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Molecular epidemiological studies of cancer generally require tumor tissue to evaluate somatic genetic al-
terations. Frequently this requires retrieval of fixed tissue blocks from hospital pathology archives. The
availability of this material may be associated with disease severity, diagnostic practices, hospitals, or risk
factors for disease. Tumor material is not available when the diagnosis is made clinically without histolog-
ical confirmation. These characteristics create difficulties in defining the study base population. Incom-
plete access to tumor tissue has implications for description of the natural history of disease, estimates of
the prevalence of mutation in the population, and evaluation of environmental exposures and critical tar-
get gene mutations. Differential diagnostic practices by age groups or across hospitals may create a biased
population with respect to potential risk factors. However, this will not bias case-case comparisons unless
the mutation of interest is associated both with the exposure of interest and the presence of a tumor block.
When subjects with less severe disease are more likely to have biopsies, information regarding the natural
history of the disease will be obscured. Investigation of the interaction of environmental agents and criti-
cal target gene mutations may be limited if, for example, an environmental agent is associated with a more
aggressive form of the disease. Using an ongoing pancreatic cancer case-control study as an example, we
discuss the potential for bias associated with differential availability of tumor blocks including consider-
ation of tumor, patient, and hospital characteristics. Due to incomplete retrieval of tissue, the determi-
nants of selection should be described in all studies using tumor tissue, and the implications for
generalizability, power, and interpretation of findings in population-based studies should be considered.
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BACKGROUND

In molecular epidemiological studies that rely on tumor tis-
sue to assess genetic changes, the availability of tumor tis-
sue may be a function of the disease, hospital diagnostic
practices, pathology laboratory preservation and storage
protocols, and the study population. Thus, the availability
of tumor tissue, primarily formalin-fixed paraffin-embedded
tissue blocks (referred to throughout as tissue blocks), may

From the National Institute of Environmental Health Sciences, Epide-
miology Branch, Research Triangle Park, NC (J.A.H., J.A.T., ].C.S.);
Rollins School of Public Health, Emory University, Atlanta, GA (J.A.H.,
P.E.T.); and Department of Epidemiology and Biostatistics, University of
California, San Francisco, CA (E.A.H.).

Address correspondences to: Jane A. Hoppin, Sc.D., NIEHS, Epidemi-
ology Branch, MD A3-05, PO Box 12233, Research Triangle Park, NC
27709-2233.

Received January 26, 2001; revised May 4, 2001; accepted May 9, 2001.

© 2001 Elsevier Science Inc.  All rights reserved.
655 Avenue of the Americas, New York, NY 10010

influence the results of studies designed to describe the
prevalence of genetic alterations in tumors, the natural his-
tory of disease in a population, and the interactions be-
tween exposure and mutations, since the study base may be
difficult to characterize. Here, we describe factors associ-
ated with incomplete retrieval of tumor blocks, explore the
implications for epidemiological studies, and suggest strate-
gies to assess potential differences in sample retrieval. We
limit our discussion to issues of specimen retrieval but these
issues are also relevant to tumor tissue quality and the abil-
ity to obtain adequate DNA for analysis.

Molecular epidemiological studies of critical target gene
mutation usually require tumor tissue to assess genetic
changes (1, 2). Tumor tissue samples may be available as
frozen tissue, fixed tissue, fine needle aspirates, or pathology
slides; many molecular epidemiology analyses rely on tissue
blocks from biopsies or resections to assess genetic charac-
teristics, as fixed tumor tissue is frequently retained by pa-
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Selected Abbreviations and Acronyms
NCCC = Northern California Cancer Center
sd = standard deviation
SEER = Surveillance, Epidemiology and End Results

thology laboratories and is relatively easy to retrieve and
ship for subsequent population-based molecular epidemio-
logical investigations (1). However, tumor tissue often is
not available for all subjects in a study. The inability to ob-
tain tumor tissue falls into three broad categories: 1) no tis-
sue sample was collected (e.g., the patient was diagnosed
clinically without histological confirmation); 2) tissue sam-
ple was collected but is unavailable (e.g., the tissue was lost
or destroyed or the hospital will not release the sample);
and 3) the sample preparation is inappropriate for the mo-
lecular analysis (e.g., the sample is too small, degraded to
assay, lacks normal DNA, or sample preservation method is
incompatible with the molecular analytical protocol). Slat-
tery and coworkers (3) have shown that tumor tissue from more
advanced colon tumors was less likely to yield useful DNA.

