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win designs, comparing correlations in mono-

zygotic (MZ) versus dizygotic (DZ) twins, have an
extensive history. One major confounder in such
studies is that MZ twins may share postnatal envi-
ronmental influences more so than do DZ twins. To
avoid such confounding, twins separated at or soon
after birth have been studied, but their scarcity often
makes this approach impractical. Another method
has been to measure the degree of contact twins
have maintained over time, and adjust the observed
correlations. Here, we remove confounding by utiliz-
ing the discrepancy between biological and
self-perceived zygosity to separate environmental
from genetic sources of twin similarity. We analyzed
dietary patterns and physiologic traits in 350 female
twin pairs of the 1988 Kaiser Permanente Twin
Registry. Among twin pairs, 175 were MZ by self-
report and genetic testing (MZC), 136 were DZ by
self-report and genetic testing (DZC), 30 were MZ
by genetic testing but not by self-report (MZW), and
9 were DZ by genetic testing but not by self-report
(DZW) but were excluded due to small sample size.
For healthy food patterns, MZC and MZW intraclass
correlations were similar and greater than for DZC,
yielding positive and significant heritability esti-
mates. For unhealthy food patterns, the MZC, MZW
and DZC correlations were similar with no significant
heritability. For physiologic traits, MZC and MZW
correlations were similar and higher than those for
DZC, indicating significant heritability, except for
insulin for which MZW and DZC were similar and
which showed modest heritability. Twins of mis-
taken zygosity (TOMZ) provides a useful approach to
robust determination of heritability.

. _______________________________________________________________________|
Comparisons of correlations for monozygotic (MZ)
versus dizygotic (DZ) twin pairs have an extensive
history in twins research. One major confounder in
such studies is that the influences from sharing of
postnatal environments may be greater for MZ than
DZ twins. To avoid such confounding, one approach
has been to study twins separated at or soon after

birth, but their scarcity often makes this approach
impractical. Another method has been to measure the
degree of contact twins have maintained over time,
and adjust observed correlations for degree of
contact. However, the degree of contact may not
account for all the difference in environmental simi-
larity between MZ and DZ twins, especially early in
life. Discordance in perceived versus true zygosity
offers an alternative practical approach to control for
environmental confounding in large studies that has
rarely been utilized in twin research since first pro-
posed in the 1960s.

In 1968, Scarr examined sources of environmental
bias in twin studies, including the assumption of
equal environmental variances for MZ and DZ co-
twins depending on whether the parents are correct
about their twins’ zygosity (Scarr, 1968). Based on
whether twin zygosity is perceived correctly, two
important factors may be confounded: (1) the greater
genetic differences in DZ twins, and (2) the greater
differences in parental treatment of DZ pairs. In this
early study where four MZ pairs and seven DZ pairs
were misclassified, the data generally showed that
parental similarity in the treatment of twins is deter-
mined by their perceived genetic relatedness (Scarr,
1968), although the sample sizes were quite small.

Studies comparing designation of zygosity by sero-
logic markers or DNA typing versus questionnaires
have reported misclassification rates ranging from
4% to 10% (Cohen et al., 1975; Hrubec & Neel,
1981; Kasriel & Eaves, 1976; King et al., 1980;
Magnus et al., 1983; Nichols & Bilbro, Jr., 1966;
Reed et al., 2005; Rietveld et al., 2000). Moreover,
questionnaire response comparisons with serological
markers in adult twins from a large United States
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cohort indicated that a greater proportion of MZ
pairs thought that they were DZ (7.6%; Jablon et al.,
1967) than DZ pairs who thought they were MZ
(2.2%; Hrubec & Neel, 1978).

In 1980, King and colleagues compared the diag-
nosis of twin zygosity by self-assessment with genetic
analysis based on 20 independent genetic markers for
173 adult like-sex twin pairs from the Kaiser-
Permanente Twin Registry (King et al., 1980).
Concordance of the laboratory diagnosis with twins’
self-assessment was about 90%. The error rate among
laboratory diagnosed MZ twins was much higher than
previous studies because of the greater number of
markers used to establish zygosity in this study. The
most predominant error was that 17% of MZ twins
believed incorrectly that they were DZ, while only 2%
of the DZ twins believed they were MZ. These inves-
tigators also suggested that twin pairs who believe
that they are DZ, but who are MZ based on the
genetic analysis, represent an important group to eval-
uate the genetic versus environmental influences on
behavioral characteristics such as diet or smoking
(King et al., 1980). The MZ twins who believe them-
selves DZ can be considered ‘environmentally DZ,
genetically MZ’ twins, and might be used to study
genetic and environmental influences separately.
Comparability of the within-pair environmental dis-
cordance for these twins to the within-pair
environmental discordance for other MZ twins may
be helpful in determining the extent of genetic influ-
ences on twin pair shared environment as described by
Scarr (1968).

