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Unintended consequences of secondary prevention include potential introduction of bias into epidemiologic stud-

ies estimating genotype-disease associations. To better understand such bias, we simulated a family-based study

of colorectal cancer (CRC), which can be prevented by resecting screen-detected polyps. We simulated genes re-

lated to CRC development through risk of polyps (G1), risk of CRC but not polyps (G2), and progression from polyp

to CRC (G3). Then, we examined 4 analytical strategies for studying diseases subject to secondary prevention,

comparing the following: 1) CRC cases with all controls, without adjusting for polyp history; 2) CRC cases with con-

trols, adjusting for polyp history; 3) CRC cases with only polyp-free controls; and 4) cases with either CRCor polyps

with controls having neither. Strategy 1 yielded estimates of association between CRC and each G that were not

substantially biased. Strategies 2–4 yielded biased estimates varying in direction according to analysis strategy and

gene type. Type I errors were correct, but strategy 1 provided greater power for estimating associations withG2 andG3.

We also applied each strategy to case-control data from theColonCancer Family Registry (1997–2007). Generally, the

best analytical option balancing bias and power is to compare all CRC caseswith all controls, ignoring polyps.

candidate gene; colorectal cancer; genetic association; polymorphisms; polyps; precursor; screening; secondary

prevention

Abbreviations: CBS, cystathionine-β-synthase gene; CCFR, Colon Cancer Family Registry; CRC, colorectal cancer; G1–G3,

simulated genes related to CRC development through risk of polyps, risk of CRC but not polyps, and progression from polyps

to CRC, respectively; MTHFR, methylenetetrahydrofolate reductase gene; MTR, 5-methyltetrahydrofolate-homocysteine

methyltransferase gene; MTRR, 5-methyltetrahydrofolate-homocysteine methyltransferase reductase gene; SLC19A1, solute
carrier family 19 (folate transporter), member 1, gene; SNP, single-nucleotide polymorphism.

Precursors of disease, definable pathological states that fre-
quently progress to disease without passing through a recog-
nized intermediate state (1), have been described for a variety
of diseases (e.g., low cluster of differentiation 4 count for
acquired immunodeficiency syndrome, atherosclerosis for
myocardial infarction, and precancers for several invasive
malignancies). Numerous precursors studied as intermediate
endpoints in epidemiologic research have provided valuable
insight into pathophysiological mechanisms, and precancers
have facilitated secondary prevention of several malignancies
by serving as targets for screening followed by intervention to
eliminate cells from which cancer may arise. Longstanding
screening tests, the Papanicolaou (Pap) smear and endoscopy,

are the basis of secondary prevention that led to notable reduc-
tions in the incidence of cervical cancer and colorectal cancer
(CRC), respectively. In light of the substantial economic and
humanitarian benefits of secondary prevention, rapid advances
in molecular diagnostic techniques have motivated revitalized
efforts to develop secondary prevention of additional malig-
nancies and other disease types.
An unintended consequence of secondary prevention is the

potential for identification of a disease precursor—rather than
frank disease—to present complications for the design and
analysis of epidemiologic research seeking to estimate asso-
ciations between putative risk factors and disease incidence.
In the context of genetic association studies, for example,
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epidemiologic practitioners have often wondered whether
precancers should be taken into account when estimating
the association between genetic variants and the risk of ma-
lignancy (1). The causal pathways leading from exposure
(here, genetic variation) to cancer may be direct (no known
precancer) or indirect (exposure causing a precancerous le-
sion that may develop subsequently into cancer) (1). Esti-
mates of association between genetic polymorphisms and
cancer may be biased if precancers are detected and removed,
thereby reducing cancer incidence and converting some who
would have been cases to potential controls. The potential for
bias is exacerbated for studies of genetic determinants be-
cause an individual’s screening behavior may be influenced
by detection of cancer or its precursors in family members. In
observational studies, investigators do not always have the
opportunity to fully control for subtle influences of secondary
prevention because complete or unbiased information about
screening behaviors or detection of precursor lesions is often
unavailable. Further, family data raise deeper issues of ascer-
tainment bias (2).

