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BLOOD PRESSURE VARIABILITY AND STROKE

Impact of Model Choice When Studying the 
Relationship Between Blood Pressure Variability 
and Risk of Stroke Recurrence
Hugues de Courson , Loïc Ferrer, Antoine Barbieri , Phillip J. Tully , Mark Woodward , John Chalmers ,  
Christophe Tzourio ,* Karen Leffondré *

ABSTRACT: Long-term blood pressure variability (BPV), an increasingly recognized vascular risk factor, is challenging to 
analyze. The objective was to assess the impact of BPV modeling on its estimated effect on the risk of stroke. We used data 
from a secondary stroke prevention trial, PROGRESS (Perindopril Protection Against Stroke Study), which included 6105 
subjects. The median number of blood pressure (BP) measurements was 12 per patient and 727 patients experienced a 
first stroke recurrence over a mean follow-up of 4.3 years. Hazard ratios (HRs) of BPV were estimated from 6 proportional 
hazards models using different BPV modeling for comparison purposes. The 3 commonly used methods first derived SD 
of BP measures observed over a given period of follow-up and then used it as a fixed covariate in a Cox model. The 3 
more advanced modeling accounted for changes in BP or BPV over time in a single-stage analysis. While the 3 commonly 
used methods produced contradictory results (for a 5 mmHg increase in BPV, HR=0.75 [95% CI, 0.68–0.82], HR=0.99 
[0.91–1.08], HR=1.19 [1.10–1.30]), the 3 more advanced modeling resulted in a similar moderate positive association 
(HR=1.08 [95% CI, 0.99–1.17]), whether adjusted for BP at randomization or mean BP over the follow-up. The method 
used to assess BPV strongly affects its estimated effect on the risk of stroke, and should be chosen with caution. 
Further methodological developments are needed to account for the dynamics of both BP and BPV over time, to clarify 
the specific role of BPV. (Hypertension. 2021;78:1520–1526. DOI: 10.1161/HYPERTENSIONAHA.120.16807.)  

• Data Supplement
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Recently, the variability of intraindividual blood pres-
sure (BP) has emerged as a novel risk factor for 
stroke, independently of the level of absolute or 

mean BP.1 Commonly, BP variability (BPV) is described 
according to its temporality, including beat-to-beat, short, 
medium and long-term variability. Each timeframe within 
which BPV is measured is hypothesized to represent dif-
ferent mechanisms,2 yet each appears to be associated 
with an increased risk of cardiovascular disease (CVD). 
In particular, long-term BPV, which is the variability of BP 

over several years has been shown to be associated with 
the risk of stroke, independently of mean BP level.3–9

The statistical methods used to study long-term 
BPV raise questions. In many studies, BPV of each 
patient is first derived as the SD, or some other met-
ric of BPV, of the patient’s BP measures observed 
during the follow-up, often including the period after 
the occurrence of CVD10,11 (Stage 1). This unique 
value of BPV is then taken as the exposure value in 
a Cox regression model to investigate the association 
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with the risk of CVD (Stage 2). This commonly used 
2-stage analytical approach raises 2 important meth-
odological issues. First, the uncertainty of BPV esti-
mates derived in Stage 1 is usually not accounted for 
in Stage 2, which could produce a biased estimate 
of the association between BPV and CVD.12 Second, 
this method uses, at each time point, BP measures 
observed after that time point, which is not appropri-
ate in Cox regression models.13–15 The second issue 
could be solved by either (1) deriving BPV in an initial 
exposure window, and then taking this as a baseline 
value in a Cox model for CVD outcome during the 
remaining period of follow-up or (2) using a Cox model 
over the entire follow-up, but taking BPV as a time-
dependent variable. However, these 2 options require 
sufficiently numerous and close BP measurements 
for each patient. A more robust third option could be 
to use a joint modeling of BP or BPV and time-to-
event.16 A recent methodological article used such an 
approach to investigate the association between BPV 
and CVD.12 However, the authors assumed that BPV 
of each patient was stable over time.

In light of these limitations, the aim of this study 
was to compare the results obtained by joint mod-
eling considering BPV as time-dependent to other 
used approaches. We used data from the PROG-
RESS (Perindopril Protection Against Stroke Study), 
a large randomized, controlled trial on the prevention 
of stroke recurrence.17

METHODS
The data supporting the finds of this study are not available.

