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Statins are indicated in patients with elevated levels of high-sensitivity C-reactive protein and normal low-density lipo-
protein cholesterol based on results of the multicountry trial, Justification for the Use of Statins in Prevention: an Interven-
tion Trial Evaluating Rosuvastatin (JUPITER) (2003—2008), but the benefit in real-world populations remains unknown.
We sought to generalize JUPITER results to trial-eligible population using data from the UK Clinical Practice Research
Datalink (CPRD), 2001—2014. We multiply imputed missing baseline characteristics for the CPRD population and
selected the trial-eligible participants as the target population based on observed and imputed values. Trial participants
were weighted to be representative of the CPRD population (n = 383,418) based on individual predicted probability
of selection into the trial. Trial participants were also standardized to the CPRD population without missing values
(n =2,677). In JUPITER, rosuvastatin reduced cardiovascular risk with a 3-year risk difference of —2.0% (95% confi-
dence interval (CI): —2.9, —1.1). The rosuvastatin effect was muted in the first 2 years but remained strong at 3 years after
standardizing to the imputed CPRD population (3-year risk difference = —2.7%; 95% Cl: —5.8, 0.4) and the CPRD popu-
lation without missing data (3-year risk difference = —1.7%; 95% CI: —3.5, 0.1). The study serves as an illustration of pos-
sible approaches to understanding generalizability of trials using real-world databases given limitations due to missing
data on inclusion/exclusion criteria.

cardiovascular diseases; generalizability; JUPITER trial; randomized clinical trial; statins

Abbreviations: BMI, body mass index; Cl, confidence interval; CPRD, Clinical Practice Research Datalink; CVD, cardiovascular
disease; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C-reactive protein; JUPITER, Justification for the
Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin; LDL-C, low-density lipoprotein cholesterol; RCT,
randomized clinical trial.

Statins (3-hydroxy-3-methylglutaryl coenzyme A reductase JUPITER trial may not represent the real-world population of
inhibitors) are widely prescribed for the primary prevention of interest (3). The heterogeneous effect of rosuvastatin in the
cardiovascular disease (CVD) (1). Justification for the Use of JUPITER trial (4-6) and the general selection of trial partici-
Statins in Prevention: an Intervention Trial Evaluating Rosuvas- pants would need to be taken into account when generalizing
tatin (JUPITER) showed that rosuvastatin effectively reduced the expected benefit of rosuvastatin to a representative population
the risk of CVD in individuals not at high risk for CVD because of real-world patients who meet JUPITER inclusion criteria.
of elevated low-density lipoprotein cholesterol (LDL-C) but To generalize RCT results to real-world populations, we
with elevated levels of high-sensitivity C-reactive protein (hs- need to standardize the distribution of factors affecting treatment
CRP) (2). As a well-designed and properly conducted random- efficacy in the RCT population to that observed in the real-
ized clinical trial (RCT), JUPITER has strong internal validity. world population. With multiple effect modifiers, standard-
However, the external validity of the JUPITER trial has been ization quickly becomes intractable. Cole and Stuart (7) therefore
called into question because the subjects enrolled in the proposed a weighting approach based on predicting the
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individual probability of being in the trial versus the target
population as a function of multiple factors and to reweight
the RCT participants to be representative of the target pop-
ulation. This idea is a generalization of the same concept
as propensity score weighting to control for confounding
(8,9).

While compelling in theory, in practice, data on RCT
inclusion/exclusion criteria and effect modifiers are likely to be
missing in a portion of the target population, because mea-
sures for systemic inflammation (such as hs-CRP) and for
chronic kidney disease are not routinely recorded in existing
real-world data. Physicians are more likely to order these tests
for patients at higher risks for CVD. This leads to a selection
of the study population representing the target population.
Ignoring individuals in the target population with missing val-
ues on effect modifiers could thus result in the wrong target
population.

The objective of this study was to estimate the effect of ro-
suvastatin initiation on the risk of CVD events in the UK pop-
ulation who would have been eligible for the JUPITER trial,
as represented in the Clinical Practice Research Datalink
(CPRD) population (10), by generalizing the results of the
JUPITER trial to the target population and addressing both
selection into the trial and issues related to the identification
of a study population that represents the target population.

METHODS
Study population

The JUPITER trial (ClinicalTrials.gov identifier: NCT00239681)
was a randomized, double-blind, placebo-controlled trial of
rosuvastatin (20 mg daily) for the primary prevention of CVD
events, enrolling 17,802 patients with subclinical systemic inflam-
mation but without hypercholesterolemia from 26 countries
between 2003 and 2008 (2). Briefly, eligible patients were men
aged >50 years or women aged >60 years who had elevated
hs-CRP levels but did not have hyperlipidemia (i.e., hs-CRP
>2.0 mg/L, LDL-C <130 mg/dL, and triglycerides <500 mg/dL).
The exclusion criteria included a history of CVD, diabetes, and
cancer. The primary endpoint was the occurrence of a first major
CVD event, defined as nonfatal myocardial infarction, nonfatal
stroke, hospitalization for unstable angina, arterial revasculariza-
tion procedure, or confirmed death from cardiovascular causes.

The target population that we chose in this study consisted of
patients in the CPRD who would have been eligible to partici-
pate in the JUPITER trial. The concept of the algorithm used to
identify the eligible patients is described as follows and in Web
Figure 1 (available at https://academic.oup.com/aje). The flow
chart of study cohort selection is included in Web Figure 2.

