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ARTICLE INFO ABSTRACT
Keywords: The degree of overdiagnosis in common cancer screening trials is uncertain due to inadequate design of trials,
Cancer_ varying definition and methods used to estimate overdiagnosis. Therefore, we aimed to quantify the risk of
Screening overdiagnosis for the most widely implemented cancer screening programmes and assess the implications of
Overdiagnosis desi . . . . . . . . .
esign limitations and biases in cancer screening trials on the estimates of overdiagnosis by conducting an
overview and re-analysis of systematic reviews of cancer screening. We searched PubMed and the Cochrane
Library from their inception dates to November 29, 2021. Eligible studies included systematic reviews of
randomised trials comparing cancer screening interventions to no screening, which reported cancer incidence for
both trial arms. We extracted data on study characteristics, cancer incidence and assessed the risk of bias using
the Cochrane Collaboration’s risk of bias tool. We included 19 trials described in 30 articles for review, reporting
results for the following types of screening: mammography for breast cancer, chest X-ray or low-dose CT for lung
cancer, alpha-foetoprotein and ultrasound for liver cancer, digital rectal examination, prostate-specific antigen,
and transrectal ultrasound for prostate cancer, and CA-125 test and/or ultrasound for ovarian cancer. No trials on
screening for melanoma were eligible. Only one trial (5%) had low risk in all bias domains, leading to a post-hoc
meta-analysis, excluding trials with high risk of bias in critical domains, finding the extent of overdiagnosis
ranged from 17% to 38% across cancer screening programmes. We conclude that there is a significant risk of
overdiagnosis in the included randomised trials on cancer screening. We found that trials were generally not
designed to estimate overdiagnosis and many trials had high risk of biases that may draw the estimates of
overdiagnosis towards the null. In effect, the true extent of overdiagnosis due to cancer screening is likely
underestimated.
1. Introduction which individuals that are overdiagnosed as it is not possible to know
how the cancer would have evolved in the absence of screening.
Overdiagnosis of cancer is the diagnosis of indolent neoplastic pa- Therefore all patients are offered treatment or routine observation.|5,6]
thology that would never progress to cause symptoms and/or death Overdiagnosed individuals are thus needlessly diagnosed, subsequently
during an individuals lifetime[1] and it is the most serious harm of overtreated, and thereby harmed. For this reason, it is critical to know
cancer screening.[2-4] If cancer is detected, clinicians cannot know the extent of overdiagnosis in cancer screening to enable informed
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decisions about screening, e.g. whether to participate as an individual or
whether to provide a given screening programme on a national level
such as prostate cancer screening.[7,8].

In theory, the most robust method to estimate overdiagnosis is to use
data from RCTs with life-long follow-up of all participants and no
contamination of the control group nor the intervention group, i.e.
without screening of the two trial arms during and after the end of the
study.[5,9] At the end of the active screening phase, an excess of cancers
in the screened population is expected because screening should
advance the time of diagnosis (lead time).[5] If there was no over-
diagnosis, these excess cancers should be compensated over time
because they would all progress to cancer that would be detected clin-
ically after the active screening phase. Thus, a persistent excess in the
cumulative incidence of cancers in the screened population after a suf-
ficient follow-up time to account for lead time is high-quality evidence
of overdiagnosis.[5, 8, 10].

The purpose of this overview and re-analysis of systematic reviews of
RCTs of cancer screening was to assess the extent of design limitations
and bias in the included RCTs for quantifying overdiagnosis and, if
possible, to estimate the probability that cancer detected by screening
was overdiagnosed for the most widespread cancer screening pro-
grammes. Many, if not all types of cancer screening, might lead to
overdiagnosis. To our knowledge, we are the first to compile the evi-
dence for overdiagnosis across screening for different cancers. For this
paper, we chose to focus on the most widely offered cancer screening
programmes.

2. Methods

This overview and re-analysis of systematic reviews (SR) were based
on a protocol published prior to the conduct of the present study.[11].

2.1. Eligibility criteria
Systematic reviews (SR) of randomised trials were eligible if they:

1) investigated screening that aims to detect cancer earlier than it
would appear clinically

2) compared a cancer screening intervention to no screening

3) reported cancer incidence for both screened and non-screened par-
ticipants and the number of screen-detected cancers.

4) Were made by the Cochrane Collaboration, i.e. Cochrane reviews,
and included randomised controlled trials only. For a detailed
description of the reasons to only include Cochrane reviews and one
USPSTF review, see supplementary files.

Systematic reviews of randomised trials were excluded if:

1

—~

The included trial offered the screening test to the control group at
the beginning or immediately at the end of the trial or used active
comparators as a control group. When this happens, screening
identifies indolent cancers in the control group thus diluting the true
estimate of overdiagnosis.

2) The screening intervention study aimed to detect cancer precursors
(e.g., screening for colorectal cancer or cervical cancer). Such
screening technologies may decrease cancer incidence due to a pri-
mary preventive effect following screening. This precludes quanti-
fication of overdiagnosis using the cumulative incidence method
described below and these types of screening were therefore
excluded.[1]

We included SR irrespective of the risk of cancer in the study pop-
ulation, i.e. general population as well as high-risk populations. We
included SR regardless of the risk of bias. There were no restrictions
concerning the date of publication or language. From the eligible SR, we
extracted data from each trial. If a trial was reported in multiple SR, we
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selected the SR reporting the longest follow-up time to avoid or diminish
lead time bias.

