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Genetic and early environmental differences including early health habits asso-
ciate with future health. To provide insight on the causal nature of these asso-
ciations, monozygotic (MZ) twin pairs discordant for health habits provide an 
interesting natural experiment. Twin pairs discordant for leisure- time physical 
activity (LTPA) in early adult life is thus a powerful study design to investigate 
the associations between long- term LTPA and indicators of health and wellbeing. 
We have identified 17 LTPA discordant twin pairs from two Finnish twin cohorts 
and summarize key findings of these studies in this paper. The carefully charac-
terized rare long- term LTPA discordant MZ twin pairs have participated in multi- 
dimensional clinical examinations. Key findings highlight that compared with 
less active twins in such MZ twin pairs, the twins with higher long- term LTPA 
have higher physical fitness, reduced body fat, reduced visceral fat, reduced liver 
fat, increased lumen diameters of conduit arteries to the lower limbs, increased 
bone mineral density in loaded bone areas, and an increased number of large 
high- density lipoprotein particles. The findings increase our understanding on 
the possible site- specific and system- level effects of long- term LTPA.

K E Y W O R D S

body fat, exercise, genes, health, physical activity, twins

 16000838, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14205 by U
niversity O

f O
ulu K

P2408100, W
iley O

nline L
ibrary on [22/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

www.wileyonlinelibrary.com/journal/sms
mailto:
https://orcid.org/0000-0002-9262-1992
https://orcid.org/0000-0001-7499-6128
https://orcid.org/0000-0002-2873-4263
http://creativecommons.org/licenses/by-nc/4.0/
mailto:urho.m.kujala@fimnet.fi
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fsms.14205&domain=pdf&date_stamp=2022-07-07


   | 1317KUJALA et al.

1  |  INTRODUCTION

Participation in leisure- time physical activity (LTPA) has 
been shown to be associated with many indicators of 
good health.1 However, based on observational studies, 
it is difficult to confirm the causality as many potential 
confounding factors including the genetic background in-
fluence these associations.2 Further, in short- term studies, 
reverse causality can bias results. It is possible that some 
genes may via the same mechanisms influence partici-
pation in physical activity, physical fitness, body compo-
sition, metabolism, and occurrence of chronic diseases 

(genetic pleiotropy).3,4 Also, it is difficult to carry out high 
quality randomized controlled physical activity/exercise 
trials with long durations.

The genetic background of physical activity, physical 
fitness, and most of the non- communicable chronic dis-
eases is multifactorial. Monozygotic (MZ) twin pairs are 
usually reared together in a similar environment until 
early adulthood. As genetic and early environmental differ-
ences including early health habits may have an influence 
on future health, MZ twin pairs who become discordant 
for LTPA during adult life provide an interesting natural 
experiment to investigate the associations between LTPA 

F I G U R E  1  Identification of the rare 
leisure- time physical activity (LTPA) 
discordant monozygotic (MZ) twin pairs 
from the population- based twin cohorts

From the FinnTwin 16 cohort 4,407 individuals
(1963 men) responded the fifth questionnaire

at mean age of 34.1 years in 2010-2012 
including 571 monozygotic pairs

From the older Finnish Twin cohort
31,145 individuals replied first

questionnaire in 1975
including 3,639 monozygotic pairs

FITFATTWIN clinical examinations:
10 MZ male pairs identified to be discordant

for LTPA for past 3+ years and 
giving consent to clinical examinations

(mean age 34 years, range 32-36 years) and 
participated in clinical examinations

TWINACTIVE clinical examinations:
7 MZ pairs (5 male pairs) identified to be 

discordant for LTPA for past 30+ years and 
giving consent to clinical examinations

(mean age 62 years, range 50-74 years) 
participated in clinical examinations

Of the 1,772 MZ pairs aged 24-60 years
on Jan 1, 1982

and providing data on LTPA
155 were identified to be discordant for 

LTPA volume both in 1975 and 1981 

The respondents included 202 male MZ pairs
with complete data on LTPA

T A B L E  1  Selected data from monozygotic twin pairs discordant for leisure time physical activity habits pooled from TWINACTIVE and 
FITFATTWIN studies

Less active co- twins 
(N = 17)

More active co- twins 
(N = 17)

Intrapair difference 
Mean (95% CI)Mean ± SD

VO2peak, ml/kg/min 33.0 ± 6.6 38.6 ± 7.6 5.6 (3.3– 8.0)

Past 12- month LTPA, LTMET- hours/day 2.0 ± 1.8 6.1 ± 3.7 4.1 (2.5– 5.6)

