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Models are presented for  the analysis of longi tudinal  data from same-age twins which permi t the
exploration of a remarkably diverse ar ray of al ternative explanations for  continui ty and change
dur ing development. Data of this type permi t the detection of new sources of genetic or
envi ronmental  covar iation dur ing development that are not expressed at ear l ier  ages and, because
they include the effects of age-specific genes, the resul ting her i tabi l i ty estimates are more rel iable
than those obtained from relatives who di ffer  in age. The proposed models were appl ied to
measurements of HDL cholesterol  obtained on 81 pai rs of monozygotic (MZ) twins and 69
dizygotic (DZ) pai rs at 11, 12.5 and 14 years of age. A l l  three MZ co-twin correlations were
substantial ly higher  than the sel f cor relations across occasions, suggesting that new sources of
genetic or  envi ronmental  covar iation must be expressed dur ing ear ly adolescence. This
interpretation was confirmed by analysis of the ful l  covar iance matr ices which showed that only
models which assumed the expression of new or  age-specific genes could explain the observed
pattern of covar iation. Because they include the effects of age-specific genes, the resul ting
her i tabi l i ties (0.80–0.83) were substantial ly higher  than many previous estimates.
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Introduction

Any quanti tative genetic analysis of developmental
changes in gene expression must al low for the
possibi l i ty that new genes or envi ronmental  effects
may be expressed at di fferent ages, thus al tering the
total  individual  or phenotypic variance. In 1983, in a
study of genetic, maternal  and pari ty effects on bi rth
weight in the offspring of MZ twins, we showed how
path analysis could readi ly be extended to accom-
modate sequential  changes in the phenotypic vari -
ance and raised the possibi l i ty that a simi lar
approach might be appl ied to the analysis of longi tu-
dinal  data.

1
This idea was greatly extended by Eaves

et al
2

and by Hewi tt et al
3

who formulated a variety
of al ternative explanations for continui ty and change
during development. They showed how the resul t-
ing models could be distinguished by an analysis of
the covariance matrices of related individuals across
mul tiple occasions of measurement, and explored

the feasibi l i ty of such studies by power analyses
using simulated data. This article describes two
al ternative models for developmental  change in gene
expression which are then appl ied to longi tudinal
observations on the serum concentrations of HDL
cholesterol  in monozygotic and dizygotic tw ins
during adolescence.

Research design

If al l  the pai rwise combinations of individuals wi th
themselves and thei r co-twins are considered across
n occasions of measurement, a total  of n(2n + 1)
distinct variances and covariances can be estimated
from data on each group of tw ins. In order to perform
a simul taneous genetic analysis of the resul ting
covariance matrices for MZ and DZ twins, we can
postulate the causal  model  depicted by the path
diagram shown in Figure 1, where n = 3 indicating
that the phenotypes of tw in A and B have each been
observed on three occasions, P.1, P.2 and P.3. It is
assumed that on the first occasion of observation
genetic (G.1), as wel l  as common and random
envi ronmental  factors (C.1 and E.1) influence the
phenotype. The genes and common envi ronmental
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effects that are active ini tial ly may also have persis-
tent effects on the subsequent occasions of measure-
ment as indicated by the arrows from G.1 and C.1 to
P.2 and P.3. In a simi lar manner (not shown in the
diagram), the random envi ronmental  effects could
also have persistent effects on an individual  which
were not correlated between the members of a twin
pai r. However, the model  also admi ts the possibi l i ty
that new genes (G.2 and G.3) or envi ronmental
ci rcumstances (C.2, C.3 and E.2, E.3) may influence the
phenotypes measured at later ages which were not
expressed at the first occasion.

