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ABSTRACT

PURPOSE Multiple cancer screening tests have been advocated for the general
population; however, clinicians and patients are not always well-informed of
screening burdens. We sought to determine the cumulative risk of a false-positive
screening result and the resulting risk of a diagnostic procedure for an individual
participating in a multimodal cancer screening program.

METHODS Data were analyzed from the intervention arm of the ongoing Pros-
tate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, a randomized
controlled trial to determine the effects of prostate, lung, colorectal, and ovarian
cancer screening on disease-specific mortality. The 68,436 participants, aged 55
to 74 years, were randomized to screening or usual care. Women received serial
serum tests to detect cancer antigen 125 (CA-125), transvaginal sonograms, pos-
teroanterior-view chest radiographs, and flexible sigmoidoscopies. Men received
serial chest radiographs, flexible sigmoidoscopies, digital rectal examinations,
and serum prostate-specific antigen tests. Fourteen screening examinations for
each sex were possible during the 3-year screening period.

RESULTS After 14 tests, the cumulative risk of having at least 1 false-positive
screening test is 60.4% (95% Cl, 59.8%-61.0%) for men, and 48.8% (95% Cl,
48.1%-49.4%) for women. The cumulative risk after 14 tests of undergoing an
invasive diagnostic procedure prompted by a false-positive test is 28.5% (Cl,
27.8%-29.3%) for men and 22.1% (95% Cl, 21.4%-22.7%) for women.

CONCLUSIONS For an individual in a multimodal cancer screening trial, the risk
of a false-positive finding is about 50% or greater by the 14th test. Physicians
should educate patients about the likelihood of false positives and resulting diag-
nostic interventions when counseling about cancer screening.

Ann Fam Med 2009;7:212-222. DOI: 10.1370/afm.942.

INTRODUCTION

umerous cancer screening tests are promoted to the healthy

public."® The motivating factor behind regular cancer screening

is the theory that the earlier one detects a malignancy or prema-
lignancy, the more likely treatment is to be effective in increasing lifespan
while minimizing harms caused by the therapy.” Although this model has
intuitive appeal, it is often used without actual proof in hand and without
full consideration of potential adverse consequences. The most common
potential adverse consequence is a false-positive result, which often brings
with it physical, psychological, and economic burdens of further diagnos-
tic testing.'0"3

The false-positive rate of a single screening test has been studied, but

the cumulative false-positive rate of repeating the test at regular intervals is
infrequently reported,'*'” and the cumulative false-positive rate of multiple
tests has not, to our knowledge, been reported at all. The ongoing Prostate,
Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial is designed
to assess the benefits and harms of screening for 4 major causes of cancer
mortality. As such, it represents an ideal opportunity to assess the cumula-
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tive false-positive rate and resulting diagnostic proce-
dure rates of a combined-modality screening program.

METHODS

Methods for the PLCO Cancer Screening Trial
The PLCO trial is a randomized, 2-armed trial to
determine the effects of prostate, lung, colorectal, and

ovarian cancer screening on disease-specific mortality.'*-

23 Ten screening centers are participating. Randomiza-
tion began in 1993 and concluded in 2001. The total
number of enrolled participants was 154,935. Individu-
als were eligible to enroll if they were aged between
55 and 74 years with no history of prostate, lung,
colorectal, or ovarian cancer. Further exclusion crite-
ria included current treatment for any cancer except
basal or squamous skin cancer; prior removal of the
entire prostate, 1 lung, or the entire colon; concurrent
participation in another cancer screening or primary
prevention study: use of finasteride within 6 months of
enrollment; and, after 1995, men reporting more than
1 prostate-specific antigen test in the 3 years before
enrollment, or any colonoscopy, sigmoidoscopy, or
barium enema in the 3 years before enrollment.
Eligible participants were randomly assigned to
the control arm (normal health care routines), or to
the intervention arm. Within the control arm, patients
were informed about screening tests for PLCO cancers
and could have potentially received testing outside the
confines of the trial through private physicians. Ran-
domization to the intervention arm meant that women
were offered annual tests for the cancer antigen 125
(CA-125) and transvaginal ultrasonography for ovarian
cancer for 4 years, posteroanterior chest radiographs
for lung cancer at baseline and yearly for 2 years (non-

smokers) or 3 years (smokers), and baseline and 3- or 5-

year flexible sigmoidoscopy for colorectal cancer. Men
were offered the same tests for lung and colorectal
cancers; additionally, they received annual digital rec-
tal examinations (DREs) and prostate-specific antigen
(PSA) blood tests for 4 years.

