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Objective To assess the relative contributions of environmental and genetic factors to variation in cystic fibrosis
(CF) lung disease.
Study design Genetic and environmental contributions were quantified by use of intrapair correlations and
differences in CF-specific forced expiratory volume in 1 second measures from 134 monozygous twins and 272
dizygous twins and siblings while in different living environments (ie, living with parents vs living alone), as well
as by use of intraindividual differences in pulmonary function from a separate group of 80 siblings.
Results Pulmonary function among monozygous twins was more similar than among dizygous twin and sibling
pairs, regardless of living environment, affirming the role of genetic modifiers in CF pulmonary function. Regression
modeling revealed that genetic factors account for 50% of pulmonary function variation, unique environmental or
stochastic factors (36%), and shared environmental factors (14%; P < .0001). The intraindividual analysis produced
similar estimates for the contributions of the unique and shared environment. The shared environment effects ap-
peared primarily because of living with a sibling with CF (P = .003), rather than factors within the parental household
(P = .310).
Conclusions Genetic and environmental factors contribute equally to pulmonary function variation in CF. Envi-
ronmental effects are dominated by unique and stochastic effects rather than common exposures. (J Pediatr
2010;-:---).

C
ystic fibrosis (CF) is a monogenic disease affecting more than 30 000 individuals in the United States and more than
70 000 worldwide. The gene responsible for CF, the cystic fibrosis transmembrane conductance regulator gene
(CFTR), was identified more than 20 years ago.1,2 CFTR genotype-phenotype studies have demonstrated that

lung disease severity can vary drastically in individuals with identical CFTR genotypes.3-5 These observations indicate that
factors besides CFTR, such as environmental factors and modifier genes must contribute to pulmonary function decline,
the major cause of death in CF. Indeed, much of the progressive increase in the median predicted age of survival of patients
with CF in the United States to 36.9 years as of 2006 can be attributed to the substantial effect of environmental modifica-
tion.6 On the other hand, recent twin-based studies have demonstrated that genetic factors also play a role in lung disease
variation.7,8

Quantifying the environmental contribution to pulmonary function is important for several reasons. First, even though
a number of environmental factors have been demonstrated to affect CF lung disease, including second-hand smoke expo-
sure,9-13 socioeconomic status,14 health care access,15-17 and air pollution,18 estimates of the contribution of environmental
factors to lung disease as a whole have not been provided by previous studies.7,8 Second, parsing the contribution of shared
versus unique environmental exposures can help assess risks when patients with CF come into contact with others in
settings such as clinics and camps. Third, quantifying the contributions of environmental factors relative to genetic factors
in lung disease variation can inform efforts to identify gene modifiers by use of genome-wide approaches. Both genetic
and environmental factors have been quantified for other Mendelian disorders, such as the age of onset of Huntington’s
disease.19

To estimate the relative contribution of genetic factors, we examined intrapair correlations and confirmed our findings using
an intrapair difference regression. To estimate the relative contribution of environmental factors, we used the previous intrapair
difference regression and then validated our findings using intraindividual difference regression analysis in a different subset of

the study population. These are the first quantitative estimates of the relative
contributions of environmental and genetic factors to CF lung disease variation.
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ANOVA Analysis of variance

CF Cystic fibrosis

CFTR Cystic fibrosis transmembrane conductance regulator gene

FEV1 Forced expiratory volume in 1 second

1



THE JOURNAL OF PEDIATRICS � www.jpeds.com Vol. -, No. -

ARTICLE IN PRESS
Methods

A total of 1528 individuals in 752 families were recruited
through the Cystic Fibrosis Twin-Sibling Study, including
75 sets of monozygous twins, 24 sets of dizygous twins, and
one set of dizygous triplets (Figure 1; available at www.
jpeds.com). Subjects attended U.S. CF centers, excepting 12
families recruited from Australia and 6 from Scotland.
Informed consent was obtained from all subjects or
guardians under the auspices of the Johns Hopkins
University IRB. Zygosity was verified with the AmpFlSTR
Profiler kit (Applied Biosystems, Foster City, California).

