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Abstract
Objective: To emulate three target trials: single treatment vs. no treatment, joint treatment vs. no treatment, and head-to-head comparison of two treatments, we explain how to estimate the observational analogs of intention-to-treat and per-protocol effects, using hazard
ratios and survival curves. For per-protocol effects, we describe two methods for adherence adjustment via inverse-probability weighting.
Study Design and Setting: Prospective observational study using electronic medical records of individuals aged 55e84 with coronary
heart disease from O500 practices in the United Kingdom between 2000 and 2010.
Results: The intention-to-treat mortality hazard ratio (95% confidence interval) was 0.90 (0.84, 0.97) for statins vs. no treatment, 0.88
(0.73, 1.06) for statins plus antihypertensives vs. no treatment, and 0.91 (0.77, 1.06) for atorvastatin vs. simvastatin. When censoring nonadherent person-times, the per-protocol mortality hazard ratio was 0.74 (0.64, 0.85) for statins vs. no treatment, 0.55 (0.35, 0.87) for statins
plus antihypertensives vs. no treatment, and 1.13 (0.88, 1.45) for atorvastatin vs. simvastatin. We estimated per-protocol hazard ratios for a
5-year treatment using different dose-response marginal structural models and standardized survival curves for each target trial using
intention-to-treat and per-protocol analyses.
Conclusion: When randomized trials are not available or feasible, observational analyses can emulate a variety of target trials. Ó 2017
Elsevier Inc. All rights reserved.
Keywords: Comparative effectiveness; Secondary prevention; Confounding; Medication adherence; Survival analysis; Electronic health records

1. Introduction
Randomized trials are the preferred design to evaluate
comparative effectiveness of clinical interventions [1,2].
When randomized trials are not available, one can use
observational data to try to emulate the (hypothetical) target
trial that we would like to conduct but we cannot [3].
Availability of electronic health records has increased the
potential for conducting such observational analyses [4].
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We have previously used electronic medical records to
compare an active treatment (statin therapy) vs. no treatment for primary prevention of coronary heart disease
[5]. Our analysis illustrated how, even in the presence of
strong confounding by indication, high-quality and properly analyzed observational data may yield effect estimates
that are consistent with those from randomized trials.
This report extends our previous work on primary
prevention of coronary heart disease [5] and emulates the
the SAS program. G.D. conducted the analysis and wrote the first draft of
the manuscript, had access to all the data, and is the study guarantor, and
all other authors provided comments on the manuscript.
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What is new?

Research Question: Target trial (i)

 When randomized trials are not available, one can
use observational data to try to emulate a (hypothetical) target trial.

Context: Statins have been shown to reduce the
risk of death after myocardial infarction in randomized trials.
Objective: We emulated the design and analysis of
a ‘single treatment’ target trial of secondary prevention using statins.
Population: Adults aged 55 to 84 with a prior myocardial infarction, angina pectoris or revascularization.
Intervention: Statin therapy.
Comparator: No statin therapy.
Outcome: Death from any cause.
Timeframe: Maximum of 11 years of follow-up between January 2000 and June 2010.

 We emulated three different types of target trials of
secondary prevention using observational data
from electronic medical records: a single treatment
trial, a joint treatment trial, and a head-to-head
comparison trial.
 We presented methods to estimate hazard ratios
and standardized survival curves for the observational analogs of the intention-to-treat and perprotocol effects.
 Compared with our previous study on primary prevention in the same population, confounding was
in the opposite direction: here treated participants
had a lower risk of coronary heart disease.

design and analysis of secondary prevention trials that
compare joint treatment (a combination of two or more
treatments) vs. no treatment, and head-to-head trials that
compare two active treatments. We present methods to estimate the observational analogs of the intention-to-treat
and per-protocol effects and describe how to estimate standardized survival curves to overcome the limitations of hazard ratios [6] for comparative effectiveness research.

