PROTEOMICS

The characterization and
quantification of proteins and
protein systems. Proteomics
methods allow for the
comparison of patterns of
proteins isolated from bodily
fluids or cells, in normal versus
diseased subjects.
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THE CASE FOR EARLY DETECTION

Ruth Etzioni, Nicole Urban, Scott Ramsey, Martin Mclntosh, Stephen Schwartz,
Brian Reid, Jerald Radich, Garnet Anderson and Leland Hartwell

Early detection represents one of the most promising approaches to reducing the growing cancer
burden. It already has a key role in the management of cervical and breast cancer, and is likely to
become more important in the control of colorectal, prostate and lung cancer. Early-detection
research has recently been revitalized by the advent of novel molecular technologies that can
identify cellular changes at the level of the genome or proteome, but how can we harness these
new technologies to develop effective and practical screening tests?

Cancer exacts a tremendous toll on society. In addition
to the devastating effects on patients and their families,
the economic costs of cancer are enormous, both in
terms of direct medical-care resources for its treatment
and in the loss of human capital due to early mortality.

The concept of early detection — finding tumours
early, before they spread and become incurable — has
tantalized cancer-control researchers for many years.
Until now, however, relatively few early-detection
approaches have proven sufficiently effective and practi-
cal for mass use. Recent advances in genomics and
proTEOMICS have altered the landscape of early detection,
promising to vastly expand the pool of potentially useful
screening tests.

In this article, we provide a rationale and a plan for
early-detection research in the post-genome era. In
doing so, we address three primary questions: why do
we need early detection and what does it offer that other
cancer-control approaches do not; what are the require-
ments for early detection to be effective and practical,
and why do most tests that are in use at present fail to
satisfy these requirements; and what kinds of studies
must be conducted to fully and accurately evaluate the
many emerging candidates for cancer screening tests?

Why do we need early detection?

Therapies for advanced cancers are elusive. Advances in
cancer treatment and improvements in cancer out-
comes over the past few decades have been modest,
despite significant investment in cancer research. A great
deal of research is invested in improving treatment for
advanced disease, because most people who develop

cancer have advanced disease at the time of diagnosis.
For example, among those with lung, colorectal and
breast cancers in the United States, 72%, 57% and 34%,
respectively, have regional or distant spread of their
disease at the time of diagnosis*. With a few notable
exceptions (mostly childhood cancers), survival rates for
people diagnosed with advanced cancer have changed
little over the past 20 years. FIGURE 1 shows the survival
rates for persons diagnosed from 1973 to 1997 with dis-
tant, regional or distant, and localized lung, breast,
prostate and colorectal cancer. Only modest gains in
survival have occurred over the past few decades, partic-
ularly for those with distant metastases at the time of
diagnosis. The data also illustrate the poor survival that
is typical of advanced cancer. By contrast, as shown, sur-
vival is relatively good when these cancers are diagnosed
at an early stage*.

A tremendous amount of public and private research
is directed, at present, at finding potentially curative ther-
apies for advanced cancer, and translating these findings
into benefits for patients. These efforts include research
to identify molecular targets and to develop new thera-
peutics, and clinical trials to evaluate new therapeutics
and combinations of standard therapeutics. This
research is vitally important, but there is little evidence
that the historical pattern of modest, incremental gains
in survival among patients with disseminated disease
will be improved. Indeed, a key insight provided by use
of new molecular technologies for cancer — such as
expression array analysis and protemic profiling — is
that we have greatly underestimated the heterogeneity of
the disease. This knowledge can be expected to lead to a
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Summary

* The promise of early detection is that it will identify cancer while still localized and
curable, preventing not only mortality, but also reducing morbidity and costs.

+ Cervical cancer is a historical illustration of the promise of early detection; countries
with broad screening programmes have markedly reduced disease-related deaths.
However, the efficacy and practicality of screening tests for most other cancers remain

controversial.

* The advent of new technologies — including transcript (gene-expression) analysis,
genomic DNA-based methods and proteomics — offer many new opportunities for
developing biomarker-based tests that are less expensive and more accurate than

existing screening tests.

* To develop and fully evaluate a new screening test requires attention to all phases of
biomarker development, including identification of promising biomarkers,
production of assays that can detect both clinical and pre-clinical disease, development
of tests that combine sensitive biomarkers to achieve greater diagnostic accuracy, and
evaluation of the impact of the tests on disease mortality and costs.

+ With many potential biomarkers in the early-detection pipeline, it will be important to
develop strategies for evaluating the benefits and costs of biomarker-based tests within

areasonable time frame.

* The dissemination of screening tests that have been inadequately evaluated can have
grave consequences, including invasive follow-up of healthy individuals, morbidity
from unnecessary treatment and vastly increased costs to the medical system.
Although randomized screening trials remain the ultimate test of screening efficacy in
preventing disease-specific mortality, it will be important to develop these and other
analytical approaches so that inferences about screening costs and benefits can be
made in an efficient and timely fashion.

FALSE-NEGATIVE RATE
The proportion of diseased
subjects that test negative.

FALSE-POSITIVE RATE

The proportion of non-diseased
(healthy) subjects that test
positive.

