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ORIGINAL RESEARCH

Canagliflozin, Blood Pressure Variability, 
and Risk of Cardiovascular, Kidney, and 
Mortality Outcomes: Pooled Individual 
Participant Data From the CANVAS and 
CREDENCE Trials
Robert A. Fletcher , MSc; Clare Arnott , PhD; Patrick Rockenschaub , PhD; Aletta E. Schutte , PhD; 
Lewis Carpenter , PhD; Muthiah Vaduganathan , MD, MPH; Rajiv Agarwal , MD; George Bakris , MD;  
Tara I. Chang , MD; Hiddo J. L. Heerspink , PhD; Meg J. Jardine , PhD; Kenneth W. Mahaffey , MD; 
Bruce Neal , PhD; Carol Pollock , PhD; Min Jun, PhD; Anthony Rodgers , PhD; Vlado Perkovic , PhD; 
Brendon L. Neuen , PhD

BACKGROUND: Sodium glucose cotransporter-2 inhibitors reduce systolic blood pressure (SBP), but whether they affect SBP 
variability is unknown. There also remains uncertainty regarding the prognostic value of SBP variability for different clinical 
outcomes.

METHODS AND RESULTS: Using individual participant data from the CANVAS (Canagliflozin Cardiovascular Assessment Study) 
Program and CREDENCE (Canagliflozin and Renal Events in Diabetes with Established Nephropathy Clinical Evaluation) trial, 
we assessed the effect of canagliflozin on SBP variability in people with type 2 diabetes across 4 study visits over 1.5 years as 
measured by standard deviation, coefficient of variation, and variability independent of the mean. We used multivariable Cox 
regression models to estimate associations of SBP variability with cardiovascular, kidney, and mortality outcomes. In 11 551 
trial participants, canagliflozin modestly lowered the standard deviation of SBP variability (−0.25 mm Hg [95% CI, –0.44 to 
−0.06]), but there was no effect on coefficient of variation (0.02% [95% CI, –0.12 to 0.16]) or variability independent of the mean 
(0.08 U [95% CI, –0.11 to 0.26]) when adjusting for correlation with mean SBP. Each 1 standard deviation increase in standard 
deviation of SBP variability was independently associated with higher risk of hospitalization for heart failure (hazard ratio [HR], 
1.19 [95% CI, 1.02–1.38]) and all-cause mortality (HR, 1.12 [95% CI, 1.01–1.25]), with consistent results observed for coefficient 
of variation and variability independent of the mean. Increases in SBP variability were not associated with kidney outcomes.

CONCLUSIONS: In people with type 2 diabetes at high cardiovascular risk or with chronic kidney disease, higher visit-to-visit SBP 
variability is independently associated with risks of hospitalization for heart failure and all-cause mortality. Canagliflozin has 
little to no effect on SBP variability, independent of its established SBP-lowering effect.
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Sodium glucose cotransporter-2 (SGLT2) inhibitors 
reduce the risk of cardiovascular events and kidney 
failure in people with type 2 diabetes, heart failure, 

or chronic kidney disease (CKD).1–3 The mechanisms by 
which SGLT2 inhibitors exert these benefits remain in-
completely understood, but benefits on cardiometabolic 
risk factors, including blood glucose, body weight, albu-
minuria, and blood pressure (BP), all likely contribute.4

In individuals with elevated BP, SGLT2 inhibitors 
lower systolic BP (SBP) by ≈3 to 5 mm Hg, an effect 
that occurs within weeks of treatment initiation and is 
sustained over time.5 The magnitude of BP lowering is 
consistent regardless of number of background BP-
lowering agents and is also observed in individuals with 
treatment-resistant hypertension.6,7 It has been sug-
gested that BP lowering with SGLT2 inhibitors occurs 
through enhanced natriuresis and osmotic diuresis, al-
though emerging data indicate that other non-natriuretic 
mechanisms, including reductions in sympathetic ner-
vous system activation, also potentially contribute.8

Higher visit-to-visit SBP variability may be a modi-
fiable risk factor for cardiovascular events and mortal-
ity.9 However, its associations with kidney outcomes, 
particularly kidney failure, are not well established.10 
Additionally, the relationship between SBP variability 
and different types of cardiovascular events has not 
been well defined. Associations of BP variability with 
measures of arterial stiffness and endothelial dys-
function have been observed, suggesting possible 
pathogenetic pathways.11 SGLT2 inhibitors have been 
demonstrated to improve arterial stiffness, endothelial 
function, and may reduce sympathetic nervous system 
activation, which might in turn lead to a reduction in 
SBP variability.12,13