2. Methods
2.1. Study population
The Health Improvement Network is a database of medical
records from more than 500 primary care practices in the
United Kingdom. The database includes demographic information, symptoms and diagnoses, referrals and hospitalizations, outpatient prescriptions, test results, and some
lifestyle information. Drug prescriptions are also taken from
the general practitioners’ database, and disease diagnoses
have been recorded using standard READ codes. We included
data from January 1, 2000 through December 31, 2010.
2.2. Three target trials
We consider three target trials with a common set of
baseline eligibility criteria: age 55e84 years; prior myocardial infarction, angina pectoris or revascularization (qualifying event); no use of any statin in the past year; and no
history of cancer, dementia, psychosis or chronic heart,
liver or kidney failure. In all trials, patients are followed
from baseline (between January 2000 and June 2010) until
death (the primary outcome), or loss to follow-up.
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Patients are randomly assigned to usual care with or
without statin therapy in target trial (i), to usual care with
either a combination of statins and antihypertensives or
neither therapy (no use of any antihypertensive in the past
year is an additional eligibility criterion) in target trial (ii),
and to usual care with either atorvastatin or simvastatin
therapy in target trial (iii). Statin therapy does not include
cerivastatin, which was taken off the market because of
safety concerns.
2.3. Emulating the target trials
We applied to The Health Improvement Network data
the same baseline eligibility criteria described above plus
having at least 2 years of continuous recording in the database, at least one health contact within the past 2 years, and
information on all potential confounders measured at least
once during the past 2 years (see list of potential confounders in Table 1 and Appendix Table 1).
Individuals in The Health Improvement Network data
can meet the eligibility criteria for each target trial at

Research Question: Target trial (ii)
Context: Statins and antihypertensive drugs have
been shown to separately reduce the risk of death after myocardial infarction in randomized trials.
Objective: We emulated the design and analysis of
a ‘joint treatment’ target trial of secondary prevention
using a combination of statin and antihypertensive.
Population: Adults aged 55 to 84 with a prior myocardial infarction, angina pectoris or revascularization.
Intervention: Statin and antihypertensive therapy.
Comparator: No statin or antihypertensive therapy.
Outcome: Death from any cause.
Timeframe: Maximum of 11 years of follow-up between January 2000 and June 2010.
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Research Question: Target trial (iii)
Context: Different statins have been shown to have
similar efficacy in reducing the risk of death after
myocardial infarction in randomized trials.
Objective: We emulated the design and analysis of
a ‘head-to-head’ target trial of secondary prevention.
Population: Adults aged 55 to 84 with a prior myocardial infarction, angina pectoris or revascularization.
Intervention: Atorvastatin therapy.
Comparator: Simvastatin therapy.
Outcome: Death from any cause.
Timeframe: Maximum of 11 years of follow-up between January 2000 and June 2010.

several times. Rather than choosing one of those times (say,
June 2005) as the trial’s time zero, we emulated each target
trial as a sequence of trials [5] that started at each of the
126 months between January 2000 and June 2010. Eligible
individuals at each of the 126 baselines were assigned to a
treatment group and followed until the age of 85, death, or
loss to follow-up (due to end of data collection at the patient’s practice). Individuals were included in all monthly
trials for which they met the eligibility criteria.
In each monthly trial for the ‘‘single treatment’’ trial (i),
eligible individuals who initiated any statin during the

baseline month were assigned to the treatment arm and
noninitiators to the no-treatment arm. In each monthly trial
for the ‘‘joint treatment’’ trial (ii), eligible individuals who
initiated any statin during the baseline month and any antihypertensive therapy within 2 months (or vice versa) were
assigned to the treatment arm, those initiating only statins
or antihypertensives were excluded, and all others were assigned to the no-treatment arm. There were no deaths
within the 2 months after initiating the first treatment and
before starting the second treatment, and only 4 patients
were lost to follow-up during this period so there was no
need to use more complex approaches [7]. In each monthly
trial for the ‘‘head-to-head’’ trial (iii), eligible individuals
who initiated atorvastatin during the baseline month were
assigned to one arm, and those initiating simvastatin to
the other arm; all others were excluded. Participants initiating both atorvastatin and simvastatin were assigned to
atorvastatin in the main analysis and to simvastatin in a
sensitivity analysis (estimates did not materially change;
data not shown).
2.4. Estimating the observational analog of the
intention-to-treat effect
In a randomized trial, the intention-to-treat effect is the
effect of being assigned to a treatment strategy. To estimate
an observational analog, we estimated the effect of being

Table 1. Major baseline characteristics of the eligible study population when emulating three target trials, The Health Improvement Network
2000e2010.
Target trial (i): statins vs. no
treatment

Characteristic
Age, years
Male, %
Low-density lipoprotein
cholesterol, mmol/L
High-density lipoprotein
cholesterol, mmol/L
Body mass index, kg/m2
Systolic blood pressure, mmHg
Alcohol use, units/day
Doctor visits in the past 3 mo
Referrals in the past 3 mo
Hospitalizations in the past 3 mo
Smoking prevalence, %
Never
Current
Former
Hypertension, %
Diabetes, %
Stroke, %
Myocardial infarction, %
Angina, %
Revascularization, %

