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ABSTRACT
Background: Improved nutrition early in life is associated with
better pulmonary function for patients with cystic fibrosis (CF).
However, nutritional status is poorly correlated with the CFTR ge-
notype.
Objective: We investigated the extent to which modifier genes in-
fluence nutrition in children with CF.
Design: BMI data were longitudinally collected from the CF Twin-
Sibling Study and Cystic Fibrosis Foundation Patient Registry for
twins and siblings from 2000 to 2010. A nutritional phenotype was
derived for 1124 subjects by calculating the average BMI z score
from 5–10 y of age (BMI-z5to10). The genetic contribution to the
variation in BMI-z5to10 (ie, heritability) was estimated by comparing
the similarity of the phenotype in monozygous twins to that in di-
zygous twins and siblings. Linkage analysis identified potential
modifier-gene loci.
Results: The median BMI-z5to10 was 20.07 (range: 23.89 to 2.30),
which corresponded to the 47th CDC percentile. BMI-z5to10 was
negatively correlated with pancreatic insufficiency, history of me-
conium ileus, and female sex but positively correlated with later
birth cohorts and lung function. Monozygous twins showed greater
concordance for BMI-z5to10 than did dizygous twins and siblings;
heritability estimates from same-sex twin-only analyses ranged
from 0.54 to 0.82. For 1010 subjects with pancreatic insufficiency,
genome-wide significant linkage was identified on chromosomes
1p36.1 [log of odds (LOD): 5.3] and 5q14 (LOD: 5.1). These loci
explained $16% and $15%, respectively, of the BMI variance.
Conclusions: The analysis of twins and siblings with CF indicates
a prominent role for genes other than CFTR to BMI variation. Spe-
cifically, regions on chromosomes 1 and 5 appear to harbor genetic
modifiers of substantial effect. Am J Clin Nutr 2012;96:1299–
308.

INTRODUCTION

Cystic fibrosis (CF)5 is an autosomal recessive disease that af-
fects w70,000 individuals worldwide and is caused by mutations
in the CFTR (cystic fibrosis transmembrane conductance regula-
tor) gene (1). It is marked by a progressive decline in lung function
and malnutrition, although improved nutrition early in life has
been associated with better pulmonary function later in life (2–5).
Nutritional status is not well correlated with the CFTR genotype
(6, 7), which suggests the additional influence of environmental,
genetic, or stochastic factors (8). Identified nongenetic influences
include the diagnosis of CF via a newborn screen (NBS) and
placement of a gastrostomy, which are both associated with im-
proved nutritional status (9, 10). Alternately, pancreatic insufficiency
(PI) and meconium ileus (MI) negatively influence nutrition and

growth in CF patients (11, 12). We also have previously shown that
genes independent of CFTR contribute to the average lifetime nu-
tritional status in CF (13). The identification of the extent to which
these modifier genes modulate nutritional status in children with CF
is important to elucidate the cause of poor nutrition in these patients
when they have otherwise been nutritionally optimized.

Twin studies allow for the estimation of the relative contri-
butions of genes and environment to an observed phenotype.
With the use of data from the CF Twin-Sibling Study (www.
clinicaltrials.gov; NCT00037778) (14), we investigated the in-
fluence of genetic and nongenetic factors on nutrition in young
CF patients who experience the greatest changes in growth rates.
In accordance with the recommendation of the Cystic Fibrosis
Foundation (CFF), BMI (in kg/m2) was used as the marker of
nutritional status (15). BMI percentiles more accurately predict
nutritional failure in CF patients than do conventional anthro-
pometric measures, including the height-for-age percentile,
weight-for-age percentile, and percentage of ideal body weight
(16, 17). Because BMI varies during childhood and adolescence,
we derived measures from a specific age range. The age range of
5–10 y was selected as a stable period in the disease process
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after the majority of patients have been diagnosed with CF but
before the onset of disease-related comorbidities, such as CF-
related diabetes (18, 19). We hypothesized that this BMI phe-
notype would be heritable (ie, within-pair similarity would be
greater for monozygous twins than for dizygous twins and sib-
lings) and could be used to identify modifier genes that con-
tribute to the variability in nutritional status of children with CF.

SUBJECTS AND METHODS

Study population

All subjects were part of the CF Twin-Sibling Study and
recruited on the basis of having a twin or sibling with CF. Family
members all shared the same CFTR genotype. Written consent or
assent was obtained from all subjects or guardians, and the study
was approved by the Johns Hopkins University Institutional
Review Board. The zygosity status of twins was confirmed by
short tandem repeat analysis with use of an AmpFLSTR Profiler
(Applied Biosystems). Clinical data were supplemented by using
data provided by the US CFF Data Registry.

