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ABSTRACT 

Background: Previous case-control studies have reported a strong association 

between statin use and lower cancer risk. It is unclear whether this association reflects 

a benefit of statins or is the result of design decisions that cannot be mapped to a 

(hypothetical) target trial (that would answer the question of interest).  

Methods: We outlined the protocol of a target trial to estimate the effect of statins on 

colorectal cancer incidence among adults with low-density lipoprotein (LDL) cholesterol 

below 5 mmol/L. We then emulated the target trial using linked electronic health records 

of 752,469 eligible UK adults (CALIBER 1999-2016) under both a cohort design and 

case-control sampling of the cohort. We used pooled logistic regression to estimate 

intention-to-treat and per-protocol effects of statins on colorectal cancer with adjustment 

for baseline and time-varying risk factors via inverse-probability weighting. Finally, we 

compared our case-control effect estimates with those obtained using previous case-

control procedures. 

Results: Over the 6-year follow-up, 3596 individuals developed colorectal cancer. 

Estimated intention-to-treat and per-protocol hazard ratios were 1.00 (95% CI: 0.87, 

1.16) and 0.90 (95% CI: 0.71, 1.12), respectively. As expected, adequate case-control 

sampling yielded the same estimates. By contrast, previous case-control analytic 

approaches yielded estimates that appeared strongly protective (odds ratio 0.57, 95% 

CI: 0.36, 0.91, for ≥5 vs. <5 years of statin use). 

Conclusions: Our study demonstrates how to explicitly emulate a target trial using 

case-control data to reduce discrepancies between observational and randomized trial 
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evidence. This approach may inform future case-control analyses for comparative 

effectiveness research.  

 

Keywords: Case-control, causal inference, comparative effectiveness, electronic health 

records, target trial 
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KEY MESSAGES 

• Previous case-control studies have reported a strong association between statin 

use and lower cancer risk; it is unclear whether this reflects a benefit of statins or 

is the result of design decisions that cannot be mapped to a (hypothetical) target 

trial (that would answer the question of interest). 

• A target trial can be emulated using case-control data by (1) specifying the 

protocol of the target trial that would have answered the causal question of 

interest, (2) defining the observational cohort study that explicitly emulates this 

target trial, and (3) sampling cases and controls from that cohort. 

• This approach reduces bias in the effect estimates derived from case-control 

studies and minimizes discrepancies between observational and randomized trial 

evidence. 

• Case-control analyses that deviate from this approach may lead to severe bias, 

particularly on the multiplicative scale.  
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INTRODUCTION 

Many important clinical decisions must be made in the absence of evidence from 

randomized trials, which may be impractical or too lengthy to provide a timely answer. In 

these cases, we resort to analyses of observational data to emulate the target trial that 

we would have liked to conduct and provide the best available evidence to inform 

decision-making.1,2 

The target trial approach has mostly been applied to cohort (follow-up) studies, 

but it can be readily extended to case-control studies when (i) the goal is to estimate 

relative (not absolute) risks or rates and (ii) information on treatments or confounders is 

not available for the entire cohort but can be obtained for a smaller subset of cases and 

controls.3 It is well-known that an analysis of the entire cohort and an analysis of the 

case-control data (which is just an efficient sampling from the underlying cohort) are 

expected to yield identical results.4 However, for these estimates to be equivalent (and 

meaningful), both the cohort analysis and case-control analysis must estimate the same 

quantities as the target trial. For example, if adjustment for time-varying confounding or 

selection bias due to loss to follow-up is required to emulate the target trial in the cohort, 

then such adjustment is also required to emulate the target trial using the case-control 

data. 

Therefore, like any study that attempts to emulate a target trial, case-control 

designs generally require an explicit definition of the start of follow-up (time zero) as well 

as data on time-varying treatments and time-varying confounders from the start of 

follow-up. Deviations from the target trial may lead to bias in case-control studies as in 

cohort studies.  
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Consider the example of statins and cancer. Several case-control studies have 

reported a strong association between statin use and lower cancer risk.5-10 For example, 

a case-control study reported a substantially lower risk of colorectal cancer among long-

term statin users compared with shorter-term and nonusers.6 The magnitude of this 

protective estimate is implausible, and it is not compatible with the estimates from meta-

analyses of randomized trials (odds ratio for colon cancer 0.95, 95% CI: 0.73, 1.25).11,12 

This lower risk is also unlikely to be entirely explained by confounding, because the 

indications for statins (e.g., elevated low-density lipoprotein [LDL] cholesterol) are not 

such strong drivers of colorectal cancer risk.   

Here we estimate the effect of statins on colorectal cancer using observational 

data from electronic health records. We use a case-control design rather than, as we 

did previously,13 a cohort design, and we add linkage of electronic health records from 

primary care, hospital, and death registries. To describe how a target trial can be 

emulated using case-control data, we first specify the protocol of the (hypothetical) 

target trial that would have answered the causal question of interest, then define the 

observational cohort study that explicitly emulates this target trial, and finally sample 

cases and controls from that cohort. We show that a case-control design that deviates 

from the target trial may lead to implausible estimates similar to those previously 

reported.  
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METHODS 

Target trial specification 

We specified the protocol of a target trial to estimate the effect of statins on 

colorectal cancer incidence among adults with LDL cholesterol below 5 mmol/L.13 Table 

1 summarizes the key protocol components (see also Appendix 1). Briefly, the eligibility 

criteria include age ≥30, no history of cancer, no statin contraindication, no statin 

prescription within the past year, and LDL cholesterol <5 mmol/L. The treatment 

strategies to be compared are initiation of any statin therapy at baseline and 

continuation over follow-up until the development of a contraindication (hepatic 

impairment or myopathy) and no initiation of statin therapy over follow-up unless there is 

an indication (LDL cholesterol ≥5 mmol/L). Participants are followed for up to six years 

or until colorectal cancer diagnosis. 

 

Target trial emulation 

We explicitly emulated this target trial under both a cohort design and a case-

control sampling of the cohort using observational data from the Clinical Practice 

Research Datalink, Hospital Episode Statistics and Office of National Statistics: 

population-based datasets comprised of longitudinal electronic health records from 

primary care, hospital and death registries, accessed through the CALIBER resource 

(see also Appendix 1).14,15  

 

Cohort analysis 
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We mirrored each protocol component as closely as possible, with several 

modifications to accommodate our use of observational data (Table 1). For example, to 

assess baseline confounders, we required information on lab values measured during 

the past year and lifestyle factors during the past four years. We classified individuals 

into two groups according to their prescription records at baseline. We assumed these 

groups were exchangeable at baseline conditional on the covariates in Table 2. The 

analysis proceeded as for the target trial, with adjustment for these baseline covariates 

via standardization in an attempt to emulate randomization (see also Appendix 2).  