Target trial (ii): statins and
antihypertensives vs. no
treatment

Target trial (iii): atorvastatin vs.
simvastatin

Noninitiators
(302,895)

Initiators
(7,776)

Noninitiators
(35,153)

Initiators
(542)

Simvastatin
initiators
(4,828)

Atorvastatin
initiators
(1,979)

69.9 (8.5)
57.6
3.08 (0.9)

69.1 (8.4)
60.2
3.50 (0.9)

68.9 (8.5)
63.7
3.2 (0.9)

66.1 (9.2)
71.4
3.6 (1.1)

69.5 (8.5)
61.2
3.43 (0.9)

68.6 (8.3)
60.0
3.58 (1.0)

1.39 (0.4)

1.38 (0.4)

1.4 (0.4)

1.3 (0.4)

1.38 (0.4)

1.37 (0.4)

27.8 (5.1)
138 (17)
0.07 (0.25)
3.8 (3.3)
0.8 (1.3)
0.06 (0.31)

28.0 (4.9)
140 (19)
0.07 (0.26)
4.9 (3.1)
1.0 (1.5)
0.12 (0.44)

26.5 (4.5)
136 (16)
0.07 (0.25)
3.2 (3.0)
0.7 (1.2)
0.04 (0.24)

27.5 (4.5)
145 (23)
0.05 (0.23)
5.9 (3.0)
1.4 (1.7)
0.25 (0.61)

28.0 (5.0)
140 (18)
0.07 (0.26)
5.0 (3.2)
1.0 (1.5)
0.13 (0.45)

27.9 (4.5)
141 (20)
0.07 (0.25)
4.7 (3.0)
0.8 (1.3)
0.12 (0.46)

49.3
13.3
37.4
65.4
16.6
6.2
30.7
84.6
12.0

46.9
16.2
36.9
60.0
18.2
8.3
35.9
82.8
14.1

44.9
19.7
35.4
24.3
10.4
4.8
34.1
1.5
13.9

38.3
22.0
39.7
35.8
10.3
5.5
43.5
19.0
19.0

44.8
16.2
39.0
60.7
18.2
7.9
34.6
83.6
13.0

49.5
16.1
34.4
59.0
17.5
9.1
37.4
82.3
15.4

Numbers in the table are means (standard deviations) unless otherwise specified (see Appendix Table 1 for more comparisons).
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A
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B
15.1 million potential
person-trials
(167,231)

310,641 eligible
person-trials
(14,940)

7,776 initiators
(1727)

15.1 million potential
person-trials
(167,231)

-4.0 million not on database for 2-years
with a prior visit
-3.3 million major chronic diseasesa
-5.4 million no recent data on
confounders
-2.1 million statin use in the past year

-4.0 million not on database for 2-years with
a prior visit
-3.3 million with major chronic diseasesa
-5.4 million no recent data on confounders
-2.4 million statin or antihypertensive use in
the past year
35,695 eligible
person-trials
(2,795)

302,865 non-initiators
(13,213)

- 1,528 were lost to follow-up (132)

542 joint initiators
(293)

- 56,332 were lost to follow-up (936)

- 96 were lost to follow-up (55)

- 961 deaths (229)
- 5,287 alive at the end of follow-up (1,366)

35,153 non-initiators
(2,502)

- 32,103 deaths (1950)
- 214,430 alive at the end of follow-up (10,327)

- 46 deaths (26)
- 400 alive at the end of follow-up (212)

- 6,286 were lost to follow-up (480)

- 3,366 deaths (302)
- 25,501 alive at the end of follow-up (1,720)

C
15.1 million potential
person-trials
(167,231)

6,807 eligible
person-trials
(6,488)

1,979 atorvastatin
(1,897)

- 383 were lost to follow-up (371)

- 274 deaths (270)
- 1,322 alive at the end of follow-up (1,256)

-4.0 million not on database for 2-years
with a prior visit
-3.3 million major chronic diseasesa
-5.4 million no recent data on
confounders
-2.1 million statin use in the past year
-0.3 million not using either
atorvastatin or simvastatin

4,828 simvastatin
(4,591)

- 985 were lost to follow-up (946)

- 561 deaths (544)
- 3,282 alive at the end of follow-up (3,101)