A number of analytical strategies have been proposed to
account for precancers in genetic association studies. One ap-
proach is to view individuals who develop precursors as
“latent cases” and to exclude themfrom the control groupduring
the analysis phase (3). However, this strategy has been shown
to yield an estimator of the incidence rate ratio (relative risk
estimated by the odds ratio in case-control studies under in-
cidence density sampling (4)) that is biased away from the
null (5, 6). An intuitive explanation for this bias is that the
incidence rate is defined as the number of cases divided by
the person-time at risk, including all time up to the diagnosis
of the disease itself. Because controls in an incidence density
case-control study should represent the person-time distribu-
tion in the source population for cases, it is appropriate that
any individual should be eligible to serve as a control until he
or she develops the disease itself. This approach yields an un-
biased estimator only if 2 assumptions are met: 1) Detection
of a precancer is independent of the risk factor under study,
and 2) detection of the precancer does not influence the future
course of the disease. Because neither assumption applies in
this situation, ignoring precursor detection risks introducing
bias. Others have suggested that excluding precancers specif-
ically from the control group can increase power (7), but the
resulting estimator reflects neither risk in the base population
nor strength of the risk factor-disease association (8). An al-
ternative possibility is to include as cases subjects who have
been found to have the precancer, but this risks introducing
substantial misclassification of the outcome if the precancer
and cancer have different etiologies or if some precancers are
of no clinical consequence.

These analytical strategies and, more broadly, the method-
ological issues associated with precursor lesions have been
debated in the context of many genetic epidemiology studies
involving cancers and other diseases with described precur-
sors. Our own questions about appropriate epidemiologic
methods in this scenario were motivated by a study focused
on genetic variation related to folate metabolism and risk of
CRC in the Colon Cancer Family Registry (CCFR) (9, 10). A
particularly challenging situation arises with the methylene-
tetrahydrofolate reductase gene (MTHFR), for example, that

encodes an enzyme in the folate metabolic pathway, which
playsakey role incolorectal carcinogenesis.TheT/Tgenotype
of the frequently studied MTHFR polymorphism 677C>T
(Ala222Val) is associated with a 65%–70% reduction in en-
zyme activity in vitro (11, 12) and an approximately 20% de-
crease in CRC risk among folate-replete individuals (13, 14).
However, the MTHFR 677 T/T genotype is not associated
with development of adenomas (13, 14), precursor lesions
to CRC, suggesting that MTHFR is involved instead in pro-
gression of adenoma to CRC. The questions arise, therefore:
Should an investigator seeking to characterize associations of
genes to the risk of CRC exclude patients known to have had
a history of polyps, treat them as cases, or include only cases
and controls with a polyp history? How does any bias depend
on screening, detection, and prevention? Is such bias intro-
duced only when examining genes involved in polyp devel-
opment or also genes involved in other pathways to cancer or
the transition from polyps to carcinoma? Can the potential bi-
ases due to familial influences on screening behavior be ad-
equately controlled by adjusting for family history of CRC or
polyps, personal history of polyps, or screening behavior?

To explore these questions relevant to genetic association
studies of CRC, with the objective of understanding the most
appropriate analytical choices more generally in situations
involving disease precursors, we designed a simulation exper-
iment and applied a variety of analytical strategies using data
from the CCFR folate metabolism candidate gene study. Al-
though for simplicity of illustration we focus our application
on candidate genes, the same issues are relevant to genome-
wide association studies.

METHODS

Simulation study

The simulation study was based on a simple discordant
sibship design. We simulated 1,000 sibships of size 4, each
having at least 1 CRC case and at least 1 member unaffected
by CRC. For each sibship, we first generated genotypes at 3
unlinked loci (Figure 1). These simulated genes related to
CRC development through risk of polyps, risk of CRC but
not polyps, and progression from polyps to CRC were desig-
nated G1–G3, respectively. We also generated 2 correlated γ
“frailties” (1 for polyps and 1 for cancer), representing residual
familial dependencies due to other genes or shared environ-
mental factors. We then simulated times to the development
of the first polyp for each subject, times to cancer with or with-
out a polyp, and censoring times. All of these times were
assumed to be independently exponentially distributed, with
relative rates being a multiplicative function of the correspond-
ing genotype (a log-additive model) and frailty (except for
censoring, which was assumed to occur at the same rate for
all simulated subjects).

