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Background: Randomized controlled trials (RCT) play a central
role in evidence-based healthcare. However, the clinical and policy
implications of implementing RCTs in clinical practice are difficult
to predict as the studied population is often different from the target
population where results are being applied. This study illustrates the
concepts of generalizability and transportability, demonstrating
their utility in interpreting results from the National Lung Screening
Trial (NLST).

Methods: Using inverse-odds weighting, we demonstrate how
generalizability and transportability techniques can be used to
extrapolate treatment effect from (i) a subset of NLST to the entire
NLST population and from (ii) the entire NLST to different target
populations.

Results: Our generalizability analysis revealed that lung cancer
mortality reduction by LDCT screening across the entire NLST [16%

Introduction

Randomized controlled trials (RCT) are the de facto approach to
assessing the efficacy of interventions. As of July 1, 2021, over 382,000
research studies have been registered on ClinicalTrials.gov (1),
highlighting the large number of studies that have been conducted
or are currently underway. Nevertheless, the translation of this knowl-
edge to clinical practice is often problematic. External validity (i.e.,
generalizing the study findings to an external population) is a long-
standing challenge in utilizing RCT results. Study participants are
often different from the target populations of non-participants who
may or may not have been eligible for the RCTs. Currently, clinical
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(95% confidence interval [CI]: 4-24)] could have been estimated
using a smaller subset of NLST participants. Using transportability
analysis, we showed that populations with a higher prevalence of
females and current smokers had a greater reduction in lung cancer
mortality with LDCT screening [e.g., 27% (95% CI, 11-37) for the
population with 80% females and 80% current smokers] than those
with lower prevalence of females and current smokers.

Conclusions: This article illustrates how generalizability and
transportability methods extend estimation of RCTs’ utility beyond
trial participants, to external populations of interest, including those
that more closely mirror real-world populations.

Impact: Generalizability and transportability approaches can be
used to quantify treatment effects for populations of interest, which
may be used to design future trials or adjust lung cancer screening
eligibility criteria.

guidelines are often based on systematic reviews or meta-analyses of
RCTs conducted in populations that do not necessarily mirror such
target populations. Approaches are needed to extrapolate the findings
of RCTs, generalizing them to other populations of interest, informing
clinical, policy, and public health interventions for that popula-
tion (2, 3). Furthermore, although stratification of RCT results by
participant characteristics (covariates) allows us to estimate the causal
effect within a defined subpopulation (e.g., all female or male parti-
cipants), this analysis does not estimate the causal effects when the
population characteristics are varied (e.g., increasing the proportion of
female participants). Thus, more flexible analysis methods are needed.

Whereas careful attention has been given to RCT internal validity
(i.e., obtaining the unbiased causal effect for the study participants),
methods for drawing inferences related to the generalizability and
transportability of trial results have been under-utilized in health
science research (4, 5). Generalizability and transportability are con-
cepts that have recently received renewed interest in causal inference
literature (6-9). Techniques exist for extrapolating results from RCT
participants to a target population, given knowledge about the char-
acteristics of a population for which an intervention is being
considered (8-13). Generalizability is considered when the target
population completely subsumes the study participants (e.g., the study
participants are people in California, and the target population is the
entire United States population; Fig. 1A). Transportability is appli-
cable when the target population partially includes or does not include
the study participants [e.g., the study participants are people in the
United States, and the target population includes people in the
Western hemisphere (partial inclusion) or people in Europe (no
inclusion; Fig. 1B)]. Given RCTSs’ role in formulating clinical guide-
lines, informing evidence-based physician decision making, and con-
tributing to health policy management, understanding how these
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Figure 1.
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Concepts of generalizability and transportability. Diagrams illustrating generalizability (A) and transportability (the target population may or may not include any
RCT-eligible individuals; B). C, In our example using the NLST, generalizability applies when we consider participants from 23 centers with females >40% as the trial
sample and those from the entire NLST as the target population (i.e., the study participant population is a subset of the target population). D, Transportability applies
when we consider participants from 23 centers with females >40% as the trial sample and those from the other 10 centers with females <40% as the target population

(i.e., the study participant population is external to the target population).

approaches can be used to interpret RCT results for different popula-
tions is imperative.