Fig. 1. Selection process for participants, The Health Improvement Network 2000e2010. (A) Statins; (B) statins and antihypertensives; (C) atorvastatin vs. simvastatin. Numbers in parentheses indicate unique individuals. a Major chronic disease was defined as cancer, chronic kidney disease, liver failure, congestive heart failure, dementia, schizophrenia, or organ transplant.

prescribed treatment by pooling the data across all monthly
trials (for statistical efficiency) and fitting a pooled logistic
regression model as explained in the Appendix. Depending
on the trial being emulated, the indicator for treatment was
coded as 1 for (i) statin, (ii) statin plus antihypertensive
therapy, or (iii) atorvastatin, and 0 for the corresponding
reference group. Assuming no unmeasured confounding,
given the covariates included in the model, and a low
monthly mortality risk (e.g., !10%) within levels of these
covariates, the coefficient for treatment indicator approximates the intention-to-treat log mortality hazard ratio [8]
of a target trial with the same adherence pattern as The
Health Improvement Network data.
Because of the limitations of hazard ratios as effect
measures [6], we also estimated survival curves for each
arm by fitting a pooled logistic model similar to the one
explained above except that it included product (‘‘interaction’’) terms between treatment variables and follow-up
time to allow the hazard ratio to change over time. Predicting the conditional survival at each time, and standardizing
the survival probabilities to the joint distribution of the

selected confounders at baseline (see Appendix for
details).

2.5. Estimating the observational analog of the perprotocol effect
In a randomized trial, the per-protocol effect is the effect
that would have been observed had all individuals adhered to
their assigned treatment strategy throughout the follow-up.
We have previously implemented two methods to estimate
the observational analog of the per-protocol effect [5]. We
now describe these two methods for trials (i), (ii), and (iii):
1. Censoring at discontinuation of the treatment strategy
assigned at baseline. For trial (i), we censored individuals in the treatment group when they discontinued
statin therapy and those in the no treatment group
when they initiated statin therapy. For trial (ii), we
censored individuals in the treatment group when they
discontinued either statins or antihypertensives, and
those in the no treatment group when they initiated
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model multiple treatment changes in trial (i), we
censored individuals when they changed treatment
5 times during the follow-up (which led to excluding
about 4% of observations). That is, we emulated a
target trial in which the protocol did not allow subjects to switch treatment more than four times. For
target trial (ii), we censored individuals when they
received just one of the two active treatments (statins or antihypertensives); and for target trial (iii),
we censored individuals when they received neither
of the two active treatments (atorvastatin or
simvastatin).
The above hazard ratio and survival estimates are
adjusted for measured baseline confounders, but not for
postbaseline, time-varying confounders (which predict
treatment and therefore censoring). To adjust for measured
time-varying confounders, we weighted each individual’s
contributions to the pooled logistic model by the subjectspecific time-varying stabilized inverse-probability weights
(see Appendix). Informally, the denominator of the
inverse-probability weight is the probability that a subject
received his own observed treatment given his past treatment and covariate history, and the numerator (the stabilizing factor) is the probability that a subject received his
observed treatment conditional only on his past treatment
history and baseline prognostic factors. The stabilized
inverse-probability weights create a ‘‘pseudo-population’’
in which treatment is independent of prognostic factors’
history [9].

either of the two therapies. For trial (iii), we censored
individuals when they discontinued their assigned
active treatment (i.e., atorvastatin or simvastatin). For
all trials, we then fit to the censored data the same
pooled logistic models described in the previous
section to estimate the hazard ratio and the survival
curves.
2. Specifying a dose-response marginal structural model
(in reference [5], we imprecisely referred to this as an
‘as-treated’ analysis). For all trials, we fit the same
pooled logistic models described in the previous section to estimate the hazard ratio and the survival
curves, with the exception that we replaced the indicator for treatment arm by a time-varying function of
treatment use since baseline. Our main analysis used
cumulative dose (linear and squared terms). In sensitivity analyses, we used five other dose-response
models: linear cumulative dose, cumulative average
dose (linear term only, linear and squared terms),
and cumulative dose in the two most recent year plus
cumulative dose in the previous period (linear only,
linear and quadratic for each term). We then estimated the hazard ratio and survival probabilities for
continuous treatment vs. no treatment during the
follow-up.
Even when using a dose-response model, we used
censoring to resolve estimation problems in trial (i)
and to preserve the interpretability of the estimates
in trials (ii) and (iii). Because of the difficulty to