We aimed to assess whether canagliflozin affects 
visit-to-visit SBP variability in people with type 2 dia-
betes at high cardiovascular risk or with CKD, and to 
evaluate the association of SBP variability with car-
diovascular, kidney, and mortality outcomes. We hy-
pothesized that SGLT2 inhibition might reduce SBP 
variability, which could contribute to cardiorenal pro-
tection with this class of agent.

METHODS
Study Design
This post-hoc analysis combined individual participant 
data from the CANVAS (Canagliflozin Cardiovascular 
Assessment Study) Program (Clini​calTr​ials.gov 
NCT01032629 and NCT01989754) and CREDENCE 
(Canagliflozin and Renal Events in Diabetes with 
Established Nephropathy Clinical Evaluation) trial 
(NCT02065791). Detailed methods and main findings 
from these studies have been previously published.14,15 
In brief, the CANVAS Program, comprising 2 compan-
ion trials, CANVAS and CANVAS-Renal (CANVAS-R), 
and the CREDENCE trial, were randomized, multi-
center, double-blind, placebo-controlled trials that as-
sessed the effects of canagliflozin on cardiovascular, 
kidney, and safety outcomes in people with type 2 
diabetes at high cardiovascular risk (CANVAS) or with 
CKD (CREDENCE).

Results from pooled analyses of the CANVAS 
Program and the CREDENCE trial have been previ-
ously published and demonstrated that over a median 
follow-up of 2.5 years, canagliflozin substantially re-
duced the risk of major adverse cardiovascular events, 
hospitalization for heart failure, kidney failure, and car-
diovascular and all-cause mortality.16

Participants
The CANVAS Program enrolled individuals with type 
2 diabetes aged either ≥30 years with a history of car-
diovascular disease or ≥50 years with ≥2 cardiovascu-
lar risk factors. CREDENCE enrolled individuals aged 

CLINICAL PERSPECTIVE

What Is New?
•	 This study represents the largest and most com-

prehensive analysis of the relationship between 
sodium glucose cotransporter-2 inhibition, sys-
tolic blood pressure variability, and clinical out-
comes in people with type 2 diabetes.

•	 While canagliflozin lowers systolic blood pres-
sure, it has little to no effect on visit-to-visit sys-
tolic blood pressure variability.

What Are the Clinical Implications?
•	 Cardiorenal protection with sodium glucose 

cotransporter-2 inhibitors is unlikely to be sub-
stantively mediated by benefits on systolic blood 
pressure variability.

Nonstandard Abbreviations and Acronyms

CANVAS	 Canagliflozin Cardiovascular 
Assessment Study

CREDENCE	 Canagliflozin and Renal Events in 
Diabetes with Established 
Nephropathy Clinical Evaluation

CV	 coefficient of variation
eGFR	 estimated glomerular filtration rate
SBP	 systolic blood pressure
SGLT2	 sodium glucose cotransporter-2
VIM	 variability independent of the mean
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≥30 years with type 2 diabetes and CKD, defined as an 
estimated glomerular filtration rate (eGFR) 30 to 90 mL/
min per 1.73 m2 and urine albumin:creatinine ratio 
>300 to 5000 mg/g. All participants provided written 
informed consent, and ethics approval was obtained 
at all participating centers.

Randomized Treatment
Participants in CANVAS were randomized (1:1:1) to 
receive canagliflozin 300 mg, canagliflozin 100 mg, or 
matching placebo, while participants in CANVAS-R 
were randomized (1:1) to receive canagliflozin 100 mg 
(with optional up-titration to 300 mg) or matching pla-
cebo. All participants in CREDENCE were randomized 
(1:1) to canagliflozin 100 mg or placebo.

BP Variability Assessment
BP was measured at baseline and at each study visit. 
As mandated in the study protocols, 3 consecutive BP 
measurements were taken at intervals at least 1 min-
ute apart, with the participant in a sitting position, and 
the average of the 3 readings was recorded. The same 
arm was to be used for BP measurements for each 
individual participant for the duration of the study. If BP 
was measured manually, it was recommended that it 
be measured by the same individual using the same 
equipment at each visit.

