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Abstract

We aimed to explore the underlying reasons that estimates of overdiagnosis vary across and
within low-dose CT (LDCT) lung cancer screening trials. We conducted a systematic review to
identify estimates of overdiagnosis from randomised controlled trials of LDCT screening. We
then analysed the association of Ps (the excess incidence of lung cancer as a proportion of screen-
detected cases) with post-screening follow-up time using a linear random effects meta-regression
model. Separately, we analysed annual Ps estimates from the US National Lung Screening Trial
(NLST) and German Lung Cancer Screening Intervention Trial (LUSI) using exponential decay
models with asymptotes. We conducted stratified analyses to investigate participant characteristics
associated with Ps using the extended follow-up data from NLST. Among 12 overdiagnosis
estimates from 8 trials, the post-screening follow-up ranged from 3.8 to 9.3 years, and Ps ranged
from —27.0% (ITALUNG, 8.3y follow-up) to 67.2% (DLCST, 5.0y follow-up). Across trials,
39.1% of the variation in Ps was explained by post-screening follow-up time. The annual changes
in Ps were —3.5% and —3.9% in the NLST and LUSI trials, respectively. Ps was predicted to
plateau at 2.2% for NLST and 9.2% for LUSI with hypothetical infinite follow-up. In NLST, Ps
increased with age from -14.9% (55-59 years) to 21.7% (70-74 years), and time trends in Ps
varied by histological type. The findings suggest that differences in post-screening follow-up time
partially explain variation in overdiagnosis estimates across lung cancer screening trials. Estimates
of overdiagnosis should be interpreted in the context of post-screening follow-up and population
characteristics.
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Introduction

Overdiagnosis in cancer screening refers to the diagnosis of a cancer that would otherwise
not cause clinical symptoms or death?, which causes unneeded treatment, additional cost,
and physical and mental harms. There are two primary underlying factors leading to
overdiagnosis: indolent cancers that are less likely to progress and competing causes

of death that occur before cancer symptoms arisel=3. The amount of overdiagnosis is
commonly estimated using data from randomised controlled trials (RCTs) by comparing
the number of cancers diagnosed in the screening arm with the number diagnosed in the
control arm.

Overdiagnosis of lung cancer during low-dose computed tomography (LDCT) screening
remains controversial, largely because estimates of its magnitude have varied widely across
RCTs, ranging from no evidence of overdiagnosis® to 67% of screen-detected lung cancers
being considered overdiagnosed®. This variability has led to extensive debate regarding the
net harms, and therefore the balance between benefits and harms, of LDCT lung cancer
screening. Long-term follow-up of randomised trials offers the opportunity to estimate
overdiagnosis as the amount of excess incidence among the screen-detected lung cancers.
With sufficient follow-up time to allow the cases in the non-screened arm to “catch up”

to the cancer cases detected earlier in the screened arm?, the excess incidence eventually
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approximates the amount of true overdiagnosis. When the post-screening follow-up is short,
overdiagnosis cannot be distinguished from the lead time effect5: 7.

We hypothesised that a portion of the heterogeneity in overdiagnosis estimates between
RCTs of lung cancer screening could be attributable to the fact that they were calculated
after different amounts of post-screening follow-up time. Moreover, the role of follow-up
time and participant characteristics in explaining overdiagnosis estimates within individual
trials remains largely unexplored. A detailed description of these influences could improve
our understanding of the true magnitude of overdiagnosis in lung cancer screening and
identify the means to reduce it. In this study, we aimed to identify factors that may explain
the variation in overdiagnosis estimates between and within RCTs of lung cancer screening.
We reviewed data from published randomised trials of LDCT screening and conducted a
secondary analysis of the National Lung Screening Trial (NLST) and German Lung Cancer
Screening Intervention Trial (LUSI) with extended follow-up data.