Table 2. Analog of the intention-to-treat and per-protocol mortality hazard ratios (95% confidence intervals) when emulating three target trials, The
Health Improvement Network 2000e2010
Target trial (ii): statins
and antihypertensives
vs. no treatment

Target trial (i): statins
vs. no treatment
Per-protocol effect

Adjustment for
covariates
Unadjusted
Adjusted for
baseline
covariatesc
Adjusted for
baseline and
time-varying
covariatesd

Doseresponse
structural
Intention-to- Censoring at
modelb
treat effect nonadherencea
0.94
0.78
0.94
(0.88, 1.01) (0.69, 0.88) (0.81, 1.07)
0.90
0.71
0.87
(0.84, 0.97) (0.62, 0.82) (0.75, 0.99)
NA

0.74
(0.64, 0.85)

0.87
(0.73, 1.03)

Intention-totreat effect
0.95
(0.82, 1.11)
0.88
(0.73, 1.06)
NA

Target trial (iii): atorvastatin
vs. simvastatin

Per-protocol effect

Per-protocol effect

Doseresponse
structural
Censoring at
modelb
nonadherencea
0.84
0.74
(0.64, 1.11) (0.41, 1.39)
0.64
0.82
(0.42, 0.97) (0.45, 1.26)

Doseresponse
structural
Censoring at
modelb
nonadherencea
1.05
1.00
(0.84, 1.30) (0.77, 1.37)
1.07
1.16
(0.84, 1.36) (0.85, 1.43)

0.55
(0.35, 0.87)

0.79
(0.42, 1.31)

Intention-totreat effect
0.91
(0.78, 1.05)
0.91
(0.77, 1.06)
NA

1.13
(0.88, 1.45)

1.18
(0.88, 1.52)

Abbreviation: NA, Not applicable.
a
Confidence intervals are conservative because they were based on a robust variance.
b
We used cumulative dose and its squared term as the function of treatment. Estimates correspond to the average hazard ratio over a 5-year
period.
c
Characteristics listed in Table 1.
d
Age (in 5 year age groups), categories of body mass index, systolic blood pressure, LDL-cholesterol, HDL-cholesterol, months since last measure of SBP, months since last measure of LDL, months since last measure of HDL, number of doctor visits in the past 3 months, number of referrals in the past 3 months, number of hospitalizations in the past 3 months; indicators for diabetes status, hypertension status, atrial fibrillation,
antihypertensive use, insulin use, non-statin lipid lowering agent use, beta-blocker use.
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To estimate the denominator of the weights for target trials
(i) and (ii), we used the predicted values from two separate
logistic models to allow the association between covariates
and treatment to vary by prior treatment status
(see Appendix). We used the predicted probabilities of treatment from these models to calculate the denominator of the
weights, and a separate pair of models without time-varying
confounders to estimate the numerator of the weights.
To estimate the denominator of the weights for the joint
treatment trial (ii) and the head-to-head trial (iii), we fit
two nested logistic regression models (separately by treatment level in the previous month). For target trial (ii), the first
model estimated the monthly conditional probability of
remaining uncensored, that is, using either both statin or
antihypertensive or neither; the second model estimated the
monthly probability of receiving both treatments among the
uncensored. Because switching from both treatments to no
treatment in this target trial likely reflects a clinical contraindication for treatment, the protocol of the target trial allowed
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such a change, which we emulated by not updating the
inverse-probability weights after discontinuing both treatments (!1% of observations). Similarly, for target trial
(iii), the first model estimated the monthly probability of
receiving either atorvastatin or simvastatin. The second
model estimated the monthly probability of receiving atorvastatin among those on one of the two active treatments.
We stopped updating the inverse-probability weights when
an individual switched from atorvastatin to simvastatin and
vice versa which occurred in around 1% of observations,
effectively emulating a protocol that allowed individuals to
make that change.
To prevent undue influence by a limited number of
observations with extreme weights, we truncated the estimated inverse-probability weights at their 99th percentile.
We used nonparametric bootstrapping with 500 samples to
calculate 95% confidence intervals (CI) for the survival difference estimates and for hazard ratios in per-protocol analyses using a dose-response model [10]. For all other

Fig. 2. Estimated survival curves after initiation and no initiation of statins, The Health Improvement Network 2000e2010. (A) Intention-to-treat
effect, (B) per-protocol effect via censoring nonadherent person-times, (C) per-protocol effect via dose-response model.
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Fig. 3. Adherence to treatment in the eligible population when emulating three target trials, The Health Improvement Network 2000e2010. (A)
Statins vs. no statins, (B) statins and antihypertensives vs. neither, and (C) atorvastatin vs. simvastatin.

hazard ratios, we used robust variances to calculate conservative 95% CI which requires fewer computational resources. All analyses were conducted using SAS 9.4 (SAS
Institute Inc., Cary, NC, USA). Relevant code and documentation are available at www.hsph.harvard.edu/causal/
software.

included more current smokers, diabetics and aspirin, and
beta-blocker users. However, the differences were generally
small. Appendix Table 2 presents the characteristics of all
individuals that would have been eligible if complete data
on potential confounders listed in Table 1 and Appendix
Table 1 had not been an eligibility criterion.