If postnatal environmental sharing between twins
is a function of their perceived zygosity, comparison of
MZ correctly versus DZ incorrectly self-identified
twin pairs should provide direct heritability estimates
uncontaminated by excess environmental sharing of
MZ twins; by contrast, comparison of correctly versus
incorrectly self-identified pairs for MZ twins as well
as for DZ twins should provide a direct estimate of
MZ twin correlation due to excess environmental
sharing of MZ compared to DZ twins.

Here we applied this method, twins of mistaken
zygosity (TOMZ), as a distinctive approach to esti-
mate the separate contributions of genetic and
environmental influences on common traits. To
demonstrate the utility of the TOMZ method, we
selected two examples, dietary patterns and physio-
logic measures, which differ with respect to the degree
of genetic and environmental influence. Genetic
factors strongly influence levels of physiologic risk
factors for coronary heart disease and insulin resis-
tance (Acton et al., 2004; Austin et al., 1987; Edwards
et al., 1997; Friedlander et al., 1997; Heller et al.,
1993; Hewitt, 1997; Katoh et al., 2005; Selby et al.,
1987). However, less is known about the influence of
the shared environment on these risk factors for
chronic disease. Dietary traits are influenced by envi-
ronmental factors, and possibly to a lesser degree by
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genetic factors. Genetic differences in food preferences
can be traced to biological variations in digestive
enzymes in invertebrates. For example, amylase geno-
type has been correlated with food preference in
amphipod crustraceans (Guarna & Borowsky, 1993).
In humans, most studies have found evidence for
genetic influences on overall energy and nutrient
intakes (Collaku et al., 2004; de Castro, 2002; Reed et
al., 1997), but evidence that meal patterns, eating
behaviors (de Castro, 1993a, 1993b; Keller et al.,
2002; Klump et al., 2000; Tholin et al., 2005; Segal,
2001) and specific food preferences are inherited is
less consistent (Heitmann et al., 1999; Reed et al.,
1997; van den Bree et al., 1999). Evidence from a
study of MZ twins with discordant body weights indi-
cates that preferences for fat, sweet foods, and alcohol
may be acquired behaviors (Rissanen et al., 2002).
Moreover, findings show that genetic influences are
most likely to affect the overall pattern of interrelated
food selections rather than individual food items or
micronutrients (Reed et al., 1997; Rozin & Millman,
1987). For example, more healthful eating patterns
may consist of multiple food items that affect future
chronic disease and obesity, and the dietary patterns
are likely to be influenced by both genetics and the
environment.

Many studies have shown a link between overall
energy and fat intake and genetic variation (Reed et
al., 1997), yet, estimates of the contribution of the
genetic and shared environmental components in
determining ‘healthy’ and ‘unhealthy’ food patterns
have not been well-characterized. In one study of over
4600 male and female twins, two independent eating
patterns were identified: the first pattern included
food items high in fat, salt and sugar, and the second
was characteristic of a ‘healthful’ eating pattern (van
den Bree et al., 1999). About 60% to 85% of the vari-
ability in eating patterns was associated with
environmental factors.

The objective of this study was to demonstrate that
TOMZ is a practical method for estimating the sepa-
rate contributions of genetic and environmental
influences on dietary patterns as well as physiologic
risk factors for chronic disease. This method is based
on comparison of the intraclass correlation estimates
for twins whose zygosity had been classified correctly
compared with twins whose zygosity had not.

A group of 350 female twin pairs from the Kaiser
Permanente Twin Registry who participated in dietary
interviews and physiologic assessments in 1988 and
1989 were included based on zygosity assessed by self-
report and by laboratory diagnosis.

