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Not Seeing Double: Discordance in Disease,
Function, and Their Longitudinal Associations in
Monozygotic Twins
Elizabeth Teas, MS, Olivia Robertson, BS, Kristine Marceau, PhD, and Elliot Friedman, PhD

ABSTRACT

Objective: Prior research on the causality and directionality between disease and functional limitations is ambiguous. The current study
used longitudinal monozygotic twin data to test both directions linking disease burden and functional limitations in middle-aged and older
adults, controlling for genetic and familial factors. We also examined potential moderation by psychological well-being.
Methods: The twin subsample from the first two waves of the longitudinal Midlife in the United States (MIDUS) study was used (wave 1,
1995–1996; wave 2, 2004–2006). Only monozygotic twins (n = 713) were included in analyses. In separate multilevel models, we exam-
ined disease burden at MIDUS 2 predicted by functional limitations at MIDUS 1 andMIDUS 2 functional limitations predicted by disease
burden at MIDUS 1.
Results: Disease burden and functional limitations at MIDUS 2 varied substantially within families. There was no within-family associ-
ation of earlier functional limitations with change in later disease burden (b = 0.40, p = .39), but there was a within-family association such
that the twin with higher baseline disease burden had a greater increase in functional limitations than his/her co-twin (b = 0.06, p = .02).
Well-being was not a moderator in either model.
Conclusions:We found support for a potentially causal association between earlier disease burden and later increases in functional lim-
itations, consistent with the Disablement Process Model. Sensitivity analyses confirm the detected within-family effect. Possible mecha-
nisms linking disease burden and functional limitations are discussed as potential targets for future research.
Key words: disease burden, functional limitations, causality, twin studies, well-being.

INTRODUCTION

Chronic conditions and functional limitations are common in
midlife and later life and have broad implications for mortal-

ity and quality of life. Older adults are disproportionately burdened
by multiple chronic conditions, or multimorbidity. Sixty-two percent
of Americans older than 65 years have more than one chronic condi-
tion (1), and the absolute number of people with multimorbidity is
predicted to double by 2035 (2). Likewise, the proportion of people
with functional limitations has steadily increased since 1995 across
all age groups (3). Chronic conditions and functional limitations are
often associated in middle adult and elderly populations (4), and these
associations are often treated as causal. Typically, and consistent with
the Disablement Process Model (5), multimorbidity is thought to pre-
cede and result in functional impairment, although much of the prior
work reporting these associations is correlational (6,7). In contrast,
some research supports a progression from functional limitations to
chronic conditions (8), whereas other studies have suggested that
multimorbidity and functional limitations may exacerbate each other
bidirectionally (9). Given this lack of certainty surrounding causality
and directionality related to chronic conditions and functional limita-
tions, the present study uses longitudinalmonozygotic (MZ) twin data

to test both directions linking disease burden and functional limita-
tions, controlling for genetic and familial influences that may contrib-
ute to both outcomes.

Direction of Effects
The Disablement Process Model describes how both chronic and
acute medical conditions affect functioning of specific body systems,
which in turn can lead to functional limitations and ultimately disabil-
ity. For example, an estimated 121.5 million American adults (48%)
have one or more types of cardiovascular disease (10), and cardiovas-
cular disease is known to be an important determinant of disability
among those 65 years and older (11). In previously healthy adults, risk
of functional dependency was shown to increase exponentially with
each newly diagnosed chronic condition in a 3-year cohort study
(12), and faster rates of multimorbidity development are linked to a
higher risk of developing new activity impairments compared with
those who accumulated diseases slower over time (13).
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It is also possible that functional limitations could lead to chronic
conditions. Findings from the Irish Longitudinal Study on Ageing
showed that slower gait speed and lower grip strength were longitu-
dinally associated with developing multimorbidity and with accru-
ing new diseases (8). In addition, low grip strength and slow gait
speed are linked to lower levels of physical activity (14); low phys-
ical activity, in turn, is a risk factor for many chronic conditions
(e.g., cardiovascular disease (15)). Low grip strength has also been
linked to higher levels of inflammation (16), which contributes to
the development and progression of numerous chronic diseases
and conditions (17). Thus, there is existing empirical support for
the possibility that functional limitations, either directly or through
other processes or behaviors, can lead to disease.

Overall, research supports both the Disablement Process Model
(i.e., chronic conditions leading to functional limitations) and a model
that flows from functional limitations to chronic conditions. Calderón-
Larrañaga and colleagues (9) suggested a multimorbidity-functional
limitations circle to be more appropriate, which supports the possibil-
ity of bidirectional effects.Methodologically, statistical evidence of bi-
directional pathways could indicate real bidirectional modes of
causality, but it could also be an artifact induced by inadequate control
of stability or key predictors of both outcomes (i.e., an “omitted vari-
able problem” (18)). Based on studies reviewed previously, genetic
influences are a potential source of bias that, if unaccounted for, could
inflate estimates of transactional processes between multimorbidity
and functional limitations over time. Here we use an MZ discordant
design to control for potential genetic and familial confounds that
could contribute to both chronic conditions and functional limitations
and thereby obtain more precise within-family estimates of key asso-
ciations. In the context of longitudinal analyses, this design also pro-
videsmore precise estimates of direction of influence between disease
burden and functional limitations.

Moderating Factors
Many older adults maintain high levels of functional capacity even
in the context of disease, implying that there may be compensatory
factors that can reduce the impact of disease burden. Similarly, not
all adults with functional limitations develop chronic conditions.
There is growing evidence that eudaimonic well-being (e.g., pur-
pose in life, self-acceptance, personal growth) is a critical compo-
nent of healthy aging (19). Prospective studies have shown that
higher levels of purpose in life, for example, are associated with
a reduced risk of future disability (20). Several studies have probed
eudaimonic well-being as a moderator of various health-related as-
sociations. For example, in a prospective study of healthy 70-year-
olds, those who reported higher baseline levels of purpose in life
had better cognitive function than did those with comparable brain
pathology but with lower levels of purpose in life (21). Similarly,
among Midlife in the United States (MIDUS) participants, higher
levels of eudaimonic well-being attenuated the association be-
tween low levels of education and higher circulating levels of the
inflammatory protein interleukin 6. Moreover, and importantly
for this study, eudaimonic well-being has also been found to mod-
erate the relationship between multimorbidity and inflammation.
Where more chronic conditions predicted higher levels of interleu-
kin 6, those levels were lower in adults with higher levels of pur-
pose in life and positive relations with others (22). Collectively,
research underscores the importance of eudaimonic well-being as

a potential protective resource in the context of age-related adver-
sity generally and burden of chronic disease specifically. Thus, in
the present study, we examined eudaimonic well-being as a mod-
erating factor in the relationship between disease burden and func-
tional limitations.