3. Results

3.1. Target trial (i): single treatment with any statin vs.
no treatment

Fig. 1 summarizes the selection of individuals for each
of the three target trials. Because individuals may be
eligible for multiple monthly trials, the total number of
eligible individuals, when pooled over all monthly trials,
is greater than the number of unique individuals. Table 1
and Appendix Table 2 present the baseline characteristics
of the eligible individuals by initial treatment. For example,
for target trial (i), statin initiators were on average slightly
younger, had higher low-density lipoprotein (LDL)-cholesterol levels and more doctor visits and hospitalizations, and

During 1.2 million person-years of follow-up, there were
229 deaths among initiators (mean follow-up of 58 months)
and 1,950 deaths among noninitiators (mean follow-up of
48 months). The intention-to-treat mortality hazard ratio
(95% CI) was 0.90 (0.84, 0.97) (Table 2). A product term
between the indicator for treatment initiation and baseline
month had a P-value of 0.83, which supports pooling the
estimates across monthly trials. The survival difference
(95% CI) between initiators and noninitiators was 0.3%
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19

Fig. 4. Estimated survival curves after initiation and no initiation of statins plus antihypertensives, The Health Improvement Network
2000e2010. (A) Intention-to-treat effect, (B) per-protocol effect via censoring nonadherent person-times, (C) per-protocol effect via doseresponse model.

(0.1%, 0.5%) at 1 year and 1.2% (0.5%, 2.1%) at 5 years of
follow-up (Fig. 2A).
One-year and 5-year adherence to the baseline assignment was 72% and 56% in initiators, and 81% and 45% in
noninitiators, respectively (Fig. 3A). Among initiators, predictors of higher adherence were lower LDL-cholesterol,
frequent measurements of LDL-cholesterol and doctor visits,
and use of antihypertensives (Appendix Table 3).
Table 2 also presents the two sets of per-protocol effect
estimates. After censoring nonadherent person-times, mean
follow-up was 40 months among initiators (139 deaths) and
30 months among noninitiators (965 deaths). The mean of
the stabilized inverse-probability weights was 1.10 (99th
percentile: 2.86; Appendix Table 4) and 0.99 after truncation. The mortality hazard ratio was 0.74 (0.64, 0.85) when
censoring at nonadherence and 0.87 (0.73, 1.03) for 5 years
of continuous treatment with statins when using a doseresponse model. The survival difference between

continuous treatment and no treatment estimated by
censoring at nonadherence was 0.5% (0.2%, 0.9%) at 1 year
and 3.2% (0.2%, 4.7%) at 5 years of follow-up (Fig. 2B).
The dose-response model gave similar results (Fig. 2C).

3.2. Target trial (ii): joint treatment with statins and
antihypertensives vs. no treatment
During 154,259 person-years of follow-up, there were 26
deaths among initiators (mean follow-up of 56 months) and
302 deaths among non-initiators (mean follow-up of
51 months). The intention-to-treat mortality hazard ratio
for joint treatment with statins and antihypertensives vs.
no treatment was 0.88 (0.73, 1.06; Table 2). The survival
difference between initiators and non-initiators was less
than 1% at 1 year and 1% (0.8%, 2.6%) at 5 years of
follow-up (Fig. 4A).

20

G. Danaei et al. / Journal of Clinical Epidemiology 96 (2018) 12e22

Fig. 5. Estimated survival curves after initiation of atorvastatin and initiation of simvastatin, The Health Improvement Network 2000e2010. (A)
Intention-to-treat effect, (B) per-protocol effect via censoring nonadherent person-times, (C) per-protocol effect via dose-response model.