Waist circumference, cm 92.3 ± 9.0 88.4 ± 7.8 −3.9 (−6.9 to −0.8)

Fat percent, % 22.6 ± 6.0 19.7 ± 4.7 −3.0 (−5.6 to −0.6)

Visceral adipose tissue area, cm2 144 ± 54 107 ± 55 −37 (−61 to −13)

Liver fat index, MRI signal intensity 15.1 ± 16.6 6.8 ± 5.9 −8.3 (−15.4 to −1.1)

ApoB:ApoA1 ratio 0.61 ± 0.13 0.53 ± 0.03 −0.08 (−0.13 to −0.02)

HDL cholesterol, mmol/L 1.43 ± 0.10 1.54 ± 0.11 0.11 (0.01– 0.22)

HDL2 cholesterol, mmol/L 0.93 ± 0.35 1.05 ± 0.42 0.12 (0.02– 0.22)

HDL diameter, nm 9.72 ± 0.23 9.83 ± 0.24 0.11 (0.05– 0.16)

Very large HDL particles, μmol/L 0.21 ± 0.11 0.27 ± 0.16 0.07 (0.02– 0.11)

Large HDL particles, μmol/L 0.80 ± 0.43 0.98 ± 0.50 0.17 (0.08– 0.27)

Medium HDL particles, μmol/L 1.82 ± 0.47 1.82 ± 0.43 −0.00 (−0.13 to 0.12)

Small HDL particles, μmol/L 4.64 ± 0.36 4.55 ± 0.39 −0.09 (−0.25 to 0.06)

Abbreviations: ApoA1, apolipoprotein A1; ApoB, apolipoprotein B; CI, confidence interval; HDL, high density lipoprotein; LTMET- hours/day, leisure- time 
metabolic equivalent for physical activity during leisure- time and the commute to and from work indicating daily leisure- time physical activity volume; MRI, 
magnetic resonance imaging.
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and indicators of health and wellbeing. Also, twins in MZ 
twin pairs who are discordant for physical activity usually 
are concordant for many other health habits.5 We have 
used this study design by comprehensively identifying 
LTPA discordant twin pairs from two Finnish twin cohorts 
(FinnTwin16 and older Finnish Twin Cohort). We sum-
marize the key health- related findings of these studies 
in this paper. The carefully characterized rare long- term 
LTPA discordant MZ twin pairs have participated in multi- 
dimensional clinical examinations with the aim to investi-
gate the differences in physical fitness, body composition, 
vascular and metabolic risk factors, muscle and adipose 
tissue gene expressions, artery diameters, bone structure, 
as well as in brain structure and function. In particular, 
our short review presents findings which increase our 
understanding on the possible detailed site- specific and 
system- level effects of long- term LTPA participation.

2  |  MATERIALS AND METHODS

2.1 | Identification of the MZ twin pairs 
discordant for LTPA

The participants described here are from the Finnish 
population- based twin cohorts: FinnTwin 16 Cohort6 
and the older Finnish Twin Cohort.7 The pairs were 
comprehensively selected from the cohorts with a step-
wise process using available questionnaire data and sub-
sequent detailed telephone and face- to- face interviews 
(Figure 1).8,9 See Appendix S1 for the detailed procedures 
to identify the long- term LTPA discordant MZ twin pairs. 
The twin pairs of the TWINACTIVE study (five male and 
two female MZ pairs) had been strongly discordant for 
LTPA for 30+ years and those of FITFATTWIN study (10 
male MZ pairs) for 3 years. The MZ pairs were interviewed 
in depth using the same structural interview protocol for 
physical activity, and the data were pooled from the LTPA- 
discordant MZ pairs from both studies. The LTPA (includ-
ing commuting activity) volume was 2.0 ± 1.8 MET- hours 
per day for less active twins and 6.1 ± 3.7 for their more 
active co- twins, the pairwise difference being 4.1 MET- 
hours per day (95% CI 2.5– 5.6; p < 0.0001) in the pooled 
data (see Table 1 for selected pooled data and Table S1 for 
selected data for TWINACTIVE and FITFATTWIN partic-
ipants separately). The older TWINACTIVE pairs (mean 
age 62 years, range 50– 74 years) represent pairs who were 
apparently healthy at baseline but may have developed 
some predisease/disease states during follow- up prior to 
the clinical measurements. This may have an influence on 
the metabolic differences between the more and less active 
members of the MZ pairs in this older cohort. Among the 
younger FITFATTWIN participants (mean age 34 years, 
range 32– 36 years), clinical disease was absent (and so 

does not have an influence on findings), thus difference 
in measured metabolic and clinical measures are show-
ing more direct LTPA associations compared with those 
seen in older pairs. All the studies and their procedures 
that contributed to this summary review complied with 
the ethical standards of the relevant national and institu-
tional committees on human experimentation and with 
the Helsinki Declaration of 1975, as revised in 2008. All 
participating twins provided informed consent.

