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Table 1

Case-Control Analysis of CARD15 702Trp Allele Association with UC, Stratified by IBD5
Status

Patient Group

702Trp Allele
Frequency

(%)

P Value
(compared

to HC)a

Relative Risk
(95% CIs)a PARb

Healthy controls (232) 2.80
Ulcerative colitis, overall (278) 5.94 .016 2.14 (1.11–4.12) .03
IBD5 “nonrisk” homozygotes (75) 3.33 .737 NA NA
IBD5 heterozygotes (152) 6.25 .019 2.28 (1.11–4.70) .04
IBD5 “risk” homozygotes (51) 8.82 .004 3.40 (1.41–8.18) .06

a P value and RR were calculated using the Fisher’s Exact Test.
b PAR p population attributable risk.
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Further Evidence of IBD5/CARD15 (NOD2) Epistasis
in the Susceptibility to Ulcerative Colitis

To the Editor:
We read with interest the two recent articles describing
analyses of the IBD5 (MIM 606348) risk haplotype and
inflammatory bowel disease (IBD) in European cohorts
(Giallourakis et al. 2003; Mirza et al. 2003). In both
European cohorts, the association with the IBD5 risk
haplotype and Crohn disease (CD [MIM 266600]) was
replicated. Mirza et al. (2003) additionally provided ev-
idence for interaction between IBD5 and CARD15
(NOD2) (MIM 605956) in CD, a finding not seen in
the subsequent paper by Giallourakis et al. (2003) or in
our own transmission/disequilibrium testing (TDT) an
alysis (Negoro et al. 2003). Subsequent genotype-phe-
notype analysis by Giallourakis et al. (2003) found no
association between IBD5 and clinical subgroups of pa-
tients with CD. In contrast, our group has recently pub-
lished a case-control study of U.K. whites demonstrating
that the association between IBD5 and CD was confined
to those individuals with perianal disease (Armuzzi et
al. 2003). It would be interesting to know whether as-
sociation with this particular phenotype was evaluated
in the Giallourakis cohort.

In 187 trios with ulcerative colitis (UC [MIM
191390]), Giallourakis et al. (2003) also reported a
novel association between the IBD5 risk haplotype and
UC. This association was most pronounced in those in-

dividuals possessing one of the three common CD-as-
sociated CARD15 variant alleles, suggesting an epistatic
relationship between these replicated CD loci in patients
with UC. In our British patients, we observed a similar
linkage disequilibrium (LD) pattern across this locus.
However, using both TDT (105 transmissions to 124
nontransmissions, ) and case-control studies, weP p .24
were unable to demonstrate association between the
IBD5 risk haplotype and UC (Armuzzi et al. 2003; Ne-
goro et al. 2003). However, stratification of the IBD5
results in UC by CARD15 status was not performed.

Following the report by Giallourakis et al. (2003), we
therefore stratified our trios to assess the transmissions
of IGR2060a_1 (an IBD5 risk haplotype–tagging SNP)
from heterozygous parents to affected offspring who
also carried at least one CARD15 risk allele, revealing
14 transmissions to 12 nontransmissions ( ). TheP p .78
lack of association may reflect a true relationship, or it
may be a type I error due to the relatively weak power
of this analysis. We therefore genotyped for the three
common CARD15 variants and IBD5 haplotype–tag-
ging SNP to assess any epistatic association in a more
powerful case-control study of 278 patients with UC
(largely independent of the UC trios) and 232 healthy
controls (HC). We found a novel association between
the CARD15 702Trp variant and UC (table 1). This
association was not significant in the IBD5 wild-type
homozygotes but became significant in the IBD5 het-
erozygotes and even more significant in the IBD5 “risk”
homozygotes, supporting the theory of an epistatic re-
lation between the IBD5 locus and CARD15 in the
susceptibility to UC (table 1). However, there was no
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Table 2

Transmissions versus Nontransmissions in Common CD-
Associated CARD15 Variants from the TDT of 244 UC Trios

Variant Transmissions Nontransmissions P Value

702Trp 24 16 .26
908Arg 3 12 .066
Leu1007fsinsC 8 15 .22

such relationship between UC and the 908Arg or
Leu1007fsinsC CARD15 alleles (908Arg: HC 0.65%,
UC 0.73%, ; Leu1007fsinsC: HC 2.14%, UCP p .73
0.74%, ), despite IBD5 stratification (data notP p .057
shown). We found no particular UC phenotype (need
for surgery, age at onset, disease distribution) associated
with the CARD15 702Trp allele, with or without IBD5
stratification.

