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Background: Lead-time is defined as the time by which screening advances the diagnosis
compared with absence of screening. A sufficiently long lead-time needs to be achieved
so that cancer can be detected while still curable. A very short lead-time may indicate
poor sensitivity of the screening test, while a very long lead-time suggests overdiagnosis.
Material and methods: In the first screening round, a total of 56,294 men aged 55-74 years
were screened with serum prostate specific antigen (PSA) in five countries of the Euro-
pean Randomised Study of Screening for Prostate Cancer (ERSPC) with an overall detec-
tion rate (prevalence) of 2.8% (1972 prostate cancers). Prostate cancer incidence among
92,142 men randomly allocated to the control arm of the trial was also assessed. Lead-
time was estimated as the time required to accumulate a similar cumulative risk of pros-
tate cancer in the control arm to the detection rate in the intervention arm, i.e. from the
ratio of detection rate (prevalence of screen-detected cases) and expected incidence
(cumulative risk).

Results: Using a serum PSA cut-off of 4 ng/ml, the mean lead-time in the whole study
population was estimated as 6.8 years (95% confidence interval (95% CI) 7.9-8.4). It was
8 years in The Netherlands, 6 in Sweden and Finland, 5 in Italy and 4 in Belgium. The
mean lead-time was similar, 6-7 years, at ages 50-64 years, but close to 8 years among
men aged 65-74 years. A lower PSA cut-off level of 3 ng/ml used in Sweden and The Neth-
erlands prolonged the mean lead-time by approximately 1year. Lead-time based on
advanced prostate cancer only was slightly shorter, mean 5.3 years (95% CI 4.6-6.0). The
lead-time for the second screening round was slightly shorter than that for the first
(5.9, 95% CI 5.4-6.4), reflecting a similar relation between detection rate and control group
incidence.

Conclusion: The lead-time for prostate cancer found in ERSPC substantially exceeded that
found for breast, cervical and colorectal cancer screening. One round of prostate cancer
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screening can advance clinical diagnosis by 4-8 years. Overdiagnosis or detection of non-
progressive tumours may contribute substantially to the lead-time.

© 2010 Published by Elsevier Ltd.

1. Introduction

Screening for prostate cancer with prostate-specific antigen
(PSA) has become more frequent in most Western countries,
although it was only recently proven to reduce prostate can-
cer mortality.® Screening may reduce the disease burden if
more effective treatment can be provided when the disease
is detected in the pre-clinical state. The time by which screen-
ing advances the detection of prostate cancer (i.e. interval be-
tween the time of detection by screening and the time the
case would have become detectable in the absence of screen-
ing) is called the lead-time.? Hence, lead-time represents a
window of opportunity for curing a screen-detected case
and reducing disease burden in the target population. The
length of lead-time depends both on disease and on the
screening test, because the interval between screening
detectability and clinical surfacing is affected by both the nat-
ural history and the test properties. A closely related concept
is the duration of the detectable preclinical phase (DPCP),
which defines the maximum lead-time. The screening inter-
val should be shorter than the DPCP.

Ideally, the lead-time is identical to the screening interval,
assuming perfect sensitivity and no overdiagnosis or contam-
ination (screening in the control arm). Under such condition,
all interval cases arise during the screening interval (no cases
are missed at screening) and therefore have a maximum lead-
time equal to the length of the interval. Less than perfect sen-
sitivity increases the lead-time, as does overdiagnosis by
screening (by inflating the detection rate), while contamina-
tion biases the estimated lead-time downward through over-
estimation of the expected incidence.

Comparison of lead-time between different screening reg-
imens indicates the potential effectiveness, assuming that all
cancers detected would surface clinically. Due to the hypo-
thetical or counterfactual nature of the concept (contrasting
actual and potential disease occurrence), lead-time cannot
be observed directly. Yet, a randomised screening trial offers
an opportunity for obtaining a valid estimate of the expected
incidence in the absence of screening from the control arm.

