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Long-Term Exposure to Elevated Systolic Blood Pressure in Predicting
Incident Cardiovascular Disease: Evidence From Large-Scale Routine

Electronic Health Records

Jose Roberto Ayala Solares, PhD; Dexter Canoy, MD, PhD; Francesca Elisa Diletta Raimondi, PhD; Yajie Zhu, PhD; Abdelaali Hassaine, PhD;
Gholamreza Salimi-Khorshidi, DPhil; Jenny Tran, MD; Emma Copland, MSc; Mariagrazia Zottoli, MSc; Ana-Catarina Pinho-Gomes, MD;
Milad Nazarzadeh, MSc; Kazem Rahimi, FRCP

Background—How measures of long-term exposure to elevated blood pressure might add to the performance of “current” blood
pressure in predicting future cardiovascular disease is unclear. We compared incident cardiovascular disease risk prediction using
past, current, and usual systolic blood pressure alone or in combination.

Methods and Results—Using data from UK primary care linked electronic health records, we applied a landmark cohort study
design and identified 80 964 people, aged 50 years (derivation cohort=64 772; validation cohort=16 192), who, at study entry,
had recorded blood pressure, no prior cardiovascular disease, and no previous antihypertensive or lipid-lowering prescriptions. We
used systolic blood pressure recorded up to 10 years before baseline to estimate past systolic blood pressure (mean, time-
weighted mean, and variability) and usual systolic blood pressure (correcting current values for past time-dependent blood
pressure fluctuations) and examined their prospective relation with incident cardiovascular disease (first hospitalization for or
death from coronary heart disease or stroke/transient ischemic attack). We used Cox regression to estimate hazard ratios and
applied Bayesian analysis within a machine learning framework in model development and validation. Predictive performance of
models was assessed using discrimination (area under the receiver operating characteristic curve) and calibration metrics. We
found that elevated past, current, and usual systolic blood pressure values were separately and independently associated with
increased incident cardiovascular disease risk. When used alone, the hazard ratio (95% credible interval) per 20-mm Hg increase in
current systolic blood pressure was 1.22 (1.18-1.30), but associations were stronger for past systolic blood pressure (mean and
time-weighted mean) and usual systolic blood pressure (hazard ratio ranging from 1.39—1.45). The area under the receiver
operating characteristic curve for a model that included current systolic blood pressure, sex, smoking, deprivation, diabetes
mellitus, and lipid profile was 0.747 (95% credible interval, 0.722-0.811). The addition of past systolic blood pressure mean, time-
weighted mean, or variability to this model increased the area under the receiver operating characteristic curve (95% credible
interval) to 0.750 (0.727-0.811), 0.750 (0.726-0.811), and 0.748 (0.723-0.811), respectively, with all models showing good
calibration. Similar small improvements in area under the receiver operating characteristic curve were observed when testing
models on the validation cohort, in sex-stratified analyses, or by using different landmark ages (40 or 60 years).

Conclusions—Using multiple blood pressure recordings from patients’ electronic health records showed stronger associations
with incident cardiovascular disease than a single blood pressure measurement, but their addition to multivariate risk prediction
models had negligible effects on model performance. (/ Am Heart Assoc. 2019;8:e012129. DOI: 10.1161/JAHA.119.012129.)
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Clinical Perspective

What Is New?

Electronic health records capture information about

patients’ blood pressure assessed in “usual care” settings,

and we used these records to characterize patients’ long-
term blood pressure from multiple, longitudinal measure-
ments taken during their clinic visits over the years.

» Using the average of past multiple measurements of systolic
blood pressure, as an indicator of long-term exposure to
elevated blood pressure, shows stronger association with
incident cardiovascular disease than a single blood pressure
measurement.

* However, incorporating information on long-term systolic

blood pressure to a multivariable model that included

current systolic blood pressure and other risk factors only
minimally improved the performance of the model to predict
future risk of cardiovascular disease.

What Are the Clinical Implications?

Patients’ previously recorded blood pressure measurements
may be used to provide an indication of their “usual” or long-
term blood pressure level, which is useful to help us
understand, communicate, and put into context cardiovas-
cular disease risk associated with increased blood pressure.
As information on patient’s long-term blood pressure does
not seem to substantially improve cardiovascular disease
risk prediction, it has limited clinical utility, such as to aid

decisions on initiating pharmacologic treatment to lower
blood pressure.

Nevertheless, efforts to prevent long-term exposure to
elevated blood pressure in the population remain important.

levated blood pressure is the biggest single contributor to

global burden of cardiovascular disease and mortality,"2
and its prevention and treatment are central to public health
policy and clinical care.®*® Commonly used cardiovascular
disease risk prediction models use “current” or “baseline” blood
pressure level, which is typically measured on a single day, to
rank people into different risk categories.””® However, epi-
demiological studies have shown that current blood pressure
values are likely to underestimate risk associations compared
with “usual” values that are corrected for expected long-term
fluctuations.’®"® As studies have shown that the average of
repeated blood pressure measurements or their variability is
associated with cardiovascular disease risk,'* 2% information
about long-term, cumulative exposure to elevated blood
pressure could have potential clinical value. Indeed, some have
suggested that the use of all available information about
repeated blood pressure measurements that are increasingly
becoming available in electronic health records (EHRs) might
help improve risk prediction,'*?%2” which could be particularly

relevant in low absolute risk groups, such as among relatively
young adults. However, the clinical utility of models that make
use of repeated measures in EHRs remains uncertain. Studies
that have investigated risk predictions using long-term blood
pressure have been based on research data sets with repeated
blood pressure measurements taken after baseline,'® 2" limit-
ing their application to clinical decision making. Other studies
that used historical blood pressure measurements were based
on relatively small sample sizes,'*">?*2¢ used subclinical
condition as a proxy for the disease outcome,'®' largely
focused on independent risk associations as opposed to the
incremental value of measures of cumulative exposure to risk
prediction,'® '8¢ or may have insufficiently adjusted for other
cumulative risk exposures, such as age.

In the United Kingdom, a large EHR data set, linking
primary care, secondary care, and mortality databases,
provides the size, scale, and depth of clinical information
that could be used as a resource to assess associations of
different indicators of past, long-term systolic blood pressure
exposure with incident cardiovascular disease and measure
the incremental change to the performance of established risk
prediction models when these indicators of long-term blood
pressure are added.