2.2. Search strategy

We searched the Cochrane Library of Systematic Reviews (February
2016) using the search terms ‘screening’ and ‘cancer’ in the title, ab-
stract, or keywords. During the process of conducting this overview, we
became aware of one non-Cochrane systematic review assessing ovarian
cancer, which we decided to include in the overview since there was no
Cochrane Review about this type of screening. We extracted the refer-
ences to cancer screening trials included in reviews. We updated the
literature searches of the individual reviews using the name of the trial
and/or principal investigators using PubMed (Last search: November
2021).

2.3. Data collection and extraction

We searched the Cochrane Library of Systematic Reviews for rele-
vant SRs. Identified studies were compiled in Endnote.[12] Here, two
reviewers independently screened all titles against the eligible criteria.
Disagreements were handled via discussion, potentially involving a
third review author when disagreements could not be resolved. If the
title or abstract did not provide sufficient information to determine
eligibility, we assessed the trial on full-text level. For the included SR,
and all relevant RCTs in the included SR, two authors independently
looked through the reference list to identify potentially relevant studies
that the search strategy had failed to identify.

Two authors independently extracted data from the included trials
and entered them into a piloted data extraction form in Excel.[13]
Disagreements were resolved through discussion with a third review
author. The data extraction strategy is described in the protocol and
included in the Supplementary Table Al.

2.4. Assessment of the risk of bias in included trials

We extracted the risk of bias assessments from the included Cochrane
Systematic Reviews. They used the Cochrane Risk of Bias Tool version
1.0[14] that include the following six domains:

1. Selection bias: random sequence generation and allocation
concealment

2. Performance bias: blinding of participants and personnel (not
extracted)

. Detection bias: blinding of outcome assessment

. Attrition bias: Incomplete outcome data

. Reporting bias: Selective reporting of outcome

. Other possible sources of bias

o Ul AW

We re-assessed the risk of bias when our updated search identified
relevant articles from studies included in the SR that were published
after the review. Trials that were not identified via Cochrane reviews,
but through the USPSTF review on ovarian cancer screening, or via our
updated searches for primary research articles, were independently
assessed for risk of bias by two authors (TV and FM) using the Cochrane
risk of bias tool 1.0.

Performance bias was not assessed. First, it is not possible to blind
participants and clinicians for screening status at the time of diagnosis.
Second, we judged that co-interventions would not affect the incidence
of cancer and thus did not bias the overdiagnosis estimates. Thirdly,
blinded cause of death assessment is a possible and important risk of bias
in some screening trials, but it is not relevant to overdiagnosis.[9].

We assessed two additional biases that can affect the estimate of
overdiagnosis (Table 1):
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Table 1
Probable impact from types of biases on estimates of overdiagnosis.

Known impact Bias direction on the overdiagnosis

estimate

Contamination (screening of control Bias towards underestimation[15-17]
group during or after the active
screening phase)

Lead time (follow-up after end of
intervention)

Possible impact

Randomisation (random sequence
generation)

Bias towards overestimation[15,17]

Uneven distribution of “cancer risk”
between the intervention group and the
control group may bias in either
direction.

As for randomisation bias.

Could bias in either direction

Bias towards overestimation

Allocation concealment

Attrition (incomplete outcome data)

Contamination of the screened group
during or after the active screening
phase

Reporting bias Selective reporting might impact

overdiagnosis estimates

Table 1 How bias might impact overdiagnosis estimates specifically.

1. Contamination of the control group after randomisation.[15]
Contamination was defined as the reported amount of participants in
the control group, who were exposed to the same screening tech-
nology as the screened group. We used the Cochrane review by Ilic
et al. as a benchmark for our evaluation of the risk of bias from
contamination (Supplementary Table B1).[16]

2. Inadequate consideration of lead time (too short post-intervention
follow-up or screening offered to the control group at the end of
the trial).[15] Here, we used studies on the natural growth rate for
each type of cancer to determine mean lead time and this to deter-
mine threshold for bias assessment (Supplementary Table C1).

Other factors that influence estimates of overdiagnosis.

1. Different cancer risk at baseline between intervention and control
groups (equal to selection bias included in the Cochrane’s Risk of
Bias tool)

2. Participation rate over screening rounds. Participation was not
considered a bias for the purpose of estimating overdiagnosis but a
component of screening (Supplementary Table B1).

3. Number of, and the interval between, screening rounds

4. Continued screening, i.e. if participants continued receiving the
offered screening modality on their own initiative after the end of
screening.

For detailed descriptions of how we addressed the potential effect of
the above-mentioned biases and study factors on the estimates of
overdiagnosis, see Supplementary Table B1.

2.5. Data management and statistical analysis

We defined overdiagnosis as the percentage of screen-detected can-
cers that were overdiagnosed following the definition from the UK In-
dependent Panel review of breast cancer[18]. This definition estimates
an individual’s risk of being overdiagnosed when diagnosed with cancer
due to participating in screening.

When overdiagnosis is estimated as the difference in cumulative
incidence between the two arms in a randomised trial, it includes any
overdiagnosis in the initial screening round as well as subsequent
screening rounds.[8] This measure of overdiagnosis can be interpreted
as the average probability for all screening rounds that a screen-detected
cancer is overdiagnosed. The precision of this average will depend on
the proximity between the trial and real-life screening in terms of the
number of rounds offered and screening intervals. To facilitate com-
parison across studies with the same target cancer and similar screening
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modalities, we used a standard measure of overdiagnosis, [5]:

Cumulativecancerincid d] i Cumulativecancerincid

Nscreened Ncontrol x100

Taii of sc ) )

Nscreened

The cumulative cancer incidence in the screened population was
defined as all cancers detected in the population offered screening
during and after the active phase.