MZ Discordant Design
Sibling comparison designs are genetically informed studies that
control for genetic and environmental factors shared by siblings
raised in the same family (23–25). This approach tests whether sib-
lings who are discordant for a hypothesized predictor are also dis-
cordant for an outcome. Because MZ twins share 100% of their
genes, using MZ twins is the most stringent design for sibling
comparison studies because it controls for a greater portion of ge-
netic influences than using full siblings, who share an average of
50% of their genes (25). Thus, the use of the discordant-twin de-
sign is one of the most promising approaches to strengthen causal
inferences in observational research (26). Within an MZ discor-
dant design, a longitudinal approach is especially important to as-
sess directionality.

MZ pairs have identical DNA but often display some level of
phenotypic discordance, or differences in a characteristic or condi-
tion. By studying MZ twin pairs, the possible confounding factors
(either genetic or shared familial) can be controlled. MZ twin anal-
yses can therefore help strengthen theories of causality by identify-
ing nonfamilial predictors that can explain discordant outcomes. In
other words, within-family differences in outcomes for identical
twins who are also discordant on a predictor lend support for a
causal relationship between the predictor and outcome.

Prior studies have used MZ discordant designs to study several
age-related conditions. MZ twins can be discordant on a disease
when the disease is not 100% heritable or familial, which is true
of most complex diseases such as cancer and dementia (27,28).
Heritability of objectivemeasures of physical function ranges from
30% to 60% in studies of older twins (29), and frailty has been
shown to be 45% heritable (30). Specific to our measure of
multimorbidity, significant effects of heritable factors ranged from
27% to 42% for colon, breast, and prostate cancers in a large study
of twins (31). Collectively, longevity more generally is only mod-
erately heritable, with genes accounting for about 25% of what de-
termines longevity (32–34).

In the present study, we leverage MZ twin discordance on dis-
ease burden and functional limitations to determine whether the
twin with more disease burden is also the twin with more func-
tional limitations across time. The design of these studies can also
suggest a noncausal association. Null findings for the within-twin
pair associations, although possibly an indicator of a lack of power
to detect a significant effect, can also rule out a potentially causal
explanation, instead suggesting that genetic and/or family level in-
fluences explain the observed relationship. For example, one study
examining the association between years of education and allostatic
load found that discordance in allostatic load was entirely explained
by familial influences shared between both MZ and dizygotic twin
pairs, indicating the relationship between education and allostatic
load is not likely to be causal (35). Because the within-pair effect
on allostatic load was essentially zero for both MZ pairs and DZ
pairs, the association between education and allostatic load is ex-
plained by familial influences shared between twins.

Twin Discordance
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The Present Study
We operationalized chronic conditions as disease burden using a
recently developed multimorbidity index that assigns weights to
each condition based on each condition’s propensity to be disabling
(36). In the present longitudinal study, we examined within-family
associations of disease burden with later functional limitations and
within-family associations of functional limitations with later dis-
ease burden in a sample of MZ twins. We used a multilevel model
with a random intercept, which has previously been well described
(25,26,37). We expected that the results would support one of three
perspectives. Greater disease burden being associated with larger in-
creases in later functional limitations would support the Disablement
Process Model. Greater functional limitations being associated with
later increases in disease burden would support a potential causal
relationship between functional impairment and chronic disease.
Evidence for both of these longitudinal patterns would support bi-
directional, potentially causal influences between functional limi-
tations and disease burden. Finally, we tested the moderation of
the longitudinal associations of functional limitations and disease
burden by psychological well-being.

METHODS

Sample
The twin subsample from the longitudinal MIDUS survey was the source
of the data for the current study. Begun in 1995 to 1996, MIDUS recruited
1914 MZ and dizygotic twins from a national twin registry, including 894
twin pairs. A follow-up study was completed in 2004 to 2006 (MIDUS 2).
Participants completed a telephone interview and self-administered ques-
tionnaires at both waves. Data for the current study included only MZ twins
from theMIDUS twin sample (n = 713 individual twins). Mortality-adjusted
retention for the twin sample was 81% between MIDUS 1 and MIDUS 2.
Participant characteristics are presented in Table 1.

Disease Burden
Because of the heterogeneity in the impact of chronic conditions on func-
tional capacity, simple disease count variables commonly used in many
prior studies may not adequately capture the burden of multiple diseases.
We therefore assessed disease burden using a multimorbidity weighted in-
dex as developed and described by Wei and colleagues (36). In brief,
weights were established for 81 clinician-diagnosed conditions based on
cross-sectional associations with physical functioning items on the Short
Form-36. Absolute values of the chronic condition weights are equivalent
to the decline in physical functioning units.

In the current study, absolute values of the chronic condition weights
were matched with corresponding conditions available in MIDUS from the
phone survey and self-administered questionnaire. Individual multimorbidity
weighted index scores reflect the summedweighted values of all chronic con-
ditions the participant reported, and disease burden varied widely depending
on condition. Individual chronic condition weights ranged from −0.068 for
skin cancer to 10.6 for multiple sclerosis, where higher scores indicated
higher propensity for reduced physical functioning. See Table 1 for average
disease burden and twin discordance. A full list of the 26 chronic conditions
and weights that were matched in MIDUS is available in Appendix A (Sup-
plemental Digital Content, http://links.lww.com/PSYMED/A760).

Functional Limitations
Self-administered questionnaire items assessed functional limitations. Re-
spondents were asked how much (1 = not at all to 4 = a lot) health limited
their ability to lift or carry groceries; climb one flight of stairs; climb several
flights of stairs; bend, kneel, or stoop; walk more than a mile; walk several

blocks; and walk one block. Responses were averaged to generate an over-
all limitations score (range = 1–4), which was continuous and not rounded
to the nearest integer.

Eudaimonic Well-Being
Eudaimonic well-being was measured with six scales (38): autonomy,
environmental mastery, personal growth, positive relations with others,
purpose in life, and self-acceptance. These items were included in the
self-administered questionnaire. Each scale consisted of seven items,
with a mix of positive and negative items. Respondents indicated the
extent (1 = strongly agree to 7 = strongly disagree) to which the state-
ments described them. Negative items were reverse coded so that higher
scores reflected more positive appraisals. Internal consistency for these
scales at MIDUS 2 ranged from 0.67 to 0.83 (compared with 0.70–0.84
for the full MIDUS sample).

Covariates
To control for potential confounds, age, sex, and educational attainment
were included in the models as covariates; smoking status and physical ac-
tivity were also included as life-style covariates owing to their associations
with both functional limitations and disease (39–42). A continuous variable
was used for age, and a dichotomous variable was used for sex (1 = female):
these did not vary across twins. Respondents indicated their highest level of
educational attainment using 12 categories ranging from “no school/some
grade school” to “PhD, MD, JD, or other professional degree.” Responses
were combined into three categories: high school degree or General Education
Diploma, some college, and college degree or more. Participants indicated the

TABLE 1. Participant Characteristics (n = 713)

MZ Twins Discordance, %

Age, y 44.08 (11.83) —

Sex (female), % 45 —

Education, % 29

High school/GED or less 250

Some college 218

College or more 202

Smoking status, % 28

Never smoker 369

Ex-smoker 160

Current smoker 141

Meets PA guidelines 34

Does meet PA guidelines 507

Does not meet PA guidelines 163

Well-being MIDUS 1 (1–7)a 16.89 (2.56) 31

Well-being MIDUS 2 (1–7)a 16.84 (2.62) 50

Disease burden MIDUS 1a 1.51 (2.56) 28

Disease burden MIDUS 2a 1.71 (2.90) 38

Functional limitations
MIDUS 1 (1–4)a

1.27 (0.53) 27

Functional limitations
MIDUS 2 (1–4)a

1.47 (0.70) 48

Values are mean (standard deviation) unless otherwise specified.