Methods

Overview

There are two indicators® ® commonly used to represent overdiagnosis in RCTs with a
stop-screening design®: Ps, the ratio between excess incidence (calculated as the difference
between the cumulative incidence of lung cancer in the screening and control arms)

and the cumulative incidence of screen-detected lung cancers; and Pa, the ratio between
excess incidence and the cumulative incidence of all lung cancers in the screening arm.
Conceptually, Ps is a better representation of overdiagnosis than Pa, because if we refer

to someone as being overdiagnosed by screening, the cancer must be screen-detected.
Therefore, in this study we considered both Ps and Pa, but used Ps as the primary outcome
measure.

Review of lung cancer screening trials and analysis of association between follow-up time
and overdiagnosis estimates across trials

We systematically searched three databases (Embase, Pubmed, and Web of Science) for
studies reporting RCTs of LDCT lung cancer screening. The detailed search strategy,
selection criteria, and the flow chart of the selection process are shown in Supplementary
Box S1 and Figure S1. A total of 13 articles describing 12 overdiagnosis estimates were
included. For each of the selected studies, we extracted the following parameters: the
number of participants in the screening arm (Ts) and control arm (Tc); the number of lung
cancer cases accrued at the end of follow-up in the screening arm (Ds) and control arm
(Dc); and screen-detected lung cancer cases in the screening arm (SDs). Ps and Pa were then
calculated asl0:
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The variances of Ps and Pa were estimated by Monte-Carlo simulations (see Supplementary
Table S1). For studies where post-screening follow-up time was not given, it was estimated
as the difference between reported median follow-up years and the screening years,

or between reported follow-up years and median duration of screening, whichever was
available. The impact of post-screening follow-up time on the values of Ps and Pa was
assessed using a linear random effects meta-regression model accounting for the multilevel
structure of the data (i.e., several studies contributed two data points) and fitted by
maximum likelihood. We calculated the proportion of variation in Ps and Pa estimates

that was explained by post-screening follow-up time as the proportional reduction in
residual heterogeneity when using post-screening follow-up time as a moderator in the
meta-regression model, compared to fitting the model without a moderator!l,

Analyses of the association between Ps and Pa estimates and follow-up time within the
NLST and LUSI trials

For the NLST and LUSI trials, we had access to detailed data describing the cumulative
incidence of lung cancer in the screening and control arms, together with the cumulative
incidence of screen-detected cancers, at annual timepoints following the end of screening.
Detailed descriptions of the two trials have been published previously12 13, Briefly,
the NLST recruited former or current smokers aged 55-74 years and randomised the
participants to three annual rounds of either LDCT or chest X-ray screening, and the LUSI
trial randomised 50-69-year-olds with a history of heavy smoking to five annual rounds
of LDCT screening or usual care. At the time of this study, follow-up data was available
until a median of 9.3 and 6.7 years since the last screen for the NLST and LUSI trials,
respectively® 12, We then calculated the Ps and Pa estimates at each annual timepoint and
used linear regression models to assess the relationship between Ps/Pa estimates and follow-
up time for each trial. The difference between the time trend across trials was examined
B—5h
VSE?2 + SE?
standard errors in the two trialsl4. For the NLST trial, we also conducted stratified analyses
by histological subtype.

using a Z-test with the formula z = , where g and SE represent the slopes and

For Ps, we also fit exponential decay models with asymptotes to both studies combined,
which assume that Ps eventually reaches a plateau after long-term follow-up. We made this
assumption because the excess incidence between the screening and control arms should
theoretically stabilise after sufficiently long follow-up time, and that is when overdiagnosis
can be validly measured®. This model includes parameters for the initial Ps level, the rate of
exponential decrease, and the plateau Ps value. We assumed the rate of decrease of Ps was
similar between the studies, because it reflects characteristics of the disease, in particular
the maximum preclinical period®, and because the slopes in the linear regression models
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were similar between the two studies. Therefore, we used a common exponential decrease
parameter while the other parameters were study-specific.

