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Forced expiratory volume in one second (FEV1), forced
vital capacity (FVC), and the ratio of FEV1/FVC comprise
the most important lung function measures. After having
reached maximal levels in early adulthood, they begin to
decrease (Kohansal et al., 2009). Height and physical activity
are associated with higher spirometric values (Amara et
al., 2001). Age- and height-corrected lung volumes and
maximal expiratory flow rates are lower in women than in
men (Kohansal et al., 2009; Viljanen, 1982).

Environmental factors during both lung development
and adulthood affect lung function. Childhood and in utero
factors may impair achievement of maximal lung function
(Bakke, 2003). Later in life, passive and active smoking,
occupational dusts, air pollution, obesity, sedentary lifestyle,
and inflammatory diseases may speed up the age-related
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decline (Amara et al., 2001; Steele et al., 2009; Stern et al.,
2007; Wilk et al., 2000). Environmental exposure can affect
lungs also through gene-environment (GxE) interaction
(Hallberg et al., 2010; Wilk et al., 2000; Zhai et al., 2007).
Poor lung function is associated with cardiovascular, meta-
bolic, and respiratory morbidity (Kohansal et al., 2009;
Steele et al., 2009).

Heritability estimates vary as a function of environ-
mental effects and population characteristics. Previously
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measurements, whereas at follow-up, new genetic factors explained 14% of the observed variance in FVC.
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estimated multivariate-adjusted heritabilities are 40%–
65% for FEV1, 40%–55% for FVC, and 45% for FEV1/FVC
ratio (Hallberg et al., 2010; McClearn et al., 1994; Palmer
et al., 2001; Wilk et al., 2000). Genome-wide association
(GWA) studies have identified multiple single-nucleotide
polymorphisms (SNPs) associated with lung function
(Hancock et al., 2010; Repapi et al., 2010). However, these
SNPs account only for < 1% of the variance in the traits,
and most genetic factors related to lung function variance
remain unidentified.

Genetics affects both smoking and body composition
(Ordonana et al., 2007; Vink et al., 2005), and together
with age, they comprise the main factors modifying lung
function heritability (Amara et al., 2001; Hallberg et al.,
2010; Wilk et al., 2000). Previous studies on lung function
heritability are cross-sectional and include smokers and
non-smokers. Moreover, some lack adjustment for
smoking and body size. Our objective was to determine
the heritability of FEV1, FVC, and the ratio of FEV1/FVC
among never smokers, which also eliminates the possible

smoking-gene-interaction. The second objective was to
study to what extent the heritability estimates correlated
longitudinally.

Materials and Methods
Participants
This work is a part of the Finnish Twin Study on Aging
(FITSA), examining the contribution of genetic and envi-
ronmental influences on the disablement process in older
women. The study design and recruitment is described in
detail elsewhere (Tiainen et al., 2009). FITSA participants
were recruited from the Finnish Twin Cohort comprising
all same-sex twin pairs born before 1958 and alive in 1975
(Kaprio & Koskenvuo, 2002). A subset of 414 female twin
pairs, having participated in 1975, were contacted again in
2000. Inclusion criteria were the willingness of both sisters
to participate and the ability to travel to the laboratory.
After exclusion of pairs with one or both sisters refusing to
participate, having poor health status or being deceased,
the sample consisted of 217 pairs aged 63–76. At follow-up
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FIGURE 1
Recruitment of the participants. MZ, monozygotic; DZ, dizygotic; XZ, undetermined zygosity; FITSA, Finnish Twin Study on Aging.
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3 years later, individual twins could participate even if
their co-twins refused. The attendance of subjects is
described in Figure 1.

Smoking behavior and health status were assessed with
a questionnaire completed before the laboratory visit and
checked during an interview before the clinical examina-
tion. The zygosity of the twins was confirmed with DNA
extracted from blood samples. A physician ascertained
the disease status. Body mass index (BMI) was calculated
as a function of measured weight and height (kg/m2).
Laboratory measurements, including spirometry, were
conducted after the clinical examination.