The selection of the twin pairs to each sub- study and 
their results have been previously published and the used 
measurement methods described in detail in the refer-
ences given for each outcome. The pooled results given in 
Table 1 are previously unpublished.

To test our hypotheses, data analyses were carried out 
as pairwise analyses comparing inactive versus active 
members of twin pairs discordant for LTPA. The normal-
ity of the variables was assessed by the Shapiro– Wilk test. 
In the pairwise comparison, student's paired t- test was 
used for normally distributed variables and the Wilcoxon 
matched- pair signed rank test for non- normally distrib-
uted variables. The 95% confidence intervals (CI) were 
calculated for the absolute mean differences between the 
inactive versus active co- twins. The symmetry test was 
used for categorical variables. In the numeric results, in 
our results section or the new result shown in Table 1 ad-
justment for multiple testing is not used, but in the orig-
inal papers, we have used more sophisticated statistical 
analyses or given corrected statistical thresholds for data- 
driven analyses with a higher number of variables, such 
as circulating biomarker,10 gene expression,11 and brain 
related analyses.9,12– 14 In this short review, concerning the 
numeric results of these analyses, we refer to those given 
in the original papers.

3  |  RESULTS

Main findings on the MZ pairs discordant for LTPA.

3.1 | Fitness and heart function

According to pairwise analyses, aerobic fitness (measured 
by a maximal exercise test using bicycle ergometer8,9) was 
higher in the more active twins compared with their less 
active co- twins (for pooled results see Table 1 and for the 
results of younger and older pairs separately, see Table S1).

3.2 | Body weight and fat accumulation

In both the FITFATTWIN and TWINACTIVE stud-
ies, body weight (pooled difference between active and 

 16000838, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14205 by U
niversity O

f O
ulu K

P2408100, W
iley O

nline L
ibrary on [22/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 1319KUJALA et al.

inactive members 1.8 kg (95% CI −1.8 to 5.5; p = 0.31) did 
not differ between the members of the pairs as strongly as 
body fat composition (Table  1 and Table  S1).15,16 When 
data were pooled from these two studies, among the 17 
MZ pairs waist circumference, body fat percent, liver fat 
content, and in particular visceral fat was lower in active 
compared with inactive twins (Table 1).

3.3 | Risk factors/circulating biomarkers 
measured from venous blood samples

Various associations in circulating biomarkers with 
high LTPA were seen in the TWINACTIVE study.10 In 
the pooled data from TWINACTIVE and FITFATTWIN 
studies, we saw that the more active twins had lower 
ApoB:ApoA1 – ratios (difference − 0.079, 95% CI −0.133 to 
−0.024; p = 0.0077), higher HDL2 cholesterol levels (dif-
ference 0.118 mmol/L, 95% CI 0.017– 0.218; p  =  0.0247), 
and higher HDL particle diameters (difference 0.108 nm, 
95% CI 0.054– 0.162; p = 0.0007) (Table 1) compared with 
the less active twins.

3.4 | Muscle and adipose tissue gene 
expressions

In the TWINACTIVE study, muscle biopsies were ob-
tained from the twin pairs. Gene expression in skeletal 
muscle of the central pathways of energy metabolism, es-
pecially of genes related to the processes of oxidative phos-
phorylation were up- regulated among the more physically 
active twins.11 Interestingly, the upregulation of skeletal 
muscle oxidative phosphorylation gene set expression cor-
related with the number of large HDL particles (r = 0.75; 
p = 0.0003), but not with the number of small HDL par-
ticles.11 In both skeletal muscle and subcutaneous fat tis-
sue samples, the up- regulated pathways among the active 
twins compared with their inactive co- twins included 
branched- chain amino acid (BCAA) degradation.11

3.5 | Arteries to lower limbs

The TWINACTIVE study used contrast- enhanced mag-
netic resonance angiography to measure the diameters of 
aorta, iliac, and femoral arteries. Compared with less ac-
tive co- twins, the active twins had larger lumen diameters 
in these arteries supplying blood to lower limbs; lumen 
diameter difference of upper abdominal aorta 1.8 mm 
(95% CI 0.3– 2.7; 0.025), distal aorta 2.8 mm (95% CI 1.5– 
4.0; p = 0.002), of right common iliac artery 2.6 mm (95% 
CI 0.8– 4.0; p = 0.016) and of right femoral artery 1.3 mm 

