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Twin studies; Background: Musculoskeletal conditions are highly prevalent in our ageing society and are there-
Musculoskeletal fore incurring substantial increases in population levels of years lived with disability (YLD). An
research; evidence-based approach to the prognosis, prevention, and treatment of those disorders can
Brazilian twin allow an overall improvement in the quality of life of patients, while also softening the burden
registry; on national health care systems.

International Methods: In this Masterclass article, we provide an overview of the most relevant twin study
collaboration designs, their advantages, limitations and major contributions to the investigation of traits

related to the domain of musculoskeletal physical therapy.

Conclusions: Twin studies can be an important scientific tool to address issues related to mus-
culoskeletal conditions. They allow researchers to understand how genes and environment
combine to influence human health and disease. Twin registries and international collaboration
through existing networks can provide resources for achieving large sample sizes and access to
expertise in study design and analysis of twin data.
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Background

In 2003, it was predicted that the global burden of major
musculoskeletal conditions on individuals and society would
raise dramatically in the following years, primarily due to
the ageing of the population.’ These expectations have been
recently confirmed. According to the Global Burden of Dis-
ease Study 2015, musculoskeletal disorders were the largest
contributors to years lived with disability (YLD).? From 2005
to 2015, there have been increases of 17.3%, 23.8% and
32.9% in the prevalence of low back pain, rheumatoid arthri-
tis and osteoarthritis, respectively, in the world population.?

In the United States alone, the four aforementioned con-
ditions represented an economic impact of $796.3 billion
dollars in direct costs between 2009 and 2011.3 The con-
sequences of the substantial increase in the prevalence of
musculoskeletal diseases on the national public health care
systems are still unclear, but an evidence-based approach to
prognosis, risk prediction, prevention and treatment strate-
gies is highly needed. Traditional epidemiological studies
testing associations between these outcomes and certain
exposures can be informative but do not allow for dis-
entangling genetic and environmental factors contributing
to disease. Genetic epidemiology provides means for this
through a specific type of family study design - the twin
study.

Twin studies have been playing an important role in
improving the understanding of human traits and conditions
since the late 19th century,” although their first applications
in musculoskeletal research, to our knowledge, date back
only to the late 1980s and early 90s.°8 At that time, twin
registries collecting valuable longitudinal data had already
been established in Denmark,’ Sweden,'® Finland,'" USA'
and Australia.” Newly developed statistical techniques in
multivariate modelling'* and analysis of gene by environ-
ment interactions'® provided extended uses of the classical
and co-twin control method. Twin study designs had been
classified into those investigating the genetic factors con-
tributing to disease and those ‘excluding’, or adjusting for,
genetic factors, thus useful to assess etiologic importance of
environmental factors,'® a distinction that is still reasonably
clear in current approaches.

Twin studies have become even more relevant with the
advent of new technologies and analytical methods."” This
article aims to discuss the existing twin designs, their
potential and contributions to the musculoskeletal scientific
domain, while also highlighting the advantages and potential
caveats of the twin methodology. We also suggest how global
research networks, which are being formed with the help of
twin registries,'® can be used for collaborative work. We
claim that musculoskeletal research has benefited greatly
from twin studies, although there is still considerable unful-
filled potential in utilising this methodology especially for
studying risk factors and treatments for disease. We also
point to plausible directions for future applications of the
twin methodology in musculoskeletal studies.

The advantages of twin designs and applications in
musculoskeletal research

Twin studies have been historically associated with the
study of human genetics since Francis Galton established

the ‘nature vs nurture’ debate in the late 19th century.*
Although Francis Galton is commonly regarded as the
‘father’ of twin research, it is unclear whether he was aware
of the distinction between monozygotic (MZ) twins, also
known as identical, and dizygotic (DZ) twins, also known
as fraternal twins. He did notice ‘similar’ and ‘dissimilar’
twins, bud did not seem to account for genetic differences
between these two types of twins.

At some point in the early 20th century, researchers seem
to have agreed on the traditional theory of twinning - that
MZ twins originate from a single fertilised egg while DZ twins
originate from two different fertilised eggs."®

The comparisons within MZ twin pairs with those within
DZ pairs for a specific human trait is the foundation of
the classical twin design. This model assumes that MZ pairs
share, on average, 100% of their genetic variation, compared
to DZ pairs, which would share 50% of their genetic varia-
tion as in any normal pair of siblings, based on the principles
of Mendelian inheritance.?’ It also assumes that the com-
mon environment in which both MZ and DZ twin pairs are
reared is the same. This is also known as the equal environ-
ment assumption (EEA), which is overlooked by researchers
in some occasions.?'