 

Case-control analysis 

We sampled cases and controls from the assembled cohort of eligible individuals 

via incidence density sampling.16 Cases were all individuals diagnosed with colorectal 

cancer over the study period. Controls were individuals who were alive, under follow-up, 

and free of colorectal cancer at the time of selection. To reduce differences due to 

random variability when comparing the cohort and case-control estimates, we randomly 

selected 1,000 controls per case (case-control studies are typically based on a much 

lower number of controls). The analysis of the case-control data proceeded as for the 

cohort analysis (see also Appendix 3). The odds ratio from the case-control data is an 

unbiased estimator of the rate ratio obtained from the full cohort.4 Therefore, if the 

cohort analysis correctly estimates the hazard ratios from the target trial in Table 1, then 

the case-control analysis does too.  

 

Deviations from the target trial  
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In separate analyses, we applied the analytic approach of a previous case-

control study to our data to demonstrate how deviations from the target trial framework 

lead to bias. The previous study reported an odds ratio of 0.53 (95% CI: 0.38, 0.74) 

when comparing colorectal cancer cases and controls in terms of their statin use: ≥5 vs. 

<5 years.6 To assess statin use and potential confounders, eligible cases and controls 

were interviewed in person by the research team. This study deviated from its 

corresponding target trial in several ways.  

First, the analysis was restricted to eligible cases and controls who could be 

interviewed. That is, individuals had to remain alive and under follow-up for a period 

after being selected for the study. The length of the period between selection and 

interview is unknown, but the authors reported that 19.4% of eligible cases could not be 

located or approached because they had died or been lost to follow-up.6 In our study, a 

similar 18.7% loss of eligible cases would require a three-month period between 

selection and interview. This three-month survival requirement does not exist in the 

target trial. 

Second, cases and controls were classified based on their observed cumulative 

duration of statin therapy through the time of diagnosis (selection) for cases but through 

the time of interview (post-selection) for controls. Compared with the target trial, this 

approach corresponds to neither the intention-to-treat analysis (which assigns 

individuals to a treatment strategy based on baseline information only) nor the per-

protocol analysis (which assigns individuals to a treatment strategy based on baseline 

information and then censors them at deviation from the baseline assignment). Further, 
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this case-control study used a longer period of potential statin use for controls (baseline 

to interview) than for cases (baseline to diagnosis). 

Third, the analysis adjusted for covariates assessed at the time of interview. 

From a target trial perspective, this is equivalent to adjusting for variables measured at 

or after the end of follow-up. By contrast, a correct intention-to-treat analysis adjusts for 

baseline confounders and a correct per-protocol analysis adjusts for baseline and post-

baseline (time-varying) confounders during the follow-up. Because this case-control 

study ignored time-varying confounders, the analysis did not need inverse-probability 

weighting.  

Fourth, the study included cases and controls who were using statins before 

baseline (prevalent users) and used pre-baseline statin therapy to quantify total duration 

of use. These individuals would not be eligible for the target trial. 

To assess the cumulative impact of these deviations from the target trial on the 

estimates, we sequentially implemented them in our own case-control analysis. First, 

we restricted our case-control analysis to individuals alive and under follow-up three 

months after selection. We also implemented an equivalent cohort analysis that 

excludes all monthly records within three months of death or censoring. As a sensitivity 

analysis, we examined a six-month (rather than three-month) survival requirement. 

Second, we classified cases and controls by their cumulative duration of statin 

use (≥5 vs. <5 years) after baseline through selection for cases and through selection + 

three months for controls. Again, we implemented an equivalent cohort analysis that (1) 

excludes all monthly records within three months of death or censoring and (2) 
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assesses cumulative statin use through the current month for event person-months and 

through the current month + three months for non-event person months.  

Third, we adjusted for covariates measured at the time of selection, instead of at 

baseline or later, by including them in the pooled logistic model. We were unable to use 

pre-baseline statin therapy to quantify total duration of use because we lacked complete 

pre-baseline histories for some individuals in the cohort.  

 

Statins and all-cause mortality  

To show the generality of our approach, we repeated these analyses for statin 

therapy and all-cause mortality. We selected all-cause mortality as an alternative 

outcome because the magnitude of the intention-to-treat effect of statins on all-cause 

mortality is known from randomized trials (risk ratio 0.86, 95% CI: 0.80, 0.93) and can 

be used as a benchmark.17 We emulated a target trial using the same data, with 

additional eligibility criteria of no cardiovascular disease at baseline and an increased 

cardiovascular risk (defined as LDL cholesterol ≥3.4 mmol/L) and with up to 10 years of 

follow-up. Here, replicating a three-month survival requirement after selection only 

resulted in a loss of controls, not cases. 

 

All analyses were conducted using SAS 9.4 (SAS Institute, Inc., Cary, NC, USA).  
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RESULTS 

Figure 1 shows a flowchart of participant selection, and Table 2 shows baseline 

characteristics of the 752,469 eligible individuals in the cohort analysis and the 3596 

cases and 3,596,000 controls in the case-control analysis. Compared with statin non-

initiators at baseline, statin initiators were, on average, older and had higher LDL 

cholesterol and BMI, and included a higher proportion of men, current smokers, 

antihypertensive and aspirin users, and individuals with cardiovascular disease and 

diabetes. Compared with controls, cases were, on average, older and included a higher 

proportion of men, former smokers, antihypertensive and aspirin users, and individuals 

with cardiovascular disease and diabetes. 

Table 3 shows estimated 6-year risk differences and hazard ratios when 

emulating a target trial of statin therapy and colorectal cancer. In the full cohort, the 

estimated 6-year risk differences were 0% (95% CI: -0.1%, 0.2%) in the intention-to-

treat analysis and -0.1% (95% CI: -0.2%, 0.1%) in the per-protocol analysis, and the 

estimated hazard ratios were 1.00 (95% CI: 0.87, 1.16) in the intention-to-treat analysis 

and 0.90 (95% CI: 0.71, 1.12) in the per-protocol analysis. The odds ratios from the 

case-control sample were identical to the hazard ratios from the cohort. Estimated 

hazard ratios were identical when additionally adjusting for cancer screening in the past 

year (data not tabled). Estimated hazard ratios were similar when only adjusting for age 

(intention-to-treat hazard ratio 1.03, 95% CI: 0.89, 1.19; per-protocol hazard ratio 0.97, 

95% CI: 0.80, 1.20) (data not tabled).   