We selected all men aged >50 years and women aged >60
years with >2 years of registration with a general practitioner
after the practice came “Up-to-Standard” (i.e., the practice data
met the CPRD’s quality criteria), during the study period from
January 1, 2001, through December 31, 2014. The date of meet-
ing both age and registration-time requirements was defined as
cohort entry date. Patients were required to have no history of
CVD, diabetes, or cancer and to have received no prescriptions
of any lipid-lowering drugs before or on the cohort entry date.
CVD and cancer events were defined as 1 diagnosis Read code,

and diabetes was defined by a diagnosis Read code, receipt of
any antihyperglycemic drug, or abnormal glucose or hemo-
globin A1C test results (fasting plasma glucose >7.0 mmol/L.
or hemoglobin A1C of >6.5%). The eligibility time period was
defined from the cohort entry date to the earliest date of the fol-
lowing events: diagnosis of CVD, diabetes, or cancer (except
for basal-cell or squamous-cell carcinoma of the skin); initiation
of any lipid-lowering agents; death; the last day of data collec-
tion from the general practice; migration out of the general prac-
tice; or the end of study (December 31, 2014). For each patient,
we randomly selected an index date from all the dates of general
practitioner visits within the eligibility time period. General
practitioner visit was defined as having a medical record with
consultation types of Clinic or Surgery Consultation visit
from the Clinical Table in the CPRD.

Covariates and missing data

In the CPRD, the baseline characteristics and laboratory
measurements were assessed for each patient, using data
within 24 months prior to the index date, including demographic
information, body mass index (BMI), tobacco smoking status,
laboratory tests, medical history, medication use, and indicators
of health-care use. To account for possible data-entry errors in
the CPRD and JUPITER, we applied trimming rules for all lab-
oratory tests and measurement results, and we made further con-
siderations for hs-CRP values given that underlying hs-CRP
values could be masked by infection, both of which we outline
in detail in Web Appendix 1.

We imputed missing baseline characteristics and laboratory
measurements among the eligible CPRD patients, using multi-
ple imputation (11-15). Multiple imputation relies on the
assumption that data are missing at random. This means, for
example, that missingness of hs-CRP may depend on observed
patient characteristics but does not depend on the (unknown)
actual value of the hs-CRP or other unobserved data within
strata of measured predictors. We used a multivariate normal
imputation model fit by Markov Chain Monte Carlo simulation
to impute all missing data in 20 imputed data sets. Each imputed
data set was then analyzed separately, and the results from the
20 analyses were combined using Rubin’s formula to give over-
all estimates while accounting for the variability across the
imputed data sets (14).

After imputing missing baseline characteristics for all CPRD
patients, we selected the patients who satisfied the trial criteria
based on actual or imputed values (e.g., LDL-C value of <130
mg/dL, hs-CRP value of >2.0 mg/L, and triglyceride value of
<500 mg/dL) in each imputed data set. These cohorts were
called the imputed cohorts, the main study populations to repre-
sent the target. To assess the potential selection of the target
population due to missing values, we examined another study
population consisting of patients with complete data only.
From all eligible CPRD patients, we selected only patients who
had complete data on BMI, smoking status, LDL-C, high-density
lipoprotein cholesterol (HDL-C), triglycerides, total cholesterol,
systolic and diastolic blood pressure, hs-CRP, serum creatinine,
and glucose at the index date and then included those who met
the inclusion criteria of the JUPITER trial based on actual
laboratory measurements. Following the usual terminology in
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Table 1.

Baseline Characteristics Before and After Multiply Imputing Missing Values Among Clinical Practice

Research Datalink Participants (United Kingdom, 2001-2014) Before Applying the Inclusion/Exclusion Criteria for
“Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin” (Multiple Countries,

2003-2008)
Original CPRD Population (n = 1,438,355) After Multiple Imputation®®
Variable? Distribution Missing Distribution

% Median (IQR) % % Median (IQR)
Age, years 63 (57-72) 0 63 (57-72)
Male sex 57.6 0 57.6
BMI° 26.8(23.9-30.3) 57.6 26.7 (23.6-30.1)
Current smoker 21.0 35.2 18.0
hs-CRP, mg/L .0(2.0-7.0) 88.2 .8(2.0-6.8)
DBP, mm Hg 80 (74-87) 23.3 80 (74-87)
SBP, mm Hg 139( 28-149) 23.3 138( 27-149)
HDL-C, mg/dL 54 (46-66) 65.1 56 (46—68)
LDL-C, mg/dL 135 (112-159) 70.0 135 (112-159)
Triglycerides, mg/dL 124 (91-169) 68.2 121 (89-168)
Total cholesterol, mg/dL 218 (193-244) 57.8 219 (193-245)
Glucose, mmol/L .1(4.8-5.6) 87.1 .3(4.6-6.0)
Serum Creatinine, mg/dL .0(0.8-1.1) 45.6 .0(0.8-1.1)

Abbreviations: BMI, body mass index; CPRD, Clinical Practice Research Datalink; DBP, diastolic blood pressure;
HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C reactive protein; IQR, interquartile range;
JUPITER, Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin; LDL-C, low-
density lipoprotein cholesterol; SBP, systolic blood pressure.

@ The variables chosen for multiple imputation and for the model of selection into the trial were based on their high rele-
vance to cardiovascular diseases. Several laboratory tests were used in the exclusion criteria of JUPITER but were not
selected here because of large missingness in the CPRD and not being strong predictors for cardiovascular disease.

b The distributions of the variables were very similar across the 20 imputed data sets. Thus, we presented the re-
sults from a randomly selected imputed data set in the table.