MZ = monozygotic; GED = General Education Diploma; PA = physical activity;
MIDUS = Midlife in the United States.
a Higher values indicate greater well-being, greater disease burden, and greater
functional limitations, and discordance for these variables is defined as a difference of
greater than or equal to half a standard deviation between twin scores.
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frequency of moderate and vigorous physical activity during the summer
and winter (1 = never; 6 = several times a week). As done in prior work
(43), responses to these items were used as indicators for a continuous la-
tent physical activity variable, and this variable was included in all models.
Participants were also asked about history of cigarette smoking, and a
three-level categorical variable indicating smoking status (current smoker,
ex-smoker, nonsmoker) was created. Education, smoking status, and phys-
ical activity could vary across twins.

Analytic Strategy
Our hypotheses were centered on understanding whether there are longitu-
dinal, within-family associations between chronic conditions and func-
tional limitations to strengthen theories of directionality and causality.
Therefore, we used sibling comparison models to test hypotheses. The
use of MZ twins in these models allows us to a) control for genetic and
shared familial factors and b) examine within-family associations over time
to identify nonfamilial predictors that can explain discordant outcomes.

In the first step of the sibling comparison approach, “family average”
and “twin-specific relative to family average” variables were created for
all predictors, the education and smoking covariates, and the moderator
(well-being). We did not create twin-specific variables for age and sex be-
cause the twins were identical and thus could not differ on these variables.
Family average scores are the average of twin 1 and twin 2 on that variable
and index the between-family portion of the association. Because only two
individuals are represented for each family, the family average variables
were included as covariates indexing familial levels of predictors, but not
interpreted, as they are presumed not to be reliable (25). The twin-specific rel-
ative to family average variables are each twin’s score centered within family.
In other words, these scores are the result of subtracting the family average
score from each twins’ score. Twins who are concordant would each have
a score of 0 on the twin-specific variables.

After creating these scores, we conducted two series of multilevel
models in Mplus v.8 using full-information maximum likelihood estima-
tion wherein twins (level 1) are nested in twin pairs (level 2). In the first se-
ries, we examined disease burden reported at MIDUS 2 as the outcome
predicted by functional limitations at MIDUS 1; in the second series,
we examined MIDUS 2 functional limitations as the outcome predicted
by disease burden at MIDUS 1. Both series consisted of the following
model-building steps: In step 1, an unconditional model with no predictors
was estimated to determine the distribution of within- versus between-family
variation in the outcome. In step 2, we added earlier disease burden at MIDUS
1 in series 1 (predicting disease burden) and earlier functional limitations at
MIDUS 1 in series 2 (predicting functional limitations) to the model from
step 1 to control for prior levels of the outcome in addition to the covariates
(age, sex, and twin-specific and family average indices of smoking, ed-
ucation, and physical activity from MIDUS 1). In step 3, we added the
twin-specific and family average indices of functional limitations in series 1
(predicting disease burden) and disease burden in series 2 (predicting func-
tional limitations) to the models. In step 4, we added the twin-specific and
family average indices of well-being and the within-family interaction of
well-being with functional limitations in series 1 (predicting disease burden)
and disease burden in series 2 (predicting functional limitations) to the
models. Percent reduction in error (pseudo-R2 change) values were computed
for steps 2, 3, and 4 to obtain a measure of effect size for the inclusion of the
covariates, twin-specific and family average indices of focal predictors, and
moderators, respectively.

RESULTS
Twins averaged disease burden scores of 1.51 (standard deviation
[SD]=2.56, range=−0.07 to15.28) atMIDUS1and1.70 (SD=2.90,
range = −0.07 to 32.61) atMIDUS 2. For functional limitations, twins
averaged scores of 1.27 (SD=0.53) atMIDUS1and1.47 (SD=0.70)
at MIDUS 2. Twins had average well-being scores of 16.89

(SD = 2.56) and 16.84 (SD = 2.62) at MIDUS 1 and 2, respectively.
The increase in functional limitations (p < .001) and the decline in
well-being (p = .05) over time were both statistically significant.
Means and SDs for all key study variables are presented in Table 1.
Becausewe used a latent physical activity variable, which is not inher-
ently meaningful, we present frequency data based on howmany par-
ticipants met physical activity guidelines (i.e., moderate or vigorous
activity several times per week, with no seasonal distinction).

Although twin discordance is operationalized continuously in
analyses, we quantified twin discordance on key study variables
as an initial description to aid in interpretation. Twin discordance
was computed as 0 if twins had equivalent scores and 1 if they
had differing scores for level of education attained and smoking
status (categorical measures). For disease burden, functional limi-
tations, and well-being, twin discordance was computed as 0 if the
difference between twin scores was within half an SD and 1 if the
difference was greater than or equal to half an SD. This cutoff for
amount of discordance is consistent with other analyses using
MIDUS data (44). Based on this criterion, 28% of twins (95 pairs)
were discordant for disease burden at MIDUS 1 and 38% (115
pairs) at MIDUS 2. For functional limitations, 27% of twins (97
pairs) were discordant at MIDUS 1 and 48% (177 pairs) were dis-
cordant at MIDUS 2. For well-being, 31% of twins (114 pairs)
were discordant at MIDUS 1 and 50% (182 pairs) at MIDUS 2.
Discordance rates for all key study variables are shown in Table 1.
Based on rates of discordance in prior studies (44,45), we observe
sufficient discordance here for the current analysis. Furthermore,
within-family differences in disease burden, functional limitations,
and well-being increased over time. Finally, nominal discordance
rates were higher (54%–91%), and between 40%–80% of all nom-
inal discordance on the continuous variables fell outside of the +0.5
SD cutoff, indicating that much of the variance in discordance indi-
cates moderately sized differences between twins and supports the
meaningfulness of within-family effects in the present study.

Before the main analysis, bivariate correlations between all key
study variables were examined separately by twin. As shown in
Table 2, disease burden atMIDUS 1 positively correlated with dis-
ease burden at MIDUS 2 for both twins (r = 0.28 [p < .001] and
r = 0.42 [p < .001], respectively). Functional limitations atMIDUS
1 positively correlated with functional limitations at MIDUS 2 for
both twins (r = 0.40 [p < .001] and r = 0.56 [p < .001], respec-
tively). Functional limitations at MIDUS 1 correlated positively
with disease burden at MIDUS 2 (r = 0.27, p < .001) for both
twins, and disease burden at MIDUS 1 correlated positively with
functional limitations at MIDUS 2 for both twins (r = 0.35
[p < .001] and r = 0.39 [p < .001], respectively). In addition,
well-being at MIDUS 1 correlated negatively with disease burden
at MIDUS 1 for twin 1 (r = −0.17, p = .002) but not twin 2.
Well-being at MIDUS 1 correlated negatively with functional lim-
itations atMIDUS 1 for both twins (r = −0.11 [p = .04] and r = −22
[p < .001], respectively). Finally, well-being at MIDUS 1 was cor-
related negatively with functional limitations at MIDUS 2 for twin
2 only (r = −0.18, p = .01).