Study Population and Design
The study population was composed of all the participants 
randomized in the PROGRESS who had at least 2 BP mea-
surements from randomization. The design and methods of 
PROGRESS have been described elsewhere.17 Briefly, this was 
a double-blind randomized and controlled trial (RCT), which 
enrolled 6105 patients with a past history of stroke recruited 
between May 1995 and November 1997 and followed up for 
at least 4 years. It was designed to determine the effect of 
BP lowering therapy with Perindropril, an ACE (angiotensin-
converting-enzyme) inhibitor, with or without indapamide, for 
preventing stroke recurrence. Eligible patients had a history of 
stroke in the past 5 years before inclusion. After 4-week run-
in period, individuals were randomly assigned to receive active 
therapy by Perindopril, with or without indapamide or placebo.

Outcome
All events were reviewed by an end points adjudication com-
mittee and were coded according of the ninth revision of the 
International Classification of Diseases.18 The event of inter-
est was the first recurrence of fatal or nonfatal, hemorrhagic 
or ischemic stroke, whichever came first during the follow-up. 
Death from other causes was considered as a competing event.

Blood Pressure Assessment
The protocol included 5 visits within the first year and 2 annual 
visits for the next 4.5 years, with standardized BP measure-
ments at each visit. BP at a specific visit was defined as the 
mean of the 2 BP measurements performed with a mercury 
sphygmomanometer, in the seated position after 5 minutes of 
rest. BPV of each patient was quantified as the SD of BP, using 
different methods as described below.

Statistical Analysis
Quantitative variables were described by the mean (SD) if 
they were normally distributed or by the median (interquar-
tile range) if not. Hazard ratios (HRs) of BPV adjusted for 

Nonstandard Abbreviations and Acronyms

BP blood pressure
BPV BP variability
CVD cardiovascular disease
HR hazard ratio
PROGRESS  Perindopril Protection Against Stroke 

Study

Novelty and Significance

What Is New?
• Assessing the impact of strong assumptions (blood 

pressure variability [BPV] stable over time and mea-
sured without error) made in previous studies estimat-
ing the association between BPV and risk of stroke.

• Comparing the results with more advanced modeling 
of BPV accounting for measurement errors.

What Is Relevant?
• The estimated association between BPV and the risk 

of stroke highly depend on the modeling of BPV.

• The estimated association was much weaker with 
more advanced methods than with the most commonly 
used methods.

Summary
Estimating the association between BPV and the 
risk of cardiovascular events raises several important 
methodological issues that are likely to strongly bias 
the results if not appropriately accounted for.
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systolic BP at randomization, age, sex, ethnicity (Asian or 
Non-Asian), randomized treatment group (active treatment 
or placebo) were estimated from 6 proportional hazards 
models. Three versions of the Cox model often used in the 
literature were considered for comparison purpose, as well 
as a time-dependant Cox model and two joint models, as 
described below. The time-to-event in each model was the 
time elapsed between the second BP measurement and the 
first stroke recurrence. It was right censored at death from a 
nonstroke cause or at end of study if it occurred before any 
stroke recurrence, in all models

In the Fixed Cox model, BPV was the SD of all BP mea-
sures observed during the entire follow-up including BP mea-
sures after stroke recurrence (version A) or excluding them 
(version B). Both versions A and B of the fixed Cox model 
thus used future information at each time point (conditioned 
on the future; Figure).

The First Year Cox model was estimated from the end of 
the first year of follow-up only. More specifically, this model was 
estimated using only patients still at risk of a first stroke recur-
rence at 1 year and thus excluded patients who had a stroke 
recurrence, died, or were lost of follow-up within the first year. 
BPV was the SD of all BP measures observed during the first 
year of follow-up (Figure). This model thus did not condition on 

the future but was based on a selected population surviving at 
least 1 year without a stroke.

The Time-Dependent Cox model included BPV as a time-
dependent covariate. At each visit, BPV was the SD of current 
BP measure and all observed previous BP measures.19 This 
model did not condition on the future, allowed BPV to vary over 
time, but assumed that BPV was constant between 2 consecu-
tive visits (Figure).

The Fixed Joint model was a shared random-effect model 
where the BPV of each patient was the variability of the devia-
tions of all his observed BP measures from his own individual 
mean BP trajectory over time (Figure). More specifically, indi-
vidual trajectories of BP over follow-up were modeled using 
a linear mixed model. The BPV of each patient was estimated 
from this model and was simultaneously incorporated as a 
time-constant covariate in a cause-specific proportional haz-
ards model for the first stroke recurrence. The linear mixed 
model and the proportional hazards model were jointly esti-
mated in a single stage.12 Technical details are given in the 
Data Supplement. This model accounted for the evolution of 
BP over time but assumed that BPV was a stable component 
of BP over time (Figure).