Methods

Data Source

We conducted this study using EHRs from the UK Clinical
Practice Research Datalink (CPRD),*® a database providing
primary care clinical information since 1985 for ~7% of UK
general practices and one of the largest primary care
databases in the world.?’ Patients registered to these
practices are largely representative of the UK general popu-
lation in terms of age, sex, and ethnicity. The CPRD is linked to
the UK National Health Service databases on mortality and the
Hospital Episode Statistics on hospitalizations.*° The protocol
for this study has received scientific and ethical approval from
the Independent Scientific Advisory Committee for CPRD
studies. The CPRD maintains an audit and determines
practices providing clinical data of acceptable quality for
research purposes. The database provides information on
demographics and other important health-related information,
such as medical history, prescriptions, smoking, body mass
index, lipid profile, and deprivation level, based on the Index of
Multiple Deprivation, which provides an area-based indicator
of relative deprivation ranked from least to most deprived fifth
at the national level.®" In this research, we only considered
clinical information from practices providing data that have
met research quality standards and linked to hospitalization
and mortality databases. Quality and validity of recorded
diagnoses, particularly for vascular conditions, in CPRD have
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Model 1: Current SBP
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Model 5: Past SBP time-weighted mean
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Figure 1. Risk of incident cardiovascular disease associated with past, current, and usual systolic blood
pressure (SBP) at the landmark age of 50 years. Estimates were obtained after Monte-Carlo cross-
validation involving 50 random resampling (represented by each dot) without replacement using data from
the derivation cohort; hazard ratios (95% credible intervals) were estimated per 20—-mm Hg higher current,
usual, or mean of past SBP or per 5-mm Hg higher past SBP variability. Usual SBP refers to current SBP
corrected for regression dilution using published correction factor (SBP-pRD=0.70) or correction factor
calculated from historical blood pressure recording (SBP-hRD=0.50). All models were also adjusted for
calendar year of study entry, sex, and other baseline characteristics (smoking, deprivation index, diabetes
mellitus, body mass index, total cholesterol, low-density lipoprotein cholesterol, and high-density

lipoprotein cholesterol). Total number of incident cardiovascular disease=3222.

been reported previously.>> 3> Requests to access CPRD data
are made through the Independent Scientific Advisory
Committee (http://www.cprd.com).

Design

In designing this study, several limitations of previous work
and the challenges and opportunities of EHRs were consid-
ered. Both systolic blood pressure levels and cardiovascular
disease rate increase with age®*®*’; to minimize residual
confounding by chronological age on the relation of current
(or baseline) blood pressure with incident cardiovascular
disease, we used a landmark study design® by defining the
landmark point (study baseline) at age 50 years (schemati-
cally described in Figure S1). To ensure that the design had a
practical value to clinical decision making, we restricted the
patient cohort to those who had at least one systolic blood
pressure recorded within 1 year of baseline (at age 50 years),
had at least 10 years of registration with their general

practice clinic before baseline, and had at least 3 systolic
blood pressure readings recorded within this 10-year period.
Patients with cardiovascular disease before baseline or those
receiving treatment for high blood pressure or dyslipidemia
before baseline were excluded.

Exposure Variables

Our main exposure variable was systolic blood pressure as it
has been shown to be a stronger predictor of risk than
diastolic blood pressure or measures derived from both
systolic and diastolic blood pressure.®* Our base model
included baseline (or current) systolic blood pressure, which
was the reading that was recorded on or within 1 year of
study entry. If multiple readings were available on the same
day, we took their average. Several indicators of past, long-
term risk exposure were used. In the simplest model, we
assumed that no individual-level repeated measures of blood
pressure are available (as might be the case in settings with
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Derivation
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Figure 2. Concordance (C-statistic) to assess discrimination of incident cardiovascular disease risk
prediction models at the landmark age of 50 years (see Table S3 for further details). Risk predictions are
based on Cox regression models with estimates obtained after Monte-Carlo cross-validation involving 50
random resampling (represented by each dot) without replacement. All models include a parameter for
calendar year at study entry. Usual systolic blood pressure (SBP) refers to current SBP corrected for
regression dilution using published correction factor (SBP-pRD=0.70) or correction factor calculated from
historical blood pressure recording (SBP-hRD=0.50). HDL indicates high-density lipoprotein; LDL, low-

density lipoprotein.

minimal historical clinical data recorded in EHRs) and used
information from published literature that provided correction
factors for time-dependent variation in blood pressure values.
These correction factors (“regression dilution ratios”) ranged
from 0.5 to 0.7 for repeated measurements within 2 to
10 years of follow-up,'®'? and we chose 0.7 in our main
analysis. In the next models, we used all repeated measures
before baseline to calculate the following measures of long-
term cumulative exposure: (1) actual regression dilution ratio
for the study cohort, calculated from systolic blood pressure
readings recorded before baseline using published methods
(Data S$1)*%; (2) simple mean systolic blood pressure, defined
as mean of all recorded readings up to 10 years before study
baseline; (3) time-weighted mean systolic blood pressure,
which is similar to simple mean but takes into account the
time between measurements and is calculated as area under
the receiver operating characteristic curve (AUC) using a
previously reported method*'; and (4) systolic blood pressure
variability, as indicated by the SD of the mean of all recorded
systolic blood pressure up to 10 years before study baseline.
We used SD of the mean blood pressure values because it has
been shown to have the largest standardized hazard ratio for

cardiovascular disease risk compared with other blood
pressure variability indicators.?®

Outcome

The study outcome was incident cardiovascular disease,
defined as the first hospitalization for, or death from,
coronary heart disease or stroke (including transient ischemic
attack), identified from 3 different sources (general practice
records, hospitalization, and mortality databases) using the
World Health Organization’s International Classification of
Diseases, Tenth Revision (ICD-10),** and relevant UK Read
codes?® (Table S1). Capturing the disease outcomes for the
whole patient cohort across these data sources is likely to be
more complete than when relying on a single administrative
database.®® We defined incident cardiovascular disease as
the first occurrence of coronary heart disease or stroke, as
recorded in any of these 3 sources of outcomes. We used this
composite end point as clinical guidelines for primary
prevention of cardiovascular disease have recommended
the use of this outcome in risk assessments for the
disease.*®
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Figure 3. Calibration of incident cardiovascular disease risk prediction models at the landmark age of
50 years (see Table S3 for further details). Risk predictions are based on Cox regression models with
estimates obtained after Monte-Carlo cross-validation involving 50 random resampling (represented by
each dot) without replacement. All models include a parameter for calendar year at study entry. Usual
systolic blood pressure (SBP) refers to current SBP corrected for regression dilution using published
correction factor (SBP-pRD=0.70) or correction factor calculated from historical blood pressure recording
(SBP-hRD=0.50). HDL indicates high-density lipoprotein; LDL, low-density lipoprotein.

Analysis

The study population included 80 964 men and women, aged
50 years at study entry, without prior cardiovascular disease
who were not receiving treatment for high blood pressure or
dyslipidemia. They were followed up from the date of study
entry, when participants turned 50 years old, until January 1,
2014, or the date of developing the outcome, death, or exit
from practice, whichever came the earliest. However, as early
events could be caused by preexisting disease, we excluded
the first 2 years of follow-up in the analysis. We described the
characteristics of patients according to their baseline systolic
blood pressure level. We then assessed the prospective
relation between our various indicators of blood pressure
exposures (current, usual, and past systolic blood pressure)
and risk of incident cardiovascular disease by calculating the
hazard ratios using Cox regression with follow-up duration (in
years) as the underlying time variable. We examined these
risks separately for the various indicators of blood pressure
exposure, as well as by examining the independent associ-
ations between current and past cumulative systolic blood
pressure indicators. The covariates included sex, deprivation
index, smoking status, body mass index, diabetes mellitus,

total cholesterol, low-density lipoprotein cholesterol, and
high-density lipoprotein cholesterol. The covariates in the
base model were sex, deprivation index, smoking, body mass
index, and diabetes mellitus; in the expanded model, we
additionally added total, low-density lipoprotein, and high-
density lipoprotein cholesterol. We only used information on
covariates if recorded within the year of study entry and used
values closest to the date of study entry. We used multiple
imputation techniques based on bagged tree prediction
models to impute missing data.***¢ The combined strategy
of the multiple imputation and the prediction method to
reduce the variability of predictions will average out the
variability present between trees (intraforest variability) and
the variability caused by missing data by fitting a forest for
each of the imputed data sets (between-forest variability).*®