Analysis of participant characteristics associated with Ps and Pa estimates in the
extended follow-up of NLST

Results

We used the extended follow-up data of NLST with a median duration of 9.3 years since

the last screen2, the longest duration among trials, to calculate Ps and Pa after stratifying
by various characteristics including sex, age (in 5-year groups), race (white or non-white),
smoking status (former or current smoker), chronic obstructive pulmonary disease (COPD),
predicted lung cancer risk at baseline, comorbid conditions, life expectancy, and histological
subtype. Lung cancer risk was calculated by the PLCOp2012 model®, which predicts

the probability of lung cancer diagnosis during a 6-year period. Comorbidity for each
participant was measured by the Charlson comorbidity index16: 17, adapted to the availability
of information in the NLST, which combines the number and the severity of comorbid
disease into a weighted index. Life expectancy without lung cancer screening was estimated
using the Life Years Gained From Screening-CT (LYFS-CT) model8. Confidence intervals
were obtained by taking the 2.5 and 97.5! percentiles of the empirical Ps/Pa distribution
generated for each stratum according to the Monte-Carlo procedure mentioned above.
Statistical tests for the difference or trend in Ps and Pa estimates for each variable were
conducted using a simulation-based approach for heterogeneity test (Py....) and weighted
linear regression models for trend test ( Pr....) (Supplementary Box S2).

All analyses were conducted in R (version 3.6.3). The “metafor” R packagel® was used to
fit multilevel random effects meta-analysis and meta-regression models. Calculations for the
LYFS-CT model were performed using the “lcmodels” R package?8.

Review of lung cancer screening trials and analysis of the association between Ps and Pa
estimates and follow-up time across different trials

We identified 8 lung cancer screening trials with LDCT that met our inclusion criteria:
NLST22 20,21 'Nederlands—Leuvens Longkanker Screenings Onderzoek (NELSON)?2,
Danish Lung Cancer Screening Trial (DLCST)®: 23, Multicentric Italian Lung Detection
(MILD)?4, LUSI® 13 UK Lung Cancer Screening Trial (UKLS)?, Italian Lung Cancer
Screening Trial (ITALUNG)* 26, and Detection And screening of early lung cancer with
Novel imaging Technology (DANTE)?’ (Table 1). For 4 trials, Ps and Pa estimates

were available at two timepoints. Follow-up time after the final screen ranged from 3.8
years (MILD) to 9.3 years (NLST extended follow-up). Ps estimates varied from —27.0%
(ITALUNG, 8.3y follow-up) to 67.2% (DLCST, 5.0y follow-up), and Pa estimates ranged
from —11.3% to 44.8% also between ITALUNG and DLCST. The parameters used in the
regression model between Ps and Pa estimates and follow-up years after the final screen are
shown in Supplementary Table S1. Across different trials, estimates of Ps decreased with
longer post-screening follow-up time, with an annual change of —4.0% (95%CI: —8.1%,
0.1%) (Figure 1A). The post-screening follow-up time was estimated to explain 39.1% of
the variation in Ps estimates across trials. For Pa, estimates declined by —2.4% (95%Cl:
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-4.4%, —0.5%) annually and post-screening follow-up time accounted for 42.3% of the
variation (Figure 1B).

Analysis of the association between Ps and Pa estimates and follow-up time within the
NLST and LUSI trials

Within both the NLST and LUSI trials, when applying linear regression models, Ps
estimates declined continuously with follow-up after the last screen (Figure 2). For NLST,
the value of Ps decreased by an absolute amount of —3.5% annually (95%Cl: —4.0%, —3.0%)
from 1.5 to 9.3 years post-screening follow-up, and the R-squared was 95.6%. For LUSI,
the annual absolute change in Ps estimates was similar to NLST at —3.9% (95%ClI: —5.7%,
-2.0%) from 0.9 to 6.7 years post-screening follow-up, with an R-squared of 71.5%. There
was no statistically significant difference in the slopes between the two trials (Ps: P = 0.734;
Pa: P = 0.295). At each follow-up timepoint from 2 to 6 years after the last screen, the

Ps estimates in NLST were approximately 3-4% lower than in LUSI; for example, the
regression prediction at 4 years of follow-up was 22.1% in NLST compared with 25.8%

in LUSI (Figure 2). When fitting data from the two trials with exponential decay models
with an asymptote, we estimated that Ps would plateau at approximately 2.2% for NLST
and 9.2% for LUSI with hypothetical infinite follow-up time (Figure 3). For Pa, the annual
absolute change was —3.2% (95%ClI: —4.1%, —2.4%) and —4.2% (95%Cl: —5.9%, —2.6%)
for NLST and LUSI, respectively (Supplementary Figure S2).