A table of cross-twin cross-trait correlations is provided in supple-
mentary materials (Table S1, Supplemental Digital Content, http://
links.lww.com/PSYMED/A760). Overall, we found relatively low in-
dication of familial influence for the main variables, with well-being
being the highest correlated (r = 0.52, p < .001). This is consistent
with the amount of discordance we demonstrated, meaning there is
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room for nonshared influences on the discordance. Also shown in this
table, familial contributions to stability in disease burden (r = 0.21,
p < .001) and functional limitations (r = 0.23, p < .001) over time
are both relatively small, indicating mostly nonshared influences
contribute to differences fromMIDUS 1 toMIDUS 2. The familial
contributions to concurrent associations among disease burden
and functional limitations at MIDUS 1 (r = 0.19, p < .001) and
MIDUS 2 (r = 0.16, p < .01) are also small. Similarly, familial con-
tributions to longitudinal associations among MIDUS 1 disease
burden and MIDUS 2 functional limitations (r = 0.14, p < .01)
andMIDUS 1 functional limitations andMIDUS 2 disease burden
(r = 0.19, p < .001) are minor.

Disease Burden as Outcome
Disease burden at MIDUS 2 varied substantially within families:
72% of the variance in disease burden was attributable to differ-
ences between twins within families, whereas 28% of the variance
in disease burden was attributable to between-family differences.
Covariates explained 6.60% of the within-family variation of dis-
ease burden in the second step, driven by stability in within and be-
tween family disease burden over time (b = 0.21 [SE = 0.07,
p = .005[ and b = 46 [SE = 0.08, p < .001], respectively. The inclu-
sion of twin-specific and family average functional limitations in
the third step accounted for no additional variance in later disease
burden; there was no within-family association of earlier func-
tional limitations with later disease burden (b = 0.40, SE = 0.39,
p = .305). Finally, the inclusion of well-being as a predictor and
moderator of the effect of earlier functional limitations explained
an additional 2.08% of the variance in disease burden. Contrary to
hypotheses, well-being was not a moderator of the within-family as-
sociation of earlier functional limitations with later disease burden
(b = −0.40, SE = 0.34, p = .247). Estimates for the final disease bur-
den model are presented in Table 3.

Functional Limitations as Outcome
Functional limitations at MIDUS 2 varied substantially within fami-
lies: 74% of the variance in functional limitations was attributable to

differences between twins within families, whereas 26% of the var-
iance in functional limitations was attributable to between-family
differences. Covariates explained 18.26% of the within-family var-
iation of functional limitations in the second step, driven by within-
and between-family stability in functional limitations over time
(b = 0.41, SE = 0.10, p < .001; b = 0.67, SE = 0.08, p < .000).
The inclusion of disease burden in the third step accounted for an
additional 3.67% of the variance in later functional limitations.
There was a within-family association such that the twin with higher
baseline disease burden also had a greater increase in functional lim-
itations than his/her co-twin (b = 0.06, SE = 0.02, p = .009). Finally,
the inclusion of well-being as a predictor andmoderator of the effect
of earlier disease burden explained only 0.694% additional variance
in later functional limitations. Contrary to hypotheses, well-being
was not a moderator of the within-family association of earlier func-
tional limitations with later disease burden (b = 0.02, SE = 0.02,
p = .237). Estimates for the final functional limitations model are
presented in Table 3.

Sensitivity Analyses
We ran a series of sensitivity analyses to better contextualize our
main analyses. First, we added a fifth step for each model, which
stripped the model back to only the within-family estimate without
any covariates or between-family variables. In addition, past sibling
comparison studies have examined a “standard” model, which simply
assesses, for example, whether adults who have greater multimorbidity
also have more functional limitations later. We ran the same stan-
dard models with a clustering variable to adjust standard errors to
account for individuals nested within families. We used this ap-
proach in the same sample used in the main analyses.

Results from these sensitivity analyses can be found in supple-
mentary materials (Table S2, Supplemental Digital Content, http://
links.lww.com/PSYMED/A760). We provide unstandardized co-
efficients and standardized coefficients to allow for comparisons
across models. Earlier functional limitations did not significantly
predict later disease burden in any of the models. With functional
limitations as an outcome, earlier disease burden was a significant

TABLE 2. Phenotypic Correlations Separately by Twin

M1 DB M2 DB M1 FL M2 FL M1 WB M2 WB M1 PA M1 Age M1 Educ M1 Smoke

M1 DB 0.42*** 0.36*** 0.39*** −0.08 −0.03 −0.16** 0.17** −0.05 0.10

M2 DB 0.28*** 0.27*** 0.44*** −0.08 −0.03 −0.05 0.21*** −0.13* 0.14*

M1 FL 0.49*** 0.27*** 0.40*** −0.22*** −0.15* −0.30*** 0.18*** −0.15** 0.09

M2 FL 0.35*** 0.38*** 0.56*** −0.18* −0.10 −0.18** 0.33*** −0.23*** 0.19**

M1 WB −0.17** −0.08 −0.11* −0.12 0.62*** 0.19*** 0.03 0.14** −0.08
M2WB −0.22*** −0.08 −0.13 −0.24*** 0.74*** 0.13 0.18** 0.02 −0.10
M1 PA −0.26*** −0.14* −0.34*** −0.24*** 0.14** 0.15* −0.14* 0.13* −0.12*
M1 Age 0.16** 0.17** 0.26*** 0.23*** 0.04 0.16* −0.19*** −0.14* 0.01

M1 Educ −0.13* −0.19** −0.22*** −0.31*** 0.17** 0.19** 0.18** −0.17** −0.23***
M1 Smoke 0.24*** 0.13* 0.12 0.21** −0.14* −0.13* −0.14** 0.07 −0.22***

Twin 1 and twin 2 correlations are displayed below and above the diagonal, respectively.

DB = disease burden; FL = functional limitations; WB = well-being; PA = physical activity; Educ = education achievement category; Smoke = smoking status.

* p ≤ .05.

** p ≤ .01.

*** p ≤ .001.

ORIGINAL ARTICLE

Psychosomatic Medicine, V 83 • 724-732 728 September 2021

Copyright © 2021 by the American Psychosomatic Society. Unauthorized reproduction of this article is prohibited.

http://links.lww.com/PSYMED/A760
http://links.lww.com/PSYMED/A760


predictor in the standard approach as well as in the model that
did not control for twin-specific and family-average covariates
(step 5). Furthermore, the effect was only reduced slightly when
specifying a within-family effect and controlling for covariates
(from 0.13 to 0.09).