Subjects met diagnostic criteria for CF.20 One hundred
forty-four individuals from families with more than 2 affected
siblings were excluded because of the complexity of interac-
tions among family members. Twenty-six subjects were ex-
cluded because their sibling was not enrolled at the time of
analysis. One hundred fourteen individuals were excluded be-
cause both family members of a pair lacked pulmonary func-
tion data; 152 individuals were excluded because 1 family
member of these pairs lacked pulmonary function data. Of
these 190 individuals lacking data, 102 were younger than 6
years old. Ten siblings were excluded because of discordant
CFTR genotypes among affected family members. Two sib-
lings were excluded because of lack of CFTR genotype data.
Thus 1080 subjects in 540 families comprise the overall pop-
ulation from which to select family pairs for intrapair and in-
traindividual analyses (Table I; available at www.jpeds.com).

Intrapair analyses were conducted with all available mono-
zygous twin pairs (n = 67 pairs) (Table II). The relative
paucity of pairs of dizygous twins both affected by CF
necessitated creating sibling pair proxies, similar to
previous CF twin-based studies.7,8 Within families in the
combined dizygous twins/siblings (Dizygous/Sib), siblings
and twins are sex concordant (ie, both males or both
females) and born within 3 years of each other to minimize
cohort variation. The Dizygous/Sib group included 11 pairs
of dizygous twins and 125 pairs of siblings; the mean age
difference between siblings in this group was 2.1 � 0.6
years. Intraindividual analyses for replication were
conducting with 40 pairs of siblings not used in the
intrapair analyses; these subjects had pulmonary function
data before and after leaving the parental home.
Table II. Characteristics of study subjects

Intrap

Monozygous twins

All individuals 134 (67 pairs)
Mean age � SD at most recent PFT (range) 18.9 � 8.9 yrs (6.1-39.8 yrs)
Sex: % Male 53.7
CFTR Genotype: % DF508 Homozygote 62.7
Mean FEV1 59.3 � 23.9
CF% while living together Median: 62.2 (n = 130)
Mean FEV1 54.5 � 30.1
CF% while living apart Median: 52.6 (n = 65)

*Same-sex dizygous twins (n = 11 pairs) and same-sex siblings born within 3 years of each other
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The calendar year of leaving the parental home was ascer-
tained via questionnaires or clinical record review for 328 of
1080 subjects; for these subjects, the mean age at leaving the
parental home was 19.6 � 2.9 years. Six hundred thirty-six
subjects were younger than 18 years old at the time of their
most recent pulmonary function test and were assumed to
be living in the parental home. For the remaining 116 sub-
jects, the year was assigned on the basis of when they turned
18. Living together was defined as the time period before or
on the year of moving out for the elder family member; living
apart was defined as the time period after the year of moving
out for each individual. One thousand twenty-nine subjects
had data while living together, and 365 while living apart.

Pulmonary function data were supplemented with the
Cystic Fibrosis Foundation Data Registry. Raw forced expira-
tory volume in 1 second (FEV1 [liters]) was converted to CF-
specific percentiles (range 0%-100%) for subjects between 6
and 40 years of age; this age- and sex-corrected phenotype al-
lows for easy comparison of subjects with CF21 and remains
relatively stable over time (mean rate of decline is 0.0� 3.0%
per year).7 For the study population, the mean standard de-
viation for the average CF-specific FEV1 percentile (averaged
for all pulmonary function tests available for an individual)
was 13.6% (n = 1056). Tests performed after lung transplan-
tation were excluded. Mean pulmonary function while living
together, while living apart, and during discrete time periods
was derived by averaging the highest percentile per calendar
quarter.7
Statistical Analysis
Statistical methods used include Student’s t tests, c2 tests,
analysis of variance (ANOVA) tests with Bonferroni correc-
tions, and linear regression models. All regression models
were subject to clustering by family. The dependent variable
was either an intrapair or intraindividual (absolute) differ-
ence of the CF-specific FEV1; the specific coding of indepen-
dent variables for each model is provided in the Results
section. Heritability estimates were calculated as twice the
difference between the monozygous twin r and the Dizy-
gous/Sib group r.22 For these estimates, mean Pearson corre-
lation coefficients (r) were determined by permuting the
assignment of twins or siblings as ‘‘A’’ or ‘‘B’’ 106 times to
avoid bias that might occur if one twin was consistently
air analyses Intraindividual analyses

Combined dizygous twins/siblings Siblings

272 (136 pairs)* 80 (40 pairs)
17.4 � 7.5 yrs (6.1-40.0 yrs) 26.0 � 6.0 yrs (18.7-40.0 yrs)

58.1 52.5
49.3 57.5

61.4 � 23.3 63.3 � 21.3
Median: 65.2 (n = 260) Median: 65.8 (n = 80)

63.5 � 28.0 71.2 � 21.1
Median: 71.3 (n = 90) Median: 77.3 (n = 80)

(n = 125 pairs).
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assigned as ‘‘A.’’ Intercooled Stata 10 (StataCorp LP, College
Station, Texas) was used for all statistical analyses.