We assessed the predictive performance of current systolic
blood pressure on the disease outcome and evaluated any
improvement in the prediction when adding another param-
eter for past systolic blood pressure in the model. For these
analyses, we show results for current blood pressure (and
other risk factors) before and after correction for regression
dilution, as well as separately for the various indicators of
past, long-term systolic blood pressure. Using current systolic
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Table. Baseline Characteristics of Men and Women, Aged 50 Years at Study Entry, by Current Systolic Blood Pressure Levels

Current Systolic Blood Pressure (Mean), mm Hg

Characteristics at Baseline <120 (109) 120-129 (123) 130-139 (133) >140 (150) All

No. of patients 17 565 18 972 19 236 25 191 80 964
Women, % (n) 82.3 (14 456) 73.1 (13 875) 67.3 (12 947) 61.5 (15 485) 70.1 (56 763)
Men, % (n) 17.7 (3109) 26.9 (5097) 32.7 (6289) 38.5 (9706) 29.9 (24 201)

Deprivation level, % (n)*

Recorded" 99.6 (17 495) 99.6 (18 899)

99.7 (19 178) 99.7 (25 105) 99.6 (80 677)

Most deprived fifth 11.2 (1954) 10.8 (2042) 11.2 (2157) 11.7 (2940) 11.3 (9093)
Smoking status, % (n)

Recorded 67.8 (11 908) 65.7 (12 462) 64.1 (12 327) 61.6 (15 509) 64.5 (52 206)

Smoker 25.6 (3044) 24.1 (3003) 23.8 (2936) 25.5 (3957) 24.8 (12 940)

Ex-smoker 19.3 (2302) 20.5 (2557) 21.8 (2690) 22.2 (3437) 21.1 (11 006)

Nonsmoker 55.1 (6562) 55.2 (6882) 54.4 (6701) 52.3 (8115) 54.1 (28 260)
With diabetes mellitus, % (n) 2.3 (408) 2.6 (495) 2.9 (557) 3.3 (833) 2.8 (2293)

Body mass index, kg/m?

Recorded, % (n) 59.4 (10 436) 56.4 (10 696)

55.7 (10 718) 55.4 (13 957) 56.6 (45 807)

Mean (SD) 25.3 (5.0 26.7 (5.2) 27.9 (5.6) 29.1 (5.9) 27.0 (5.6)
>30 kg/m?, % (n) 13.2 (1380) 21.3 (2275) 28.6 (3063) 37.6 (5246) 26.1 (11 964)
Total cholesterol, mmol/L
Recorded, % () 30.3 (5330) 31.4 (5955) 32.6 (6268) 36.6 (9230) 33.1 (26 783)
Mean (SD) 5.4 (1.0) 5.5 (1.0) 5.6 (1.0) 5.7 (1.0) 5.6 (1.0
LDL cholesterol, mmol/L
Recorded, % (n)" 20.2 (3517) 21.0 (3975) 21.3 (4096) 22.4 (5649) 21.3 (20 513)
Mean (SD) 3.3(0.9 3.4 (0.9 35(0.9 35(0.9 3.4 (0.9
HDL cholesterol, mmol/L
Recorded, % () 23.9 (4194) 24.5 (4657) 25.2 (4848) 27.0 (6814) 25.3 (21 819)
Mean (SD) 1.6 (0.4) 1.5 (0.4) 1.5 (0.4) 1.4 (0.4) 1.5 (0.4)
Past systolic blood pressure, mean (SD), mm Hg
Mean 116.1 (8.8) 123.7 (8.8) 129.7 (9.4) 139.2 (11.7) 128.3 (13.2)
Time-weighted mean 116.4 (9.3) 123.6 (9.5) 129.1 (9.9) 138.0 (12.2) 127.8 (13.2)
Variability 9.8 (4.8 9.7 4.7) 10.3 (4.7) 12.0 (5.4) 10.6 (5.0)

Denominators to calculate percentage only include all those with information on the relevant variable. HDL indicates high-density lipoprotein; LDL, low-density lipoprotein.

*On the basis of the Index of Multiple Deprivation 2015.%"

blood pressure as the base model, we compared the
predictive performance of adding separately long-term sys-
tolic blood pressure indicators to the base model. We
assessed discrimination (the ability to distinguish those with
and without the outcome) and calibration (the ability to
predict accurately the absolute risk level by assessing
agreement between observed and predicted outcomes) to
evaluate the predictive performance of the different models
by using concordance index and calibration slope as evalu-
ation metrics.*” ™’ The concordance index (C statistic) is a

discrimination metric identical to the AUC. Values range from
0.5, corresponding to a model with no discrimination ability,
to 1, corresponding to perfect discrimination. The calibration
slope is calculated by regressing the observed outcome on
the predicted probabilities. Unlike the commonly used
Hosmer-Lemeshow test, it does not require grouping patients
arbitrarily according to predicted risk and has the advantage
of providing a measure of effect size and a C1.*” A value of (or
close to) 1 suggests that the prediction model is well
calibrated.*® A priori, we decided not to calculate net
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reclassfication index to evaluate the improvement of predic-
tive models (when adding a variable to baseline predictors) as
this approach may produce spurious positive findings.>°

To develop and run these models and compare their
predictive performance, we followed the framework of
comparing multiple classifiers or algorithms in machine
learning through a Bayesian model-comparison analytical
approach.”’ We randomly divided the cohort into derivation
(80%) and validation (20%) cohorts to provide training and
testing data sets, respectively, but stratified according to
incident cardiovascular disease to maintain the proportion of
those who developed the outcome between these data sets
(Figure S2). We then used the training data set to perform a
Monte Carlo cross-validation that involved 50 resamples
without replacement, and for each resample, 75% of the data
were assigned to the analysis set and 25% to the assessment
set. We used results from the analysis set to develop models
and calculate hazard ratios and from the assessment set to
calculate C statistic and calibration slope for all models being
compared. These models were then applied and tested for
discrimination and calibration to the validation cohort data
set, which remained independent from the derivation data set.
In sensitivity analyses, we restricted our entry criteria to 2
alternative landmark points, which are ages 40 and 60 years
at study entry, as well as conducted sex-stratified analysis in
our 50-year-old cohort.

