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Abstract

Observational analyses for causal inference often rely on real world data collected for purposes 

other than research. A frequent goal of these observational analyses is to use the data to emulate a 

hypothetical randomized experiment, i.e., the target trial, that mimics the design features of a true 

experiment, including a clear definition of time zero with synchronization of treatment assignment 

and determination of eligibility.

We review a recent observational analysis that explicitly emulated a target trial of screening 

colonoscopy using insurance claims from U.S. Medicare. We then compare this explicit emulation 

with alternative, simpler observational analyses that do not synchronize treatment assignment and 

eligibility determination at time zero and/or do not allow for repeated eligibility. This empirical 

comparison strongly suggests that lack of an explicit emulation of the target trial leads to biased 

estimates, and shows that that allowing for repeated eligibility increases the statistical efficiency of 

the estimates.

In theory, randomized controlled trials can validly address causal questions about the 

comparative effectiveness or safety of health-related interventions. In practice, the 

randomized trial that would answer a particular causal question—the target trial—may not 

be feasible, ethical, or timely. In these cases, we can resort to observational analyses that use 

real world data to explicitly emulate the target trial of interest [1].

As an example of the above, consider the effect of screening colonoscopy on colorectal 

cancer (CRC) incidence [2]. Though screening colonoscopy is thought to reduce CRC 

incidence, no results from randomized trials will be available until the next decade [3–5]. In 

the meanwhile, all evidence about the effectiveness of screening colonoscopy will 
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necessarily rely on observational analyses of real world data [6]. We recently emulated a 

(hypothetical) target trial of screening colonoscopy using a large insurance claims database 

from the Medicare program in the United States. We estimated that screening colonoscopy 

lowers the eight-year risk of CRC risk by 0.63 percentage points in individuals aged 70 to 74 

years [7].

To obtain this estimate of 0.63, we implemented an analytic approach that explicitly 

emulates a target trial of screening colonoscopy. Our approach was designed to reduce bias 

and to improve precision when using nonrandomized longitudinal data. However, our 

approach may appear unnecessarily complex when compared with more frequently used 

observational analyses; whether the complexity is necessary remains an open question.

To address this question, here we compare the trial emulation approach with simpler, 

traditional approaches using the same data. Specifically, we compare the estimates of the 

effect of screening colonoscopy on the eight-year risk of CRC. We then discuss the relative 

advantages and disadvantages of our explicit emulation approach compared with these 

simpler approaches. First, we briefly review our approach.

Overview of the original observational analysis to emulate the target trial

We first specified the protocol of a target trial of colonoscopy (Table 1). To emulate this 

target trial, we identified Medicare beneficiaries who met the eligibility criteria and assigned 

them to either one of two comparison arms: 1) screening colonoscopy within the seven days 

after they met the eligibility criteria; or 2) no screening strategy. Follow-up ended at CRC 

diagnosis, death, disenrollment from Medicare (loss to follow-up), or December 31, 2012, 

whichever occurred earlier. We compared the eight-year risk of CRC under both strategies 

[7]. We emulated both a target trial in which randomization was conditional on the baseline 

covariates listed in Table 1 and a target trial in which randomization was unconditional. In 

practical terms, this means that we conducted two analyses: one adjusted for the baseline 

covariates and another one unadjusted. Because adjustment for baseline variables did not 

materially affect the estimates, for simplicity we will only discuss unadjusted estimates here. 

Also for simplicity, we restrict our discussion to the analysis in the 70 to 74 years age group.

Because eligible individuals could meet the eligibility criteria at multiple weeks during the 

follow-up period, we emulated 260 target trials (with each trial starting in a different week) 

and allowed individuals to contribute information to multiple trials depending on eligibility. 

On average, each individual was eligible for 49.7 of the 52 trials emulated each year for 

which she was eligible. We analyzed the data by pooling the 260 emulated trials. The 

statistical analysis accounted for the repeated use of individuals: bootstrapping was used to 

estimate the variance of the estimates. To decrease the computational demands imposed by 

the emulation of 260 target trials, we included only a random sample of 5% of individuals 

assigned to the no screening strategy each week. For comparability, we also used 5% of the 

eligible individuals in the simpler analyses described below.

Under this study design, all 685 CRC cases in the screening strategy were unique, but the 

21,954 CRC cases in the no screening strategy corresponded to only 1,086 unique cases. 
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12.8% of eligible individuals were censored due to loss to follow-up. The CRC risk was 

greater at time zero in the screening strategy than in the no-screening strategy because 

previously undiagnosed cancers were diagnosed at baseline, but the curves crossed at about 

five years (Figure 1). The eight-year risk difference was -0.63% (95% CI: -0.83, -0.43) 

(Table 2).