The Time-Dependent Joint model was also a shared ran-
dom-effect model but did not assume that the BPV of each 

Figure. Systolic blood pressure (BP) (top) and observed BP variability (bottom) of 4 hypothetical patients followed up for 2.5 y 
with BP measurements every 6 mo and no stroke recurrence.
Top: the solid line represents observed BP trajectory, and the dashed line represents the underlying mean BP trajectory. Bottom: observed BP 
variability considered in the analytical models. The solid line represents observed BP variability trajectory derived at each time point as the SD 
of current and past observed BP measurements (time-dependent joint model). The dotted line represents the same BP variability trajectory but 
constant between 2 consecutive BP measurements (time-dependent Cox model). The dashed line represents the BPV derived as the SD of 
all observed BP measurements (Fixed Cox model). The long-dashed red line represents the BPV derived as the SD of all BP measurements 
observed during the first year of follow-up (First Year Cox model). The 2-dashed line represents BPV derived using all BP measurements 
deviations from the mean BP trajectory (Fixed Joint Model).
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patient was stable over time. The linear mixed model directly 
modeled individual trajectories of SD of observed BP measure-
ments during the follow-up rather than individual trajectories of 
BP (Figure). The current true value of SD of BP at each time 
point was estimated from this model and was simultaneously 
incorporated as a time-dependent covariate in a cause-specific 
proportional hazards model for the first stroke recurrence. The 
linear mixed model and the proportional hazards model were 
also jointly estimated in a single stage.20 Technical details may 
be found in the Data Supplement. This model accounted for 
changes in BPV over time (Figure) but did not specifically 
model the evolution of BP over time.

It is important to note that the concept of BPV differs 
between the Fixed Joint model and the other models. In the 
Fixed Joint model, BPV quantified only fluctuations around the 
individual mean BP trajectory over time, while in other models, 
BPV also captures changes in BP over time (Patients A and B 
in Figure have the same BPV in the Fixed Joint Model, but dif-
ferent BPV in all other models).

Sensitivity Analysis
To assess the robustness of results with respect to the BP level 
adjustment, we adjusted all models for the mean level of BP 
over the follow-up rather than for BP at randomization. Note 
that because the mean level was derived using all BP mea-
sures observed up to the first stroke recurrence, this sensitivity 
analysis implied a conditioning on the future, as done for BPV 
in the fixed Cox model. Finally, we further adjusted for the delay 
between qualifying event and randomization in PROGRESS.

The proportional hazards assumption in all Cox’s models was 
verified using Schoenfeld residuals. The linearity of the effect of 
quantitative variables was verified using penalized splines with 
4 df. All analysis were performed using R Development Core 
Team (http://www.R-project.org, version R 3.4.3, accessed 
November 2017), the JM package version 1.4-8 for the Time-
dependent Joint Model,21 and the JAGS software through rjags 
and coda packages for the Fixed Joint Model.22,23

RESULTS
A total of 6105 patients were randomized in the PROG-
RESS study,17 including 6000 patients with at least 2 BP 
measurements before any stroke recurrence. Patients 
were mostly elderly (mean age, 63.9 years), male (69.8%) 
and non-Asian (38.9%) (Table 1). The mean duration of 
follow-up for the first stroke recurrence was 3.7 years, 
during which a first stroke recurrence occurred for 693 
patients. The median number of BP measurements per 
patient was 12. On average, mean systolic BP over the 
follow-up was 138.1 mm Hg (SD, 18.5) (Table 1, Figure 
S1 in the Data Supplement), and BPV was 11.0 mm Hg 
(SD, 4.3) (Table 1, Figures S2 through S4). Patients who 
survived at least 1 year had much less subsequent BP 
measurements as expected (Table 1).