° The imputation model included the following variables: age, male sex, BMI, weight within 2 years prior to the index
date, previous weight recorded before 2 years before the index date, tobacco smoking status within 2 years prior to
the index date, prior smoking status recorded before 2 years before the index date, diagnosis related to smoking,
smoking cessation prescriptions, diagnosis of alcohol abuse, DBP, SBP, LDL-C, HDL-C, log transformation of trigly-
cerides, total cholesterol, log transformation of hs-CRP, glucose, serum creatinine, use of any nonsteroidal antiinflam-
matory drugs, use of angiotensin-converting-enzyme inhibitor, use of angiotensin Il receptor blockers, use of beta
blockers, use of loop or nonloop diuretics, use of calcium channel blockers, diagnosis of renal disease, calendar year,
and number of general practitioner encounters. In addition, occurrence of major cardiovascular disease and rosuvas-
tatin initiation were prospectively assessed within 2 years after the index date and were included in the multiple impu-
tation model to improve the performance of imputation.

¢ Weight (kg)/height (m)2.

missing data settings, we refer to this selected study popula-
tion as the complete case cohort.

Statistical analysis

To generalize the JUPITER trial results to the target popula-
tion, we estimated the probability of selection into JUPITER
by combining JUPITER and the target population into a single
data set. Given the large size of the JUPITER trial and the tar-
get population, we estimated the probability of selection into
JUPITER using a logistic regression model that included all
factors potentially affecting selection and higher-order prod-
uct terms for the joint distribution (7). The higher-order and
interaction terms included in the logistic model were selected
to achieve marginal balance of covariates between the trial
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and target populations. Next, we used the standardized mortal-
ity or morbidity ratio method to assign selection weights to
each JUPITER trial participant depending on their individual
characteristics. These selection weights were calculated as the
odds of 1 minus the predicted probability of selection into the
trial and scaled by multiplying with the (marginal) odds of
being in the trial (9). Within the reweighted JUPITER trial, we
then used Cox proportional hazard models (with robust vari-
ance estimator) to estimate hazard ratios and their 95% confi-
dence intervals for the comparison of major cardiovascular
events between those randomized to rosuvastatin versus pla-
cebo. We calculated the weighted risk difference using a non-
parametric method accounting for non-CVD competing causes
of death, and we obtained standard deviations from 200 boot-
strap data sets to calculate 95% confidence intervals (16). To
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Table2. Baseline Characteristics Before and After Selection Weighting®® Among the Imputed Cohort From the Clinical Practice Research Datalink (United Kingdom, 2001—2014) and the
Participants from “Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin” (Multiple Countries, 2003—2008)

Imputed Cohort® JUPITER Trial
Characteristic (n = 383,418) Original Trial Weighted Trial® Weighted Rosuvastatin Weighted Placebo Group
(n =17,802) (n =16,165) Group (n = 8,015) (n = 8,150)
% Median (IQR) % Median (IQR) % Median (IQR) % Median (IQR) % Median (IQR)

Age, years 64 (57-74) 66 (60—71) 65 (57-74) 65 (57-74) 64 (57-74)
Male sex 64.1 61.8 63.3 63.2 63.4
BMI® 26.6 (23.5-30.1) 28.3(25.3-32.0) 26.5(23.6-29.8) 26.6 (23.6-30.0) 26.5(23.6-29.7)
Current smoker 20.3 15.8 20.5 20.3 20.7
Antihypertensive drugs 38.8 49.7 39.9 39.9 39.9
Aspirin 9.4 18.6 9.5 9.0 10.1
Moderate CKD' 28.8 18.3 26.3 26.9 25.7
hs-CRP, mg/L 4.8(3.1-7.6) .1(2.8-6.5) .8(3.1-7.7) .8(3.1-7.6) .8(3.1-7.7)
DBP, mm Hg 80 (74-86) 80 (75-87) 80 (73-86) 80 (74-87) 80 (73-86)
SBP, mm Hg 138 (126-147) 134 (124—145) 138 (127-150) 139 (128-150) 136 (126-148)
HDL-C, mg/dL 56 (45-68) 49 (40-60) 57 (45-68) 57 (45-69) 56 (45—68)
LDL-C, mg/dL 109 (93—-120) 108 (94-119) 109 (93-120) 108 (93-120) 109 (92—-120)
Triglycerides, mg/dL 115 (83-159) 118 (85-169) 113(81-161) 114 (80-158) 113 (82-163)
Total cholesterol, mg/dL 189 (172-206) 185 (169-200) 190 (172—-206) 191 (173-206) 190 (172-205)
Glucose, mmol/L 5.2 (4.6-5.8) 5.2(4.8-5.7) .2(4.8-5.6) .1(4.8-5.6) .2 (4.8-5.6)

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; CPRD, Clinical Practice Research Datalink; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate;
HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C reactive protein; IQR, interquartile range; JUPITER, Justification for the Use of Statins in Prevention: an Intervention Trial
Evaluating Rosuvastatin; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.

& Weights were truncated at 20. We chose our truncation weight of 20 based on comparing the distribution of covariates between the trial-eligible CPRD population and the weighted trial pop-
ulation as well as the variance of the treatment effect estimate across various levels of truncation. The results without weight truncation are presented in Web Table 4.