Diagnostic methods directly influence the availability of
tissue and, to some extent, the subpopulation with tumor
tissue. Diagnostic practices and use of non-invasive meth-
ods can vary by country, region, hospital, and by calendar
time period. Limited and differential availability of tumor
tissue has implications for epidemiological studies, includ-
ing generalizability, evaluation of critical target gene muta-
tions and environmental exposures, and power. While the
magnitude and direction of potential biases are study-
specific, researchers should consider these issues when
evaluating studies utilizing tumor blocks or other biological
materials.

IMPLICATIONS
Generalizability

Tumor mutation analyses are used to describe the prevalence
of genetic changes in tumors and the natural history of disease,
i.e., molecular genetic changes as the tumor progresses over
time. Differences in diagnostic practices within a study region
or between countries may result in different estimates of the
prevalence of a specific mutation. For example, in some coun-
tries such as Japan, almost all lung cancer cases are resected re-
gardless of stage, so available tumor tissue represents the entire
progression of disease. However, in other regions, biopsies may
be restricted to those with early stage disease, and therefore,
may have fewer disease-related changes. Thus, description of
the genetic characteristics of invasive disease in this popula-
tion would be limited to early disease. Another issue is the ap-
propriateness of hospital pathology laboratory populations to
characterize the disease experience of the general population.
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Teaching hospitals and tertiary treatment hospitals often have
different referral patterns, including difficult and unusual cases,
than those that exist in the general population. For example,
skin cancer resection and treatment in a dermatologist’s office
may differ from practices at a university hospital. While pa-
thology laboratory-based studies are useful, especially for rare
cancers, they may not represent the characteristics of disease
in the general population, and thus, may over- or underesti-
mate the prevalence of a genetic alteration.

While each individual study may be internally valid,
drawing conclusions based on multiple studies may intro-
duce bias. For example, comparisons of the prevalence of
genetic alterations between two populations with different
diagnostic practices could be biased if the mutation occurs
in more advanced disease and advanced cases are less likely
to have biopsies in one of the populations. Stratification by
stage may minimize this bias. However, it cannot be com-
pletely eliminated since stage, as defined for clinical or
prognostic purposes, may not accurately reflect tumor pro-
gression and evolution. Analysis by grade is difficult be-
cause subjects without tumor tissue will lack information
regarding grade. In order to interpret these studies in a
larger context, a complete description of the sample collec-
tion methodology and the procedures giving rise to the
available sample are necessary.

Evaluation of Critical Target Gene Mutations and
Environmental Exposures

Differential diagnostic or retrieval patterns of tumor tissue
within the study population may result in selection bias for
evaluation of the interaction of environmental agents and
critical target gene mutations. Diagnostic practices may
create a population sample with a different exposure preva-
lence than the general population, leading to bias in case-
control comparisons. Tests regarding critical target gene
mutations in case-case comparisons are unlikely to be bi-
ased unless the factors that determine the availability of the
tumor block are associated both with the exposure and the
mutation. As with other examples of selection bias in epi-
demiology, the comparisons within the group with tumor
blocks will only be biased if the sampling fractions differ
based on the joint distribution of exposure of interest and
the outcome (4). Another potential concern may be intro-
duced when retrieving historical tumor blocks. Some hospi-
tals may keep their blocks longer or may selectively retain
unique or intriguing cases, thereby creating a differential
sample of tissue, that includes cases with unusual exposure,
histology or mutations.

Power

Restrictions in tissue availability regardless of whether they
arise as a result of diagnostic or surgical practices or speci-
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men retrieval will reduce the sample size. Other types of
material, such as cytology brushings, fine-needle aspirates,
or sputum samples, may be available for investigation of ge-
netic changes within tumors. However, use of these may
have increased measurement error because they may not be
as definitive as using tumor blocks to characterize muta-
tions. While limited power is not a bias issue, it is a key
study design concern as tissue availability will influence the
feasibility to conduct molecular epidemiological studies.