We present risk estimates as hazard ratios and used 95%
credible intervals®? as proxy for 95% Cls for the risk and
model evaluation metric estimates. We expressed risk
estimates per 20—mm Hg difference in systolic blood pres-
sure or per 5-mm Hg difference in variability as these values
were ~1 SD of all blood pressure parameters considered in
this study. We performed all data processing and statistical
analyses using Python, version 2.7, and R, version 3.3.%3

Results

In this cohort of 80 964 patients aged 50 years (70% women),
the mean (SD) current systolic blood pressure was 136.6
(17.6) mm Hg at study entry, with 45.3% (N=30 574) having
recorded values >140 mm Hg. Approximately 25% were
smokers, 2.8% had diabetes mellitus, and the mean body
mass index was 26.1 kg/m?. For those with a recorded lipid
profile, the mean total, low-density lipoprotein, and high-
density lipoprotein cholesterol levels were 5.6, 3.4, and
1.5 mmol/L, respectively. The Table also shows the charac-
teristics according to categories of baseline systolic blood
pressure level. Those with a higher baseline systolic blood
pressure tended to have higher values of mean and variability
of cumulative blood pressure indicators. After an average
follow-up of 8.2 years and a total of 661 804 person-years,

3222 patients developed incident cardiovascular disease.
When we split the study population into derivation and
validation cohorts, the characteristics remained comparable
between the 2 cohorts (Table S2).

Figure 1 shows the associated risks obtained from Monte-
Carlo cross-validation using 50 random resamples without
replacement, separately for each indicator of blood pressure
exposure considered in this study (models 1-6) and combi-
nation of current and past systolic blood pressure (models 7—
9). The adjusted hazard ratio (average of the 50 risk
estimates) associated with each 20-mm Hg increase in
current blood pressure was 1.22 (95% credible interval, 1.18—
1.30) (model 1); after correction for regression dilution, this
risk estimate increased to 1.40 (95% credible interval, 1.33—
1.55) (model 2) when using a correction factor based on
published data, or to 1.44 (95% credible interval, 1.36—1.62)
(model 3) when based on patients’ own past systolic blood
pressure data recorded in our database (regression dilution
ratios ranged from 0.491-0.500, and we chose 0.5 for our
study). All indicators of past systolic blood pressure (models
4—-6) were also independently associated with incident
cardiovascular disease risk. The magnitude of these hazard
ratios were higher than baseline systolic blood pressure but
were similar to regression dilution—corrected baseline values.
When current and previous systolic blood pressure values
were considered concurrently in the model (models 7-9), the
risk estimates for both current and past blood pressure
values were attenuated but remained associated with the
outcome.

Figure 2 (and Table S3) shows the discrimination (concor-
dance) of the prediction models, as applied to the assessment
data set in the derivation cohort. The AUC (C statistic) for the
model that included current systolic blood pressure, as well as
sex, smoking, deprivation, and diabetes mellitus, was 0.682
(95% credible interval, 0.666—0.698). The AUC increased to
0.747 (95% credible interval, 0.722—-0.811) after adding lipid
parameters to the model. There was no further improvement
in discrimination after correcting baseline systolic blood
pressure for regression dilution, and only marginal improve-
ment was observed after adding any of the indicators of past,
long-term systolic blood pressure to the multivariable models
for current systolic blood pressure. Similar patterns were
observed when these models were tested using data from the
validation cohort, although the AUC values were slightly
higher than those obtained from the derivation cohort.

Most models calibrated relatively well in the derivation
cohort, with calibration slopes close to 1, and the credible
intervals were relatively tight around this value (Figure 3 and
Table S3). When the models were tested in the validation
cohort data set, the calibration slopes of models that included
all risk factors and indicators of various blood pressure
exposures tended to be lower than those obtained in the
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derivation cohort, although all the coefficients were still close
to 1.

These patterns in the results were largely similar when we
replicated analyses for ages 40 and 60 years at study entry
(Tables S4 through S6), although the AUC tended to be lower
for all models at age 60 years than in other ages (Table S6);
models also calibrated less well for ages 40 and 60 years
than for age 50 years when tested in the validation cohort
(Tables S5 and Sé). The impact of past, current, and usual
systolic blood pressure values on the outcome were similar in
50-year-old men and women, but with higher risk estimates in
women than in men (Table S7). The predictive performance of
the models was also consistent in both men and women
(Tables S8 and S9), although the models performed less well
when tested in the validation cohort in both sexes.

Discussion

In this cohort of 50-year-old adults without prior cardiovascular
disease and whose current and previous systolic blood pressure
values were recorded in a primary care setting, increased past,
current, and usual systolic blood pressure values were sepa-
rately associated with increased future risk of cardiovascular
disease. Long-term or usual systolic blood pressure was more
strongly associated with the outcome than using current values
alone. Although the addition of indicators of past, long-term
systolic blood pressure improved the predictive performance of
models that included current systolic blood pressure and other
risk factors, the improvements were relatively minor. To our
knowledge, this study is the first to compare predictive
performance of past, current, and usual systolic blood pressure
values on cardiovascular disease risk using routinely collected
information extracted from large EHRs.

Our results are consistent with those of other observa-
tional studies showing an association between long-term
elevated blood pressure and increased risk of cardiovascular
disease.'*?® These findings are also broadly in line with
genetic studies showing stronger associations between blood
pressure—associated genetic variants with increased cardio-
vascular disease risk.>*>® These results collectively suggest
the importance of long-term exposure to increased blood
pressure in the cause of cardiovascular disease, which
involves a chronic atherosclerotic process.'® Thus, these
findings raise the possibility of using several blood pressure
readings, obtained over a period of time, rather than singly
measured, to improve cardiovascular disease risk assess-
ment. Yet, many of the earlier studies were based on relatively
small sample sizes,'* "7?*2° have not formally assessed
predictive performance of models using discrimination and
calibration metrics,'® '®?¢ used few repeated blood pressure
measuremen’cs,""19 or used values recorded after baseline

reading to predict risk.?%?" In clinical settings, risk predictions
are based on blood pressure values taken at some baseline
period without the benefit of any information about future
blood pressure readings. Our study differed from those
previous studies because we used EHRs of a large population
to obtain longitudinal measures of blood pressure; character-
ized past, current, and usual blood pressure; and examined
their performance in predicting future cardiovascular disease.

Furthermore, blood pressure level increases with age, with
steeper increases in middle age,‘?’6 as do vascular disease
rates;®” thus, the calculation of predicted cardiovascular
disease risk typically includes age. However, simply adjusting
for age may be insufficient to control for age difference when
comparing effects of baseline and historical blood pressure,
measured at a wide range of ages, on vascular disease
outcomes many years later. Our study, therefore, differs from
other large studies'®?%?3 as we restricted our analyses to a
single age to minimize confounding by this factor, allowing us
to focus on examining differences in blood pressure param-
eters when comparing different models for their predictive
performance. Others have not excluded prevalent cardiovas-
cular disease'® or included users of antihypertensive medi-
cations,'* 19?2425 which  could affect interindividual
variation in blood pressure over time.>” The Lifetime Risk
Pooling Project, a study involving >11 000 adults aged 45 to
65 years, has reported that the 10-year atherosclerotic
cardiovascular disease risk was greater for cumulative than
for currently and singly measured systolic blood pressure.??
This finding is consistent with our observation, and is not
unexpected.'®'® Indeed, we showed that correction for
regression dilution of baseline systolic blood pressure (to
estimate usual level) increased risk estimates to magnitudes
that were similar to the hazard ratios observed for long-term,
cumulative systolic blood pressure. A recent report, which
also used CPRD, has shown the importance of previous
systolic blood pressure variability on cardiovascular disease
risk in adults across a wide range of ages.?* Our study has
expanded on their findings by also investigating and compar-
ing this parameter with other indicators of long-term systolic
blood pressure (cumulative mean and usual levels) and
showing that risk estimates associated with blood pressure
variability were relatively smaller than those seen for past,
long-term mean blood pressure.