In 2003, all participants were invited to a follow-up
examination. The questionnaire was completed by 98% (n
= 368) of never smokers, whereas 74% (n = 276) partici-
pated also in laboratory measurements (Fig 1), conducted
similarly as at baseline. Among the whole sample, the
attendance rates were slightly lower: 97% (n = 419) and
72% (n = 313). Poor health and difficulties to travel to the
laboratory were the most common reasons for non-atten-
dance in the clinical study.

The FITSA study was approved by the Ethics
Committee of the Central Finland Health Care District.
All participants gave their written informed consent prior
to the study.

Dependent Variables
Lung function measures were derived from spirometry
and analyzed as continuous variables. At baseline, 339
never smokers provided sufficient spirometry data,
including all values except post-bronchodilator tests.
Measurements were conducted according to international
guidelines (American Thoracic Society, 1995) using an
electronic spirometer (Spiro 2000, Medikro Oy). Reasons
for non-attendance in spirometry (n = 25) were lack of
time, doctor’s opinion, and communication problems. In
addition, 10 subjects provided incomplete performances.
At follow-up, 276 never smokers underwent spirometry, of
which one performance was incomplete and therefore
excluded. Reasons for non-attendance (n = 23) were lack
of time, doctor’s opinion, falling ill and computer mal-
function.

Other Variables
Overall lung health was defined by asking whether one
suffered from chronic cough or sputum production (base-
line), had a diagnosis of chronic bronchitis, chronic or
seasonal asthma, emphysema, or other pulmonary dis-
eases, such as tuberculosis, alveolitis, bronchitis,
pneumothorax, pneumonia, embolus, sarcoidosis, pleuri-
tis, fibrosis, allergy, or chronic obstructive pulmonary
disease (baseline and follow-up). For baseline and follow-
up, we created dichotomous variables describing lung
health; coded 1 if suffering from any of these disorders.

Self-reported leisure time physical activity was categorized
as sedentary (no other activity but light walking two or fewer

times a week), moderate activity (walking or other light exer-
cise at least three times a week, but no exercise more
intensive than that), and high activity (moderate or vigorous
activity at least three times per week) (Schroll, 2003).

Subjects who reported not being current smokers, and
answered negatively to the question ‘Have you ever
smoked more than 5–10 packs of cigarettes?’ were defined
as never smokers. Majority (86.4%) of the participants
were never smokers.

Statistical Methods
Based on literature (Kohansal et al., 2009; Mannino &
Davis, 2006; Wilk et al., 2000; Zhai et al., 2007), height,
weight, BMI, physical activity, lung health and occupation
were considered as potential confounders. In order to
define covariates for genetic modeling, confounding
effects were assessed with linear regressions and saturated
genetic models. Adjustment for age centred to its mean
value was used in all analyses, resulting in informative
intercepts in linear regression equations.

Phenotypic correlations between FEV1, FVC, and
FEV1/FVC were used as the basis of genetic modeling.
Intraclass correlation coefficients (ICC) were computed
for monozygotic (MZ) and dizygotic (DZ) twin pairs to
estimate within-pair similarity. Greater similarity between
MZ than DZ twin pairs is suggestive for genetic influence
on the trait. Cross-twin, cross-time correlations between
baseline spirometry measures in one twin and follow-up
measures in the co-twin were computed for MZ and DZ
twin pairs to explore shared genetic influences in explain-
ing the covariance in the trait longitudinally. Heritability
is defined as the proportion of total variance due to
genetic effects, assuming that the phenotypic variance can
be decomposed into additive genetic (A), dominant
genetic (D) or shared environmental (C), and non-shared
environmental (E) factors. MZ and DZ twins are assumed
to be equally susceptible to environmental influences. MZ
twins share all, while DZ twins share on average 50% of
their segregating genes. The expected correlations for A, D
and C between the twins of a MZ pair are 1.0, while for
DZ pairs, the correlations are 0.5 for A, 0.25 for D, and 1.0
for C. E effects are uncorrelated in both MZ and DZ twins.
E also includes random effects being therefore always
included in the models. Based on these expectations, dif-
ferent models (ACE, ADE, AE, CE and E) were fitted to the
data, the aim being to obtain the most parsimonious and
best-fitting model to explain the observed pattern of simi-
larity in MZ and DZ pairs (Boomsma et al., 2002).

