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Little is known about the extent to which aging trajectories of different body systems share common sources
of variance. We here present a large twin study investigating the trajectories of change in five systems: car-
diovascular, respiratory, skeletal, morphometric, and metabolic. Longitudinal clinical data were collected
on 3,508 female twins in the TwinsUK registry (complete pairs:740 monozygotic (MZ), 986 dizygotic (DZ),
mean age at entry 48.9 &+ 10.4, range 18-75 years; mean follow-up 10.2 + 2.8 years, range 4-17.8 years).
Panel data on multiple age-related variables were used to estimate biological ages for each individual
at each time point, in linear mixed effects models. A weighted average approach was used to combine
variables within predefined body system groups. Aging trajectories for each system in each individual were
then constructed using linear modeling. Multivariate structural equation modeling of these aging trajecto-
ries showed low genetic effects (heritability), ranging from 2% in metabolic aging to 22% in cardiovascular
aging. However, we found a significant effect of shared environmental factors on the variations in aging
trajectories in cardiovascular (54%), skeletal (34%), morphometric (53%), and metabolic systems (53%). The
remainder was due to environmental factors unique to each individual plus error. Multivariate Cholesky
decomposition showed that among aging trajectories for various body systems there were significant and
substantial correlations between the unique environmental latent factors as well as shared environmental
factors. However, there was no evidence for a single common factor for aging. This study, the first of its kind
in aging, suggests that diverse organ systems share non-genetic sources of variance for aging trajectories.
Confirmatory studies are needed using population-based twin cohorts and alternative methods of handling
missing data.
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An important question facing researchers in the field of
aging is to what extent the causes of age-related decline in
one trait are shared with other aging phenotypes. Clinicians
observe that not all body systems change at the same rate
within an individual. Numerous studies have shown a wide
variation in heritability of age-related phenotypes (Steves
et al., 2012), but little is known about the extent of shared
genetic effects on different systems. Similarly, the degree to
which environmental factors impact upon aging trends in
various body systems is unknown.

Twin studies can investigate the causes of variation in a
population (van Dongen et al., 2012). Identical (MZ) twins
share virtually all of their variable DNA sequence, while
non-identical (DZ) twins share on average only half of their

segregating genes. Classical twin studies compare the vari-
ability in MZ pairs compared with DZ pairs and estimate the
extent attributable to genetic factors (the heritability) and
to environmental factors either shared by the twin pair or
unique to each twin. A wide distribution of heritability es-
timates for age-related disorders ranging between 35% and
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80% in knee osteoarthritis, age-related macular degenera-
tion, nuclear cataract, falls, frailty, and Alzheimer’s disease
(Dato et al., 2012; Gatz et al., 2006; Hammond et al., 2000;
Hammond et al., 2002; Lichtenstein et al., 2000; Michaels-
son et al., 2005; Pajala et al., 2006; Spector et al., 1996) has
been reported. Although few studies have examined the rel-
ative influence of genes and environment on longitudinal
change, the genetic epidemiology of an aging trait exam-
ined cross-sectionally does not necessarily predict what is
seen over time in the same individual: for some traits such
as respiratory function and blood pressure (Finkel et al.,
2003), genetic factors appear of similar importance in de-
termining both the cross-sectional measures as well as the
trajectory of change. However, for some other traits (grip
strength and wellbeing; Finkel et al., 2003) and cognitive
function (McGue & Christensen, 2002) the role of genetic
factors appears to be much reduced for the slope of change
in older age.

Twin studies can also estimate the relative importance of
genetic and environmental factors that are shared between
aging traits. This can be achieved by comparison of twin-
pair cross-trait covariance for continuous traits, or concor-
dance for dichotomous traits, in MZ versus DZ pairs. It has
been shown that shared genetic factors explain associations
between hypertension, migraine, Raynaud’s phenomenon,
and coronary artery disease (Williams et al., 2004). Also,
there is evidence for shared sources of variance underpin-
ning both physical functioning and cognitive function in
older adults (Johnson et al., 2009). However, to our knowl-
edge, no twin study has reported the extent of shared sources
of influence for intra-individual changes over time for var-
ious age-related traits. We aimed in this study to deter-
mine the extent of sharing of genetic versus environmental
sources of variation in changes in various body systems over
time within a healthy aging twin population.