® The logistic regression model used to predict the probability of being selected in the imputed cohort included the following variables: age, age?, age®, age®, age®, male, male x age, male x
age?, male x age®, male x age*, smoker, smoker x age, smoker x male, CKD, CKD x male, CKD x age, CKD x age?, CKD x age®, antihypertensive drugs, antihypertensive drugs x age, anti-
hypertensive drugs x age?, antihypertensive drugs x male, antihypertensive drugs x CKD, aspirin, age x aspirin, age? x aspirin, aspirin x antihypertensive drugs, BMI, BMI?, BMI x CKD, BMI
x smoker, BMI x male, BMI? x male, hsCRP, hsCRP?, hsCRP?, hsCRP*, hsCRP x smoker, hsCRP x male, hsCRP? x male, hsCRP® x male, DBP, DBP x SBP, SBP, SBP?, SBP?, SBP x CKD,
SBP? x CKD, SBP? x CKD, SBP x antihypertensive drugs, SBP? x antihypertensive drugs, SBP® x antihypertensive drugs, HDL-C, HDL-C?, HDL-C3, HDL-C*, HDL-C® HDL-C x CKD, HDL-C x
smoker, HDL-C x male, LDL-C, LDL-C?, LDL-C®, LDL-C*, glucose, glucose x antihypertensive drugs, glucose x BMI, glucose x age, glucose x age?, glucose x LDL-C, log(triglycerides), log(tri-
glycerides)?, log(triglycerides)?, log(triglycerides) x HDL-C, and total cholesterol.

° We multiply imputed 20 data sets. We used one randomly selected imputed data set to select variables included in the selection model and to examine balance in baseline characteristics
between the target population and JUPITER. Thus, we presented the results from this randomly selected imputed data set in the table.

94 Absolute standardized differences in baseline characteristics between the weighted JUPITER trial and the target population are presented in Web Table 5 and were less than 5%. We calcu-
lated absolute standardized differences using SAS (SAS Institute, Inc.) Macro stddiff% (29).

© Weight (kg)/height (m)2.

fModerate CKD was defined as the eGFR <60 mL/minute/1.73 m?. eGFR was calculated using serum creatinine values and the Modification of Diet in Renal Disease Study equation. Pa-
tients on dialysis or with eGFR <15 mL/minute/1.73 m? were excluded from the study population.
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Table3. Baseline Characteristics Before and After Selection Weighting®® Among the Complete Case Cohort From the Clinical Practice Research Datalink (United Kingdom, 2001-2014) and
the Participants From “Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin” (Multiple Countries, 2003—2008)

JUPITER Trial
Complete Case Cohort - - -
Characteristic (n =2,677) Original Trial (n = 17,802) Weighted Trial® (n = 16,235) Wegr';tjg (F,‘,°=S‘;‘,’365;§t'“ V(‘;’f;%';t?::'g:%%‘)’

% Median (IQR) % Median (IQR) % Median (IQR) % Median (IQR) % Median (IQR)
Age, years 63 (58-71) 66 (60-71) 63 (58-70) 64 (58-70) 63 (58-70)
Male sex 57.9 61.8 58.3 57.6 59.0
BMI4 28.4 (24.9-32.3) 28.3(25.3-32.0) 28.3(25.2-32.0) 28.3(25.2-32.0) 28.4 (25.2-32.0)
Current smoker 16.9 15.8 16.9 17.6 16.3
Antihypertensive drugs 56.6 49.7 56.7 56.3 571
Aspirin 12.0 18.6 12.2 12.0 124
Moderate CKD® 21.2 18.3 211 21.2 20.9
hs-CRP, mg/L 5.0(3.0-7.0) .1(2.8-6.5) .9(3.0-7.3) .9(3.0-7.3) .9(3.0-7.3)
DBP, mm Hg 80 (73-85) 80 (75-87) 80 (73-86) 80 (73-86) 80 (73-86)
SBP, mm Hg 136 (125—-144) 134 (124—145) 135 (126—145) 135 (126-146) 134 (125-145)
HDL-C, mg/dL 51 (43-62) 49 (40-60) 51 (42-62) 51 (42-63) 50 (42-62)
LDL-C, mg/dL 112 (101-120) 108 (94-119) 112(99-121) 112(99-122) 112 (99-121)
Triglycerides, mg/dL 126 (104-168) 118 (85-169) 125 (105-166) 125 (106-165) 125 (105-168)
Total cholesterol, mg/dL 191 (178-205) 185 (169-200) 192 (177-206) 193 (178-206) 191 (176-205)
Glucose, mmol/L 5.1(4.8-5.5) .2(4.8-5.7) .2(4.8-5.6) .2 (4.8-5.6) .2 (4.8-5.6)

Abbreviations: BMI, body mass index; CKD, chronic kidney disease; CPRD, Clinical Practice Research Datalink; DBP, diastolic blood pressure; eGFR, estimated glomerular filtration rate;
HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C reactive protein; IQR, interquartile range; JUPITER, Justification for the Use of Statins in Prevention: an Intervention Trial
Evaluating Rosuvastatin; LDL-C, low-density lipoprotein cholesterol; SBP, systolic blood pressure.

@ Weights were truncated at 20. We chose our truncation weight of 20 based on comparing the distribution of covariates between the trial-eligible CPRD population and the weighted trial pop-
ulation as well as the variance of the treatment effect estimate across various levels of truncation. The results without weight truncation are presented in Web Table 6.