First, we tested general assumptions and covariates
with saturated models. Then, univariate ACE and ADE
models were run for FEV1, FVC and FEV1/FVC. Full ACE
and ADE models were modified by dropping the least sig-
nificant parameter at a time. We used likelihood ratio tests
and Akaike’s information criterion (AIC) to compare
alternative models (ACE vs. ADE), whereas χ2- and p
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values when comparing submodels to the more saturated
ones (Neale & Maes, 2006).

To evaluate whether genetic effects are shared by
repeated measurements or whether they are measurement
point specific, we used a bivariate Cholesky decomposi-
tion (Posthuma et al., 2003). In such an ACE or ADE
model, effects A1, C1, D1 and E1 are common to baseline
and follow-up, while A2, C2, D2 and E2 load only on the
later measurement point. Heritability estimate of the phe-
notype is the fraction of genetic variance from the total
variance. Variances are derived by squaring the path (stan-
dard) coefficients x, y and z of the latent variables A, D or
C, and E. The phenotypic variance for the trait thus equals
x2 + y2 + z2 (Boomsma et al., 2002).

Linear regression models and correlations were calcu-
lated with Stata statistical software (StataCorp, 2009),
which allows taking into account that the sampling unit
has been a twin pair rather than an individual. Uni- and
multivariate structural equation modeling was imple-
mented in Mx software and based on standard Mx scripts
obtained from the GenomEUtwin Mx website (http://
www.psy.vu.nl/mxbib/).

Results
Characteristics

Mean age at baseline was 68.7 years. Mean FEV1 values
were 2.23 (SD 0.48) in 2000 and 2.18 (SD 0.45) in 2003,
and mean FVC values were 2.84 (SD 0.60) and 2.74 (SD
0.57), respectively. The mean FEV1/FVC values were lower
(74.4%, SD 8.93) and 77.38, SD 7.11), whereas the mean
FEV1 and FVC values were higher than the age and height
corrected reference values (Viljanen, 1982).

Lifetime pulmonary disease prevalence (lung health
coded 1) was 20% (baseline n = 74, follow-up n = 56).
Over half of these suffered from asthma (baseline n = 44,
follow-up n = 36). Chronic bronchitis was the second
most common lung disease (baseline n = 10, follow-up n
= 6), whereas other pulmonary diseases were reported by
0–5 subjects. Only 4.3% of the study subjects were classi-
fied as sedentary, whereas 62% reported moderate and
34% high physical activity.

Lung Function Associations
Linear regression models at baseline showed significant
associations between FEV1, FVC and BMI (p ≤ .001),
height (p ≤ .001), lung health (p = .001 for FEV1, p = .049
for FVC), and physical activity (p ≤ .001). Follow-up asso-
ciations were similar. No significant associations between
FEV1/FVC ratio and height or BMI were observed,
although height association at follow-up was close to the
significance level (p = .057). FEV1/FVC was significantly
associated with lung health and physical activity at both
time points (all p values < .03).

Pairwise Correlations
ICCs were greater for MZ than for DZ twin pairs (Table
1), indicating that genetics probably explain a significant
proportion of the variance in lung function measures.
Only the ICCs for FEV1/FVC ratio did not differ between
MZ and DZ pairs at follow-up. Cross-twin, cross-time
correlations further emphasize the importance of genetics.
For example, the correlation of baseline FEV1 of twin 1
with follow-up FEV1 of twin 2 was 0.59 among MZ twins,
while 0.28 among DZ twins, suggesting that genetic influ-
ences shared by both time points exist for FEV1 (Table 2,
only results for FEV1 are shown).