Results

Subjects in the intraindividual analyses were older on average
than subjects in the intrapair analyses (t test P value < .0001);
however, because CF-specific FEV1 percentiles correct for
age, this difference was irrelevant in our analysis. Although
more of the monozygous twins were DF508 CFTR homozy-
gotes than other subjects, this was not statistically significant
(c2 P value: .070). Mean pulmonary function was not statis-
tically different among all groups while living together (AN-
OVA, P value = .453), but monozygous twins had decreased
pulmonary function compared with the siblings in the intra-
individual analyses (ANOVA Bonferroni P value = .001).

Correlating pulmonary function from 65 pairs of monozy-
gous twins and 130 pairs of Dizygous/Sib pairs from the in-
trapair population yielded a heritability estimate of 0.57;
the data for this estimate were obtained when the pairs
were living together. This estimate (>0.5) suggests a substan-
tial genetic contribution to pulmonary function variation.
However, genetic effects may be overestimated because of
the shared environment, and environmental effects may be
underestimated because of survival biases (ie, underrepresen-
tation of highly discordant pairs where only one individual
survives). To address these issues, we examined the correla-
tions in subjects while living together and while living apart.
The monozygous twin and Dizygous/Sib groups had similar
amounts of time living together in the parental home (11.4 vs
11.3 years), and living apart after leaving the parental home
(5.6 vs 4.4 years). The correlations in monozygous twins (n
= 29 pairs) versus dizygous twins and siblings (n = 33 pairs)
before and after leaving the parental household provide in-
formation on the contribution of genetic factors versus
shared environment. Pulmonary function remained highly
correlated among monozygous twins after they separate
into less similar environments (living together: 0.91 vs living
apart: 0.87) (Figure 2; available at www.jpeds.com); dizygous
twins and siblings also showed minimal change with changes
in living environment (0.51 vs 0.52).

Intrapair differences in pulmonary function between pairs
of monozygous twin and pairs of dizygous twins and siblings
were used an alternative means of estimating of genetic and
nongenetic contributions to disease variation. The mean (ab-
solute) difference in CF-specific FEV1 between twin A and
twin B (or sibling A and sibling B) for dizygous twins and sib-
lings was greater than monozygous twins, regardless of living
environment (Table III: together, P value = .0006; apart,
.0035), but the mean differences of monozygous or
Dizygous/Sib pairs living together versus living apart were
not statistically different (together, P value = .1412; apart,
.3091). Of note, this difference appeared to begin to
increase for both groups 3 to 4 years after the first family
member left the parental home; the difference in pulmonary
function between monozygous twins increased by 18
percentile points per 10 years, and for dizygous twins and
Quantification of the Relative Contribution of Environmental and
Lung Function
siblings by 25 percentile points per 10 years, but neither of
these rates is statistically different from baseline (P value:
monozygous, .075; Dizygous/Sib, .302) (Figure 3; available
at www.jpeds.com). Together, these analyses indicate that
genetic factors continue to influence pulmonary function in
twins and siblings with CF, even after living apart for 5 years.

One means to determine whether accumulated environ-
mental exposures contribute to variation is to examine corre-
lations between twin and sibling pairs over time. To do this,
we derived correlations and heritability estimates from all el-
igible subject pairs from the intrapair population within
a specified age range. Although heritability estimates were
>0.5 for each age stratum between ages 10 years old and 30
years old, correlation (r values) between family members
progressively decreased by age group for both monozygous
twins and dizygous twins/siblings after age 18 (Table IV;
available at www.jpeds.com). These data indicate a role for
nongenetic factors, which could be due to changes in the
shared environment, unique environment, or stochastic
factors.