Materials and Methods

Study Subjects

The study cohort consisted of members of the Kaiser
Permanente Twin Registry who agreed to visit the
Kaiser Permanente Medical Center in Oakland,
California in 1978 and 1979 for a study of coronary

Twin Research and Human Genetics August 2006

https://doi.org/10.1375/twin.9.4.540 Published online by Cambridge University Press

541


https://doi.org/10.1375/twin.9.4.540

Erica P. Gunderson, Ai-Lin Tsai, Joe V. Selby, Bette Caan, Elizabeth J. Mayer-Davis, and Neil Risch

heart disease risk factors, and health outcomes. This
sample of 434 female twin pairs were born in 1960 or
earlier and lived in the San Francisco Bay area.
Recruitment procedures, sample selection, data collec-
tion study protocol, laboratory methodology and
other basic features have been previously described in
detail elsewhere (Austin, 1993; Austin et al., 1987,
Edwards et al., 1994; Mayer et al., 1993). Briefly,
study participants had a physical examination, a com-
prehensive laboratory test panel, zygosity assessment,
and measurement of lipid and lipoprotein levels, and
were administered a health questionnaire. The average
age at the first examination was 42 years. Ninety per
cent of the twin pairs reported themselves to be white,
7% were black and the remaining 3% were of other
ethnicity. Thirty-nine per cent were college graduates,
34% had some college, 23% were high school gradu-
ates, and the remaining 4% had not completed high
school. Sixty-seven per cent were living with a spouse
or partner, 16% were divorced or separated and 8%
were single.

The present analysis includes 350 adult female
twin pairs (80.6% of the original cohort) who partici-
pated in the first examination of the Kaiser
Permanente Women Twins Study in 1978 and 1979,
and were reexamined at a second visit 11 years later in
1989 and 1990. The average age of the women at the
second examination was 50 years (range 30 to 90
years), and similar to the original cohort, the majority
(90%) were white, and more than 90% perceived
their overall health status as good or excellent.

Data Collection

Dietary intake during the month before the clinical
exam visit was assessed from the Health Habits and
History Questionnaire, a self-administered, 100-item
food frequency questionnaire (FFQ), developed at the
National Cancer Institute (Block et al., 1986). The
computer-scannable version includes nine frequency
categories, and three portion size categories (small,
medium and large) for each food item. The methods
used to administer the FFQ to subjects have been pre-
viously described in detail (Mayer et al., 1993).
Briefly, subjects reported the number of servings per
day or per week and portion size consumed for each
of the 100 food items within the past month.

In data analyses, the 100 food items were initially
collapsed into 18 categories based on preselected major
food types, protein, saturated fat and other nutrient
content as follows: beef, pork, hot dogs, fish/poultry,
citrus fruits, other fruits, tomatoes, carrots,
yellow/green vegetables, salad, other vegetables,
rice/potatoes, high fiber grains, cheese, butter/mar-
garine, eggs, ice-cream, and sweets. Factor analysis was
utilized to reduce the number of food categories further,
and to identify distinct dietary patterns.

Physiologic measurements including anthro-
pometry (body mass index [BMI], waist circumference),
and fasting blood lipoproteins, triglycerides, glucose,
and insulin were obtained at the examination in 1988

or 1989 under standardized methods which have been
described in detail elsewhere (Friedlander et al., 1997,
Mayer et al., 1993; Selby et al., 1994). Blood samples
were obtained from subjects in the morning after an
overnight fast of 9 hours or more and analyzed for
plasma triglycerides, lipoproteins, glucose and insulin
using methods previously reported. Height (m) and
weight (kg) were obtained from subjects dressed in
light clothing and without shoes. BMI was calculated
as weight divided by height squared (kg/m?). Waist
circumference was measured at the natural indenta-
tion, or midway between the iliac crest and the
lowermost extension of the rib cage in the midaxillary
line. Blood samples were collected into EDTA-contain-
ing tubes. Plasma was separated within 2 hours and
stored under refrigeration for a maximum of 72 hours
before processing. Total cholesterol (TC), high-density
lipoprotein cholesterol (HDL), and triglycerides were
assessed using standard methods (Nagele et al., 1984;
Warnick et al., 1985). Low density lipoprotein choles-
terol (LDL) was estimated using the Friedewald
formula (Friedewald et al., 1972). All assays were per-
formed in the same laboratory (Selby et al., 1994).
Plasma glucose levels were measured by the glucose
oxidase method. Plasma insulin concentration was
measured by radio-immunoassay at SmithKline
Laboratories (Van Nuys, CA) using commercial kits
(Selby et al., 1994). We excluded women self-report-
ing diabetes or taking diabetes medications from the
sample for analyses of plasma glucose and insulin
levels (r = 19).