The cumulative cancer incidence in the control population was
defined as all cancers detected in the control population during and after
the active phase.

The cumulative number of screen-detected cancers was defined as all
cancers detected by screening in the population offered screening during
the active phase.

We calculated standard deviations through bootstrapping using R
[19] and used a normal approximation to compute 95% confidence in-
tervals using Review Manager version 5.3.[20].

Heterogeneity was assessed using the statistical heterogeneity indi-
cator 12 to determine if it was reasonable to pool trials with similar
screening modalities for the same target cancer, e.g. trials on low-dose
CT (LDCT) scans for lung cancer screening. Causes of heterogeneity
for trials assessing overdiagnosis for each type of cancer screening was
assessed qualitatively according to key study characteristics.

We pooled overdiagnosis estimates for RCTs that assessed the same
target cancer using the same screening technology. Results were sum-
marised with a random-effects meta-analysis using the inverse-variance
method, as we anticipated some variation due to the different timing,
populations, and setting of individual trials. Data were analysed using
Review Manager version 5.3.[20].

The planned primary meta-analysis was restricted to trials with a low
risk of bias across all bias domains. However, only one included trial
fulfilled this criterion. Therefore, we performed the following two post-
hoc meta-analyses: One, estimating overdiagnosis using results from the
most reliable trials, i.e. excluding trials with a high risk of bias for do-
mains of particular relevance to overdiagnosis: random sequence gen-
eration, allocation concealment, contamination, and lead time. Two,
estimating overdiagnosis using results from all included trials, regard-
less of their bias profile.

To investigate the impact of bias in the overdiagnosis estimates, we
also performed the following sensitivity analyses:

Cluster randomised versus individually randomised trials

o Excluding trials with a high risk of bias either due to poor allocation
concealment and/or poor random sequence generation.

Excluding trials with a high risk of contamination bias

e Excluding trials with a high risk of lead time bias (post-hoc)

3. Results
3.1. Study selection

We included results from 19 trials encompassed in 15 systematic
reviews (SR) reported in 30 relevant articles. The trials investigated
screening for five types of cancer using seven different screening tech-
nologies. The search was performed in 2016 and updated two times. In
total, we identified 2694 articles, from which we included 19 trials
(Table 2, Fig. 1 and Fig. 2).

A recent Cochrane review on screening for melanoma showed that no
randomised trials have been completed[21], so this review was
excluded.

3.2. Study characteristics

Across the 19 trials included for review, the smallest trial had 3206
participants (ITALUNG [22]), the largest trial had 202,546 participants
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Table 2
Study characteristics.

Target Screening technology Number of trials
cancer included
Breast Mammography (with/without clinical breast 4

cancer examination
Lung Chest X-ray 1

cancer
Lung Low-Dose Computed Tomography 5

cancer
Liver Ultrasonography and alpha-foetoprotein 1

cancer
Prostate Biomarker Prostate specific antigen (with/ 4

cancer without digital rectal examination and

transrectal ultrasonography)

Ovarian Biomarker CA-125 (with/without transvaginal 3

cancer ultrasonography)
Ovarian Transvaginal ultrasonography 1

cancer

Table 2 Number of included trials sorted by target cancer and screening
technology

(UKCTOCS[23]), and the median across trials was 26,602 participants
(Stockholm [24]) (Table 2 and Table 3). Four trials investigated breast
cancer; Six trials investigated lung cancer; One trial investigated liver
cancer; Four trials investigated prostate cancer; Four trials investigated
ovarian cancer (Table 2, Fig. 2).

The number of screening rounds across trials varied from one to 10,
intervals between screening rounds varied from six months to 48
months, and the length of follow-up after the last screen varied from 12
months to more than 17 years of follow-up.

Original search
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3.3. Risk of bias in the included studies

The risk of bias varied considerably between trials (Fig. 2). Only one
trial (Malmo 1976) had a low risk of bias across all domains.

The two most significant types of bias for overdiagnosis are
contamination and lead time bias. For contamination, two of the 19
trials (11%) had a high risk of bias: both reported annual opportunistic
screening rates above 30% in the control group.[44,49] Twelve of 19
trials (63%) had unclear risk of contamination bias: eight provided no
data on contamination[22, 24-27, 30, 31, 38, 39, 43, 45, 51, 53]; one
reported an annual contamination rate of 11%[35]; two reported low
quality data (survey of off-protocol screening three years after the last
trial round and a response rate of 38%)[23]; and one trial reported the
implementation of a national screening programme shortly after the end
of the trial.[32-34] Five trials (26%) had a low risk of bias from
contamination.[29, 35, 37, 40-42] For lead time bias, two trials (11%)
had a high risk of bias: in both, follow-up was too short to account for
lead time.[32-34, 45, 53] Six trials (32%) had an unclear risk of lead
time bias.[37-41] Eleven trials (58%) had an adequate follow-up time to
account for lead time, i.e. low risk of lead time bias (Fig. 2, Supple-
mentary Table C1).

The bias domain “other” included various biases not pertaining to
the standard bias categories. One trial had unexplained data discrep-
ancies among different publications of the trial.[43] Three trials used an
unreliable measure of cancer incidence (self-report survey completed by
participants).[35, 49, 51].