Lead-time can be estimated by comparing the incidence of
prostate cancer in a screened population to that in a control
population, i.e. ratio of detection rate at screening to the ex-
pected incidence. In this way, the lead-time in the first round
of the Finnish prostate cancer screening trial was shown to be
5-7 years.? Similarly, a lead-time of 4.5-8 years was estimated
by comparing the results of a Swedish early detection pro-
gramme with prostate cancer incidence in a control group.*

Other approaches have also been used for estimating the
lead-time. A simulation study based on the Dutch screening
trial estimated lead-time using a stochastic natural history
model.” It gave an estimate of 11 years for the mean lead-time
for screening with a 4-year interval. Serum bank studies can
provide estimates based on time from blood sample to diag-
nosis of cancer, and in such studies lead-times between 5

and 10 years have been reported.®” Several modelling studies
have estimated lead-time from incidence and mortality rates,
without individual screening data. They have given estimates
from 5 to 7 years.®> ' A recent British study estimated lead-
time as 5-14 years, depending on differentiation (Gleason
grade).!

We estimated lead-time of prostate cancer screening
based on the relation of detection rate and control arm inci-
dence among nearly 150,000 men from five centres within
the ERSPC trial.

2. Material and methods

The five largest participant centres of ERSPC (registered as
Current Controlled Trials ISRCTN 49127736) were included
in the study.'® Altogether 56,294 men aged 50-75 years were
screened during the first screening round in the interven-
tion arm of the trial (Table 1). The control group of 92,142
men accrued 710,347 person-years during a follow-up time
up to 13 years. Cancer incidence data were available up to
31/12/2003 in Italy, 31/12/2005 in Finland, 31/03/2006 in Swe-
den, 30/09/2004 in Belgium and 31/12/2004 in The
Netherlands.

In Belgium, Finland and Italy, a serum PSA 4 ng/ml or high-
er was defined as a positive screening result, resulting in
referral to prostate biopsy (though in Belgium a lower cut-
off level of 3 ng/ml was adopted in 1999). In these three cen-
tres, digital rectal examination and/or transrectal ultrasonog-
raphy (in Italy and initially also in Belgium) or proportion of
free PSA (in Finland) was used as ancillary referral criterion
in the intermediate PSA range (3-3.9ng/ml in Finland and
2.5-3.9ng/ml in Italy).” In Sweden, the cut-off of serum PSA
was 3 ng/ml, and in The Netherlands the cut-off was lowered
from 4 ng/ml to 3 ng/ml in 1997. The central database of ERS-
PC provided data on the number of prostate cancers detected
in screening and control arms, and the number of person-
years accrued in the control arm.

2.1.  Calculating cumulative risk of prostate cancer in the
control arm

Cumulative risk of prostate cancer in the control arm was cal-
culated as a function of the follow-up time given by the
formula:

F(t)=1—exp(—i4 — Jp... — %)

where /; is the incidence rate during the year i of follow-up.
Incidence density rate of prostate cancer in the control arm
was estimated as the number of cancer cases divided by the
number of person-years during each year of follow-up. Cumu-
lative risk of prostate cancer can be defined as the probability
of being diagnosed with prostate cancer within a given period
of time assuming no death due to other causes than prostate
cancer in that period.
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Table 1 - Screening protocol by country.

Country Age range Screening Screening regimen

ey interval (years) Prostate specific antigen (PSA) 3.0-3.9 PSA > 4.0 (ng/ml)
Finland 55-67 4 F/T PSA Biopsy
The Netherlands 55-74 4 Biopsy?® Biopsy
Sweden 51-66 2 Biopsy Biopsy
Italy 55-70 4 DRE and TRUS for PSA 2.5-3.9 Biopsy
Belgium 55-74 4 Biopsy® Biopsy

F/T PSA: ratio of free to total PSA with a cut-off of 0.16. DRE: digital rectal examination. TRUS: transrectal ultrasound.
& From 1997 onwards, earlier also DRE and TRUS as primary screening test for all men.
® From 1999 onwards; 1995-1997 cut-off 4 ng/ml; DRE is used as a primary screening test for all men.

2.2.  Advanced prostate cancer

A separate analysis was conducted restricted to advanced
cancer, defined in terms of clinical TNM stage (T3-4, N1 or
M1).