Each individual was assigned a random screening time,
and if a polyp was present, it was designated as “detected” at
that time.Then, subsequent screening timeswere simulated for
each member of the sibship based on the family history of
randomly detected polyps or cancer, and again, each subject
was designated as having a detected polyp accordingly. If a
polypwas detected, the subsequent risk of cancerwas reduced

Precancers and Family-Based Genetic Association Tests 715

Am J Epidemiol. 2015;182(8):714–722



by 50%. Figure 2 represents the simulation of the screening,
detection, and prevention process for a single sib pair. Details
of these simulation procedures are described in the Web Ap-
pendix, available at http://aje.oxfordjournals.org/.
Each of 1,000 replicate data sets was analyzed for asso-

ciation between variants in 3 candidate genes and CRC by
using conditional logistic regression for sib-matched case-
control data using 4 strategies:

1. Cases were individuals with CRC; controls were individ-
uals without CRC before their censoring times, with no
adjustment for the individual’s polyp history.

2. The same comparison as strategy 1 was used, except with
adjustment for history of screen-detected polyps.

3. Cases were individuals with CRC; controls were individ-
uals with neither CRC nor polyps detected before their
censoring times.

4. Cases were individuals with either CRC or a detected
polyp; controls were individuals with neither CRC nor
polyps detected before their censoring times.

Only sibships with at least 1 case and 1 control were included
in the corresponding analysis. For the first definition of case-
control status, all ascertained sibships were included, but for
the latter 2, sibships with no controls were uninformative.
The mean and variance of the estimated natural log of rela-

tive risk (ln RR) parameters for each gene and the test size and
power for testing the null hypothesis were tabulated across
1,000 replicates. For test size, the relative risks for all 3 genes
were set to 1.0, and the proportion of replicates that produced
univariate Wald χ2 > 1.96 (2-sided α < 0.05) for each gene
was tabulated. To investigate the bias due to polyp-based

screening for CRC, we first estimated the “true” relative
risk for CRC (compared with controls with no CRC) for each
gene from a large sample (n = 100,000) with no screening or
intervention (i.e., the marginal associations of each gene and
CRC risk in the presence of the other pathway and residual
frailties; refer to the Web Appendix). For a 2-fold causal as-
sociation of each of the genes on their respective pathway,
these marginal relative risks for CRC were 1.27 for G1, 1.39
for G2, and 1.42 for G3.

Application to the Colon Cancer Family Registry

The application used data from a large family-based case-
control association study of genes involved in folate metabo-
lism nested within the CCFR. This study included a total of
1,237 population-based and 410 clinic-based cases of patho-
logically confirmed CRC diagnosed from 1997 to 2002 and
their unaffected siblings or first cousins. Families were ascer-
tained from 6 sites in the United States (Seattle, Washing-
ton; Mayo Clinic, Minnesota; Hawaii; and the University of
Southern California Consortium comprising Los Angeles,
California; North Carolina; Colorado; Arizona; Minnesota;
Dartmouth Medical School; and the Cleveland Clinic);
Canada (Ontario); and Australia (Melbourne). Some of these
families were systematically ascertained through probands

G1 G2 G3

P C

XCXP

Figure 1. Schematic representation of the biological model for colo-
rectal polyps and cancer for a single individual, where solid arrows
represent biological progression; dashed arrows represent genetic
determinants; and dotted, double-headed arrows represent correla-
tions in frailties (XP for polyps and XC for cancer). C, [colorectal] can-
cer; G1–G3, simulated genes related to colorectal cancer (CRC)
development through risk of polyps, risk of CRC but not polyps, and
progression from polyps to CRC, respectively; P, polyp.
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S1

S2

D1

D2

C1
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P2

Figure 2. Schematic representation of the model for screening,
polyp detection, and cancer prevention for a pair of siblings (subscripts
1 and 2, respectively), where solid arrows denote biological progres-
sion; dotted arrows represent screening uptake; large dashed arrows
represent polyp detection; and small dashed arrows represent cancer
prevention.C, colorectal cancer;D, detected polyp;P, polyp;S, screen-
ing (colonoscopy).
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from population-based cancer registries with various criteria
based on age, race, specific family history, or microsatellite
instability status (described below as “population-based fam-
ilies”), and some were ascertained through genetic clinics,
which would tend to overrepresent strong family histories
(“clinic-based families”). All aspects of this study received
institutional review board approval under the policies of the
CCFR, and all study participants provided written, informed
consent.