Using this study design, most researchers are interested
in the narrow-sense heritability score (h?), an outcome that
is an estimate of the proportion of variance in a trait that
can be explained by additive genetic variation.”> The heri-
tability estimate can range from 0 to 1. If MZ twin pairs are
significantly more similar than DZ pairs, then it is assumed
that there is genetic influence explaining the variation of
that trait in a population. It is important that the correlation
and co-variance estimates themselves are also considered in
the analysis.

The classic twin model also sheds light on all non-genetic
influences in the variation of a trait, including environmen-
tal and stochastic factors along with potential measurement
errors. The proportion related to those just cited can be
calculated by 1 — h2. Perhaps one of the most notable early
applications of the classical twin design in musculoskele-
tal research was a pioneering study that demonstrated the
strength of genetic contributions to the bone mass of the
lumbar spine in adults, finding a statistically significant
heritability score of 0.92.° Intra-class correlations in this
trait were 0.92 for MZs against 0.36 for DZ twins. Corre-
lations of that magnitude within genetically identical twin
pairs for such an important trait have important implica-
tions for health care. Other highly impactful classical twin
studies from late last century include a classical twin study
that found a heritability of 0.54 for combined types of
osteoarthritis in women aged 48-70 recruited from a twin
registry in the UK, showing for the first time the genetic
effect on the condition, but also stressing the importance
of environmental influences.?

More recently, a systematic review of twin studies assess-
ing low back pain as an outcome reported the heritability as
ranging from 21% to —67%, while in a younger age group
(11 years old), the heritability was as low as 0%.2* The
authors concluded that the variability amongst studies can
be related to differences in how heritability is calculated,
low back pain assessment and age, although a clear pattern
on age-dependant effects did not emerge. The system-
atic review also included twin studies that investigated a
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number of associations between exposures, conditions and
co-morbidities, in a study design usually referred as the co-
twin control design.

The co-twin control design’s mains strength is the possi-
bility of matching cases and controls within twin pairs for
genes, early environment, age and sex, depending on the
zygosities included.?” Although this study design is mostly
aimed at the participation of MZ twin pairs to achieve a very
high level of matching, the inclusion of same-sex DZs can
be also informative. Relevant analytical approaches include
studying twin pairs discordant for exposures or outcomes.

Highly impactful twin studies utilising this particular
design have been conducted to examine musculoskeletal
conditions. One example is a twin study that aimed to inves-
tigate the association between obesity and osteoarthritis
of the hand and the knee in women, who have an overall
higher risk for this condition than men.?® The study found
that obesity is indeed a risk factor for OA, with increased
risks of 9-13% of developing the disease depending on the
magnitude of weight gain. Interestingly, confidence intervals
were considerably narrower than in studies conducted with
general population,?” indicating the statistical advantages
arising from the smaller variability typically found when
using a twin sample in a case-control design.

Both the classical and the co-twin control designs can
be used in cross-sectional and longitudinal studies. The lat-
ter is more promising regarding inferences on causation and
involve less recall bias. A recent longitudinal co-twin con-
trol study found no significant association between obesity
(including BMI, % fat mass, waist circumference and waist-
to-hip ratio as exposure variables) and low back pain.?® The
results of the study point to the relationship between obesity
and low back pain being potentially confounded by famil-
ial factors, since the association is not confirmed when the
model adjusts for genetics as a confounder. A previous cross-
sectional co-twin control study on low back pain identified
some possible risk factors, mostly related to physical work-
load, such as heavy lifting, manual tasks and gardening.?’

The application of the classical twin design conducted
longitudinally makes causal inferences possible. A study that
had initially found high rates of MZ twin pairs discordant
for type Il diabetes at an early adult age proceeded to fol-
low those twins and reassess them to find they eventually
became predominantly concordant later in life.’® Although
unrelated to musculoskeletal research, this study helped
highlight the importance of understanding heritability as a
snapshot of potential genetic causes of variation in a trait
or disease in specific populations and points in time, rather
than evidence of direct causation.