Methods

Details about the study population (TwinsUK), follow-up
visits, and laboratory and clinical measures related to differ-
ent aging systems are described in Supplementary Methods
(available on the Cambridge University Press website). The
TwinsUK study has prospectively following a large cohort
of UK twins for >20 years (Moayyeri et al., 2013). For this
study, we investigated longitudinal changes in five body sys-
tems in female twins with at least two clinical visits. These
included cardiovascular, respiratory, skeletal, morphome-
tric, and metabolic systems (Supplementary Table 1). For
each system, we examined the available data on measures of
health and their association with age. All measures signifi-
cantly associated with age were entered into the prediction
models and are shown in Table 1.

For estimation of ‘aging trajectories’ in each body system,
we used mixed-effects and linear regression models in four
steps:

mixed-effects random-coefficient models, using
chronological age as the dependent variable and an
age-related trait as the predictor, were constructed sep-
arately for each trait using all the available data from
various clinical visits for all participants. Models were
adjusted for body mass index (BMI), except morpho-
metric models (fat, lean and bone mass) which were
adjusted for height. The predictor trait in each model
was also considered as the random coefficient to allow
different associations for each individual;

based on the fitted models, a measure of trait spe-
cific ‘biological age’ was predicted for each individ-
ual in each visit with a trait measurement. Predic-
tions were done using mixed-effects fitted values,
which are equal to the fixed-portion linear predic-
tors plus contributions based on predicted random
effects;

to produce a single measure of biological age in each
body system, we used a weighted averaging approach
(Supplementary Table 1). The major domains of each
system were considered as units of weight. Estimates of
the biological age for each clinical measure within each
domain were scaled according to the number of non-
missing components for each individual (e.g., in the
case of blood pressure, for those with full data, a scalar
of 0.5 was applied to each component, systolic and di-
astolic blood pressure; for those lacking full data, the
scalar was 1/n, where # is the number of present com-
ponents). Participants who had available data above
prespecified thresholds for each body system were in-
cluded (=2 domains for skeletal and metabolic systems
and >3 for other systems). This method enabled esti-
mation of aging trajectories in participants with miss-
ing data in some clinical measures, thereby allowing
their inclusion in the modeling;

for this stage, only participants with at least two mea-
sures of ‘biological age’ in each body system sepa-
rated for >4 years were included. Longitudinal slope
of change was estimated separately for each individual
by regressing ‘biological age’ over duration of follow-
up. The slope of these models was the trajectory of
predicted biological ages for each body system for each
individual (aging trajectory). A slope of 1 indicated that
the rate of change in biological age was equal to change
in chronological age between visits. However, a slope of
<1 indicated changes lower than expected (slow aging)
and a slope of >1 marked changes higher than expected
(fast aging). Supplementary Figure 1 illustrates these
slopes for a single participant. Average ‘aging trajecto-
ries’ modeled in our study are less than predicted (i.e.,
<1, Supplementary Table 4). This frequently observed
phenomenon may be explained by ‘cohort effects’. Ag-
ing trajectories, adjusted using the residual approach
for chronological age, were used for structural equa-
tion modeling, which divides the observed phenotypic
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TABLE 1
Age-Related Characteristics of the Study Population