OVERDIAGNOSIS

The detection by screening of
disease that, in the absence of
screening, would not have been
diagnosed within the lifetime of
the patient.

SIGMOIDOSCOPY

Atest that is used to detect colo-
rectal cancer. A thin, flexible,
hollow tube (sigmoidoscope) is
inserted into the rectum for
imaging of the lower part of the
colon and rectum.

COLONOSCOPY

Similar to sigmoidoscopy, but
examines the entire length of
the colon.

partitioning of cancer treatment research into more nar-
rowly defined indications. As a result, incremental gains
might ultimately be realized for increasingly narrowly
defined cancer subpopulations, such as trastuzumab
(Herceptin) for women with ERBB2 (also known as
HER2/neu)-positive breast cancer. Moreover, the genetic
instability of invasive cancer means that combinations of
agents will probably be required to prevent a cell from
developing resistance to the targeted therapeutics, and
this further complicates their development. The public’s
hope that scientists will find organ-wide ‘cures’ seems
even less likely today than it did 20 years ago.

These observations are not meant to argue for an
end to molecular therapeutics, but rather to indicate
that the plethora of new specifically targeted therapeu-
tics promised by full genome analysis will be decades in
coming. It is noteworthy that most patients are, at pre-
sent, still treated with nonspecific cytotoxic agents and
that most of the new targeted agents that are being
developed by pharmaceutical companies are directed
against a small number of targets.

Early detection — an alternative approach. Cancer is a
heterogeneous disease. Even within a single cancer site,
tumours can show markedly different behaviours and
can be associated with widely varying prognoses.
However, one observation transcends disease type and
site for practically all cancers: cancers detected at
advanced stages are far more likely to cause death than
those detected while the cancer is still confined to the
organ of origin. As shown in FIG. 1a,band d — lung
cancer is the exception (FIG. 1c) — survival is excellent

for the main cancers when early-stage disease is treated
with existing therapies. It is possible that a significant
fraction of the overall improvement in cancer out-
comes over the past decade is attributable to earlier
diagnosis and prevention.

The potential impact that combining current thera-
pies with effective early detection would have on sur-
vival is significant, as outcomes are much improved
when treatment is applied to disease that is confined to
the organ of origin. There are two ways to consider the
significance of early detection. For the fraction of
patients who would currently not have been identified
until their disease was advanced, the benefit of early
detection is profound (FIG. 1). For the overall population,
shifting all cases to early detection would have a signifi-
cant impact on overall cancer mortality and economic
burden (TABLE 1). Tests that can detect precursor lesions
or in situ disease hold even more promise, namely the
possibility of eliminating the invasive condition entirely
and with it the burden of the disease. An example of this
being done successfully is that of cervical cancer (8ox 1).

Criteria for effective early detection

The World Health Organization has enumerated condi-
tions for early detection to be an appropriate disease-
control approach. First, the disease must be common
and associated with serious morbidity and mortality.
Second, screening tests must be able to accurately detect
early-stage disease. Third, treatment after detection
through screening must have been shown to improve
prognosis relative to usual diagnosis. Finally, evidence
must exist that the potential benefits outweigh the
potential harms and costs of screening?. The expecta-
tion that these conditions could be satisfied for many
cancers has made early detection a topic of intensive
research for the past several decades.

For early detection to be an effective and practical
approach, screening tests must satisfy four basic
requirements. First, screening tests should be able to
distinguish healthy individuals from cancer cases
with a high degree of accuracy, showing both low
FALSE-NEGATIVE and |ow raLse-PosITIVE RATES. Second,
detection should be possible before the disease pro-
gresses to an advanced stage, when treatment is less
effective. Third, screening or formal diagnostic tests
should ideally allow differentiation between lesions
that are aggressive, requiring treatment, and those
that ultimately will do no harm, avoiding the prob-
lem of overbiacNosis. Fourth, tests should be inexpen-
sive and well accepted by the population that is
targeted for screening.

Although screening tests are in use for a range of
cancers, almost none of the available tests satisfy all of
these requirements. For instance, in the case of col-
orectal cancer screening, many guidelines recommend
SIGMOIDOSCOPY OF coLoNoscopry, Which are neither in
expensive nor well accepted because of the time and
discomfort involved as well as the risk of adverse out-
come. Biomarkers that are in use, at present, for ovar-
ian cancer screening — primarily CA125 — have
false-positive rates that lead to an unacceptably high
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SENSITIVITY
The proportion of diseased
subjects that test positive.

SPECIFICITY

The proportion of non-diseased
(healthy) subjects that test
negative.

PROSTATE-SPECIFIC ANTIGEN
(PSA). A glycoprotein that is
produced primarily by the
epithelial cells of the prostate
gland. PSA levels in serum
are generally low but increase
in most patients with prostate
cancer.