Updated searches

Systematic reviews identified (n=78)

Updated search (November 2018)

Updated search (November 2021)

Reviews excluded (n=73)
Unrelated to respective types
of cancer screening or due to

eligibility criteria

Articles identified from updated
electronic searches (n=1573)

Articles identified from updated
electronic searches (n=1046)

23 trials identifed from 5 systematic
reviews

Excluded 13 trials
Unrelated to respective types
of cancer screening or due to

eligibility criteria

Excluded (n=1565)
Unrelated to respective types
of cancer screening or due to

eligibility criteria

Excluded (n=1039) Unrelated

to respective types of cancer

screening or due to eligibility
criteria

10 trials reported in 17
articles identified from 5
systematic reviews

5 trials reported in 6
articles identified from 4
systematic reviews

4 trials reported in 7
articles identified from 6
systematic reviews

19 trials reported in 30 articles identified from 15 systematic reviews

Fig. 1. Flow chart detailing the literature search and study selection.
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overdiagnosis overdiagnosis Risk of Bias
Study or Subgroup overdiagnosis SE Weight [V, Rand: 95% CI IV, Rand: 95% CI ABCDEFGH
1.2.1 Breast cancer screening mammography
New York 1963 01 0229 86% -0.10[0.55,0.35] — 02000027
il 24 0156 __18°% ﬂ?dHﬂ]? (A°9] ——'-—
@almfvw?ﬁ ) ) ) 0.28 [0.04, 052 ——
age tria 1 E . K . 10, 0. —=—
Subtotal (95% CI) 100.0% 0.25[0.12, 0.38] ‘

Heterogeneity: Tau®= 0.00; Chi*= 2.63, df= 3 (P = 0.45); F=0%
Test for overall effect Z=3.70 (P = 0.0002)

1.2.3 Lung cancer screening CXR

Johns Hopkins 1973 -015 0166 37.2% -015[-0.48,0.18] — T

Mem Sloan-Kettering 1974 0.02 0186 31.7% 0.02[-0.34,0.38] S —
PLCO (Lung) 1993 0.27 0188 31.2% 0.27 [-0.10, 0.64] T
Subtotal (95% CI) 100.0%  0.03[-0.21,0.28] R

Heterogeneity: Tau®= 0.01, Chi*= 2.81, df= 2 (P = 0.25); F= 29%
Test for overall effect Z=0.28 (P=0.78)

1.2.4 Lung cancer screening CT

ITALUNG 2004 -013 033 73% -013[0.78,052)

The National Lung Screening Trial (NLST) 2002 019 0066 31.8% 0.19(0.06,0.32] —a—

NELSON 2004 0.204 0114 249% 0.20[-0.02,0.43] —

MILD 2005 0.215 0189 159% 0.21 [-0.16,0.59)] N
DLCST 2004 067 015 201% 0.67 [0.38, 0.96] —
Subtotal (95% CI) 100.0% 0.27 [0.08, 0.47] Rocag

Heterogeneity: Tau®= 0.03; Chi*=10.16, df= 4 (P=0.04); F=61%
Testfor overall effect Z=2.72 (P = 0.007)

1.2.5 Liver cancer screening

Zhang 2004 027 0157 1000%  0.27 [-0.04,0.58] t 222720072@®

Subtotal (95% Cl) 100.0% 0.27 [-0.04, 0.58]
Heterogeneity: Not applicable
Test for overall effect Z=1.72 (P=0.09)

1.2.6 Prostate cancer screening

PLCO {Prostate) 1993 012 0034 303% 0.12[0.05,0.19]
ERSPC 1993 05 0017 307% 0.50[0.47,0.53]
Stockholm 1988 051 0215 182% 0.51[0.09, 0.93]
Norrkoping 1987 063 0181 207% 0.63[0.28, 0.98]
Subtotal (95% CI) 100.0% 0.41[0.13, 0.70]

Heterogeneity: Tau®= 0.07, Chi*=101.37, df= 3 (P < 0.00001), F=97%
Testfor overall effect: Z=2.88 (P = 0.004)

1.2.7 Ovarian cancer screening CA-125

UKpilot 1989 -0.66 0 Not estimable
UKCTOCS 2001 007 011 727% 0.07 [0.15,0.29)
PLCO (Ovarian) 1993 042 026 27.3% 0.42[-0.09,0.93]
Subtotal (95% CI) 100.0%  0.17[-0.14,0.47]

Heterogeneity: Tau®= 0.02; Chi*=1.54,df=1 (P=0.22), F= 35%
Test for overall effect: Z=1.06 (P = 0.29)

1.2.8 Ovarian cancer screening USS

UKCTOCS 2001 006 014 100.0%  0.06[0.21,0.33] i (I 1T X 1 X ]

Subtotal (95% CI) 100.0%  0.06 [-0.21, 0.33]
Heterogeneity: Not applicable
Test for overall effect Z=0.43 (P = 0.67)

-1 05 0 05 1
Favours screening Favours no-screening

Risk of bias legend

(A) Random sequence generation (selection bias)
(B) Allocation concealment (selection bias)

(C) Blinding of outcome assessment (detection bias)
(D) Incomplete outcome data (attrition hias)

(E) Selective reporting (reporting bias)

(F) Other bias

(G) Contamination

(H) Lead-time

Fig. 2. Forest plot detailing all included trials. The red box highlights the only included trial with low risk of bias across all bias domains (Malmo 1976).