We assessed visit-to-visit SBP variability across 
3, 6, 12, and 18-month study visits (ie, a 4-visit ex-
posure window). We excluded participants with any 
missing SBP measures during these visits. We did 
not use measures of SBP recorded before 3 months 
post-randomization to avoid including the acute SBP 
drop resulting from initiation of canagliflozin that would 
cause misclassification of SBP variability. We also ex-
cluded measurements at 24 months to minimize par-
ticipant exclusions arising from missing measurements 
(Table S1) and to maximize the number of events fol-
lowing the exposure window. In the main analysis, we 
estimated variability in 2 ways: (1) SD and (2) coefficient 
of variation (CV). As a sensitivity analysis, we also esti-
mated SBP variability independent of the mean (VIM).17 
To aid reproducibility, we have hosted R code for com-
puting SD, CV, and VIM, on GitHub.

Follow-Up and Study Outcomes
Participants were followed-up from the end of the ex-
posure window (ie, 18-month visit) to the end of the 
study. We excluded participants who experienced 
study outcomes during the exposure window. All out-
comes were independently adjudicated by blinded 
endpoint committees according to rigorous prede-
fined criteria. Cardiovascular outcomes included the 
following: hospitalization for heart failure; death due to 

cardiovascular disease; hospitalization for heart failure 
or death due to cardiovascular disease; fatal or nonfa-
tal myocardial infarction; fatal or nonfatal stroke; and 
major adverse cardiovascular event, defined as nonfa-
tal stroke, nonfatal myocardial infarction, or death due 
to cardiovascular disease. Two kidney outcomes were 
assessed: kidney failure (defined as chronic dialysis, 
transplantation, or sustained eGFR <15 mL/min per 
1.73 m2); and a composite of doubling of serum cre-
atinine, kidney failure, or death due to kidney disease. 
All-cause mortality was also assessed.

Statistical Analysis
Continuous variables were reported as mean and SD. 
Categorical variables were reported as frequency and 
percentage. Following assessment of the distribution 
of variables with missing data, we used median and 
mode imputation to estimate missing values for con-
tinuous and categorical variables, respectively.

We used linear mixed models, with trial included as 
a random effect, to estimate the effect of canagliflozin 
versus placebo on SBP variability. Owing to the sys-
tematic exclusion of participants with events occurring 
during the first 18 months, which may have selectively 
excluded more participants from the placebo group, 
we evaluated variable imbalance between canaglifloz-
in- and placebo-treated participants using χ2 tests for 
categorical variables, t tests for normally distributed 
continuous variables, and Wilcoxon rank-sum tests for 
skewed continuous variables. We then adjusted the 
models accordingly for any variables with evidence of 
a significant difference (P<0.05) and a plausible con-
founding relationship with treatment allocation and 
SBP variability visualized via causal directed acyclic 
graph (Figure S1). To ensure that the observed treat-
ment effects in this population were consistent with 
previously published intention-to-treat analyses, we 
also assessed the effect of canagliflozin on mean and 
maximum SBP during the 18-month exposure window 
using linear mixed models. Sensitivity analyses in-
cluded extending the exposure window to include the 
24-month clinic visit, and assessing the effect of cana-
gliflozin on diastolic blood pressure variability.

We assessed the effect of canagliflozin on SBP 
variability across clinically important subgroups. 
Subgroups were selected a priori and included age, 
sex, baseline SBP, baseline pulse pressure, con-
comitant use of renin–angiotensin–system inhibitors, 
calcium channel blockers, and diuretics, history of re-
sistant hypertension,18 eGFR, and urine albumin:cre-
atinine ratio. We assessed heterogeneity in treatment 
effects across subgroups using likelihood ratio tests 
to compare models with and without interaction terms 
with no correction for multiplicity, but findings were in-
terpreted considering the many comparisons made.