GENE-EXPRESSION ANALYSIS
The measurement of the
expression of thousands of
genes simultanously.
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Figure 1 | Relative survival (5 year or 10 year) among cancer cases diagnosed with distant, regional or distant, and
localized disease by year of diagnosis. a | Breast cancer; b | colorectal cancer; ¢ | lung cancer; d | prostate cancer. Source:
Surveillance, Epidemiology and End Results (SEER)!. Stage is SEER historic stage.

ratio of surgeries conducted (for confirmation of dis-
ease) to cancers detected and fail to identify many
early-stage cancers®. Similarly, tests that have been
evaluated for lung cancer screening show poor sensi-
nivity and seeciFicity and do not identify tumours suffi-
ciently early to affect prognosis. Recent findings have
indicated that helical computed tomography screen-
ing (spiral CT) might significantly improve on older
modalities for the early detection of lung cancer*s, but
there are grave concerns about its costs®”. In prostate
cancer screening, the prostate-speciFic aNTIGeN (PSA)
test carries a non-trivial risk of overdiagnosis due to
the test’s inability to clearly differentiate indolent cases
from more aggressive cancers®.

New technologies, such as GENE-EXPRESSION ANALYSIS
and serum proteomics, have already produced
hundreds of potential biomarkers for detecting and

classifying cancers. Some of these biomarkers lead
directly to novel diagnostics that promise to over-
come the deficiencies of existing screening tests. For
example, a recent analysis of proteomic patternsin
the serum of ovarian cancer patients yielded a profile
that distinguished cancer cases from controls with
near-perfect sensitivity and specificity®. Similarly, sev-
eral biomarkers that have been identified through
expression array analysis have been shown to be pre-
dictive of the risk of biochemical recurrence (rise in
PSA levels) after initial treatment for prostate can-
cer®, Not only do these approaches promise new
models for disease discovery, but they could also
improve the future availability of multiple markers
for early detection, allowing more complete coverage
than ever before of the spectrum of diseases that we
call cancer (Box 2).
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Table 1 | Projected changes in survival with early detection

Cancersite  Tumours localized 5-year survival 5-year survival rate if
when detected (%) rate (%) all tumours were localized
when detected (%)
Colorectal 41 64 90
Lung 19 16 49
Breast 65 87 97
Prostate 65 90 100

Based on data from SEER*for cases diagnosed between 1990 and 1999 inclusive. Cases with
in situ or unstaged disease have been excluded. The favourable overall 5-year survival among breast
and prostate cancer patients is partly due to the prevalence of screening for these cancers during the

calendar years considered.

PAPANICOLAU (PAP) SMEAR
An exfoliative cytological
staining procedure that can
detect premalignant and
malignant changes in the
cervical epithelium and that is
named after its founder.

HUMAN PAPILLOMAVIRUS
(HPV). Avirus that causes
genital warts. It has also been
shown to cause cervical cancer.

Early-detection studies

The challenges faced by early-detection researchers
could be classified in terms of the steps that are required
to produce a useful population screening test: discovery,
development and evaluation.

Discovery is the process by which candidate genes,
proteins, antigens or imaging tools are identified.
Novel technologies for measuring gene and protein
expression have produced two powerful new
approaches for identifying biomarkers. The first
approach identifies genes or proteins that are either
overexpressed or underexpressed in most tumours of
a given type, as candidates for early-detection markers
(transcript or gene-expression analysis). The second
approach bypasses the analysis of tumour specimens
and searches the serum directly for protein signatures
that distinguish cases from controls (proteomics). At
present, transcript analysis is faster and more compre-
hensive than proteomics, and also avoids searching
through thousands of normal serum proteins that are
unrelated to disease. However, important protein dif-
ferences between cases and controls might result from
post-transcriptional regulation and disease signatures

Box 1 | Cervical cancer — a success story

that arise from non-tumour cells (for example, angio-
genesis or immune responses).

Although the studies published so far have gener-
ated enormous excitement, a great deal of further
investigation is required to move from a finding of dif-
ferential gene or protein expression to a clinically
viable screening test (development) and to conclu-
sively show that the test is effective and practical for
mass use (evaluation).

Pepe et al. have organized the types of studies that
are required into five phases, which we now describe*
(F1G. 2). Although the five phases are not necessarily
sequential, they are ordered according to strength of
evidence from weakest to strongest, and results from
earlier phases will typically be required to justify con-
ducting later-phase studies. This formalization of these
‘phases of biomarker development’ is fairly recent, and
standards for determining whether a test has success-
fully qualified to proceed to the next phase in the
sequence have not yet emerged. It is likely that, in the
future, fairly diverse groups — including academic
researchers, regulatory agencies and administrators
of biorepositories whose material is being requested
for study — will all be important in determining
whether new tests might be deemed sufficiently
successful to progress.

Phase 1: Preclinical exploratory studies. Most of the
molecular studies that have been conducted so far
have been Phase 1 studies that evaluated the expres-
sion of thousands of genes or proteins in tumour and
comparable healthy organ tissue to identify candidates
for early detection. However, new proteomics tech-
nologies will allow discovery to be performed directly
in fluids of interest, such as serum or urine, which
will greatly facilitate the process of early-detection
biomarker research.