Zygosity Assessment and Classification

Self-reported zygosity for each twin was based on her
response to the question asked by the study inter-
viewer of whether she was an identical or nonidentical
twin or uncertain at the baseline interview in 1978.
There were no additional questions about their per-
ceived zygosity. Actual zygosity for each pair was
determined by analysis of 20 polymorphic loci in 1979
(King et al., 1980). Based on the concordance or dis-
cordance of the self-reported and the laboratory
zygosities, each twin pair was classified into one of
four groups: correctly self-identified as MZ (MZC =
MZ Correct), correctly self-identified as DZ (DZC =
DZ Correct), those not correctly self-identified as DZ
(MZW = MZ Wrong) and those not correctly self-
identified as MZ (DZW = DZ Wrong). Pairs classified
as MZC included pairs where both twins correctly
reported their zygosity as MZ, or within a pair one of
the twins correctly reported zygosity and the other
was uncertain. The classification in the DZC group
used the same criteria as it pertained to DZ instead of
MZ zygosity. Pairs classified as MZW included pairs
where at least one twin within the pair incorrectly
classified herself as DZ or both twins were uncertain
of their zygosity. The classification into the DZW
group used the same criteria as it pertained to DZ
instead of MZ status.
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Statistical Methods

First, the dietary and physiologic variables were exam-
ined for normality. For those variables that were not
normally distributed due to skewness, transformations
were applied to approximate normality. For some
variables the transformation required was square root,
for others a log transformation was necessary, and for
other extremely skewed variables, a double log trans-
formation was needed.

Factor analysis with orthogonal rotation was
applied to the 18 dietary items for data reduction pur-
poses, and to explore patterns in the dietary data. The
computer package SAS version 8 was used to produce
two factors using PROC FACTOR, assuming varimax
rotation and all prior communalities set to 1.0.

Estimation of Heritability

We first calculated intraclass correlations for the
MZC, MZW and DZC groups for each variable to
determine whether patterns were more consistent with
a genetic, environmental, or mixed model. To estimate
heritabilities, the computer program Mx, a structural
equation modeling package, was used to fit structural
equation models to observed twin covariance matrices
and to obtain maximum likelihood estimates of com-
ponents of variance (Neale et al., 2002). These
components included variance due to genetic heritabil-
ity (called ‘A’ or h?), variance due to shared twin
environment (called ‘C’ or ¢?), and variance due to
nonshared environmental effects (called ‘E’).
Heritability is estimated as the proportion of total
variance due to A, while ‘C’ reflects the proportion of
variance due to shared twin environmental exposures.
The MZC and DZC groups, the two largest, were
used to calculate heritability estimates.

Results

The zygosity of the 350 female adult twin pairs was
determined by two methods: self-report and genetic
analysis as shown in Table 1. In total, 175 pairs were
MZ by self-report and genetic testing (MZC); 136
pairs were DZ by self-report and genetic testing
(DZC); 30 were MZ by genetic testing but not by self-
report (MZW); and nine pairs were DZ by genetic
testing but not by self-report (DZW). The DZW pairs
were excluded from further analysis due to small
sample size.

The results of the principal components analysis
gave evidence for two dietary factors accounting for
17% and 14% of the variance, respectively. These
factors segregated the 18 food types (Table 2) into two
distinct factors which are suggestive of ‘healthy’ and
‘unhealthy’ food patterns. The ‘healthy’ dietary
pattern (Factor 1) was characterized by a low satu-
rated fat, high fruit and vegetable foods intake (high
fiber), and less concentrated sugars. The ‘unhealthy’
dietary pattern (Factor 2) was characterized by high
saturated fat from animal food sources, refined carbo-
hydrates and sugars (low fiber), and fatty meats

Twins of Mistaken Zygosity (TOMZ)

]
Table 1

Kaiser Permanente Female Twin Pairs by Self-Reported
and Genetically Determined Zygosity

Genetic zygosity
Self-report zygosity Mz Dz Total
Mz/Mz 1712 5P 176
Dz/bz 19° 129¢ 148
MZ/Unknown 4 1° 5
DZ/Unknown 1¢ 7¢ 8
Unknown/Unknown 10¢ 3 13
All 205 145 350