One-year and 5-year adherence to the baseline treatment
was 71% and 53% in initiators, and 67% and 23% in noninitiators (Fig. 3B). The per-protocol mortality hazard ratio
for continuous treatment with statins and antihypertensives
vs. no treatment was 0.55 (0.35, 0.87) when censoring at
nonadherence and 0.79 (0.42, 1.31) for 5 years of treatment
when using a dose-response model. The survival difference

between continuous treatment and no treatment estimated
via censoring at nonadherence was less than 1% at 1 year
and 3.2% (0.9%, 6.9%) at 5 years of follow-up (Fig. 4B).
The survival curves estimated using the selected doseresponse curves (i.e., linear and quadratic cumulative dose)
showed a similar but smaller survival benefit for the treated
(Fig. 4C).

Table 3. Sensitivity of estimates of the per-protocol mortality hazard ratio for five years of treatment (95% confidence interval) to the choice of doseresponse model when emulating three target trials, The Health Improvement Network 2000e2010
Functional form for treatmenta
Cumulative doseelinear only
Cumulative doseelinear and quadratic
Cumulative average doseelinear only
Cumulative average doseelinear and quadratic
Cumulative dose in most recent 2 yr and in the previous
periodelinear only
Cumulative dose in most recent 2 yr and in the previous
periodelinear and quadratic
a

Target trial (i): statins
Target trial (ii): statins and
Target trial (iii): atorvastatin
vs. no treatment
antihypertensives vs. no treatment
vs. simvastatin
0.84
0.87
0.81
0.91
0.89

(0.70,
(0.73,
(0.66,
(0.76,
(0.70,

1.02)
1.03)
0.97)
1.07)
1.08)

0.92 (0.76, 1.12)

0.85
0.79
0.79
0.82
0.85

(0.52,
(0.42,
(0.48,
(0.35,
(0.56,

1.12)
1.31)
1.03)
1.45)
1.28)

1.05 (0.46, 1.83)

Results reported for 5 years of treatment and using inverse-probability weights truncated at 1st and 99th percentile.

1.13
1.18
1.14
1.16
1.31

(0.85,
(0.88,
(0.87,
(0.88,
(0.92,

1.50)
1.52)
1.46)
1.43)
1.55)