Genetic Modeling
Alternative covariate combinations were tested with satu-
rated models. For FEV1, the best-fitting model was
adjusted for age, BMI, physical activity and lung health,
covariates explaining 21% of the observed variance at
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TABLE 1

Interclass Correlation Coefficients (with 95% Confidence Intervals) for
Forced Expiratory Volume in One Second (FEV1) and Forced Vital
Capacity (FVC) in Monozygotic and Dizygotic Never-Smoking Twin
Pairs at Baseline (2000) and at Follow-Up (2003)

Correlation MZ DZ

FEV1 2000 0.73 (0.60, 0.83) 0.20 (-0.03, 0.41)

FEV1 2003 0.49 (0.23, 0.69) 0.29 (0.01, 0.53)

FVC 2000 0.71 (0.56, 0.81) 0.25 (0.03, 0.45)

FVC 2003 0.44 (0.17, 0.65) 0.36 (0.09, 0.58)

TABLE 2

Correlations Between FEV1 in 2000 and in 2003 in Monozygotic and Dizygotic Never-Smoking Twin Pairs

Twin 1 Twin 2

FEV1 in 2000 FEV1 in 2003 FEV1 in 2000 FEV1 in 2003

Twin 1
FEV1 in 2000 — 0.89 0.74 0.59
FEV1 in 2003 0.75 — 0.64 0.49

Twin 2
FEV1 in 2000 0.20 0.14 — 0.87
FEV1 in 2003 0.28 0.29 0.78 —

Note: Correlations for MZ pairs are in bold; those for DZ pairs in italics.
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baseline and 20% at follow-up. Respectively, covariates
used for FVC were age, BMI and physical activity, explain-
ing 15% of the variance at both measurements. For
FEV1/FVC, the best-fitting model was adjusted for age,
height, lung health, and physical activity, which explained
7% and 8% of the observed variance.

Bivariate Cholesky decompositions included 344 obser-
vations for FVC and 339 for FEV1 and FEV1/FVC,
allowing missing data at follow-up. Full Cholesky models
were reduced to obtain best-fitting models, which were AE
models for each variable. For FEV1 (Figure 2), the additive
genetic factors in common for both measurements
explained 32% (95% CI 7.8–56) of the variance at base-
line, and 36% (95% CI 12–56) at follow-up. The genetic
correlation approached unity, indicating no genetic inno-
vations specific for the follow-up measurement.
Respectively, non-shared environmental effects accounted
for 68% (95% CI 44–92) of the variance at baseline and
64% (95% CI 44–88) at follow-up. The environmental
correlation between baseline and follow-up was 0.69 (95%
CI 0.56–0.80).

In the final Cholesky model for FVC (Figure 3), the
genetic effects accounted for 41% (95% CI 13–63) of the
variation at baseline and 37% (95% CI 12–57) at follow-
up. The genetic correlation between baseline and
follow-up was 0.80 (95% CI 0.44–1.00), and 14% of the
variance at follow-up was explained by new genetic effects.
Non-shared environmental effects explained 59% (95% CI
37–87) of the variance at baseline and 63% (95% CI 43–
88) at follow-up. The environmental correlation between
baseline and follow-up was 0.62 (95% CI 0.41–0.77).

For FEV1/FVC ratio, genetic effects in the final model
explained 46% (95% CI 17–68) of the variance at baseline
and 16% (95% CI 0.2–40) at follow-up, genetic correlation
approaching unity (Figure 4). Environmental correlation
was 0.07 (95% CI–0.18-0.37). At follow-up, < .1% of the
variance was explained by environmental effects common
to baseline.

Discussion
Among never smoking elderly women, heritability esti-
mates of 32% and 36% for FEV1, 41% and 37% for FVC,
and 46% and 16% for FEV1/FVC were achieved at base-
line and at follow-up. Results denote that spirometry
measures are multifactorial phenotypes, where the inter-
individual variation is largely explained by environmental
effects. For FEV1 and FEV1/FVC, the additive genetic
effects explaining rest of the variation remained the same
over follow-up. For FVC, genetic innovations explained
14% of the variance at follow-up. Environmental effects
on FEV1/FVC were different at baseline and at follow-up,
suggesting that time-specific environmental factors
strongly affect FEV1/FVC.