2.3.  Estimating the lead-time

We estimated lead-time of prostate cancer screening as the
time required to accrue a similar cumulative prostate cancer
risk in the control arm to the detection rate in the screening
arm (number of screen-detected cancer cases relative to the
number of screened men). This approach can be seen as a re-
fined version of the traditional prevalence:incidence ratio,
which provides a crude measure of the lead-time. The differ-
ence is mainly due to the fact that prostate cancer is common
enough for the simple estimate of cumulative incidence over
the follow-up time (£4; or sum of annual incidence rates) to
diverge from the exponential formula (1 - exp[-Z4], as above).

For the first round, follow-up of the men in the control arm
started at randomisation and for the second round at the time
of the initiation of the second round of screening.

Confidence intervals were estimated by simulations,
assuming that the numbers of screen-detected cases, as well
as incident cases in the control arm, follow a Poisson distribu-
tion (entering both frequencies as random variables into the
function with 10,000 iterations).

The trial protocol was reviewed by the pertinent ethical
committees in each participating centre.

3. Results

The detection rate of prostate cancer screening using a cut-off
of serum PSA of 4 ng/ml varied between 1.4% and 4.0% in the
five countries (Table 2). Including also those cases detected
with lower PSA levels, the detection increased slightly, rang-
ing from 1.6% in Italy to 5.1% in The Netherlands.

The prevalence/incidence based on
PSA > 4 ng/ml in the first round was 3.2 years in Belgium, 5-
6 in Sweden, Italy and Finland and 8.6 in The Netherlands.
In all countries combined, the mean P:I ratio was estimated
as 6.8 years (95% confidence interval (95% CI) 6.5-7.2).

A cumulative risk of prostate cancer corresponding to the
detection in the screened group based on a PSA cut-off level
of 4 ng/ml was reached in 4 years in Belgium, 5 years in Italy,
6 years in Sweden and Finland and 8 years in The Nether-

ratio serum

lands (Fig. 1). In the whole study population, the detection
probability of the first screening was reached in the control
arm in slightly less than 7 years (6.8, 95% CI 6.4-7.3 years,
Table 2).

With a PSA cut-off of 4 ng/ml, the estimated lead-time was
approximately 8 years among 65-74-year-old men, while it
was 6-7 years in the younger age groups. The screen-detected
prostate cancers with serum PSA 3.0-3.9 ng/ml prolonged the
estimated lead-times by approximately 1 year (not shown).

An additional analysis conducted based on advanced/
aggressive cases only gave a considerably shorter mean
lead-time in some centres, while no substantial difference
was seen in others (Table 3). The analysis restricted to ad-
vanced cases yielded substantially shorter lead-time in Fin-
land, Sweden and Italy (by a third to a half). Some
shortening occurred also in The Netherlands and Belgium,
but only by approximately a tenth. The mean lead-time for
all five centres combined was 5.3 years (95% CI 4.6-6.0).

In the second screening round, detection remained com-
parable to the first round (Table 2). The detection rate was
lower only in The Netherlands, while yields were higher in
Belgium (and to a lesser extent also in Finland). Correspond-
ingly, lead-time was overall only slightly shorter than for
the first round (5.9 years, 95% CI 5.4-6.4). In Belgium, the
detection rate was substantially higher and lead-time mark-
edly longer than at the first round. This was probably attribut-
able to the long screening interval (7 years due to temporary
discontinuation for lack of funding) resulting in men being
substantially older and a long time window for de novo can-
cers to arise. Slightly longer lead-time was seen also in Fin-
land, while in The Netherlands the lead-time was
considerably shorter than at the first round.

4, Discussion

We estimated lead-time in five centres within the European
Randomised Study of Prostate Cancer Screening, with slightly
different screening regimens. The estimated lead-time ran-
ged 4-8years between centres. Analysis restricted to ad-
vanced cases gave shorter lead-times for all centres. The
mean lead-time for the second screening round was overall
slightly shorter than at the initial screen, but the relation var-
ied in different centres. It is not possible to conclude whether
the long lead-time reflects mainly overdiagnosis, but it indi-
cates a higher yield in the screening arm relative to the con-
trol arm (expected incidence).
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6.4 (5.7-7.1)
8.3 (7.5-9.2)

506 (2.4)
804 (4.0)
110 (1.9)
71 (1.4
88 (1.9

20,796

401

2.9
3.2
2.9
1.5
3.8
2.9

1399
678
284

48,407
21,138
9954
7477

Finland

19,970
5855

478

The Netherlands

Sweden
Italy

5.8 (4.5-7.4)
5.2 (3.8-7.1)

4.2 (3.1-5.7)

376
279
607
418

3903
1560

5106
4567

64 (4.1)

3.2
6.8

197

5166

Belgium
Total

38,926

6.8 (6.4-7.3)

1603 (2.8)

56,294

2671
* The detection rate shown is obtained for serum PSA cut-off of 4 ng/ml.