A recent study demonstrated how age-specific heri-
tability estimates can differ between cross-sectional and
longitudinal analyses. While cross-sectional heritability esti-
mates of hip and lumber spine bone mass density decreased
but remained consistently high from early post-menopausal
to late ages in women, a longitudinal analysis indicated that
virtually none of the variation in those traits was explained
by genetic variation in some age groups.>°

Longitudinal designs involving twins as participants can
be applied also to analyses of survival, mortality and co-
morbidity. By using intrapair Cox regression models, a twin
study found that after one year of exposure to hip fracture,
men had a seven-fold increase in mortality, compared to a

four-fold increase amongst women.?' In another example,
researchers found spinal pain to be associated with a 13%
increased rate in all-cause mortality.*

Another application of the within-pair analysis is its use
in clinical trials, a design in which the involvement of twins
is especially advantageous.* In some cases, the use of the
within-pair analysis in studies with MZ twins can lead to
up to seven times more statistical power to detect effects
of interventions.3* Randomised control trials (RCTs) making
use of the co-twin control design have shown to be feasi-
ble and potentially rewarding, as in a study which found
Calcium supplementation to be effective in increasing bone
mineral density over the first 12-18 months of treatment,
although gains were not maintained after 24 months® and
in the ongoing intervention on sleep quality to improve out-
comes in low back pain.3® RCTs with twins are promising, but
remain underutilised to this date in research involving twins
as participants.

Other promising twin study designs

The study of sex differences in traits and diseases can also
be accomplished through twin designs, with the opposite-
sex twin design probably the most efficient example. An
opposite-sex twin study found differences between men and
women in the nature of the association between peptide
hormones responsible for adiposity and body composition
outcomes.>” While in women plasma ghrelin hormone levels
were inversely correlated with BMI and total fat mass, in
men there was an observed inverse correlation between the
hormone and abdominal fat mass. Sex differences were also
investigated using multivariate twin model in a cohort study
of Danish twins, which found women at higher risk of primary
total knee arthroplasty after 50 years old than men.3®

Structured equation modelling (SEM) has been developed
for applications in an extended version of the classical twin
design. The ACE method partitions the variation of a trait
into A (additive genetics), C (common environment), and E
(unique environment) estimates, and fits the best possible
model within those three components.' A study using this
design found little genetic influence in the variation in phys-
ical activity levels, which was found to be mostly explained
by common and unique environmental factors® and contra-
dicted previous findings of strong genetic influence.®® Even
more interestingly, both studies also differed in the cut-
points of determining whether twins were or not exercisers.
Heritability estimates seemed to have been substantially
attenuated when a weekly 150 min cut-point was used com-
pared to a 60 min weekly cut-point. This might have shown
consistency with a gene by environment interaction, since
genetic influence looked different for distinct levels of expo-
sure.

The analytical techniques to test for gene by environ-
ment interactions were developed in 1970, although to
our knowledge, there has not been any direct application
of it to twin studies looking at musculoskeletal conditions.
More sophisticated analysis related to quantitative genet-
ics allowed by the conclusion of the Human Genome Project
in the 1990s can also help find candidate genes for traits
and diseases. Recent accounts from The Twin Spine Study*'
show evidence of association between 17 different genes
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and lumbar disc degeneration, although some of the find-
ings still lack proper replication. It also pointed to a strong
genetic influence in the variation in this condition.

Potential caveats

Twin designs rely heavily on assumptions, as with any other
statistical model. As previously explained, the first assump-
tion is that MZ twin pairs share, on average, 100% of their
genetic variation, compared to only 50% for DZ twin pairs.
Cases of DZ twins sharing more or less than this have been
found and the traditional twining model of how MZ and DZ
twins are originated has been disrupted (but only rarely)
by observation of atypical twinning.”> However, in large
samples the 50/100 rule has remained consistent and still
applies."”

The second assumption concerns the extent to which
twins share the early environment, which is set to be 100%,
equally for MZ and DZ twin pairs. The early environment can
include several unmeasured factors such as those related
to sharing the same womb and in most cases the same
early-life environment, defined by parenting style, schools
attended by the twins and nutritional aspects, for example.
This assumption, known as EEA, has received scrutiny over
the years, such as in claims that simply estimating heritabil-
ity brings unsubstantial evidence for problems relating to
human genetics.** Methods to account for disruptions to the
EEA, such as differences in cohabitation within twin pairs*
have also been proposed.