To ground our discussion, we demonstrate how these concepts are
applied to a large, multicenter trial that evaluated lung cancer screen-
ing efficacy using low-dose CT (LDCT). The National Lung Screening
Trial (NLST) was the first randomized clinical trial to demonstrate a
reduction in lung cancer mortality after three annual screens with
LDCT of the chest relative to chest x-ray (CXR; ref. 14). These findings,
complemented by a comparative simulation study of different eligi-
bility criteria and screening intervals, informed lung cancer screening
recommendations made by the United States Preventive Services
Task Force (USPSTEF; refs. 15, 16). Recently, the primary outcome of
the NLST has been further supported by additional large RCTs
conducted in Europe, the Nederlands-Leuvens Longkanker Screen-
ings Onderzoek (NELSON) trial (17) and the Multicentric Italian
Lung Detection (MILD) trial with ten years of follow-up (18). More
recently, the German Lung cancer Screening Intervention (LUSI)
also showed beneficial effects of regular LDCT screening on reduc-
tion in lung cancer mortality, particularly among females (19).
However, several other RCTs reported no significant lung cancer
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mortality benefit (20-23). While these trials studied distinct popu-
lations from the NLST, NELSON, and MILD trials, they also have
smaller sample sizes or shorter follow-up periods. Recognizing the
substantial resources required to conduct such trials, the ability to
generalize findings from the NLST cohort (whether a subset of, or
the entire population) to a target population would be of great
public benefit. Through the examples of generalizability and trans-
portability formula, we demonstrate the utility of such techniques to
extend RCT results to other populations of interest without con-
ducting additional trials.

Materials and Methods

Data sources and study population

The NLST was conducted at 33 sites as a collaborative effort of (i) a
contract called the Lung Screening Study (LSS), sponsored by the
National Cancer Institute (NCI) Division of Cancer Prevention, and
(ii) a grant to the American College of Radiology Imaging Network
(ACRIN) sponsored by the NCI Division of Cancer Treatment
and Diagnosis, Cancer Imaging Program (24). A total of 53,452
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participants were enrolled from August 2002 to April 2004. In total,
26,722 individuals were randomized to LDCT screening and 26,730 to
CXR screening. Eligibility criteria included current or former
smokers aged 55 to 74 years, a history of cigarette smoking of at
least 30 pack-years, and among former smokers, no more than
15 years since quit (14, 24, 25).

Given a previous NLST report of the difference in the lung cancer
mortality risk ratio (RR) by sex [male, n = 31,530 (59%), RR = 0.92;
female, n = 21,922 (41%), RR = 0.73; ref. 26], we selected 23
screening centers having female prevalence >40% (the threshold
which is close to the overall prevalence of females in the entire
NLST population) as our trial sample to estimate the effect of
screening on lung cancer mortality. We then defined the remain-
ning subset of the NLST (i.e., 10 centers having female prevalence
<40%) as target population that is assumed, for illustration pur-
poses, to be NLST-eligible nonparticipants.

Measurements

Demographic characteristics including age (years), sex (male or
female), race (Asian, Black, American Indian or Alaska Native,
Native Hawaiian or Other Pacific Islander, or White), ethnicity
(Hispanic, Non-Hispanic), education status (less than college,
college or higher, others), marital status (single, married, widowed,
or divorced), and smoking status (current or former smokers) were

Generalizability and Transportability of NLST Results

self-reported at randomization. Body mass index (BMI) was cal-
culated as weight (kilograms) divided by height (meters) squared.
Mortality data were ascertained by annual questionnaires and
searches on the National Death Index. Participants were followed
for up to 8.2 years.

Statistical analyses

Using generalizability and transportability formula, we extended
the results from our trial sample (N = 29,848) to the entire
participants in the NLST (N = 53,452; Fig. 1C) and the target
population (N = 23,604; Fig. 1D), respectively, without knowing
their outcomes. Table 1 summarizes assumptions necessary to
conduct generalizability and transportability analysis, also called
identifiability conditions. For example, due to the nature of RCT,
the intervention group and control group were exchangeable (i.e.,
no confounders between the intervention and the outcome), and the
probability of being in the intervention group was not zero in any
stratum of covariates. Other assumptions were not testable but
expected to hold in our example of ideal settings within the NLST
data. We employed an inverse-odds weighting approach to control
for participants’ preintervention demographic characteristics (age,
sex, race/ethnicity, education, marital status, smoking, and BMI)
and the recruitment arm of the NLST (i.e., whether the center was
part of LSS or ACRIN). In this approach, we emulate the target

Table 1. Conditions for identifying causal quantities for generalizability and transportability.

Key identifiability conditions Meaning

Example illustrations using the NLST

(i) Conditional exchangeability
over study participation,
S (S-admissibility)

The participants enrolled in the trial sample are
exchangeable with individuals in the target
population conditional on some pre-intervention
or background variables; i.e., the mean potential
outcome conditional on these variables is
independent of RCT participation.