Our study suggests that when estimating risk based on
previous readings is not feasible during a clinical encounter, a
simple calculator that statistically corrects the risk estimate
associated with a single blood pressure reading may be
sufficient to provide a valid estimate of risk associated with
long-term or usual blood pressure for the group or population
level. Nevertheless, although long-term blood pressure is
relevant in the pathogenesis of cardiovascular disease, none
of these long-term blood pressure indicators substantially
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improved the predictive performance of commonly used
models developed for predicting future cardiovascular dis-
ease. These findings suggest that adding this information to
commonly used cardiovascular disease risk calculators will
only provide minimal improvement in assessing a patient’s
risk to guide his or her treatment options. For risk assessment
tools based on EHRs, methods that harness their size and
scale by using substantially more predictors than those widely
used by common risk assessment tools and the application of
novel approaches, such as machine learning algorithms, may
offer a potential alternative to substantially improve cardio-
vascular disease risk prediction, as it did for a different health
outcome.”*®

There are several considerations in interpreting our data.
Routine clinical records have substantial missing data on other
risk factors or confounding factors, so we applied imputation
methods to account for this missing information. Recorded
blood pressure measures were not based on a standardized
protocol, which may have contributed to the large variability
reflected in the larger regression dilution correction factor
(~0.5) than those reported in studies following standardized
procedures (x0.5-0.7).' ' We also relied on recorded
diagnostic codes to define our outcomes, which we did not
adjudicate. However, previous studies suggest a relatively high
validity of vascular disease diagnoses recorded in CPRD.33"%°
These errors in exposure and outcome measurements are
commonly seen when using routinely collected data, but we
provide quantitative evidence of risk estimates and perfor-
mance of predictive models that reflect the experience in “usual
care” clinical settings. In our analytical approach, we assessed
predictive performance within a novel framework of developing,
assessing, and testing predictive models.”' However, these
metrics may also have limitations as the discrimination metric
has been known to be insensitive to detecting small differences
in discriminative ability between 2 models.>® An important
strength of this study is the scale, volume, and size of EHRs that
allowed us to design a study that addressed important
confounding factors, particularly age.

In this study, long-term, cumulative exposure to elevated
blood pressure, whether estimated by correcting current
systolic blood pressure for regression dilution or averaging
several previously taken measurements, was independently
associated with risk of incident cardiovascular disease.
However, using information on long-term blood pressure only
minimally improved the ability of current or baseline systolic
blood pressure in predicting future risk of cardiovascular
disease in multivariable models.
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Data S1

Estimating ‘usual’ systolic blood pressure values

To understand the relationship between a risk factor and disease in the population, it is a common practice to
measure the risk factor at a single point in time (at ‘baseline’ period) and prospectively follow the population for the
occurrence of a health outcome, such as cardiovascular disease. However, risk factors, such as blood pressure (as
well as many other biological markers of disease) are measured imprecisely and fluctuates over time, so blood
pressure measured singly may not reflect the ‘true’ exposure to, or ‘usual’ levels of, the risk factor. This imprecision
tend to attenuate associations between risk factor and the disease, a statistical phenomenon commonly referred to
as regression dilution bias. Thus, risk estimates associated with baseline blood pressure tend to be smaller in
magnitude than when based on ‘usual’ blood pressure.’® The impact of regression dilution also varies with time, so
the longer the time between baseline and the disease outcome, the greater the effect of regression dilution bias on
risk estimates. Regression dilution bias may be ‘statistically’ corrected to obtain an estimate of the ‘usual’ level of
blood pressure using methods that typically require repeated measurements of blood pressure (for all, or a subset
of, participants) from which a correction factor (also referred to as the regression dilution ratio) is derived. We used
Rosner’s regression method* and employed the geeg/m function of the GEEPACK package in R to obtain the
correction factor. We also used other correction factor values from published data as part of our sensitivity

analyses.?



Table S1. The ICD-10 and Read codes used to define coronary heart disease and stroke/transient ischemic attack.

Outcome

Code

Coronary heart disease

ICD-10

Read

120, 120.0, 120.8, 120.9, 121, 121.0, 121.1, 122.2, 121.3, 121.4, 121.9, 122, 122.0, 122.1, 122.8,
122.9,123.7, 125, 125.0, 125.1, 125.2, 125.3, 125.4, 125.5, 125.6, 125.7, 125.8, 125.9

7320, 22383, 1676, 52517, 36523, 4656, 39655, 1431, 19655, 7347, 17307, 54251,
39449, 9276, 66388, 11983, 34328, 18118, 8568, 32450, 45960, 1430, 20095, 18125,
29902, 25842, 54535, 7696, 1414, 9555, 26863, 12804, 28554, 24540, 39546, 737, 18249,
8312, 8679, 7634, 7442, 11610, 7137, 51515, 9414, 7134, 44561, 10209, 42708, 7609,
32651, 57241, 19402, 36011, 33461, 67554, 37682, 28837, 33718, 48822, 44723, 22647,
56990, 96804, 24888, 55598, 34963, 3159, 33471, 31571, 2901, 5703, 18670, 33735,
42462, 86071, 41547, 732, 22828, 19046, 8942, 42304, 93618, 22020, 43939, 60067,
87849, 85947, 92927, 96537, 61208, 733, 38813, 70185, 86773, 20903, 64923, 66921,
737,18249, 8312, 8679, 7634, 7442, 11610, 7137, 51515, 9414, 7134, 44561, 19413,
102009, 42708, 61310, 7609, 31556, 32651, 70111, 57241, 45886, 45370, 59423, 48767,
19402, 36011, 92419, 66664, 66236, 67761, 19193, 37682, 28837, 33718, 31519, 51507,
22647, 68123, 68139, 37719, 56990, 96804, 62608, 67591, 60753, 72780, 5744, 55598,
55092, 93828, 70755, 34963, 3159, 33471, 69776, 12734, 1021, 1628, 19827, 5233,
8246, 26973, 35287, 42104, 26965, 46230, 26967, 58135, 33461, 67554, 48822, 44723,
24888, 31571, 18913, 18643, 5030, 5674, 6980, 33650, 6182, 31679, 5904, 51702,
41757, 34965, 43446, 56905, 61248, 33620, 10603, 6183, 240, 24783, 20416, 1792,
27951, 9413, 27977, 28138, 5413, 1655, 1344, 3999, 5254, 6331, 27484, 2155, 67087,
59193, 41677, 36609, 7320, 23078, 15754, 18889, 13566, 1204, 17689, 17133, 23579,
4017, 16408, 18842, 45809, 38609, 72562, 46166, 15661, 36423, 24126, 23708, 37657,
59189, 59940, 69474, 29553, 35119, 12229, 10562, 7783, 26975, 26972, 55401, 52705,
59032, 61670, 241, 2491, 30421, 1677, 13571, 12139, 5387, 40429, 17872, 14897, 8935,
29643, 23892, 14898, 63467, 3704, 9507, 1678, 30330, 32854, 29758, 34803, 28736,
62626, 41221, 46017, 14658, 68357, 32272, 46112, 46276, 41835, 68748, 96838, 61072,
21844, 29421

