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Cancer screening today

• Advances in technology are enabling 
⁄Discovery of new molecular signatures for early cancer
⁄Deployment of highly sensitive methods for their detection

• Knowing that a test can detect cancer is only the first step
⁄ A good test should have good diagnostic performance but
⁄Good performance does not necessarily make a good test!

• Ultimately, the goodness of a test rests on
• Performance
• Benefit
• Harm

These are hard to measure



Statistical and Methodological Challenges

• Measuring diagnostic performance
• What is the right metric?
• The importance of disease frequency

• Quantifying benefit
• What is the right metric? Absolute or relative?
• The critical importance of time horizon
• The role of study design

• Assessing harm
• Why most estimates of overdiagnosis are wrong
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CancerSEEK tests were positive in 
a median of  70% of the eight 
cancer types. The sensitivities 
ranged from 69 to 98% for the 
detection of five cancer types 
(ovary, liver, stomach, pancreas, 
and esophagus) for which there 
are no screening tests available for 
average-risk individuals

Screening development
Focus on performance



CancerSEEK performance caveats

• Retrospective study not properly 
designed to address value for early 
detection

• Cases had already been diagnosed 
with cancer – not an early detection 
setting 

• Cases stage I-III; highest specificity in 
later stage

• Relative frequencies of cases and 
controls fixed by design

• In prospective screening setting 
controls far outnumber cases

OVARY
LIVER

STOMACH

PANCREAS
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Establishing performance in prospective settings
Sensitivity or true positive rate
• Requires gold standard test to establish presence of disease

• Subject to verification bias if not all confirmed
• Subject to confirmation bias if gold standard not perfect
• Both biases can lead to overly favorable sensitivity estimates

• Empirical estimates of sensitivity which compare screen and interval 
cancers measure something quite different!

Specificity or true negative rate
• In prospective setting needs to be almost perfect to avoid many 

unnecessary confirmation tests
• Even 95% specificity is not adequate in most cancers!



Quantifying benefit
Focus on disease-specific mortality not all-cause mortality

• Any single cancer will only cause a small minority of deaths
• Deaths from other causes will swamp those prevented by the screening test
• Consider any increment in other-cause deaths as screening harms

Benefit = reduction in disease-specific mortality
• Relative versus absolute benefit
• The role of the time horizon
• The importance of study design and implementation



Absolute versus relative benefit

B

A

Relative benefit : Deaths in 
screened group divided by 
deaths in the control group

𝐴𝐴/𝐵𝐵

Absolute benefit: Deaths in 
the control group minus 
deaths in the screened group 

𝐵𝐵 − 𝐴𝐴

Control

Screening 



Screening trials: focus on relative benefit



Guidelines: focus on absolute benefit

There is adequate evidence that the benefit of PSA screening and early treatment ranges from 0 to 
1 prostate cancer deaths avoided per 1000 men screened

At the same time, overdiagnosis and overtreatment of prostatic tumors that will not progress to 
cause illness or death are frequent consequences of PSA-based screening. Although about 90% of 
men are currently treated for PSA-detected prostate cancer in the United States, the vast majority 
of men who are treated do not have prostate cancer death prevented or lives extended from 
that treatment, but are subjected to significant harms. 

The USPSTF concludes that there is moderate certainty that the harms of PSA-based screening for 
prostate cancer outweigh the benefits.



Relative benefit
Depends on time horizon

Hanley, JA: J Med Screen. 2010;17(3):147-51.

ERSPC



Jacobs et al, Lancet, 2017

• Began in 2001: N=202,000

• MMS: Multi-modal screening using CA-125
• USS: ultrasound screening

• MMS uses ROCA algorithm – learns by 
observing serial CA125 values over time

• MRR=0.85 in MMS arm compared to no 
screening (p=0.1)

• Royston/Parmar model yields MRR=0.92 in 
first 7 years (ns) and MRR=0.77 in second 7 
years (p<0.05)

MMS
screening

No 
screening

UKCTOCS

MRR (mortality rate ratio) = 0.85

MRR = 0.92

MRR = 0.77



Rethinking benefit estimation

• Relative benefit or mortality rate reduction
• Usually presented as a single number – average benefit
• But relative benefit changes over time

• Rethink analysis of screening trials to accommodate MRR shape
• Early cases are prevalent; enter trial with disease
• Later cases are incident; transition to disease during the trial
• Screening is plausibly more effective for later cases

• In UKCTOCS, this phenomenon may be even more exaggerated
• Precision algorithm for classifying women as screen positive



Methods that accommodate changing MRR

Yu Shen and Jianwen Cai



Absolute benefit
Dependence on time horizon

0.7 lives saved per 
1,000 men screened

1.1 lives saved per 
1,000 men screened

1.8 lives saved per 
1,000 men screened



What is the appropriate horizon?