1.23 (0.91, 1.62)
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3.3. Target trial (iii): head-to-head comparison of
atorvastatin vs. simvastatin
During 22,738 person-years of follow-up, there were 270
deaths among atorvastatin initiators (mean follow-up
47 months) and 544 among simvastatin initiators (mean
follow-up 37 months). The intention-to-treat mortality hazard ratio for atorvastatin vs. simvastatin was 0.91 (0.77,
1.06; Table 2). The survival difference between initiators
of atorvastatin and simvastatin was less than 1% at 5 years
(Fig. 5A).
One-year and 5-year adherence to the baseline treatment
was 75% and 58% in initiators of atorvastatin, and 72% and
54% in initiators of simvastatin (Fig. 3C). The per-protocol
mortality hazard ratio was 1.13 (0.88, 1.45) when censoring
at nonadherence, and 1.18 (0.88, 1.52) for 5 years of
continuous treatment when using a dose-response model
(Table 2). The survival difference between continuous use
of atorvastatin vs. simvastatin was less than 1% at 1 year
and 2.1% (6.1%, 4.3%) at 5 years (Fig. 5B) with similar
results from the dose-response model (Fig. 5C).
The per-protocol estimates were sensitive to the choice
of dose-response functions especially for the joint treatment
trial (ii) (Table 3). Under a variety of functional forms, the
mortality hazard ratios for five years of treatment ranged
from 0.81 to 0.92 for target trial (i), from 0.79 to 1.05 for
target trial (ii), and from 1.13 to 1.31 for target trial (iii).
In target trial (i), we conducted sensitivity analyses for
key analytic decisions. First, we repeated the analyses
without the requirement for data on all baseline covariates,
which showed that the exclusion of these individuals made
our estimates of intention-to-treat hazard ratio more conservative. Second, we allowed each patient to enroll only in
one monthly trial (their first eligible trial). This did not
change the intention-to-treat estimate but increased the
standard error of the log hazard ratio from 0.038 to
0.073. That is, there are substantial gains in efficiency when
we allow patients to enroll in more than one trial, even
when using a robust variance. Third, we allowed prevalent
users, which resulted in 1.9 million monthly trials (rather
than 310,641) and substantially altered the eligibility
criteria and treatment strategies of the target trial. Specifically, the target trial is now conducted in a population that
contains both statin users and nonusers, and in this new
target trial each individual is assigned to either statin (no
change if a user, initiation if a nonuser) or no statin (discontinuation if a user, no change if a nonuser). After adjusting
for variables in Table 1 and Appendix Table 1, mortality
hazard ratio for current users vs. nonusers of statins in this
modified analysis was 0.91 (0.85, 0.97) and, after further
adjustment for prior statin use, 0.85 (0.80, 0.92). This small
difference suggests a relatively small potential for differential survival bias [11,12]. Finally, using a restricted cubic
spline instead of linear and quadratic terms to model
follow-up time did not materially change the intention-totreat hazard ratio.
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4. Discussion
We emulated target trials to estimate the effect of statins
and antihypertensives on death after coronary heart disease
using electronic medical records. An explicit emulation prevents biases such as prevalent user bias [13] and immortal
time bias [14] and helps define the observational analog of
per-protocol effects. We illustrated how one can estimate
per-protocol effects via inverse-probability weighting [15]
and by estimating both average hazard ratios and standardized survival curves [6]. Similar approaches to estimate
per-protocol effects can be adopted in randomized trials
[16].
Our effect estimates were weaker than those from true
randomized trials. In the ‘‘single treatment’’ target trial (i)
for statin only, our mortality hazard ratio estimate was
0.90 compared with the pooled hazard ratio of 0.84 from
a meta-analysis of secondary prevention randomized trials
[17], and our survival difference at 60 months was 1.2%
compared with 3.6% at 70 months in the 4S trial [18].
The weaker estimates may be due to confounding by unmeasured factors, measurement error, differences in study
populations and length of follow-up, or lower adherence
to treatment in our population (28% nonadherence among
initiators at 1 year compared with about 15% by the end
of follow-up in a review of randomized trials [17]). Specifically, the lower hazard ratio of 0.73 for the first year of
follow-up (Appendix Table 5) compared with 0.90 for the
entire follow-up, indicates that doctors tend to prescribe
statins to patients with better prognostic factors (which
were not recorded in the database). This is in contrast to
our previous findings in a primary prevention analysis
where the hazard ratio for statins and incident coronary
heart disease was higher in the first year of follow-up [5].
In the ‘‘joint treatment’’ target trial (ii) for statins and
antihypertensives vs. no treatment, the intention-to-treat
hazard ratio estimate of 0.88 had a wide 95% CI and probably underestimated benefit of the joint treatment because
of unmeasured confounding for antihypertensives. In fact,
when we tried to emulate a target trial of antihypertensives
vs. no antihypertensives (data not shown), the intention-totreat hazard ratio suggested a 12% increased death rate in
the treatment group. In the ‘head-to-head’ trial (iii) for atorvastatin vs. simvastatin, the intention-to-treat hazard ratio
of 0.91 had a wide 95% CI and was consistent with the lack
of survival differences between different types of statins reported in a meta-analysis of randomized trials [19].
We used two methods to estimate the per-protocol effect: a relatively inefficient censoring procedure that does
not require a dose-response model, and a theoretically more
efficient method that will result in bias if the dose-response
model is misspecified. In practice, the dose-response model
did not always result in more efficient estimates (even
though censoring-based estimates had conservative CI
around them) because inverse-probability weights were
estimated during longer periods which resulted in loss of
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efficiency. Importantly, these effect estimates were
sensitive to the choice of dose-response model. Further
research into dose-response modeling for per-protocol
effects is warranted [20,21].
Because per-protocol effects are defined as the effect
that would have been observed under full adherence, it is
key to use a definition of adherence that is clinically meaningful. Specifically, individuals who discontinue treatment
due to toxicity or other clinically mandated reasons are in
fact adhering to the protocol, as no reasonable clinical
protocol would force patients to stay on treatment in these
situations [22]. Unfortunately, as we did not have data on
why patients changed treatment, our per-protocol effect
estimates considered all deviations from the baseline treatment as non-adherence. We do not expect this limitation to
have a substantial impact on the estimates because statins
and antihypertensives have low rates of toxicity [23,24].
Both methods for estimating the per-protocol effect used
inverse-probability weighting to adjust for time-varying
confounding. Inverse-probability weights are sensitive to
violations of the positivity assumption [25], as a result of
certain treatment-confounder combinations being observed
in a small subset of the population.
In conclusion, we described and implemented methods
to emulate three types of randomized trials using observational data. We explained how to estimate the observational
analogs of the intention-to-treat and per-protocol effects,
and how to estimate standardized survival curves and quantify uncertainty in quantities of interest.

Supplementary data
Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jclinepi.2017.11.021.
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