The association between BPV and the HR of stroke 
recurrence estimated from the 6 models is shown in 
Table 2. All estimated HRs are shown for a 5 mm Hg 
increase in BPV, which approximately corresponded to 1 

SD of BPV (Table 1, Figure S4). The sample sizes used 
for the First year Cox model was lower than for the other 
models (n=5737 versus 6000) because it was restricted 
to subjects still at risk of stroke recurrence at 1 year. 
When BPV was calculated as the SD of all BP measures 
over the whole follow-up, including BP measures after 
the first stroke recurrence (Fixed Cox Model—version A), 
an increase of 5 mm Hg in BPV was associated with a 
19% increase in the hazard of stroke (HR=1.19 [95% 
CI, 1.10–1.30]). When excluding BP measures after the  
stroke recurrence (Fixed Cox Model—version B), 
the effect of BPV was inverted with a 25% decrease in 
the hazard of stroke for each 5 mm Hg increase of BPV 
(HR=0.75 [95% CI, 0.68–0.82]). When BPV was calcu-
lated as the SD of BP over the first year of follow-up only 
(First Year Cox Model), BPV was no longer associated 
with subsequent stroke (HR=0.99 [95% CI, 0.91–1.08]). 
When BPV was a time-dependant covariate in a Cox 

Table 1. Characteristics of Patients at Randomization and 
During Follow-Up, PROGRESS Study

Variable
All patients 
(n=6000)

Patients at risk 
at 1 y (n=5737)

Treatment group (n, %) 2991 (49.9) 2873 (50.1)

Age at randomization (mean, SD, 
in y)

63.9 (9.5) 63.7 (9.5)

Male (n, %) 4187 (69.8) 3996 (69.7)

Asian (n, %) 2334 (38.9) 2233 (38.9)

Length of follow-up for the first 
stroke recurrence (mean, SD in 
years)

3.7 (1.0) 3.8 (0.8)

Number of patients with at least one 
stroke recurrence (n, %)

693 (11.6) 493 (8.6)

Number of BP measures per patient over the follow-up for the first stroke 
recurrence

 Median (IQR) 12 (10–13) 5 (5–6)

 <5 305 (5.1) 3645 (63.5)

 5–10 920 (15.3) 2094 (36.5)

 >10 4775 (79.6) 0

Systolic BP (mean, SD, in mm Hg)

 At randomization 138.1 (18.5) 137.9 (18.3)

 Over the follow-up for the first 
stroke recurrence

138.2 (14.3) 138.1 (14.9)

Systolic BPV (mean, SD, in mm Hg)

  Over the follow-up for the first 
stroke recurrence in all patients

11.0 (4.3) 11.4 (4.5)

  Over the follow-up for the first 
stroke recurrence in patients with 
a stroke recurrence

10.8 (4.3) 11.4 (4.7)

  Over the follow-up for the first 
stroke recurrence in patients with 
a stroke recurrence within the 
first year

9.6 (5.7) Not applicable

  Over the whole follow-up for 
patients with a stroke recurrence

12.0 (4.6) 12.5 (4.5)

BP indicates blood pressure; BPV, blood pressure variability; IQR, interquartile 
range; PROGRESS, Perindopril Protection Against Stroke Study; and SD, stan-
dard deviation.
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model (Time-Dependent Cox Model) or a time-depen-
dent variable in a joint model (Time-Dependent Joint 
Model), the results were almost identical: an increase of 
5 mm Hg in the current value of BPV was associated 
with a 7% or 8% increase in the hazard of stroke recur-
rence (HR=1.07 [95% CI, 0.99–1.15] for the Cox model; 
HR=1.08 [95% CI, 0.99–1.17] for the joint model). When 
BPV was assumed to be a stable component of BP in a 
joint model (Fixed Joint Model), an increase of 5 mm Hg 
in BPV was associated with a 7% increase in the hazard 
of stroke (HR=1.07 [95% CI, 0.90–1.27], Table 2).

When adjusting for the delay between qualifying event 
and randomization, or for the mean BP level over the fol-
low-up rather than for BP at randomization, the results 
were almost the same (Table S1).

DISCUSSION
Our study shows some important discrepancies between 
the results of the different modeling approaches of BPV. 
While the Fixed Cox Model version B suggested a signifi-
cant decrease in the risk of stroke with higher BPV, the 
other models suggested otherwise: no association (First 
Year Cox model version A), a marginally significant posi-
tive association (Time-dependent Cox Model, Fixed Joint 
Model, Time-Dependent Joint Model), or a significant 
stronger positive association (Fixed Cox Model—version 
A, including BP measures after the first event).

Our results indicating a divergence in the association 
between BPV and stroke encompassing both reduced 
and increased risk, raise questions about the most 
appropriate statistical approach. Theoretically, the results 
from the 2 joint models are likely to be the more accurate 
since they both accounted for measurement errors on 
BP (for the Fixed Joint Model) or BPV (for the Time-
Dependent Joint Model). However, in our study, ignoring 
measurement errors on BPV in the Time-Dependent Cox 

model produced similar results to those from the Time-
Dependent Joint Model. The comparable finding could 
be explained by the frequent measures of BP in the 
PROGRESS Study (5 times in the first year and twice 
thereafter). Assuming that BPV was constant between 
2 consecutive BP measures in the Time-Dependent Cox 
Model might have been appropriate in this study. How-
ever, the results of the Time-Dependent Cox Model and 
Joint model might diverge in studies with less frequent 
BP measures, when time-dependent BPV would be 
updated less regularly.