(95% CI 0.6– 2.0; p = 0.005).17 A similar difference was not 
seen in the size of carotid arteries.17

3.6 | Tibial bones

The TWINACTIVE study using peripheral quantitative 
computer tomography showed that compared with less 
active twins of these MZ twin pairs, the more active ones 
had thicker tibial cortical bone in antero- posterior direc-
tion the difference in the mid- cortical bone cross- sectional 
area being 40 mm2 (95% CI 19– 61; p  =  003) and higher 
trabecular bone density in the distal tibia the difference in 
the total volumetric bone mineral density of the trabecu-
lar bone of the distal tibia being 26 mg/cm3 (95% CI 0– 53; 
p = 0.050).18 There were no clear differences in the exter-
nal dimensions of the bones.18

3.7 | Brain structure and functions

The FITFATTWIN study showed that total- brain white 
matter, gray matter (GM), and total intracranial volumes 
did not differ between the more and less active twins when 
analyzed with magnetic resonance imaging whole- brain 
voxel- based morphometry. However, compared with the 
less active twins, the more active co- twins showed larger 
striatal and non- dominant inferior frontal gyrus GM vol-
umes.9 Also, there was regional differentiation in GM vol-
umes between more and less active co- twins suggesting 
higher GM volume in the left hippocampus in more active 
co- twins.12 Additional comparisons showed differing au-
tomatic deviance- detection processes in brain regions in-
volved with sensorimotor, visual, and memory functions 
in electrophysiological studies between the more and less 
active co- twins.13,14

For summary of the main results, see Figure 2. More 
data on the findings are also available in nine PhD theses 
(see links to the texts in Appendix S1).

4  |  DISCUSSION

4.1 | Comments on the main findings

We found expected differences between the more and 
less active members of the MZ twin pairs in physical fit-
ness. Given the clear differences in LTPA levels, the ob-
servation that dietary energy intake tended to be higher 
in more physically active members, indicates that dif-
ferent LTPA levels are the most plausible explanation 
for the observed body composition differences,16,19 the 
findings also being in line with data from randomized 
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controlled trials.20 The concentrations of the smallest 
HDL particles has been reported to be negatively associ-
ated with the concentrations of the large HDL particles, 
and unlike large HDL particles, the concentrations of 
the small HDL particles associate similarly with cardio- 
metabolic risk as the concentrations of apolipoprotein- B 
containing particles.21 It is to note that the HDL particle 
size has been shown to be associated with its functions, 
and the association with the increased number of large 
HDL particles may be related to their other signal car-
rier function supporting high use of oxygen and high 
energy metabolism rather than only reverse cholesterol 
transport.22– 24 The high correlation between oxidative 
phosphorylation gene set expression in skeletal muscle 
and the number of large HDL particles support the idea 
that the functions of HDL particles include associations 
with exercise related oxygen use in skeletal muscles.23 
The observed up- regulation of BCAA degradation11 
pathway among the active twins compared with their 
inactive co- twins is likely an indicator of increased 
BCAA degradation in healthy mitochondria to uphold 
lipid oxidation.25 So, serum BCAA levels correlate with 
low LTPA and high body fat as has been shown earlier 
by Felig et al.26 and by Pietiläinen et al.27 among MZ 
twin pairs discordant for BMI.

The finding of differences in the aorta and conduit 
arteries to lower limbs but not similarly in carotid arter-
ies suggest location- specific effects to arteries supplying 
the muscles used most during exercising. Also, the bone 
related findings were site- specific according to loading 
unlike in case of the effects of postmenopausal hormone- 
replacement therapy.28 There were no clear differences 
in the external dimensions of the bones which are likely 
to change more during growth.18 Also, the brain- related 
findings provide evidence for site- specific structural mod-
ulation in healthy young adult brain likely associated with 
long- term LTPA.