Monozygotic twins

Dizygotic twins

N (twin Follow-up N (twin Follow-up
Body system/measure N (individuals) pairs) First visit Last visit (years) N (individuals) pairs) First visit Last visit (years)
Age (years) 1,509 740 49.8 (11) 59.6 (11.7) 9.8 (3.3) 1,999 986 48.2 (10) 58.9 (10.3) 10.7 (2.3)
BMI (kg/m?) 1,509 740 25 (4.3) 26 (4.6) 9.8 (3.3) 1,999 986 25 (4.5) 26.4 (4.9 10.7 (2.3)
Cardiovascular
Systolic blood pressure 1,389 683 121.5(16.3) 127.1 (16.8) 7.3(3.2) 1,920 943 121.6 (16) 128.5(16.2) 6(2.9)
(mmHg)
Diastolic blood pressure 1,389 683 76(10.3) 77 9.7) 7.3(3.2) 1,920 943 76.6 (10.7) 78.1(10) 8.6 (2.9)
(mmHg)
Total cholesterol (mmol/L) 1,396 687 5.6 (1.3) 5.5(1.1) 8 (4.1) 1,937 951 5.5(1.2) 5.5(1.1) 10.2 (3)
High-density lipoprotein 1,395 686 1.6 (0.4) 1.8 (0.5) 8 (4.1) 1,938 952 1.6 (0.4) 1.8 (0.5 10.2 (3)
(mmol/L)
Low-density lipoprotein 1,395 686 3.5(1.1) 3.2(1) 7.8 (4.2) 1,936 951 3.5(1.1) 3.2(1) 10.1 (3.2)
(mmol/L)
Triglycerides (mmol/L) 1,396 687 1.2(0.8) 1.1(0.7) 7.8 (4.2) 1,936 951 1.2(0.7) 1.1 (0.6) 10.1 (3.2)
PR interval (mSec) 1,097 536 157.2 (22.5) 159 (23.1) 8.4 (3) 1,777 870 157.7 (22.5) 160.4 (23.4) 8.4 (3)
QRS axis (mSec) 772 375 41.5 (30) 40.7 (32.2) 6.2 (2.4) 1,133 552 45.8 (28.2) 43.9 (29.4) 7.2(2.1)
QT interval (mSec) 1,116 546 397.9 (27) 404 (29.1) 8.3(3) 1,823 897 394.2 (28.9) 401.6 (31.4) 8.3(2.9)
Adiponectin (p.g/mL) 420 204 7.5(3.3) 7.5(3.3) - 1,449 707 8.3 (4.1) 8.3 (4.1) -
Homocysteine (wmol/L) 632 312 10 2(4.2) 10.8 (4.2) 8.6 (0.7) 1,116 549 9.9 (3.7) 10.8 (3.9) 8.7 (.7)
Fibrinogen (gr/L) 555 274 1(0.8) 3(0.8) 2.3(0.1) 1,120 551 3(0.8) 3(0.8) 2.1 (.6)
Leptin (ng/ml) 654 320 16.3 (11.2) 16.6 (11.3) 1.8(1.3) 1,484 704 16.6 (12.3) 16.8 (12.4) 2.5(1.1)
Apolipoprotein A-l (gr/L) 1,064 520 1 7 (0.3) 1.7 (0.3) 10.5 (3.5) 1,803 885 1.7 (0.3) 1.7 (0.3 11.1(1.7)
Apolipoprotein B (gr/L) 1,065 520 1(0.3) 1(0.3) 10.5 (3.5) 1,790 875 1.1(0.3) 1(0.3) 11.1(1.7)
Respiratory
Forced expiratory volume in 1 868 425 2.7 (0.5) 2.5(0.6) 10.1 (2.3) 1,630 792 2.8 (0.5) 2.5(0.6) 10.4 (1.9)
sec (FEVq; mL)
Forced vital capacity (FVC; mL) 867 424 3.4 (0.6) 3.1(0.6) 10.1 (2.3) 1,629 791 3.4 (0.6) 3.2(0.6) 10.3(1.9)
FEV1/FVC ratio (%) 867 424 79.8(7.1) 79 (7.3) 10.1 (2.3) 1,629 791 80.1 (7.5) 78.9(7.2) 10.3(1.9)
Morphometric
Total body fat mass (gr) 1,347 656 23,016.5(8,113) 24,883.4 (8,295.1) 9.3(3.4) 1,920 936 23,512.8 (8,893.5) 25,485.6 (8,703.8)  10.1(2.7)
Total body lean mass (gr) 1,347 656 39,186.4 (5,443.6) 39,608.7 (5,281.1) 9.3(3.4) 1,920 936 39,059.7 (5,236.8) 40,262.2 (5,486.5)  10.1(2.7)
Bone mineral content (gr) 1,316 639 2,182.7 (348.7) 2,078.7 (349.7) 7.8(2.9) 1,892 914 2,236.1 (337.8) 2,110.6 (345.5) 9 (2.6)
Grip strength (kg) 1,241 602 27.1 (6.8) 25.8 (6.5) 2.8 (1) 1,763 856 28.4 (6.9) 26.9 (6.9 2.6 (0.9)
Skeletal
Femoral neck BMD (mg/cm?) 1,338 652 793.2(127.2) 754.5 (125.6) 9.3(3.3) 1,886 913 808.5 (124) 764.1(123.7) 10.2 (2.6)
Total hip BMD (mg/cm?) 1,338 652 920 (129.1) 899.6 (131.4) 9.3(3.3) 1,886 913 926.7 (124.3) 904.9 (127.2) 10.2 (2.6)
Lumbar spine BMD (mg/cm?) 1,341 655 980 3 (140.5) 968 (154.8) 9.4 (3.3) 1,891 918 1,003.9 (145.9) 974.8 (160.3) 10.2 (2.6)
Heel BUA (z scores) 998 490 1(1) 0(1) 3.2(1.3) 1,833 891 0(1) -0 (1 3.5(1.1)
Heel VOS (z scores) 998 490 6 (0.5) 0.7 (0.5) 3.2(1.3) 1,833 891 6 (0.5) 6(0.5) 3.5(1.1)
Metabolic
Serum urea (mmol/L) 1,018 445 4.8(1.2) 5(1.5) 5.1(4.4) 1,548 724 4.6 (1.2) 4.9 (1.4) 5.7 (4)
Serum DHEAS (nmol/L) 961 417 3.2(2) 3.1(1.9) 5.2(1.9) 1,433 673 3.2(2.2) 3.1(2) 5.6 (2.3)
eGFR (mL/min/1.73 m?) 863 413 78.5(13.6) 78 (13.7) 2.8 (1.1) 1,522 717 78.9 (14.4) 79 (13.6) 3.4(1.1)