DISCUSSION
The purpose of this study was threefold. First, we examined poten-
tial causal associations between disease burden and functional lim-
itations over time. Second, to assess directionality of the association,
we tested two longitudinal models, one predicting later functional
limitations based on initial disease burden and one predicting later
disease burden based on initial functional limitations. Third, we
sought to determine the potential moderating role of well-being,
or its contribution to discordance within MZ twin pairs on disease
burden, functional limitations, and their longitudinal associations.
Overall, results support substantial heterogeneity in disease burden
and functional capacity within MZ twin pairs at baseline and over
time. Directionally, results favor the Disablement Process Model,
or disease burden leading to increases in functional limitations. Re-
sults did not support a moderating role for well-being.

Prior research has supported two directions linking disease bur-
den and functional limitations, and it has recently been posited that
the effects may actually be bidirectional (9). Thus, in the present
study, we tested both directions linking disease burden and func-
tional limitations. We found general support for the Disablement

Process Model only. In other words, baseline disease burden was
more strongly linked to increases in functional limitations over
time than baseline functional limitations were to change in disease
burden. The use of MZ twin data controlled for genetic and famil-
ial confounds that could contribute to both disease burden and
functional limitations, strengthening this interpretation. The longitudi-
nal within-family effect of earlier disease burden with increases in
functional limitations remained in the finalmodel, and it was observed
after controlling for familial confounds by nature of the design as well
as key covariates. The results bolster the support for a potentially
causal association between disease burden and functional limitations
and sharpen the spotlight on nonfamilial influences on functional lim-
itations as a result of multimorbidity.

The results from the sensitivity analyses confirm that the effect
we detected between earlier disease burden and later functional
limitations was purely a within-family effect. The effect of earlier
disease burden on later functional limitations was only slightly re-
duced (0.13–0.09) when specified to be a within-family effect, and
this reduction is primarily explained by the covariates; thus, the
majority of the standard approach effect detected in MZ twins is
driven by within-family variability.

As proposed by the Disablement Process Model, there are
extraindividual and intraindividual factors that mediate the link be-
tween disease and functional limitations. Possible direct mecha-
nisms include physiological risk factors, such as inflammation.
Arthritis, a contributor to disease burden and the most prevalent

TABLE 3. Unstandardized Model Estimates for Disease Burden as Outcome and Functional Limitations as Outcome

MIDUS 2 Disease Burden MIDUS 2 Functional Limitations

Est. (SE) Est. (SE)

Intercept 1.55 (0.12) 1.47 (0.03)

Within-family effects

M1 Functional limitations 0.40 (0.39) 0.33 (0.10)**

M1 Disease burden .16 (0.08)* 0.06 (0.02)**

M1 Well-being −0.18 (0.09) 0.02 (0.03)

M1 Functional limitations by well-being −0.40 (0.34) — —

M1 Disease burden by well-being — — 0.02 (0.02)

Covariates (within-family)

M1 Twin-specific smoking 0.15 (0.29) 0.06 (0.07)

M1 Twin-specific education 0.18 (0.28) −0.02 (0.08)

M1 Twin-specific physical activity −0.26 (0.38) −0.11 (0.07)

Covariates (between-family)

M1 Family average functional limitations 0.94 (0.43)* 0.54 (0.09)***

M1 Family average disease burden 0.39 (0.09)*** 0.05 (0.02)*

M1 Family average well-being 0.05 (0.07) −0.02 (0.02)

M1 Family average smoking 0.15 (0.20) 0.10 (0.05)

M1 Family average education −0.33 (0.20) −0.13 (0.04)**

M1 Family average physical activity 0.19 (0.20) 0.05 (0.07)

M1 Age 0.03 (0.01)** 0.01 (0.00)***

M1 Female −0.15 (0.27) −0.04 (0.06)

MIDUS = Midlife in the United States.

* p ≤ .05.

** p ≤ .01.

*** p ≤ .001.
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condition in our multimorbidity index, involves chronic inflamma-
tion of one or more joints and is one of the leading risk factors for
functional limitations among adults. One prospective study showed
that people who had arthritis at the age of 50 to 62 years had a higher
risk of developing mobility limitations over a 10-year follow-up
compared with those who did not have arthritis (46). In a longi-
tudinal sample, inflammation partly explained the link between
multimorbidity and onset of functional limitations (47). Therefore,
inflammation is a good candidate for future research investigating
the mechanisms of the disablement process. Additional physiolog-
ical mechanisms could include cardiovascular pathways, based on
evidence that cardiovascular biomarkers (e.g., blood pressure and
serum lipids) are linked to functional ability (48).

Potential indirect mechanisms facilitating the disablement pro-
cess could include behavioral factors. For example, chronic dis-
eases often result in reduced physical activity at a time when
physical activity is already declining with advancing age (49). Re-
duced physical activity could lead to declines in physical function-
ing. This possibility is bolstered by prospective studies showing
that higher levels of physical activity from midlife onward de-
crease the risk of functional limitations in older age (50).

Based on recent research supporting the unique role of positive
influences, such as positive psychological well-being, on a variety
of health outcomes (20–22), eudaimonic well-beingwas included as
a moderator in the present study. Contrary to hypotheses, well-being
was not a moderator in either of the directions tested. One possible
explanation could be that eudaimonic well-being is directly related
to chronic conditions or functional limitations but does not act as
a moderator in the disablement process. Some previous work has
found no direct association between well-being and multimorbidity
in the MIDUS sample (22), although functional limitations have
been cross-sectionally linked to lower well-being (51). Importantly,
some of these prior findings involved different conceptualizations
of well-being, such as positive affect and self-efficacy. Thus,
eudaimonic well-being specifically may not act as a moderator
in this context, but other domains of well-being (e.g., subjective
well-being) may, and the latter can be the focus of future studies.
In addition, Choi and colleagues (52) recently found longitudinal
associations between eudaimonic well-being and functional limi-
tations using the MIDUS sample. Specifically, findings showed
that functional limitations negatively predicted well-being. Thus,
instead of a moderator, lower eudaimonic well-being may be a
more distal outcome of the disablement process.

Another possibility is that well-being is related to disease burden
and functional limitations, but those associations are accounted for
by within-family factors. Genetic effects on well-being have been
frequently supported, with meta-analyses documenting a weighted
average heritability in the range of 32% to 41% (53). However, most
twin and family studies of well-being have focused on subjective
well-being, hedonic well-being, and life satisfaction; few have
examined the role of genetic factors in eudaimonic well-being.
A genome-wide association study on hedonic and eudaimonic
well-being found a large overlap in the genes influencing these
two forms of well-being (54), but other studies suggest diver-
gence. For example, Thege and colleagues (55) found a heritabil-
ity estimate of less than 10% for meaning in life and 52% for sense
of coherence (two eudaimonic well-being indicators), whereas
heritability for life satisfaction was 67%. Future work should use
MZ twin studies to further our understanding of how genetic factors

influence eudaimonic well-being in particular and potential overlap
in heritable aspects of well-being and disease burden.