Three alternative, simpler observational analyses

We now describe three simpler analytic approaches that, unlike ours, include individuals in 

the analysis only once.

1. Treatment assigned at time zero / Eligibility determined at time zero

A simpler emulation of the target trial would be identical to our analysis except that 

individuals would be used only once. That is, we assign individuals who receive a 

colonoscopy while meeting the eligibility criteria to the colonoscopy strategy (with time 

zero being the time of the colonoscopy), and individuals who did not received a colonoscopy 

at first eligibility to the no colonoscopy group (with time zero being their first eligible time 

during the study period).

This approach, which appropriately emulates the target trial, results in 685 unique cases in 

the screening strategy and 1,086 unique cases in the no screening strategy. The risk curves 

are essentially identical to the ones obtained by using our original approach (Figure 1). 

However, the 95% confidence intervals are wider than for our original approach, as 

expected. The eight-year risk difference is -0.67% (95% CI: -1.03, -0.28) (Table 2). 

Adjustment for baseline variables do not materially affect this estimate (Supplementary 

Figure).

2. Treatment assigned at time zero / Eligibility determined after time zero

A variation of the previous approach is to redefine the no-colonoscopy group to ensure that 

no individuals in that group ever received a colonoscopy during the follow-up. That is, we 

assign individuals who receive a colonoscopy while meeting the eligibility criteria to the 

colonoscopy strategy (with time zero being the time of the colonoscopy), and individuals 

who did not receive a colonoscopy throughout the entire study period to the no-colonoscopy 

group (with time zero being their first eligible time during the study period).

Under this analytic approach, there are 685 cases in the screening group, but only 11 in the 

no-screening group. This approach is biased because in the real world most CRCs are 

eventually diagnosed via a (screening or diagnostic) colonoscopy so, by excluding those 

who received a colonoscopy after time zero, individuals in the no-screening strategy group 

have little opportunity to have a CRC diagnosed. In fact, this approach excludes 

approximately 99% of the cases in the no-screening group. As a result of artificially 

lowering the CRC risk in the no-screening strategy, screening looks harmful at all times 

during the follow-up (Figure 1) and the eight-year risk difference is 1.7% (95% CI: 1.4, 2.1). 

Adjustment for baseline variables do not materially affect this estimate (Supplementary 

Figure).
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3. Treatment assigned before time zero / Eligibility determined at time zero

Previously published analyses [8] were based on yet another analytic approach: selecting an 

arbitrary time zero to ascertain eligibility, e.g., January 1, 2004, and then assigning all 

eligible individuals to the colonoscopy strategy if they received a colonoscopy in the 

previous five years, or to the no-screening strategy otherwise.

This approach is subject to selection bias because colonoscopies performed before the 

assessment of eligibility may affect eligibility. In particular, a colonoscopy that detects CRC 

or precursor lesions in the previous five years will result in the individual being excluded 

from the analysis. As a result of removing cases from the colonoscopy group, screening 

looks implausibly beneficial at all times during the follow-up (Figure 1) and the eight-year 

risk difference is -1.7% (95% CI: -2.2, -1.3) (Table 2). Adjustment for baseline variables do 

not materially affect this estimate (Supplementary Figure).

Discussion

Our explicit emulation of a target trial yielded effect estimates that are consistent with the 

expected effect of screening colonoscopy: an initially increased risk due to the diagnosis of 

subclinical cancers at baseline followed by a decreased risk due to the elimination of cancer 

precursors during colonoscopy. A simplified variation of our original approach that does not 

allow for repeated eligibility resulted in very similar point estimates, but wider 95% 

confidence intervals.

Our target trial emulation respected a basic principle of trial design: both treatment 

assignment and the determination of eligibility occur simultaneously at time zero [10]. In 

contrast, observational analyses that violated this basic principle yielded implausible 

estimates of the effect of screening colonoscopy. The exclusion of post-baseline 

colonoscopies from the no screening group (similar to commonly used, naïve per-protocol 

analyses in randomized trials) led to a questionable estimate of continuous harm throughout 

the entire follow-up. The classification into treatment groups before the determination of 

eligibility led to a logically impossible estimate of benefit that missed the early increased in 

risk due to the detection of undiagnosed cancers via the screening colonoscopy. The later 

approach is similar to the one that created confusion about the effect of postmenopausal 

hormone therapy in observational studies [1,11]. Note that adjustment for multiple 

covariates could not correct the bias introduced by the incorrect design of these two 

observational analyses.

These results suggest that the increased complexity and computational demands of our 

observational analysis are justified. An explicit emulation of a target trial was able to 

reproduce the non-monotonic effect estimates and, when combined with multiple eligibility 

entry points for each individual (who can therefore be considered exposed and unexposed at 

different times), also reduced the variance of the estimates compared with simpler 

approaches.