Note: BMI: body mass index; BMD: bone mineral density; BUA: broadband ultrasound attenuation; VOS: velocity of sound; DHEAS: dehydroepiandrosterone sulphate; eGFR: estimated glomerular filtration rate. Values are

mean (standard deviation).
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TABLE 2

Pairwise Correlations in Monozygotic (MZ) and Dizygotic (DZ) Twins for All Aging-Related Variables as Measured at the Start of

the Study, the Final Visit and their Change Over Time

Pairwise Pairwise Pairwise
correlations correlations correlations
N (individuals) (first visit) (last visit) (delta/year)
Mz Dz Mz Dz Mz Dz Mz Dz
Systolic blood pressure 1,066 1,600 0.62 0.36 0.57 0.33 0.30 0.1
Diastolic blood pressure 1,066 1,600 0.61 0.38 0.52 0.27 0.34 0.25
Total cholesterol 920 1,578 0.75 0.50 0.53 0.31 0.55 0.34
HDL-C 926 1,582 0.74 0.46 0.74 0.37 0.66 0.41
LDL-C 884 1,524 0.73 0.45 0.56 0.30 0.42 0.32
Triglycerides 884 1,532 0.69 0.31 0.66 0.30 0.48 0.24
PR interval 432 792 0.59 0.35 0.64 0.29 0.06 0.07
QRS axis 78 172 0.52 0.29 0.46 0.15 0.76 0.13
QT interval 472 936 0.53 0.32 0.54 0.16 0.27 0.19
Homocysteine 80 218 0.74 0.32 0.60 0.37 0.53 0.22
Leptin 12 12 0.60 -0.10 0.89 -0.30 0.87 -0.38
Apolipoporotein A1 362 1,000 0.60 0.38 0.61 0.36 0.45 0.30
Apolipoporotein B 366 988 0.78 0.48 0.59 0.36 0.59 0.43
Forced expiratory volume in 1 sec (FEV1) 878 1,648 0.80 0.62 0.82 0.63 0.11 0.13
Forced vital capacity (FVC) 872 1,614 0.82 0.61 0.84 0.63 0.26 0.17
FEV1/FVC ratio 872 1,614 0.44 0.33 0.44 0.24 0.30 0.07
Total body fat mass 1,192 1,768 0.77 0.45 0.73 0.41 0.46 0.31
Total body lean mass 1,192 1,768 0.87 0.64 0.83 0.54 0.60 0.50
Total body bone mineral content 970 1,542 0.89 0.51 0.86 0.47 0.59 0.31
Grip strength 110 68 0.63 0.22 0.71 0.15 0.36 0.35
Femoral neck bone mineral density 1,282 1,796 0.84 0.45 0.81 0.43 0.36 0.23
Total hip bone mineral density 1,282 1,796 0.84 0.44 0.81 0.43 0.49 0.29
Spine bone mineral density 1,304 1,814 0.84 0.47 0.79 0.44 0.45 0.35
Broadband ultrasound attenuation (BUA) 152 286 0.67 0.31 0.59 0.35 0.20 0.02
Velocity of sound (VOS) 152 286 0.79 0.56 0.82 0.60 0.75 0.73
Serum urea levels 154 358 0.64 0.40 0.54 0.37 0.34 0.27
Dehydroepiandrosterone sulphate (DHEAS) 30 90 0.90 0.61 0.58 0.48 -0.02 0.15
Estimated glomerular filtration rate (eGFR) 68 206 0.81 0.61 0.62 0.49 0.59 0.51