The intensi ty of the unobserved or latent genetic
and envi ronmental  causes are measured by the path
coefficients h.i, c.i , e.i . The correlations between the
relevant genotypes for MZ and DZ twins are fixed at
1.0 and 0.5 whi le the common envi ronmental  corre-
lation is fixed at 1.0 for both MZ and DZ twins. Since
the phenotypes at later ages have a greater number of
possible ‘causes’, there is no reason to expect the
phenotypic variances at di fferent ages to be the
same. In principle, dominance can also be included
in the model . The pattern would be identical  to those
shown for addi tive genetic and common envi ron-
mental  effects except that the appropriate correla-
tions for MZ and DZ twins would be 1.0 and 0.25
respectively. Final ly, al ternative formulations of the
latent genetic and envi ronmental  effects are possi -
ble. For example, i t would be possible to postulate
that one set of genes influences HDL cholesterol
measurements throughout l i fe, and that i ts effects are
supplemented by age-specific genes (Figure 2). A
formal  distinction between this model  and the ful l
‘triangular decomposi tion’ model  shown in Figure 1
is only possible when four or more occasions of
measurement are avai lable for analysis.

Using the path diagram and the tracing rules of
path analysis,

4
i t would readi ly be possible to obtain

the expected values for al l  42 of the observed
variances and covariances in terms of the unknown
path coefficients we wish to estimate. However, the
LISREL 7 computer program

5
permi ts specification

of the unknown parameters in an intui tive graphical
format as matrix elements in a l ikel ihood equation
along wi th the known correlations and fixed con-
straints. The program then obtains maximum l ike-
l ihood estimates of the unknown parameters along
wi th statistical  tests of the goodness of fi t of each
postulated model . Examples of the use of the LISREL
VII program for univariate, mul tivariate and longi tu-
dinal  genetic analyses have been presented in
detai l .

6,7

Mater ials and methods

Subject population

Eighty-one pai rs of MZ twins and 69 DZ pai rs were
ascertained from the population-based Vi rginia Twin
Registry and school  systems wi thin the central
Vi rginia area. The twins were the members of the
first two of six cohorts of same-age twins who are
currently being fol lowed longi tudinal ly as part of an
ongoing genetic study of cardiovascular risk factors
during adolescence. A l l  the twins included in the
present analysis have been seen on three occasions,
as close as possible to attaining the ages of 11, 12.5
and 14 years respectively. Detai ls about the research
protocol , methods of determining zygosi ty and dem-
ographic characteristics of the study population
have been publ ished elsewhere.

8

Figure 1 Path diagram showing effects of new and previously
expressed genes (G) and common envi ronmental  effects (C) as
wel l  as random envi ronmental  effects (E) on the phenotypes of
twins (P) measured at three ages.

Figure 2 Path diagram showing the effects of general  (CG) and
specific (GS) genetic effects, general  (CG) and specific (CS)
common envi ronmental  effects, and random envi ronmental  (E)
effects on the phenotypes of tw ins (P) measured at three ages.
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Laboratory methods

Seven ml  of whole blood were col lected from each
twin 2–4 hours after a l ight breakfast using EDTA as
an anticoagulant. The plasma was stored at 4°C unti l
shipment by ai r to the laboratory of Dr Jere Segrest in
Bi rmingham, Alabama, where plasma HDL choles-
terol  concentrations were measured by vertical  spin
ul tracentri fugation.

9
In a series of 853 control  sam-

ples, the serum HDL cholesterol  concentration was
36.2 ± 1.6 mg per dl . A correlation of 0.95 was found
when spl i t samples from 221 subjects were assessed
for total  cholesterol  by the Bi rmingham Lipid Labo-
ratory and the Northwest Lipid Research Center.

Resul ts

Our sample included 140 males, 160 females, 238

whi tes and 62 non-whi tes (Table 1). The mean
values for HDL cholesterol  agreed closely wi th
previously reported data for chi ldren of the same
age, race and sex.

10–13

In Table 2 and Table 3, the variances of the first
and second members of the MZ and DZ twin pai rs

across the three occasions of measurement are given
along the main diagonal  wi th the observed correla-
tions in the off diagonal  cel ls to faci l i tate compar-
isons. Sel f correlations are indicated by i tal ics whi le
the occasion specific co-twin correlations are shown
in bold face. The sel f correlations of the MZ and DZ
twins across occasions were remarkably consistent,
ranging from 0.45–0.65 and were no higher in the
MZ (0.55) than the DZ (0.57) tw ins. The occasion-
specific MZ twin correlations of 0.81–0.82 were also
remarkably simi lar at al l  three ages whi le the DZ
correlations ranged from 0.21–0.30. The fact that the
occasion-specific MZ twin–twin correlations were
found to be substantial ly higher than the sel f
correlations at di fferent ages strongly suggests that
new sources of genetic or envi ronmental  covariation
must be expressed at the two later ages.