At the time of study enrollment, a core questionnaire col-
lected information on personal and family histories of polyps,
CRC and other cancer types, and other cancer risk factors.
Specific questions focused on screening behavior (colonos-
copy and sigmoidoscopy) and age at and reasons for screening,
including previous family history and self-reported personal
history of polyps including type (benign vs. adenomatous),
age at detection, and removal dates.

For illustration purposes, we considered 6 nonsynonymous
single-nucleotide polymorphisms (SNPs) in 5 folate-related
genes: MTHFR; 5-methyltetrahydrofolate-homocysteine
methyltransferase gene (MTR); 5-methyltetrahydrofolate-
homocysteine methyltransferase reductase gene (MTRR);
cystathionine-β-synthase gene (CBS); and solute carrier family
19 (folate transporter), member 1, gene (SLC19A1). Full de-
tails of the substantive results for these associations in which
polyps were not incorporated into case or control inclusion/
exclusion criteria have been reported elsewhere (15–18). In
the present research, multivariable conditional logistic regres-
sion with family as the matching factor was conducted to esti-
mate associations between genetic variants and risk of CRC
using each of the 4 analysis strategies detailed above. Because
genotyped SNPs may not be the causal variants, we used a ro-
bust variance estimator to prevent biased estimates that could
otherwise result from testing association in the presence of
linkage (19). For the majority of SNPs, we grouped heterozy-
gous genotypes with the common homozygous genotypes in
agreement with findings from previous studies. However, for 2
SNPs, we assumed a dominant model of risk, either because
this mode of genetic inheritance had been indicated by prior
studies or because the number of homozygotes for the minor
allele was too small. Multivariable models were also adjusted
for alcohol consumption and use of folic acid and multivita-
mins, but addition of these other variables did not substantially
change the estimates of risk, so results from the more parsi-
monious models were reported. Population-based and clinic-
based families were analyzed separately becausewe anticipated
that the latter could be affected by additional biases related to
ascertainment. All statistical analyses were performed by
using R, version 2.6.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria) (http://www.r-project.org/).

RESULTS

Simulation study

Table 1 presents the percent bias in ln RR estimates for
associations of the 3 gene types (G1–G3) and risk of CRC,
with entries that exceed 25% of the true values denoted by
footnote. Estimates for the comparison of CRC cases against
all others without cancer (unadjusted for polyp history, T
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strategy 1) were not substantially biased under the various
secondary prevention models illustrated by the rows of the
table. However, the analysis strategies that took polyps into

account in case or control definitions (strategies 3 and 4)
led to quite substantial biases, with direction and extent of
the bias varying across gene types and analysis approach.
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Figure 3. Power curves for the 4 analyses: solid curves, colorectal cancer (CRC) versus no CRC (black, unadjusted; gray, adjusted for polyps);
small dashed curves, CRC versus neither CRC nor detected polyp; large dashed curves, CRC or detected polyp versus neither. Left (A, C, E):
Pr(screening j family history of polyps) = 0, Pr(screening j family history of CRC) = 0, and Pr(CRC prevented j polyp detected) = 0; right (B, D,
F): Pr(screening j family history of polyps) = 0.25, Pr(screening j family history of CRC) = 0.75, and Pr(CRC prevented j polyp detected) = 0.50.
Top (A and B), G1; middle (C and D), G2; bottom (E and F), G3. PR, probability; G1–G3, simulated genes related to CRC development through
risk of polyps, risk of CRC but not polyps, and progression from polyps to CRC, respectively.
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Bias was most severe for estimates of association with G1.
Adjusting for polyps in a case-control comparison of CRC
cases against all controls (strategy 2) produced results simi-
lar to those from analyses in which we excluded individuals
with detected polyps from the control group (strategy 3). Ad-
ditional adjustment for personal history of colonoscopy
yielded results that were not appreciably different from ad-
justment for polyps alone (data not shown). Excluding in-
dividuals with detected polyps led to substantial losses of
informative sibships, resulting in larger standard errors than
with the other 2 strategies.