Differences in monozygous twins (sharing 100% of their
genes) living together (sharing a common environment)
can be attributed to effects of unique environment or sto-
chastic factors. In this study, monozygous twins living to-
gether showed appreciable differences in pulmonary
function measures (Table III; mean difference: 8.0). CFTR
genotype was not a significant source of variation, because
analysis limited to DF508 homozygotes (Table III)
obtained similar P values for the genetic contribution and
a similar mean difference for monozygous twins living
together (6.9). We then performed regression modeling of
intrapair differences to determine the contribution of
unique environmental factors and to evaluate the relative
contributions of genes and environment: Y = b0 + b1X1 +
b2X2 where: Y = Intrapair CF-specific FEV1 (absolute)
difference; X1 = [0 if living together, 1 if living apart]; X2 =
[0 if monozygous twins, 1 if dizygous twins/siblings]

The intercept value (b0) was assumed to be due to unique en-
vironmental and stochastic factors, after accounting for shared
environmental factors (b1) and genetic (b2). With the 62 pairs
in Table III, it was found that b0 = 8.0� 1.5 (P value: < .001), b1

= 3.2 � 1.9 (P value = .100), and b2 = 11.2 � 2.7 (P value: <
.001), with an overall model P value of .0001. Thus unique
environmental factors accounted for 36% (8.0/22.4) of
variation, common or shared environmental factors 14%
(3.2/22.4) and genetic factors 50% (11.2/22.4). The genetic
and environmental contributions appear to be of similar
magnitude (3.2 [shared] + 8.0 [unique] = 11.2 [total
environment] vs 11.2 [genetic]).

To verify the above estimates, we examined pulmonary
function in the same individual before and after leaving the
parental household (Figure 4). By comparing pulmonary
function over different time frames in the same individual,
genetic effects are assumed to be nil; variation in that
individual is assumed to be a function of shared and
unique environmental changes. This method also allows
partitioning of the contributions of the parental household
Genetic Factors to Variation in Cystic Fibrosis 3
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Table III. Means of intrapair CF-specific FEV1 percentile differences while living together versus living apart*

Monozygous twins Combined dizygous twins/siblings T-test, P value† [Difference: 95%CI]

All subjects
No. (n = 29 pairs) (n = 33 pairs)
Living together (years of data) 8.0 � 6.9 (11.4 � 3.3) 19.2 � 15.5 (11.3 � 3.9) .0006 [�11.2: �17.5, �5.0]
Living apart (years of data) 11.2 � 11.9 (5.6 � 5.0) 22.4 � 16.3 (4.4 � 3.6) .0035 [�11.2: �18.5, �3.8]
T-test P valuez [Difference: 95%CI] 0.1412 [�3.3: �7.7, 1.2] 0.3091 [�3.2: �9.5, 3.1]
DF508 Homozygotes only
No. 19 pairs 17 pairs
Living together (years of data) 6.9 � 6.1 (11.3 � 2.9) 21.1 � 16.4 (12.3 � 3.9) .0012 [�14.2: �22.4, �6.0]
Living apart (years of data) 7.8 � 6.5 (4.9 � 4.2) 28.3 � 17.4 (4.2 � 2.7) <.0001 [�20.5: �29.2, �11.8]
T-test P valuez [Difference: 95%CI] .6630 [�0.9: �5.2, 3.4] .1069 [�7.2: �16.1, 1.7]

*Mean differences are the mean of the absolute differences in CF-specific FEV1 for each twin/sibling pair for the indicated time periods. Only pairs where both members had data while living together
and living apart are included.
†Unpaired t-test P value is for monozygous twin group versus the combined dizygous twin/sibling group.
zPaired t-test P value is for living together versus living apart.
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versus the effect of living with another sibling with CF. The
intraindividual analysis was performed on a different subset
of the study population not studied in the prior analyses
and was restricted to 40 sibling pairs who had pulmonary
function measures available for both siblings before and
after they left the parental household.