The order in which the tests were offered to a
given patient during a round of screening varied, with
the exception that PSA had to be performed before a
DRE, and serum to test for CA-125 was drawn before
a transvaginal ultrasonography was offered. Flexible
sigmoidoscopy was usually scheduled to be the last
procedure during a round of testing, as it was believed
that delaying the more unpleasant examination might
improve overall compliance. Positive screening results
were specifically defined in the study protocol,'® but
follow-up was left to the discretion of the participants’
personal physicians, who were notified of all abnormal
results. According to PLCO protocol, colonic lesions

found during flexible sigmoidoscopy were not imme-
diately biopsied and removed; instead, they prompted
referral to the participant’s primary physician for fol-
low-up. Criteria for a positive screening examination
are listed in Table 1.2

Methods for the PLCO False-Positive

Screening Study

Study Population and Eligibility

Enrollment exclusions used by the PLCO trial as a
whole applied. We began with the intervention arm

of the PLCO trial (n=77,464). Additional exclusion
criteria for this study were (1) death before the first
screening test (n=39); (2) missing all screening tests
(n=5,028); and (3) inadequate follow-up time (less than
3 years after the last screening test taken) (n=3,961)
(Figure 1). We observed the remaining 68,436 partici-
pants up to a maximum possible 14 tests (although not
all participants consented to or received all 14 exami-
nations). At the time of the initial screening and 3 years
later, participants were offered all 4 tests (chest radio-
graph, flexible sigmoidoscopy, CA-125, and transvagi-
nal ultrasonography for women; and chest radiograph,
flexible sigmoidoscopy, PSA, and DRE for men); 1 and
2 years after the initial screening, participants were
offered all tests except flexible sigmoidoscopy.

Flexible sigmoidoscopy frequency was decreased
from every 3 to every 5 years during the trial to better
match changing clinical practices. Given our 3-year
timeframe, flexible sigmoidoscopies offered at year 5
were not included in this study. Approximately 25% of
participants had the opportunity to undergo 2 flexible
sigmoidoscopies; the rest were scheduled for only 1 (at
baseline). As a posteroanterior chest radiograph was
offered only twice after the baseline examination for
nonsmokers, not all participants underwent the fourth
chest radiograph at year 3.

Definitions

False-Positive Result

By consensus of the investigators, a positive screen
was considered a false positive if the participant had at
least 3 years of follow-up after the positive result and
the target cancer was not diagnosed by that time. For
flexible sigmoidoscopy, advanced adenomas (including
those with villous histopathologic findings, or severe
cellular dysplasia, or that were >1 cm in diameter) were
considered true positives for the base-case analysis.
There is ongoing debate concerning the target lesion
in colorectal cancer screening. Although clinicians
generally agree that colorectal lesions 1 cm and larger
warrant work-up, discordant recommendations are
found for smaller polyps, with some clinicians advocat-
ing for the removal of any observable lesion.?” The
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Table 1. Criteria for a Positive Screening Examination and Classification of Diagnostic Follow-Up
Procedures

Screening

Definition of a Positive

Diagnostic Follow-Up Procedures

Minimally Invasive

Moderately Invasive

Major Surgical

Colon polyp(s)

Rigid sigmoidoscopy

Modality  Screening Result Procedures Procedures Procedures
PSA >4 ng/mL Endoscopy Biopsy Prostatectomy
Cystourethroscopy
Cystoscopy
Cystopanendoscopy
Lymphadenectomy
Ureterogram
Transurethral resection of
the prostate (TURP)
DRE One or more of the following findings: As for PSA As for PSA As for PSA
Nodularity
Induration
Asymmetry
Loss of anatomic landmarks
CA-125 >35 U/mL Colonoscopy Biopsy Hysterectomy
Culdocentesis Laparotomy
Hysteroscopy Omentectomy
Intra-abdominal washings ~ Oophorectomy
Laparoscopy Ovarian lymphad-
Paracentesis enectomy (with
laparotomy)
TVU One or more of the following findings: As for CA-125 As for CA-125 As for CA-125
Ovary or cyst >10 cc®
Solid area or papillary projection extending into
the cavity of a cystic ovarian tumor of any size
Mixed (solid/cystic) component within a cystic
ovarian tumor
CXR One or more of the following findings: Bronchoscopy Biopsy Lung resection
Nodule Lymphadenectomy Thoracotomy
Mass Mediastinoscopy
Hilar or mediastinal lymph node enlargement Thoracoscopy
Major atelectasis or lobar collapse Transbronchial aspiration
Infiltrate, consolidation, or alveolar opacity Transthoracic aspiration
FSG One or more of the following findings®: Colonoscopy (with- Biopsy Colon resection
Rectal nodule(s) out biopsy) Cystoscopy Hemicolectomy
Rectal and/or colon mass(es) Endoscopy Lymphadenectomy Laparotomy