Note: Delta values are calculated as last measure minus first measure divided by the length of follow-up in years. Comparison between MZ and DZ
correlations shows higher correlations for most of the single measures in MZ twins (i.e., first or last measures) but lower differences between MZ
and DZ correlations for change of measures over time (delta/year), consistent with our observation of small genetic effects on ‘aging trajectories’.
This data is provided for illustrative purposes only and does not account for all longitudinal data available, or confounding variables.

variance into additive genetic (A), common environ-
mental (C), and unique environmental (E) compo-
nents. Details of the multivariate Cholesky decompo-
sition model with correlated factors solution (Gillespie
& Martin, 2005) as well as common latent factor model
are presented in the supplementary materials.

Results

The characteristics of study population and the distribu-
tion of various clinical measures in the first and last visits
are summarized in Table 1. In total, 3,508 twins had pre-
dicted biological age in at least one body system separated
for >4 years. The mean duration of follow-up for the whole
study population was 10.2 & 2.8 years (range 4-17.8 years)
and 43% of twins were MZ (identical). Pairwise correla-
tions in MZ and DZ twins for all aging-related variables
are presented in Table 2, and four-by-four correlation ta-
bles for the twins at the first and last visits are shown in
Supplementary Table 6. These show increased cross-twin,
cross-time correlation in identical compared to fraternal
twins in several clinical traits, suggesting longitudinal ge-
netic influence. We were able to estimate aging trajectories
in the cardiovascular system for 3,349 twins, respiratory for

TABLE 3

Parameter Estimates for the Variance Components Analysis for
Aging Trajectories in Five Organ Systems

Variance components*

Body system aging trajectories A C E

Cardiovascular 11 (1-21) 54 (45-62) 35 (32-39)
Respiratory 8 (0-24) 12 (1-21) 80 (72-87)
Morphometric 8 (0-19) 3 (44-61) 39 (34-42)
Skeletal 9 (0-22) 34 (23-42) 57 (52-62)
Metabolic 2(0-12) 53 (44-58) 45 (40-50)

Note: For details on phenotypes included in each system please see Table 1.
For details on how the aging trajectories were generated from these
data please see the main text. *The total variance was modeled as
the sum of three components: additive genetic effects (A); shared
environment (C); and unique environment (E). Age-adjusted estimates
(95% confidence intervals) are provided for A, C, and E for each system
(%). The model had 14,886 degrees of freedom; -2 log-likelihood of
data -2,053.9; Akaike’s Information Criterion -31,826.

2,498 twins, morphometric for 3,268, skeletal for 3,232, and
metabolic system for 2,593 twins.

Models using SEM showed low heritabilities for aging
trajectories in all five body systems. As shown in Table 3
and Supplementary Figure 2, the genetic component of the
variances ranged from 2% (95% CI 0-12) in metabolic
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Genes Versus Environment and Multi-System Aging Trajectories

0.02 0.53

Cardiovascular Respiratory Morphometric Skeletal Metabolic
0.35 0.80 0.39 0.57 0.45

FIGURE 1

Cholesky decomposition model with correlated factors solution. Numbers on straight lines show the direct effects of genetic factors
(A), shared environmental factors (C), and unique environmental factors (E) for each aging domain. Numbers on curved lines depict the
correlation coefficients between various domains for C and E estimates. Correlation coefficients for genetic factors (A) are not shown

(all non-significant).

aging to 11% (95% CI 1-21) in cardiovascular aging. How-
ever, there was a significant effect of environmental factors
shared between twins. This component explained 54 (45—
62)% of the variance in cardiovascular aging, 53 (44-61)%
in morphometric, 34 (23-42)% in skeletal, 53 (44-58)% in
metabolic, and 12 (1-21)% in respiratory aging. The re-
mainder of the variance was due to environmental factors
unique to each individual (Supplementary Figure 2).
Using a multivariate model, we investigated the corre-
lation between variance components for aging trajectories
in five body systems (Figure 1). The correlations between
genetic components were negligible and not significant,
so not reported. However, there were significant and sub-
stantial correlations between the unique environmental la-
tent factors between all body systems (except metabolic—
morphometric correlations), ranging from 0.11 (95% CI
0.03-0.20) between respiratory and metabolic systems to
0.57 (95% CI 0.52-0.62) in skeletal and cardiovascular
systems (Supplementary Table 2, bottom-left). Moreover,
some pairs of body systems showed significant correlations
in the shared environmental component (Supplementary
Table 2, top-right). These included cardiovascular — respi-

ratory (correlation coefficient [CC] = 57 [28-92]%), res-
piratory — skeletal, CC = 58 [18-94]%) and skeletal —
morphometric systems (CC = 39 [24-53]%).