Stroke (including transient ischemic attack)

ICD-10

Read

160, 160.0, 160.1, 160.2, 160.3, 160.4, 160.5, 160.6, 160.7, 160.8, 160.9, 161, 161.0, 161.1, 161.2,
161.3,161.4,161.5, 161.6, 161.7, 161.8, 161.9, 162.0, 163, 163.0, 163.1, 163.2, 163.3, 163.4, 163.5,
163.6, 163.8, 163.9, 167, 167.0, 167.1, 167.2, 167.3, 167.4, 167.5, 167.6, 168, 168.0, 168.1, 168.2,
169, 169.0, 169.1, 169.2, 169.3, G45*, G45.0*, G45.1%*, G45.2*, G45.3*, G45.8*, G45.9*

56007, 19412, 17326, 65745, 1786, 42331, 9696, 41910, 60692, 23580, 44740, 5051,
6960, 18604, 31595, 40338, 46316, 13564, 7912, 30045, 30202, 57315, 31060, 28314,
19201, 3535, 53810, 96630, 48149, 43451, 62342, 5363, 6155, 40053, 40758, 33543,
91627, 53745, 90572, 92036, 94482, 39403, 23671, 24446, 8837, 569, 16517, 36717,
15019, 34758, 27975, 3149, 15252, 5602, 25615, 9985, 10504, 26424, 55247, 16507,
93459, 47642, 5185, 1469, 1298, 6253, 6116, 8443, 17322, 33499, 51767, 7780, 12833,
47607, 56279, 55351, 56458, 6228, 52246, 18687, 57183, 95347, 70536, 42248, 18689,
19280, 19260, 63746*, 504*, 1433*, 19354*, 1895*, 15788*

ICD-10 - World Health Organization's International Classification of Diseases, Tenth Revision. *Codes for

transient ischemic attack.



Table S2. Baseline characteristics of participants aged 50 years at study entry who were randomly assigned to

derivation and validation cohorts.

Characteristics

Derivation cohort

Validation cohort

(N=64,772) (N=16,192)
Women, % (n) 70.1 (45,420) 70.1(11,343)
Men, % (n) 29.9 (19,352) 29.9 (4849)
Current systolic blood pressure (mmHg), mean (SD) 130.7 (17.0) 130.4 (16.9)

Deprivation index*
Recorded, % (n)

99.7 (64,549)

99.6 (16,128)

Mean (SD) 3.6 (1.3) 3.6 (1.3)
Smoking status, % (n)

Recorded 64.4 (41,744) 64.6 (10,462)

Smoker 24.9 (10,409) 24.2 (2531)

Ex-smoker 20.9 (8,729) 21.8 (2277)

Non-smoker 54.2 (22,606) 54.0 (5654)
With diabetes, % (n) 2.8 (1821) 2.9 (472)
Body mass index (kg/m?)

Recorded, % (n) 56.5 (36,570) 57.0(9237)

Mean (SD) 27.4(5.6) 27.5(5.7)
Total cholesterol (mmol/L)

Recorded, % (n) 33.1(21,450) 32.9 (5333)

Mean (SD) 5.59 (1.01) 5 .57 (1.03)
LDL-cholesterol (mmol/L)

Recorded, % (n) 21.4(13,829) 21.0 (3408)

Mean (SD) 3.45(0.91) 3.42 (0.90)
HDL-cholesterol (mmol/L)

Recorded, % (n) 25.4(16,424) 25.3 (4089)

Mean (SD) 1.48 (0.42) 1.48 (0.43)

LDL - low-density lipoprotein; HDL - high-density lipoprotein; Denominators to calculate percentages only included
all those with information on the relevant variable; *Based on Index of Multiple Deprivation 2015.°



Table S3 (data to Figures 2 and 3). Discrimination (concordance) and calibration of incident cardiovascular disease risk prediction models at age 50 years.

Derivation cohort

Validation cohort

1. Discrimination

Current and usual SBP in separate models
Model 1: Sex, smoking, deprivation, diabetes and baseline SBP
Model 2: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPpro
Model 4: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

C statistic (95% Crl)

0.682 (0.666 to 0.698)
0.747 (0.722 t0 0.811)
0.747 (0.722 t0 0.811)
0.747 (0.722 t0 0.811)
0.750 (0.727 t0 0.811)
0.750 (0.726 to 0.811)
0.748 (0.723 t0 0.811)

0.751 (0.725 to 0.811)

C statistic (95% Crl)

0.689 (0.688 to 0.689)
0.750 (0.716 to 0.810)
0.750 (0.716 to 0.810)
0.750 (0.716 to 0.810)
0.755 (0.723 t0 0.812)
0.755 (0.722 t0 0.812)
0.753 (0.719 t0 0.813)

0.757 (0.725 to 0.815)

2. Calibration

Current and usual SBP in separate models
Model 1: Sex, smoking, deprivation, diabetes and baseline SBP
Model 2: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPpro
Model 4: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

Calibration slope
(95% Crl)

0.991 (0.856 to 1.100)
0.989 (0.845 to 1.139)
0.989 (0.845 to 1.139)
0.989 (0.845 to 1.139)
0.986 (0.808 to 1.133)
0.986 (0.817 to 1.129)
0.990 (0.850 to 1.137)

0.987 (0.821 to 1.127)

Calibration slope
(95% Crl)

1.076
0.918
0.918
0.918

1.045 to 1.109)
0.821 to 0.981)
0.821 to 0.981)
0.821 to 0.981)

—_— e~ — —

0.939 (0.837 to 1.005)
0.935 (0.839 to 1.000)
0.924 (0.827 to 0.991)

0.939 (0.842 to 1.007)

SBP — systolic blood pressure; Crl - credible interval; LDL - low-density lipoprotein; HDL - high-density lipoprotein; SBPyro - current SBP corrected using published correction
factor; SBPnro — current SBP corrected using past blood pressure readings; Risk predictions based on Cox regression models and reflect the average of estimates obtained from
Monte-Carlo cross-validation using 50 random resamples without replacement; All models included a parameter for calendar year at study entry.



Table S4. Risk of incident cardiovascular disease associated with past, current and usual systolic blood pressure

(SBP), by landmark age cohort.