• For policy 
decisions 
consider 
screening 
lifetime

• Lives saved 
may be 
dramatically 
higher than 
limited 
duration trials 

11 year follow-up                         Long-term follow-up (SEER)                         

Prostate cancer deaths
per 1,000 men invited
in core age group
after 11 years:

Prostate cancer deaths
per 1,000 men invited
starting at age 40 or 50
over lifetime

Trial arm Deaths
Control 5
Screening 4
Difference 1

Trial arm Deaths

Control 30

Screening 24

Difference 6

20% 20%



The importance of study design

Stop-screen trial
• Screen for several years
• Stop screening and analyze later
• CNBSS breast, PLCO prostate

Continued-screen trial
• Screen continuously until analysis
• ERSPC prostate, UKTOCS ovarian

Five annual screens

Six biannual screens

x

x

ANALYSIS



CNBSS

• Stop-screen trial in Canada

• Mamm+CBE vs CBE alone

• CNBSS1: age 40-49

• CNBSS2: age 50-59

• Screen for 5 years

• Follow-up for up to 25 years

0                                  5                                                                                       25

0                                  5                                                                                      25
Mammography + CBE

CBE alone

Years

Miller et al BMJ 2014



Analyzing the CNBSS

Two analyses
1. Compare breast cancer deaths in the two groups over the entire 

follow-up period
2. Compare breast cancer deaths restricted to cases diagnosed 

during the screening period

0                                  5                                                                                         25

0                                  5                                                                                         25
Mammography + CBE

CBE alone

Years



Miller et al BMJ 2014

Analysis options Screen arm Control arm

Screening 
period
(5 years)

Cases 666 524

Deaths
(over 25 y)

180 171

Entire study 
period
(25 years)

Cases 3250 3133

Deaths
(over 25 y)

500 505

Unfair comparison?
More cases in screened 
group

Diluted comparison?
More cases in both groups 
than could have been 
helped by screening

None of these results were statistically significant



The study as presented is not reflective of the population, time horizon or 
calendar interval relevant for contemporary breast cancer screening 



The importance of study implementation
ERSPC

20% mortality reduction
PLCO

No mortality reduction

ERSPC and PLCO prostate cancer screening trials: cumulative disease mortality



ERSPC and PLCO trials: differences

Schroder et al, Eur Urol, 2010; Otto et al, EJC, 2010

ERSPC 
(n=162,388)

PLCO
(n=76,685)

Screening 
interval

2-4 years Annual for 6 years

PSA cutoff for biopsy    
referral

3.0 ng/ml 4.0 ng/ml

Screening on 
control arm

Infrequent 74% at least one test
50% tested each year

Compliance with    
biopsy

85% 40%



De Koning et al, Cancer  2017



Amounts to 25-32% reduction in mortality on screened 
arms relative to no screening

No evidence that this effect differs across trials

Tsodikov et al, Ann Int Med, 2017



Overdiagnosis
Lead time

• Time by which diagnosis is advanced by screening
Overdiagnosis

• When screening detects a cancer that would not have been 
detected without screening

• When other-cause death happens during the lead time

Overdiagnosed case

Iead time



Overdiagnosis
Lead time

• Time by which diagnosis is advanced by screening
Overdiagnosis

• When screening detects a cancer that would not have been 
detected without screening

• When other-cause death happens during the lead time

Non-overdiagnosed case

Iead time



Estimating overdiagnosis from screening trials

• An overdiagnosed case is an excess case detected by screening
• Would not have presented clinically in the absence of screening
• We cannot tell whether any individual screen-detected cases is 

overdiagnosed

• Control group represents incidence in absence of screening

• Excess-incidence approach to estimating overdiagnosis
• Incidence on screened arm minus incidence on control arm
• This idea has also been applied in population settings 



SCREEN

CONTROL
Screened arm 8.2%

Control arm 4.8%

Excess 8.2% - 4.8% = 3.4%

Excess/screen-
detected

3.4/5.8 = 58%

Cumulative Incidence 
at 9 years

Schroder et al
NEJM 2009

Prostate cancer incidence in ERSPC

ERSPC
Schroder et al NEJM 2009



The problem with cumulative excess incidence in ERSPC 
• What we know

• What we do

If there is no overdiagnosis this approach will still yield a positive result!

Represent cases that would have arisen during AND after the trial 

Take cases detected under screening

Corresponding cases in the absence of screening

Corresponding cases in the absence of screening

Cases detected under screening

Subtract the cases on the control group that arose during the trial 



Excess incidence from a stop-screen trial
• What we know

• In a stop-screen trial

Represent cases that would have arisen during AND after the trial 

Take cases detected under screening plus an appropriate post-screening interval

Corresponding cases in the absence of screening

Corresponding cases in the absence of screening

Cases detected under screening

Subtract the cases on the control group over the same interval

If there is no overdiagnosis excess incidence will be zero with adequate followup



An alternative to learn about overdiagnosis

Learn about lead time via statistical modeling of  excess incidence
• Overdiagnosis: chance that lead time is less than other-cause survival

Need 
• Rich screen- and interval incidence within screened population
• Assumptions to ensure estimability of lead time distribution

Iead time

Ryser et al, 2019



Summary and Wrap-up
Our main methodological and statistical challenge

• Accurately quantifying population-relevant benefits and harms

Must recognize limitations of
• Studies and measures of performance
• Simple, empirical measures of benefit and harm

These limitations apply as much  if not more to novel screening tests

Careful development and application of cancer models can be very helpful 
to interpret empirical results and to go beyond the data



Thank you!
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