To veri fy this interpretation, a variety of al ter-
native explanations for the data were explored. As
shown in Table 4, the ful l  ‘triangular decomposi tion’
model  in which a total  of 18 separate parameters are
estimated for the genetic, random and common
envi ronmental  effects, provides an adequate expla-
nation for the data. However, as shown by model  1,
the data provide no hint that the magni tude of the
random envi ronmental  effects di ffer between occa-
sions or have any lasting influence on the pheno-
type, such that the reduced model , which is the one
depicted in Figure 1, provides an even better and
more parsimonious explanation for the data. In
models 2–4, the consequences of omi tting the
genetic and common envi ronmental  effects are
explored. When both of these sources of covariation
are omi tted (model  2), the remaining random envi -
ronmental  effects provide an inadequate explanation
for the observed pattern of covariation. Simi larly, the
removal  of genetic effects from the general  model
can be rejected (model  3). However, when the
common envi ronmental  parameters were omi tted
(model  4), there was a non-significant increase in the
chi  square (�2

= 4.7, 6 df, P > 0.5) wi th a further
improvement in the overal l  fi t, thus providing no

Table 1 Variation in serum HDL cholesterol  levels (mg/dl ) by
age, race and sex

age in years

11 12.5 14

class number mean s.d. mean s.d. mean s.d.

Whi te
Male 114 48.3 10.2 47.3 8.6 41.0 7.8
Female 124 46.0 7.1 45.1 8.3 42.0 8.4

Non-Whi tea

Male 26 49.2 11.8 47.8 12.6 45.3 9.6
Female 36 53.9 10.7 54.7 9.6 49.5 10.0

aIncludes 58 black chi ldren, 2 orientals and 2 chi ldren of mixed
ancestry.

Table 2 Observed variances and correlations for HDL
cholesterol  in 81 pai rs of MZ twins studied on three occasions
during adolescence

twin A twin B

twin age 11 yr 12.5 yr 14 yr 11 yr 12.5 yr 14 yr

11 yr 98
A 12.5 yr 0.47 88 —symmetric—

14 yr 0.51 0.59 79

11 yr 0.82 0.56 0.57 110
B 12.5 yr 0.51 0.82 0.57 0.56 90

14 yr 0.56 0.60 0.81 0.59 0.60 96

Bold: indicates occasional -specific co-tw in correlations; Ital ic:
indicates sel f correlations.

Table 3 Observed variances and correlations for HDL
cholesterol  in 69 pai rs of DZ tw ins studied on three occasions
during adolescence

twin A twin B

twin age 11 yr 12.5 yr 14 yr 11 yr 12.5 yr 14 yr

11 yr 94
A 12.5 yr 0.58 107 —symmetric—

14 yr 0.60 0.65 83

11 yr 0.23 0.15 0.16 64
B 12.5 yr 0.03 0.30 0.13 0.61 74

14 yr 0.08 0.10 0.21 0.45 0.58 55

Bold: indicates occasional -specific co-tw in correlations; Ital ic:
indicates sel f correlations.
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statistical  justification for the inclusion of the com-
mon envi ronmental  parameters in the explanatory
model . However, as shown by model  7, the hypoth-
esis that no new genes are expressed during the
second and thi rd occasions of observation was
clearly unacceptable (P� 0.0).