We then replicated the approach of the previous case-control study in our data 

(Table 3). The estimated odds ratio for colorectal cancer was 0.55 (95% CI: 0.35, 0.87) 
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when we imposed the three-month survival requirement and assessed cumulative statin 

use through the time of selection (diagnosis) for cases and through the time of selection 

+ 3 months for controls. When imposing this survival requirement and instead assessing 

statin use through the time of selection for both cases and controls, the odds ratio 

estimate was 0.84 (95% CI: 0.53, 1.34) (data not tabled). Estimates were similar when 

adjusting for covariates measured at the time of selection instead of at baseline. Cohort 

analyses mimicking these decisions returned the same estimates. A six-month survival 

requirement yielded stronger inverse associations (Table S2).  

Imposing the three-month survival requirement resulted in a loss of 672 eligible 

cases (18.7%), including 418 who died (11.6%) (similar to the proportions reported in 

the published study: 19.4% and 8.6%, respectively), and a loss of 298,380 eligible 

controls (8.3%), including 13,047 who died (0.4%) (Figure 2). Among individuals who 

remained alive and under follow-up three months after selection, a slightly lower 

proportion of cases was classified as having ≥5 years of statin use, compared with the 

distribution of exposure at the time of selection (0.6% vs. 1.0%). In addition, 6847 

surviving controls were re-classified as having ≥5 years of statin use when statin use 

was assessed through selection + three months. These small shifts in absolute 

proportions (slight depletion of cases, and enrichment of controls, for ≥5 years of statin 

use) are responsible for the large shifts on the odds ratio (multiplicative) scale.  

 

Statins and all-cause mortality 

When emulating a target trial of statins and all-cause mortality, we estimated an 

intention-to-treat hazard ratio of 0.87 (95% CI: 0.79, 0.95), which is close to the estimate 
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from a meta-analysis of randomized trials (risk ratio 0.86, 95% CI: 0.80, 0.93) (Table 

S3).17 This estimate progressively decreased when we applied the analytic flaws 

described above (Table S3). 
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DISCUSSION 

After emulating a target trial using the electronic health records of 752,469 adults 

with up to six years of follow-up, we found little evidence that the risk of colorectal 

cancer differs between statin users and nonusers. This finding is consistent with meta-

analyses of randomized trials.11,12 As expected, adequate case-control sampling 

returned the same estimates as the cohort analysis. By contrast, after replicating the 

analytic approach of a previous case-control study in our data, we found implausibly 

protective estimates similar to those previously reported.  

Case-control studies may have a role to play when conducting causal inference 

research based on healthcare databases. While such databases provide access to the 

underlying cohort that gives rise to cases and controls, they may not contain high-

quality information on treatment or confounders needed to answer certain causal 

questions.3 In these settings, case-control studies allow us to focus limited resources on 

collecting this information for random samples of cases and controls. 

Case-control analyses may seem simple: we compare the treatment status of 

cases with non-cases. However, a failure to anchor this to an underlying cohort study 

that explicitly emulates a target trial contributes to two common misconceptions about 

case-control analyses: (1) that they are immune to many of the biases that afflict cohort 

analyses, such as time-varying confounding and selection bias due to loss to follow-up 

and the inclusion of prevalent users, and (2) that they do not require complete treatment 

and confounder history for cases and controls. While critics of case-control designs 

within existing databases have largely focused on design flaws leading to confounding 
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bias,18 our evaluation showed that other deviations from a target trial in case-control 

analyses lead to the same biases that affect cohort analyses.  

Two deviations from the target trial appeared to drive the biased estimates in this 

particular application: (1) the requirement for cases and controls to survive for three 

additional months and (2) the assessment of treatment duration over a longer time 

period for controls compared with cases. Together, these decisions led to small shifts in 

treatment classification that depleted cases and enriched controls for ≥5 years of statin 

use. Importantly, we found that effect estimates on the multiplicative scale, which are 

generally all that we can obtain from case-control studies, may be particularly 

susceptible to these biases. 

Other deviations from the target trial may, in general, matter. First, comparing 

cumulative duration of treatment above vs. below a certain threshold (e.g., ≥5 vs. <5 

years) does not capture information on the precise timing, duration, or reasons for 

switching treatment, which may be important for risk. In our analysis, the estimated 

odds ratio comparing ≥5 vs. <5 years of statin use (0.95, 95% CI: 0.67, 1.34; with no 

survival requirement, data not tabled) was similar to the intention-to-treat hazard ratio 

(1.00, 95% CI: 0.86, 1.16), possibly because treatment had no effect on the outcome in 

this particular application. Second, adjustment for variables measured at (or after) the 

time of selection will not appropriately adjust for confounding and may induce selection 

bias. In our analysis, this had little impact possibly because, as suggested by the 

similarity between age- and fully-adjusted estimates, the adjustment variables were not 

strong predictors of the outcome no matter when they were measured. Third, failure to 

adjust for loss to follow-up may result in selection bias if remaining uncensored depends 
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on treatment history and risk factors. In our analysis, estimates were similar when 

additionally applying inverse-probability weights for censoring due to loss to follow-up. 

Lastly, including prevalent users at baseline may contribute to selection bias due to the 

selection of individuals who received pre-baseline treatment for some time and 

remained at-risk and under follow-up at baseline. We were unable to explore this 

deviation in our data. Our approach of explicitly specifying the protocol of the target trial 

and its observational emulation naturally leads to analytic approaches that prevent 

these biases.  

Our study has several additional strengths. The volume and variety of data in the 

electronic health records allowed us to evaluate statins and colorectal cancer in a 

population-based sample with adjustment for many potential confounders. Our analytic 

approach allowed us to estimate both relative and absolute risks under sustained 

strategies that realistically depend on dynamic clinical features. Lastly, our analyses of 

all-cause mortality support that the target trial approach can reproduce effect estimates 

from trials and that the analytic flaws described above will result in bias for this 

alternative outcome.  