P The logistic regression model used to predict the probability of being selected in the complete case cohort included the following variables: age, age®, male, male x age, male x age?,
smoker, smoker x age, smoker x male, CKD, CKD x male, CKD x age, CKD x age?, antihypertensive drugs, aspirin, aspirin x antihypertensive drugs, BMI, BMI2, hsCRP, hsCRPZ2, hsCRP?,
hsCRP*, hsCRP®, hsCRP®, hsCRP’, DBP, SBP, SBP?, SBP®, SBP x antihypertensive drugs, HDL-C, HDL-C x smoker, LDL-C, LDL-C x male, glucose, log(triglycerides), log(triglycerides)?,
log(triglycerides)?, log(triglycerides)*, and total cholesterol.

¢ Absolute standardized differences in baseline characteristics between the weighted JUPITER trial and the target population are presented in Web Table 7 and were less than 5%. We calcu-
lated absolute standardized differences using SAS (SAS Institute, Inc.) Macro stddiff% (29).

9 Weight (kg)/height (m)?.

© Moderate CKD was defined as the eGFR <60 mL/minute/1.73 m?. eGFR was calculated using serum creatinine values and the Modification of Diet in Renal Disease Study equation. Pa-
tients on dialysis or with eGFR <15 mL/minute/1.73 m? were excluded from the study population.
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Analysis Type

Crude
Untruncated Weights
Standardized to Imputed Cohort
Untruncated Weights
Weights Truncated at 50
Weights Truncated at 40
Weights Truncated at 30
Weights Truncated at 20
Weights Truncated at 10
Standardized to Complete Case Cohort
Untruncated Weights
Weights Truncated at 50
Weights Truncated at 40
Weights Truncated at 30
Weights Truncated at 20
Weights Truncated at 10

HR (95% Cl)

—— 0.56 (0.46, 0.69)
—— 0.74 (0.45, 1.25)
—a—]— 0.73 (0.44, 1.21)
— 0.73 (0.44, 1.21)
— 0.73 (0.44, 1.21)
—a 0.71 (0.45, 1.11)

—a— 0.71 (0.49, 1.04)
—a—h 0.71 (0.46, 1.10)
—a—h 0.71 (0.46, 1.10)
—a—h 0.71 (0.46, 1.10)

= 0.71 (0.46, 1.09)
—a—1 0.68 (0.45, 1.03)
—— 0.65 (0.45, 0.93)

1 1 1 1
03 05 1.0 15 2.0

Figure 1.

Hazard Ratio

Treatment effect (hazard ratio (HR) and 95% confidence interval (Cl)) of rosuvastatin in the multiple-country trial, Justification for the Use

of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) (2003—2008), before and after standardizing to the imputed cohort
and the complete case cohort with selection weight truncated at 20. For the results from JUPITER standardized to the imputed cohort, the hazard
ratios were first estimated in JUPITER standardized to each imputed data set (Web Table 8) and then combined into overall estimates to account for

variability.

reduce the influence of large weights and to increase the
precision of the estimate, we implemented weight trunca-
tion of predicted probabilities (17). Because only 806 of
JUPITER participants were aged 80 years or older, we also
reestimated the generalized treatment effect among patients
less than 80 years of age.

All statistical analyses were performed with SAS, version 9.3
(SAS Institute, Inc., Cary, North Carolina). This study was
approved by the Institutional Review Board at the University of
North Carolina at Chapel Hill and by the Independent Scientific
Advisory Committee for Medicines and Healthcare products
Regulatory Agency database research in the United Kingdom.

RESULTS

In the CPRD, we identified a total of 1,438,355 men aged
>50 years and women aged >60 years who had no medical
history of diabetes, cancer, or CVD at cohort entry. As expected,
many patients had missing data for BMI, smoking status, and
relevant laboratory tests (Table 1). Blood pressure was the
best recorded variable, with 23% missing, followed by smoking
status, with 35% missing. Fifty-eight percent of patients had
missing BMI and 58%—70% had missing cholesterol data. Val-
ues for hs-CRP were missing in 88%. After imputing missing
data, the proportion of individuals identified as current smo-
kers decreased from 21% to 18%, but the distribution of all

other variables was comparable with data before imputation.
Among these approximately 1.4 million CPRD patients, only
10,271 (0.7%) patients had complete data on BMI, smoking
status, and all relevant laboratory tests.

After imputing missing data, a total of 383,418 patients (27%
of the initial cohort) would have been eligible for the JUPITER
trial. Table 2 presents the baseline characteristics of the imputed
cohort and the JUPITER trial participants. Compared with the
imputed cohort, the JUPITER trial participants tended to have
higher BMI but lower hs-CRP and HDL-C levels, and they were
more likely to receive aspirin and antihypertensive drugs, to be
female, and to be free of moderate chronic kidney disease. As ex-
pected, the baseline characteristics of the weighted trial partici-
pants were very similar to that of the imputed cohort. Also
expected, weighting did not affect randomization, as demonstrated
by similar covariate distributions in the weighted rosuvastatin and
placebo arms.

Among the 10,271 CPRD patients with complete data on all
relevant variables, 2,677 (26%) patients would have been eligible
to participate in the trial. Compared with the imputed cohort, indi-
viduals in the complete case cohort were less likely to be male, to
be current smokers, or to have moderate chronic kidney disease.
The patients in the complete case cohort were also more likely to
receive antihypertensive drugs or aspirin and to have higher BMI
and worse lipid levels. Web Figure 3 presents visualized com-
parison for baseline characteristics among the JUPITER trial
and two target populations. Table 3 compares the baseline

Am J Epidemiol. 2018;187(4):817-827
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characteristics between the complete case cohort and the JUPI-
TER trial participants. The JUPITER trial participants were
more likely to be older and male, to have lower hs-CRP and
lipid levels, and to receive aspirin, but were less likely to
receive antihypertensive drugs.