The participants enrolled in the trial sample of our example
illustration (23 centers with females >40%) are
exchangeable with those in the target population
(10 centers with females <40%) or with the entire NLST
conditional on sex, age, race/ethnicity, education, marital
status, smoking, body mass index, and the recruitment
arm of NLST (LSS or ACRIN).

(ii) Conditional exchangeability
over intervention in the study
participant population

The participants in the intervention group are
exchangeable with the participants in the control
group conditional on some pre-intervention or
background variables.

The participants in the LDCT screening group are
exchangeable with the participants in the radiography
group, which is expected to hold by randomization in the
NLST.

(i) Positivity of RCT participation
and intervention assignment

a) There is a non-zero probability of trial
participation in any stratum defined by covariates
that are needed to ensure conditional
exchangeability.?

b) There is a non-zero probability of intervention
assignment in any stratum defined by covariates
that are needed to ensure conditional
exchangeability.?

a) The probability of being in the trial sample is not zero in
any stratum defined by age, sex, race/ethnicity,
education, marital status, smoking, body mass index, and
the recruitment arm of NLST.

b) The probability of being in the LDCT screening group is
not zero, which is expected to hold by randomization of
intervention assignment in the NLST.

(iv) Consistency

The potential outcome under a specified
intervention for any individual who received that
intervention is equal to the individual’s observed
outcome.

The potential outcome under LDCT screening for any
individual who received that screening is equal to the
individual’s observed outcome.

(V) No interference

Oneindividual’s intervention does not affect another
individual's outcome.”

One participant’s lung screening using LDCT does not
influence other participants’ lung cancer mortality.

(vi) No measurement error

Each variable used in the analyses is correctly
measured.

All variables in the NLST are correctly measured.

(vii) Correct model specification

The models used in the analyses are statistically
correctly specified.

The logistic regression model used to determine whether
the participant is in the trial sample and the Cox
proportional hazard model used to predict lung cancer
mortality were correctly specified.

Abbreviations: ACRIN, American College of Radiology Imaging Network; LSS, Lung Screening Study.
@For transportability, the probability is considered for the superpopulation that gave rise to the trial sample.

POr the pattern of interference is the same between the trial sample and the target population.
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population from the sample of trial participants using the weights
calculated by an inverse of odds of being in the trial sample instead
of the target population (6, 7, 27);

Probability of being in the target population given covariates
Probability of being in the trial sample given covariates

Probability of being in the trial sample
Probability of being in the target population

As an additional analysis, we recategorized the NLST participants
into two different groups defined by the recruitment arm of NLST
(i.e., ACRIN and LSS). We then generalized the results of the
participants from ACRIN centers to the entire NLST population
and transported the results to the participants from LSS centers.

Lastly, we assessed changes in the estimated effect derived from the
entire NSLT population to the hypothesized target populations by
varying the distribution of sex and smoking status. We compared our
analysis with previously reported RR of lung cancer mortality in these
sample populations: current smokers, n = 25,760 (48%), RR = 0.81;
former smokers, n = 27,692 (52%), RR = 0.91 (26). For all experi-
ments, 95% confidence intervals (95% CI) were estimated by repeating
the analyses on 200 bootstrapped samples. All analyses were conducted
using R 4.0.3.

Ethical Approval
The study was exempted from human subjects review by the
institutional review board at University of California, Los Angeles.

Data sharing
Available at https://biometry.nci.nih.gov/cdas.

Results

Table 2 presents participant characteristics for the entire NLST
and two study populations: a subset of centers where the distribu-
tion of female participants is 240% (called the “trial sample”), and
an example target population where the distribution of female
participants is < 40% (called the “target population”). Compared
with the target population (centers with <40% female participants),
participants among the trial sample were more likely to be single or
divorced/widowed, current smokers, and from centers enrolled
through ACRIN.

Generalizing the result from one subpopulation to the entire
NLST population

Table 3 summarizes our analysis of generalizing results from the
trial sample to the entire NLST population. Among 29,848 participants

Table 2. Demographic characteristics of participants in the two study populations of the NLST determined by the center’s distribution of

sex.?