Cervical cancer provides an excellent example of the power of early detection, and subsequent treatment, in reducing
the burden of cancer. At the beginning of the twentieth century, mortality due to invasive cervical cancer was among
the highest for women. By the middle of the twentieth century, pathologists had shown that the natural history of
cervical cancer progressed through stages of increasingly severe cervical intraepithelial neoplasia, and that these stages
could be identified histologically using exfoliated cells. The elucidation of the natural history of cervical neoplasia led
to the development of the ‘PAp sMEAR’, and the subsequent introduction of programmes and policies in developed
countries to implement widespread early detection of pre-neoplastic cervical lesions in populations®®. Since 1950, there
has been an approximately 70% decline in the incidence of, and mortality due to, invasive cervical cancer in the United
States®*, In developing countries where Pap smear screening is not widespread, cervical cancer remains a major
public-health problemS:.

Cervical cancer also illustrates the potential power of using molecular tests to enhance both the accuracy and
dissemination of early detection. The reading of Pap smears requires expensive cytotechnologists and/or computers that
are beyond the economic means of the developing countries that now bear the highest burden of years of life lost to
cervical cancer, but Pap smears are performed on millions of women each year, even in developed countries, so a large
number of both false-negatives and false-positives occur 2. The development of molecular methods to augment, or
possibly replace, Pap smears has been spurred by the recognition that cervical neoplasia is caused by persistent infection
by oncogenic HuMAN PapILLOMAVIRUSES (HPVS)%263, Since the late 1990s, studies have shown that relatively inexpensive,
easy-to-use, molecular tests for the presence of HPV can be performed on cervical swabs collected either by a
practitioner or by awoman herself, and will detect pre-invasive cervical cancer with higher sensitivity and no (or slight)
loss of specificity in comparison to Pap smears®264-66,
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T-TEST

A statistical procedure for
comparing measurements in
two groups or samples. The
result of a t-test provides an
assessment of the difference
between the average value in
each sample relative to the
variability in the two samples.

RECEIVER-OPERATING
CHARACTERISTIC (ROC) CURVE
A graph of the false-negative rate
versus the false-positive rate
corresponding to a biomarker-
based test, as the threshold
biomarker level (or cutoff) for
declaring the test positive varies.

CLUSTER ANALYSIS

A technique for grouping a
collection of objects into subsets
or clusters such that those within
each cluster are more closely
related to one another than are
objects assigned to different
clusters.

SUPPORT VECTOR MACHINES
A technique for separating data
points into classes. Support
vector machines derive
nonlinear boundaries to
optimally separate clouds of
points.

ELISA

(Enzyme-linked
immunosorbent assay). A widely
used technique for determining
the presence or amount of
protein in a biological sample,
using an enzyme that bonds to
an antibody or antigen and
causes a colour change.

SELDI-TOF

(Surface-enhanced laser
desorption — time of flight). A
method for profiling a
population of proteinsin a
sample according to the size and
net electrical charge of the
individual proteins. The position
of an individual protein in the
spectrum produced corresponds
to its ‘time of flight’ because the
small proteins fly faster and the
large proteins fly more slowly.

Box 2 | The use of multiple markers

In the future, cancer screening tests will probably combine the results of multiple diagnostic tests or biomarker assays
with prior testing histories and patient-specific risk factors. Recent advances in quantitative methods use all of this
information to identify individuals with positive test results who are most in need of surgical intervention, referral to
imaging or early recall.

The ability to optimally combine information on multiple markers is important because single markers typically lack
the sensitivity and specificity that is necessary for useful mass screening. The power of combining multiple markers has
been recognized for some time®™-%°. For example, in prostate cancer, the need to reduce false-positive rates that are
associated with prostate-specific antigen (PSA) screening prompted an extensive study of the ways to combine total PSA
with information about its complexed and free isoforms™-"3. Until recently, quantitative approaches to identify optimal
combination tests were informal and suboptimal, but several statistical studies have now addressed this problem"".

Taking biomarker behaviour over time into account can also greatly improve test performance. In prostate cancer, PSA
velocity is commonly used as an adjunct to absolute PSA level to determine whether prostate biopsy is warranted.
Similarly, in ovarian cancer, longitudinal algorithms that base test results on prior and present marker levels have been
shown to improve sensitivity and specificity relative to tests based on a single observation&2,

In translating biomarker discoveries from the laboratory to the clinic, diagnostic performance can be further enhanced
by interpreting test results in context — that is, by taking into account information that is specific to the patient, including
clinical indicators, patient risk factors and screening histories. For example, screening for prostate cancer is improved by
formally combining results of digital rectal examination (DRE) and PSA in combination with race and age. All four of the
variables contribute significantly to the prediction of cancer at biopsy in an individual patient®. Basing the screening
decision on formal combinations of all relevant information can improve both the sensitivity and specificity of a screening
intervention, and so can control costs as well as save lives’®L.,

Quantitative methods for Phase 1 studies are an
area of active development. Data produced by high-
throughput technologies present special challenges
because of their high dimensionality, typically yielding
expression levels for thousands of genes or proteins.
Retaining a low false discovery rate while identifying
promising genes or markers becomes progressively
more challenging as the number of candidate markers
increases. In its generic form, this is simply a classifica-
tion problem; the goal is to differentiate accurately
between two groups by selecting from a collection of
candidate measurements, or patterns. In the case of
Phase 1 studies, however, this collection is typically
extremely large.