The hazard ratio for the effect of rosuvastatin initiation on pri-
mary CVD prevention was 0.56 (95% confidence interval (CI):
0.46, 0.69) based on the intention-to-treat analysis in JUPITER
(2), and it was attenuated to 0.74 (95% CI: 0.45, 1.25) after
weighting to the imputed cohort. We estimated a hazard ratio of
0.71 (95% CI: 0.45, 1.11) after truncating the selection weights
at 20 (Figure 1). After weighting the trial participants to the
complete case cohort, the hazard ratio of the rosuvastatin effect
was 0.71 (95% CI: 0.46, 1.10), which was similar to the estimate
obtained by weighting to the imputed cohort, despite the differ-
ences in characteristics between the two cohorts. The hazard
ratio remained 0.68 (95% CI: 0.45, 1.03) with weight truncated
at 20. In a test for interaction between treatment and follow-up
time, there was no clear violation of the proportional hazards
assumption in the JUPITER trial and after standardizing to the
complete case cohort. However, the proportional hazards assump-
tion was violated in the JUPITER trial after standardizing to the
imputed cohort due to a few patients in the placebo group who
had large weights (>10) and developed CVD at approximately 3
years. We still report the hazard ratio but also report cumulative
incidences, which might be more valid in this setting.

Figure 2 and Table 4 show the plots and estimates of crude
and weighted cumulative incidences of CVD events, respec-
tively. Rosuvastatin was associated with an absolute reduction
in the cumulative incidence of CVD events of 3.3 percentage
points (95% CI: 2.1, 4.5) at 4 years (Figure 2A). After weight-
ing to the imputed cohort, the benefits of rosuvastatin did not
emerge until the end of 2 years of treatment (Figure 2B), but
with 5.8 percentage points, the risk reduction was larger at 4
years (95% CI: 1.0, 10.6). The trending of cumulative incidence
was similar between the results of JUPITER (Figure 2A) and
the results after standardizing to the complete case cohort
(Figure 2C). The absolute reduction in the cumulative incidence
of CVD events associated with rosuvastatin became overt at the
end of the first year from randomization and was 3.7 percentage
points (95% CI: 1.2, 6.2) at 4 years.

When generalizing trial results to patients aged younger than
80 years in the imputed cohort (baseline characteristics are
shown in Web Tables 1 and 2), the estimate of the rosuvastatin
effects was stronger and more precise (hazard ratio = 0.55; 95%
CI: 0.40, 0.77, without applying weight truncation, Figure 3).
The benefits of rosuvastatin became overt after the first year
from randomization (Figure 4) and the risk reduction was 2.7
percentage points (95% CI: 1.8, 3.6) at 4 years (Table 5). Stron-
ger benefits of rosuvastatin were also observed when generaliz-
ing to those aged <80 years in the complete case cohort (hazard
ratio = 0.61; 95% CI: 0.42, 0.88, without applying weight trun-
cation). Similar trending of cuamulative incidence were observed
with 2.9 percentage points (95% CI: 0.6, 5.3) at 4 years.

DISCUSSION

In this study, we showed that generalizing the JUPITER trial
results to the UK target population who would have been
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Figure 2. Cumulative incidences of the primary endpoint (major car-
diovascular events) according to treatment in the multiple-country trial,
Justification for the Use of Statins in Prevention: an Intervention Trial
Evaluating Rosuvastatin (JUPITER) (2003-2008), before (A) and after
standardizing to the imputed cohort (B) and the complete case cohort
(C), with selection weight truncated at 20 and accounting for competing
risk of any death. The cumulative incidence curves were plotted based
on 20 imputed data sets (solid line for rosuvastatin group and dashed
line for placebo group).

eligible to be enrolled in the trial was possible and led to a finding
of slightly attenuated but still beneficial effects of rosuvastatin on
primary prevention of CVD in patients without hyperlipidemia.
Reweighting the trial population allowed us to estimate a more
realistic treatment effect in the target population while still
benefitting from the advantages of randomization.

Our generalized estimate is still based on the trial population,
including any effect of the trial on adherence and persistence—
what is often referred to as efficacy rather than effectiveness. The
only difference between the original trial result and our general-
ized trial result is that we made the trial population similar to the
target population by upweighting individuals less likely to be
enrolled. We did so by implementing weighting methods that
are widely used to achieve marginal balance of characteristics
across treatment cohorts for confounding control (i.e., propen-
sity scores) (18, 19). These methods are infrequently used, how-
ever, in other settings, including for generalizing trial results.

While relying on simple principles and statistical techniques,
the implementation of our method was hampered by the fact that
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Table 4. Risk Difference of Major Cardiovascular Events for Rosuvastatin in “Justification for the Use of Statins in
Prevention: an Intervention Trial Evaluating Rosuvastatin” (Multiple Countries, 2003—2008), Before and After
Standardizing to the Imputed Cohort and the Complete Case Cohort From the Clinical Practice Research Datalink
(United Kingdom, 2001-2014), with Selection Weight Truncated at 20

JUPITER, Standardized to the

JUPITER, Standardized to the

Year From JUPITER Imputed Cohort Complete Case Cohort
Randomization
Risk Difference, % 95% ClI Risk Difference, % 95% ClI Risk Difference, % 95% ClI
1 -0.5 -0.7,-0.2 0.2 -0.5,0.9 -0.4 -1.0,0.2
2 -1.0 -1.5,-0.6 -0.3 -1.3,0.8 -0.4 -1.6,0.7
3 -2.0 -2.9,-11 27 -5.8,0.4 -1.7 -3.5,0.1
4 -3.3 —-4.5,-21 -5.8 -10.6,-1.0 -3.7 -6.2,-1.2

Abbreviation: Cl, confidence interval; JUPITER, Justification for the Use of Statins in Prevention: an Intervention

Trial Evaluating Rosuvastatin.

key inclusion criteria were available only in a selected subgroup
of the target population. We addressed this selection problem by
imputing missing values. We found that only a very small pro-
portion of the CPRD patients had complete data on all relevant
clinical variables, and that the imputed cohort and complete
case cohort were quite different. The results indicated that
selection of study populations without accounting for missing-
ness on effect modifiers would fail to represent the target pop-
ulation from the real world.