Systolic blood pressure (mmHg)

Age 40 years
N=64,356

Age 50 years
N=80,964

Age 60 years
N=67,458

Exposure: SBP measures in separate models

Model: Current SBP

Model: Usual SBPyrp

Model: Usual SBPhrp

Model: Mean of past SBP

Model: Time-weighted mean of past SBP
Model: Variability of past SBP

Exposure: Current and past SBP in the same model

Model: Current SBP

Past SBP mean
Model: Current SBP

Past SBP time-weighted mean
Model: Current SBP

Past SBP variability

HR (95% credible

HR (95% credible

HR (95% credible

interval)

1.18 (1.08 to 1.26)
1.31 (1.14 to 1.46)
1.37 (1.16 to 1.56)
1.40 (1.27 to 1.55)
1.41 (1.30 to 1.57)
1.12 (1.08 to 1.15)

1.02 (0.94 to 1.08)
1.37 (1.20 to 1.51)
1.03 (0.94 to 1.09)
1.38 (1.22 to 1.53)
1.15 (1.07 to 1.14)
1.11 (1.07 to 1.14)

interval)

1.22 (1.18 to 1.30)
1.40 (1.33 to 1.55)
1.45 (1.36 to 1.62)
1.44 (1.35 to 1.51)
1.39 (1.31 to 1.46)
1.11 (1.10 to 1.14)

1.03 (0.97 to 1.10)
1.40 (1.27 to 1.52)
1.08 (1.03 to 1.14)
1.32 (1.22 to 1.41)
1.08 (1.07 to 1.11)
1.20 (1.16 to 1.28)

interval)

1.22 (1.19 to 1.24)
1.38 (1.13 to 1.44)
1.48 (1.43 to 1.55)
1.35 (1.31 to 1.39)
1.32 (1.28 to 1.14)
1.10 (1.09 to 1.12)

1.08 (1.05 to 1.11)
1.26 (1.22 to 1.31)
1.11 (1.08 to 1.13)
1.22 (1.17 to 1.26)
1.19 (1.17 to 1.22)
1.07 (1.06 to 1.09)

HR - hazard ratio; HR reflect the average of risk estimates obtained from Monte-Carlo cross-validation using 50
random resamples without replacement using data from the derivation cohort; Risks were estimated per 20-mmHg
higher baseline, usual or mean of past SBP or per 5-mmHg higher past SBP variability; Usual SBP - current SBP
corrected for regression dilution using published correction factor (SBPyro=0.7) or correction factor calculated from
past blood pressure recording (SBPhro=0.5); All models also adjusted for calendar year of study entry, sex and other
baseline characteristics (smoking, deprivation index, diabetes, body mass index, total cholesterol, low-density
lipoprotein cholesterol and high-density lipoprotein cholesterol).



Table S5. Discrimination (concordance) and calibration of incident cardiovascular disease risk prediction models at age 40 years.

Derivation cohort

Validation cohort

1. Discrimination

Current and usual SBP in separate models
Model 1: Sex, smoking, deprivation, diabetes and baseline SBP
Model 2: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPpro
Model 4: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

C statistic (95% Crl)

0.707 (0.684 to 0.739)
0.712 (0.687 to 0.746)
0.712 (0.687 to 0.746)
0.712 (0.687 to 0.746)
0.713 (0.686 to 0.749)
0.714 (0.687 to 0.750)
0.712 (0.688 t0 0.743)

0.714 (0.689 to 0.747)

C statistic (95% Crl)

0.725 (0.721 t0 0.728)
0.739 (0.730 to 0.746)
0.739 (0.730 t0 0.742)
0.739 (0.730 to 0.746)
0.736 (0.727 to 0.744)
0.736 (0.727 to 0.744)
0.739 (0.729 to 0.746)

0.737 (0.728 to 0.744)

2. Calibration

Current and usual SBP in separate models
Model 1: Sex, smoking, deprivation, diabetes and baseline SBP
Model 2: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPpro
Model 4: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

Calibration slope
(95% Crl)

0.988 (0.833 to 1.157)
0.981 (0.841 to 1.132)
0.981 (0.841 to 1.132)
0.981 (0.841 to 1.132)
0.981 (0.839 to 1.142)
0.982 (0.842 to 1.148)
0.979 (0.845 to 1.131)

0.980 (0.838 to 1.144)

Calibration slope
(95% Crl)

1.034
0.918
0.918
0.918

0.996 to 1.082)
0.652 to 1.081)
0.652 to 1.081)
0.652 to 1.081)

—_— e~ —~ —

0.877 (0.619 to 1.072)
0.871 (0.615 to 1.072)
0.914 (0.656 to 1.073)

0.873 (0.621 to 1.065)

SBP — systolic blood pressure; Crl - credible interval; LDL - low-density lipoprotein; HDL - high-density lipoprotein; SBPyro - current SBP corrected using published correction
factor; SBPnro — current SBP corrected using past blood pressure readings; Risk predictions based on Cox regression models and reflect the average of estimates obtained from
Monte-Carlo cross-validation using 50 random resamples without replacement; All models included a parameter for calendar year at study entry.



Table S6. Discrimination (concordance) and calibration for incident cardiovascular disease risk prediction models at age 60 years.

Derivation cohort

Validation cohort

1. Discrimination

Current and usual SBP in separate models
Model 1: Sex, smoking, deprivation, diabetes and baseline SBP
Model 2: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPpro
Model 4: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

C statistic (95% Crl)

0.656 (0.637 to 0.671)
0.662 (0.636 t0 0.678)
0.662 (0.636 t0 0.678)
0.662 (0.636 t0 0.678)
0.665 (0.641 to 0.681)
0.665 (0.640 to 0.680)
0.663 (0.637 t0 0.678)

0.665 (0.640 to 0.680)

C statistic (95% Crl)

0.637 (0.636 to 0.638)
0.647 (0.642 to 0.658)
0.647 (0.642 to 0.658)
0.647 (0.642 to 0.658)
0.653 (0.648 to 0.664)
0.653 (0.647 to 0.664)
0.650 (0.644 to 0.660)

0.654 (0.649 to 0.665)

2. Calibration

Current and usual SBP in separate models
Model 1: Sex, smoking, deprivation, diabetes and baseline SBP
Model 2: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPpro
Model 4: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Sex, smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

Calibration slope
(95% Crl)

0.982 (0.829 to 1.111)
0.978 (0.836 to 1.099)
0.978 (0.836 to 1.099)
0.978 (0.836 to 1.099)
0.980 (0.825 to 1.106)
0.979 (0.825 to 1.105)
0.977 (0.831 to 1.095)

0.978 (0.821 to 1.103)

Calibration slope
(95% Crl)

0.832
0.854
0.854
0.854

0.797 to 0.858)
0.810 to 0.889)
0.810 to 0.889)
0.810 to 0.889)

P

0.865 (0.821 to 0.900)
0.870 (0.827 to 0.905)
0.874 (0.831 to 0.907)

0.887 (0.844 to 0.920)

SBP — systolic blood pressure; Crl - credible interval; LDL - low-density lipoprotein; HDL - high-density lipoprotein; SBPyro - current SBP corrected using published correction
factor; SBPnro — current SBP corrected using past blood pressure readings; Risk predictions based on Cox regression models and reflect the average of estimates obtained from
Monte-Carlo cross-validation using 50 random resamples without replacement; All models included a parameter for calendar year at study entry.



Table S7. Risk of incident cardiovascular disease associated with past, current and usual systolic blood pressure (SBP)

at age 50 years.