In our study, we found contradictory results between 
the 2 versions of the Fixed Cox model. It is not surpris-
ing that including BP measures after the stroke recur-
rence (version A) produced the strongest estimated 
positive association between BPV and stroke, given the 
strong relationship between post-stroke BPV and recur-
rent stroke. Indeed, a stroke recurrence may influence 
BP instability and thus produce a stronger BPV over the 
entire follow-up than over the follow-up for stroke recur-
rence (average of 12.6 versus 11.3 mm Hg as shown 
in Table 1). However, only the variability until the stroke 
recurrence is likely to cause the stroke recurrence. Using 
BP measures after the stroke is thus likely to induce an 
over-estimation bias of the positive association between 
BPV and stroke. Excluding BP measures after the first 
stroke recurrence in version B produced an opposite 
result, that is, a negative association between BPV and 
stroke. The reason is likely that the first stroke recur-
rence occurred shortly after randomization for many 
subjects who had lower BPV. Indeed, 200 over 693 sub-
jects had a first stroke recurrence within the first year 
(Table 2), and their mean BPV was 9.6 compared with 
10.8 mm Hg for all patients with a stroke recurrence 
(Table 1). This might have led to a spurious protective 
effect of BPV. The Fixed Joint Model also excluded BP 
measures after the stroke recurrence and also assumed 

Table 2. Estimated Effect of BPV on the Risk of Stroke Recurrence, Using Different Represen-
tation of BPV in the Models

Models n

Number of events 
(first stroke  
recurrence)

SD (for a 5-mm Hg increase)

HR 95% CI P Value

Fixed Cox Model—version A 6000 693 1.19 (1.10–1.30) <0.001

Fixed Cox Model—version B 6000 693 0.75 (0.68–0.82) <0.001

First year Cox Model 5737 493 0.99 (0.91–1.08) 0.859

Time-dependent Cox Model 6000 693 1.07 (0.99–1.15) 0.069

Fixed joint model 6000 693 1.07 (0.90–1.27) …*

Time-dependent joint model 6000 693 1.08 (0.99–1.17) 0.076

HR derived for an increase of 5 mm Hg in the SD of blood pressure, adjusted for age, sex, ethnicity, blood pressure level at 
randomization, and treatment group. Model 1: Cox model with BPV as a fixed covariate derived using all BP measures observed 
over the whole follow-up including those after stroke. Model 2: Cox model with BPV as a fixed covariate derived using all BP 
measures observed up to the first stroke recurrence. Model 3: Cox model with BPV as a fixed covariate derived over the first 
year of follow-up only. Model 4: Cox model with BPV as a time-dependent covariate. Model 5: joint modeling of blood pressure 
and hazard of a first stroke recurrence, assuming stable BPV over time. Model 6: joint modeling of BPV and hazard of a first 
stroke recurrence, considering BPV as a time-dependent biomarker.

*No P Value because of Bayesian inference.
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constant BPV, but BPV was likely to be much better 
estimated. Indeed, each subject specific BPV was esti-
mated from a linear mixed model that accounted for the 
data of all subjects, as well as for the evolution of BP 
over time and for its measurement’s errors. The results 
from the Fixed Joint Model were actually relatively close 
to those from the Time-Dependent Joint Model, maybe 
suggesting that in the PROGRESS study, BPV before 
the stroke recurrence was almost constant over time for 
most patients. However, the discrepancy between the 
Fixed Joint Model and the Time-Dependent Joint Model 
may be more important in other populations with a lower 
control of BP. Our results also illustrate the loss of statis-
tical power and potential selection bias when using only 
the BP measures observed in a first period of follow-up 
and estimating the association with stroke in the remain-
ing period of follow-up (First Year Cox Model).