Analysis Type

Crude
Untruncated Weights
Standardized to Imputed Cohort
Untruncated Weights
Weights Truncated at 50
Weights Truncated at 40
Weights Truncated at 30
Weights Truncated at 20
Weights Truncated at 10
Standardized to Complete Case Cohort
Untruncated Weights
Weights Truncated at 50
Weights Truncated at 40
Weights Truncated at 30
Weights Truncated at 20
Weights Truncated at 10

Approaches dealing with missing data on confounders in
nonexperimental studies have been extensively investigated
with respect to bias (20, 21). Common methods such as com-
plete case analysis and use of missing indicators have been
shown to yield biased estimates in realistic settings. In contrast,
multiple-imputation methods lead to unbiased estimates under
a more plausible assumption, the missing-at-random assump-
tion. While confounding control is not exactly the same as gen-
eralizability, the methods to deal with missing values are likely

HR (95% Cl)

—.— 0.53 (0.42, 0.66)
—a— 0.55 (0.40, 0.77)
—a— 0.55 (0.39, 0.77)
—— 0.55 (0.39, 0.77)
—— 0.55 (0.39, 0.77)
—— 0.55 (0.39, 0.77)
—a 0.55 (0.40, 0.77)
—a— 0.61 (0.42, 0.88)
—— 0.61 (0.42, 0.88)
—. 0.61 (0.42, 0.88)
— 0.60 (0.42, 0.87)
— 0.60 (0.42, 0.87)
—. 0.60 (0.42, 0.86)
1 1 1
03 05 1.0 1.5 20

Hazard Ratio

Figure 3. Treatment effect (hazard ratio (HR) and 95% confidence interval (Cl)) of rosuvastatin in the multiple-country trial, Justification for the Use
of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin (JUPITER) (2003—-2008), before and after standardizing to the complete case
cohort and complete case cohort among patients aged <80 years without selection weight truncation. For the results from JUPITER standardized to
the imputed cohort, the hazard ratios were first estimated in JUPITER standardized to each imputed data set (Web Table 9) and then combined into

overall estimates to account for variability.
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Figure4. Cumulative incidences of the primary endpoint (major car-
diovascular events) according to treatment in the multiple-country
trial, Justification for the Use of Statins in Prevention: an Intervention
Trial Evaluating Rosuvastatin (JUPITER) (2003—2008), before (A)
and after standardizing to the imputed cohort (B) and the complete
case cohort (C) among patients aged <80 years without selection
weight truncation and with accounting for competing risk of any death.
The cumulative incidence curves were plotted based on 20 imputed
data sets (solid line for rosuvastatin group and dashed line for placebo
group).

to share many characteristics across these settings. In our study,
the missing-at-random assumption is likely violated to some
extent for many factors, but it seemed plausible for routine lab-
oratory tests and a measure of subclinical inflammation (i.e.,
hsCRP) in our setting. Previous studies of the UK primary care
databases have suggested that BMI and blood pressure mea-
surements were likely missing at random, and that prevalence
of current smoking was similar to that observed in the national
survey (22-24). In addition, our study examined the older
population who were free of major diseases (i.e., diabetes,
CVD, and cancer). Among these relatively healthy older
patients, laboratory tests may be more likely to be part of their
routine examinations rather than due to anticipated abnormali-
ties. Patients who were older or visited general practice more
regularly may be more likely to receive routine examinations.
The prediction of missing data based on measured patient char-
acteristics varied widely, and more work is needed to identify
situations where multiple imputation will not work. Multiple
imputation has been shown to be useful, however, even in set-
tings with modest prediction (25).

Weighing by inverse probability of missingness is an alterna-
tive approach to dealing with missing data; however, standard
applications require a monotone missing pattern when there are
multiple missing variables (26, 27), which was not the case in
our data. We therefore implemented a simplified version of
weighting as a secondary analysis. To bypass the assumption of
monotone missingness, we created an overall missing indi-
cator and reweighted the complete case population to the entire
eligible population (Web Appendix 2). The results were similar
to the results after standardizing to the complete case cohort.