Nevertheless, we were limited by our reliance on diagnosis codes and 

prescription records, which may contribute to measurement error and residual 

confounding. However, previous validation studies have confirmed a high proportion of 

recorded cancers (95%) and other diagnoses in this database.19,20 

In summary, our findings suggest that flaws in case-control analyses can be 

mapped to decisions in a cohort analysis that would lead to bias, particularly on the 

multiplicative scale. Explicitly mapping case-control sampling to the target trial helped 
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us to reduce bias. Our approach may help to inform the design and analysis of any 

case-control study where the goal is to assess the benefit-risk of medical treatments. 
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Table 1. Specification and emulation of a target trial of statin therapy and colorectal cancer risk using observational data from linked electronic health records accessed through the 
CALIBER resource. 
  Target trial emulation 
Protocol  Target trial specification Cohort analysis Case-control analysis 
Eligibility 
criteria 

• Aged ≥30 years between 1 January 1998 and 29 February 2016 
• No history of cancer (except nonmelanoma skin cancer) 
• No statin contraindication (hepatic impairment or myopathy) 
• No statin prescription within the past year 
• LDL cholesterol <5 mmol/L 
• At least 1 year of up-to-standard data in a CPRD practice  
• At least 1 year of potential follow-up  

Baseline is defined as the first month in which all eligibility criteria are met.  

Same as for the target trial. 
We defined hepatic impairment as a code for hepatic 
failure or ALT ≥120 IU/L and myopathy as codes for its 
symptoms: muscle aches, pain, or weakness. 
We required information on lab values measured during 
the past year and lifestyle factors during the past four 
years.  

Same as for the cohort 
analysis. 
We performed incidence 
density sampling of the 
eligible individuals, 
selecting 1,000 controls 
per 1 colorectal cancer 
case. 

Treatment 
strategies 

(1) Initiation of any statin therapy at baseline and continuation over follow-up 
until the development of a contraindication (hepatic impairment or myopathy) 
(2) No initiation of statin therapy over follow-up until the development of an 
indication (LDL cholesterol ≥5 mmol/L) 
Treatment is considered continuous if there is a gap of <30 days between 
successive prescriptions. When clinically warranted during the follow-up, 
patients and their physicians will decide whether to start, stop, or switch 
therapy. Participants must have a primary care consultation at least once 
every 4 years to assess prognostic factors associated with adherence and 
loss to follow-up. 

Same as for the target trial.  
We defined the date of medication initiation to be the 
first date of a prescription. We calculated discontinuation 
dates using the daily dose and quantity of pills in the 
prescription.  

Same as for the cohort 
analysis. 
 

Treatment 
assignment 

Individuals are randomly assigned to a strategy at baseline, and individuals 
and their treating physicians will be aware of the assigned treatment strategy. 

We classified individuals according to the strategy that 
their data were compatible with at baseline and 
attempted to emulate randomization by adjusting for 
baseline confounders.  

Same as for the cohort 
analysis. 
 

Outcomes Colorectal cancer. Same as for the target trial. Colorectal cancer diagnoses 
were recorded as Read codes and ICD-10 codes. 

Same as for the cohort 
analysis. 

Follow-up  Starts at baseline and ends at the month of colorectal cancer diagnosis, 
death, loss to follow-up (transfer out of the practice or incomplete follow-up 
[four years after the last recorded prognostic factors]), six years after 
baseline, or administrative end of follow-up (end of practice data collection or 
29 February 2016), whichever happens first.  

Same as for the target trial.  Same as for the cohort 
analysis. 
 

Causal 
contrasts 

Intention-to-treat effect and per-protocol effect. Observational analog of intention-to-treat and per-
protocol effect. 

Same as for the cohort 
analysis. 

Statistical 
analysis 

Intention-to-treat analysis: apply inverse-probability weights to adjust for pre- 
and post-baseline prognostic factors associated with loss to follow-up. 
Per-protocol analysis: censor individuals if and when they deviate from their 
assigned treatment strategy and apply inverse-probability weights to adjust 
for pre- and post-baseline prognostic factors associated with adherence and 
loss to follow-up.21  

Same as for the target trial with adjustment for baseline 
confounders. 

Same as for the cohort 
analysis.  
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Abbreviations: ALT, alanine transaminase; CPRD, Clinical Practice Research Database; LDL, low-density lipoprotein. 
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Table 2. Baseline characteristics of eligible individuals in the cohort analysis and selected individuals in the case-
control analysis when emulating a target trial of statin therapy and colorectal cancer risk, CALIBER, 1999-2015*. 

 Cohort analysis  Case-control analysis 

Characteristic, mean (SD) or % 
Initiators 

(n=25,032) 
Non-initiators 

(n=727,437) 
 Cases 

(n=3596) 
Controls 

(n=3,596,000) 
Age (years) 62.7 (11.6) 55.9 (13.7)  68.5 (10.7) 56.7 (13.4) 
Female, % 42 53  43 52 
Body mass index (kg/m2) 28.8 (5.6) 28.0 (5.7)  27.8 (5.1) 28.2 (5.7) 
Smoking status, %      
     Never 43 54  49 53 
     Former 32 27  37 28 
     Current 25 19  14 19 
Low-density lipoprotein cholesterol (mmol/L) 3.7 (0.9) 3.3 (0.8)  3.3 (0.8) 3.3 (0.8) 
High-density lipoprotein cholesterol (mmol/L) 1.4 (0.4) 1.5 (0.4)  1.4 (0.4) 1.4 (0.4) 
Coronary heart disease, % 9 2  5 3 
Hypertension, % 27 17  24 19 
Cerebrovascular disease, % 2 1  1 1 
Other cardiovascular disease†, % 16 14  19 14 
Diabetes, % 18 5  9 7 
Antihypertensive use‡, % 54 30  50 34 
Aspirin use, % 29 7  17 9 
Hormone replacement therapy, % of women 3 4  2 4 
Oral contraceptive use, % of women 4 7  2 7 
Referrals in the past three months, ≥2, % 4 2  3 2 
* Baseline ranges from January 1999 to February 2015. 
† Includes acute rheumatic fever, chronic rheumatic heart disease, pulmonary heart disease, and other circulatory 
disease. 
‡ Includes all primary care prescriptions from British National Formulary chapters 2.2.1 thiazides and related 
diuretics, 2.2.3 potassium-sparing diuretics and aldosterone antagonists, 2.2.4 potassium-sparing diuretics with 
other diuretics, 2.4 beta-adrenoceptor blocking drugs, 2.5 hypertension and heart failure, 2.6.2 calcium-channel 
blockers. 