We believe that these data confirm the presence of
an IBD5/CARD15 epistatic relationship in the suscep-
tibility to UC (although the overall population effect
is relatively small [table 1]), in contrast to the non-
epistatic relationship between IBD5/CARD15 and CD
seen in both our populations and that of Giallourakis
et al. (2003). Our data, however, suggest that this ep-
istatic effect is seen exclusively with the 702Trp variant,
supporting other data that imply that the 702Trp poly-
morphism may possess unique properties not shared
with the other CARD15 CD-associated variants (Bo-
nen et al. 2003; Rahman et al. 2003; Sugimura et al.
2003). Indeed, our data suggest a trend toward under-
transmission/reduced allele frequency of 908Arg/
Leu1007fsinsC in UC (table 2 and the paragraph above).
Further work is needed to determine whether the epi-
static IBD5/CARD15 interaction in UC is a “global”
CARD15 phenomenon or, as we have suggested, is re-
stricted to the 702Trp allele. These data support the
theory that UC and CD are related polygenic conditions
that share some, but not all, susceptibility genes.
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Reports of the Death of the Epistasis Model Are
Greatly Exaggerated

To the Editor:
I was surprised by the conclusions drawn by Vieland
and Huang (2003) that linkage studies of affected sibling
pairs (ASPs) cannot, in general, as a matter of mathe-
matical principle, be used to distinguish heterogeneity
from epistatic models. A glance at the citation list sug-
gests that the authors have overlooked a critical body
of scholarly work that is directly relevant to this issue
and that flatly contradicts their conclusions.

Epistasis (interaction) between genes influencing inher-
ited traits has been recognized since 1865, when the re-
sults of Gregor Mendel’s hybridization experiments were
published. Fisher (1918) was the first to partition genetic
variance into a series of additive components correspond-
ing to the “main effects” (additive and dominance com-
ponents) attributable to individual genotypes and
“interactions” (epistatic components) determined by
combinations of genotypes. Cockerham (1954) used or-
thogonal contrasts to decompose the epistatic variance
into several components; for a two-locus example, under
the assumption of linkage equilibrium, the total genetic
variance can be written as (V ) p V � V � V �G A1 A2 D1

, where andV � V � V � V � V VD2 A1A2 A1D2 D1A2 D2D2 A1

are additive components for the first and second loci;VA2

and are dominance components; and ,V V VD1 D2 A1A2

, , and are additive-additive, additive-V V VA1D2 D1A2 D2D2

dominance, dominance-additive, and dominance-domi-
nance components, respectively, for the two loci. Epistasis
is present in the model when one or more of the ,VA1A2

, , and components are 10. In experi-V V VA1D2 D1A2 D2D2

mental intercrosses, analysis-of-variance (ANOVA) tech-
niques are traditionally used to assess the significance of
each component, and the classic two-locus statistical test
for epistasis compares the fit of the general epistasis mod-
el (eight components) to a nested (hierarchical) model
with four main effects (i.e., V p V p V pA1A2 A1D2 D1A2

). More elaborate methods using models basedV p 0D2D2

on the variance-components framework have been de-
veloped (e.g., Kao and Zeng 2002). It is commonplace to
colloquially refer to the main-effects model as the “ad-
ditive” model. The real-world meaning of the additive
model is crystal clear: the effects of each locus on the
phenotype are independent of each other—the very same
definition of “genetic heterogeneity” used by Vieland and
Huang (2003). Or, to put it another way, it doesn’t matter
on what genetic background you choose to estimate the
effects of a locus, you will measure the same effect.