3.4. Estimates of overdiagnosis in the included studies — 66-42%. Only one trial on liver cancer screening and one on lung

cancer screening with CXR were included and both found that 27% of

Across all trials and all types of cancer screening programmes, esti- screen-detected lung or liver cancers were overdiagnosed, respectively
mates of overdiagnosis ranged from — 66-67%. In trials of breast cancer (Table 4 and Fig. 2).

screening with mammography, estimates ranged from — 10-30%; in
lung cancer with LDCT overdiagnosis ranged from — 13-67%; in pros-
tate cancer from 12% to 63%; in ovarian cancer with CA-125 from
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Table 3
Incidence of cancer.
Trial name or location, and Group size Control group cumulative Intervention group cumulative incidence (at end N screen- Estimation of
year (Control/ incidence of follow-up) detected over-diagnosis
intervention) (Overdiagnosis/
1000 screen-
detected
cancers)

Breast cancer screening with mammography

Canada 1980[25-27] 44,910/ 3133 3250 484 240/1000
44,925

Malmé 1976 cohort 1 and 2 * 13,133/ 698 780 298 280/1000

[28,29] 13,107

New York 1983[30,31] 31,092/ 439 426 132 - 98/1000
31,092

UK age trial 1991#[32-34] 53,883/ 821 482 229 299/1000
106,953

Lung cancer screening with CXR

PLCO (lung) 1993[35,36] 77,453/ 1719 1801 308 267/1000
77,444

Lung cancer screening with LDCT

ITALUNG 2004[22] 1593/ 71 67 38 -129/1000
1613

DLCST 2004[37] 2052/ 53 96 64 672/1000
2052

NELSON[38,39] 6612/ 304 344 203 203/1000
6583

MILD([40,41] 1723/ 60 98 71 215/1000
2376

LUSI[42] 2023/ 74 90 63 250/1000
2029

Liver cancer screening

Zhang 2004[43] 9443/ 67 86 71 275/1000
9373

Prostate cancer screening

ERSPC 1993[44] 89,352/ 7732 8444 4957 431/1000
72,891

Norrkoping 1987[45,46] 7532/ 292 85 43 630/1000
1494

PLCO (prostate) 1993[47-49] 38,345/ 5287 5574 2417 119/1000
38,340

Stockholm 1988[24] 24,202/ 1972 229 65 515/1000
2400

Ovarian cancer screening

PLCO (ovarian) 1993[35,50] 34,305/ 231 265 82 419/1000
34,252

UKCTOCS 2001 (MMS)[23] 101,299/ 1016 522 212 67/1000
50,624

UKCTOCS 2001 (USS)[23] 101,299/ 1016 517 164 56/1000
50,623

UK pilot 1989(51] 10,977/ 20 16 6 -661,/1000
10,958

PLCO=Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial

NLST=National Lung Screening Trial

ERSPC=European randomised Study of Screening for Prostate Cancer

ITALUNG=Italian Lung Cancer Trial

DLCST=Danish Lung Cancer Screening Trial

NELSON= Dutch-Belgian Lung Cancer Screening Trial (Nederlands-Leuvens Longkanker Screenings Onderzoek)

MILD= Multicentric Italian Lung Detection Trial

UKCTOCS=United Kingdom Collaborative Trial of Ovarian Cancer Screening

MMS=Multimodal screening

USS=Ultrasonography screening

*Cohort 3 was excluded from this analysis.

#Two articles[34,52] reported more recent cumulative cancer incidences but not more recent number of screen-detected cases.
Table 3 All included trials, sorted by target cancer and screening technology, showing the number of included participants in each group, cancer incidence in each
group, incidence of screen-detected (target cancer diagnosed by the intended screening technology).

3.5. Synthesis of results on all included trials (Table 4, Fig. 2, Supplementary Figure Al). [28,
29].

One trial (5%) had low risk of bias in all bias domains. In our primary Our post hoc meta-analysis of the most reliable trials, i.e. excluding
meta-analysis, we estimated that 28% (95% CI 4-52%) of screen- trials with a high risk of bias for the domains random sequence gener-
detected breast cancers were overdiagnosed using data from the ation, allocation concealment, contamination, or lead time included
Malmo trial of breast cancer screening. This trial had a three-percentage data from 12 trials reporting results for six types of cancer screening. On
point higher rate of overdiagnosis compared to the meta-analysis based average 27% (95% CI 8-45%) of mammography-detected breast cancers
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Table 4
Estimates of overdiagnosis.

Cancer Epidemiology 84 (2023) 102352

Target cancer (screening
technology)

All trials, regardless of risk of
bias (95% CI)

Trials without high risk of bias in critical
domains (95% CI)

Unclear/low risk
of

Selection bias
(95% CI)

Unclear/low risk of
Contamination (95%
CDh

Unclear/low
risk of

Lead time (95%
CDh

N of trials
Breast cancer (mammography)
Lung cancer (CXR)

Lung cancer (LDCT)

Liver cancer (ultrasonography
and AFP)

Prostate cancer (PSA)

Ovarian cancer (CA-125)

Ovarian cancer (USS)

GRADE assessment

19
25% (12-38%)
27% (—10% to 64%)

29% (7-52%)
27% (—4% to 58%)

38% (15-62%)
17% (—14% to 48%)
6% (—27% to 39%)

Very low

12
27% (8-45%)
27% (—10% to 64%)

31% (2-59%)
27% (—4% to 58%)

N/A

17% (—14% to 48%)

6% (—27% to 39%)

Moderate

15

28% (14-42%)
27% (—10% to
64%)