Figure 4 shows histology-specific Ps estimates versus follow-up time since the final screen
in NLST. The time-trend in Ps varied across histological types (P < 0.0001, Supplementary
Table S2). Excess incidence of all adenocarcinomas declined over time (annual change

of —2.8%, 95%Cl: —3.6%, —2.1%). Considering bronchioloalveolar carcinoma (BAC) and
non-BAC adenocarcinomas separately, Ps for BAC was stable over time whereas Ps for
non-BAC adenocarcinomas declined steadily, with an annual change of —4.0% (95%ClI:
-4.9%, —3.1%). For squamous cell carcinoma, Ps was lower than for adenocarcinoma, but
was approximately stable over time with an annual change of —0.8% (95%Cl: —2.3%, 0.6%).
The excess incidence of small cell carcinoma showed a strong decline over time, with an
annual change of —13.0% (95%Cl: —15.9%, —10.1%). For large cell carcinoma, Ps remained
stably low over time. The directions of the time trends in Pa by subtype were similar to Ps
(Supplementary Figure S3), but the slopes were smaller (Supplementary Table S2).

Analysis of participant characteristics associated with Ps and Pa estimates in the
extended follow-up of NLST

Table 2 shows Ps and Pa estimates from NLST after 9.3 years of median follow-up after

the last screen, along with absolute excess incidence rates. Overall, the excess incidence rate
of lung cancer was 0.8 per 1,000 people, Ps was 3.3% (95%Cl: -14.2%, 19.8%), and Pa

was 1.3% (95%Cl: —5.5%, 7.5%). By age, the excess incidence rate increased steadily from
—2.3 cases per 1,000 (age 55-59 years) to 0.6, 3.9, and 10.2 (70-74 years) across 5-year age
groups, with Ps ranging from —14.9% (55-59 years) to 2.5, 10.9, and 21.7% (70-74 years)
(P = 0.015). A similar trend was observed for competing (non-lung-cancer) mortality, which
ranged from 9.0 to 30.2 deaths per 100 people across age groups (Supplementary Figure S4).
Although not statistically significant, higher values of Ps were observed among people with
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shorter life expectancy (19.4% for <10 years life expectancy versus —13.8% for >20 years,
P =0.13). By histological subtype, the Ps estimate for BAC was 79.0% (95%CI: 59.6%,
96.4%), and a small value was found for adenocarcinoma excluding BAC (4.4%; 95%Cl:
-23.1%, 29.1%). The results for Pa were similar to those for Ps (Table 2).
Discussion

Our study was motivated by the wide variation in published estimates of overdiagnosis

in lung cancer screening and the resulting debate among clinicians and researchers. We
sought to assess whether this variation could be explained by differences in the length

of post-screening follow-up and the impact of participant characteristics on the estimates
within trials. We found that 39% and 42% of the variation in Ps and Pa estimates across
trials were explained by post-screening follow-up, and that Ps and Pa estimates decreased
by 3-4% annually with post-screening follow-up time in both the NLST and LUSI trials.
Stratified analysis found that excess incidence increased with age at screening initiation and
that time-trends in excess incidence varied by histological type.

Our analysis demonstrated that the length of follow-up after the final screen may explain
approximately 39% of the variation in excess lung cancer incidence across LDCT screening
trials. Two trials fell outside the pattern of the others, including the DLCST, which gave an
unusually high Ps estimate of 67%, and the ITALUNG trial, which produced negative Ps
estimates. We speculate that the DLCST result may be caused by higher-risk participants
being randomly assigned more frequently to the screening arm?8, and the negative estimates
in ITALUNG might be partly due to the higher rate of quitting smoking in the screening
arm compared with the control arm2°. There are different factors that might explain the
remaining 61% of the variation in overdiagnosis estimates, including differences across trials
in the number of screens and screening intervals, screening sensitivity, nodule management
protocols, participant characteristics, and random chance. Unfortunately, due to the small
number of trials, lack of wide variability across trials, and heterogeneous reporting of
information across trials, we found it was not possible to directly assess or adjust for the
influence of design factors, nor of trial-level differences in participant characteristics (e.g.
average age).