An open question is how much the implementation of repeated eligibility reduces the 

variance of the estimates. It turns out that, in our setting, we can empirically answer this 
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question because we used only 5% of the eligible individuals. After conducting the correct 

analysis with single eligibility (Analysis 1 above) using an increasing proportion of eligible 

individuals, we found that only after including about 50% of the eligible individuals in the 

no screening group, the variance of the estimates was close to that of the estimates in the 

main analysis. That is, allowing the individuals to contribute to multiple emulated trials was 

the equivalent of increasing the sample size of the unexposed group approximately 10-fold.

Of course, the effect estimate of our emulation approach may still be biased because of 

confounding (if individuals assigned to the screening and no screening groups differ with 

respect to their risk factors for CRC) or selection bias (if, for example, the loss to follow-up 

was differential across groups). However, these biases seem unlikely to explain our results 

because adjustment for multiple demographic, clinical, and health care utilization covariates 

(which are either confounders or proxies for confounders) did not materially affect the 

estimates.

The validity of our approach is also supported by the consistency between the findings from 

emulated trials and of actual randomized trials for two other types of screening, for which 

randomized trial data exist. First, the colonoscopy effect estimates in our emulated trial were 

consistent with the estimates from several randomized trials of sigmoidoscopy screening (a 

less invasive procedure than colonoscopy). Second, the effect estimates from an emulated 

trial of fecal occult blood test (FOBT) effects were consistent with those of FOBT 

randomized trials [12,13].

In summary, in this setting with a point intervention, we empirically demonstrated that the 

lack of synchronization of treatment assignment and eligibility determination at time zero 

leads to biased estimates, and also that allowing for repeated eligibility increases the 

statistical efficiency of the estimates. The publication of the findings of several screening 

colonoscopy randomized trials in the next decade will provide the ultimate test of our 

approach for studying the comparative effectiveness and safety of health interventions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cumulative incidence curves under four observational analyses, Medicare 1999-2012. We 

use t0 to denote time zero of follow-up.
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Table 1

Specification and emulation of a target trial of screening colonoscopy using real world data from U.S. 

Medicare 1999-2012

Component Target trial Emulated trial using real world data

Aim To estimate the effect of screening colonoscopy on the 8-year risk 
of CRC in U.S. individuals aged 70 to 79 years.

Same.

Eligibility Persons without gastrointestinal symptoms aged 70 to 79 years 
with no history of CRC, and continuously enrolled in Medicare 
for 5 years with no adenoma, inflammatory bowel disease, 
colectomy, or CRC screening in that period, and who were regular 
users of preventive services (at least 2 of the following: influenza 
vaccine, preventive visit, breast or prostate screening, in the 2 
years before enrollment)

Same, except CRC history is evaluated in the 5 
years before enrollment.

Treatment strategies 1 Screening colonoscopy at baseline

2 No screening for CRC at baseline

Patients receive usual care after the intervention.

Same.

Treatment assignment Patients are randomly assigned to either strategy. Patients are non-randomly assigned to 
screening colonoscopy if they receive a 
screening colonoscopy in the 7 days following 
eligibility and to no screening otherwise.
Randomization is emulated via adjustment for 
baseline covariates: sex, race, age, original 
reason for Medicare entitlement, use of 
preventive services, U.S. Census Bureau 
division, combined comorbidity score, calendar 
month, presence of each CCW condition 
(Alzheimer's disease, acute myocardial 
infarction, asthma, atrial fibrillation, cataract, 
chronic heart failure, chronic kidney disease, 
endometrial cancer, breast cancer, lung cancer, 
prostate cancer, chronic obstructive pulmonary 
disease, depression, diabetes, glaucoma, hip/
pelvic fracture, hyperlipidemia, benign prostatic 
hyperplasia, hypertension, hypothyroidism, 
ischemic heart disease, osteoporosis, 
osteoarthritis, stroke).

Follow-up Follow-up starts at treatment assignment and ends at CRC 
diagnosis, at death, at loss to follow-up, 8 years after baseline, or 
on 31 December 2012 (administrative end of follow-up), 
whichever occurs first.

Same

Outcome CRC diagnosis within 8 years of baseline Same

Causal contrast Intention-to-treat effect, i.e., effect of being assigned to screening 
colonoscopy vs. no screening at baseline, regardless of whether 
individuals receive screening after baseline estimated.

Observational analog of an intention-to-treat 
effect, i.e., effect of receiving screening 
colonoscopy vs. no screening at baseline, 
regardless of whether individuals receive 
screening after baseline estimated.

Statistical analysis Intention-to-treat analysis, i.e., comparison of 8-year CRC risk 
under each treatment strategy under the assumption that loss to 
follow-up did not introduce bias.

Same. Further adjustment for baseline 
covariates did not materially change the 
estimates.
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