31% (2-59%)
27% (—4% to
58%)

28% (—3% to
58%)

17% (—14% to
48%)

6% (—27% to
39%)

Low

17
25% (12-38%)
27% (—10% to 64%)

29% (7-52%)
27% (—4% to 58%)

58% (31-85%)

17% (—14% to 48%)

6% (—27% to 39%)

Low

17

21% (2-39%)
27% (—10% to
64%)

29% (7-52%)
27% (—4% to
58%)

32% (6-59%)

17% (—14% to
48%)

6% (—27% to
39%)

Low

Table 4 The estimates of overdiagnosis for each target cancer regardless of risk of bias, when only including trials with the lowest risk of bias relevant for estimating
overdiagnosis (the post-hoc meta-analysis). Furthermore, when excluding the trials with high risk of selection bias, contamination bias, or lead time bias.

and 30% (95% CI 2-59%) of LDCT-detected lung cancers were over-
diagnosed. For the other four types of screening, results were not sig-
nificant. We estimated that on average 27% (95% CI —10 to 64%) of
CXR-detected lung cancers, 27% (95% CI —4% to 58%) of screen-
detected liver cancers, and 17% (95% CI —14% to 48%) of CA-125-
detected ovarian cancers are overdiagnosed. For ovarian cancer
screening, screening with ultrasound only, findings were not significant
concerning the rate of overdiagnosis with an overdiagnosis estimate of
6% (95% CI —21% to 33%) (Table 4, Fig. 2, Supplementary Figure B1).

Meta-analysis of all included trials in the overview, regardless of risk
of bias, showed that on average, 25% (95% CI 12-38%) of
mammography-detected breast cancers, 27% (95%CI —10% to 64%) of
CXR-detected lung cancers, 29% (95% CI 7-52%) of LDCT-detected lung
cancers, 27% (95% CI —4% to 58%) of US-detected liver cancers, 38%
(95% CI 14-62%) of PSA-detected prostate cancers, 17% (95% CI —14%
to 48%) of CA-125-detected ovarian cancers, and 6% (95% CI —27% to
39%) of US-detected ovarian cancers were overdiagnosed (Fig. 2).

It was not possible to assess the effect on the overdiagnosis estimates
from cluster randomisation, as only one trial utilised cluster random-
isation.[43].

Four out of 19 RCTs (21%) were at high risk of bias due to either
inadequate random sequence generation or allocation concealment.[24,
30, 31, 40, 41, 45, 53] One of the remaining 15 RCTs had unclear risk of
bias for these domains.[43] From these 15 RCTs with the lowest risk of
bias from random sequence generation and allocation concealment es-
timates of overdiagnosis were higher in screen-detected breast cancer
and screen-detected lung cancer using LDCT when compared to esti-
mates from all trials, regardless of risk of bias in other bias domains. The
estimates were lower in screen-detected prostate cancer, and the same in
screen-detected lung cancer using CXR, liver cancer, and ovarian cancer
(Table 4, Fig. 2, Supplementary Figure C1).

Seventeen out of 19 RCTs had low or unclear risk of contamination
bias. Estimates of overdiagnosis from these 17 RCTs were higher in
screen-detected prostate cancer compared to all trials, regardless of risk
of bias in other bias domains. Estimates of overdiagnosis in screen-
detected breast, lung, liver, and ovarian cancer were the same.
(Table 4, Fig. 2, Supplementary Figure D1).

Seventeen out of 19 RCTs had low or unclear risk of lead time bias.
Estimates of overdiagnosis from these 17 RCTs were lower in screen-
detected breast cancers and prostate cancers. Estimates were the same
in screen-detected lung cancer, liver cancer, and ovarian cancer
(Table 4, Fig. 2, Supplementary Figure E1).

4. Discussion
4.1. Summary of main results

Only one out of 19 RCTs (5%) on cancer screening had low risk of
bias across all seven bias domains for estimating overdiagnosis. In our
post-hoc meta-analysis of the most reliable trials, i.e., excluding trials
with high risk of bias from random sequence generation, allocation
concealment, contamination, or lead time, we found that 27% (95% CI
8-45%) of mammography-detected breast cancers; 31% (95% CI
2-59%) of LDCT-detected lung cancers; 27% (95% CI —4% to 58%) of
screen-detected liver cancers, and 17% (95% CI —14% to 48%) of CA-
125-detected ovarian cancers, were overdiagnosed.

Many trials were at risk of bias due to poor randomisation,
contamination of the control group, or inadequate consideration of lead
time, i.e. insufficient follow-up time to account for slow-growing can-
cers. Confidence in the estimates of overdiagnosis was further down-
graded due to imprecision of the pooled estimate and due to
inconsistency (heterogeneity) between trials (Fig. 2, Supplementary
Table Al).

Two of the 19 RCTs reported that screening reduced the cumulative
incidence of cancer. This cannot be correct, since these trials assessed
screening tests that detect invasive cancer and not precursor lesions
which, if treated, could reduce the incidence of cancer. One of these
trials were at high risk of selection bias and had unclear allocation
concealment (Fig. 2, Supplementary Table D1). [30] The other trial had
a negative point estimate that was close to zero.[22] However, there is
no apparent bias that explains why this trial found a reduced incidence
of lung cancer but is presumably due to a combination of random chance
and bias towards the null.