 4 

Table 3. Estimated risk of colorectal cancer comparing statin therapy with no statin therapy, CALIBER, 1999-2016.  

   Case-control analysis  Cohort analysis 

        6-year risk (%)   

 Cases 
 Odds 

ratio 95% CI 
 Hazard 

ratio 95% CI Initiator 
Non- 

initiator† 
Risk 

Difference (%) 95% CI 

Emulating a target trial*            

Intention-to-treat‡ 3596  1.00 0.86, 1.16  1.00 0.87, 1.16 0.8 0.8 0 -0.1, 0.2 
Per-protocol§ 2735  0.90 0.71, 1.15  0.90 0.71, 1.12 0.8 0.9 -0.1 -0.2, 0.1 

Replicating the approach of a 
previous case-control study|| 

  
  

 
  

    

Imposing a 3-month survival requirement 
from the time of selection¶ 2924  1.02 0.86, 1.20  1.02 0.86, 1.20 0.8 0.7 0.1 -0.1, 0.2 

+ Comparing ≥5 vs. <5 years of statin 
use** 2924  0.55 0.35, 0.87  0.55 0.35, 0.87 -- -- -- -- 

+ Adjusting for covariates instead 
measured at the time of selection  2924  0.57 0.36, 0.91  0.57 0.36, 0.91 -- -- -- -- 

Abbreviation: CI, confidence interval. 
* Estimates from weighted pooled logistic regression models adjusted for age, sex, BMI, smoking status, LDL cholesterol, HDL cholesterol, months since last 
measure of LDL cholesterol, months since last measure of HDL cholesterol, coronary heart disease, hypertension, cerebrovascular disease, other cardiovascular 
disease, diabetes, antihypertensive use, aspirin use, hormone replacement therapy, oral contraceptive use, number of referrals in the past three months. The number 
of cases is lower in the per-protocol analysis because of the censoring under this approach (see also Appendix 1). 

† Refers to statin use for <5 years when replicating the previous case-control approach.  

‡ Comparing statin initiation vs. no initiation at baseline. 

§ Comparing statin initiation at baseline and continuation over follow-up unless contraindicated with no statin initiation over follow-up unless indicated. 

|| Estimates from unweighted pooled logistic regression models adjusted for the covariates above, assessed at baseline.  
¶ Comparing treatment initiation vs. no initiation at baseline. In the case-control sample, the analysis was restricted to individuals alive and under follow-up 3 months 
after selection. In the full cohort, the analysis excluded monthly records within 3 months of death or censoring. 
**In the case-control sample, (1) the analysis was restricted to individuals alive and under follow-up 3 months after selection and (2) cumulative statin use after 
baseline was assessed through the time of selection (diagnosis) for cases and through the time of selection + 3 months for controls. In the full cohort, (1) the analysis 
excluded monthly records within 3 months of death or censoring and (2) cumulative statin use was assessed through the current month for event person-months and 
through the current month + 3 months for non-event person months. 
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Figure 1. Flowchart for selection of eligible individuals from CALIBER when emulating a target trial of statin therapy and 
colorectal cancer risk, 1999-2016.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

2,978,424 individuals aged ≥30 
between 1998-2016 

Not on database for one year with recent 
data on confounders (1,926,916) 
History of cancer (except nonmelanoma 
skin cancer) (30,102) 
Statin use in the past year (171,694) 
No potential for at least one year of follow-
up (49,648)  
Contraindication for statin (2497) 
LDL cholesterol ≥5 mmol/L (45,048) 
Colorectal cancer or death in the baseline 
month (50) 

752,469 eligible individuals 

 25,032 initiators 727,437 non-initiators 

187 colorectal cancers 
13,477 colorectal cancer-
free at end of follow-up 

27,489 died 
77,234 transferred out 
288,272 incomplete follow-up  

1563 died  
2570 transferred out 
7235 incomplete follow-up 

3409 colorectal cancers 
331,033 colorectal cancer-

free at end of follow-up 
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Figure 2. Distribution of statin exposure among cases and controls under no survival 
requirement (Panel A) and a 3-month survival requirement (Panel B) from the time of 
selection, and proportions of individuals lost to various causes (Panel C). In addition, 
6847 surviving controls who were classified as having <5 years of statin use under no 
survival requirement were re-classified as having ≥5 years of statin use under the 3-
month survival requirement.  
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Appendix 1 
 
Target trial specification 
 
We have previously described a target trial to investigate the effect of statins on cancer.1 
Briefly, the protocol of the target trial has the following components (see also Table 1):  
 

Eligibility criteria: age ³30 between January 1998 and February 2016, no history of 
cancer (except nonmelanoma skin cancer), no statin contraindication (hepatic impairment 
or myopathy), no statin prescription within the past year, LDL cholesterol <5 mmol/L, at 
least one year of up-to-standard data in a Clinical Practice Research Database (CPRD) 
practice, and at least one year of potential follow-up. Baseline is defined as the first month 
in which all eligibility criteria are met. 
  

Treatment strategies. The dynamic strategies to be compared are: (i) initiation of 
any statin therapy at baseline and continuation over follow-up until the development of a 
contraindication (hepatic impairment or myopathy), and (ii) no initiation of statin therapy 
over follow-up unless there is an indication (LDL cholesterol ≥5 mmol/L). Treatment is 
considered to be continuous if there is a gap of less than 30 days between successive 
prescriptions. When clinically warranted over follow-up (i.e., upon the development of 
these indications and contraindications), patients and their physicians will decide whether 
to start, stop, or switch therapy. Participants must have a primary care consultation at 
least once every four years to assess prognostic factors associated with adherence and 
loss to follow-up. 
 

Treatment assignment. Individuals are randomly assigned to a strategy at 
baseline. Individuals and their treating physicians will be aware of the assigned treatment 
strategy.  
 

Outcome. Colorectal cancer incidence. 
 
Follow-up. Each individual is followed from baseline until the month of colorectal 

cancer diagnosis, death, loss to follow-up (transfer out of the practice or incomplete 
follow-up [four years after the last recorded prognostic factors]), six years after baseline, 
or administrative end of follow-up (end of practice data collection or February 2016), 
whichever happens first.  
 