LIMITATIONS, STRENGTHS, AND CONCLUSIONS
Although there are many strengths in the present study, some lim-
itations warrant caution in interpretation. First, the sample used
was mostly homogenous and lacked racial diversity (about 94%
identified as White), which limits generalizability. Second, disease
burden and functional limitations weremeasured using a self-reported
assessment, which is not always the most reliable. That said,
self-reports of chronic conditions do seem to be reasonably accu-
rate (56). Nonetheless, the current results would be bolstered by
analyses involving objective assessments of disease burden and
functional capacity. Third, as noted previously, we assessed poten-
tial moderation by one domain of psychological well-being—
eudaimonic. Other domains, such as hedonic well-being, and other
aspects of psychosocial functioning, including depression, social
connections, and self-efficacy, could contribute to discrepant asso-
ciations between chronic disease and functional impairments in
aging MZ twins. Contextual factors, such as socioeconomic status
and access to health care, could also serve as potential moderators.
Furthermore, there was asymmetry in the measures we used for
disease burden and functional limitations. The disease burden
measure was calculated based on a weighted index that accounted
for each disease’s propensity to lead to functional decline. How-
ever, we did not have a similar propensity score for functional lim-
itations’ ability to predict disease burden, making these models not
completely comparable.

In a large sample of twins 75 years and older, older women
(≥80 years) exhibited greater rates of heritability (34%–47%) for
functional ability compared with women 75–79 years old (15%–
34%; (57)). Thus, for older samples than the one used in the pres-
ent study, the discordance in functional limitations may be smaller
and within-twin effects of M1 disease burden on M2 functional
limitations (for which we found support) may be harder to detect.
However, among studies that use samples of the same age (i.e.,
MIDUS data; (35,58)), standardized within-family and between-family
effects (e.g., −0.002 to −0.066) and variance explained (0.3%–18%)
were very similar to our results.

Although the models used in this study accounted for both direc-
tions linking disease burden and functional limitations and included
well-being as a moderator, we did not index the entire pathway. In
other words, we did not include possible intermediaries or mecha-
nisms that could influence the progression from disease burden to
functional limitations, and vice versa. Future research should ex-
plore potential processes involved in the pathway, including some
of the direct and indirect mechanisms mentioned previously.

Despite the limitations, there are many strengths of this study.
By using longitudinal MZ twin data and testing two models for bi-
directional effects, we were able to address the gaps of causality
and directionality related to disease burden and functional limita-
tions. We found support for a potentially causal mechanism by
which earlier disease burden predicts later increases in functional
limitations, controlling for unmeasured familial confounds includ-
ing genetics. Althoughwe did not find evidence for well-being as a
moderator of this relationship, our results provide strong support
of the direction of effects moving from disease burden to func-
tional limitations, consistent with the Disablement Process Model.

ORIGINAL ARTICLE

Psychosomatic Medicine, V 83 • 724-732 730 September 2021

Copyright © 2021 by the American Psychosomatic Society. Unauthorized reproduction of this article is prohibited.



Source of Funding and Conflicts of Interest: The Midlife in
the United States Study, which is conducted at the University
of Wisconsin, has been supported by grants from John D. and
Catherine T. MacArthur Foundation Research Network and the
National Institute on Aging (P01AG020166 and U19AG051426).
Dr. Marceau was supported by the National Institute on Drug
Abuse (K01DA039288). The authors declared no potential con-
flicts of interest with respect to the research, authorship, and/or
publication of this article.

REFERENCES
1. Ward BW, Schiller JS. Prevalence of multiple chronic conditions among US

adults: estimates from the national health interview survey, 2010. Prev Chronic
Dis 2013;10:E65. doi:10.5888/pcd10.120203.

2. Kingston A, Robinson L, Booth H, Knapp M, Jagger C, MODEM project. Pro-
jections of multi-morbidity in the older population in England to 2035: estimates
from the Population Ageing and Care Simulation (PACSim) model. Age Ageing
2018;47:374–80. doi:10.1093/ageing/afx201.

3. Chatterji S, Byles J, Cutler D, Seeman T, Verdes E. Health, functioning, and dis-
ability in older adults—present status and future implications. Lancet 2015;385:
563–75. doi:10.1016/S0140-6736(14)61462-8.

4. Chamberlain AM, Rutten LJF, Jacobson DJ, Fan C, Wilson PM, Rocca WA,
Roger VL, St Sauver JL. Multimorbidity, functional limitations, and outcomes:
Interactions in a population-based cohort of older adults. J Comorb 2019;9:
2235042X1987348. doi:10.1177/2235042x19873486.

5. Verbrugge LM, Jette AM. The disablement process. Soc Sci Med 1994;38:1–14.
6. Garin N, Olaya B, Moneta MV, Miret M, Lobo A, Ayuso-Mateos JL, Haro JM.

Impact of multimorbidity on disability and quality of life in the Spanish older
population. PLoS One 2014;9:e111498. doi:10.1371/journal.pone.0111498.

7. Su P, Ding H, Zhang W, Duan G, Yang Y, Chen R, Duan Z, Du L, Xie C, Jin C,
HuC, Sun Z, Long J, Gong L, TianW. The association of multimorbidity and dis-
ability in a community-based sample of elderly aged 80 or older in Shanghai,
China. BMC Geriatr 2016;16:178. doi:10.1186/s12877-016-0352-9.

8. Ryan A, Murphy C, Boland F, Galvin R, Smith SM. What is the impact of phys-
ical activity and physical function on the development of multimorbidity in older
adults over time?A population-based cohort study. J Gerontol ABiol SciMed Sci
2018;73:1538–44. doi:10.1093/gerona/glx251.

9. Calderón-Larrañaga A, Vetrano DL, Ferrucci L, Mercer SW, Marengoni A, Onder G,
EriksdotterM, Fratiglioni L.Multimorbidity and functional impairment—bidirectional
interplay, synergistic effects and common pathways. J Intern Med 2019;285:255–71.
doi:10.1016/j.physbeh.2017.03.040.

10. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW, Carson AP,
Chamberlain AM, Chang AR, Cheng S, Das SR, Delling FN, Djousse L, Elkind
MSV, Ferguson JF, Fornage M, Jordan LC, Khan SS, Kissela BM, Knutson KL,
Kwan TW, Lackland DT, Lewis TT, Lichtman JH, Longenecker CT, Loop MS,
Lutsey PL, Martin SS, Matsushita K, Moran AE, Mussolino ME, O’Flaherty
M, Pandey A, Perak AM, Rosamond WD, Roth GA, Sampson UKA, Satou
GM, Schroeder EB, Shah SH, Spartano NL, Stokes A, Tirschwell DL, Tsao
CW, Turakhia MP, VanWagner LB, Wilkins JT, Wong SS, Virani SS, American
Heart Association Council on Epidemiology and Prevention Statistics Committee
and Stroke Statistics Subcommittee. Heart disease and stroke statistics—2019 up-
date: a report from the American Heart Association. Circulation 2019;139:e56–
528. doi:10.1161/CIR.0000000000000659.