4.2. Strengths and weaknesses

We would like to emphasize the following strengths of our overview:
First, the overview included trials from Cochrane Systematic Reviews,
which are acknowledged for their exhaustive literature searches and
structured assessment of risk of bias, and one USPSTF systematic review,
also having high methodological standards.[54] Our search strategy is
updated and we screened the reference list of included trials, both
increasing the chances that we present a comprehensive and up-to-date
overview. We had two authors independently assessing biases relevant
for overdiagnosis which are not included in the Cochrane Risk of Bias
Tool v. 1.0: contamination of the control population and inadequate
follow-up after the active phase (lead time bias).

Two types of limitations threaten the validity of our findings,
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limitations regarding the evidence at hand and methodological choices
on the conduct of our overview. First, the following limitations
regarding the evidence at hand are worth mentioning: First, the design,
methodological quality, and reporting from the included studies was not
optimal to estimate overdiagnosis. The included cancer screening trials
were primarily designed to assess cancer mortality, not overdiagnosis.
Some design choices limited the ability of the trials to provide trust-
worthy estimates of overdiagnosis, e.g., conducting baseline screens
before enrolment, offering an alternative screening method, or screening
all participants at the end of trial. We observed a large statistical het-
erogeneity in many of the meta-analyses, which is likely both due to
between-study methodological differences, i.e. biases and uncertainty
about outcome measurement, and clinical diversity, i.e., differences
across studies concerning study participants, screening technologies,
intervals, rounds etc. This heterogeneity between studies in meta-
analyses should be considered when interpreting the results.

Second, some external circumstances, such as the implementation of
national screening programmes shortly after the trial completion, led to
contamination of the control group, i.e. a control group that cannot be
considered “unscreened”. For example, many countries have introduced
screening programmes with mammography. Because we had no
knowledge of the contamination due to a nationwide screening pro-
gramme, the trials on screening for breast cancer with mammography
were assessed based on the reported data. Therefore, bias assessments on
contamination in the breast cancer screening trials comes with reser-
vations, i.e. the true extent of contamination is likely higher, biasing the
estimate of overdiagnosis towards the null. The quantification of over-
diagnosis requires an assessment of the cumulative incidence of cancer
several years after the last screening round to account for lead time. Yet,
a single round of screening in the control group has an immediate effect
on cancer incidence, greatly reducing the contrast between screened and
control groups. Of the trials which had a more straightforward parallel
design, many were at high risk of bias due to poor sequence generation
or allocation concealment procedures.

Confidence in our results is further threatened by four methodolog-
ical choices. First, we relied on the original bias assessments in the
Cochrane Reviews, which were carried out by different teams of sys-
tematic reviewers with potential for inter-rater variability in bias as-
sessments. However, bias assessments in Cochrane reviews follow
stringent criteria for assessment expected to reduce inter-rater vari-
ability. Also, performing the bias assessments ourselves would also be
subject to inter-rater variability and is against Cochrane recommenda-
tions.[55].

Second, we chose to include RCTs from Cochrane SRs and updated
the literature searches of the included reviews using the name of the RCT
and/or principal investigators. This methodological choice had the
drawback that new trials and SRs by new authors would not be identi-
fied in our updated search. However, the Cochrane SRs are generally
acknowledged for their exhaustive work making it likely that we have
included most relevant trials in the area. Furthermore, we updated the
search to include the most recent data and eligible new trials, as pre-
vious described.

Third, the possible effect of contamination is uncertain. In our study,
we have defined contamination as the provision of screening interven-
tion(s) to the control group in any way (e.g. opportunistic use of LDCT
for patients in the control group). We chose to use the article by Ilic et al.
on prostate cancer screening with PSA as a benchmark for our evalua-
tion of risk of bias from contamination.[16] However, we were unable to
obtain information from Ilic and colleagues regarding specific criteria
used to judge the degree of contamination bias. Thus, to assess
contamination we chose to set a somewhat arbitrary threshold for high
risk of bias when 30% or more of the control group received screening of
any given intensity (Supplementary Table B1). We rated trials as unclear
risk of bias if there were no information on contamination.

Fourth, concerning lead time bias, we exclusively assumed that a
trial had a low risk of lead time bias if the follow-up time was longer than
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the highest model-based estimate of mean lead time (Supplementary
Table B1 and Supplementary Table C1). This is a conservative choice
since statistical models tend to include overdiagnosed cases when
calculating lead time and for some individual cancers, lead time may be
much longer than the mean.[56] The latter could be accommodated by
using maximum lead time instead of the mean lead time, thereby min-
imising the bias from lead time toward overestimation.[57,58] How-
ever, that would require much longer follow-up and likely increase bias
from attrition and contamination, which both tend to increase over time.
For ovarian cancer, we were unable to find any model-based estimates of
mean lead time for screening for ovarian cancer with US and thus chose
to apply lead time from CA-125. We acknowledge that this is a simpli-
fication of the heterogeneity of the continuum of cancer.[7] Notwith-
standing the simplification, it has the merit of allowing more transparent
bias judgements for each included study. Scientific discussion of the
underlying assumptions of these criteria can serve to make more accu-
rate judgements of biases affecting estimates of overdiagnosis in the
future.

Another concern is whether studies were similar enough to justify
meta-analyses, i.e., combining the results from trials with similar
screening modalities for the same target cancer within each screening
programme. The same type of cancer screening might lead to vastly
different results in different settings due to differences in the baseline
risk of cancer, how the screening programme is implemented, e.g.
number of screening rounds, the interval between rounds, varying
participation rates, and more. In some cases, it might be argued that
both the circumstances around the screening programme and the
implementation of the screening programme itself are so heterogeneous,
that it is not appropriate to combine trials in meta-analyses.[59] How-
ever, it is common practice to combine mortality estimates across trials
in different settings in SRs. Therefore, we judged that it is also justified
to pool data from similar trials in terms of target cancer and screening
modalities to estimate overdiagnosis.