Trial sample:
23 Centers with

Total NLST 33

Target population:
10 Centers with

Centers females >40% females <40%
Characteristics (N = 53,452) (N = 29,848) (N = 23,604) P value®
Age at randomization 614 +£ 5.0 614 £ 5.0 615+ 5.0 0.01
Sex <0.001
Male 59.0 55.8 63.0
Female 41.0 44.2 37.0
Ethnic group 0.47
Hispanic 1.8 17 1.8
Non-Hispanic 97.5 97.7 97.3
Others or missing 0.7 0.6 0.9
Education status 0.79
Less than college 43.8 43.8 437
College or higher 53.9 53.7 54.2
Others or missing 2.3 2.5 2.1
Marital status <0.001
Single 4.7 4.9 4.2
Married 66.6 65.3 68.2
Widowed/divorced 28.1 29.0 27.1
Missing 0.6 0.7 0.5
Smoking status 0.001
Current 48.2 48.9 47.4
Former 51.8 511 52.6
BMI (kg/m?) 074
<25 28.6 28.8 28.5
25 to <30 42.6 425 42.8
>30 28.1 28.1 28.1
Missing 0.7 0.7 0.7
Study <0.001
LSS 64.8 46.1 88.4
ACRIN 35.2 53.9 1.6

Abbreviations: ACRIN, American College of Radiology Imaging Network; BMI, body mass index; LSS, Lung Screening Study.
2Data are presented as a percentage or mean =+ standard deviation otherwise indicated.
bp value for the difference between the trial sample and target population was calculated by ¢ test for age and x? test for other categorical variables.
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Table 3. Effect of lung screening by LDCT on lung cancer-related mortality in the two study populations of the National Lung Screening

Trial (NLST) determined by the center’s distribution of sex.

Estimated effect
[HR (95% CI)]

Cohort

Generalized/transported effect

[HR (95% CI)] from the

estimated effect in the trial sample

using inverse-odds weighting approach®®

Trial sample: 23 centers with females >40%
Target population: 10 centers with females <40%
Total NLST

0.82 (0.71-0.94) -
0.90 (0.72-1.09)
0.84 (0.76-0.95)

0.89 (0.71-1.08)
0.84 (0.72-0.99)

Abbreviations: ACRIN, American College of Radiology Imaging Network; LSS, Lung Screening Study.
“Robust 95% Cls were estimated by repeating the analyses on 200 bootstrapped samples.
PThe estimated effect in the original cohort was transported/generalized to the target cohort controlling for age, sex, race/ethnicity, education, marital status,

smoking, BMI, and the recruitment arm of NLST (LSS or ACRIN).

in the trial sample, during the median (interquartile range) follow-up
of 6.6 (6.2-6.9) years, 579 died of lung cancer. The rates of death from
lung cancer in the LDCT group versus the CXR group were 274 deaths
and 334 deaths per 100,000 person-years, respectively. The relative
reduction in the rate of lung cancer mortality with LDCT screening in
the trial sample was 18% (95% CI, 6-29).

Across the entire NLST population of 53,452 participants during the
median (interquartile range) follow-up of 6.7 (6.2-7.0) years, 1,021
deaths from lung cancer were observed. The rates of death from lung
cancer in the LDCT arm and CXR arm were 273 deaths and 324 deaths
per 100,000 person-years, respectively. On the basis of the observed
outcome data across the entire NLST population, the relative reduction
in the rate of lung cancer mortality with LDCT screening was 16%
(95% CI, 5-24). The generalized effect (i.e., the effect calculated by
applying the generalizability formula across the trial sample without
knowing the outcome across the entire NLST population) of LDCT
screening on lung cancer mortality across the entire NLST population
was 16% (95% CI, 1-28). This analysis demonstrates the successful
application of the inverse-odds weighting approach to estimate the
causal effect on the target population from only a subset of the NLST.

Transporting the result from one subpopulation of the NLST to
another

Among 23,604 participants in the target population, during the
median (interquartile range) follow-up of 6.7 (6.3-7.1) years, 442
deaths from lung cancer were observed. The rates of death from lung
cancer in the LDCT arm and CXR arm were 272 deaths and 309 deaths
per 100,000 person-years, respectively. On the basis of the observed
outcome data across the target population, the relative reduction in the
rate of lung cancer mortality with LDCT screening was 10% (95% ClI,
—9-28). The transported effect (i.e., the effect calculated by applying
the transportability formula across the trial sample without knowing
the outcome across the target population) of LDCT screening on
lung cancer mortality across this target population was 11% (95%
CI, —8-29).

Generalizing and transporting the result from ACRIN to the
entire NLST and LSS populations

Among 18,840 participants in ACRIN centers, the relative reduction
in the rate of lung cancer mortality with LDCT screening was 23%
(95% CI, 7-36). The generalized effect of LDCT screening on lung
cancer mortality among the entire NLST population was 21% (95% ClI,
2-35) which was toward the observed effect [16% (95% CI, 5-24)]
among the entire NLST participants (Supplementary Table S1). The
transported effect of LDCT screening on lung cancer mortality among

AACRJournals.org

participants in LSS centers was 20% (95% CI, —2-34), which was larger
than the observed effect among 34,612 participants in LSS centers [11%
(95% CI, —4-25), and the 95% CI of both estimates included the null.