Several methods have been adapted from the statis-
tical and machine learning literature on classification
for the purposes of gene/biomarker discovery. For

Phase 1

Preclinical, exploratory | ————> Udentify promising markerﬂ
studies

Phase 2

Clinical assay Develop a test that can be
development ‘used in pratice

Phase 3

Evaluate the test on
tissue stored before
the cancer diagnosis

Retrospective studies
of stored specimens

Phase 4

Prospective screening Evaluate the extent of
studies detected disease and

false referral rate

Phase 5

‘ Cancer control studies ‘ —————> | Does the test reduce
the population burden
of disease?

Figure 2 | Phases of biomarker development. See REF. 11.

gene-expression studies, the simplest approaches
attempt to identify individual genes that are differentially
expressed in disease cases and healthy controls.
Candidate genes are effectively ranked according to some
summary statistic such as a r-test statistic or the area
uNder a RECEIVER-OPERATING CHARACTERISTIC (ROC) CURVE that
has been computed for each gene*?*%, Other approaches,
SUCh aS CLUSTER ANALYSIS O’ SUPPORT VECTOR MACHINES — @
technique adapted from computer science — identify
groups of genes that seem to discriminate between cases
and controls when used together -1,

As with gene-expression studies, protein expres-
sion or proteomics studies are also characterized by
high-dimensional continuous data — the sample
‘mass spectra’. Here, a blend of computational and
statistical methods has been found to be highly suc-
cessful in identifying relevant features of the molecu-
lar signature. A recent study combined statistical
clustering algorithms with computational optimiza-
tion algorithms and identified peaks from protein
mass spectra that provided excellent discrimination
between ovarian cancer cases and healthy controls®.

Phase 2: Assay development and validation. Phase 2
studies focus on the development of clinical assays to
measure markers in specimens that can be obtained
non-invasively, such as serum, urine or sputum. Once
a set of markers has been identified that correlates
with disease, assays can be developed that are more
efficient than those used for discovery. Many types of
test can be used, including antibody assays such as
‘sandwich’ eLisas to detect proteins in fluids, poly-
merase chain reaction tests to identify circulating
tumour cells, methylation tests and proteomic pro-
files, such as those produced by seLoi-tor. The goals
of Phase 2 studies are to develop clinical assays that
are reproducible within and between laboratories, to
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Figure 3 | Length bias and overdiagnosis in cancer
screening studies. The figure shows three hypothetical
cases progressing from healthy to preclinical (asymptomatic
but detectable by screening) disease, to disease with clinical
symptoms. The solid square indicates each case’s time of
death. Case 1 progresses relatively quickly through the
preclinical period and therefore has less of an opportunity to be
detected by screening than either case 2 or case 3. Screening
preferentially detects those patients with slower-growing
disease such as cases 2 or 3. Note that if case 3 is screen-
detected, this would be considered as an overdiagnosis; in the
absence of screening, his/her disease would never surface
clinically because death due to other causes would have
occurred prior to the end of the preclinical period.

confirm the correlation between these assays and the
corresponding Phase 1 studies, and to evaluate their
ability to discriminate between patients with clinically
established disease and population controls.

Phase 3: Retrospective, longitudinal studies. Phase 1 and 2
studies focus on discriminating between established cases
and healthy controls. However, to yield diagnosis at an
earlier stage, a screening test must be able to identify the
disease before it would become clinically apparent. Phase
3 studies therefore focus on biomarker measurements in
cases before diagnosis. To do this, Phase 3 studies rely on
the existence of repositories of clinical specimens, typi-
cally serum, that have been routinely collected and stored.
Samples obtained from individuals before they were diag-
nosed with the cancer of interest are compared with sam-
ples from healthy age-matched controls. Because the
cases’ samples have been obtained before their diagnosis,
they allow for the evaluation of biomarker levels during
the preclinical phase of the disease.

Phase 3 studies are vitally important because they
provide a window into the natural history of the disease
and how it relates to the measurement of the biomarker
under study. In the case of PSA screening, for example,
Phase 3 studies provided uniquely valuable information
about the amount of time by which measuring PSA
could advance prostate cancer diagnosis (the lead
time)Y’, and the sensitivity of the test'’, which is typically
impossible to infer from prospective screening studies.

Phase 3 studies are also important because they pro-
vide information on how marker levels change over
time in disease cases and in healthy individuals.
Knowledge of these patterns of change can be used to

develop tests that are both more sensitive and more spe-
cific than tests based on marker measurements at a sin-
gle point in time, Algorithms for using repeated
marker levels over time have been developed for
prostate!®? and ovarian cancer screening®?! and yield
markedly improved detection rates over single thresh-
old rules. However, developing these algorithms
requires the availability of serum drawn at different
intervals prior to clinical diagnosis of the disease.

Fortunately, some serum repositories already exist.
In the United States, these include the Women’s Health
Initiative (WHI), the Baltimore Longitudinal Study of
Aging (BLSA) and the Physicians’ Health Study (PHS).
The BLSA and the PHS have already been used for
Phase 3 studies of PSA and related biomarkers in
prostate cancer'’?2, However, developing and maintain-
ing additional repositories for Phase 3 studies is a vitally
important endeavour. Existing repositories cannot
accommodate all requests for specimen samples, and
the need for these resources will surely only increase as
more markers of disease are discovered.