11. KattainenA,Koskinen S, ReunanenA,Martelin T, Knekt P, AromaaA. Impact of
cardiovascular diseases on activity limitations and need for help among older per-
sons. J Clin Epidemiol 2004;57:82–8. doi:10.1016/S0895-4356(03)00252-X.

12. Wolff JL, Boult C, Boyd C, Anderson G. Newly reported chronic conditions and
onset of functional dependency. J Am Geriatr Soc 2005;53:851–5. doi:10.1111/j.
1532-5415.2005.53262.x.

13. Calderón-Larrañaga A, Santoni G, Wang HX, Welmer AK, Rizzuto D, Vetrano
DL, Marengoni A, Fratiglioni L. Rapidly developing multimorbidity and disabil-
ity in older adults: does social background matter? J Intern Med 2018;283:489–
99. doi:10.1111/joim.12739.

14. Willey JZ, Moon YP, Kulick ER, Cheung YK, Wright CB, Sacco RL, Elkind
MSV. Physical inactivity predicts slow gait speed in an elderlymulti-ethnic cohort
study: the Northern Manhattan Study. Neuroepidemiology 2017;49(1–2):24–30.
doi:10.1159/000479695.

15. Lear SA, Hu W, Rangarajan S, Gasevic D, Leong D, Iqbal R, Casanova A,
Swaminathan S, Anjana RM, Kumar R, Rosengren A, Wei L, Yang W,
Chuangshi W, Huaxing L, Nair S, Diaz R, Swidon H, Gupta R, Mohammadifard
N, Lopez-Jaramillo P, Oguz A, Zatonska K, Seron P, AvezumA, Poirier P, Teo K,
Yusuf S. The effect of physical activity onmortality and cardiovascular disease in
130 000 people from 17 high-income, middle-income, and low-income countries: the
PURE study. Lancet 2017;390:2643–54. doi:10.1016/S0140-6736(17)31634-3.

16. Smith L, Yang L, Hamer M. Handgrip strength, inflammatory markers, and mor-
tality. Scand J Med Sci Sports 2019;29:1190–6. doi:10.1111/sms.13433.

17. Chung HY, Cesari M, Anton S, Marzetti E, Giovannini S, Seo AY, Carter C, Yu
BP, Leeuwenburgh C. Molecular inflammation: underpinnings of aging and
age-related diseases. Ageing Res Rev 2009;8:18–30. doi:10.1016/j.arr.2008.07.
002.Molecular.

18. Dwyer J. Statistical Models for the Social and Behavioral Sciences. New York,
NY: Oxford; 1983.

19. Ryff CD. Psychological well-being revisited: advances in the science and practice
of eudaimonia. Psychother Psychosom 2014;83:10–28. doi:10.1159/000353263.

20. Boyle PA, BuchmanAS, Bennett DA. Purpose in life is associated with a reduced
risk of incident disability amongcommunity-dwelling older persons.AmJGeriatr Psy-
chiatry 2010;18:1093–102. doi:10.1097/JGP.0b013e3181d6c259.Purpose.

21. Boyle PA, Buchman AS, Wilson RS, Yu L, Schneider JA, Bennett DA. Effect of
purpose in life on the relation between Alzheimer disease pathologic changes on
cognitive function in advanced age. Arch Gen Psychiatry 2012;69:499–505. doi:
10.1001/archgenpsychiatry.2011.1487.

22. Friedman EM, Ryff CD. Living well with medical comorbidities: a biopsychosocial
perspective. J Gerontol B Psychol Sci Soc Sci 2012;67:535–44. doi:10.1093/
geronb/gbr152.

23. D’Onofrio BM, Class QA, Lahey BB, Larsson H. Testing the developmental or-
igins of health and disease hypothesis for psychopathology using family-based
quasi-experimental designs. Child Dev Perspect 2014;8:151–7. doi:10.1111/
cdep.12078.

24. Lahey BB, D’Onofrio BM. All in the family: comparing siblings to test causal hy-
potheses regarding environmental influences on behavior. Curr Dir Psychol Sci
2010;19:319–23. doi:10.1177/0963721410383977.

25. D’Onofrio BM, Lahey BB, Turkheimer E, Lichtenstein P. Critical need for
family-based, quasi-experimental designs in integrating genetic and social sci-
ence research. Am J Public Health 2013;103 Suppl 1(Suppl 1):S46–55. doi:10.
2105/AJPH.2013.301252.

26. McGue M, Osler M, Christensen K. Causal inference and observational re-
search: the utility of twins. Perspect Psychol Sci 2010;5:546–56. doi:10.
1177/1745691610383511.

27. Mucci LA,Hjelmborg JB, Harris JR, CzeneK,HavelickDJ, Scheike T, Graff RE,
Holst K, Möller S, Unger RH, McIntosh C, Nuttall E, Brandt I, Penney KL,
Hartman M, Kraft P, Parmigiani G, Christensen K, Koskenvuo M, Holm NV,
Heikkilä K, Pukkala E, Skytthe A, Adami HO, Kaprio J, Nordic Twin Study of
Cancer (NorTwinCan) Collaboration. Familial risk and heritability of cancer
among twins in Nordic countries. JAMA 2016;315:68–76. doi:10.1001/jama.
2015.17703.

28. Carlson MC, Helms MJ, Steffens DC, Burke JR, Potter GG, Plassman BL. Mid-
life activity predicts risk of dementia in older male twin pairs. Alzheimers Dement
2008;4:324–31. doi:10.1016/j.jalz.2008.07.002.

29. Foebel AD, Pedersen NL. Genetic influences on functional capacities in aging.
Gerontologist 2016;56:S218–29. doi:10.1093/geront/gnw006.

30. Young AC, Glaser K, Spector TD, Steves CJ. The identification of hereditary and
environmental determinants of frailty in a cohort of UK twins. Twin Res Hum
Genet 2016;19:600–9. doi:10.1017/thg.2016.72.

31. Lichtenstein P, Holm NV, Verkasalo PK, Iliadou A, Kaprio J, Koskenvuo M,
Pukkala E, Skytthe A, Hemminki K. Environmental and heritable factors in the
causation of cancer: analyses of cohorts of twins from Sweden, Denmark, and
Finland. N Engl J Med 2000;343:78–85. doi:10.1056/NEJM200007133430201.

32. Cournil A, Kirkwood TB. If you would live long, choose your parents well.
Trends Genet 2001;17:233–5. doi:10.1016/S0168-9525(01)02306-X.

33. Herskind AM, McGue M, Holm NV, Sørensen TIA, Harvald B, Vaupel JW. The
heritability of human longevity: a population-based study of 2872 Danish twin
pairs born 1870–1900. Hum Genet 1996;97:319–23. doi:10.1007/BF02185763.

34. Vijg J, SuhY. Genetics of longevity and aging. AnnuRevMed 2005;56:193–212.
doi:10.1146/annurev.med.56.082103.104617.

35. Hamdi NR, South SC, Krueger RF. Does education lower allostatic load? A
co-twin control study. Brain Behav Immun 2016;56:221–9. doi:10.1016/j.bbi.
2016.01.014.