CA-125 = cancer antigen 125; CXR = chest radiograph; DRE = digital rectal examination; FSG = flexible sigmoidoscopy; PSA = prostate-specific antigen; TVU = trans-
vaginal ultrasonography.

2 Assuming a perfect sphere and using the prolate ellipsoid formula, this volume correlates to an approximate diameter of 2.67 cm. A 10-cc cutoff was chosen, as it
corresponds to 2 standard deviations above mean ovarian volume for postmenopausal women.?

5 We define a true-positive FSG as both overt cancer and advanced adenomas (lesions with villous histologic findings, severe cellular dysplasia, and/or =1 cm in diameter).

natural history of all of these lesions (how often they involved instrumentation, or general anesthesia, includ-
ing laparoscopy); and (3) major thoracic, abdominal, or
pelvic surgery (ie, prostatectomy or colectomy). (The

adjective "invasive” is not intended as a value-laden term

progress to cancer and how long it takes), including

advanced adenomas, however, remains poorly under-
stood.?® We therefore chose the midpoint along this

spectrum of opinions for our primary analysis. but is being used according to the medical definition:

“Involving puncture or incision of the skin or insertion
Diagnostic Follow-Up of an instrument or foreign material into the body”
Diagnostic follow-up for positive results was defined [http://www.dorlands.com/].) Repeated screening exam-
by consensus of investigators and divided into the fol- inations, physical examinations, chart reviews, and basic
lowing categories: (1) minimally invasive procedure imaging examinations were not considered invasive pro-
(ie, simple endoscopy with conscious sedation); (2) cedures and did not contribute to these categories.
moderately invasive procedure (ie, tissue removal, more The causal relationship between a diagnostic pro-
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Figure 1. Study population selection.

Target population: Men and women
aged 55 to 74 years with no personal history of
prostate, lung, colorectal, or ovarian cancer

\
154,938 Randomized

77,474 Allocated |
to control arm -

\ 4

77,464 Allocated to intervention arm

5,067 Never screened
39 Died

5,028 Refused or missed
all opportunities

A

\ 4

72,397 Underwent >1 screen

3,961 Inadequate follow-up |
(<3 years after screening) |

Y
68,436 Analyzed

cedure and a positive findings on a screening exami-
nation was determined by trained chart abstractors
at each study center. An organ-specific standardized
diagnostic evaluation form was completed for every
positive screening result that captured follow-up care
through 1 year after the screening date.

Statistical Methods

We sought to answer the question, What is the prob-
ability that an individual entering a multimodal screen-
ing program will obtain at least 1 false-positive test in
a given number of tests? The approach applied a model
for a single screening test to multiple tests.?” The
model is a type of survival analysis based upon number
of tests taken rather than time elapsed. The tests are
ordered by appearance and analyzed by tests-to-event
rather than by time-to-event; this method allows for
appropriate handling of missing tests while enhancing
use of available data. For example, if a participant took
the first 7 tests, skipped 3 tests, and then returned for
the last 4 tests, his or her results contribute to the first
11 points along the cumulative incidence curve. A par-
ticipant no longer contributes to the curve either after
the first false-positive result (event reached) or after
the last test taken (censored).

Because participants could receive different screen-
ing tests at each testing point, the model treats each
test in order of appearance as a composite of all modal-
ities. It makes a single informative censoring assump-
tion, applied only to individuals who did not receive a
false-positive result during the study period and who
took some, but not all, 14 tests: the unobserved prob-
ability of receiving a first false-positive result among
the censored tests of various modalities follows a geo-
metric distribution with a constant hazard.