Note: *Defined as MZ-Correct (MZC; n=175)
*Defined as DZ-Wrong (DZW; n=9)
*Defined as MZ-Wrong (MZW; n = 30)
9Defined as DZ-Correct (DZC; n=136)

|
Table 2

Factor Analysis Results (Weightings) for 18 Dietary Food Categories

Food Categories Factor 1 Factor 2
(‘healthy’ (‘unhealthy’
dietary pattern) dietary pattern)
Fish/chicken 489 .154
Tomatoes 443 .076
Carrots .602 -.088
Salad 612 —.044
Yellow/green vegetables 618 -.089
Other vegetables .594 .026
Citrus fruits 498 -019
Other fruits 631 .046
High fiber grains .553 .004
Rice/potatoes 310 461
Beef —-.051 .686
Pork —-.050 440
Hot Dogs —.056 .604
Eggs .016 517
Butter/margarine 140 578
Cheese .053 496
Ice-cream .048 374
Sweets/soda/desserts =211 .500

intake. The remaining 16 factors explained between
3% and 7% of the variance, and it was clear in exam-
ining the distribution of variance explained that the
first two factors were prominent while the remaining
16 formed a simple continuum. Therefore all our sub-
sequent analyses focused only on the first two factors.

The food types that clustered together into Factor 1
(healthy food pattern) included fish or chicken, and
vegetable food sources such as carrots, tomatoes, salad,
green or yellow vegetables, fruits, high fiber grains, rice
and potatoes. Food types that clustered together to
form Factor 2 (unhealthy dietary pattern) included
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largely animal food sources, such as beef, pork, hot
dogs, eggs, cheese, and higher fat and concentrated
sweet foods including ice-cream, butter, margarine,
soda, and desserts.

Intraclass correlations for the food types and the
two factors signifying the two eating patterns were
calculated for each of the zygosity groups, and esti-
mates of heritability and shared environment
influencing the dietary patterns were derived from the
analysis using Mx (Table 3). Heritability is sometimes
determined as twice the difference between the MZ
and DZ twin intraclass correlations. For most vari-
ables in Table 3, an estimate based on this difference is
similar to the Mx derived estimate of h?, with the
exception of LDL cholesterol, and to a lesser extent
fasting glucose and insulin. The reason for the differ-
ence between the two methods of estimation is that
the Mx analysis is variance based, and assumes the
trait variance in MZ and DZ twins is the same, while
the estimate based on the difference in intraclass cor-
relations does not make this assumption. Therefore,
when the variances are different between the two
types of twins, the heritability estimates will differ.
The largest difference in trait variance between MZ
and DZ twins was for LDL cholesterol and less so for
fasting insulin and glucose. However, since none of the
variance differences between MZ and DZ twins were
significant, we believe the Mx estimates of heritability
to be the more robust.

The heritability based on the Mx analysis within
the ‘healthy eating pattern’ was strongest for vegetable
food types, which included carrots, tomatoes, salad,
green or yellow vegetables, with /h? estimates ranging
from .33 to .43 for each food (p < .05); the overall
heritability estimate for dietary Factor 1 was strong at
496 (p < .01; Table 3). None of the foods classified
within the ’unhealthy’ dietary pattern showed any
statistically significant genetic influence on dietary
choices, although several of the environmental compo-

nents (c?) were significant. The overall estimate for
heritability for dietary Factor 2 was zero, whereas the
environmental component ¢*> was significant at .315
(p < .05; Table 3).

By contrast, twin pair intraclass correlations and
heritability estimates for physiologic, anthropometric
and metabolic characteristics were much stronger than
for dietary patterns. Genetic influences on body
weight and waist girth had the strongest effect with h?
estimates above .75 (p < .001) in women twins.
Genetic variance strongly influenced fasting serum
lipoprotein and triglyceride levels with heritability
estimates ranging from .50 to .74 (p < .001). Much
weaker estimates of heritability were found for fasting
glucose and insulin levels, .393 and .247, (p < .05),
respectively. The influence of shared environment was
double that of the genetic contribution for fasting
insulin levels, an index of insulin resistance, with ¢?
estimates of .499 (p < .001).

For most variables with significant heritability esti-
mates and nonsignificant ¢? estimates from the Mx
analysis (i.e., some of the healthy food types, Factor 1
and most of the physiologic variables), the intraclass
correlations for the MZW group were very similar to
the MZC group, and greater than for the DZC group.
This observation reinforces the fact that the heritability
estimate we derived from the MZC and DZC groups
actually reflects genetic influences rather than environ-
mental influences that are shared more by MZ than DZ
twins. By contrast, those variables with a significant ¢?
component, such as Factor 2 and fasting insulin,
showed either that the three groups had similar intra-
class correlations (Factor 2) or that the MZW and
DZC groups had similar intraclass correlations, but dif-
fered (were less than) the MZC correlation (fasting
insulin), reinforcing the evidence for shared environ-
mental as opposed to genetic influences.