The misinterpretation of heritability estimates can also
be an issue, especially when these lead to biased policy-
making and public discussion.®® It is important to account
for the difference between causes of variation in a trait
and causes of a trait, as it has been shown that they can
mean very different things in some scenarios. For exam-
ple, when investigating hypothetical scenarios, populations
with differences in average energy intake and levels of exer-
cise would show different heritability estimates for obesity,
although not much could be then said about genetics actu-
ally having or not a causal effect on obesity.*

Whether twins are representative of the population they
are drawn from deserves additional attention. For most dis-
ease and lifestyle-related traits they are quite similar to
the general population, and potential differences could be
attributed to preterm birth and low birth weight which are
more prevalent in twins compared to singletons.*

Twin registries and international collaboration

Although sample size was once considered a barrier for
achieving robust scientific findings through twin studies, the
current era of international collaboration and joint studies
with multiple twin registries offer potential solutions to this
problem. Twin registries have been playing a central role in
addressing problems with sample size in twin studies, espe-
cially since statistical calculations showed how large twin
studies needed to be to achieve robust findings.* These
registries have shown their relevance in investigating rare
diseases with the use of twin designs, or even in finding large
enough samples of twins that are discordant for outcomes
or exposures as in co-twin control studies, especially when

Table 1  Characteristics of registered twin pairs with base-
line data in the Brazilian Twin Registry.

Characteristics Number (percentage or SD)

Total number of complete 108
twin pairs with baseline data
Monozygotic twin pairs
Male-male
Female-female

88 (81.5%)
17 (19.3%)
71 (80.7%)

Dizygotic twin pairs 20 (18.5%)
Male-male 2 (10.0%)
Female-female 7 (35.0%)
Opposite-sex 11 (55.0%)

Age (mean) 30.0 (12 SD)

the traits being investigated are highly heritable. They have
also been supporting multidisciplinary research focused on
addressing problems in a variety of health-related domains,
such as in cardiovascular disease.*

In order to register a larger number of twins, twin reg-
istries and cohorts have relied upon a variety of recruitment
strategies. A special issue of the journal Twin Research and
Human Genetics on twin registries highlighted that strate-
gies could be population and/or volunteer-based,*® which
have implications for obtaining samples that are similar
enough to the general population for participating in a sci-
entific study. One study concluded that response rates from
twins as volunteers in Australia were similar to non-twin
volunteers.?!

Regardless of the recruitment strategies used in twin reg-
istries, in some cases a national sample of twins might not be
sufficient to achieve the desired sample size. Twin registries
have organised to form the International Network of Twin
Registries,'® established in 2011 as a working group of the
International Society for Twin Studies. This network aims to
facilitate collaboration and promote twin research globally,
and is currently building a catalogue of available twin data
and biospecimens that are available for ethically approved
studies, while also profiling researchers interested in forging
new collaborations.'

International collaboration in twin research has already
generated studies that included more than 200,000 twin
pairs, such as the CODATwins project, which mostly investi-
gates trends in anthropometric variables.?? Another trend in
these collaborative efforts in twin studies in musculoskele-
tal research are studies including data linkage between twin
registries and other registries, such as those of arthroplasty
and knee replacement.>?

Even after more than 50 years since the establishment of
the first twin registries, such organisations continue to be
established and funded, including countries in which twin
research has not historically taken a major role. For exam-
ple, the Brazilian Twin Registry was established in 2013 and
has 108 complete pairs with baseline data (see Table 1). It is
focused on studies within the musculoskeletal domain and is
currently recruiting for a study on the environmental factors
playing a role in low back pain.> The registry is also open
for new collaborations and takes enquiries from researchers
wanting to undertake twin studies with its support.
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Conclusions and future research

About 30 years have passed since the first twin studies on
musculoskeletal conditions were published and, to this date,
the involvement of twins as participants has facilitated an
evidence-based approach towards prognosis, prevention and
treatment. Although each twin design has its advantages
and disadvantages, the analysis of within-pair differences
can be an especially relevant tool for researchers investigat-
ing associations between environmental factors and related
outcomes with the potential of more reliable scientific out-
comes due to epidemiological matching. For treatment,
RCTs involving twins being allocated to different treatment
groups can also generate results that can be more directly
translated into clinical practice. Extended family designs
including relatives of twins in studies are also very promis-
ing, although still largely unexplored in the musculoskeletal
domain.

With growing international collaboration between
researchers and twin registries, it is now becoming
more convenient not only to access existing data and
biospecimens of twins for novel analyses but also to form
consortia and recruit twins for new studies in multi-centre
approaches. Twin registries have become more relevant
than ever to elucidate risk, prognosis, and treatment
factors for musculoskeletal conditions, bringing twins and
researchers together to better understand what it is to be
human.
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