https://github.com/ra-fletcher/sbp_variability
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We used multivariable Cox proportional hazards 
models stratified by trial to assess the association 
of SBP variability with cardiovascular, kidney, and 
mortality outcomes. Study participants who did not 
experience a study outcome during the follow-up pe-
riod were censored at their date of death or the end 
of the trial observation period, whichever occurred 
first. Measures of SBP variability were standardized 
(by subtracting the mean of the SBP variability vari-
able from each participant’s SBP variability value and 
dividing by the SD of the SBP variability variable) to 
have a mean of 0 and an SD of 1, with hazard ratios 
(HRs) and 95% CIs estimated per 1 SD increase in 
each parameter. Variables adjusted for in each model 
are listed in Data S1. We selected adjustment variables 
based on prior knowledge as potentially relevant clin-
ically meaningful factors with an association between 
the exposure and each outcome (Figure S1). We as-
sessed the shape of the association and potential 
for a dose–response relationship between measures 
of SBP variability and each outcome across quintiles 
of SBP variability and visualized this through plotting. 
The association of diastolic blood pressure variabil-
ity with clinical outcomes was also assessed. To aid 
comparison between the HRs for each group of SBP 
variability, we calculated the variance of the log risk in 
each group, including the reference group, from the 
variances and covariances of the log HRs in all groups 
except the reference group, to obtain group-specific 
95% CIs.19

All analyses were performed with R version 4.1.2. The 
authors declare that all supporting data are available 
within the article (and its online supplementary files).

RESULTS
Of 14 543 participants in the CANVAS Program 
(n=10 142) and CREDENCE trial (n=4401), 2992 were 
excluded as they experienced a clinical outcome during 
the 18-month exposure window or had missing data for 
at least 1 SBP measurement at any of the 4 study visits 
(Figure S2). The study timeline is depicted in Figure S3. 
The Table describes baseline characteristics of the 
11 551 participants included in the main analysis, strati-
fied by quintile of SD of SBP variability. Overall, mean 
age was 63.1 years, 4126 (35.7%) were female, and 6964 
(60.3%) had prior cardiovascular disease (documented 
coronary artery disease, cerebrovascular disease, or 
peripheral vascular disease). 3307 (28.6%) participants 
had eGFR <60 mL/min per 1.73 m2, and 5669 (49.1%) 
had a urine albumin:creatinine ratio ≥30 mg/g. Across 
increasing quintiles of SBP variability, participants were 
more likely to be older and less likely to be White; have 
a longer duration of diabetes; have heart failure; have 
peripheral vascular disease; higher SBP; lower eGFR; 
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Figure 1.  Mean difference in visit-to-visit systolic blood pressure variability as measured by (A) SD and (B) coefficient of 
variation in participants administered canagliflozin compared with participants administered placebo.
Square markers show beta coefficients, and horizontal bars show 95% CIs. The area of each square marker is inversely proportional 
to the variance of the beta coefficient estimate. Variables adjusted for included age (years; continuous), sex, race, height (cm; 
continuous), weight (kg; continuous), estimated glomerular filtration rate (mL/min per 1.73 m2; continuous), urine albumin:creatinine 
ratio (mg/g; continuous), history of hypertension, history of heart failure, history of peripheral vascular disease, duration of diabetes 
(years; continuous), and baseline use of calcium-channel blockers. CANVAS indicates Canagliflozin Cardiovascular Assessment 
Study; CREDENCE, Canagliflozin and Renal Events in Diabetes with Established Nephropathy; and SBP, systolic blood pressure.
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A

B

Figure 2.  Mean difference in visit-to-visit systolic blood pressure variability as measured by (A) SD and (B) coefficient of 
variation in canagliflozin- and placebo-treated participants, by participant characteristic, baseline blood pressure, blood-
pressure-lowering therapy, and biomarker subgroups from fully adjusted linear mixed models.
Square markers show beta coefficients, and horizontal bars show 95% CIs. The area of each square marker is inversely proportional 
to the variance of the beta coefficient estimate. Interaction P values refer to the interaction between each group and randomized 
treatment allocation. eGFR indicates estimated glomerular filtration rate; RAS, renin-angiotensin-system; SBP, systolic blood pressure; 
and UACR, urine albumin:creatinine ratio.
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higher urine albumin:creatinine ratio; and be receiving 
all classes of blood pressure–lowering medications (all 
P<0.001; Table). Missing data, on average, were very 

low, with at most 0.92% missingness for any 1 variable. 
The extent of missingness and the imputation method 
used for each variable are displayed in Table S2.