Phase 4: Prospective screening studies. Phase 3 studies
can determine how long before normal clinical diagno-
sis a tumour marker might be able to detect disease, but
they cannot infer disease characteristics at this time.
Therefore, even if Phase 3 studies have shown that a
candidate marker detects a cancer early with a consider-
able lead time, prospective studies are necessary to
determine whether the marker is, in fact, able to detect
the disease while it is still localized. Prospective Phase 4
studies serve this purpose.

By prospectively screening an asymptomatic popula-
tion and rigorously following up individuals who test
positive, Phase 4 studies provide important information
about the prevalence of detectable disease in the popula-
tion and the test’s specificity. As a significant proportion
of screening costs arise from definitive follow-up for
positive results, a low false-positive rate is a prerequisite
for a screening test to be eligible for implementation in a
population setting. Phase 4 studies allow for the assess-
ment of whether a candidate marker passes this test
and provide information that can be used to develop
preliminary estimates of expected screening costs.

As most Phase 4 studies provide definitive follow-up
only in the case of a positive screening result, they cannot
produce unbiased estimates of test sensitivity. Estimating
test sensitivity requires knowledge of the proportions of
the study population with and without the disease at the
time of the test. This is only possible if all subjects are
definitively checked for the presence of disease — for
example, through biopsy. So, both Phase 3 and Phase 4
studies are required to fully determine the diagnostic
profile of a candidate screening test.

Phase 5: Cancer control studies. Phases 1-4 focus exclu-
sively on developing tests that are feasible for widespread
use and evaluating their diagnostic performance. Even if
a test performs well through to Phase 4, this does not
necessarily imply that the test will reduce the population
burden of disease in a meaningful way. It must be shown
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Figure 4 | Population studies of prostate cancer screening. a | Prostate cancer death rates in
the United States, where prostate-specific antigen (PSA) screening is common, have declined®.

b | But international studies of mortality trends across areas with differing PSA screening rates
show mixed results. The Table summarizes recent studies comparing prostate cancer mortality
rates in areas with low- versus high-PSA screening frequencies. The inconsistencies could be due
to a number of factors as well as lack of test efficacy, including the use of surrogate measures of
screening frequency, variability in population mortality statistics, and insufficient calendar time to
observe test efficacy in the population setting.

conclusively that interventions that are used as a
result of a positive test reduce mortality. In addition,
the test should be cost-effective when used to screen
the population. Phase 5 studies directly evaluate the
impact of screening on population disease morbidity
and mortality.

Phase 5 studies include randomized, controlled can-
cer screening trials, as well as a number of other study
designs that provide important supporting information
about the impact of a specific screening test on the pop-
ulation disease burden, including case—control studies,
computer modelling studies and population studies.
The goal of evaluation is to document or refute efficacy.
Evaluating early-detection interventions is extremely
challenging from an analytical point of view. By its very
nature, early detection affects the normal diagnosis of
disease. The impact of this is twofold.

First, early-detection advances disease diagnosis even
if itis not life-saving or prolonging. Consequently, sur-
vival after a fixed interval — for example, five years — fol-
lowing early-detection will always seem to be more
favourable than in the absence of early-detection.
Survival for a fixed interval — the most frequently used
cancer outcome — is therefore an unreliable indicator of
benefit when evaluating early-detection modalities. Other
measures that do not depend on survival from diagnosis
must be used in practice. This phenomenon is known as
lead-time bias.

Second, early detection is, in effect, a selection
process. Early-detection interventions selectively iden-
tify cancer cases from the preclinical population. Those
cases with longer preclinical durations are preferentially
identified through early-detection techniques (FIG.3).
This phenomenon, known as length bias, is perhaps the
greatest obstacle to the drawing of inferences about the
value of early detection from observational studies. As
an example, consider the recent, well-publicized find-
ings about screening for infant neuroblastoma. The
development of a simple, non-invasive and sensitive test
for infant neuroblastoma fuelled hopes that mortality
due to the disease could be markedly reduced. However,
a Canadian study that tested all infants born in Quebec
found no reduction in mortality over a 9-year period
even though the incidence of the disease doubled®. The
researchers concluded that the test was not finding the
dangerous cancers, but, instead, was finding tumours
that later would stop growing or even regress. This phe-
nomenon, known as overdiagnosis, might be thought of
as an extreme case of length bias.