Causal contrasts: the intention-to-treat effect of being assigned to treatment 
initiation vs. no initiation at baseline and the per-protocol effect of adhering to assigned 
treatment strategies on colorectal cancer incidence over follow-up.  

 
Statistical analysis. In the intention-to-treat analysis, a pooled logistic regression 

model is fit to estimate intention-to-treat effects via hazard ratios and standardized risk 
differences. The model contains an indicator of assigned strategy, a flexible function of 
months since randomization (linear and quadratic terms) and, if necessary, the baseline 
covariates. Given a low monthly risk of colorectal cancer, the odds ratio from this model 
approximates a hazard ratio comparing treatment initiation vs. no initiation.2 Time-varying 
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inverse-probability weights are used to adjust for potential selection bias related to loss to 
follow-up.3 Because this additional adjustment did not influence our point estimates, we 
omit this from the primary analysis for simplicity.  

In the per-protocol analysis, individuals are censored if and when they deviate from 
their assigned treatment strategy. Specifically, individuals in the initiator group are 
censored when they stop statins (in the absence of a contraindication) and individuals in 
the non-initiator group are censored when they start statins (in the absence of an 
indication). Time-varying inverse-probability weights are used to adjust for pre- and post-
baseline prognostic factors associated with adherence to the assigned treatment strategy 
and loss to follow-up.3 The weights for loss to follow-up again had a negligible influence 
on our point estimates and are omitted for simplicity. Individuals who stop statins because 
of a contraindication or start statins because of an indication are not censored and their 
weights for adherence remain constant from the time that one of these conditions 
develops until the end of follow-up. The pooled logistic model described in the previous 
paragraph is fit to the uncensored data with each person-month weighted by its 
corresponding inverse-probability weight. Estimated weights are truncated at their 99th 
percentile to prevent outliers from affecting the analyses. See Appendix 2 and Table S1 
for details on covariates and models. 

Absolute risks under each strategy are estimated by fitting these pooled logistic 
regression models with an additional product term between treatment and follow-up time. 
The predicted values from this model are used to estimate the 6-year risk of colorectal 
cancer under each strategy, which is standardized to the joint distribution of the baseline 
covariates. 

Nonparametric bootstrapping with 500 samples is used to calculate percentile-
based 95% confidence intervals for hazard ratio and risk difference estimates.  
 
Target trial emulation 
 
We explicitly emulated this target trial under both a cohort design and a case-control 
sampling of the cohort using observational data from the Clinical Practice Research 
Datalink, Hospital Episode Statistics, and Office of National Statistics: population-based 
datasets comprised of longitudinal UK electronic health records from primary care, 
hospital, and death registries, accessed through the CALIBER resource.4,5 Longitudinal 
primary care data on demographics, lifestyle, symptoms, diagnoses, clinical examination 
findings, laboratory test results, referrals, and prescriptions are recorded by general 
practitioners in the CPRD. Hospitalization data are obtained through linkage with Hospital 
Episode Statistics. Cause-specific mortality data are obtained through linkage with the 
Office of National Statistics. This linkage extends our previous work to emulate target 
trials of statins and cancer,1 which used CPRD primary care electronic health records. 
Disease phenotypes are derived using algorithms that combine information on diagnoses, 
symptoms, laboratory values, physiological measures, prescriptions, and procedures, 
which were created and validated using an established methodology.6,7 
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Cohort analysis 
 

Eligibility criteria. We applied the same eligibility criteria and definition of baseline 
as for the target trial, requiring laboratory values measured during the past year and 
lifestyle factors during the past four years.  
 

Treatment strategies. We defined the date of medication initiation to be the first 
date of a prescription. We calculated discontinuation dates using the daily dose and 
quantity of pills in the prescription.  

 
Treatment assignment. We classified individuals into one of two groups according 

to the strategy that their data were compatible with at baseline. We assumed groups were 
exchangeable at baseline conditional on baseline covariates: demographics (age, sex), 
lifestyle factors (body mass index, smoking status), laboratory measurements (LDL and 
HDL cholesterol and time since their last measurement), diagnoses (coronary heart 
disease, hypertension, cerebrovascular disease, other cardiovascular disease, diabetes), 
medications (antihypertensives, aspirin, hormone replacement therapy, oral 
contraceptives), and healthcare utilization (number of any specialist referrals in the past 
three months). 
 

Outcome. Colorectal cancer diagnoses were recorded as Read codes in primary 
care and as ICD-10 codes in hospitals.  

 
Follow-up. Same as for the target trial. 
 
Causal contrasts. Observational analogue of the intention-to-treat and per-protocol 

effects. 
 
Statistical analysis. Same as for the target trial with adjustment for baseline 

confounders.  
 
Case-control analysis 
 
We sampled cases and controls from the cohort of eligible individuals described above 
via incidence density sampling (see also Appendix 2).8 Cases were all individuals 
diagnosed with colorectal cancer over the study period. Controls were individuals who 
were alive, under follow-up, and free of colorectal cancer at the time of selection. To 
reduce differences due to random variability when comparing the cohort and case-control 
estimates, we randomly selected 1,000 controls per case (case-control studies are 
typically based on a much lower number of controls).  
 
We then fit to the case-control data the same pooled logistic models described above for 
the cohort analysis. For the per-protocol analysis, only the controls were used to estimate 
the inverse-probability weights.9 The odds ratio from the case-control data is an unbiased 
estimator of the rate ratio obtained from the full cohort.10 Therefore, if the cohort analysis 
correctly estimates the hazard ratios from the target trial in Table 1, then the case-control 
analysis does too.  
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Ethical approval 
 
The CPRD has been granted generic ethical approval for observational studies that make 
use of only anonymized data and linked anonymized National Health Service healthcare 
data (Multiple Research Ethics Committee ref. 05/MRE04/87). This study was approved 
by the Medicines and Healthcare Products Regulatory Agency Independent Scientific 
Advisory Committee (protocol 16_221) and exempted by the Harvard T.H. Chan School 
of Public Health Institutional Review Board.   
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Appendix 2 
 