Risch (1990) introduced an elegant mathematical ap-
proach to the generalized study of complex human dis-

eases. Identity-by-descent (IBD) vectors in ASPs could
be modeled “on the back of an envelope” using math-
ematically simple models of gene interaction. His “ad-
ditive,” two-locus model carefully defines the joint pen-
etrance (the probability that an individual with a
particular multilocus genotype is affected) as a sum of
“penetrance summands,” one for each locus. The critical
issue here is that the “penetrance summands” are delib-
erate abstractions—they are distinct from marginal, lo-
cus-specific penetrances. This is because the sole purpose
of the “penetrance summands” is to specify the joint
penetrances and thus specify the joint IBD probability
vector (an analogous trick was used by Risch et al.
[1993] and extended by Bonyadi et al. [1997] to analyze
affected animals in backcrosses and intercrosses). The
marginal IBD probability vector (IBD observed at each
constituent locus) can then be easily solved but not some
marginal penetrance vector. If I understand them cor-
rectly, it is these marginal penetrance vectors (one for
each locus) that Vieland and Huang (2003) seek to es-
timate. The reason why this search is pointless in the
context of ASP linkage studies can be understood by
reference to the work of James (1971) and Suarez et al.
(1978). First, the expected probabilities of the three IBD
configurations in an ASP can be calculated from a set
of allele frequencies and single-locus penetrances (for
any number of alleles; a minimum of four parameters
for a two-allele model). However, there is no inverse
solution, since the penetrances and allele frequencies
cannot be identified starting from a set of IBD proba-
bilities. This was confirmed for ASPs by Whittemore et
al. (1991), who pointed out that the inverse solution can
be solved in larger families. It is this unique statistical
property of ASPs that validates the term “non-para-
metric” to test statistics based on IBDs and ASPs. For
aficionados of the ASP paradigm, this is valued as a
strength (Farrall 1997b); for detractors, however, it is
apparently perceived to be a weakness (Greenberg et al.
1996; Spence et al. 2003). The point here is that ASPs
are good for detecting linkage (via IBD distortion), but
they are hopeless for measuring allele-specific or geno-
type-specific parameters. This latter objective is of great
interest to both “earlier generations” and the “next gen-
eration” of gene mappers, but I suspect that more in-
sights will be gained through genotype/haplotype asso-
ciation techniques than by pure linkage tests.

Anyway, Cordell and colleagues (1995) built on the
findings of Risch (1990) to expand and generalize the
variance-components model for two-locus disease mod-
els; in effect, they implemented the ASP equivalent of
Cockerham’s variance-components model. This was in-
formative, since it led to the conclusion that the main-
effects model (see above) was equivalent to Risch’s ad-
ditive model; Risch had chosen this moniker well.
Consequently, for ASPs, the classic linkage test for epis-
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tasis was immediately obvious: use likelihood-ratio tests
to compare the general epistasis model with the additive
model (or GEN-ADD in Cordell et al. 1995). This test
has been successfully applied (Cordell et al. 1995) and
theoretically extended to the case of linked susceptibility
genes (Farrall 1997a). The existence and mathematical
justification of this linkage test directly contradicts the
main conclusion of Vieland and Huang (2003).

Vieland and Huang (2003) comment on their surprise
on reaching their conclusions. They had counted the
number of degrees of freedom in a two-locus IBD matrix
(eight) and were suspicious that there might be eight
underlying parameters to describe a saturated model. Of
course, the eight degrees of freedom are mirrored by the
eight variance components in the general epistasis model
of Risch (1990) and Cordell (1995). It seems that it will
be impossible to reconcile the variance-components epis-
tasis ASP model with the conclusions of Vieland and
Huang (2003). I look forward to Vieland and Huang’s
critique of the variance-components epistasis model and
its application to ASP data and also to their re-evaluation
of their findings.