Models 8–10 show an al ternative formulation of
the genetic effects (Figure 2) in which i t is assumed
that the phenotype on each occasion of measurement
is influenced by a set of ‘occasion specific’ genes,
and another ‘general ’ set of genes which remain
active throughout development. The ful l  model  also
includes six genetic parameters and yields �2

and P
values which are identical  to those of model  4.
However, the two constrained models (9 and 10) do
provide more parsimonious explanations for the
data that are not associated wi th significant increase
in the goodness of fi t �2

(�2
= 1.5, 2df, P > 0.25;

�2
= 4.0, 2df, P > 0.1). The former has the highest

probabi l i ty of any model  tested, but the latter is
somewhat more parsimonious postulating that there
is one set of genes (general  factor) which has a
constant effect throughout development along wi th

three di fferent sets of genes whose specific effects at
each age are comparable. This solution is remarkable
in that i t uti l i zes only three parameters to provide an
adequate prediction of the enti re set of 42 observed
variances and covariances. The model  asserts that
there are no di fferences in the 12 total  variances, that
the 3 MZ and 3 DZ twin covariances remain constant
wi th age, that the 12 sel f covariances across time are
al l  constant and that the 12 co-twin covariances
across the intervals of measurement di ffer only
between zygosi ties.

In Table 5, the parameter estimates associated wi th
four selected models are given and in Table 6,
estimates are provided of the components of heri t-
abi l i ty that are attributable to newly expressed and
previously expressed genes under three competing
models. A l l  three models predict comparable total
heri tabi l i ties wi th vi rtual ly no age-related change. In
the absence of previous observations, i t is not
possible to be certain in the 11-year-old twins what
proportion of the genetic effects can be attributed to
genes that were expressed at an earl ier age. However,
at the two later ages, the three models suggest that
24–48% of the heri table variation resul ts from the
expression of new genes that do not contribute to the
ini tial  phenotypic variation at age 11.

Table 4 Longi tudinal  genetic analysis of HDL cholesterol

parameters estimated
model
no. E G C �2 df P

Ful l e1, e2, e3 h1, h2, h3 c1, c2, c3 27.07 24 0.379
e12, e13, e23 h12, h13, h23 c12, c13, c23

1 e1=e2=e3 h1, h2, h3 c1, c2, c3 28.66 29 0.483
h12, h13, h23 c12, c13, c23

2 e1=e2=e3 537.5 41 0.000
3 e1=e2=e3 c1, c2, c3 203.2 33 0.000

c12, c13, c23
4 e1=e2=e3 h1, h2, h3 33.3 35 0.55

h12, h13, h23
5 e1=e2=e3 h1, h2, h3 34.1 36 0.56

h12, h13, h23
6 e1=e2=e3 h1, h2, h3 44.8 37 0.18

h12, h13, h23
7 e1=e2=e3 h11, h12, h13 139.2 38 0.000
8 e1=e2=e3 hc1, hc2, hc3 33.3 35 0.55

hs1, hs2, hs3
9 e1=e2=e3 hc1=hc2=hc3 34.4 37 0.59

hs1, hs2, hs3
10 e1=e2=e3 hc1=hc2=hc3 38.4 39 0.50

hs1=hs2=hs3

Table 6 Source of heri table variation in HDL cholesterol  at di fferent ages

model 4 model 8 model 10
genes contributing
to heri tabi l i ty 11 yr 12.5 yr 14 yr 11 yr 12.5 yr 14 yr 11 yr 12.5 yr 14 yr

previously – 43 51 – 63 61 – 59 59
expressed

newly expressed – 40 29 – 20 19 – 23 23

total 83 83 80 83 83 80 82 82 82
heri tabi l i ty

Table 5 Parameter estimates for selected models

model number

parameters 4 5 8 9 10

e1=e2=e3 4.02 4.02 4.02 4.02 4.02
h1 8.85 8.84 – – –
h2 6.40 6.43 – – –
h3 4.90 4.88 – – –
h12 6.13 5.83 – – –
h13 5.60 5.83 – – –
h23 3.12 3.10 – – –
h1s – – 5.36 5.28 4.60
h2s – – 4.37 4.66 4.60
h3s – – 3.93 3.74 4.60
h1c – – 7.04 7.25 7.26
h2c – – 7.70 7.25 7.26
h3c – – 7.04 7.25 7.26

�2 33.29 34.11 33.29 34.37 38.38
df 35 36 35 37 39
P 0.551 0.559 0.551 0.593 0.498
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Discussion

Many previous twin and fami ly studies have shown
that genetic factors make an important contribution
to variation in HDL cholesterol . Studies of nuclear
fami l ies have general ly yielded sibl ing correlations
for HDL cholesterol  that range from 0.12 to 0.38.