Figure 3.  Shape of associations of SD of SBP variability with cardiovascular, kidney, and mortality outcomes in fully 
adjusted Cox proportional hazards models.
Shape of associations are displayed for (A) all-cause mortality, (B) death due to cardiovascular disease or hospitalization for heart 
failure, (C) hospitalization for heart failure, (D) death due to cardiovascular disease, (E) MACE, (F) fatal or nonfatal myocardial infarction, 
(G) fatal or nonfatal stroke, (H) kidney failure, doubling of serum creatinine level, or death due to kidney disease, and (I) kidney failure. 
Square markers show HRs for quintiles of SD of SBP variability relative to the reference group (quintile 1) and are positioned on the 
x-axis according to the median SD value of each quintile. Numbers above each upper CI limit denote HR estimates for each quintile, 
and numbers below each lower CI limit denote number of events in each quintile. The slope of the fitted line gives the inverse-variance 
weighted mean change in HR (95% CI) for the 3 trials per 5 mm Hg increase in SD of SBP variability. The HR is plotted on a log scale, 
and the area of each square marker is inversely proportional to the variance of the log risk. Group-specific 95% CIs, calculated from this 
variance, are shown by vertical bars. HR indicates hazard ratio; MACE, major adverse cardiac event; and SBP, systolic blood pressure.
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During a median follow-up of 1.0 year (25th and 75th 
centile, 0.6 and 4.3 years), 456 (3.9%) participants were 
hospitalized for heart failure or died due to cardiovascular 

disease, 628 (5.4%) experienced a major adverse cardio-
vascular event, 231 (2.0%) experienced the composite 
kidney outcome, and 444 (3.8%) died of any cause.

Figure 4.  Shape of associations of CV of SBP variability with cardiovascular, kidney, and mortality outcomes in fully 
adjusted Cox proportional hazards models.
Shape of associations are displayed for (A) all-cause mortality, (B) death due to cardiovascular disease or hospitalization for heart failure, 
(C) hospitalization for heart failure, (D) death due to cardiovascular disease, (E) MACE, (F) fatal or nonfatal myocardial infarction, (G) fatal or 
nonfatal stroke, (H) kidney failure, doubling of serum creatinine level, or death due to kidney disease, and (I) kidney failure. Square markers 
show HRs for quintiles of CV of SBP variability relative to the reference group (quintile 1) and are positioned on the x-axis according to the 
median CV value of each quintile. Numbers above each upper CI limit denote HR estimates for each quintile, and numbers below each lower 
CI limit denote number of events in each quintile. The slope of the fitted line gives the inverse-variance weighted mean change in HR (95% 
CI) for the 3 trials per 4% increase in CV of SBP variability. The HR is plotted on a log scale, and the area of each square marker is inversely 
proportional to the variance of the log risk. Group-specific 95% CIs, calculated from this variance, are shown by vertical bars. CV indicates 
coefficient of variation; HR, hazard ratio; MACE, major adverse cardiac event; and SBP, systolic blood pressure.
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Canagliflozin and SBP Variability
The effect of canagliflozin versus placebo on SBP 
variability is displayed in Figure 1. In an unadjusted 
model, canagliflozin modestly lowered SD of SBP var-
iability (−0.27 mm Hg [95% CI, –0.47 to −0.08]). This 
effect was similar after adjusting for differences be-
tween treatment arms (Table S3; −0.25 mm Hg [95% 
CI, –0.44 to −0.06]). The distribution of SD of SBP 
variability at an individual level for canagliflozin ver-
sus placebo is displayed in Figure S4. Canagliflozin 
had no effect on SBP variability, as measured by 
CV (Figure 1) and VIM (Figure S5) in either adjusted 
and or unadjusted analyses. Similar results were ob-
served in sensitivity analyses using a 24-month ex-
posure window to measure SBP variability. Effects 
were consistent across most subgroups, although 
reductions in SD of SBP variability were more evi-
dent at high and low baseline BP and for participants 
with higher pulse pressure (P-interaction 0.009 and 
0.027, respectively; Figure  2). Consistent with pub-
lished data from intention-to-treat analyses, canagli-
flozin reduced mean and maximum SBP compared 
with placebo in adjusted models (−4.04 mm Hg [95% 
CI, –4.49 to −3.59] and −4.36 mm Hg [95% CI, –4.90 
to −3.82], respectively, Figure S6). No effect of cana-
gliflozin on diastolic blood pressure variability was ob-
served (Figure S7).