Extending the trial result to a range of target populations

As shown in Fig. 2, the hypothesized target populations with a
higher prevalence of females and current smokers showed a greater
reduction in lung cancer mortality with LDCT screening than the
hypothesized populations with a lower prevalence of females and
current smokers. For example, the relative reduction was 27% (95%
CI, 11-37) for the population with 80% females and 80% current
smokers, while the relative reduction was 11% (95% CI, —4-23) for
the population with 20% females and 20% current smokers.

Discussion

This article illustrates the application of generalizability and trans-
portability analysis to extend the results obtained from an RCT to an
external target population using data from the NLST. This approach
provides the estimated effect of the intervention (in this case, LDCT
screening) on the outcome (lung cancer mortality) with not only high
internal validity (due to RCT study design) but also high external
validity (due to the application of generalizability and transportability
techniques). Even well-designed, adequately powered conventional
RCTs do not necessarily provide the potential impact of the inter-
vention if the target population differs from the trial sample. When all
variables that modify the effect of the intervention and differentiate the
trial sample from the target population are observed, the generaliz-
ability and transportability formulae allow us to obtain externally valid
estimates in the target population by controlling for differences in the
distribution of such variables between the two populations.

Our work builds on a growing foundation of literature related to
generalizability and transportability (4-13, 28-31). Despite the theo-
retical advancement of the methodology in statistics and epidemiol-
ogy, it has not yet been sufficiently demonstrated in the clinical
literature, so we aimed to not only introduce these concepts to
physicians and biomedical researchers but also to provide a practical
demonstration. In our example, we found that both estimates for the
target population (10 centers with the female prevalence of <40%) and
the entire NLST calculated from the trial sample (23 centers with the
female prevalence of 240%) using the generalizability and transport-
ability formulae were nearly identical to the observed estimates in each
population, respectively. Moreover, we showed that the transportabil-
ity formula allowed us to transport the estimated effects in the NLST to
hypothesized external populations varying the distribution of sex and

Cancer Epidemiol Biomarkers Prev; 30(12) December 2021
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Figure 2.

Transported effect of lung screening by LDCT on lung cancer-related mortality varying the distribution of sex and smoking status in the NLST.

smoking status. Through these examples, we observed a higher
mortality reduction in a population with a higher prevalence of females
when screened using LDCT, which is consistent with a recent result at
10 years of follow-up from the NELSON trial [males (# = 13,195), rate
ratio = 0.76 (95% CI, 0.61-0.94); females (n = 2,594), rate ratio = 0.67
(95% CI,0.38-1.14)] while the heterogeneity by sex was not statistically
significant (17). Notably, while we illustrate this principle using only
two variables, results can be transported to any target population by
varying the distribution of multiple covariates using a single trans-
portability formula. These examples reinforce that extending the
results from an RCT to the appropriate target population can provide
clinicians and decision-makers novel insights about the population
that would benefit from the intervention.

Defining the target population is essential to make meaningful
generalizations of RCT results (3, 32-34). When the trial sample is a
random subset of the target population, we can often generalize study
results to the target population without additional analysis. However,
there is rarely an ideal setting in which the RCT-eligible population is
an exact random subsample of the entire population of interest.
Furthermore, researchers and practitioners must consider the extent
to which trial results can be applied when the target population consists
of individuals who were RCT-eligible but did not participate (e.g., the
nearest study site was too far away) or who were not eligible but could
have benefitted from the intervention under study (e.g., the individual
fell short of the minimum smoking pack-year history) (2). Even when
the trial sample is a random subset of the target population, trans-
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portability can be used to estimate the treatment effect over time if the
distribution of the trial participants’ characteristics changes. For
example, results from the NLST (conducted during 2002-2009) may
not be directly interpreted in the same population in 2020, given the
declining number of current smokers over the last decade (35).
Several limitations of this approach are noted. The presence of
unmeasured variables could modify the effect of interest when the
distribution of such variables is different between the trial sample and
the target population. Although our main example was an ideal setting
for illustration purposes, our additional example of ACRIN and LSS
showed some gaps between observed treatment effects and generalized
or transported effects, indicating that some key variables were not
included in our generalizability and transportability formula. The
assumption of this conditional exchangeability over study participa-
tion (i.e., enumerating a comprehensive set of variables that modify the
effect of treatment as related to the sampling of the original study
population) is even more challenging when attempting to extrapolate
the results to general populations. Sensitivity analysis could provide
ranges of the transported effect in the target population, assuming the
distribution of variables that modify the effect in the trial sample but
were not measured in the target population (36). A statistical approach
of modeling the outcome by inserting the interaction term between the
intervention and the covariates may be helpful. Still, we cannot rule out
the possibility of interaction even when the interaction term’s obtained
coefficient is not statistically significant. In this context, a conservative
approach may include a broader set of variables in the transportability
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formula with the assumption that they may modify the treatment
effect (36). Recently, several approaches including tree-based methods
have been developed to detect heterogeneous treatment effects by a
complex set of covariates and predict treatment effects at finely
categorized subgroups (37, 38). The combination of these methods
with generalizability and transportability would further increase the
utility of RCT results towards both population-based and individu-
alized clinical decision making.