Estimating the intention-to-treat hazard ratio 
 
In our target trial, the intention-to-treat effect is the effect of being assigned to treatment 
initiation vs. no initiation at baseline on the risk (or rate) of colorectal cancer. Estimating 
its observational analog requires adjustment for baseline confounders. To do this, we fit a 
pooled logistic regression model containing an indicator of observed treatment initiation 
and potential confounders measured in the baseline month. Under the assumptions of no 
unmeasured confounding given the included covariates and a low monthly risk of the 
outcome within levels of those covariates, the exponentiated coefficient of the treatment 
indicator (i.e., 𝑒𝑥𝑝(𝛼!)) validly estimates the intention-to-treat hazard ratio (averaged over 
follow-up) that would be seen in a target trial with a similar adherence pattern as in the 
observational data. Estimates were similar when we additionally applied inverse-
probability weights to this model to adjust for potential selection bias due to loss to follow-
up.  
 

logit	(Pr[𝑌"#!	 = 1|𝐴%, 𝐿%, 𝑌7" = 0]) = 𝛼%," + 𝛼!𝐴% + 𝛼'(𝐿% 
 

The overbar indicates the history of a covariate from the start of follow-up.  
The superscript T indicates a transpose of a vector of parameters. 

 
𝑌"#! Indicator for the outcome of interest at month t+1 
𝛼%," Time-varying intercept, estimated as a constant plus linear and 

quadratic terms for the follow-up month t  
𝐴% Indicator for treatment group 
𝐿% Vector of potential confounders at baseline for each individual 
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Estimating the per-protocol hazard ratio 
 
In our target trial, the per-protocol effect is the effect of adhering to the assigned 
treatment strategies on the risk (or rate) of colorectal cancer. Estimating it or its 
observational analogue requires adjustment for baseline confounders and time-varying 
confounders.  
 
First, we censored individuals if and when they deviated from their assigned treatment 
strategy. That is, we censored individuals in the initiator group when they discontinued 
statin therapy (unless a contraindication developed) and censored individuals in the non-
initiator group when they initiated statin therapy (unless an indication developed). Then, 
we fit the below pooled logistic regression model to this censored data, additionally 
applying time-varying nonstabilized inverse-probability weights to adjust for time-varying 
confounding. We truncated weights at their 99th percentile to prevent outliers with extreme 
weights from affecting our estimates. Under the same assumptions described in the 
previous section, the exponentiated coefficient of the treatment indicator (i.e., 𝑒𝑥𝑝(𝛽!)) 
validly estimates the per-protocol hazard ratio.  
 

logit	(Pr[𝑌"#!	 = 1|𝐴%, 𝐿%, 𝑌7" = 0, 𝐶"̅#! = 0]) = 𝛽%," + 𝛽!𝐴% + 𝛽'
(𝐿% 

 
The overbar indicates history of the variable.  
The superscript T indicates a transpose of a vector of parameters. 

 
𝑌"#! Indicator for the outcome of interest at month t+1  
𝛽%," Time-varying intercept, estimated as a constant plus linear and 

quadratic terms for the follow-up month t  
𝐴% Indicator for treatment group 
𝐿% Vector of potential confounders at baseline for each individual 
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Subject-specific time-varying nonstabilized inverse-probability weights: 
 
Informally, the denominator of this weight at time t is the probability that an individual 
received her observed treatment history given her covariate history by t. The application 
of these weights creates a pseudo-population in which treatment is independent of the 
measured confounders at all time points.  
 

Weights for censoring due to switching treatment 
 

𝑊"
) =?

1
𝑓(𝐴*|𝐴̅*+!, 𝐿7* , 𝑌*+! = 0)

"

*,%

 

 
 
To estimate the denominator, we fit two separate models to allow the probabilities to differ 
according to prior treatment status. 
 

The first model was fit to person-months who were untreated in the previous month 
(i.e., 𝐴*+! = 0): 

 
 logit	APrB𝐴* = 1	|𝐴*+! = 0, 𝐿7* , 𝑌*+! = 0CD = 𝜂%," + 𝜂!(𝐿% + 𝜂'(𝐿* 		 

 
The second model was fit to person-months who were treated in the previous 
month (i.e., 𝐴*+! = 1): 

 
   logit	APrB𝐴* = 1	|𝐴*+! = 1, 𝐿7* , 𝑌*+! = 0CD = 𝜃%," + 𝜃!(𝐿% + 𝜃'(𝐿* 		 
 

Covariate history 𝐿7* was summarized by baseline 𝐿% and the most recent 
measurement of 𝐿*. 

 
We excluded from the weight models the first person-month after treatment initiation, 
because we allowed a 30-day gap after the end of a treatment prescription and the 
probability of treatment in that period was therefore 1. We excluded from the first weight 
model above person-months with a recorded LDL cholesterol ≥5 mmol/L. We excluded 
from the second weight model above person-months with recorded hepatic impairment or 
myopathy. The final weight for each individual at each time point was the product of the 
weights for that individual up until that time.  
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Appendix 3 
 
Intention-to-treat analysis in the case-control sample 
 
Steps: 
 

1. Select cases and controls from the full cohort of eligible individuals via incidence 
density sampling.  

a. Select all case person-months in which colorectal cancer was diagnosed. 
b. Randomly select control person-months.  
c. Note: Under this sampling procedure, selected controls are eligible to be 

later selected as a case. We randomly selected 1,000 controls per case to 
reduce differences due to random variability when comparing the cohort and 
case-control estimates; case-control studies are typically based on a much 
lower number of controls.  

2. Fit an unweighted pooled logistic regression model for the outcome to the case-
control data (see model in Appendix 2). 

a. Note: The odds ratio from this model is an unbiased estimator of the 
intention-to-treat hazard ratio obtained from the full cohort.  

 
Per-protocol analysis in the case-control sample 
 
Steps: 
 

1. Select cases and controls from the full cohort of eligible individuals via incidence 
density sampling.  

a. Select all case person-months in which colorectal cancer was diagnosed. 
b. Randomly select control person-months.  
c. Note: Investigators then obtain, for cases and controls, treatment and 

confounder history from baseline through the month of selection. History is 
obtained through the latest month of selection if an individual was selected 
in multiple months. 

2. Fit the weight models in Appendix 2 to the selected control person-months and 
their history. Use the parameter estimates to generate predicted probabilities for all 
person-months (cases and controls). As in the cohort analysis, the final weight for 
each individual at each time point is taken as the product of the weights for that 
individual up until that time; this requires treatment and confounder history for 
selected cases and controls. 

3. Censor individuals if and when they deviate from their assigned treatment strategy. 
a. Note: Weights can be truncated at their 99th percentile after this step.  