SBP Variability and Clinical Outcomes
Associations of SBP variability, as measured by SD 
and CV, with risk of cardiovascular, kidney, and mor-
tality outcomes are displayed in Figures 3 and 4, and 
Figure  S8. In multivariable Cox regression analyses, 
each 1 SD increase in SD of SBP variability was in-
dependently associated with a 19% increased risk 
of hospitalization for heart failure (HR, 1.19 [95% CI, 
1.02–1.38]), 14% increased risk of hospitalization for 
heart failure or cardiovascular death (HR, 1.14 [95% 
CI, 1.03–1.27]), and 12% increased risk of all-cause 
mortality (HR, 1.12 [95% CI, 1.01–1.25]). Similar as-
sociations were observed when SBP variability was 
assessed by CV (Figure  S8). In unadjusted analy-
ses, higher SBP variability was associated with risks 
of myocardial infarction and stroke (Figures  S9 and 
S10). However, these associations were completely 
attenuated in multivariable models, particularly follow-
ing adjustment for maximum SBP over the 18-month 
exposure window (Figure S11).

No association between SBP variability and kidney 
outcomes was observed overall (Figures  3 and 4). 
While significant associations were observed in  
unadjusted analyses (Figures  S9 and S10), these  
were attenuated, again following adjustment for  
maximum SBP during the exposure window 
(Figure S11).

Associations of diastolic blood pressure variability 
with clinical outcomes were similar to those of SBP 
variability and are displayed in Figures S12 and S13.

DISCUSSION
In this pooled post-hoc analysis of the CANVAS 
Program and CREDENCE trial, canagliflozin reduced 
SBP, but there was little to no effect on visit-to-visit SBP 
variability after adjusting for correlation with mean SBP. 
While higher SBP variability was prognostically impor-
tant for hospitalization for heart failure and all-cause 
mortality, associations of SBP variability with myo-
cardial infarction, stroke, and kidney outcomes were 
completely attenuated after adjustment for baseline 
and maximum SBP and other recognized risk factors. 
Taken together, these results suggest that cardiorenal 
protection with SGLT2 inhibition is unlikely to be sub-
stantively mediated by benefits on SBP variability.

The BP-lowering effect of SGLT2 inhibitors has been 
ascribed to their natriuretic and osmotic diuretic ef-
fects, which is predicated on normal kidney function.5 
However, while the glucose-lowering effect of SGLT2 
inhibitors diminishes substantially as kidney function 
declines, BP lowering appears at least as large down 
to eGFR <30 mL/min per 1.73 m2.6,20 The reason for 
the striking contrast between glucose and BP lowering 
in people with CKD is uncertain but suggests that the 
mechanisms for BP lowering may be different in peo-
ple with and without CKD and that other non-natriuretic 
mechanisms might also contribute. Indeed, during 
standardized sodium intake, SGLT2 inhibitors reduce 
BP without any clear changes in urinary sodium excre-
tion.21 In experimental animal models, SGLT2 inhibition 
reduces norepinephrine levels, and conversely, chemi-
cal denervation reduces SGLT2 expression, suggesting 
that SGLT2 inhibitors lower BP at least partly by reduc-
ing sympathetic nervous system activity, although the 
exact mechanism remains unclear.22

While canagliflozin reduced the SD of SBP variability, 
the small magnitude of this difference renders it unlikely 
to contribute meaningfully to the substantial reductions 
in cardiovascular and kidney outcomes achieved with 
these agents. Indeed, several direct effects on cellular 
and metabolic functions are likely to be more important 
for end-organ protection.23 The apparent difference in 
the effect of canagliflozin on BP variability, as measured 
by SD versus CV and VIM, is likely due to the normal-
ization for mean SBP involved in the calculation of CV 
and transformation of SD such that it is uncorrelated 
with mean SBP for VIM, as individuals with higher SBP 
are likely to have higher SD of BP variability. As such, 
the effect of canagliflozin on SD of SBP variability likely 
reflects the reduction in overall SBP. The lack of ef-
fect of canagliflozin compared with placebo on any of 
these measures in subgroups defined by background 
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BP-lowering agents and history of resistant hyperten-
sion further underscores this point.