Web Table 1 summarizes the power and test size for these
same combinations, and Figure 3 shows power curves across
a range of causal relative risks for the first and last of these
combinations. There was no evidence that any strategy led to
significantly increased or decreased type I error rates. Power
varied substantially across the 3 analysis methods; however,
power forG1 was particularly lowwhen detected polyps were
excluded from the analysis in every situation. The compari-
son of CRC cases against all non-CRC controls (strategy 1)
was consistently more powerful than strategies 3 or 4 for G2

and G3. For G1, treating detected polyps as cases was consis-
tently the most powerful method.

Application to the Colon Cancer Family Registry

Tables 2 and 3 provide the odds ratios and corresponding
95% confidence intervals for 6 SNPs among population-based
and clinic-based families, respectively. There is insufficient bi-
ological knowledge to predict whether any of these SNPs can
be defined asG1, G2, or G3, except perhapsMTHFR 677C>T,
which the literature suggests is more likely of type G2 or G3.

There were 1,186 discordant families in our analyses with
strategies 1 and 2 comparing population-based individuals
who had CRC with siblings who did not have CRC, irrespec-
tive of history of colorectal polyps. Considering strategy 1
with all CRC cases and all controls with adjustment for sex
and age as the base analysis, the estimates across all 6 SNPs did
not substantially differ with adjustment for personal history of
polyps and/or screening colonoscopy (Table 2), although none
were significantly different from the null, despite being strong a
priori candidates.With exclusion of controls with polyps using
strategy 3 (924 discordant sibships), the odds ratio estimates
also did not differ substantially from the base analysis, except
possibly for MTRR 66A>G and less so for CBS 699C>T.
When treating CRC or polyps as cases using strategy 4 (968
discordant sibships), the odds ratio estimates appeared to
be biased toward the null for MTHFR 667C>T, MTHFR
1298C>T, MTR 2756A>G, and SLC19A1 80G>A.

The results among clinic-based families differed from
those for the population-based families (Table 3), in part
because of increased variability from the smaller sample of
clinic-based families. There were 349 discordant families for
the analysis with strategy 1, 272 discordant families for strat-
egy 2, and 291 families for strategy 3. Comparing CRC cases
with controls without CRC, we found that the estimates dif-
fered by more than 10% between models with (strategy 2)
and without (strategy 1) adjustment for polyps and colonos-
copy screening for the MTHFR 677C>T and MTR 919D>G
polymorphisms, but not for the other SNPs. For strategies ex-
cluding individuals with polyps from controls (3) or includ-
ing individuals with polyps as cases (4), the results differed
substantially from strategy 1 except for CBS 699C>T and
SLC19A1 80G>A.

Table 2. Odds Ratio Estimates of the Association Between Selected Polymorphisms and Risk of Colorectal Cancer Among Population-Based

Families in the Colon Cancer Family Registry, 1997–2007

Gene-rsID
Nucleotide
Substitution

Amino Acid
Substitution

CRC vs. No CRC CRC vs. Neither
CRC Nor

Detected Polyp,
Adjusted for Sex

and Agea

CRC or Detected
Polyp vs. Neither,
Adjusted for Sex

and Ageb
Adjusted for Sex

and Agec
Adjusted for Sex,
Age, and Polypsd

Adjusted for Sex,
Age, Polyps, and
Colonoscopyd

OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI

MTHFR-rs1801133e 677C>T V222A 0.75 0.55, 1.03 0.78 0.57, 1.07 0.77 0.56, 1.06 0.74 0.53, 1.04 0.87 0.66, 1.14

MTHFR-rs1801131e 1298C>T A429E 0.80 0.59, 1.09 0.76 0.55, 1.03 0.75 0.54, 1.03 0.74 0.52, 1.06 0.89 0.67, 1.17

MTR-rs1805087e 2756A>G D919G 1.10 0.70, 1.70 1.05 0.67, 1.65 1.04 0.67, 1.61 1.13 0.70, 1.83 0.99 0.67, 1.45

MTRR-rs1801394f 66A>G I22M 0.95 0.76, 1.19 0.93 0.74, 1.17 0.93 0.73, 1.18 1.05 0.81, 1.36 1.10 0.90, 1.35

CBS-rs234706f 699C>T Y233Y 0.98 0.80, 1.21 1.01 0.81, 1.25 1.03 0.83, 1.28 0.90 0.70, 1.14 0.96 0.79, 1.18