As outlined in the methods section, overdiagnosis estimates are
especially affected by the two bias domains 1) contamination and 2) lead
time but also by contextual factors such as different baseline risk of
cancer, participation rate, the number of screening rounds, and the in-
terval between them. We estimated the risk of overdiagnosis across RCTs
targeting the same type of cancer with similar screening technology but
with potentially widely varying participation rates, number of screening
rounds, and intervals between rounds. Because we could not account for
these factors, they might confound our sensitivity analyses on the po-
tential association between contamination bias and lead time and the
estimates of overdiagnosis. These five factors, therefore, should be
considered when evaluating overdiagnosis estimates in cancer
screening, ideally in RCTs designed to measure overdiagnosis or via
monitoring data. In this overview, we chose to test the effect on over-
diagnosis estimates from contamination and lead time.

4.3. Comparison of findings to similar studies

Cochrane systematic reviews of cancer screening do not always
quantify overdiagnosis.[60] Indeed, it is not always possible given the
available trials, and for some types of cancer screening, overdiagnosis of
cancers is less of a concern. However, several of the included reviews
discuss overdiagnosis as significant harm of screening and report esti-
mates of overdiagnosis derived from individual primary studies,[61,62]
and the Cochrane review on mammography screening found about 30%
overdiagnosis.[9] In comparison, we exclude trials where the control
group was screened during or at the end of the active phase and estimate
overdiagnosis in individual trials. For example, the NLST trial was
excluded because the trial compared screening with LDCT to screening
with CXR (active comparator), making it impossible to reliably estimate
the degree of overdiagnosis. The USPSTF considers overdiagnosis in its
balance of benefits and harms of screening and reports estimates of
overdiagnosis extracted from primary studies in its recommendation
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statements.[63-65] This overview, however, adds individual over-
diagnosis estimates in cancer screening and, by adding bias assessments
particularly relevant for estimating overdiagnosis, emphasize the lack of
high quality evidence especially in regards to the harms of screening.

4.4. Implications for future research

To facilitate more trustworthy and accurate estimates of over-
diagnosis in cancer screening, future methodological research is needed
to investigate the influence of contamination as currently there is no
evidence supporting a specific threshold and as any effect is likely to be a
continuum. Likewise, identifying valid and precise lead time estimates
for different types of cancer screening is warranted. Additionally,
research on the influence of different baseline risks of cancer between
the intervention and the control groups, number of screening rounds,
interval between screening rounds, and participation rate is needed.

Furthermore, we suggest that future trials of cancer screening aimed
at detecting invasive cancers at a localised stage should be designed to
estimate overdiagnosis, i.e. they should follow participants for enough
time after the active phase to account for the lead time while assessing
the extent of the contamination. Finally, they should report outcomes
such as cancer incidence, participation rates, average follow-up time
since the last screening round, the time between screening rounds,
number of screening rounds, and contamination, including diagnostic
use of the investigated screening technology after the trials if relevant.
However, that is not always possible because of early reporting of results
from a given trial, underlining the importance of reporting results after a
sufficiently long follow-up.

During review of full-text articles in our update of the search strat-
egy, we had to exclude many trials due to inadequate reporting of cancer
incidence rates to allow estimation of overdiagnosis, e.g. number of
screen-detected cancers not reported[52], or no cancer incidence num-
ber for the control group reported [66]. This points to the poor reporting
of harms in general, although such guidance is available.[2, 67, 68].
Overall, further research is warranted even in screening technologies
already implemented or currently being considered for implementation
in many countries.

4.5. Implications for practice

Overdiagnosis is the most serious harm of cancer screening. Yet, we
found that many trials of screening for various types of cancer were not
adequately designed to estimate its extent. Many screening programmes
have been implemented following preliminary beneficial results. How-
ever, the harms of screening, like overdiagnosis, takes many years to be
adequately estimated. This overview highlights the need for continued
evaluation (such as by the USPSTF) of both current and future cancer
screening programmes, to consider any potential harms that might
necessitate modifications or even discontinuation of a screening
programme.

5. Conclusion

RCTs are the most reliable design to quantify overdiagnosis if they
are designed to do so; however, our overview shows that confidence in
the estimates of overdiagnosis in cancer screening RCTs is moderate to
very low. We found that 9 of 19 (47%) included RCTs had a high risk of
bias and most trials had high or unclear risk of bias in multiple bias
domains, which theoretically act to bias the estimate of overdiagnosis.
Estimates of overdiagnosis were often inconsistent and comes with
reservations (e.g., old trials, risk of bias, issues with trial designs, and
apparently unexplained heterogeneity between trials) but they are as
good as it currently gets. Two screening technologies (lung cancer with
LDCT and breast cancer with mammography) showed significant over-
diagnosis of 30% and 27%, respectively. Furthermore, in screening for
prostate cancer with PSA, the estimate suggests 38% of screen-detected
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prostate cancers were overdiagnosed even with multiple high risks of
bias in the included RCTs, biasing towards underestimation. For the
ovarian cancer screening programmes, our best estimates are that 17%
of the CA-125-screened ovarian cancers and 6% of transvaginal
ultrasound-screened ovarian cancers may be overdiagnosed.
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