MARTIN FARRALL

Department of Cardiovascular Medicine
University of Oxford
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Affected-Sib-Pair Data Can Be Used to Distinguish
Two-Locus Heterogeneity from Two-Locus Epistasis

To the Editor:
I was surprised by the conclusions of Vieland and Huang
(2003), who maintain that two-locus heterogeneity can-
not be distinguished from two-locus epistasis on the ba-
sis of affected-sib-pair (ASP) data. Since a number of
previous studies (not cited or discussed by Vieland and
Huang [2003]) have, in fact, used ASP data to distin-
guish between two-locus heterogeneity and two-locus
epistasis (see, for example, Cordell et al. 1995, 2000;
Farrall 1997), there appears to be some contradiction
between the conclusions drawn by Vieland and Huang
(2003) and previous work.

An obvious explanation for the contradiction would
be that the definitions of heterogeneity and epistasis used
by Vieland and Huang (2003) differ from those used in
previous studies. There is still some debate in the liter-
ature over the precise mathematical definition of epis-
tasis, and, indeed, the term is often used without defi-
nition, so that it is difficult to know which definition is
being assumed in any given situation (Cordell 2002).
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Most models are defined in terms of an underlying pen-
etrance matrix for the effects of two diallelic loci,

w w w11 12 13

w w w ,21 22 23( )
w w w31 32 33

where is the penetrance for genotype i at locus 1 andwij

genotype j at locus 2 (i.e., the probability of disease,
given that an individual has copies of the risk allelei � 1
at locus 1 and copies of the risk allele at locus 2).j � 1
Vieland and Huang appear to only consider the situation
in which the underlying penetrance matrix takes one of
the following forms,

f f f f f f f f fP P A P A A P A A

f f f , f f f , or f f f ,P P A P A A B AB AB( ) ( ) ( )
f f f f f f f f fB B AB B AB AB B AB AB

which they refer to as RR (recessive-recessive), RD (re-
cessive-dominant), and DD (dominant-dominant), re-
spectively. Given this parameterization, they choose to
define two-locus heterogeneity as the parameter
restriction

f p f � f � f fAB A B A B

and two-locus epistasis as any penetrance model not
satisfying this restriction.

As pointed out by Vieland and Huang (2003), this
definition does not coincide with the definition of a het-
erogeneity model used by Risch (1990), nor does it co-
incide with his definitions of an additive or a multipli-
cative model, all of which have, in various situations,
been considered to represent a lack of epistasis (Cordell
2002). Thus, we have one immediate explanation for
the apparent contradiction between the conclusions of
Vieland and Huang (2003) and the results of Cordell et
al. (1995, 2000) and Farrall (1997), who used the Risch
(1990) definitions of heterogeneity, additivity, and mul-
tiplicativity: it is possible that ASP data can be used to
distinguish two-locus heterogeneity from two-locus epis-
tasis when these concepts are defined in terms of the
Risch (1990) models of heterogeneity, additivity, and
multiplicativity, but not when they are defined using the
definition proposed by Vieland and Huang (2003).

Details of the methodology for distinguishing between
the Risch (1990) two-locus models of heterogeneity, ad-
ditivity, and multiplicativity using ASP data are de-
scribed in Cordell et al. (1995, 2000) and Farrall (1997).
Briefly, these authors show that the 3 # 3 matrix of (2,
1, 0) identity-by-descent (IBD)–sharing probabilities for
ASPs can be written in terms of the prior IBD-sharing
probabilities and eight variance-component–ratio pa-
rameters: , , , , ,2 2 2 2 2V /K V /K V /K V /K V /KA D A D A A1 1 2 2 1 2

, , and . Here, K corresponds to2 2 2V /K V /K V /KA D D A D D1 2 1 2 1 2

the population prevalence of disease; and cor-V VA Di i

respond to the additive and dominance variances due to
locus i; and , , , and to the additiveV V V VA A A D A D D D1 2 1 2 2 1 1 2

# additive, additive # dominance, dominance # ad-
ditive, and dominance # dominance variances due to
locus 1 and locus 2, respectively (Kempthorne 1957).
Although these parameters, together with the underlying
penetrances and allele frequencies from which they are
derived, are not individually identifiable from the 3 #
3 matrix of IBD sharing, the eight variance-component–
ratio parameters are identifiable. The fit of different pen-
etrance models is compared by performing likelihood
ratio tests, with the likelihood defined in terms of these
eight variance-component–ratio parameters. The general
epistatic (saturated) model corresponds to a situation in
which the eight parameters are allowed to vary freely;
the additive model (which can be shown to be virtually
indistinguishable from the heterogeneity model with
regard to IBD sharing among ASPs) corresponds to
the restriction that 2 2 2V /K p V /K p V /K pA A A D D A1 2 1 2 1 2