The results suggesting a positive association between 
increased BPV and stroke are consistent with previous 
studies.1,5,24 Specifically, the study conducted by Rothwell 
et al was a secondary analysis of a randomized controlled 
trial comprised of 2435 patients with a recent transient 
ischemic attack or stroke. They defined BPV as the SD 
of systolic BP measures and found an increased risk of 
stroke recurrence for subjects in the top 10% of BPV 
compared with those in the bottom (HR=4.84 [95% CI, 
3.03–7.74]).1 In the same way, Tao et al24 conducted a 
study which consisted in analysis of risk of stroke recur-
rence associated with long-term BPV defined as the SD 
of BP measures in a large cohort composed from >2000 
Chinese patients. The authors founded an increased risk 
of 93.9% of stroke recurrence for the highest quartile 
of systolic BPV compared with the lower quartile. Those 
results were also replicated in other population. For exam-
ple, Shimbo et al5 studied a large sample of >56 000 
postmenopausal women in which a 5 mm Hg increase in 
BPV (defined as the SD of systolic BP measures) was 
associated with a 16% increased risk of stroke. Although 
our results seem to be consistent, the previously stud-
ies used a Fixed Cox Model in which BPV calculation 
excluded measurements after stroke occurrence (Fixed 
Cox Model version B), and our results differed in this way.

Our study has strength and limitations. First, we used 
data from a large international randomized controlled trial, 
including a large number of repeated measures of BP over 
>4 years. The definition of events was rigorous due to a 
review by an independent evaluation committee, and BP 
was accurately measured using the same standardized 
procedure over the whole follow-up. However, in such a 
large international trial as PROGRESS, few variables are 
usually registered, and thus our estimates of the effect of 
BPV may be affected by residual cofounding. In the main 
analysis, we adjusted for the BP level at randomization. 
We further adjusted for the mean BP level over the fol-
low-up in a sensitivity analysis, which showed similar HR 
and identical discrepancy of results between the different 

models. However, this sensitivity analysis conditioned on 
the future and it would be of interest to replicate it using 
more advanced statistical methods modeling both BP 
level and BPV dynamically in time. This would allow a bet-
ter distinction between the effect of BPV from the effect 
of BP, and thus answer the central question about the 
role of BPV, that is, an epiphenomenon or a true separate 
biological property. Another limitation is that the popula-
tion was restricted to patients with a history of stroke. 
Although the results of all models were almost identical 
before and after adjustment for the time interval between 
qualifying event and randomization, suggesting no strong 
confounding effect of this variable, it would be of inter-
est to replicate our analytical methods on a more general 
population. Finally, we studied a heterogeneous group 
of strokes consisting of both hemorrhagic and ischemic 
strokes, which may result in reduced estimated asso-
ciation if only one subtype of stroke is related to BPV. 
However, some authors have shown an increased risk as 
the BPV increases for both ischemic and hemorrhagic 
strokes.25 An alternative option to account for heteroge-
neous populations in terms of BP trajectories would be to 
use a joint latent class mixed model instead of a shared 
random-effects model.26

In conclusion, our study illustrates how the methods 
used to estimate the association between BPV and 
stroke risk may affect the direction and magnitude of 
the estimated association, as well as its statistical signifi-
cance. Because all our analyses relied on real data and 
not simulated data, it is difficult to determine which meth-
ods provided the result the closest to the truth. How-
ever, because the time-dependent Cox model and the 2 
joints models used much more information and resulted 
in much more similar results than the 3 other commonly 
used methods, we may have more confidence in them. 
The choice between these 3 more advanced modeling 
of BPV depends on whether one can assume that BPV 
is a stable component of BP over time, or by contrast a 
time varying component. If one may assume that BPV 
is a stable component that should just quantify fluctua-
tions around the patient’s mean BP trajectory over time, 
the most appropriate model from a methodological point 
of view, among those we investigated, is the Fixed Joint 
Model. By contrast, if one assumes that BPV may vary 
over time and that it should dynamically capture changes 
in both BP and BPV over time, then the time-dependent 
Joint model may be preferred. The time-dependent Cox 
model could also be considered as a simpler alternative 
to the time-dependent Joint model if BP is measured 
sufficiently closely over time for each patient. In case 
of doubt, we encourage researchers to use sensitivity 
analysis with the 2 Joint models and the time-dependent 
Cox model to assess the robustness of their results. In 
any case, we recommend not using version A or B of 
the Fixed Cox model which both naively use future BP 
measures to explain the present.
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PERSPECTIVES
This work highlights important methodological issues 
when estimating the association between BPV and the 
risk of cardiovascular events. Our study calls for replica-
tion of results on other data and populations, using the 
same range of analytical methods. This work also invites 
authors to discuss the definition of BPV, in particular, 
on whether it should be considered as stable biological 
component over time or not, and whether it should just 
quantify fluctuations around patient’s mean BP trajectory, 
or also capture changes in patient’s mean BP trajectory 
over time. Finally, our study also calls for further method-
ological developments of the joint modeling of BPV and 
risk of events, accounting correctly for both BP and BPV 
evolution over time, as well as further studies comparing 
the predictive performance of the different alternatives 
for BPV modeling.