92,142

In theory of screening, it is assumed that the target condi-
tion progresses from a pre-clinical detectable phase (PCDP) to
a clinical state.»*®'* Lead-time indicates the amount of time
gained by screening, i.e. how much earlier disease is detected
through screening compared with absence of screening. A
closely related concept is sojourn time, which refers to the
duration of the PCDP (the maximum lead-time). The preva-
lence:incidence ratio as well as the prevalence:risk ratio we
used may be considered a measure of the mean sojourn time
(duration of PCDP). However, it can also be taken to represent
lead-time based on the assumption that lead-times follow a
negative exponential probability distribution owing to its
memoryless nature, i.e. the time to event is unaffected by
the time from the past event. Hence, the expected time to
an event is independent of the time since its previous occur-
rence. In other words, if the time from onset to clinically diag-
nosis is exponentially distributed, the distribution of the time
from detection by screening to clinical diagnosis does not de-
pend on the time from onset to screen-detection, but is again
exponentially distributed with the same mean. This allows
the interpretation of the time to accrue incidence similar to
the screening as the lead-time. The exponential distribution
is commonly used for modelling lead-time also in more re-
fined analyses also incorporating sensitivity,’®'” as it relates
naturally to stochastic event history process by implying Pois-
son-distributed disease incidence.

The potential benefit of a screening programme is propor-
tional to the lead-time acquired by early diagnosis, but this
relationship is not straight forward because of the interrela-
tion between lead-time, sensitivity and overdiagnosis. Overdi-
agnosis is detection of disease that would not have reached
the clinical state during the lifetime of the person with a
screen-detected disease. As overdiagnosis is thought to be
more common in prostate cancer screening (up to half of
the screen-detected cases™®'%) than breast or colorectal can-
cer screening (not including in situ or pre-malignant lesions),
it has a strong influence on lead-time. The extent of overde-
tection can be estimated if both lead-time and mortality from
other disease are known, given that there are no indolent
(non-progressive) cases. Yet, detection of non-progressive tu-
mours may substantially inflate the estimated lead-time, and
for instance autopsy studies have shown very high prevalence
of latent prostate cancers.'® Several studies have attempted to
estimate both lead-time and overdiagnosis, dealing sepa-
rately with cases that would be expected to surface clini-
cally.>’~*® Our approach does not allow distinction of the
effects of sensitivity and overdiagnosis.

To deal with overdiagnosis, we conducted a separate anal-
ysis of advanced cancers only in both arms, assuming that
these represent cases very likely to surface clinically and in-
volve little if any overdiagnosis. The lead-time in this analysis
was 3-5years, with the exception of The Netherlands with
substantially longer lead-time (7.5 years). The shorter lead-
time reflecting lower incidence of such cancers among
screened men relative to the control group may be attribut-
able to inflation of lead-time for all cases and/or a stage shift
as the result of screening. A short lead-time for aggressive
cancer is highly plausible, as it may indicate more rapid
growth and progression, resulting in shorter pre-clinical
detectable phase. The fact that the lead-time is nevertheless
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Fig. 1 - Cumulative risk of prostate cancer detection in control arm (solid line) in relation to detection rate of prostate cancer in

the first screening round (dotted line) by country.

substantial (similar to or longer than screening interval) sug-
gests that these cases can also be detected early by screening.
Even though these cases are likely to be clinically relevant,
they may not be entirely free from overdiagnosis, as some
deaths from other causes are likely to occur prior to the ex-
pected clinical detection.

The shortest mean lead-time was estimated for Belgium.
This is related to the fact that it had a relatively low detection
rate, but prostate cancer incidence in the control arm was
higher than that for the other centres. The longest mean
lead-time was found for The Netherlands with the highest
detection rate. This could reflect a high sensitivity or overdi-
agnosis owing to consistently low PSA cut-off and use of addi-
tional tests. No straight forward relation was observed
between the PSA cut-off level used and the length of lead-

time, which may be partly due to other differences in screen-
ing protocols or in baseline risk of prostate cancer.