This method was also used to determine the cumu-
lative risk of any single invasive diagnostic procedure
resulting from a false-positive test result. Sensitivity
analysis was performed by using a recently published
modified Kaplan-Meier approach.?®

RESULTS

The demographic characteristics of the PLCO trial
have been described elsewhere.?*?° There were 68,436
participants who underwent at least 1 screening test
and had adequate follow-up (Figure 1). Most partici-
pants (65%) ranged in age from 55 to 64 years, were
white, non-Hispanic (88.3%), and had a college edu-
cation or higher (57.5%). Participant sex was equally
distributed (50% men, 50% women).

False-Positive and Follow-up Diagnostic
Procedure Rates

The maximum number of false-positive results ob-
served in a female was 8, and in a male, 10, from a
potential 14 (Table 2). Of the 68,436 participants,
43.1% (n=29,517) had 1 or more false-positive find-
ings: 35.3% of women and 50.9% of men. In men
flexible sigmoidoscopy accounted for the greatest

Table 2. Proportion of Participants
With 1 or More False-Positive Results
False-Positive Result Participants No. (%)
1 18,394 (26.9)
2 6,043 (8.8)
3 2,531 (3.7)
4 1,535 (2.2)
5 642 (0.9)
6 228 (0.3)
7 (o
8 3(0.1)
9 1(0.0)
10 2 (0.0)
n 0 (0.0)
12 0 (0.0)
13 0 (0.0)
14 0 (0.0)
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percentage of false-positive results (26.8%), then chest
radiograph (18.6%), DRE (15.0%), and PSA (10.4%). In
women flexible sigmoidoscopy accounted for the great-
est percentage of false-positive results (17.2%), then
chest radiograph (16.3%); transvaginal ultrasonography
(7.8%), and CA-125 (3.0%) (Table 3).

Of the participants only 3.0% had minimally inva-
sive diagnostic procedures, and 15.8% underwent
moderately invasive procedures; 1.6% of participants

resulting from false-positive findings. Of the screened
women 3% underwent a major surgical procedure for
false-positive findings on a transvaginal sonogram.

Cumulative Risk of a False-Positive Result

For men the risk of having at least 1 false-positive
finding is 36.7% (95% ClI, 36.2%-37.3%) by the 4th
screening test (the end of the first day of screening),
and 60.4% (95% CI, 59.8%-61.0%) by the 14th exami-

nation. Women have a 26.2% risk (95% CI, 25.7%-
26.8%) by the 4th screening test, and 48.8% risk (95%
Cl, 48.1%-49.4%) by the 14th examination. Sensitivity
analysis by modified Kaplan-Meier approach pro-

vides similar results at 14 tests: 57.2% for men (95%

ClI, 56.3%-58.2%) and 44.1% for women (95% ClI,
43.4%-44.7%). The cumulative risk of receiving at least

incurred major surgery. When examining diagnostic
responses by screening modality, flexible sigmoidos-
copy resulted in the highest rates of minimally and
moderately invasive diagnostic follow-up (for men,
3.4% and 15.8%, respectively; for women, 3.0% and
10.1%, respectively). Transvaginal ultrasonography
accounted for the preponderance of major surgeries