All in all, our MZ twin pair studies show associations 
between high level of LTPA and beneficial changes in 
many disease risk factors, however, it is to note that our 
studies with the whole older Finnish Twin Cohort has 
not shown that high LTPA is associated with reduced 
risk of death when using the co- twin control design 
among MZ twin pairs.29– 31 In particular, at older ages oc-
currence of diseases contributes to the physical activity 
discordances.32

4.2 | Strengths and limitations of the co- 
twin control study design

As a result of the match for age, sex, gene sequence, and 
a close match for intrauterine and childhood environ-
ment, the MZ co- twin control study represents a unique 
study design to investigate the health effects of long- 
term physical activity controlling for genetic and famil-
ial factors. However, it is uncommon that co- twins of a 
MZ twin pair have persistently different activity levels, 
and it was therefore difficult to find large number of MZ 
twin pairs significantly discordant for long- term physi-
cal activity. This limitation itself speaks for a genetic 
and other familial basis for lifetime activity patterns. 
Consequently, the number of LTPA discordant MZ pairs 
remained small in both studies. We included extensive 
retrospective questionnaire- based follow- ups of LTPA 
habits combined with detailed structured interviews in 
our studies. However, it is to note that our findings are 
not necessarily generalizable to other populations as 
the heritability of physical activity behavior depends on 
both the definition and country of origin.33 Although our 
data relies on self- reported measures of physical activity, 
taking into account that we had a multi- step procedure 
using multiple repeated questionnaire and interview 
methods to document the LTPA levels (see Appendix 

F I G U R E  2  Key health- related 
findings showing how more physically 
active twins of monozygotic twin pairs 
differ from their less active co- twins

Higher gray matter volume
in motor control areas

Less liver fat

Less visceral fat
and lower waist
circumference

Thicker tibial cortex in 
antero-posterior direction

Larger diameters of the lumen of 
aorta, iliac and femoral arteries

Higher mineral content in
trebecular bone of distal tibia

Higher aerobic fitness and 
lower resting and submaximal

load heart rates

Upregulated gene expressions of 
energy metabolism pathways

in quadriceps muscle tissue

→
Lower ApoB:ApoA1 –ratios

Larger HDL particle diameters
Reduced risk for type 2 diabetes

 16000838, 2022, 9, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.14205 by U
niversity O

f O
ulu K

P2408100, W
iley O

nline L
ibrary on [22/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 1321KUJALA et al.

S1), our data provide reliable estimates of long- term 
LTPA differences between the co- twins of the MZ twin 
pairs.34 It is to note that other health habits and socioec-
onomic status of the members of MZ pairs are more sim-
ilar than between randomly selected individuals. There 
were no significant differences in marital status, alcohol 
use, smoking habits, or work- related physical activity 
between inactive and active co- twins in our studies.8,9 
Participants of the FITFATTWIN study had somewhat 
lower BMI and mean physical activity level but other-
wise rather similar subject characteristics compared 
with that of the other men in the cohort.9 The generaliz-
ability of the results to women needs further research. 
Based on the previous studies, twins seem not to differ 
from the general population on many traits, behavior, 
and diseases.35,36 Because the number of subjects in both 
studies remained quite low, we were able to carry out in 
depth clinical examinations, which usually are not in-
cluded in large population studies.

4.3 | Reasons for the LTPA discordances

In the small number of LTPA discordant, MZ pairs sta-
tistically significant reasons for the discordances could 
not be identified. However, it is to note that when mo-
tives for LTPA were measured in the larger twin cohorts, 
the motivational factors for LTPA that differed signifi-
cantly between the more physically active twins and 
their less physically active co- twins in both the cohorts 
were mastery (improve skills/get better at an activity), 
physical fitness (be physically fit), and psychological 
state (improve psychological well- being).37,38 In young 
adulthood, family and work- related commitments obvi-
ously influenced the occurrence of LTPA discordances 
between the members of the twin pairs.9 Interestingly, 
however, the barriers to exercise training (including 
e.g., lack of time or lack of facilities for exercise) did not 
differ between the less and more active twins at an older 
age.37

4.4 | Perspective

Studying rare monozygotic twin pairs who are discordant 
for LTPA is an interesting study design as it is practically 
impossible to conduct very long- term controlled exercise 
interventions. As many of the associations between LTPA 
and health- related outcomes were seen in the pairwise 
analyses among MZ twin pairs, our study findings support 
the existence of causal relationships. Expectedly, the pair-
wise differences were larger among the members of the 

older twin pairs with longer and stronger differences in 
LTPA, see Table S1. The present data from LTPA discord-
ant MZ twin pairs are in agreement with the data from 
RCTs39 showing that exercise interventions improve fit-
ness, body composition, and selected cardiometabolic dis-
ease risk factors. In the future, collaborative studies using 
different twin cohorts with higher number of long- term 
LTPA discordant twin pairs are warranted to add to the 
current knowledge.
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