SLC19A1-rs1051266e 80G>A R27H 0.85 0.65, 1.09 0.80 0.61, 1.05 0.81 0.62, 1.06 0.85 0.62, 1.15 0.96 0.76, 1.22

Abbreviations: CBS, cystathionine-β-synthase gene; CI, confidence interval; CRC, colorectal cancer; MTHFR, methylenetetrahydrofolate

reductase gene; MTR, 5-methyltetrahydrofolate-homocysteine methyltransferase gene; MTRR, 5-methyltetrahydrofolate-homocysteine methyl-

transferase reductase gene; OR, odds ratio; rsID, related sequence identifier; SLC19A1, solute carrier family 19 (folate transporter), member 1,

gene.
a Strategy 3: n (total) = 2,173; 924 discordant sibships; 953 cases of CRC, 1,220 controls (no CRC or polyps).
b Strategy 4: n (total) = 2,736; 968 discordant sibships; 1,233 cases of CRC or polyps, 1,503 controls (no CRC or polyps).
c Strategy 1: n (total) = 2,935; 1,186 discordant sibships; 1,237 cases of CRC, 1,698 controls (no CRC).
d Strategy 2: n (total) = 2,935; 1,186 discordant sibships; 1,237 cases of CRC, 1,698 controls (no CRC). Adjusted for 1) sex, age, and polyps

detected prior to baseline or 2) sex, age, polyps detected prior to baseline, and at least 1 screening colonoscopy prior to baseline.
e Recessive model.
f Dominant model.
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DISCUSSION

This study illustrated the potential for bias to arise in family-
based association studies of genetic variation and risk of
cancer resulting from screening behaviors and the existence
of removable disease precursors. In our simulation, we gener-
ally observed a negative bias for variants in genes associated
with polyp development (G1) in analyses treating only those
with CRC as cases (strategies 1–3) and bias in the opposite di-
rection in analyses that included polyps in the case definition
(strategy 4). The latter phenomenon is particularly striking in
scenarios of screening wherein polyp detection leads to reduc-
tion of CRC risk. For variants in genes directly associated with
CRC risk (G2), biases were more modest but generally in a
positive direction when adjusted for polyps (strategy 2) or ex-
cluding polyps from the controls (strategy 3). For genes asso-
ciated with progression from polyps to CRC (G3), we observed
substantial biasonly for strategy4 that includedpolyps as cases.
In most epidemiologic studies of genetic variants, the biolog-
ical role of the measured genotypic variants in development of
outcomes of interest is unknown. Therefore, it would be diffi-
cult to make predictions about whether specific genes act as
G1,G2, orG3 and to thereby identify themost appropriate anal-
ysis strategy based on the simulation results. This becomes
even more challenging in the genome-wide association study
setting, where millions of variants are examined in a single
analysis based on a tag SNP approach. It is therefore comfort-
ing that, while all approaches lead to some bias, regardless of
the gene type (G1, G2, or G3), a single strategy is generally the
least biased and the most powerful: strategy 1 that compares all
CRC cases with all controls, including among controls those
without CRC but with a history of polyps.

In our applied example, we focused on 6 SNPs in folate
metabolism-relevant genes hypothesized to play a role in
colon carcinogenesis. We found that the potential biases
identified in our simulation resulted in only minor differences
in estimation across analytical strategies when considering
population-based ascertainment (no differences greater than
15%). For the clinic-based families, results were more vari-
able across approaches, which may reflect complex biases in-
herent in the ascertainment process, as well as the smaller
sample size. MTHFR 677C>T may be considered a SNP in-
volved in progression from polyps to carcinoma; this polymor-
phism has been associated with a decreased risk of CRC
among folate-replete individuals but not the risk of developing
adenomas (13, 14). Based on results from our simulation study
forG3 genes, for this SNP, one should neither exclude patients
known to have had a history of polyps from controls nor treat
them as cases.
Our results apply broadly to other types of cancer and com-

plex diseases for which precursors are detectable. We con-
clude that, for the purpose of identifying whether a gene
has a role—directly or indirectly—in the etiology of disease,
the best option is generally an analysis that compares all cases
with those not known to have the disease at that point in time,
without specifically accounting for precursors by either inclu-
sion among cases, exclusion from controls, or adjustment.
Adjusting for history of precursor lesions has an influence
similar to that of excluding from controls individuals with
the lesion, albeit with less inflation of the variance. Only if
a gene’s function is causally related to developing a disease
precursor is an analysis of the joint phenotypewarranted (and
only for discovery, not estimation), and this would require the
collection of systematic and unbiased data on that precursor.