We found that the annual decline in both Ps and Pa estimates during post-screening follow-
up occurred at a similar rate in the NLST and LUSI trials, which was consistent with the
annual decline observed across all trials (3—4%). However, the estimates in LUSI were
higher than in NLST at the same follow-up timepoints. This could be because NLST had
chest radiography screening in the control group, which may have increased lung cancer
incidence and led to a lower apparent amount of excess incidence due to LDCT screening,
whereas LUSI had no screening in the control arm. Another possible explanation is the
higher number of screening rounds in LUSI compared with NLST13: 20, Under hypothetical
infinite follow-up, as shown by our exponential decay model, the excess incidence was
predicted to stabilise at around 2% for NLST and 9% for LUSI, which may estimate the true
amount of overdiagnosis in these two trials.
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Our results on overdiagnosis by histological type are generally consistent with those found
in microsimulation studies, with BAC ranking the highest and small cell carcinoma the
lowest in amount of overdiagnosis®C. The high and stable proportion of overdiagnosis in
BAC may be related to the indolent nature of most BACs as compared to other subtypes,

or that the corresponding lesions in non-screened participants may present as invasive
adenocarcinoma after sufficient follow-up time. We note that the histological term BAC
was superseded in 2011 by the categories of adenocarcinoma in situ (AlS), minimally
invasive adenocarcinoma (MIA), and lepidic predominant adenocarcinoma3l. AIS and MIA
are recognized as precursors to fully invasive adenocarcinomas and commonly equate to
pure ground glass and part solid nodules on CT scans. Despite these changes to the
classification of lung adenocarcinoma, the same morphology codes were used to define
BAC throughout the NLST follow-up period2. The reason for the steep decline over time
in the Ps estimate for small cell carcinoma is unclear, but its large negative values suggest
that the likelihood for a small cell carcinoma to be overdiagnosed is much smaller compared
with adenocarcinoma, squamous cell carcinoma and large cell carcinoma.

Our analysis suggests that overdiagnosis in lung screening is likely to be higher among
older people and those with shorter life expectancy, which is expected due to the influence
of competing mortality. Although these patterns were apparent within a single trial, it is
difficult to assess whether they are important reasons for heterogeneity in overdiagnosis
estimates across trials, because the mean age of participants is similar across many trials and
individual-level data are not readily available. For older individuals or people with shorter
life expectancy, a higher likelihood of overdiagnosis may be one element to incorporate into
shared decision-making conversations32. Another strategy is to incorporate comorbidities
into screening decisions33. Ultimately, a holistic approach incorporating individual life
expectancy, comorbidities, and personal preferences3# is likely needed for people for whom
potential screening benefits do not clearly outweigh potential harms.

One limitation of our study is the heterogeneity in study designs across different lung
screening trials, including differences in the number and interval of screens and whether
there was an intervention in the control arm. Since we relied on data from randomised

trials, our analysis cannot fully represent ‘real world’ screening where screening participants
tend to be less healthy than participants in trials3°. We note that small inconsistencies may
exist in the calculation of the length of post-screening follow-up between trials, as some
were estimated using the median follow-up among participants and others using the study
year. Confidence intervals were wide for some estimates despite using data from the largest
available trial (NLST), since overdiagnosis can only be measured at a group level and not for
individuals.

Neither the NLST nor the LUSI results indicate that a clear plateau in the Ps estimate has
been reached. In the Mayo Lung Project trial of chest radiography and sputum cytology
screening, after approximately 16 years of post-screening follow-up, excess lung cancers
still persisted in the screening arm38. For breast cancer, in the Canadian National Breast
Screening Study, the Ps estimate decreased from 29% at the end of the screening period to
22% after ten years and remained constant over the following two decades®’. Among the
RCTs evaluated by the Independent UK Panel on Breast Cancer Screening, the Ps estimates
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ranged from 20% to 29%38. Based on a screening cohort, a recent study found 15% of
screen-detected breast cancers in the US were overdiagnosed3®. Considering the NLST and
LUSI plateau estimates from exponential decay models (2.2% and 9.2%, respectively), and
similarly low proportions of lung cancer overdiagnosis in microsimulation studies — where
the mean Ps estimate ranged from 5.6—6.3% across 4 models within the Cancer Intervention
and Surveillance Modeling Network?C — this comparison suggests that overdiagnosis in
lung cancer screening may be small relative to breast cancer screening. However, the wide
variation in overdiagnosis estimates for breast cancer screening across studies*! makes it
difficult to reach a definite conclusion.