4. Fit a weighted pooled logistic regression model for the outcome to the selected 
cases and controls (excluding their non-selected history) (see model in Appendix 
2). Use robust variances or bootstrapping to calculate 95% confidence intervals.    

a. Note: The odds ratio from this model is an unbiased estimator of the per-
protocol hazard ratio obtained from the full cohort.  
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Table S1. Covariates* used when emulating a target trial of statin therapy and colorectal 
cancer, CALIBER, 1999-2016. 
Covariate Functional form  Categories 
Time-fixed    
Age Linear N/A 

Sex Indicator Female/Male 

Time-varying  
Month of follow-up Linear, quadratic N/A 
Body mass index Linear N/A 
Smoking status 3 categories Never 

Former 
Current 

LDL cholesterol (and months since last measure) Linear N/A 
HDL cholesterol (and months since last measure) Linear N/A 
Coronary heart disease Indicator Yes/No 
Hypertension Indicator Yes/No 
Cerebrovascular disease Indicator Yes/No 
Other cardiovascular disease Indicator Yes/No 
Diabetes Indicator Yes/No 
Antihypertensive use Indicator Yes/No 
Aspirin use Indicator Yes/No 
Hormone replacement therapy  Indicator Yes/No 
Oral contraceptive use Indicator Yes/No 
Number of referrals in the past three months 3 categories 0 

1 
≥2 

Abbreviations: HDL; high-density lipoprotein; LDL, low-density lipoprotein. 
* As described at https://www.caliberresearch.org. 
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Table S2. Sensitivity analysis imposing a 6-month survival requirement from the time of selection: Estimated 
risk of colorectal cancer* comparing statin therapy with no statin therapy, CALIBER, 1999-2016.  
   Case-control analysis  Cohort analysis 
        

 Cases 
 Odds 

ratio 95% CI 
 Hazard 

ratio 95% CI 
Replicating the approach of a previous 
case-control study 

  
  

 
  

Imposing a 6-month survival requirement 
from the time of selection† 2,612  1.02 0.86, 1.21  1.02 0.86, 1.22 
+ Comparing ≥5 vs. <5 years of statin 

use‡ 2,612  0.35 0.20, 0.62  0.35 0.20, 0.62 
+ Adjusting for covariates instead 

measured at the time of selection  2,612  0.37 0.21, 0.65  0.37 0.21, 0.66 
Abbreviation: CI, confidence interval. 
* Estimates from unweighted pooled logistic regression models adjusted for baseline covariates: age, sex, 
BMI, smoking status, LDL cholesterol, HDL cholesterol, months since last measure of LDL cholesterol, 
months since last measure of HDL cholesterol, coronary heart disease, hypertension, cerebrovascular 
disease, other cardiovascular disease, diabetes, antihypertensive use, aspirin use, hormone replacement 
therapy, oral contraceptive use, number of referrals in the past three months.  
† Comparing treatment initiation vs. no initiation at baseline. In the case-control sample, the analysis was 
restricted to individuals alive and under follow-up 6 months after selection. In the full cohort, the analysis 
excluded monthly records within 6 months of death or censoring. 
‡ In the case-control sample: (i) the analysis was restricted to individuals alive and under follow-up 6 months 
after selection and (ii) cumulative statin use after baseline was assessed through the time of selection 
(diagnosis) for cases and through the time of selection + 6 months for controls. In the full cohort: (i) the 
analysis excluded monthly records within 6 months of death or censoring and (ii) cumulative statin use was 
assessed through the current month for event person-months and through the current month + 6 months for 
non-event person months. 
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Note: Here, the survival requirement only applied to controls, given that case status was defined by death. 
Replicating this for colorectal cancer yielded an estimated odds ratio of 0.98 (95% CI: 0.85, 1.14) comparing 
treatment initiation vs. no initiation, 0.69 (95% CI: 0.49, 0.97) comparing ≥5 vs. <5 years of statin use, and 
0.70 (95% CI: 0.49, 0.99) adjusting for covariates measured at the time of selection. 
 
  

Table S3. Estimated risk of all-cause mortality comparing statin therapy with no statin therapy,* CALIBER, 
1999-2016.  
   Case-control analysis  Cohort analysis 

 Cases 
 Odds 

ratio 95% CI 
 Hazard 

ratio 95% CI 
Emulating a target trial†        
Intention-to-treat‡ 7,072  0.87 0.79, 0.95  0.87 0.79, 0.95 
Replicating the approach of a previous 
case-control study§ 

  
  

 
  

Imposing a 3-month survival requirement 
from the time of selection|| 7,072  0.86 0.79, 0.94  0.86 0.79, 0.94 
+ Comparing ≥5 vs. <5 years of statin 

use¶ 7,072  0.82 0.75, 0.91   0.82 0.75, 0.91  
+ Adjusting for covariates instead 

measured at the time of selection  7,072  0.80 0.72, 0.89  0.80 0.72, 0.88 
Abbreviation: CI, confidence interval. 
*Among individuals with no cardiovascular disease at baseline and at an increased cardiovascular risk 
(defined as LDL >3.4 mmol/L). Individuals were followed for up to 10 years.  
† Estimates from weighted pooled logistic regression models adjusted for age, sex, BMI, smoking status, 
LDL cholesterol, HDL cholesterol, months since last measure of LDL cholesterol, months since last measure 
of HDL cholesterol, diabetes, antihypertensive use, aspirin use, hormone replacement therapy, oral 
contraceptive use, number of referrals in the past three months.  
‡ Comparing statin initiation vs. no initiation at baseline. 
§ Estimates from unweighted pooled logistic regression models adjusted for the above covariates, assessed 
at baseline. 
|| Comparing treatment initiation vs. no initiation at baseline. In the case-control sample, the analysis was 
restricted to controls alive and under follow-up 3 months after selection. In the full cohort, the analysis 
excluded non-event monthly records within 3 months of death or censoring. 
¶ In the case-control sample: (i) the analysis was restricted to controls alive and under follow-up 3 months 
after selection and (ii) cumulative statin use was assessed from the time of selection (diagnosis) for cases 
and from the time of selection + 3 months for controls. In the full cohort: (i) the analysis excluded non-event 
monthly records within 3 months of death or censoring and (ii) cumulative statin use was assessed from the 
current month for event person-months and from the current month + 3 months for non-event person 
months. 
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