Table 3. Initial Entry Round (Year 1) Through Last Entry Round (Year 4) of Screening:
False-Positive and Resulting Diagnostic Follow-Up Rates
Physician Response
Minimally Moderately
Repeated Invasive Invasive Major Surgical
Ever False Screening Imaging Procedure? Procedure® Procedure¢
Positive No. % of No. % of No. % of No. % of No. % of
Subgroup No. (%) (%) FPs¢ (%)¢ FPs¢ (%)¢ FPse (%)¢ FPs¢ (%)¢ FPs¢
Overall rates 29,517 13,576 46.0 7,306 24.8 2,049 6.9 10,822 36.7 1,062 3.6
(43.1) (19.8) (10.7) (3.0) (15.8) (1.6)
Men 17,432 9,251 53.1 4,056 233 1,088 6.2 6,972 40.0 47 0.3
(50.9) (27.0) (11.9) (3.2) (20.4) 0.1)
Women 12,085 4,325 35.8 3,250 26.9 961 8.0 3,850 31.9 1,015 8.4
(35.3) (12.6) (9.5) (2.8) (11.3) (3.0)
By screening modality: men'
PSA 3,388 2,884 85.1 1,494 44.1 1 0.0 1,491 44.0 6 0.2
(10.4) (8.9) (4.6) (0.0) (4.6) (0.0)
DRE 4,882 3,881 79.5 1,326 27.2 0 0.0 1,259 25.8 1 0.0
(15.0) (12.0) 4.1) (0.0) (3.9) (0.0)
CXR 6,320 3,216 50.9 1,466 23.2 52 0.8 77 1.2 35 0.6
(18.6) (9.5) 4.3) 0.2) 0.2) 0.1
FSG 8,186 645 7.9 157 1.9 1,036 12.7 4,821 58.9 5 0.1
(26.8) (2.1) (0.5) (3.4) (15.8) (0.0)
By screening modality: women'
CA-125 888 567 63.9 349 39.3 0 0.0 103 11.6 125 14.1
(3.0) (1.9 (1.2) (0.0) (0.4) (0.4)
TVU 2,310 745 323 1,394 60.4 1 0.0 677 29.3 874 37.8
(7.8) (2.5) @.7) 0.0) 2.3) (3.0
CXR 5,531 2,907 52.6 1,498 271 56 1.0 93 1.7 40 0.7
(16.3) (8.6) (4.4) 0.2) 0.3) 0.1
FSG 5,239 321 6.1 151 2.9 906 17.3 3,072 58.6 7 0.1
(17.2) (1.1) (0.5) (3.0) (10.1) (0.0)
CA-125 = cancer antigen 125; CXR = chest radiograph; DRE = digital rectal examination; FP = false positive; FSG = flexible sigmoidoscopy; PSA = prostate-specific anti-
gen; TVU = transvaginal ultrasonography.
Note: These percentages reflect only the subset of diagnostic procedures directly caused by a false-positive result; they do not include procedures associated with a
true-positive or negative.
2 Example: simple endoscopy with conscious sedation (see Table 1 for the complete list of procedure classifications).
b Example: tissue removal, more involved instrumentation, or general anesthesia, including laparoscopy.
< Example: prostatectomy, or laparotomy with colectomy or oophorectomy.
4 Percentage among participants in the intervention arm that took at least 1 screening examination.
¢ Percentage among participants in the intervention arm that received at least 1 false-positive examination (change in denominator). This percentage (and the accom-
panying crude numbers) does not include procedures that resulted in a true positive (diagnosis of cancer).
In each case, the denominator is the total number of participants taking examinations for a given screening modality; this number varied depending on differences in
compliance with different tests.
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1 false-positive result in the 14 tests is displayed in
Figure 2, panel A. The exact estimates and 95% confi-
dence intervals for each test number (t) can be found in
Supplemental Table 1, available online at http:/www.
annfammed.org/cgi/content/full/7/3/212/DCI1.
When comparing individual screening modali-
ties, flexible sigmoidoscopy accounted for the high-
est cumulative false-positive risk: 41.8% (95% CI,
40.9%-42.7%) for men and 29.2% (95% CI, 28.3%-
30.0%) for women after 2 examinations. Chest radio-
graph accounted for the next highest false-positive
risk, with a 22.3% (95% CI, 21.4%-23.2%) probability
after 4 tests for men and a 21.5% (95% CI, 20.6%-
22.4%) probability for women. The cumulative risks
of receiving at least 1 false-positive result by screen-
ing modality is displayed in Figure 2, panel B. The
exact estimates and 95% confidence intervals for each
test number (t) can be found in Supplemental Table

2, available online at http://www.annfammed.
%“; org/cgi/content/full/7/3/212/DCI1.

Cumulative Risk of an Invasive Diagnostic
Procedure Resulting from a False-Positive Result
For a woman the cumulative risk of undergoing a
false-positive—prompted invasive diagnostic proce-
dure* is 12.3% (95% CI, 11.8-12.8%) after 4 tests,

and 22.1% (95% CI, 21.4%-22.7%) after 14 examina-
tions. For men, the risk is slightly higher: 17.2% (95%
Cl, 16.7%-17.6%) after 4 tests, and 28.5% (95% ClI,
27.8%-29.3%) after 14 examinations. Sensitivity analy-
sis confirmed similar percentages: for women, the risk
after 14 tests is 20.6% (95% CI, 20.4%-20.9%); for
men, 27.5% (95% CI, 27.2%-27.9%). The cumulative
probability of receiving at least 1 invasive diagnos-

tic procedure is displayed in Figure 3, panel A. The
exact estimates and 95% confidence intervals for

each test number (t) are shown in Supplemental Table

3, available online at http://www.annfammed.
%“; org/cgi/content/full/7/3/212/DCI1.