; and the multiplicative model corresponds2V /K p 0D D1 2

to the combined restrictions 2 2V /K p V /K # V /A A A A1 2 1 2

, ,2 2 2 2 2 2K V /K p V /K # V /K V /K p V /K #A D A D D A D1 2 1 2 1 2 1

, and .2 2 2 2V /K V /K p V /K # V /KA D D D D2 1 2 1 2

Although the definition of heterogeneity proposed by
Vieland and Huang (2003) does not precisely correspond
to that used by Risch (1990), these definitions can, in
fact, be shown to be equivalent in the special case of a
model with no phenocopies ( ). The rationale forf p 0P

the model proposed by Vieland and Huang (2003) ap-
pears to come from the desire to express the population
prevalence, K, in the form

K p K � K � K K ,A B A B

which is a natural expression for the probability of the
union of two independent events. In the Risch hetero-
geneity model, the penetrances may be written aswij

, and Risch (1990) showed that, with thisx � y � x yi j i j

parameterization, the population prevalence can also be
written as

K p K � K � K K ,1 2 1 2

where and correspond to contributions of locusK K1 2

1 and 2, respectively, so that the Risch model also leads
to the desired population prevalence structure. Note that
the actual definitions of and in the Risch for-K K1 2

mulation differ from the definitions of and in theK KA B

Vieland and Huang formulation, except when . Itf p 0P

is not clear whether the Vieland and Huang definition
of heterogeneity,

f p f � f � f fAB A B A B ,
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in fact leads to the desired prevalence structure if f (P

, since their calculation of the prevalence, K, as0

2 2 2 2 2 2K p q (1 � q )f � (1 � q )q f � q q fA B A A B B A B AB

(which does lead to the desired structure when andKA

are defined as and , respectively) in fact only2 2K q f q fB A A B B

holds when . In the RR model of Vieland andf p 0P

Huang (2003), the Risch heterogeneity model can be
shown to correspond to the restriction

f � f � f f � fA B A B Pf p ,AB 1 � fP

which might be considered to be a more general form
of heterogeneity than that proposed by Vieland and
Huang (2003).

Nevertheless, Vieland and Huang (2003) are correct
in stating that, given a set of penetrances satisfying either
the Risch (1990) or the Vieland and Huang (2003) def-
inition of heterogeneity, it is possible to find another set
of penetrances, equally compatible with the observed
IBD sharing, that does not satisfy the respective defini-
tion of heterogeneity. This is because for any set of pen-
etrances, , it can be shown that multiplying each pen-wij

etrance by a constant, C, leads to an identical set of
variance-component ratios and thus to an identical set
of IBD-sharing probabilities. For the additive and mul-
tiplicative models of Risch (1990), this has no effect on
the underlying penetrance structure, since we may write
the new penetrance as W p Cw p Cx � Cy p X �ij ij i j i

, for the additive model, and �Y W p Cw p Cx #j ij ij i

, for the multiplicative model. For the�Cy p X # Yj i j

heterogeneity model, however, we have W p Cw pij ij

, which cannot in general be written asCx � Cy � Cx yi j i j

. Similarly, one can show that, on the prev-X � Y � X Yi j i j

alence scale, the additive and multiplicative structures
( and , respectively) are unalteredK p K � K K p K K1 2 1 2

by multiplying the penetrance matrix by a constant,
but the heterogeneity structure becomes K p CK �1

or, equivalently, .CK � CK K K/C p K � K � K K2 1 2 1 2 1 2

Thus, the models fitted by Cordell et al. (1995, 2000)
and Farrall (1997) can be thought of as implicitly using
this as their definition of heterogeneity on the prevalence
scale, for any constant value of C. Although perhaps less
satisfactory than the original structure, K p K �1

, it can nevertheless be seen to correspond toK � K K2 1 2

a situation in which the effects of the two loci act in the
required form with regard to the scaled prevalence,

, rather than with regard to the prevalence itself.K/C
Alternatively, because of the close correspondence be-
tween the Risch heterogeneity and additive models with
regard to IBD sharing among ASPs (Cordell et al. 1995),
one can simply consider “heterogeneity” to be defined
as corresponding to an additive model for the penetrance
and prevalence structures.

