatment effect 

and their corresponding 
95% CIs for major 

cardiovascular events stratified 
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existence (B), and CKD 
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(KDIGO) guidelines7 recommend a systolic blood-
pressure target of <120 mm Hg for non-dialysis CKD. 
Although this target represents the most intensive 
recommendation among major guidelines, it is assigned 
a weak strength of recommendation (grade 2B), reflecting 
an evidence base largely derived from a single RCT (the 
SPRINT trial) with a predefined CKD subgroup.7 In 
contrast, the European Society of Hypertension adopts a 
more conservative primary target of below 140/90 mm Hg, 
with consideration of below 130/80 mm Hg if well 
tolerated,46 and the American College of Cardiology–
American Heart Association recommends below 
130/80 mm Hg, encouraging systolic values below 
120 mm Hg.45 Our stratified analyses provide evidence to 
inform this debate: relative treatment benefits for major 
cardiovascular disease are consistent across baseline 
blood-pressure categories, extending to values below 
120/70 mm Hg. These findings support the more 
intensive KDIGO recommendations and strengthen the 
evidentiary foundation for lower blood-pressure targets in 
patients with CKD than for those without.

Current guidelines uniformly acknowledge the scarcity 
of randomised evidence for blood-pressure management 
in patients with more advanced stages of CKD.7,43–46 Our 
study fills this gap and shows consistent relative 
treatment effects across CKD stages 1–5. Notably, our 
analysis included 14 148 participants with CKD stage 3b 
or higher, of whom 2107 had stage 4–5 disease with a 
mean baseline eGFR of 25 mL/min per 1·73 m². 
Likewise, our finding of attenuated relative benefit in 
patients with CKD and coexisting diabetes addresses 
another explicitly acknowledged evidence gap. KDIGO 
notes that cardiovascular benefits of intensive blood-
pressure lowering cannot be excluded in diabetic CKD, 
but remain uncertain.7 Our subgroup analysis suggests 
that in individuals with both CKD and diabetes, blood-
pressure lowering offers little or no relative benefit. To 
mitigate risk in this subgroup, therapeutic regimens 
might require the integration of antihypertensives with 
agents such as SGLT2 inhibitors or GLP-1 receptor 
agonists, which provide robust cardiorenal protection 
and enhance glycaemic regulation.47–49 For SGLT2 
inhibitors specifically, these benefits are preserved in 
patients with low eGFR despite reduced glucose-lowering 
efficacy.50,51 Given their distinct mechanisms from 
antihypertensive drugs, additive or adjunctive effects on 
cardiovascular risk seem plausible, especially in CKD 
with diabetes, thus dedicated trials are warranted.

Renin-angiotensin system (RAS) inhibitors are widely 
recommended as the cornerstone of antihypertensive 
therapy for patients with CKD,7,43–45 driven primarily by the 
proven renoprotective effects of RAS inhibitors rather than 
by definitive evidence of cardiovascular protection in this 
population. Our network meta-analysis provides direct 
evidence of this gap and carries several key implications for 
clinical practice. First, the relative risk reduction in 
cardiovascular disease conferred by each antihypertensive 

class in CKD mirrors that observed in individuals with 
preserved renal function. Consequently, class-specific 
evidence of cardiovascular protection from broader 
populations can be extrapolated to patients with CKD, 
including those at more severe stages. Next, hypertension 
in CKD is typically driven by the convergence of multiple 
biological pathways, including sodium retention, neuro
hormonal activation, endothelial dysfunction, and reduced 
large-artery compliance. Consequently, monotherapy with a 
single antihypertensive class is often inadequate. Optimal 
risk management might require a combination therapy 
utilising agents from different classes. Our findings affirm 
that such multiclass regimens can be recommended 
flexibly, with consistent cardiovascular efficacy across CKD 
severity and proteinuria values.

Although these findings show that blood-pressure 
reduction confers cardiovascular protection across the 
spectrum of CKD and baseline blood pressure, they 
should not drive an indiscriminate approach to initiating 
therapy in every clinical setting. From a clinical 
perspective, these findings suggest that single baseline 
characteristics (eg, CKD stage, blood pressure, and 
proteinuria) are not determinants of proportional 
benefit. Instead, clinicians should anticipate consistent 
relative risk reductions across all CKD stages, 
proteinuria values, and blood-pressure strata, similar to 
those observed in the broader population. Initiating 
treatment necessitates a multifactorial evaluation that 
weighs absolute cardiovascular risk against the 
likelihood of adverse events, such as acute kidney injury, 
hyperkalaemia, and symptomatic hypotension. This 
decision-making process must balance preventive 
efficacy with safety while considering comorbidities, 
polypharmacy, and patient values. Furthermore, our 
stratified analyses examined each clinical factor in 
isolation to provide clear evidence across the full 
spectrum of each characteristic. Real-world decisions 
require a multidimensional risk–benefit assessment to 
establish whether the cardiovascular protection 
conferred by blood-pressure-lowering therapy outweighs 
the potential harms for a given patient.

Several limitations should be considered when 
interpreting and generalising the findings of this study. 
We evaluated only relative treatment effects on 
cardiovascular outcomes; treatment-related adverse 
events and kidney-specific outcomes were not examined 
because their scope and methodological requirements 
differ from those of the present analysis. In the context 
of the benefit–harm balance, concerns have been raised 
particularly in people with advanced CKD. However, 
trials published in 2025 conducted exclusively in this 
population did not show an excess risk of serious adverse 
events,11,12 although evidence from a larger dataset is still 
needed. A new round of BPLTTC data acquisition, 
focused on adverse events, benefit–harm evaluation, and 
cost-effectiveness, is underway and will provide 
comprehensive evidence to address these endpoints and 
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refine the overall benefit–harm profile of blood-pressure-
lowering treatment. Furthermore, we stratified analyses 
by individual clinical features, which is often insufficient 
for identifying distinct patient groups.52 Further research 
is warranted to explore potential heterogeneity of 
treatment effects using other phenotypes, including 
novel approaches to multivariable and high-dimensional 
participant stratification.53 For example, compared with 
the widely recommended treat-all policy for patients 
with diabetes, a novel AI-based approach to treatment 
selection successfully deselected 24·3% of individuals, 
with only a very small proportion of false negatives 
(0·2% of the cohort).54 Data supporting their clinical 
utility in CKD warrant further study.

This meta-analysis, drawing on the largest body of 
randomised evidence to date, carries direct and 
actionable implications for the management of blood 
pressure in individuals with CKD, specifically for the 
prevention of major cardiovascular outcomes rather 
than kidney outcomes or renoprotection. Clinicians 
should recommend blood-pressure-lowering treatment 
for patients at any stage of CKD and at any baseline 
blood pressure because it consistently reduces 
cardiovascular risk, irrespective of CKD stage or 
baseline blood pressure. Nonetheless, treatment 
decisions should also consider the balance of benefits 
and potential risks, including adverse effects and 
patient-specific factors. Our results also indicate no 
evidence that the effects of antihypertensive drug classes 
differ across the investigated CKD subgroups, providing 
clinicians with the flexibility to select agents based on 
patient characteristics, preferences, and tolerability. 
Notably, the attenuated treatment effect observed in 
participants with coexisting diabetes underscores the 
need for an adopted risk-management strategy in this 
subgroup of patients with high-risk CKD. Although 
blood-pressure lowering remains imperative in patients 
with CKD and diabetes due to their higher absolute risk, 
these findings highlight the necessity of considering 
antihypertensive therapy with other evidence-based 
interventions to maximise cardiovascular risk reduction 
in this specific subgroup.
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