The effect of rosuvastatin on primary prevention of CVD
became attenuated after standardizing the trial results to the
imputed or complete case cohort. This shift toward the null can
be explained in part by more subjects aged >80 years and high-
er values of hs-CRP and HDL-C in the target population. Greater
benefits of rosuvastatin on the relative-risk scale were observed
in the JUPITER trial for patients with HDL-C <50 mg/dL than
for those with HDL-C >50 mg/dL (hazard ratio = 0.50 vs. 0.73)
and those with lower hs-CRP values at baseline (<3.5 mg/L)
than for those with moderate (3.5-5 mg/L) or higher (>5 mg/L)

Table 5. Risk Difference of Major Cardiovascular Events for Rosuvastatin Among Patients Aged Less Than 80
Years in “Justification for the Use of Statins in Prevention: an Intervention Trial Evaluating Rosuvastatin” (Multiple
Countries, 2003—2008), Before and After Standardizing to the Imputed Cohort and the Complete Case Cohort From
the Clinical Practice Research Datalink (United Kingdom, 2001-2014), without Selection Weight Truncation

JUPITER

JUPITER, Standardized to the

JUPITER, Standardized to the

Year From Imputed Cohort Complete Case Cohort
Randomization
Risk Difference, % 95% ClI Risk Difference, % 95% CI Risk Difference, % 95% ClI
1 -0.5 -0.8,-0.3 -0.5 -0.8,-0.2 -0.4 -1.0,0.1
2 -1.1 -1.5,-0.6 -0.9 -1.3,-0.5 -0.8 -1.6,-0.1
3 -2.0 -2.8,—-1.1 -1.7 -2.8,-0.6 -1.9 -3.5,-0.3
4 -2.8 -41,-1.6 -2.7 -3.6,—-1.8 -2.9 -5.3,-0.6

Abbreviation: Cl, confidence interval; JUPITER, Justification for the Use of Statins in Prevention: an Intervention

Trial Evaluating Rosuvastatin.
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levels (hazard ratio = 0.38 vs. 0.80 vs. 0.65), although these
differences were not statistically significant. However, only
806 JUPITER participants were aged 80 years or older (Web
Table 3), leading to an imprecise estimate of the treatment
effect in this subgroup and limiting our ability to generalize the
trial results to patients in that age group in the target population.
Thus, we also generalized the trial results to those aged <80
years in the target population and found greater benefits of
rosuvastatin in those relatively younger population.

We also observed a rosuvastatin effect on primary CVD
prevention on the risk-difference scale after generalizing to
the imputed cohort and complete case cohort (Figure 2 and
Table 4). The JUPITER trial results and the results reweighted
to the complete case cohort showed the effect of rosuvastatin
on CVD prevention following the first year from randomi-
zation. In contrast, the risk reduction associated with rosu-
vastatin in the JUPITER trial generalized to the imputed
cohort was not observed until the end of the second year from
randomization and abruptly increased after 3 years. This is
because the large increases in the cumulative incidence after
2.5 years of follow-up were observed only in the placebo
group, resulting from a few patients who were over the age of
80 years with some less-prevalent characteristics (e.g., nonuse
of aspirin and any antihypertensive drugs or higher HDL-C
levels), and thus had large weights and also had incident cardio-
vascular disease. This pattern—that the rosuvastatin benefits on
CVD were strong only after prolonged treatment—was also
seen among patients aged >80 years in the original (i.e.,
unweighted) JUPITER trial but not for patients aged <70,
70-74, and 7579 years (Web Figure 4). In addition, when gen-
eralizing the trial results to the patients aged <80 years in the
imputed cohort, the rosuvastatin effects also emerged at 1 year.

Our study has a number of limitations. We need to consider
the validity of the assumption that we captured all characteris-
tics related to selection into the trial and to treatment effect het-
erogeneity. This assumption is analogous to the assumption of
no unmeasured confounding when estimating treatment effects
in a nonexperimental study (7). The CPRD includes a variety of
data, allowing us to identify potential variables as comprehen-
sively as possible; however, owing to the inherent limitations of
the CPRD, race/ethnicity is not available. The JUPITER trial
enrolled patients from various racial/ethnic groups and from 26
countries. It is possible that both factors would affect the proba-
bility of selection into the trial. Although race/ethnicity has
been shown to affect LDL-C responses to statin treatment (28),
the subgroup analysis of the JUPITER trial showed no differ-
ence of racial/ethnic groups and regions on the treatment effect
of rosuvastatin. Thus, the assumption of “no unmeasured effect
modifiers” might still be plausible in this setting. We also
assumed that we correctly specified the logistic models used
to predict the probability of selection, although the true mod-
els are unknown. The weighted results could be sensitive to
the model specification. In this study, we tested the selection
models by examining marginal balance of covariates. In the
future, more flexible methods, such as a generalized additive
model or machine learning, may help relax this assumption of
model specification. In addition, our generalized results were lim-
ited within the CPRD population to patients who would have
been eligible for JUPITER. The JUPITER results cannot be gen-
eralized to subjects who are not represented in JUPITER due

to the positivity assumption. Although we selected the target pop-
ulation strictly following the inclusion/exclusion criteria of JUPI-
TER, there is a possibility of some violation of the positivity
assumption. Despite the lack of an upper age limit in JUPITER,
the oldest trial participant was 97 years of age, making it impossi-
ble to generalize trial results to patients older than that. Last,
our estimate of the rosuvastatin effect on CVD after generaliz-
ing to the imputed cohort was very imprecise due to large
weights in some patients. We applied weight truncation to
increase the precision of the treatment effect estimate, but
it made the weighted trial population slightly less representa-
tive of the target population. Despite these limitations, this
generalization method based on weighting can still be an effec-
tive solution to translate the results of an RCT to real-world
population.

In summary, after addressing selection into the JUPITER
trial, the relative treatment effect of rosuvastatin on CVD events
generalized to the UK target population eligible to enroll the
JUPITER trial was slightly less pronounced but still present,
especially with prolonged duration of treatment. Our study
found that only a small fraction of the eligible CPRD patients
had complete data on all effect modifiers and provides evidence
for the need to impute missing data when generalizing trial re-
sults to target populations.
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