EXAMPLE: PANCREATIC CANCER

Retrieval of tumor tissue for some cancer types can be more
difficult than for others. Pancreatic cancer represents an ex-
treme example of issues associated with tumor block re-
trieval due to the high prevalence of clinical diagnosis and
the high case fatality rate. Exploration of factors related to
tissue specimen retrieval in this group are relevant to stud-
ies that use tumor tissue. For this example, data from an on-
going population-based case-control study of pancreatic
cancer at the University of California in San Francisco
were used to describe the selection process for obtaining tu-
mor blocks using data from both the study questionnaire
and the Northern California Cancer Center (NCCC). The
NCCC collected data on all incident pancreatic cancer
cases as part of the Surveillance, Epidemiology and End Re-
sults (SEER) program. This included information on demo-
graphics (age, sex, race, county of residence), method of
diagnosis, tumor characteristics (size, stage, grade), and vi-
tal status. The study used rapid case ascertainment using
data obtained from pathology labs to identify all newly
diagnosed cases in the San Francisco Bay Area. Rapid case
ascertainment involves weekly review of pathology labora-
tory records for all participating hospitals in the SEER re-
gion to identify pancreatic cancer cases prior to receipt of
the SEER abstracts.

Figure 1 illustrates the selection process for cases in the
study and the subset for whom tumor tissue was potentially
available during a 20-month period of the study. To repre-
sent the case population, data for all 1130 incident cases di-
agnosed between May 1995 and December 1997 were
obtained from the NCCC, regardless of whether the subject
was included in the case-control study. Even with rapid
case ascertainment over half of the pancreatic cancer cases
died prior to study recruitment, due to the high case-fatality
rate. Following losses due to non-response and lack of tu-
mor tissue, tumor tissue potentially was available for ap-
proximately 21% of all identified study cases. Tumor tissue
was retrieved for 80% of subjects with tissue, resulting in 46
tumor blocks representing 16% of all cases interviewed and
4% of all pancreatic cancer cases diagnosed in this time pe-
riod in this region. Even with rapid case-ascertainment, ex-
cellent response rates, and good tissue retrieval rates, tumor
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FIGURE 1. Selection process for pancreatic cancer cases and tu-
mor tissue, San Francisco Bay Area, May 1995 to December 1997.

specimens were available for a very small fraction of the
base population.

To assess potential differences between individuals with
and without tumor tissue, we used data from NCCC for all
San Francisco Bay Area cases and data from the ongoing
study for study participants. SEER data represent a stan-
dardized source to explore issues associated with tissue
block availability; however, it may not be as detailed as
data collected in epidemiology studies. “Potential tumor tis-
sue”, or biopsy, was defined based on the report in the
SEER abstract of any cancer-directed surgery. This ex-
cluded fine needle aspirates, but may included cancer-
related surgeries that did not involve the pancreas and
therefore, may overestimated the availability of blocks. Ta-
ble 1 presents the tumor characteristics of the cases by bi-
opsy status. Tumors were smaller among subjects who had
had biopsies. In the SEER data, tumor size on non-biopsied
subjects was determined from data obtained via x-ray or im-
aging scans and scopes where the lesion was observed. Tu-
mor tissue appeared to be more commonly available among
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TABLE 1. Tumor characteristics of subjects with and without
potential tumor tissue. Pancreatic cancer cases diagnosed in San
Francisco Bay SEER Area, May 1995 to December 1997. Source:
Northern California Cancer Center

Potential biopsy tissue?

Yes No
Tumor characteristic N =142 N = 988 P-value®
Mean sd Mean sd
Tumor size® (mm) 179 343 570 474  <0.0001
n % n %
Histologic graded
G1 (lowest grade) 16 11 49 5 0.001
G2 59 42 107 11
G3 41 29 186 19
G4 (highest grade) 0 0 17 2
Unknown 26 18 629 64
Summary stage 0.001
In situ 2 1 0 0
Localized 22 15 59 6
Regional, extension only 49 35 222 23
Regional, nodes only 7 5 12 1
Regional, extension and
nodes 45 32 58 6
Remote 13 9 498 51
Unstaged 4 3 131 13

Potential biopsy tissue defined as any pancreatic cancer directed surgery.

bP-value for t-test for continuous data, chi-squared test for categorical data.