Table 3. Odds Ratio Estimates of the Association Between Selected Polymorphisms and Risk of Colorectal Cancer Among Clinic-Based Families

in the Colon Cancer Family Registry, 1997–2007

Gene-rsID
Nucleotide
Substitution

Amino Acid
Substitution

CRC vs. No CRC CRC vs. Neither
CRC Nor

Detected Polyp,
Adjusted for Sex

and Agea

CRC or Detected
Polyp vs. Neither,
Adjusted for Sex

and Ageb
Adjusted for Sex

and Agec
Adjusted for Sex,
Age, and Polypsd

Adjusted for Sex,
Age, Polyps, and
Colonoscopyd

OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI

MTHFR-rs1801133e 677C>T V222A 0.81 0.55, 1.37 0.70 0.42, 1.15 0.67 0.40, 1.11 1.08 0.53, 2.21 1.15 0.72, 1.82

MTHFR-rs1801131e 1298C>T A429E 0.87 0.50, 1.51 0.91 0.52, 1.59 0.91 0.52, 1.59 0.60 0.33, 1.10 0.65 0.40, 1.05

MTR-rs1805087e 2756A>G D919G 1.00 0.30, 3.38 0.82 0.25, 2.75 0.82 0.25, 2.74 2.39 0.86, 6.61 1.64 0.83, 3.25

MTRR-rs1801394f 66A>G I22M 0.76 0.54, 1.08 0.70 0.49, 1.00 0.70 0.49, 1.00 0.88 0.58, 1.33 0.96 0.71, 1.30

CBS-rs234706f 699C>T Y233Y 1.10 0.79, 1.53 1.17 0.83, 1.65 1.18 0.84, 1.67 1.07 0.75, 1.54 1.07 0.83, 1.38

SLC19A1-rs1051266e 80G>A R27H 1.13 0.75, 1.69 1.09 0.72, 1.64 1.11 0.73, 1.67 1.11 0.71, 1.75 1.03 0.74, 1.45

Abbreviations: CBS, cystathionine-β-synthase gene; CI, confidence interval; CRC, colorectal cancer; MTHFR, methylenetetrahydrofolate

reductase gene; MTR, 5-methyltetrahydrofolate-homocysteine methyltransferase gene; MTRR, 5-methyltetrahydrofolate-homocysteine methyl-

transferase reductase gene; OR, odds ratio; rsID, related sequence identifier; SLC19A1, solute carrier family 19 (folate transporter), member 1,

gene.
a Strategy 3: n (total) = 2,173; 924 discordant sibships; 953 cases of CRC, 1,220 controls (no CRC or polyps).
b Strategy 4: n (total) = 2,736; 968 discordant sibships; 1,233 cases of CRC or polyps, 1,503 controls (no CRC or polyps).
c Strategy 1: n (total) = 2,935; 1,186 discordant sibships; 1,237 cases of CRC, 1,698 controls (no CRC).
d Strategy 2: n (total) = 2,935; 1,186 discordant sibships; 1,237 cases of CRC, 1,698 controls (no CRC). Adjusted for 1) sex, age, and polyps

detected prior to baseline or 2) sex, age, polyps detected prior to baseline, and at least 1 screening colonoscopy prior to baseline.
e Recessive model.
f Dominant model.
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A better analysis in that circumstance would be some form of
multivariate time-to-event analysis, assuming cohort data
were available, but such an analysis is beyond the scope of
this paper.