We also examined correlations between the dietary
variables, including Factors 1 and 2, and the seven

Table 3

Twin Intraclass Correlations and Heritability Estimates for Dietary Factors and for Physiologic (Anthropometric and Metabolic) Characteristics

Correlations by zygosity group

Variable MzC (n) MZW (n) DZzC (n) w c?
Dietary Factor 1 ‘healthy pattern’ .546 (175) .498 (30) .239(136) 496** .030
Dietary Factor 2 ‘unhealthy pattern’ .287 (175) 428 (30) .318(136) .000 315*
BMI 763 (174) .784(30) .390 (135) VL .000
Waist circumference 769 (174) 797 (30) .406 (135) 759%** .022
Fasting glucose .560 (162) .587 (29) 295 (122) .393* .156
Fasting insulin .730 (165) 641 (29) .663 (126) 247% 499%*
LDL cholesterol 742 (172) 746 (29) .313(130) .640%** .076
HDL cholesterol 697 (172) .889 (29) .296 (130) 735%** .000
Triglycerides .689 (172) 769 (29) .455 (130) 500*** 210
Note: *p<.05

**p< .01

®xp < 001
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physiologic traits across all the twins. We found these
correlations to be uniformly small and nonsignificant,
ranging from -.07 to +.12 (median .025). These
results indicate that the observed heritabilities for the
physiological variables cannot be attributed to poten-
tial genetic influences underlying dietary choices, in
particular the healthy diet variables that showed sig-
nificant heritability.

Discussion

An underlying assumption of twin analysis is that with
respect to the relevant nongenetic contributions, the
environmental influences of DZ co-twins are as
similar as those of MZ co-twins. If higher MZ versus
DZ correlations are attributed entirely to genetic dif-
ference, whereas in fact DZ variations originate in
greater differences in their environmental exposures,
estimates of heritability will be biased in favor of
genetic origins. It has been noted that MZ co-twins
are more similar in a variety of behaviors, including
sports activities, as well as in the treatment they
receive from parents (Jones, 1955). Home environ-
ments of MZ co-twins tend to be more similar than
those of DZ co-twins (Scarr, 1968), and hence,
greater similarity in environmental exposures may be
an important source of bias in twin studies where the
twins are influenced by family members according to
zygosity. The method evaluated in this study, TOMZ,
is based on comparison of the correlations for twins
who had been classified correctly versus those who
had not been classified correctly by zygosity. TOMZ
is useful for estimating the separate contributions of
genetic and environmental influences including differ-
ences in the shared environment which would
generally have been included in the influences attrib-
uted to genetics. For example, misclassified MZ twins
are more likely to be treated differently by their
parents, and misclassified DZ twins are more likely to
be treated similarly. These parental environmental
influences would result in a lessening of the differ-
ences between misclassified DZ pairs and
exaggerating the differences between misclassified
MZ pairs. The TOMZ method would allow for
robust estimates of heritability that would minimize
the environmental bias.

This method is applicable for estimating genetic
and environmental influences for common behav-
ioral or physiologic traits such as dietary patterns,
physical activity, blood lipid profiles, and obesity
where gene—environment interactions are most
likely to occur.

Previous studies, including the Kaiser Permanente
Women Twins Study, have found that genetics influ-
ence the levels of coronary heart disease risk factors,
including total and central obesity, lipid profiles, and
insulin resistance (Austin et al., 1997; Mayer et al.,
1996; Rose et al., 1998; Selby et al., 1987). Genetic
heritability estimates for anthropometric measure-
ments ranged from .72 to .82 for waist circumference
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adjusted for age and BMI (Rose et al., 1998), and .55
for relative weight (weight for height; Austin et al.,
1987). Consistent with our work, the estimates of
genetic heritability are somewhat weaker for physio-
logic measurements such as fasting serum lipids, insulin
and glucose levels adjusted for BMI and behavioral
factors (Mayer et al., 1996; Selby et al., 1987).