We also compared cumulative risks of false-
positive—prompted invasive diagnostic interventions
by individual modalities. Flexible sigmoidoscopy
accounts for the greatest probability of a false-posi-
tive—prompted invasive diagnostic procedure: a 30.1%
(95% CI, 29.2%-31.1%) probability after 2 tests for
men, and a 22.1% (95% CI, 21.2%-23.0%) probability
for women. A false-positive transvaginal sonogram
is associated with the next highest risk, with a 6.7%
(95% ClI, 5.6%-7.7%) probability after 4 tests. The
probability of receiving at least 1 invasive diagnos-

*Invasive categories were previously defined as minimally invasive procedure, mod-
erately invasive procedure, or major surgical procedure. These categories exclude
repeated screening examinations, chart reviews, physical examinations, and basic
radiographic imaging.

tic procedure by screening modality is displayed in
Figure 3, panel B. The exact estimates and 95% con-
fidence intervals for each test number (t) are shown
shown for all modalities in Supplemental Table 4,
available online at http:/www.annfammed.
org/cgi/content/full/7/3/212/DCI1.

DISCUSSION

The cumulative risk of an individual obtaining a false-
positive result in a multimodal screening program
increases with number of screening tests; by the 4th
screening test—which in the PLCO trial would mean
the end of day 1—the risk is about 37% for men and
26% for women. By the 14th test, the risk is approxi-
mately 60% and 49% for men and women. The risk
of undergoing any false-positive—prompted invasive
diagnostic procedure is about 17% for men and 12%
for women after 4 tests, and 29% for men and 22% for
women after 14 screening tests.

Historically, recommendations for individual
screening modalities have varied and will likely con-
tinue to vary across health care systems. The overarch-
ing principle shown by this study, however—that of
rapidly increasing cumulative false-positive rates asso-
ciated with multiphasic screening—remains important
and underappreciated when recommending screening.
To our knowledge, this study is the first to use ran-
domized trial data to estimate the general magnitude
of false positives that might be expected with a multi-
modal screening program; the fundamental approach
and techniques used in this work should be applicable
across a wide range of screening regimens.

The PLCO trial does not include an evaluation of
mammography; however, as this modality is in wide-
spread use, the associated false-positive rates are of
clear importance to women and clinicians. Elmore et
al estimated the cumulative incidence of false positives
associated with mammography to be 49.1% after 10
examinations.'* To put this estimate in context with our
own findings, the cumulative incidence of a false-posi-
tive mammogram was estimated at approximately 18%
after 3 examinations (the maximum number that would
have been observed during our study's timeframe).
Although this percentage is not directly additive to
our cumulative incidence curve, it is a mathematical
certainty that adding another testing modality would
increase the final risk of obtaining at least 1 false posi-
tive for women.

Our study was a test-to-event rather than time-to-
event analysis: we included any participant who took
at least 1 screening examination sometime during the
course of the 3 rounds (or 14 possible tests), and we
analyzed the test results by total number rather than
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Figure 2. Cumulative probability of a false-positive result for a multimodal cancer screening regimen.

Panel A shows the cumulative probability of receiving at least 1 false-positive screening test, for men and women, all modalities combined, over the course of 14 tests.?
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Panel B shows the cumulative probability of receiving at least 1 false-positive screening test, for men and women, by individual screening modality (maximum number
of tests per screening modality was 4).>°
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CA-125 = cancer antigen 125; CXR = chest radiograph; DRE = digital rectal examination; FSG = flexible sigmoidoscopy; PSA = prostate-specific antigen; TVU = trans-
vaginal ultrasonography.

?Lines correspond to labels as ordered top to bottom in legend.
> Note change in y-axis scale.
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Figure 3. Cumulative probability of receiving an invasive diagnostic procedure® as a direct result of a
false-positive test in a multimodal cancer screening regimen.