The generalizability and transportability formula needs to be prop-
erly specified. Several techniques have been developed to detect model
misspecification (27, 39). In addition, to avoid the violation of the
positivity assumption (i.e., a non-zero probability of trial participation
for each individual in the target population), the target population
should meet the study inclusion and exclusion criteria of the original
trials, particularly for variables that could modify the treatment effect.
Here, the results from the NLST may not be transported to the
population of never smokers because the RCT included only current
or former smokers. Therefore, the external validity of the trial must be
carefully considered when designing the study. Given the variability of
CT screening across guidelines and trials (14-17), we also need to
carefully consider the type and methods of screening when extending
and interpreting the intervention effects. Lastly, we utilize individual-
level data from the NLST to show that our formula works using
existing RCT data. Access to individual-level data on baseline covari-
ates for both trial and target populations is crucial for correctly
specifying generalizability and transportability formulae. Given such
data, we can determine the expected treatment effect on the target
population of interest. The ability to flexibly estimate effect size across
a wide number of covariates can help readers understand the implica-
tions of RCT results in a range of external populations and have
broader implications beyond lung cancer screening. For example, the
recent SARS-CoV-2 outbreak underscored the need for rapid recruit-
ment and execution of clinical trial studies on potential vaccines.
Generalizability and transportability may be used to estimate these
vaccines’ treatment effect on patient groups who may not have been
well-represented in these trials.

In healthcare literature, RCTs have been considered the de facto
standard clinical to provide evidence to inform clinical guidelines.
However, estimates obtained from an RCT are insufficient to estimate
the benefits of interventions in real-world settings if the population of
interest differs from the trial sample. The concepts and applications of
generalizability and transportability help us to minimize this long-
standing limitation of RCTs. Although these quantitative techniques
have well-documented assumptions, they are particularly informative
when clinical trials are not feasible or ethical, allowing us to transport
the results of an RCT to an external population of interest. Such

References
1. ClinicalTrials.gov [Internet]. Available from: https://clinicaltrials.gov/.
2. Frieden TR. Evidence for health decision making — beyond randomized,

controlled trials. N Engl ] Med 2017;377:465-75.

3. Rothwell PM. External validity of randomised controlled trials: “To whom do the
results of this trial apply? Lancet North Am Ed 2005;365:82-93.

4. Cole SR, Stuart EA. Generalizing evidence from randomized clinical trials to
target populations. Am J Epidemiol 2010;172:107-15.

5. Hernan MA, VanderWeele T]. Compound treatments and transportability of
causal inference. Epidemiology 2011;22:368-77.

6. Westreich D, Edwards JK, Lesko CR, Stuart E, Cole SR. Transportability of
trial results using inverse odds of sampling weights. Am J Epidemiol 2017;
186:1010-4.

AACRJournals.org

Generalizability and Transportability of NLST Results

information is critical for academic society to build clinical guidelines
targeting a specific population that has a different distribution of
baseline characteristics from the trial sample. Moreover, even if these
approaches do not entirely overcome the barriers that limit external
validity of existing RCTs, they allow researchers to efficiently and
effectively define the study population of future trials by knowing
which populations would receive the greatest benefit from an inter-
vention. Including generalizability and transportability analysis as part
of RCT reporting would maximize the utility of the RCT, informs the
quality of future trials, and translates experimental data into rational
clinical guidelines.