To perform the analysis, pulmonary function was averaged
for each patient when living with parents and a sibling with
Figure 4. Differences in intra-individual pulmonary function
(CF-specific FEV1 percentiles) between different living envi-
ronments. Solid lines represent time spent in the parental
home; dashed lines represent time spent outside the parental
home. The lettered boxes refer to discrete periods of time for
which pulmonary function is averaged. A, Firstborn sibling
from birth to leaving the parental home. B, First sibling after
leaving home. C, Second sibling from birth to when the first
sibling leaves the home. D, Second sibling from when the first
sibling leaves home until the second sibling leaves home. E,
Second sibling after leaving home. CF-specific FEV1 per-
centiles for 40 pairs of siblings was averaged over each let-
tered time period, and mean absolute differences (� SD)
between selected time periods are provided. Sibling pairs
were included only if data existed for all lettered time periods.
Siblings were not necessarily concordant for sex or born
within 3 years of each other.

4

CF, when living with only parents, and when living away
from both sibling and parents. As shown in Figure 4,
changes in CF-specific FEV1 appear to be greater when
patients moved away from both parents and siblings (ie, A
to B [12.3] and C to E [12.6]), compared with moving
away from only the parents (D to E [8.3]). Furthermore,
the presence of another sibling with CF affected an
individual’s pulmonary function as demonstrated by
changes in the sibling that remained with the parents as the
other sibling left home (C to D [11.2]). The contribution
of the sibling (C to D) and parental household (D to E) did
not equal the combined total (C to E) owing to the
presence of unique environmental factors throughout the
period C to E.

To quantify the contribution of the parental versus af-
fected sibling effects, intraindividual differences were placed
into a regression model: Y = b0 + b1X1 + b2X2 where Y = In-
traindividual (absolute) difference in CF-specific FEV1; X1 =
[0 if no change, 1 if separating from a sibling with CF]; X2 =
[0 if no change, 1 if leaving parental household]. As before,
the intercept value (b0) was assumed to be due to unique en-
vironmental and stochastic factors over time, after account-
ing for shared environmental factors because of the
presence of a sibling with CF (b1) and the parental household
(b2). The initial model demonstrated that b0 = 7.0 � 1.4 (P
value < .001), b1 = 4.1 � 1.3 (P value = .003), and b2 = 1.3
� 1.2 (P value = .310), with an overall model P value of
.0110. For the final model, the nonsignificant parental vari-
able (X2) was dropped, yielding b0 = 8.3 � 1.2 (P value <
.001), and b1 = 3.7 � 1.3 (P value = .007), with an overall
model P value of .0072. The final intraindividual regression
model generates very similar estimates for the contribution
of environmental factors (unique: 8.3; shared: 3.7) as did
the intrapair model (8.0; 3.2).
Discussion

Determining the causes of lung disease variation will help
identify targets for ameliorating morbidity and extending life-
span for individuals with CF. Our results demonstrate that en-
vironmental and genetic factors contribute approximately
Collaco et al



Figure 5. Summary of genetic and environmental effects on
pulmonary function variation using intrapair and intraindividual
differences. The data in this table are derived from the coef-
ficients from the intrapair and intraindividual regressions in the
Results section. For the 4 leftmost bars, which are based on
the intra-pair regression, the sources of variation are shown
for each group. The rightmost bar is based on the intraindi-
vidual regression. Of note is that the genetic contribution to
pulmonary function (0.112) equals the environmental contri-
bution (0.080� 0.032) for the intrapair regression. Also of note
is that the estimates of the contributions of the common en-
vironment and unique environment from the intrapair analysis
are very similar those generated from the independent study
sub-group used in the intraindividual analysis with a different
regression strategy.
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equally to pulmonary function variation. As a number of
studies have described shared environmental exposures that
significantly affect CF pulmonary function (eg, second-
hand smoke), we were surprised to find the majority of the en-
vironmental contribution is mediated through effects that act
uniquely (or stochastically) on an individual. This finding was
replicated using intraindividual analyses in a different study
population. These similar analytic findings are illustrated in
Figure 5 when comparing monozygous twins living apart
with the intraindividual analysis.

Our analyses confirm the potency of the genetic influence on
pulmonary function variation7,8 and add several new and use-
ful observations. Specifically, monozygous twins’ pulmonary
function tends to remain highly similar even after leaving
home in contrast to dizygous twins and siblings. These results
support ongoing efforts to identify genetic modifiers through
candidate- and genome-wide approaches. Also, our results
add that heritability remains relatively constant over time.
This suggests either the variance caused by genetic and environ-
mental sources remains constant or the variance from both ge-
netic sources and the environment (or age) is increasing thus
preserving heritability.23 Decreasing correlation coefficients
with age as seen in Table IV precludes the first explanation.
At least two possibilities may underlie increasing phenotypic
variation over time with constant heritability. First, gene-age
interactions may exist as some modifier genes may have
differing ages of onset of effect on the basis of genotype; one
potential example in CF is mannose binding lectin.24,25

Second, cumulative environmental exposures may precipitate
novel modifier gene-environment interactions. Each
explanation implies that stratifying patients with CF by age
should be considered to optimize searches for environmental
and genetic modifiers of pulmonary function.