Panel A shows the cumulative probability of receiving at least 1 invasive diagnostic procedure as a direct result of a false positive, for men and women, all modalities
combined, over the course of 14 tests.?
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Panel B shows the cumulative probability of receiving at least 1 invasive diagnostic procedure as a result of a false positive, for men and women, by individual screen-
ing modality (maximum number of tests per screening modality was 4).><

45

el FSG: Men

40 )= FSG: Women
e TVU: Women

= «@- = PSA: Men

30 ey DRE: Men

- == CA-125: Women

35

25

- == CXR: Women
/ / CXR: Men
20

Cumulative Incidence (%)

1 2 3

Test number (t)

CA-125 = cancer antigen 125; CXR = chest radiograph; DRE = digital rectal examination; FSG = flexible sigmoidoscopy; PSA = prostate-specific antigen; TVU = trans-
vaginal ultrasonography.

#Invasive diagnostic procedures are defined by 3 categories: minimally invasive (example: simple endoscopy with conscious sedation); moderately invasive (example:
involving tissue removal, more invasive instrumentation, or general anesthesia (including laparoscopy); and major surgical procedures (example: prostatectomy, or
laparotomy with colectomy or oophorectomy). See Table 1 for the complete list of procedure classifications.

bLines correspond to labels as ordered top to bottom in legend.
<Note change in y-axis scale.
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by time elapsed to allow for appropriate handling of
missing tests while maximizing the use of available
data. Individuals in the intervention arm who received
no screening examinations were not included in the
results: we chose this approach because we believe it
to be most accurate and informative for the real-world
scenario of a patient visiting a clinic with the intention
of being screened and who wants to understand the
risks involved if he or she undergoes at least some pro-
portion of a multiphasic program of screening.

Additionally, not all participants received all 14
tests; as a result, the calculated false-positive cumula-
tive incidence curves may underestimate true false-
positive rates for a multiphasic screening program with
100% compliance. We believe, however, that the popu-
lation included in this analysis—with good but not
perfect compliance—and the cumulative risks obtained
from this population best approximate what could be
expected in real-world practice.

Because a given individual could receive a different
screening modality at each point along the cumulative
risk curves, the curves show the general accumulated
burden better than they serve as precise indicators
of risk at a given time. That is, the curves provide
rule-of-thumb estimates at the point of each screening
examination taken (t), but most accurately predict exact
percentages at the end of the first day of screening and
once all of the tests have been undergone (at t= 14).
The curves provide rough approximations of time-
to-event: if all tests are taken according to protocol,
estimated rates at t =4 are equivalent to the end of day
1 of testing, rates at t =7 are equal to year 1 of testing,
rates at t = 10 are equal to year 2 of testing, and rates at
t =14 are equal to year 3 of testing. Our methods, how-
ever, maximize the use of available data from variably
compliant individuals and analyze tests by total number
rather than elapsed time. For that reason, it is more
accurate to interpret results by final number of tests
taken than by years within the screening program.

A steep rise in the cumulative risk for false-posi-
tive examination results can be seen during the initial
screening session (tests 1 to 4, Figure 2, panel A)
There is likely to be a subset of healthy individuals in
the general population who do not have cancer but
chronically express a benign abnormality detectable by
blood test, radiographic test, or endoscopy. Upon ini-
tial screening, these individuals would likely have been
immediately evaluated further, and once a false positive
was identified, these individuals did not contribute fur-
ther to the overall multimodal risk curve.

The classification of follow-up procedures into 3
categories is subjective in that the diagnostic tests
performed were widely disparate; different clinicians
may have conflicting opinions about what relegates a

procedure to a minimally or moderately invasive cat-
egory. For this reason, we have presented the full list of
procedures and how they fit in our own classification
system for the sake of transparency.

Clinicians may have varying thresholds for what they
consider a true- vs false-positive result. Some researchers
currently estimate a 5- to 15-year lead-time for PSA and
prostate cancer.’® Our study used a standardized 3-year
negative follow-up period across all modalities to define
a false positive; we did not feel it appropriate, absent
definitive knowledge, to vary the time-interval criteria
for a false positive by individual modality.