A single common factor was unlikely to explain these
data: despite having fewer parameters in the model, and
therefore more degrees of freedom, the common factor so-
lution had a higher Akaike Information Criterion (AIC;
AAIC = 146). Full statistics are provided in Supplemen-
tary Table 3. More details about the process of estimation
of ‘aging trajectories’ and comparison between MZ and DZ
twins are summarized in Supplementary Table 4.

Discussion

To our knowledge, this is the first study investigating the
extent to which aging trajectories of different body sys-
tems share common sources of variance. We found that di-
verse systems showing age-related changes shared common
sources, but these were primarily non-genetic. Examina-
tion of the fit statistics revealed that a single common factor
solution was very unlikely to be plausible — that is, that
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different dyads of organ systems shared sources of variance,
but this was not due to a single underlying aging factor.

In common with convention, in our study, ‘common
environment’ or ‘C’ measures the contribution of environ-
mental influences that act to make members of twin pairs
similar. Somewhat surprisingly, in this study, latent factors
related to such common environment played a major role in
determination of variance in aging trajectories, and more-
over showed significant correlations between various body
systems. Published twin studies of change in aging, until
very recently, have not shown significant effects of shared
environment, and few cross-sectional studies reveal an ef-
fect of C (Steves et al., 2012). This may be in part due to lack
of power to detect C, and in this respect the size of the cur-
rent study is a significant advantage. Recently, however, the
Swedish Twin Study of Aging (SATSA) have also reported
similar findings using latent growth curve modelings: ‘in-
creasing variance in the functional ability factors (with age)
resulted largely from increases in environmental compo-
nents of variance, including correlated and shared rearing
environmental variance’ (Finkel et al., 2014, pp. 713-714).

In this study, up to 50% of variation in trajectories of
cardiovascular and morphometric aging was attributed to
common environmental latent factors. It is important to
note the nature of phenotyping in this cohort: twins visit
on the same day and therefore may experience similar pat-
terns of missingness, and possible inadvertent changes in
protocol over time. Measurement errors could be correlated
between twins due to the shared visit. While twin visits are
run in parallel and the same research assistant or nurse does
not perform the test for both twins, other factors unique
to the day may be shared, including equipment calibration
and environmental factors. In addition, TwinsUK operates
arolling recruitment for visits and the numbers of visits and
time intervals between them are largely shared by twin pairs.
These factors may serve to inflate C. Therefore, confirma-
tory studies in other cohorts using different methodology
are highly advisable. In cohorts where there is a scheduled
follow-up visit, a different approach to data analysis — for
example, using FIML or Baysian analysis — may be possi-
ble, which could test whether the results presented here are
significantly biased by the methodology adopted.

However, it is intriguing that we detected such a strong
effect of C, due to the growing evidence from longitudinal
aging studies of effects of factors generally shared by twins.
Environments that may contribute to this include physical
environments; for example, maternal, uterine, and early life
factors implicated in the developmental origins of disease
hypothesis (Barker et al., 2002). This hypothesis suggests
that environmental factors, particularly nutrition, act in
early life to program risk for cardiovascular and metabolic
diseases in later adult life, leading to premature death. Many
international observational and experimental studies have
confirmed associations between early growth patterns and
increased risk of hypertension, impaired glucose tolerance,

type II diabetes, central obesity, and the metabolic syn-
drome in adult life (McMillen & Robinson, 2005). This
study is consistent with an extension of this hypothesis
to include trajectories in healthy aging. It is notable that
twins may, throughout their lives, also share other com-
mon factors implicated in aging such as socio-economic
status, dietary, and activity habits (Fisher et al., 2010; Rozin
& Millman, 1987). These factors may also contribute to
the correlations we observed between shared environmen-
tal components of aging in, for instance, cardiovascular and
respiratory systems.