36. Wei MY, Kawachi I, Okereke OI, Mukamal KJ. Diverse cumulative impact of
chronic diseases on physical health-related quality of life: implications for a mea-
sure of multimorbidity. Am J Epidemiol 2016;184:357–65. doi:10.1093/aje/
kwv456.

37. Knopik VS, Marceau K, Palmer RHC, Smith TF, Heath AC. Maternal smoking
during pregnancy and offspring birth weight: a genetically-informed approach
comparing multiple raters. Behav Genet 2016;46:353–64. doi:10.1007/s10519-
015-9750-6.

38. Ryff CD. Happiness is everything, or is it? Explorations on the meaning of psy-
chological well-being. J Pers Soc Psychol 1989;57:1069–81. doi:10.1037/0022-
3514.57.6.1069.

39. Carter BD, Abnet CC, Feskanich D, Freedman ND, Hartge P, Lewis CE, Ockene
JK, Prentice RL, Speizer FE, Thun MJ, Jacobs EJ. Smoking and mortality—
beyond established causes. N Engl J Med 2015;372:631–40. doi:10.1056/
nejmsa1407211.

40. Cimarras-Otal C, Calderón-Larrañaga A, Poblador-Plou B, González-Rubio F,
Gimeno-Feliu LA, Arjol-Serrano JL, Prados-Torres A. Association between
physical activity, multimorbidity, self-rated health and functional limitation in
the Spanish population. BMC Public Health 2014;14:1170. doi:10.1186/1471-
2458-14-1170.

Twin Discordance

Psychosomatic Medicine, V 83 • 724-732 731 September 2021

Copyright © 2021 by the American Psychosomatic Society. Unauthorized reproduction of this article is prohibited.



41. Cunningham TJ, Ford ES, Rolle IV, Wheaton AG, Croft JB. Associations of
self-reported cigarette smoking with chronic obstructive pulmonary disease and
co-morbid chronic conditions in the United States. COPD 2015;12:276–86.
doi:10.3109/15412555.2014.949001.

42. Paterson DH, Warburton DER. Physical activity and functional limitations in
older adults: a systematic review related to Canada’s Physical Activity Guide-
lines. Int J Behav Nutr Phys Act 2010;7:38. doi:10.1186/1479-5868-7-38.

43. Rector JL, Christ SL, Friedman EM. Well-being and long-term physical activity
participation in midlife adults: a latent class analysis. Ann Behav Med 2019;53:
53–64. doi:10.1093/abm/kay016.

44. JohnsonW, Krueger RF. The psychological benefits of vigorous exercise: a study
of discordant MZ twin pairs. Twin Res Hum Genet 2007;10:275–83. doi:10.
1375/twin.10.2.275.

45. Kujala UM, Hautasaari P, Vähä-Ypyä H, Waller K, Lindgren N, Iso-Markku P,
Heikkilä K, Rinne J, Kaprio J, Sievänen H. Chronic diseases and objectively
monitored physical activity profile among aged individuals—a cross-sectional twin
cohort study. Ann Med 2019;51:78–87. doi:10.1080/07853890.2019.1566765.

46. Covinsky KE, Lindquist K, Dunlop DD, Gill TM, Yelin E. Effect of arthritis in
middle age on older-age functioning. J Am Geriatr Soc 2008;56:23–8. doi:10.
1111/j.1532-5415.2007.01511.x.

47. Friedman EM, Mroczek DK, Christ SL. Multimorbidity, inflammation, and dis-
ability: a longitudinal mediational analysis. Ther Adv Chronic Dis 2018;10:
2040622318806848. doi:10.1177/2040622318806848.

48. Lawman HG, Troiano RP, Perna FM, Wang CY, Fryar CD, Ogden CL. Associations
of relative handgrip strength and cardiovascular disease biomarkers in U.S. adults,
2011–2012. Am J Prev Med 2016;50:677–83. doi:10.1016/j.amepre.2015.10.022.

49. Consensus Conference PanelWatson NF, Badr MS, Belenky G, Bliwise DL,
Buxton OM, Buysse D, Dinges DF, Gangwisch J, Grandner MA, Kushida C,
Malhotra RK, Martin JL, Patel SR, Quan SF, Tasali E. Joint consensus statement
of the American Academy of Sleep Medicine and Sleep Research Society on the

recommended amount of sleep for a healthy adult: methodology and discussion.
Sleep 2015;38:1161–83. doi:10.5665/sleep.4886.

50. Hillsdon MM, Brunner EJ, Guralnik JM, Marmot MG. Prospective study of
physical activity and physical function in early old age. Am J Prev Med 2005;
28:245–50. doi:10.1016/j.amepre.2004.12.008.

51. Lin IF, Wu HS. Activity limitations, use of assistive devices or personal help, and
well-being: variation by education. J Gerontol B Psychol Sci Soc Sci 2014;69:
S16–25. doi:10.1093/geronb/gbu115.

52. Choi JH,MiyamotoY,RyffCD.Acultural perspectiveon functional limitations andwell-
being. Pers Soc Psychol Bull 2020;46:1378–91. doi:10.1177/0146167220905712.

53. Bartels M. Genetics of wellbeing and its components satisfaction with life, happi-
ness, and quality of life: a review and meta-analysis of heritability studies. Calcif
Tissue Int 2015;96:137–56. doi:10.1007/s10519-015-9713-y.

54. Baselmans BML, Bartels M. A genetic perspective on the relationship between
eudaimonic- and hedonic well-being. Sci Rep 2018;8:14610. doi:10.1038/
s41598-018-32638-1.

55. Konkolÿ Thege B, Littvay L, Tarnoki DL, Tarnoki AD. Genetic and environmental
effects on eudaimonic and hedonic well-being: evidence from a post-communist
culture. Curr Psychol 2017;36:84–9. doi:10.1007/s12144-015-9387-x.

56. Martin LM, LeffM, CalongeN, Garrett C, Nelson DE. Validation of self-reported
chronic conditions and health services in a managed care population. Am J Prev
Med 2000;18:215–8. doi:10.1016/S0749-3797(99)00158-0.

57. Christensen K, McGue M, Yashin A, Iachine I, Holm NV, Vaupel JW. Genetic
and environmental influences on functional abilities inDanish twins aged 75years
and older. J Gerontol A Biol Sci Med Sci 2000;55:M446–52. doi:10.1093/ge-
rona/55.8.M446.

58. AmaralWZ, Krueger RF, Ryff CD, Coe CL. Genetic and environmental determi-
nants of population variation in interleukin-6, its soluble receptor and C-reactive
protein: insights from identical and fraternal twins. Brain Behav Immun 2015;49:
171–81. doi:10.1016/j.bbi.2015.05.010.

ORIGINAL ARTICLE

Psychosomatic Medicine, V 83 • 724-732 732 September 2021

Copyright © 2021 by the American Psychosomatic Society. Unauthorized reproduction of this article is prohibited.