The Risch definition of heterogeneity is much more
general than the Vieland and Huang formulation, as it
does not assume dominance or recessiveness at either
locus. It has the advantage of extending to multiallelic
systems and does not, as suggested by Vieland and
Huang (2003), preclude models with no phenocopies
(which can be modeled, for example, by allowing

). Moreover, we have seen that a generali-x p y p 01 1

zation of this formulation leads to models for IBD-shar-
ing probabilities that can be tested using ASP data. For
all these reasons, the Risch (1990) definition would seem
to be preferable to that proposed by Vieland and Huang
(2003). A final question of interest is whether the pen-
etrance models implied by either of the prevalence struc-
tures, or ,K p K � K � K K K/C p K � K � K K1 2 1 2 1 2 1 2

do in fact correspond to some biological mechanism of
interest. There is still considerable debate within the lit-
erature concerning the biological interpretation of math-
ematical models of epistasis (Cordell 2002). Some would
argue that biological models of interest at the micro scale
(at the level of biochemical reactions, for example) are
indistinguishable when measured at the macro scale of
epidemiological studies, since many different underlying
models can lead to essentially the same disease risks
(Thompson 1991). As mentioned, several authors have
considered departure from a multiplicative model as an
indication of epistasis, which can be tested on the basis
of a positive correlation between IBD-sharing probabil-
ities at the relevant loci (Holmans 2002). This definition
leads to natural tests of interaction on the log-odds scale
in the standard epidemiological framework, but it is un-
clear whether there is any advantage to this definition
with regard to elucidation of the underlying biological
mechanisms. Others have used tests based on different
aspects of the correlational structure of genotype data
across loci (e.g., Cox et al. 1999). The relationship be-
tween these tests and tests based on mathematical mod-
els for the penetrance matrix remains to be elucidated.
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Reply to Cordell and Farrall

To the Editor:
“…Vieland and Huang (2003) are correct in stating that,
given a set of penetrances satisfying either the Risch
(1990) or the Vieland and Huang (2003) definition of
heterogeneity, it is possible to find another set of pen-
etrances, equally compatible with the observed IBD
[identity-by-descent] sharing, that does not satisfy the
respective definition of heterogeneity.” Thus concludes
Cordell (2003 [in this issue]), and interested readers may
wish to consult the section of her text immediately fol-
lowing that statement for a recapitulation of our proof.
This means that affected sibling pairs (ASPs) cannot be
used to distinguish two-locus heterogeneity (2L HET)
from two-locus epistasis (2L EPI), as we defined these
terms, which is exactly what we claimed to have proved
in our paper (Vieland and Huang 2003). (More precisely,
this completes the proof for HET models; see Vieland
and Huang [2003] for the extension to EPI models.)

Cordell argues, however, that we would be able to
differentiate 2L HET from 2L EPI in ASP data, if we
were to change what we meant by these terms. This is
certainly true, and the literature is replete with alter-
native, often conflicting, mathematical representations

of HET and EPI. (See Cordell [2002] and Vieland and
Huang [2003] for further discussion.) So how do we
decide on our definitions in the first place?