Gene—environment interactions, including effects
of dietary fat intake and genetic polymorphisms on
plasma lipoprotein levels, have been widely studied.
Evidence is less available for genetic determinants of
dietary intake and eating behaviors. Genetic influ-
ences on food preferences have been demonstrated for
only a limited number of food items (Falciglia &
Norton, 1994; Heitmann et al., 1999; Krondl et al.,
1983; Reed et al., 1997; Rozin & Millman, 1987).
These studies have found evidence for genetic effects
on the frequency of intake of individual food items
such as flour and grain products, fruits and vegeta-
bles, citrus fruits, rice, bacon, cottage cheese, and
chili pepper. For example, Rozin and Millman (1987)
showed that correlations for individual foods are very
weak for young adults and their parents ranging from
zero to .4 (Rozin & Millman, 1987). One study
found strong genetic influences on intakes of cottage
cheese and orange juice (Falciglia & Norton, 1994),
but another study identified influences on flour and
grain products, fruits and vegetables, and rice
(Heitmann et al., 1999). The inconsistency of the esti-
mates and specific individual food items across
studies may suggest that genetic influences are
stronger for dietary patterns than on individual food
items or absolute food intake.

Most twin studies have found evidence that eating
behaviors have some genetic determination. A few
studies have found significant genetic influences on
meal frequencies and meal size that have been attrib-
uted to the heredity of overall macronutrient and
caloric intake (de Castro, 1993a, 1993b). The sepa-
rate genetic and environmental influences on dietary
intake were examined in 66 MZ and 51 DZ twins
who were reared apart and 30% of the variance in
self-reported diet was attributable to genetic factors,
and current family environment exerted only slight
effects on dietary intake (Hur et al., 1998). In a very
large twin study (n = 4640 pairs), genetic and envi-
ronmental influences on eating patterns were
examined in a sample of predominantly female,
white twins over the age of 50 who self-reported
zygosity (van den Bree et al., 1999). The study identi-
fied two independent eating patterns, the first
included foods that had high amounts of fat, salt and
sugar, and the second was consistent with healthful
eating habits. For ‘unhealthy’ and ‘healthy’ eating
patterns, respectively, about 53% and 48% of the
variability was related to specific environmental
factors, and about 17% and 12% of the variability
was related to shared environment, which was not
significant (van den Bree et al., 1999). These findings
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are consistent with our findings for dietary patterns,
in that genetic factors contributed to the two differ-
ent eating patterns with heritability estimates of
about 30% to 40% (van den Bree et al., 1999).
Another similarity is that two distinct dietary pat-
terns were identified, which were distinguished by
the same attributes with respect to high fat, salt and
refined sugars for the ‘unhealthy’ pattern.

In our study, the healthy dietary pattern accounted
for a slightly higher proportion of the total variance in
dietary intake than the unhealthy dietary pattern (17%
vs. 14%). The reverse was true in the analysis by van
den Bree et al. (1999). The estimates of heritability
taking into account the misclassification of twins in our
study were 50% for the healthy dietary pattern (Factor
1), and 0% for the unhealthy dietary pattern (Factor 2).
The estimate for Factor 1 is comparable to that esti-
mated by van den Bree et al. (1999; 40% heritability
for the healthful eating pattern). Our estimate of the
heritability of dietary Factor 2, the unhealthy eating
pattern (0%), is lower than the 30% estimated by van
den Bree et al. (1999). Our finding suggests that genetic
influences are much greater for certain characteristics of
dietary choices. It is unclear why our results for this
factor differ from those of van den Bree et al. (1999).

In the van den Bree et al. (1999) study, zygosity was
determined exclusively by self-report. To address the
question of shared environmental bias, these authors
examined twin correlations stratified by degree of
contact of the twins in adulthood. They found little evi-
dence that degree of contact influenced the twin
correlations (i.e., those with more contact did not
demonstrate higher correlations) for the dietary factor
variables. This result is similar to ours in that we found
no evidence for a difference in the MZ twin correla-
tions based on whether they considered themselves to
be MZ or not. Thus, the difference between our heri-
tability estimates for the ‘unhealthy’ factor is unlikely
due to different approaches to dealing with the con-
founding due to shared twin environment.

Our results show that biological zygosity deter-
mined the correlations for the anthropometric and
physiologic measures. Earlier studies that did not use
biological zygosity, but self-report of zygosity, are
likely to have underestimated the true heritabilities for
most variables. However, since the proportion of mis-
classified twins is small, the underestimation is likely
not to be very large. Also, we note that among the 30
twin pairs included in the MZW group, 20 were
incorrect about their zygosity while 10 were uncertain.
These uncertain pairs may not represent the same
degree of discordance in terms of environmental and
genetic correlation as would be the case for those pairs
who were incorrect. This could possibly also have
attenuated differences between the MZC and MZW
groups, if they existed.