14–18
,

wi th heri tabi l i ty estimates of 0.28 to 0.59.
18–21

In
contrast, large twin studies have documented DZ
correlations of 0.34 to 0.39 and MZ correlations of
0.68 to 0.75 even among adul t pai rs of variable
age.

22–25
In a study involving both twin and nuclear

fami ly data, Hunt et al
25

obtained a higher heri t-
abi l i ty estimate (0.51) for HDL cholesterol  from the
twin correlations (MZ: 0.75; DZ: 0.39) than from the
nuclear fami ly data (0.45) and observed even greater
di fferences in the estimated heri tabi l i ty for other
variables such as total  cholesterol , blood pressure
and body mass index. Simi larly, in an appl ication of
the twin fami ly design

26
to the analysis of HDL

cholesterol , McGue et al
24

found correlations of 0.72
and 0.38 in adul t MZ and DZ twins in comparison
wi th a sib correlation of 0.28.

The rather consistent observation that heri tabi l i ty
estimates derived from twin studies, along wi th MZ
twin correlations themselves, frequently exceed esti -
mates obtained from nuclear fami l ies has often been
attributed to the presence of unique envi ronmental
simi lari ties between twins, especial ly monozygotic
pai rs. However, attempts actual ly to identi fy rele-
vant envi ronmental  simi lari ties for specific trai ts
have general ly fai led,

27
and to the extent that the

very real  prenatal  di fferences (28–32) between twin
and single pregnancies may have a lasting influence
on the phenotype, one would expect factors such as
superfetation, superfecundation, the twin transfu-
sion syndrome, intra-uterine competi tion, somatic
mutation, or Lyonization, to decrease rather than
increase the observed correlations of both MZ and
DZ twins. Our observation that the sel f correlations
of MZ twins are no higher than those of DZ twins
provides further reason to doubt that unique twin
envi ronmental  simi lari ties are a satisfactory expla-
nation for the high correlations of MZ twins. If such
effects do exist, i t is di fficul t to imagine how they
could contribute only to the co-twin correlations of
MZ twins and not to thei r sel f correlations across
occasions.

Our resul ts suggest another reason why twin
studies might be expected to yield higher heri tabi l i ty
estimates than nuclear fami ly data. As noted by
Eaves,

33
sib and parent offspring correlations can, at

best, only reflect the covariation attributable to those
genes which continue to be expressed at di fferent
ages. In contrast, since the members of a twin pai r
are the same age, al l  the genes whose age-related
effects contribute to thei r phenotypic variation

(denominator of correlation coefficient) can also
contribute to thei r covariation (numerator of correla-
tion). Observations on cohorts of same-age twins
thus provide point estimates of total  heri tabi l i ty
which include age-specific genetic effects that can-
not be recovered from nuclear fami ly data even
when age regressions are included in the analysis.
Our heri tabi l i ty estimates of 0.80–0.83 for HDL
cholesterol  at ages 11, 12.5 and 14 years are among
the highest to have been reported to date. Far from
being biased by unidentified twin envi ronmental
effects, we bel ieve that data on same-age twins
provide a more rel iable estimate of the total  heri t-
abi l i ty because they include the effects of age-
specific genes, and strongly suggest that genetic
di fferences are the major cause for biologic variation
in HDL cholesterol  during adolescence.

The analysis of complex trai ts that are not ful ly
expressed at bi rth is an important contemporary
chal lenge for human genetics. As we have shown,
when longi tudinal  observations are avai lable on
same-age twins, they can readi ly be used to explore
the causes for phenotypic continui ty and change,
and to confirm the existence of di fferential  gene
expression during development. These studies could
readi ly be extended to attempt to identi fy the
specific loci  that are involved in developmental
changes in gene expression or to search for possible
sex di fferences in gene expression by the inclusion
of data on unl ike sexed DZ twins. Our study was
specifical ly designed wi th these goals in mind and
should permi t us to address these issues when the
ful l  data set is avai lable for analysis.
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