In selecting the definition of 2L HET to be used in
Vieland and Huang (2003), we took as our primary
objective the derivation of a mathematical expression
that would capture a class of 2L models, such that any
geneticist would agree they represented locus HET in its
classical form. We therefore focused our discussion on
models with simple dominance structures—that is,
where the (marginal) mode of inheritance was either
dominant or recessive at each locus—although relaxing
this assumption, as in Risch’s (1990) definition, does not
affect our proofs. (Risch’s definition also differs from
ours in the way “phenocopies” are handled, although it
does allow for , in Vieland and Huang’s [2003]f p 0P

notation, as Cordell notes.) The resulting definition of
HET (Vieland and Huang 2003; equation 2) seems to
us impeccable, in the sense that any penetrance table
that is consistent with it is readily seen to represent the
classical concept of locus HET in terms of independent
gene action, as it applies to the known heterogeneous
Mendelian disorders. We then defined 2L EPI as any
model that did not qualify as HET, on the grounds that
either the genes act independently or they do not.

We stand by our mathematical definitions as geneti-
cally well justified and appropriate to the subject matter
of our paper. As far as we can tell, Cordell is also fun-
damentally in agreement with our definition of HET
from a genetic point of view, at least if the definition is
given in the generalized form of Risch (1990).

Cordell nevertheless proposes to adopt a different def-
inition for the purposes of reconciling the findings of
Vieland and Huang (2003) with earlier work, in which
she and her colleagues developed and applied a test for
distinguishing 2L HET (as defined by Risch) from 2L
EPI in ASPs (Cordell et al. 1995). In particular, she pro-
poses to replace the definition based on a particular
structure in the prevalence, K (as in the work of Risch
[1990] and Vieland and Huang [2003]), with a definition
based instead on K/C, where C is a constant (see Cor-
dell’s letter in the current issue for details), saying that
the models fitted in the 1995 paper “can be thought of
as implicitly using this…definition of heterogeneity on
the prevalence scale.”

The significance of this shift to a definition of 2L HET
“on the prevalence scale” is obscure in the extreme, until
one recognizes that the new definition is in essence a
simple restatement of our main result. Letting ∗f pA

, , and , Cordell’s new defini-∗ ∗f /C f p f /C f p f /CA B B AB AB

tion of HET can be written as . This∗ ∗ ∗ ∗ ∗f p f � f � f fAB A B A B

produces the requisite structure “on the prevalence
scale,” which is seen, for example, by substituting these
expressions back into the equations on p. 225 of Vieland
and Huang (2003). [We note a typographical error in
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the second line of the second equation on p. 225 of
Vieland and Huang (2003), which should read as fol-
lows: .] But in terms of2 2 2 2q f � q f � q q (f � f � f )A A B B A B A B AB

the original penetrances, a little algebra shows that this
translates back to a definition of 2L HET as f pAB

). When , therefore, Cor-f � f � (1/C)(f # f C p 1A B A B

dell’s definition and ours coincide; for any other value
of C, models conforming to her definition of HET will
satisfy neither our definition nor that of Risch. But they
will produce identical IBD probabilities, because the
original penetrance ratios— , etc.—and the rescaledf /fA AB

penetrance ratios— , etc.—are identical (see Vieland∗ ∗f /fA AB

and Huang [2003], p. 227–228, for details).
Cordell’s new definition of HET “works” by simply

reclassifying as HET the infinitely many corresponding
EPI models, which, as Vieland and Huang (2003)
proved, cannot be distinguished from HET by their IBD
probability structure. We persist in calling these models
“EPI” because (1) they fail to qualify as HET under our
genetically based definition (or that of Risch) and (2)
because their structure precludes expression in terms of
probabilistic independence across the two loci, which
we take as the sine qua non of any reasonable definition
of HET.

The new definition thus vindicates the Cordell et al.
(1995) procedure as a statistical test. We can continue
to refer to this as a test of 2L HET versus 2L EPI if we
like, but only insofar as we are willing to consider epis-
tasis between loci as a form of HET. This is surely putting
the cart before the horse. If we wish to use statistical
modeling to learn something about real diseases, we need
to start with the genetic definitions of our terms and
then seek mathematical representations appropriate to
statistical modeling—not the other way around. This is
the only procedure for ensuring that our statistical con-
clusions have genetic relevance.