The CANVAS Program and CREDENCE trial allowed 
for assessment of the association of SBP variability 
across a spectrum of specific, adjudicated, cardiovas-
cular, kidney, and mortality outcomes with large num-
bers of events. While our results showed a consistent 
association with all-cause mortality, we were unable 
to replicate results of other studies showing increased 
risk of myocardial infarction or stroke,24,25 owing to at-
tenuation of HR estimates in multivariable models, par-
ticularly by maximum SBP over the exposure period. 
Previous data have indicated a relationship between 
SBP variability and coronary atheroma progression.26 It 
is possible that with longer follow-up, this may translate 
to an increased risk of atherosclerotic cardiovascular 
events; however, our findings are consistent with simi-
lar analyses from SPRINT (the Systolic Blood Pressure 
Intervention Trial), in which participants were followed 
for a median 2.3 years.27 In our data, associations were 
clearest for hospitalization for heart failure, which may 
reflect changes in volume status that are characteristic 
of individuals at increased risk of this outcome. For kid-
ney outcomes, the role of BP variability is even less well 
defined, with often conflicting evidence limited to studies 
with low numbers of events and incomplete adjustment 
for potential confounders.10 However, our results are con-
sistent with data from ONTARGET (Ongoing Telmisartan 
Alone and in Combination with Ramipril Global Endpoint 
Trial) and the TRANSCEND (Telmisartan Randomised 
Assessment Study in ACE Intolerant Subjects with 
Cardiovascular Disease) trial, which showed no asso-
ciation of SBP variability with clinical kidney outcomes, 
lending weight to findings in the present study.28

Despite the recognized risk conferred by higher SBP 
variability, strategies to modify this risk have remained 
elusive. In part, research into the therapeutic poten-
tial of reducing SBP variability has been hampered by 
variations in how this complex phenomenon is defined 
and assessed across studies.29 Observational analy-
ses of the SPRINT trial suggest that calcium-channel 
blocker use, and potentially thiazide diuretic use, are 
associated with lower visit-to-visit SBP variability in 
people at high cardiovascular risk without diabe-
tes.27,30 Use of renin–angiotensin–system inhibitors in 
combination with either a calcium-channel blocker or 
thiazide diuretics also appears to produce more sus-
tained and smoother SBP reductions than monother-
apy with renin–angiotensin–system inhibitors alone.31 
Whether affecting SBP variability through choice and 
timing of BP-lowering agents provides additional ben-
efit beyond BP lowering remains to be demonstrated 
in randomized trials. As baseline and maximum SBP 
capture most of the risk conferred by SBP variability, 
at least for myocardial infarction, stroke, and kidney 
outcomes, these results give confidence to current 

recommendations to focus on absolute BP targets, not 
BP variability.

The CANVAS and CREDENCE trials were interna-
tional multicenter randomized trials conducted to a 
high standard. The adjudication of clinical outcomes 
by blinded expert committees according to strict pre-
specified definitions allowed for a more granular as-
sessment of the association of SBP variability with 
different types of cardiovascular events than has been 
previously possible. The relatively large number of 
events, particularly for kidney outcomes, contributed 
to the precision of observed associations. The use of 
directed acyclic graphs to inform careful multivariable 
adjustment allowed us to better understand the rela-
tionship between SBP variability and clinical outcomes.

However, some limitations also need to be consid-
ered when interpreting these findings. Owing to the 
exclusion of participants after randomization who ex-
perienced a cardiovascular or kidney outcome or had 
missing data for SBP during the exposure window, the 
analyses of the effects of canagliflozin on SBP vari-
ability were not intention-to-treat assessments of all 
randomized participants. However, the magnitude of 
absolute SBP lowering with canagliflozin was consis-
tent with previously reported intention-to-treat compar-
isons. Furthermore, data on SBP were only available 
at study visits, and 24-hour ambulatory BP and home 
BP monitoring may yield additional insights about the 
effect of SGLT2 inhibition on other measures of SBP 
variability, including hour-to-hour and day-to-day vari-
ability.32 Longer follow-up might allow better assess-
ment of the association of SBP variability with kidney 
failure and atherosclerosis-mediated events. Finally, 
whether SGLT2 inhibitors affect SBP variability in other 
populations, including those without diabetes, remains 
to be determined.