Although we found that most of the environmental contri-
bution is mediated through unique factors, a closer examina-
tion of the common or shared environmental contribution
turned up an unsuspected finding; namely we found that
the presence of a sibling with CF results in greater intrapair
differences in pulmonary function than does the parental en-
vironment. We speculate that parents caring for 2 children
with CF divide their time and resources in caring for both
children, but once the older sibling has left the home, the re-
maining sibling’s pulmonary function is increased (before
older sibling leaves: 62.4 � 21.9 vs after: 70.9 � 21.1; t test
P value < .0001), perhaps as a result of increased resources
being devoted to that remaining sibling. In contrast, leaving
the parental home may induce less variation because the ef-
fects of the parental environment (eg, exercise regimens, nu-
tritional habits) may persist even after the individual moves
out. This is supported by results shown in Figure 3 where
differences in pulmonary function between siblings do not
appear to increase until several years after moving out of
the parental home. Alternatively, the absence of increasing
differences may be due to siblings moving back into the
parental home.26

This study had several limitations. A component of genetic
variation not included in this analysis is variation due to
Quantification of the Relative Contribution of Environmental and
Lung Function
CFTR because family members shared the same CFTR geno-
types. This may not be a major shortcoming because numer-
ous studies have indicated that CFTR genotype has a minimal
role in variation of CF pulmonary function.3-5 Current
methods of estimating sources of variation do not allow pars-
ing of the relative contribution of unique (eg, 1 twin smok-
ing) versus stochastic (eg, 1 twin contracts influenza)
factors, or gene-environment interactions, which are likely
an important source of variation, to be specifically isolated.
Twins may also elect to live with each other after leaving
the parental home, and this may lead to genetic effects being
overestimated and environmental effects being underesti-
mated. Our analyses of common or shared environmental
factors are structured on leaving the parental home and do
not necessarily capture variation caused by CF care centers
or regional factors such as climate or air pollution. Finally,
our data after leaving the parental home is limited to 5 years
of pulmonary function data. To help address some of these
limitations, the twins and siblings with CF will be reevaluated
after a considerably longer duration of time living apart.

In summary, our findings demonstrate that environmental
and genetic factors make contributions of approximately
similar magnitude to variation in CF lung disease and justify
Genetic Factors to Variation in Cystic Fibrosis 5
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the need for ongoing and future studies to examine both sets
of factors. Furthermore, the important contribution of
unique environment (and possibly stochastic factors) will in-
form future searches for gene-environment interactions that
modify CF pulmonary function. Identification of such inter-
actions should provides clues into disease pathophysiological
study with both a stimulus (unique exposure) and target
(gene), which may lead to individualized therapies for CF
and other chronic respiratory diseases. n
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Table I. Characteristics of included and excluded subjects*

Group A
CF Twin-Sibling

Study
Group B
Excluded

Group C
Study population

Group D
Intrapair analyses

Group E
Intraindividual

analyses

Group F
Not used

in analyses

N 1535 448 1080 406 80 594
Age as of 12/31/07

(yrs: Mean � SD)†
16.7 � 9.7
[0.3 – 64.6]
(n = 1501)

12.8 � 11.4
[0.3 – 64.6]
(n = 421)

18.2 � 8.6
[6.1 – 54.7]

18.7 � 8.7
[6.2 – 50.6]

26.4 � 6.3
[19.0 – 47.6]

16.7 � 8.1
[6.1 – 54.7]

Sex: %Malez 51.8 (n = 1519) 48.1 (n = 439) 53.3 56.7 52.5 51.2
CFTR Genotype:

%DF508 Homozygotex
49.3 (n = 1488) 46.1 (n = 408) 50.6 53.7 57.5 47.5

Maximum FEV1 69.3 � 26.3 69.2 � 26.0 69.3 � 26.3 68.3 � 27.8 74.8 � 22.1 69.2 � 25.7
CF% in the most

recent year of datak
Median: 77.3

(n = 1311)
Median: 78.1

(n = 231)
Median: 77.3 Median: 76.9 Median: 81.1 Median: 76.6

PFT, Pulmonary function test.
*Please see Figure 1 for a visual depiction of the derivation of these groups. Group A is comprised of groups B and C; group C is comprised of groups D, E, and F.
†Because not all individuals have PFT data available, age was calculated from a particular time rather than from the time of the most recent PFT as in Table I. Individuals in group B are younger than
those in C (t test P value < .0001) because group B includes many individuals too young to perform PFTs reliably. With an ANOVA test with Bonferroni correction, group E is older than group D (P value
< .001) and group F (P value < .001) because individuals in this group require both members to have pulmonary function while living together and living and apart; hence, they are older. Group D is
also older than group F (ANOVA, P value < .001).
zGroups B and C do not differ by sex frequencies (c2, P value = .06). Groups D, E, and F also do not differ from each other by sex frequencies (c2, P value = .23).
xBy CFTR genotype frequencies, groups B and C do not differ (c2, P value = .15), groups D and E do not differ (c2, P value = .32), and groups D and F also do not differ (c2, P value = .06). However,
group E has a higher frequency of DF508 homozygotes than does group F (c2, P value = .045). As group E was used for intraindividual analyses where an individual is compared with him or herself,
we would expect CFTR genotype to have less of an impact on the analyses, but this possibility cannot be excluded.
kBecause not all individuals have PFT data for while living together or living apart, the maximum CF-specific percentile in the most recent year of PFT data was selected as an inclusive PFT measure
to compare individuals in the various populations. There is no difference in this measure of pulmonary function between groups B and C (t test, P value = .99) or between groups D, E, and F (ANOVA,
P value = .13).

Table IV. Correlation of pulmonary function (CF-
specific FEV1 percentiles) for twin and sibling pairs
within discrete age groups*

Age group
Monozygous twins

Mean r value

Combined dizygous
twins/siblings
Mean r value

Heritability
estimate

6-10 y 0.6529 (n = 57 pairs) 0.4764 (n = 116 pairs) 0.35†

10-14 y 0.8791 (n = 45 pairs) 0.5070 (n = 101 pairs) 0.74
14-18 y 0.9094 (n = 39 pairs) 0.6147 (n = 74 pairs) 0.59
18-22 y 0.8799 (n = 31 pairs) 0.5153 (n = 43 pairs) 0.73
22-26 y 0.8494 (n = 24 pairs) 0.3465 (n = 25 pairs) 1.00
26-30 y 0.7871 (n = 13 pairs) 0.2725 (n = 11 pairs) 1.00
30-40 y 0.5441 (n = 7 pairs) 0.3637 (n = 7 pairs) 0.36†

*Derivation of r values and heritability estimates are described in the Methods section. All pairs
where both members of the pair had data within the specific age range were included (out of
a total of 67 monozygous twin pairs and 136 dizygous twin and sibling pairs).
†Lower heritability estimates observed in the 6- to 10-year-old and 30- to 40-year-old groups
are likely due to increased variability in young children’s pulmonary function test results and
fewer numbers of older subjects, respectively.
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Figure 1. Study population inclusion and exclusion criteria: demographic characteristics of each group (A-F) can be found in
Table 2.
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Figure 2. Dizygous twins and siblings show greater intrapair
differences in pulmonary function (CF-specific FEV1 percen-
tiles) when living together and when living apart than mono-
zygous twins. The plots demonstrate the concordance in
average pulmonary function between the same pairs of family
members when A, living together and B, living apart. Most
monozygous twins within a pair either both experience im-
proving or declining pulmonary function over time; the same is
not necessarily true for dizygous twins and siblings where the
members follow different trajectories.

Figure 3. Mean difference in pulmonary function (CF-specific
FEV1 percentiles) increases between twins and siblings after
they leave the parental home. Each point represents the mean
absolute difference (� SE) in cross-sectional pulmonary
function between family members. The numbers above the
data points represent the number of pairs contributing to that
time point (Upper, dizygous/Sib; Lower, monozygous).
Negative years represent the time leading up to leaving the
parental home, positive years the time afterward.
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