“Tumor size for non-biopsied tumors is based on description of primary
tumor from x-ray or imaging scans and scopes where the lesion was
observed.

dHistologic grade for non-biopsied tumors is based on cytology reports from
needle or incisional biopsy.

those with low-grade tumors. However, many pancreatic
cancer patients without tumor tissue blocks were missing
grade information. These data suggest that while descrip-
tions of genetic alterations in high-grade disease and in
large tumors will be limited, analysis of lower-grade tumors
is feasible.

Subjects who had biopsies lived longer than those who
did not (p = 0.0001) (Figure 2), suggesting that these indi-
viduals were more likely to be alive and able to participate
in the case-control study. As seen in Table 2, individuals
with tumor blocks were more likely to be younger and
white race. The sample size for non-white cases was small,
particularly among those who had biopsies. Since availabil-
ity of blocks was associated with survival, studies of prog-
nostic factors may be limited to those factors associated
with early disease. There was some suggestion of differences
in surgery rates among the six counties with rates ranging
from 8 to 17%, although, differences across counties were
not statistically significant (p = 0.14). If the difference in
surgery rates by county was correlated with an exposure of
interest (such as drinking water source), then statistical
analysis of environmental exposures and critical target gene
mutations may be affected.
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To explore whether potential exposure related factors
differed between those with and without tumor blocks, we
utilized the detailed study data for the 294 cases identified
during this time period. We observed no difference in the
distribution of potential risk factors (smoking, diabetes) be-
tween individuals with and without tumor tissue. However,
women were more likely to have tumor blocks obtained
than men. If women were less likely to have an exposure of
interest than men, such as an occupational exposure, this
would limit the power to evaluate that hypothesis but
would not introduce bias unless women with tissue had a
different probability of both the mutation and the exposure
than women without tissue. For this illustration, we did not
explore differences in occupation among subjects with and
without tumor blocks given the small sample size.

STRATEGIES TO ASSESS SAMPLE LOSS

Although problems with sample selection are often easy to
identify and consider conceptually, they may be intractable
and difficult to quantify, due to non-identifiability of the
selection probabilities (5, 6). Selection bias cannot be eval-
uated empirically since all analyses are limited to the popu-
lation for which there are data, in this case, tumor tissue.
Even with this limitation, the following strategies can be
employed to explore the extent of selection bias in the sam-
ple, through sensitivity analyses and statistical methods to
account for missing data.

Since the tumor characteristics of the subjects without
tissue cannot be determined, efforts should be made to
identify the determinants of biopsies to assess whether dis-
ease characteristics or subject-related factors, such as age,
medical conditions, or exposures, may be associated with
the presence or absence of a tumor block. In addition to
characterizing the demographic factors that relate to the
patients who provided tumor blocks, exposure prevalence
should be compared. To begin, the population giving rise to
the samples should be described thoroughly (Figure 1 in our
example). Frequently in pathology laboratory-based sam-
ples, the selection process is not described fully or descrip-
tion is limited by the lack of complete information on the
cases. Both the demographic characteristics of the popula-
tion giving rise to the study population (Tables 2 and 3)
and the tumor characteristics of the case population (Table
1) should be described. The characteristics of the subset
with tumor blocks should be described, using any available
data. As seen in Table 1, comparisons by tumor grade are
limited since 64% of subjects without biopsy tissue had no
information regarding tumor grade.

Statistical methods are available to explore the potential
for selection bias through sensitivity analyses and missing
data methods. New methods have been developed to assess
non-random missingness and the impact of selection bias in
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FIGURE 2. Survival curves for incident
pancreatic cancer cases by biopsy status,
San Francisco Bay Area, May 1995 to De-
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cember 1997.

observational studies (7). These methods use non-paramet-
ric identified models indexed by the selection bias function
that quantifies the magnitude of selection bias due to unob-
servable data (7). Adjusting for selection bias requires
knowledge of the selection probabilities for each cell in the
table and weighting accordingly (5, 6). Expectation-maxi-
mization (E-M) models have been developed that can be
used to obtain asymptotically unbiased estimates of case-
control associations when exposure data are available for all
cases. However, these methods will introduce bias when
the availability of biopsy material is related to mutation sta-
tus (8, 9). Case-case comparisons will provide unbiased
estimates of exposure-outcome associations when block
availability is related either to exposure status or mutation

TABLE 2. Patient characteristics of subjects with and without
potential tumor tissue. Pancreatic cancer cases diagnosed in San
Francisco Bay SEER Area, May 1995 to December 1997. Source:

Northern California Cancer Center

Potential Biopsy Tissue?