In summary, in people with type 2 diabetes, higher 
visit-to-visit SBP variability is independently associated 
with increased risk of hospitalization for heart failure 
and all-cause mortality; however, canagliflozin has little 
to no effect on SBP variability.
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Figure S9. Shape of associations of standard deviation of systolic blood pressure variability with 

cardiovascular, kidney, and mortality outcomes in minimally-adjusted (adjusted for age, sex, race, and 

randomised treatment allocation only) Cox proportional hazards models. Square markers show hazard ratios 

(HRs) for quintiles of standard deviation (SD) of systolic blood pressure (SBP) variability relative to the reference 

group (quintile 1) and are positioned on the x-axis according to the median SD value of each quintile. Numbers above 

each upper confidence interval (CI) limit denote HR estimates for each quintile, and numbers below each lower CI 

limit denote number of events in each quintile. The slope of the fitted line gives the inverse-variance weighted mean 

change in HR (95% CI) for the three trials per 5 mm Hg increase in SD of SBP variability. The HR is plotted on a log 
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scale and the area of each square marker is inversely proportional to the variance of the log risk. Group-specific 95% 

CIs, calculated from this variance, are shown by vertical bars. 
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Figure S10. Shape of associations of coefficient of variation of systolic blood pressure variability with 

cardiovascular, kidney, and mortality outcomes in minimally-adjusted (adjusted for age, sex, race, and 

randomised treatment allocation only) Cox proportional hazards models. Square markers show hazard ratios 

(HRs) for quintiles of coefficient of variation (CV) of systolic blood pressure (SBP) variability relative to the 

reference group (quintile 1) and are positioned on the x-axis according to the median SD value of each quintile. 

Numbers above each upper confidence interval (CI) limit denote HR estimates for each quintile, and numbers below 

each lower CI limit denote number of events in each quintile. The slope of the fitted line gives the inverse-variance 

weighted mean change in HR (95% CI) for the three trials per 4 % increase in CV of SBP variability. The HR is 

plotted on a log scale and the area of each square marker is inversely proportional to the variance of the log risk. 

Group-specific 95% CIs, calculated from this variance, are shown by vertical bars.  
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Figure S11. Effect of serial adjustment for systolic blood pressure variables on associations of A) standard 

deviation and B) coefficient of variation of systolic blood pressure with cardiovascular, kidney, and mortality 

outcomes. Square markers show hazard ratios (HRs) and horizontal bars show 95% confidence intervals (CIs) for a 1 

standard deviation (SD) increase in each parameter, corresponding to an increase in 5.3 mm Hg in SD and 3.8 % in 

coefficient of variation (CV) of systolic blood pressure variability. The area of each square marker is inversely 

proportional to the variance of the HR estimate. 

A 
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Figure S12. Shape of associations of standard deviation of diastolic blood pressure variability with 

cardiovascular, kidney, and mortality outcomes in fully-adjusted Cox proportional hazards models. Square 

markers show hazard ratios (HRs) for quintiles of standard deviation (SD) of diastolic blood pressure (DBP) 

variability relative to the reference group (quintile 1) and are positioned on the x-axis according to the median SD 

value of each quintile. Numbers above each upper confidence interval (CI) limit denote HR estimates for each 

quintile, and numbers below each lower CI limit denote number of events in each quintile. The slope of the fitted line 

gives the inverse-variance weighted mean change in HR (95% CI) for the three trials per 5 mm Hg increase in SD of 

DBP variability. The HR is plotted on a log scale and the area of each square marker is inversely proportional to the 

variance of the log risk. Group-specific 95% CIs, calculated from this variance, are shown by vertical bars. 

 



 21 

 

Figure S13. Shape of associations of coefficient of variation of diastolic blood pressure variability with 

cardiovascular, kidney, and mortality outcomes in fully-adjusted Cox proportional hazards models. Square 

markers show hazard ratios (HRs) for quintiles of coefficient of variation (CV) of diastolic blood pressure (DBP) 

variability relative to the reference group (quintile 1) and are positioned on the x-axis according to the median CV 

value of each quintile. Numbers above each upper confidence interval (CI) limit denote HR estimates for each 

quintile, and numbers below each lower CI limit denote number of events in each quintile. The slope of the fitted line 

gives the inverse-variance weighted mean change in HR (95% CI) for the three trials per 4 % increase in CV of DBP 

variability. The HR is plotted on a log scale and the area of each square marker is inversely proportional to the 

variance of the log risk. Group-specific 95% CIs, calculated from this variance, are shown by vertical bars. 
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