ARTICLE INFORMATION
Received December 6, 2020; accepted August 17, 2021.

Affiliations
Univ. Bordeaux, INSERM, BPH, U1219, France (H.d.C., L.F., A.B., C.T., K.L.). Cen-
tre for Men’s Health, School of Medicine, The University of Adelaide, SA (P.J.T.). 
The George Institute for Global Health, UNSW Sydney, Camperdown, NSW, Aus-
tralia (M.W., J.C.). The George Institute for Global Health, University of Oxford, 
United Kingdom (M.W.). Department of Epidemiology, Johns Hopkins University, 
Baltimore, MD (M.W.). Univ. Bordeaux, INSERM, CIC-1401-EC, Bordeaux, France 
(H.d.C., K.L.).

Sources of Funding
None.

Disclosures
None.

REFERENCES
 1. Rothwell PM, Howard SC, Dolan E, O’Brien E, Dobson JE, Dahlöf B, Sever PS, 

Poulter NR. Prognostic significance of visit-to-visit variability, maximum sys-
tolic blood pressure, and episodic hypertension. Lancet. 2010;375:895–
905. doi: 10.1016/S0140-6736(10)60308-X

 2. Parati G, Ochoa JE, Lombardi C, Bilo G. Assessment and management 
of blood-pressure variability. Nat Rev Cardiol. 2013;10:143–155. doi: 
10.1038/nrcardio.2013.1

 3. Parati G, Ochoa JE, Lombardi C, Salvi P, Bilo G. Assessment and inter-
pretation of blood pressure variability in a clinical setting. Blood Press. 
2013;22:345–354. doi: 10.3109/08037051.2013.782944

 4. Hata Y, Muratani H, Kimura Y, Fukiyama K, Kawano Y, Ashida T, Yokouchi M, 
Imai Y, Ozawa T, Fujii J, et al. Office blood pressure variability as a predic-
tor of acute myocardial infarction in elderly patients receiving antihyper-
tensive therapy. J Hum Hypertens. 2002;16:141–146. doi: 10.1038/sj. 
jhh.1001301

 5. Shimbo D, Newman JD, Aragaki AK, LaMonte MJ, Bavry AA, Allison M, 
Manson JE, Wassertheil-Smoller S. Association between annual visit-to-
visit blood pressure variability and stroke in postmenopausal women: data 
from the Women’s Health Initiative. Hypertension. 2012;60:625–630. doi: 
10.1161/HYPERTENSIONAHA.112.193094

 6. Hastie CE, Jeemon P, Coleman H, McCallum L, Patel R, Dawson J, Sloan W, 
Meredith P, Jones GC, Muir S, et al. Long-term and ultra long-term blood 
pressure variability during follow-up and mortality in 14,522 patients 

with hypertension. Hypertension. 2013;62:698–705. doi: 10.1161/ 
HYPERTENSIONAHA.113.01343

 7. Yu JM, Kong QY, Schoenhagen P, Shen T, He YS, Wang JW, Zhao YP, 
Shi DN, Zhong BL. The prognostic value of long-term visit-to-visit blood 
pressure variability on stroke in real-world practice: a dynamic cohort study 
in a large representative sample of Chinese hypertensive population. Int J 
Cardiol. 2014;177:995–1000. doi: 10.1016/j.ijcard.2014.09.149

 8. Muntner P, Whittle J, Lynch AI, Colantonio LD, Simpson LM, Einhorn PT, Levi-
tan EB, Whelton PK, Cushman WC,  Louis GT, et al. Visit-to-visit variability of 
blood pressure and coronary heart disease, stroke, heart failure, and mortality: 
a cohort study. Ann Intern Med. 2015;163:329-38; doi: 10.7326/M14-2803

 9. Chowdhury EK, Owen A, Krum H, Wing LM, Nelson MR, Reid CM; Second 
Australian National Blood Pressure Study Management Committee. Sys-
tolic blood pressure variability is an important predictor of cardiovascular 
outcomes in elderly hypertensive patients. J Hypertens. 2014;32:525–533. 
doi: 10.1097/HJH.0000000000000028