Because of the difficulties in assessing early-detec-
tion interventions, the standard of evidence for efficacy
of a screening test is the randomized controlled trial
(RCT). The importance of RCT methodology in the
presence of uncertainty cannot be underestimated.
Only in the context of a randomized trial can the mor-
tality reduction due to screening be directly estimated
and the costs, including overdiagnosis, directly assessed.
However, the difficulties of randomized trials for evalu-
ating screening interventions are many. An early-detec-
tion RCT is extreme in many aspects — extremely time
consuming, extremely expensive and extremely vulnera-
ble to irrelevance due to either technological advance-
ment or adoption of the intervention by an impatient
clinical community and public. Additionally, screening
trials, like prevention trials, can only test a minimal
number of intervention strategies. Finally, screening tri-
als test interventions in a highly rigorous and controlled
environment. Prescribed screening protocols might not
always be faithfully implemented outside this setting. An
example of this is found in oesophageal carcinoma—a
highly lethal cancer with a mortality rate of more than
90% (REF. 24). Although Barrett’s oesophagus is a known
precursor to oesophageal adenocarcinoma, most
patients with Barrett’s oesophagus do not progress to
cancer?>28, Specialty centres with multidisciplinary
expertise have established rigorous standards for endo-
scopic biopsy surveillance of Barrett’s oesophagus
patients?-%, Surveillance programmes that do not meet
these standards seem unable to consistently detect can-
cers at an early, curable stage?*L. Although in the case of
oesophageal carcinoma, research to develop more accu-
rate and efficient screening biomarkers is ongoing, the
point remains that screening interventions as they are
implemented in practice might not yield quite the same
benefits as those observed in a clinical-trial setting.
Conversely, as in the case of breast cancer, technology
improvements in the years following screening trials
might actually lead to greater benefits being realized in
practice than were observed in the trial setting.
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Box 3 | The economics of cancer screening

The economic burden of cancer is enormous. In the United States, the overall costs of
cancer in the year 2002 have been estimated at US $171.6 billion — US $60.9 billion for
direct medical costs, US $15.5 billion for indirect morbidity costs (lost productivity due
toillness) and US $95.2 billion for indirect mortality costs (cost of lost productivity due
to premature death)®. Cancer treatment is one of the fastest-growing cost segments of
the health economy, even accounting for the rising prevalence of cancer in an ageing
society. So, acknowledging the successes that have occurred in treatment, early detection
holds great potential for reducing the economic burden of cancer, as it can reduce both
the direct and indirect losses.

Cost-effectiveness analysis (CEA) is valuable to decision-makers who must choose
between alternative health interventions, given a limited health expenditure budget®.
Indeed, cost-effectiveness has become an “important, even crucial, part of health policy
decision-making™’. The goal of CEA is to select a single ‘best’ intervention among
competing strategies; that is, the strategy that yields the greatest incremental health
benefits per additional dollar spent. CEA is useful for the evaluation of screening,
particularly when several alternative screening interventions exist, each varying in
efficacy, safety, discomfort and expense.

Cost-effectiveness is commonly expressed as the ratio of costs per life year (LY) saved,
either with or without adjustment for quality of life. In the case of cancer screening, the
cost-effectiveness of a particular screening strategy — in this case, strategy A— can be
expressed by the following formula:

Cost-effectiveness B C strategyA — C strateqyB
LY strategyA —LY strategyB

in which CstrategyA and CstrategyB are the expected costs per patient of the alternative
screening programmes, including post-diagnosis treatment costs, and LYstrategyA and
LYstrategyB are the expected LYs saved by the alternative screening programmes. Note
that strategy B might be a strategy of not screening at all. In general, an intervention is
considered to be cost-effective if the cost-effectiveness estimate is less than US $50,000
per life year saved.

Projecting the cost-effectiveness of a cancer screening intervention requires detailed
information on the cost of screening, including follow-up of positive results, the long-
term costs of cancer care, the sensitivity and specificity of the screening test, and the
impact of the test on survival.

Published cost-effectiveness projections for cancer screening interventions vary widely
due, in part, to uncertainty about these quantities, but also due to differing target
populations, screening strategies and modelling assumptions made by the investigators.

To explore reasons for the variability in published cost-effectiveness studies, Brown
and Fintor® compared two apparently similar studies of the cost-effectiveness of
screening mammaography — one from the United States® and one from The
Netherlands® — and documented reasons for their differing results (the United States
cost-effectiveness estimate was US $34,600 per LY saved; the Dutch estimate was
US $3,825). When both models were re-run under similar assumptions about screening
and biopsy frequency, as well as survival benefits and costs, the results were almost
identical. So, in interpreting the results of cost-effectiveness studies, it is important to be
aware of the model specifics and, in particular, the values assumed by the investigators
for intervention costs and assumed impact on survival.

Regardless of the difficulties, randomized screening
trials are fundamental to establishing the value of early
detection. From the societal perspective, implementa-
tion of an early-detection programme in the general
population — no matter how inexpensive the test —
would probably soon dwarf the costs of a randomized
trial. The time-consuming nature of RCTs and their
vulnerability to changes in the environment cannot be
avoided; these factors simply argue for the timely initia-
tion of these efforts and the need for clear support from
those who are most anxious for the results. In certain

cases, RCTs might be avoidable; for example, when
existing screening methods have already been proven to
be effective. In these special cases, it might be possible
to evaluate novel tests by comparing their diagnostic
performance with existing tests.