In these models, non-shared measurement error and
unique environmental effects are not separated. However,
reliabilities of the tests used are generally high and so this
is unlikely to account for the magnitude of the ‘unique en-
vironmental’ term (‘E’). In our study, moreover, we found
a significant correlation between all body systems with re-
gard to this component. Since each aging trajectory has
been estimated by contribution of multiple data-points
from different measures, it is unlikely that the unique en-
vironmental correlations observed are due to measurement
error.

Rather, factors that are not genetic but are likewise not
due to shared family factors, appeared to determine the ex-
tent of aging in several body systems. In addition to early
developmental differences and the body’s response to envi-
ronmental factors in adulthood, accumulated ‘errors’ — for
example, somatic gene mutation and epigenetic remodeling
— continuing throughout life may have consequences for
the ‘internal environment’ (Vogt et al., 2008). Such stochas-
tic processes may play a role in the non-shared environ-
mental sources of variation identified by this study (Steves
etal., 2012).

This study has some limitations. In common with many
other studies in this field, we had the problem of miss-
ing data. The methodology allowed use of as much of the
data as possible, including multiple visits for some pairs.
An alternative method, using full information maximum
likelihood, would be a good alternative in datasets with
waves of data, but was problematic in this dataset where
twin pairs are seen at varying intervals and varying num-
bers of time points. Clearly, our findings need to be tested
in other cohorts with scheduled data visits allowing alter-
native modeling, and also incorporating male participants
in order to generalize to the whole population.

As alongitudinal volunteer cohort, there is a potential for
healthy volunteer bias and attrition bias. As we have detailed
previously, the female volunteers in this study represent a
marginally higher socio-economic group with higher ed-
ucation compared to the UK general population (Steves
etal., 2013). However, previous investigations in the Twin-
sUK cohort have shown that means and variances for vari-
ous clinical traits are similar between female twins and fe-
male singletons from other population-based cohort studies
(Andrew et al., 2001).
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We did not observe any difference in age and clinical mea-
sure patterns between participants contributing to various
numbers of aging systems in our models (Supplementary
Table 5). The measures utilized to define aging trajectories
were not exhaustive and were grouped into the five sys-
tem categories a priori. Therefore, the starting point for
this study was the clinical aging domains. Alternative data-
driven modeling for all aging traits may also be informative
on how seemingly diverse traits may change in concert, or
in diversity. We assumed linearity of trajectories of change
in aging traits, in order to avoid over-complexity of models.

Finally, this classical twin model relies on several assump-
tions: (1) MZ share 100% of their variable DNA. Recent evi-
dence shows that MZ twins can be different from each other
in copy number variation, post-zygotic mutations (Bruder
etal., 2008), and differences in X-chromosome inactivation.
These factors could lead to underestimation of heritability.
(2) DZ twins and MZ twins share their ‘shared environ-
ment’ to an equal extent. Numerous studies have broadly
upheld this assumption (e.g., in studies of wrongly labeled
twins; Derks et al., 2006; Kendler et al., 1993; Scarr, 1968),
and challenges are confined to subjective traits (Richardson
& Norgate, 2005; Tishler & Carey, 2007). (3) there is no as-
sortative mating on the traits of interest. We consider that as
these traits involve primarily the post-reproductive period
itis not likely that this is a major consideration. (4) there are
no non-additive genetic effects. In practice, such effects are
present only when dominance at a key locus exists, or be-
tween two loci interacting. Aging appears to be substantially
polygenetic, and so violation of this assumption is unlikely.

In conclusion, we found that diverse body systems shared
common sources of variance for female aging that were
not genetic. There appeared to be an important contribu-
tion of shared environmental factors to aging in various
systems, which may reflect the fetal origins hypothesis of
aging, or lifelong shared dietary/activity habits, but con-
firmatory studies using alternative missing data handling
in population-based cohorts are needed to ensure that this
shared environmental term has not been artificially inflated.
Unique environmental factors, which are a combination of
stochastic events and environmental exposures in individu-
als, also made an important contribution to the aging trajec-
tories observed. Importantly, these effects were significantly
correlated between different systems. We would tentatively
conclude that environmental factors may be dominant in
explaining variance in aging trajectories. The path by which
they lead to aging may be potentially identified and modi-
fied, thus justifying ongoing research for the prevention of

aging.
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