Currently, there appear to be three different
approaches for addressing the potential bias of
differential environmental correlations in twin studies:

(1) analysis of separated twins, (2) adjustment for
degree of twin contact, and (3) separate analysis of
twins of mistaken zygosity. Most likely the first para-
digm is the most robust, in that twins are reared in
separate (and presumably independent) postnatal envi-
ronments, so that observed correlations should only
reflect genetic influences, aside from those that occur
prenatally or very early in life, prior to adoption. Of
course, this approach has had limited application
because of the scarcity of twins who have been inde-
pendently adopted without subsequent contact.

The second and third paradigms provide an inter-
esting and complementary approach. Measuring the
degree of twin contact can serve as a surrogate for the
degree of environmental correlation for a twin pair,
and thus adjusting observed trait correlations for this
degree of contact can eliminate environmental con-
founding. However, this will only be true to the extent
that the correlations of relevant environmental expo-
sures are also indirectly measured by the degree of
contact. So, for example, if the relevant exposure is
parental treatment, this adjustment will only be useful
to the extent that similarity of parental treatment cor-
relates with degree of time spent together by the twins.
For example, one can imagine a scenario where
parents treat their twins quite differently despite the
fact that the twins spend a lot of time with each other;
or, conversely, that parents treat the twins similarly
even though they spend little time together. On the
other hand, the TOMZ method is effective only to the
extent that the correlation in environmental exposure
tracks with perceived zygosity. For the example above,
this would mean that parents treat their twins with a
degree of similarity dependent entirely on their percep-
tion of their zygosity and not based on their true
zygosity. It has been argued that twins may create a
shared environment that is more dependent on their
true zygosity than their perceived zygosity (Rutter et
al., 2001). If that is the case, and the relevant environ-
mental exposure is directly related to the environment
that the twins create, then the perceived zygosity may
be less relevant for addressing the environmental
source of correlation than the actual zygosity.
However, this scenario also portrays an interesting
paradox, namely that the genes involved in determin-
ing the trait are not directly related to the trait itself,
but to twin behaviors that lead to their environmental
exposure. Possibly the best, or only, way to resolve
this dilemma is to identify the relevant environmental
exposures (rather than their surrogates) and directly
measure their degree of correlation in the twins and
their direct impact on the phenotype.

Most twin studies do not rely on self-report of
zygosity, but rather on a questionnaire eliciting degree
of physical similarity of the twins and how often they
are mistaken by others. Presumably, there is some
correspondence between questionnaire-diagnosed
zygosity and self-belief of zygosity, but they are not
necessarily the same. For example, some twins who
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believe themselves to be DZ might be thought by others
to be MZ and vice versa. On the other hand, some
twins who are DZ but believe themselves to be MZ
could dress alike and appear more similar to outside
observers. One could also perform an analysis of twins
discordant for zygosity between questionnaire results
and DNA analysis (again, numbers of discordant pairs
is unlikely to be large), and in this case one would be
comparing biological MZ to biological DZ twins, con-
trolling for degree of physical similarity. Again, the
degree of potential environmental confounding this
approach would eliminate depends on the extent to
which the relevant environmental exposure tracks with
physical characteristics of the twins.

For some traits, at least, it may be that self and
parental perception of zygosity are the categories most
allied with the relevant environmental exposures. In
this regard, it is also pertinent to note that perception
of zygosity may relate to the number of placentas found
at birth. For example, if MZ twins are often believed at
birth to be DZ twins because they are dichorionic, then
the contrast between MZ twins of correct and mistaken
zygosity will, at least to some extent, reflect potential
prenatal differences associated with twins having a
single versus multiple chorions.

While the optimal design of separated twins suffers
from their infrequency, it is also a potential limitation
of the TOMZ methodology that there are only rela-
tively small numbers of twin pairs who misclassify
themselves as to their biological zygosity, especially DZ
twins if our estimates are accurate (although they are
much more frequent than separated twins). Indeed, in
our study, the number of incorrectly classified DZ twins
was too small for further analysis. Thus, this method
would not be appropriate for studies with small sample
sizes, but in larger twin studies there should be ade-
quate numbers of twins of mistaken identity and this
method would be useful for identifying the contribution
of shared environments to twin correlations.
Furthermore, the reduced cost for genotyping and
availability of DNA from saliva now make DNA zygos-
ity determination feasible for even large twin samples.
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