The language that Cordell and Farrall use to describe
variance-components (VC) models for dichotomous
traits additionally complicates the issue of definitions.
The fully saturated 2L VC model contains locus-specific,
or “main-effects,” terms, plus terms involving both loci,
or “interaction” terms. The saturated model is referred
to, with solid historical precedent, as Farrall (2003)
notes, as “the general epistatic…model” (Cordell 2003
[in this issue]); a test of the fit of the main-effects–only
model against the saturated model is called a test of
“whether epistatic components of variance are required
in the model” (Cordell et al. 1995).

But the main-effects model is identical to neither our
definition of 2L HET nor that of Risch. That is to say,
there are (dichotomous) 2L HET models that have these
so-called epistatic components of variance in the VC
equation. It may seem odd to say that HET models can
involve interlocus interaction terms, but nevertheless,
when the fitted VC model includes nonzero interaction

terms, one might still be looking at a HET model—that
is, a model in which the genes are acting independently
on the phenotype (Vieland and Huang 2003; Risch
1990).

A rigorous, a priori definition of HET is necessary to
systematically investigate which subclass of the saturated
VC model actually represents locus HET in the usual
genetic sense, and, indeed, this was the starting point of
our own investigation. Although we gave our proof in
terms of penetrance-based models rather than VC mod-
els, the VCs can be parameterized in terms of the more
fundamental penetrance parameters, so that the Vieland
and Huang (2003) proof applies to either framework,
as Cordell (2003 [in this issue]) makes clear. Thus, shift-
ing the discussion from penetrance-based models to VC
models has nothing to do with the mathematics of our
argument, and the language in which VC models are
described should not distract us from the underlying
issue.

Finally, we would like to address Farrall’s (2003) com-
ment that the method of Cordell et al. (1995) for dis-
tinguishing 2L HET from 2L EPI had already been “suc-
cessfully applied” to an ASP data set of patients with
insulin-dependent diabetes mellitus (IDDM). How could
the method have been successfully applied, in view of
the subsequent Vieland and Huang (2003) results?

The Cordell et al. (1995) paper actually included an
important mathematical caveat, which should have
raised a flag even at the time. Acknowledging that the
VC parameters could not all be simultaneously
(uniquely) estimated from ASP data, Cordell et al. con-
strained the maximization procedure by fixing the pop-
ulation prevalence, K, at a specific numerical value, and,
for the multiplicative model, they fixed two prevalences,
one for each locus. These ad hoc constraints solved the
numerical problem but could have distorted the relative
fit of different 2L models. (Indeed, there may be a con-
nection between this procedure and Cordell’s new def-
inition of 2L HET on the prevalence scale.) Thus, they
did not in fact succeed in completely fitting the models.
The impact of their numerical procedures on compar-
ative model fitting would need to be thoroughly inves-
tigated before we could interpret the results as telling us
something interesting about IDDM.

Their analyses were also conducted under the as-
sumption that IDDM is actually a 2L disease, an as-
sumption that is almost certainly incorrect, as they
pointed out (Cordell et al. 1995). But model fitting is
based on parameter estimation, and the behavior of es-
timates based on the assumption of 2L inheritance has
never been systematically investigated for models having
more than two loci. Cordell et al. (2000) made this point
explicitly, saying that for a complex disease, “we must
beware of overinterpretation of the estimates of the var-
iance components parameters, since…it is not clear to
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what extent the parameter estimates generated under the
assumption of a two-locus—or even a three-locus—dis-
ease model will resemble their true population quanti-
ties.” This caution applies to comparative model-fitting
results based on parameter estimation as well.

Thus, the results of the application of Cordell et al.’s
(2000) methods to the IDDM data set needed all along
to be interpreted with more than a modicum of caution.
This is in no way meant to disparage the elegant math-
ematical work in that paper, and possibly the analyses
do elucidate some interesting aspects of the data. How-
ever, the simple existence of a statistical procedure does
not, in and of itself, ensure that its application to com-
plex genetic data is appropriate or meaningful. To know
what, if anything, the results of Cordell et al. (1995)
could really have taught us about IDDM, we would need
further evaluation of the method in application to mul-
tilocus data. Appropriate definitions of HET and EPI
would need to be the starting point of any such evalu-
ation, rather than the conclusion.
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