The highest cumulative risk of prostate cancer and inci-
dence rate in the control arm were found in Belgium and
The Netherlands. This may be related to the volunteer-based
design, which may have led to recruitment of high-risk men
and/or contamination. This is also suggested by the fact that
the rates in the control arm in these countries are well above
national incidence rates. Contamination (unorganised
screening in the control arm) may increase the prostate can-
cer incidence in the control arm and hence shorten the esti-
mated lead-time.™®

The lead-time for the second screening round was not sub-
stantially shorter than that for the first round, which was
unexpected, as the prevalence screen is usually assumed to
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Table 3 — Lead-time calculated from the ratio of detection rate and cumulative risk based on advanced cancers only (T3-4, N1

or M1).

Lead-time,
95% CI)

Control arm (8-year follow-up) Screening arm

Men Advanced Cumulative Incidence Screened Screen-detected Detection JY&2rS (
cases risk rate men advanced” rate”

Country n n (%) (10°) n n

Finland 48,407 383 0.8 110 20,796 73 0.4 3.3 (2.54.2)
The Netherlands 21,138 196 0.9 139 19,970 205 1.0 7.5 (6.2-9.1)
Sweden 9954 75 0.7 99 5855 11 0.2 3.5 (1.5-4.6)
Italy 7477 30 0.4 116 5106 14 0.3 3.4 (1.6-6.2)
Belgium 5166 52 1.2 143 4567 39 0.92 4.0 (2.6-6.0)
TOTAL 92,142 743 0.8 116 56,294 331 0.6 5.3 (4.6-6.0)

& Cases with missing stage information 72% in Italy and 57% in Belgium. Numbers of cases and detection rates estimates assuming a similar

stage distribution among cases with known and missing stage information.

# Cases with >PSA 4 ng/ml only.

capture most of the slowly growing cancers. The detection
rate in the second round was generally slightly lower than
at the initial screen. This may indicate either a large pool of
non-progressive lesions (undetected at first screen) or a rapid
influx of new cases to such a pool. However, the incidence in
the control arm did not substantially increase during the
screening interval, which could reflect the fact that incidence
rates plateaued or even started to decrease in several popula-
tions in the turn of the century.

We used a simple, pragmatic approach to estimate lead-
time and evaluate how much earlier cancer cases are detected
by organised screening, relative to the absence of such effort.
In such setting, any opportunistic screening is incorporated
into the control group providing reference incidence. Another
approach would be to relate disease detection by screening to
complete absence of any screening. We did not have inci-
dence data from such ‘intact’ (non-screened) populations.
Historical incidence rates of prostate cancer from pre-PSA
era could be used to obtain such estimates. Yet, such estimate
would presume no genuine increase in disease risk (due to
factors other than screening).

Previous screening studies have estimated lead-time as 6-
12 years. Our approach for calculating the prevalence:risk ra-
tio instead of prevalence:incidence ratio (using the exponen-
tial formula) corrects the overestimation of large
probabilities and gives therefore slightly smaller expected
occurrence and consequently somewhat longer lead-time
estimates. A Finnish study using similar methods, but shorter
follow-up, reported a lead-time of 6-7 years.® A more sophis-
ticated simulation study using material from the Dutch
screening trial suggested lead-time of 11 years.” Population
models have been constructed using the United States of
America (USA) incidence and mortality rates suggest mean
lead-times around 6 years.®*°

In serum bank studies, lead-time is calculated retrospec-
tively only for cancer cases, which decreases the estimated
time. On the other hand, lead-time is usually calculated since
PSA reaching the cut-off level (usually 4 ng/ml), while at
screening the PSA distribution ranges higher above the
threshold. This is likely to prolong the estimated lead-time.

In conclusion, a single screening round within the Euro-
pean Randomised Prostate Cancer Screening trial can ad-

vance diagnosis by 4-8years, which is consistent with
calculations based on mathematical models and substantially
longer than for breast, cervical and colorectal cancer screen-
ing. All centres showed shorter lead-times for aggressive can-
cer, while results based on the second round were similar to
the initial screen. Overdiagnosis contributes substantially to
lead-time
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