Yes No
Subject characteristic n =142 n =988 p-valueP
Mean sd Mean sd
Age at diagnosis 64.4 10.8 68.7 10.7 0.0001
n % n %
Race 0.02
White 120  84% 720 4%
Black 10 7% 127 13%
Other 12 8% 129 13%
Sex
Female 74 48% 499 49% 0.72
Male 68  52% 489 51%
County
1 32 23% 253 26% 0.14
2 20 14% 159 16%
3 8 6% 56 6%
4 13 9% 147 15%
5 21 15% 133 14%
6 48 34% 240 24%

aPotential biopsy tissue defined as any pancreatic cancer directed surgery.
bp-value for t-test for continuous data, chi-squared test for categorical data.

10

1 | 1 - 1 1
20 30 40 50 60

Months Since Diagnosis
(log-rank p=0.0001)

status, but will be biased when tissue availability is related
to both (8). Even with improved analytical methods to
evaluate or reduce the impact of selection bias on study
findings, selection bias is still best considered and addressed
in the study design phase rather than the analytical phase.
Aggressive study recruitment methods and improved an-
alytical techniques are necessary to analyze all available
samples and tumor tissue. To minimize the impact of lim-
ited tissue availability, efforts must be made to maximize re-
trieval efforts and to ensure cooperation of all hospitals and
pathology laboratories in the study region. Pathology labo-

TABLE 3. Patient characteristics of study subjects with and
without biopsy tissue. Participants in an ongoing pancreatic
cancer case-control study of cases diagnosed in San Francisco Bay

Area, May 1995 to December 1997

All study Cases with
Characteristics n 252594 b“)ﬁz Tgue p-value?
Mean  sd Mean  sd
Age at Diagnosis 649 109 644 109 .10
n % n %
Race 50
White 239 81% 40  85%
Black 29 10% 4 9%
Other 26 9% 3 6%
Sex .01
Female 133 45% 29 63%
Male 161 55% 17 37%
Smoking > 100
cigarettes in a lifetime
Yes 198  67% 28 61% 31
Diagnosed with
diabetes more than
one year earlier 45 15% 5  11% .50

p-values are based on results of analyses to compare characteristics of
patients with tumor blocks (n = 46) with those w/out tumor blocks (n =
248). T-test analysis was used to compare difference in mean age, Fisher’s
exact test was used for 2 X 2 contingency table analyses (sex; smoking;
diabetes) and Wilcoxon rank sum test was used for analyses of 2 X 3
tables (race).
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ratories should be encouraged to retain specimens as long as
possible, especially for rare diseases that may require many
years to obtain a sufficient sample size. Since diagnostic
methods are moving toward non-invasive technologies, de-
velopment of molecular analyses that utilize other tissues,
such as serum or pathology slides, to assess genetic alter-
ations will be helpful. With the expansion of molecular bio-
logical techniques, the demand for tumor tissue will
increase. As a result, epidemiological studies will need to
maximize the efficiency for using available tissue and con-
serve this resource for future investigations.

Tumor tissue and other biological samples are critical to
understand the disease process of cancers (1). While avail-
ability of these tissues may be limited, tumor tissue is impor-
tant to understand the natural history of disease, the
prevalence of genetic changes in tumors, and the en-
vironmental and medical factors associated with these al-
terations. When using tumor tissue, epidemiologists and
molecular biologists need to provide a thorough description
of the population giving rise to the sample and the determi-
nants of tissue availability. As new statistical methods to
address problems with missing samples are developed, and
new molecular biological techniques to work with small
and degraded samples are created, the impact of selection
bias will be reduced but not eliminated.
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