Previously reported lung function heritability estimates
in different study populations are higher (Hallberg et al.,
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FIGURE 2
The most parsimonious Cholesky decomposition model for FEV1 at
baseline in 2000 and at follow-up in 2003. The model consists of addi-
tive genetic effect A1 and nonshared environmental effect E1 in
common for both measurement points. In addition, FEV1 measured
in 2003 has its own nonshared environmental effect E2. The coeffi-
cients shown are standardized parameter estimates with 95%
confidence intervals of the genetic and environmental latent factors.

FIGURE 3
The most parsimonious Cholesky decomposition model for FVC at
baseline in 2000 and at follow-up in 2003. The model consists of addi-
tive genetic effect A1 and nonshared environmental effect E1 in
common for both measurement points. In addition, FVC measured in
2003 has its own additive genetic effect A2 and nonshared environ-
mental effect E2. The coefficients shown are standardized parameter
estimates with 95% Confidence Interval of the genetic and environ-
mental latent factors.

FIGURE 4
The most parsimonious Cholesky decomposition model for
FEV1/FVC ratio at baseline in 2000 and at follow-up in 2003. The
model consists of additive genetic effect A1 and nonshared environ-
mental effects E1 and E2. A1 is common for both measurement
points, but E1 mainly loads on the baseline measurement. At follow-
up, 99.6% of the environmental effects are explained by E2. The
coefficients shown are standardized parameter estimates with 95%
confidence intervals of the genetic and environmental latent factors.
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2010; McClearn et al., 1994; Palmer et al., 2001; Wilk et al.,
2000). However, this is the first study where lung function
heritability is examined longitudinally in elderly never
smokers. By excluding the effect of smoking, we could also
control for smoking-gene interaction. Our finding that
never smokers’ genetic expression of FVC is modified in
time suggests that other environmental factors than
smoking also influence lung function genes. Such change-
ability in gene expression complicates definition and
interpretation of specific lung function loci.

Strengths of  this study include exclusion of  the
smoking effect, extensive consideration of potential con-
founders, and longitudinal study design. Repeated
measurements validated our results and allowed us to
decompose the observed variance into time specific
genetic and environmental effects. Estimating genetic and
environmental correlations in time would not be possible
if the outcome was measured only in only one time point.

Our results cannot be applied to men or younger
women. However, excluding smoking effect in elderly males
would be more complicated because smoking prevalence is
higher. In a Swedish sample, no gender differences existed
in FEV1 and FVC heritability. However, age differences were
found (McClearn et al., 1994), suggesting that contributions
of A and E effects would also differ between younger
women and our study subjects. Further, environmental
factors affecting pulmonary function vary with age.
Structural changes in lungs and chest wall, and disease
processes such as vertebrae fractures, are typical in the
elderly (Sharma & Goodwin, 2006). For FEV1/FVC ratio,
we observed substantial changes in the proportions of
genetic and environmental effects in time, which may also
be explained by such environmental factors.

Our study subjects were possibly healthier than women
generally in this age group. Traveling ability was an inclu-
sion criterion, so subjects with severe health problems
were excluded. For example, when compared nationally to
women aged 65–74 years (Sulander et al., 2001), never
smoking FITSA participants were physically more active
and their self-perceived functional capacity was better.
Among them, prevalences of coronary artery disease
(12%), hypertension (38%), and type 2 diabetes (6.2%)
were also lower than in the national sample.

This analysis has certain limitations. Non-attendance
in spirometry and study drop-outs could have affected
the results. The mean lung function measures at baseline
were poorer in those who dropped out (FEV1 2.10, FVC
2.69, FEV1/FVC 73.2%) than in the whole sample.
Unfortunately, passive smoking and occupational expo-
sure, which are important lung function predictors, were
not assessed. Further, smoking, physical activity, and
disease status were all self-reported and not objectively
validated, which may have caused some misclassification.

Impaired lung function increases the risk of pulmonary
disorders, metabolic syndrome, osteoporosis, cardiovascu-

lar diseases, and premature death (Kohansal et al., 2009;
Steele et al., 2009). Unique environmental factors, others
than smoking, explain the majority of lung function varia-
tion in never-smoking elderly women. Screening and
prevention of known environmental risk factors could
result in better lung function, overall health, and reduced
mortality in the old age.
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