 10. Mehlum MH, Liestøl K, Kjeldsen SE, Julius S, Hua TA, Rothwell PM, Mancia G, 
Parati G, Weber MA, Berge E. Blood pressure variability and risk of cardiovas-
cular events and death in patients with hypertension and different baseline 
risks. Eur Heart J. 2018;39:2243–2251. doi: 10.1093/eurheartj/ehx760

 11. Stevens SL, Wood S, Koshiaris C, Law K, Glasziou P, Stevens RJ, McManus RJ. 
Blood pressure variability and cardiovascular disease: systematic review and 
meta-analysis. BMJ. 2016;354:i4098. doi: 10.1136/bmj.i4098

 12. Barrett JK, Huille R, Parker R, Yano Y, Griswold M. Estimating the asso-
ciation between blood pressure variability and cardiovascular disease: an 
application using the ARIC study. Stat Med. 2019;38:1855–1868. doi: 
10.1002/sim.8074

 13. Andersen PK, Keiding N. Interpretability and importance of functionals in 
competing risks and multistate models. Stat Med. 2012;31:1074–1088. 
doi: 10.1002/sim.4385

 14. Torp-Pedersen C, Mortensen RN, Jeppesen J, Gerds TA. Blood pressure and 
the uncertainty of prediction using hazard ratio. Eur Heart J. 2018;39:4219. 
doi: 10.1093/eurheartj/ehy595

 15. de Courson H, Leffondré K, Tzourio C. Blood pressure variability and risk of 
cardiovascular event: is it appropriate to use the future for predicting the 
present? Eur Heart J. 2018;39:4220. doi: 10.1093/eurheartj/ehy825

 16. Crowther MJ, Abrams KR, Lambert PC. Flexible parametric joint model-
ling of longitudinal and survival data. Stat Med. 2012;31:4456–4471. doi: 
10.1002/sim.5644

 17. MacMahon, B Neal, C Tzourio, A Rodgers, M Woodward, J Cutler, C 
Anderson, and J Chalmers. Randomised trial of a perindopril-based 
blood-pressure-lowering regimen among 6105 individuals with previous 
stroke or transient ischaemic attack. Lancet. 2001;358:1033–1041. doi: 
10.1016/S0140-6736(01)06178-5

 18. International Classification of Diseases Ninth revision. Basic tabulation list 
with alphabetical index. World Heal Organ. 1978;91:399–404. http://apps.
who.int/iris/bitstream/10665/39473/1/9241541334-eng.pdf.

 19. Therneau T, Crowson C, Atkinson E. A package for survival analysis in R. 
vignette: using time dependentcovariates and time dependent coefficients 
in the cox model. R package version 3.2-13. https://cran.r-project.org/web/
packages/survival/vignettes/timedep.pdf

 20. Rizopoulos D. Joint Models for Longitudinal and Survival Data. In: Press C, ed. 
Taylor & Francis Group, LLC; 2012. doi: 10.1007/978-1-4757-3447-8_7

 21. Rizopoulos D. JM: an R package for the joint modelling of longitudinal and 
time-to-event data. J Stat Softw. 2010;35:1–33. doi: 10.1.1.182.3299

 22. Plummer MM. Title Bayesian graphical models using MCMC. 2018. http://
mcmc-jags.sourceforge.net.

 23. Plummer M, Best N, Cowles K, Vines K. CODA: convergence diagnosis and 
output analysis for MCMC. R News. 2006;6:7–11. https://journal.r-project.
org/archive/.

 24. Tao Y, Xu J, Song B, Xie X, Gu H, Liu Q, Zhao L, Wang Y, Xu Y, Wang Y. 
Short-term blood pressure variability and long-term blood pressure variabil-
ity: which one is a reliable predictor for recurrent stroke. J Hum Hypertens. 
2017;31:568–573. Accessed August 2, 2018. https://www.nature.com/
articles/jhh201732.

 25. Dai H, Lu Y, Song L, Tang X, Li Y, Chen R, Luo A, Yuan H, Wu S. Visit-to-visit 
variability of blood pressure and risk of stroke: results of the Kailuan cohort 
study. Sci Rep. 2017;7:285. doi: 10.1038/s41598-017-00380-9

 26. Proust-Lima C, Philipps V, Liquet B. Estimation of extended mixed models 
using latent classes and latent processes: the R package lcmm. 2015;78. 
doi: 10.18637/jss.v078.i02

D
ow

nloaded from
 http://ahajournals.org by on January 13, 2022