Our findings provide a new perspective on the heterogeneous estimates of overdiagnosis

in lung cancer screening. We found that estimates from most trials are not necessarily
inconsistent with one another, provided they are interpreted in the context of how much
follow-up time had elapsed before they were calculated. Therefore, if one aims to estimate
overdiagnosis from a trial with fewer than 10 years of follow-up, it is important to look at
excess diagnoses as a function of time since the final screen, to discuss the trend, and to
extrapolate what the excess might be thereafter. Analyses within the NLST and LUSI trials
confirmed the strong influence of follow-up time, showed that overdiagnosis is more likely
among individuals of older age, and illustrated heterogeneous patterns among histological
subtypes. Taken together, our findings emphasise that the probability of overdiagnosis does
not take on a single value and that estimates of overdiagnosis must be interpreted in the
context of study design and participant characteristics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact

Across randomised controlled trials of lung cancer screening, 39% of the variation

in estimates of overdiagnosis was explained by post-screening follow-up time. Excess
incidence declined by 3-4% annually during post-screening follow-up in both the NLST
and LUSI trials. The predicted estimate of overdiagnosis with infinite follow-up time
was 2% for NLST and 9% for LUSI. Overdiagnosis estimates differed by population
characteristics and time trends varied by histological type. This study provides a new
perspective on the heterogeneous estimates of overdiagnosis in lung cancer screening.
By facilitating a more nuanced understanding of overdiagnosis, the findings could help
enable more effective communication with patients about screening benefits and harms.
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Figure 1: Relationship between (A) excessincidence among screen-detected lung cancers (Ps),
(B) excessincidence among lung cancersin the screening arm (Pa), and follow-up time after the

last screen in lung cancer screening trials.

The size of each point represents the inverse variance of each study. The solid line denotes
the linear regression line fit with multilevel random effects meta regression. The dashed

lines represents the confidence intervals.
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Figure 2: Relationship between excessincidence among screen-detected lung cancer s (Ps) and
follow-up time after thelast screen in the (A) National Lung Screening Trial (NLST) and (B)
German Lung Screening Intervention Trial (LUSI).

The blue lines represent the linear regression lines between Ps estimate and follow-up year
after last screen; the grey areas show the confidence intervals of the regression lines.

Int J Cancer. Author manuscript; available in PMC 2023 May 04.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lietal. Page 16
501 (A) NLST 501 (B) LUSI
[ )
401 401
301 30
204 201
g g
10 104
Ps=92%
[
o Ps=22% o
-104 =104
-201 —201
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10

Followup year after last screen Followup year after last screen

Figure 3: Relationship between excess incidence among screen-detected lung cancer (Ps) and
follow-up time after thelast screen in (A) National Lung Screening Trial (NLST) and (B)
German Lung Screening Intervention Trial (LUSI), based on the exponential decay models with
asymptotes.

The blue lines represent the regression lines between Ps estimate and follow-up year after

last screen in the exponential decay model; the red lines denote the asymptotes of Ps
estimates.
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Figure 4: Relationship between excessincidence among screen-detected lung cancer s (Ps) and
follow-up time after thelast screen by histological subtypes of (A) lung cancer overall and (B)
adenocarcinoma in the National Lung Screening Trial.

The shaded areas show the confidence intervals of the regression lines. There was
statistically significant heterogeneity among the time-trends in Ps across histological types
overall (panel A, P < 0.0001) and between BAC vs. non-BAC adenocarcinoma (panel B,

P < 0.0001).
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