These methodological issues have been explored in a se-
ries of publications focusing on the apparent paradoxical ob-
servation that smoking is associated with the occurrence of
adenomas but not with CRC. Terry and Neugut (7) argued
that, because individuals with polyps typically form part of
the control group in case-control studies of smoking and
CRC and because polyps are associated with smoking, the
estimated smoking-CRC associations are biased toward
the null. Potter (20) framed this issue as a problem with mis-
classification of an outcome. Poole (8) disagreed with the rec-
ommendation to exclude individuals with polyps from the
control group, arguing that because polyps are an intermedi-
ate step in a hypothetical causal pathway between the expo-
sure and disease, individuals with polyps comprise part of the
population at risk for CRC who should not be removed. He
showed that if they were removed, the bias would be away
from rather than toward the null (8). After these reports, sub-
stantive findings in the area of smoking, colorectal polyps,
and CRC have evolved substantially (21–23), but the broader
methodological questions related to precursor lesions remain
relevant. These papers did not explicitly address the addi-
tional complications addressed in our study resulting from
familial aggregation of polyps or cancer due to the specific
genes under study.

Our study has several limitations. First, for simplicity, we
have taken the parameter of interest to be the odds ratio esti-
mated by conditional logistic regression. Under incidence
density sampling, this is an exact estimator of the incidence
rate ratiowithout the need to invoke a rare disease assumption
(4). However, in family-based case-control studies, the test of
association by conditional logistic regression is biased in the
presence of linkage (24), but this can be overcome by the use
of a robust variance estimator as done in our application with
CCFR data (19). Also, when families are ascertained through
incident cases during a fixed calendar time window, there can
be bias toward the null unless the ascertainment is taken into
account (2). In terms of other simulation parameters, we
made several additional simplifying assumptions. For exam-
ple, we did not consider polyp subtype even though the type
of polyp detected (e.g., adenomatous, hyperplastic) could af-
fect how much reduction in cancer risk is expected following
removal of the polyp and influence the recommendations for
frequency of subsequent screening.

Second, another potential source of bias concerns the in-
clusion of prevalent cases if the genes under study are related
to survival from the cancer. In the population-based series
from the CCFR, all probands were incident cases, but any
relatives with a history of CRC by the time of the proband’s
enrollment were included as prevalent cases. We have not at-
tempted to model this aspect in either the simulation or appli-
cation studies reported here.

Third, the problem of detection bias can involve compli-
cated family dynamics, with screening behavior depending
on the family’s history of both cancer and polyps, as well as
on the influence of early detection on subsequent prognosis.
Although our simulations could address these considerations

inonlya simplifiedmanner, theynonetheless illustrate someof
the biases that can result. In the CCFR, no systematic screen-
ing for polyps was done, relying only on participants’ reports
of their own and family members’ polyp histories, so sub-
stantive analyses of polyps as an endpoint are unlikely to be
reliable. We did not attempt to model the misclassification of
polyp reports in our simulation, but this could have been an
additional source of bias for all analysis strategies except the
first. Although there was no major difference in estimates
across strategies, at least for the population-based data, it
was not possible to determine that any strategy was unbiased
from the (unknown) truth. Further, it is important to note that
cancer epidemiologists typically have incomplete or biased
information about screening and detection of precancerous
lesions and, thus, they may not have the opportunity to adjust
for those variables in their analysis.

Finally, we have limited our study to family-based designs,
where it is possible to observe and model the familial depen-
dencies of disease incidence (polyps and cancer) and screen-
ing behavior directly. We assume that the same dynamics
apply in population-based studies, although the information
available on family members’ histories would typically be
available only by self-report of the cases and controls. The re-
quirement that each sibship include at least 1 case and 1 con-
trol means that our subjects are not sampled from exactly the
same populations of subjects as in a standard case-control de-
sign, but for rare diseases, the differencewould be minor. The
matched odds ratio from the family-based design estimates
approximately the same population parameter as that from a
case-control study with unrelated subjects.

In summary, genetic variation may be important in carci-
noma development either directly or indirectly via the devel-
opment of precancerous lesions. Untangling these complex
interrelations is difficult given our limited understanding of
the biological significance of particular genetic variants in
relation to disease processes, and careful interpretation is
needed. This becomes even more challenging in the genome-
wide setting. Although bias from screening behaviors and the
existence of precancers does occur, estimates of relative risk
appeared to be only modestly affected in our real data applica-
tion, at least where incident cases were recruited in a population-
based setting. Further study is needed in larger samples where
SNPs are associated with CRC to be able to reach a strong
conclusion about whether the choice of analytical method
matters, and if that choice makes a greater difference for
population-based or clinic-based data.
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