Systolic blood pressure (mmHg)

Men

Women

Exposure: SBP measures in separate models

Model: Current SBP

Model: Usual SBPpro

Model: Usual SBPhrp

Model: Mean of past SBP

Model: Time-weighted mean of past SBP
Model: Variability of past SBP

Exposure: Current and past SBP in the same model

Model: Current SBP

Past SBP mean
Model: Current SBP

Past SBP time-weighted mean
Model: Current SBP

Past SBP variability

HR (95% credible
interval)

1.17 (1.11 to 1.22)
1.29 (1.20 to 1.39)
1.35 (1.23 to 1.46)
1.31 (1.23 to 1.42)
1.27 (1.19 to 1.35)
1.08 (1.04 to 1.11)

1.03 (0.98 to 1.10)
1.28 (1.13 to 1.41)
1.07 (1.02 to 1.13)
1.20 (1.08 to 1.32)
1.15 (1.10 to 1.20)
1.06 (1.02 to 1.09)

HR (95% credible
interval)

1.28 (1.15 to 1.37)
1.52 (1.26 to 1.69)
1.60 (1.30 to 1.81)
1.55 (1.39 to 1.69)
1.49 (1.35 to 1.62)
1.15 (1.11 to 1.18)

1.06 (0.93 to 1.14)
1.48 (1.33 to 1.63)
1.11 (0.99 to 1.19)
1.38 (1.29 to 1.52)
1.24 (1.11 to 1.33)
1.11 (1.08 to 1.14)

HR — hazard ratio; HR reflect the average of risk estimates obtained from Monte-Carlo cross-validation using 50

random resamples without replacement using data from the derivation cohort; Risks were estimated per 20-mmHg

higher current, usual or mean of past SBP or per 5-mmHg higher past SBP variability; Usual SBP - current SBP

corrected for regression dilution using published correction factor (SBPyro=0.70) or correction factor calculated from

past blood pressure recording (SBPhro=0.50); All models also adjusted for calendar year of study entry and other
baseline characteristics (smoking, deprivation index, diabetes, body mass index, total cholesterol, low-density

lipoprotein cholesterol and high-density lipoprotein cholesterol).
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Table S8. Discrimination (concordance) and calibration of incident cardiovascular disease risk prediction models in men at age 50 years.

Derivation cohort

Validation cohort

1. Discrimination

Current and usual SBP in separate models
Model 1: Smoking, deprivation, diabetes and baseline SBP
Model 2: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPyrp
Model 4: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and previous SBP variability

C statistic (95% Cl)

0.603 (0.573 t0 0.626)
0.670 (0.610 to 0.743)
0.670 (0.610 to 0.743)
0.670 (0.610 to 0.743)
0.671 (0.613 to 0.736)
0.671 (0.613 to 0.736)
0.670 (0.611 to 0.734)

0.670 (0.612 to 0.732)

C statistic (95% Cl)

0.631 (0.629 to 0.634)
0.687 (0.637 t0 0.748)
0.687 (0.637 t0 0.748)
0.687 (0.637 t0 0.748)
0.689 (0.641 to 0.749)
0.688 (0.639 to 0.748)
0.694 (0.645 to 0.754)

0.694 (0.646 to 0.754)

2. Calibration

Current and usual SBP in separate models
Model 1: Smoking, deprivation, diabetes and baseline SBP
Model 2: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPyrp
Model 4: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

Calibration slope
(95% Crl)

0.958 (0.658 to 1.231)
1.002 (0.662 to 1.266)
1.002 (0.662 to 1.266)
1.002 (0.662 to 1.266)
1.015 (0.639 to 1.271)
1.010 (0.643 to 1.292)
0.997 (0.666 to 1.243)

1.004 (0.647 to 1.268)

Calibration slope
(95% Crl)

1.243
1.196
1.196
1.196

1.158 to 1.333)
1.005 to 1.464)
1.005 to 1.464)
1.005 to 1.464)

—_— e~ o~ —

1.197 (1.001 to 1.483)
1.189 (0.993 to 1.475)
1.200 (1.015 to 1.455)

1.187 (0.997 to 1.460)

SBP — systolic blood pressure; Crl - credible interval; LDL - low-density lipoprotein; HDL - high-density lipoprotein; SBPyro - current SBP corrected using published correction
factor; SBPnro — current SBP corrected using past blood pressure readings; Risk predictions based on Cox regression models and reflect the average of estimates obtained from
Monte-Carlo cross-validation using 50 random resamples without replacement; All models included a parameter for calendar year at study entry.
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Table S9. Discrimination (concordance) and calibration of incident cardiovascular disease risk prediction models in women at age 50 years.

Derivation cohort

Validation cohort

1. Discrimination

Current and usual SBP in separate models
Model 1: Smoking, deprivation, diabetes and baseline SBP
Model 2: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPyrp
Model 4: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

C statistic (95% Crl)

0.646 (0.613 to 0.680)
0.681 (0.625 t0 0.742)
0.681 (0.625 t0 0.742)
0.681 (0.615 t0 0.747)
0.688 (0.635 to 0.749)
0.685 (0.631 to 0.748)
0.684 (0.633 to 0.744)

0.687 (0.637 to 0.750)

C statistic (95% Crl)

0.625 (0.623 to 0.626)
0.659 (0.629 to 0.710)
0.659 (0.629 to 0.710)
0.659 (0.629 to 0.710)
0.673 (0.643 to 0.723)
0.673 (0.643 to 0.724)
0.661 (0.631 to 0.710)

0.673 (0.644 to 0.723)

2. Calibration

Current and usual SBP in separate models
Model 1: Smoking, deprivation, diabetes and baseline SBP
Model 2: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and baseline SBP
Model 3: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPyrp
Model 4: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol and usual SBPhrp
Current with past SBP in combined models
Model 5: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP mean
Model 6: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP time-weighted mean
Model 7: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP and past
SBP variability
Model 8: Smoking, deprivation, diabetes, total cholesterol, LDL-cholesterol, HDL-cholesterol, current SBP, past SBP
time-weighted mean and past SBP variability

Calibration slope
(95% Crl)

0.978 (0.747 to 1.227)
0.954 (0.741 to 1.200)
0.954 (0.741 to 1.200)
0.954 (0.741 to 1.200)
0.952 (0.743 to 1.211)
0.952 (0.725 to 1.225)
0.952 (0.738 to 1.177)

0.950 (0.725 to 1.217)

Calibration slope
(95% Crl)

0.879
0.887
0.887
0.887

0.825 to 0.937)
0.838 to 0.980)
0.838 to 0.980)
0.838 to 0.980)

P

0.886 (0.839 to 0.982)
0.893 (0.838 to 0.998)
0.879 (0.831 to 0.965)

0.890 (0.837 to 0.989)

SBP — systolic blood pressure; Crl - credible interval; LDL - low-density lipoprotein; HDL - high-density lipoprotein; SBPyro - current SBP corrected using published correction
factor; SBPnro — current SBP corrected using pastblood pressure readings; Risk predictions based on Cox regression models and reflect the average of estimates obtained from
Monte-Carlo cross-validation using 50 random resamples without replacement; All models included a parameter for calendar year at study entry.
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Figure S1. Schematic diagram showing landmark approach for each age cohort analysed.
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Figure S2. Schematic diagram showing the use of data in model derivation and validation.
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