In the case of colorectal cancer, as previously
noted, some clinicians argue that any adenoma, regard-
less of size, should be considered a true-positive result.
We performed a sensitivity analysis to examine the
effect that including any adenoma would have on
false-positive rates in the PLCO trial. The percentage
of men receiving false-positive flexible sigmoidoscopy
results using this broader definition changes from
26.8% to 20.2%, and for women, from 17.2% to 13.5%.
(In this situation, the remaining false positives encom-
passed such findings as inflammation, hyperplastic
polyps, or a lack of demonstrable lesion on diagnostic
follow-up.) The percentage of participants receiving at
least 1 false positive of any modality shifts from 43.1%
to 39.5% (for men, 50.9% to 46.6%; for women, 35.3%
to 32.3%). If, conversely, the definition of a true-posi-
tive is restricted to overt cancer only, as some PLCO
investigators favored, the percentage of men receiving
at least 1 false-positive flexible sigmoidoscopy result
increases to 30.3%; in women, 19.3%. For all modali-
ties combined, the absolute percentage of participants
receiving at least 1 false positive rises to 45.2% (men,
53.5%; women, 36.8%). Establishing a threshold for
referral to colonoscopy after abnormal flexible sig-
moidoscopy is complex. Randomized trials in Europe
used biopsy at the time of flexible sigmoidoscopy to
assist in triaging patients to reduce the number sent for
colonoscopy,?'3? an approach not used in the PLCO
trial.3* Ultimately, understanding the benefit of a
higher compared with a lower rate of referral for colo-
noscopy after flexible sigmoidoscopy must await the
outcome of the randomized trials.

Since the PLCO trial began, the use of flexible
sigmoidoscopy in the United States has become less
common, while the use of screening colonoscopy has
increased substantially with the introduction of Medi-
care reimbursement coverage for this procedure.? The
Centers for Disease Control and Prevention estimates
that approximately 2.8 million flexible sigmoidoscopy
examinations were performed in 2002; flexible sig-
moidoscopy also remains a recommended screening
modality by many professional organizations, including
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the US Preventive Services Task Force and, jointly, the
American Cancer Society, the US Multi-society Task
Force on Colorectal Cancer, and the American College
of Radiology.?*"¥ Because colonoscopy allows evalu-
ation of more of the total area of the colon than does
flexible sigmoidoscopy (and thus, has the potential to
discover more abnormalities of uncertain significance),
it is likely that substituting this modality would have
increased the cumulative incidence of false positives.
Our observed flexible sigmoidoscopy false-positive rate
could thus be considered a conservative estimate of the
false-positive risks for colonoscopy.

The rate of prostatic biopsy follow-up (ie, the
percentage of moderately invasive procedures) for
abnormal PSA results may appear low to some in the
urologic community (44%). This percentage does not
include men whose prostatic biopsies resulted in a
diagnosis of cancer (ie, true positives), and thus it rep-
resents only a fraction of the total number of biopsies
performed in the PLCO trial. Our cutoff point for an
abnormal PSA was 4 ng/mL; however, because there is
no absolute value below which a man can be assured
he does not have prostate cancer,® some researchers
and clinicians have used lower cut-points for screening
(between 2.5 to 4 ng/mL). Attempting to increase sen-
sitivity in this manner would likely increase the cumu-
lative false-positive rates we report here.

Our study has several limitations. The PLCO trial
examines a series of cancer screening tests, but not
all of these modalities are used by a majority of the
public. Nevertheless, all have been publicly advocated
at one time by professional organizations or advocacy
groups. The trial participants may not be entirely rep-
resentative of the general population in that by agree-
ing to join a long-term cancer screening trial, they
may be more involved in health promotion activities
and may have higher screening compliance rates than
nonparticipants.*

The false-positive and diagnostic follow-up rates
found in this study have important practical implica-
tions, especially given that the study was limited to 4
rounds of screening examations. Most formal screening
recommendations are open-ended; none advise stop-
ping after 4 rounds. Given the rate at which false-posi-
tive results can accumulate in multimodal screening
programs and the potential iatrogenic burden these
regimens can generate in healthy individuals, we pro-
pose that future guidelines begin determining risk-ben-
efit equations for entire screening regimens rather than
continuing to evaluate individual tests separately.

This study has developed a clearer picture in a
previously unexplored aspect of burden and risks asso-
ciated with scheduled multimodal cancer screening
programs.

The benefit of regular combined-modality cancer
screenings in reducing mortality is not yet known; we
will not have that information until the conclusion of
the PLCO trial. Physicians and patients must therefore
examine the balance of known risks vs potential bene-
fits to determine the most appropriate course of action
for each individual.

To read or post commentaries in response to this article, see it
online at http:/lwww.annfammed.orgl/cgilcontent/full/7/3/212.
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