Authors’ Disclosures

W. Hsu reports grants from Siemens Medical Solutions and personal fees from
Radiological Society of North America outside the submitted work. O.A. Arah reports
grants from NIH during the conduct of the study. D.R. Aberle reports grants from
NIH R01 CA226079, NIH U01 CA233370, NIH R01 CA210360, PCORI (Kaiser
Foundation), NTH U01 CA196408, and grants from Johnson and Johnson and Boston
University during the conduct of the study. A.A.T. Bui reports grants from NIH
during the conduct of the study. No disclosures were reported by the other authors.

Authors’ Contributions

K. Inoue: Conceptualization, data curation, software, formal analysis, supervision,
methodology, writing—original draft, writing-review and editing. W. Hsu: Concep-
tualization, supervision, funding acquisition, validation, investigation, methodology,
writing-original draft, writing-review and editing. O.A. Arah: Conceptualization,
methodology, writing-review and editing. A.E. Prosper: Conceptualization, software,
writing-review and editing. D.R. Aberle: Conceptualization, investigation, method-
ology, writing-review and editing. A.A.T. Bui: Conceptualization, formal analysis,
funding acquisition, investigation, writing-review and editing.

Acknowledgments

K. Inoue was supported by the NIH/NIDDK grant F99 DK126119 and Honjo
International Scholarship. A.A.T. Bui and W. Hsu were supported by the NTH/NIBIB
grant RO1 EB0276502, NIH/NCI grant RO1 CA226079, and NSF grant #1722516. This
article does not necessarily represent the views and policies of the NIH. Study
sponsors were not involved in study design, data interpretation, writing, or the
decision to submit the article for publication.

The publication costs of this article were defrayed in part by the payment of
publication fees. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

Note
Supplementary data for this article are available at Cancer Epidemiology, Biomarkers
& Prevention Online (http://cebp.aacrjournals.org/).

Received May 9, 2021; revised July 14, 2021; accepted September 9, 2021;
published first September 20, 2021.

7. Lesko CR, Buchanan AL, Westreich D, Edwards JK, Hudgens MG, Cole SR.
Generalizing study results: a potential outcomes perspective. Epidemiology
2017;28:553-61.

8. Bareinboim E, Pearl J. Causal inference and the data-fusion problem. Proc Natl
Acad Sci U S A 2016;113:7345-52.

9. Bareinboim E, Pearl J. A general algorithm for deciding transportability of
experimental results. ] Causal Inference 2013.

10. Stuart EA, Cole SR, Bradshaw CP, Leaf PJ. The use of propensity scores to assess
the generalizability of results from randomized trials. | Roy Stat Soc Ser A 2001;
174:369-86.

11. Pearl J. Generalizing experimental findings. ] Causal Inference 2015;3:
259-66.

Cancer Epidemiol Biomarkers Prev; 30(12) December 2021

2233


https://clinicaltrials.gov/

Inoue et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Bareinboim E, Pearl J. Transportability of causal effects: completeness results:
[Internet]. Fort Belvoir, VA: Defense Technical Information Center; 2012.
Available from: http://www.dtic.mil/docs/citations/ ADA557446.

Bareinboim E, Tian J, Pearl J. Recovering from selection bias in causal and
statistical inference. AAAT 2014;2410-6.

National Lung Screening Trial Research Team, Aberle DR, Adams AM,
Berg CD, Black WC, Clapp JD, et al. Reduced lung-cancer mortality
with low-dose computed tomographic screening. N Engl ] Med 2011;365:
395-409.

de Koning HJ, Meza R, Plevritis SK, ten Haaf K, Munshi VN, Jeon J, et al. Benefits
and harms of computed tomography lung cancer screening strategies: a com-
parative modeling study for the U.S. Preventive Services Task Force. Ann Intern
Med 2014;160:311-20.

Moyer VA. Screening for lung cancer: U.S. preventive services task force
recommendation statement. Ann Intern Med 2014;160:330-8.

de Koning HJ, van der Aalst CM, de Jong PA, Scholten ET, Nackaerts K,
Heuvelmans MA, et al. Reduced lung-cancer mortality with volume CT screen-
ing in a randomized trial. N Engl ] Med 2020;382:503-13.

Pastorino U, Silva M, Sestini S, Sabia F, Boeri M, Cantarutti A, et al.
Prolonged lung cancer screening reduced 10-year mortality in the MILD
trial: new confirmation of lung cancer screening efficacy. Ann Oncol 2019;30:
1162-9.

Becker N, Motsch E, Trotter A, Heussel CP, Dienemann H, Schnabel PA, et al.
Lung cancer mortality reduction by LDCT screening-results from the random-
ized German LUSI trial. Int ] Cancer 2020;146:1503-13.