Other research methods continue to offer important
information both in support of RCTs and in expanding
our understanding of the value of screening beyond
what can be measured in RCTs. Non-randomized
approaches, such as epidemiological case—control stud-
ies, have been adapted for assessing the efficacy of can-
cer screening tests®2-#, Population studies and computer
models represent a growing body of work in this
area®%, Both case—control and population studies allow
for the evaluation of screening tests as they are imple-
mented in practice, as opposed to in a controlled setting,
thereby providing an assessment of public-health
impact. Development of surrogate end points for dis-
ease-specific mortality is also an important endeavour
with respect to the problem of timely evaluation of
screening interventions®,

Case—control studies are useful when screening is
prevalent in the population and results of clinical trials
are either unavailable or pending. Case—control studies
compare the screening experience of ‘cases’ (individuals
who died from the disease) with ‘controls’ (individuals
from the same population who did not die from the
disease). Case—control studies have been used to evalu-
ate the efficacy of breast self-examination®“°, mam-
mography*#? and sigmoidscopy*, and a large,
case—control study of PSA screening, funded by the
Centers for Disease Control (CDC), is now in progress.
Case—control studies of screening present special chal-
lenges beyond those present in aetiological studies and
must be carefully conducted to avoid biased results. In
some settings, bias might be unavoidable3*%,

Population studies attempt to make inferences
about the likely effects of screening from trends in dis-
ease incidence and mortality in the population. This is
particularly important in the case of diseases such as
prostate cancer for which screening is common but
controversy about test efficacy exists. PSA screening
for prostate cancer has, by now, become widespread in
the United States, as well as in several countries in
Europe, but clinical trials of PSA efficacy are still
ongoing, with results expected in 2008 (REFS 44,45).
Several population studies have recently been pub-
lished, comparing prostate cancer mortality across
areas with different frequencies of routine PSA
testing *6-%8 (F1G. 4). In spite of the lack of consistency
between their results, a recent summary of the evi-
dence reviewed population studies as the most exten-
sive source of information that is available at present
regarding the efficacy of the PSA test®.

Computer models synthesize what is known about
the natural history of the cancer, the biomarker of inter-
est, survival, and costs of screening and treatment. By
simulating a population in the absence of screening, and
then superimposing a specific screening strategy, com-
puter models project the impact of screening on disease
stage at diagnosis, survival and costs. An important
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10.

11.

application of computer models is to aid researchers in
designing efficient screening studies. A limitation of
computer models is their reliance on multiple input
parameters, some of which might be unobservable or
difficult to estimate from available data. This limitation
can be partly addressed through conscious attention to
the development of statistical methods and appropriate
data resources for parameter estimation.

A principal use of computer models has been to
compare the projected benefits and costs of competing
screening strategies that cannot be evaluated in practice
because of time and cost considerations. Computer
models that have been developed for this purpose are
typically referred to as ‘decision analysis' models because
their results are important in medical decision-making
about screening practice (8ox 3). Decision-analysis mod-
els have been used to study a wide range of screening
interventions, including mammaography screening for
breast cancer®®-%?, sigmoidoscopy and colonoscopy for
colorectal cancer®*%, and PSA screening for prostate
cancer®™¥, Although the results of decision analyses can
vary widely due to differences in model structure or
assumptions made about input parameters, they have
become an important component of the body of evi-
dence that must be assembled before screening policy
decisions can be made.

Conclusions

We are now at a unique and unprecedented moment
in the history of early-detection research. With recent
developments in molecular technology, new models
for early detection are rapidly becoming a reality.
These promise to overcome many of the inadequacies

of approaches that are available at present. However,
to successfully navigate the growing biomarker devel-
opment pipeline and translate discoveries to the clinic
requires a commitment to all phases of biomarker
development. Randomized, controlled screening trials
remain the ultimate test of screening benefits and
costs, but timely evaluation presents a greater chal-
lenge than ever before because of the sheer number of
new tests anticipated.

Coordinating efforts in early detection is important
and is also likely to yield substantial increases in effi-
ciency with respect to study design. In practice, individ-
uals are screened for multiple cancers and, therefore, it is
appropriate to consider the impact of multiple screen-
ing tests when used together. Similarly, genetic changes,
and the tests based thereon, might be common to more
than one cancer. Therefore, as more tests become avail-
able, it will be important to consider the global picture
of how screening affects mortality, morbidity and costs.

As more biologically sensitive biomarkers are devel-
oped, the potential increases for overdiagnosis — the
detection of early or non-progressive lesions that would
not be detected in the absence of screening. Avoiding
overdiagnosis requires a firm understanding of the nat-
ural history of the disease and a commitment to con-
ducting the necessary evaluative studies before making
the test widely available. If even a few biomarkers are
found that can identify our most common cancers at
early, curable stages, while distinguishing those that need
treatment from those that do not, the payoff will be sub-
stantial improvements in survival and quality of life, and
reductions in costs for the thousands of persons who
would otherwise develop advanced cancer each year.
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&> online links

DATABASES

The following terms in this article are linked online to:
Cancer.gov: http://www.cancer.gov/cancer_information/
breast cancer | cervical cancer | colorectal cancer | lung cancer |
oesophageal cancer | ovarian cancer | prostate cancer
LocusLink: http://www.ncbi.nih.gov/LocusLink/

ERBB2 | PSA

Access to this interactive links box is free online.

10 [ APRIL 2003 [ VOLUME 3

© 2003 Nature Publishing Group

www.nature.com/reviews/cancer