Infante M, Cavuto S, Lutman FR, Passera E, Chiarenza M, Chiesa G, et al. Long-
term follow-up results of the DANTE trial, a randomized study of lung cancer
screening with spiral computed tomography. Am J Respir Crit Care Med 2015;
191:1166-75.

Wille MMW, Dirksen A, Ashraf H, Saghir Z, Bach KS, Brodersen J, et al. Results
of the randomized danish lung cancer screening trial with focus on high-risk
profiling. Am J Respir Crit Care Med 2016;193:542-51.

Paci E, Puliti D, Lopes Pegna A, Carrozzi L, Picozzi G, Falaschi F, et al. Mortality,
survival and incidence rates in the ITALUNG randomised lung cancer screening
trial. Thorax 2017;72:825-31.

Doroudi M, Pinsky PF, Marcus PM. Lung cancer mortality in the lung screening
study feasibility trial. INCI Cancer Spectr 2018;2:pky042.

National Lung Screening Trial Research Team, Aberle DR, Berg CD, Black WC,
Church TR, Fagerstrom RM, et al. The national lung screening trial: overview
and study design. Radiology 2011;258:243-53.

Results of initial low-dose computed tomographic screening for lung cancer.
N Engl ] Medicine 2013;368:1980-91.

2234 Cancer Epidemiol Biomarkers Prev; 30(12) December 2021

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

Pinsky PF, Church TR, Izmirlian G, Kramer BS. The national lung screening trial:
results stratified by demographics, smoking history and lung cancer histology.
Cancer 2013;119:3976-83.

Dahabreh IJ, Robertson SE, Steingrimsson JA, Stuart EA, Hernan MA. Extending
inferences from a randomized trial to a new target population. Stat Med 2020;39:
1999-2014.

Hartman E, Grieve R, Ramsahai R, Sekhon JS. From sample average treatment
effect to population average treatment effect on the treated: combining exper-
imental with observational studies to estimate population treatment effects. ] Roy
Stat Soc Ser A 2015;178:757-78.

Rudolph KE, van der Laan M]J. Robust estimation of encouragement-design
intervention effects transported across sites. ] Roy Stat Soc Ser B 2017;79:
1509-25.

Buchanan AL, Hudgens MG, Cole SR, Mollan KR, Sax PE, Daar ES, et al.
Generalizing evidence from randomized trials using inverse probability of
sampling weights. ] Roy Stat Soc Ser A 2018;181:1193-209.

Dahabreh IJ, Robertson SE, Tchetgen EJ, Stuart EA, Herndn MA. Generalizing
causal inferences from individuals in randomized trials to all trial-eligible
individuals. Biometrics 2019;75:685-94.

Rothman K], Gallacher JEJ, Hatch EE. Why representativeness should be
avoided. Int J Epidemiol 2013;42:1012-4.

Rothwell PM. Commentary: External validity of results of randomized trials:
disentangling a complex concept. Int ] Epidemiol 2010;39:94-6.

Greenhouse JB, Kaizar EE, Kelleher K, Seltman H, Gardner W. Generalizing
from clinical trial data: a case study. The risk of suicidality among pediatric
antidepressant users. Stat Med 2008;27:1801-13.

Centers for Disease Control. Current cigarette smoking among adults in the
United States [Internet]. Centers for Disease Control and Prevention 2019.
Available from: https://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_
data/cig_smoking/index.htm.

Nguyen TQ, Ackerman B, Schmid I, Cole SR, Stuart EA. Sensitivity analyses for
effect modifiers not observed in the target population when generalizing
treatment effects from a randomized controlled trial: Assumptions, models,
effect scales, data scenarios, and implementation details. PLoS One 2018;13:
€0208795.

Wager S, Athey S. Estimation and inference of heterogeneous treatment effects
using random forests. ] Am Statist Assoc 2018;113:1228-42.

Kent DM, van Klaveren D, Paulus JK, D’Agostino R, Goodman S, Hayward R,
et al. The predictive approaches to treatment effect heterogeneity (PATH)
statement: explanation and elaboration. Ann Intern Med 2020;172:W1-25.
Robins JM, Rotnitzky A, Zhao LP. Estimation of regression coefficients when
some regressors are not always observed. ] Am Statist Assoc 1994;89:846-66.

CANCER EPIDEMIOLOGY, BIOMARKERS & PREVENTION


http://www.dtic.mil/docs/citations/ADA557446
https://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_data/cig_smoking/index.htm
https://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_data/cig_smoking/index.htm
https://www.cdc.gov/tobacco/data_statistics/fact_sheets/adult_data/cig_smoking/index.htm


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