Phenotype generation

Longitudinal height and weight data were collected from 2000
to 2010. The raw data were subjected to a cleaning process
whereby biologically implausible dates, ages, heights, and
weights were corrected or excluded. For each clinic visit, BMI
was calculated if the age of the subject age at the time of the visit
was $2 y and if both height and weight measurements were
available. z scores for height, weight, and BMI were generated
by using CDC reference equations (20). To reduce the possible
bias associated with more-frequent measurements taken during
times of sickness, average-per-quarter z scores were calculated
for each subject with a quarter being defined as a 3-mo period
beginning with the subject’s month of birth. For generation of
the longitudinal BMI phenotype used in our analysis, BMI z
scores were dropped if the subject’s age was ,5 or $11 y at the
time BMI was obtained. Exclusion criteria included the fol-
lowing: 1) having BMI data during ,2 quarters between 5 and
10 y of age, 2) being diagnosed with CF at .5 y of age, and 3)
half-siblings and twins of indeterminate zygosity. In addition,
individuals without a twin or sibling who remained in the study
sample after the exclusion criteria were applied were also ex-
cluded. For the remaining individuals, a phenotype was derived
by calculating the average of average-per-quarter BMI z scores
from 5 to 10 y of age (BMI-z5to10).

Covariates

The following covariates have been previously shown to
confound nutritional status in CF so were evaluated for their
contributions to the variability in BMI-z5to10 phenotype: sex (4),
birth cohort (19), age at CF diagnosis (y) (21), diagnosis by NBS
(9), homozygosity for the F508del CFTR mutation (21), severe
exocrine PI (12), history of MI (11), presence of a gastrostomy
(10), pulmonary function (forced expiratory volume in 1 s) (19),
and socioeconomic status (22). Birth cohorts of subjects were
defined according to the year in which subjects were born
by using the following intervals: ,1980 (1), 1980–1984 (2),
1985–1989 (3), 1990–1994 (4), 1995–1999 (5), and .1999 (6).

The CFTR genotype is known to be associated with the severity
of pancreatic exocrine disease in CF patients, which, in turn, is
correlated with nutritional status (23–26). Thus, pancreatic
sufficiency was defined as having at least one CFTR mutation
associated with pancreatic sufficiency, as described previously
(27, 28). In the 7% of cases in which the CFTR genotype was
missing or indeterminate, clinical data, including fecal elastase,
fecal fat, serum trypsin, and the use of pancreatic enzymes, re-
spectively, were used. To further control for the influence of
CFTR on nutritional status, we analyzed patients who were ho-
mozygous for the F508del mutation (w55% of the study pop-
ulation). Other CFTR genotypes were too infrequent to perform
statistically robust comparisons. Diagnostic criteria for MI were
previously defined (29); in addition, pancreatic-sufficient patients
with an unknown diagnosis of MI were considered to have no
history of MI. The presence of a gastrostomy was defined at the
time of enrollment in the study. Lung function was quantified by
calculating CF-specific percentiles for the best FEV measurement
during each quarter (14) between age 6 and age 10; each best-
per-quarter percentile was averaged to obtain a single value per
subject (FEVq6to10). FEVobtained at,6 y of age were excluded
owing to lack of reference values (30). Insurance type, which
was defined as public or private on the basis of the most recent
CFF data, was selected as the marker of socioeconomic status
because it was previously shown to be associated with lower
lung function for patients in the CF Twin-Sibling Study (31).

Statistical analysis

Fisher’s exact test and 2-tailed t tests were used to compare
subjects stratified by zygosity. The association of covariates with
BMI-z5to10 was tested by using univariate linear regression.
Covariates that were significant (P , 0.05) in the univariate
analyses were included in multivariate regressions. Residuals
from multivariate models were used in heritability estimations
and linkage analyses. These analyses were also performed with
the inclusion of only subjects with PI and only F508del homo-
zygotes to control for the effect of CFTR on nutritional status.
To account for the possibility of changes in the mean BMI z
score across the 6-y window used to construct the BMI-z5to10
phenotype, a regression analysis was performed by using age
centered on 8 y as a covariate; a residual phenotype was gen-
erated from this regression and used in separate heritability and
linkage analyses. All linear regressions accounted for within-
family correlations by using a generalized estimating equations
methodology. Stata IC 11 software (StataCorp) was used for all
analyses.

Estimation of heritability

Pearson’s correlation coefficient for BMI-z5to10 and each re-
sidual phenotype was determined for monozygous twins, di-
zygous twins, same-sex dizygous twins, and a dizygous twin and
sibling group. The dizygous twin and sibling group included
same-sex dizygous twins and siblings born #3 y of each other;
this group was used as a proxy for dizygous twins because of the
limited number of pairs of dizygous twins. Heritability was
estimated by subtracting the correlation coefficient for dizygous
twins from the correlation coefficient for monozygous twins and
multiplying the difference by 2; estimates were also generated
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from the group of monozygous twins and same-sex dizygous
twins and the group of monozygous twins, dizygous twins, and
siblings (32). Heritability estimates.1.0 were reported as 1. CIs
on heritability were estimated by using a bootstrapping tech-
nique (33). From the set ofM monozygous twins and N dizygous
twins and siblings, a set ofM monozygous twins and N dizygous
twins and siblings was sampled (with replacement) in each it-
eration with random assignment of the order of individuals
within the pair. Heritability was calculated by using this ran-
domly selected set of pairs. After 106 iterations, means and 95%
CIs were calculated.

Linkage analysis

Linkage marker selection was completed as previously de-
scribed (28). Linkage analysis was performed with each residual
phenotype by using both the variance-components algorithm as
implemented in MERLIN 1.1.2 (34) and SOLAR 4.3.1 (35)
software packages. Because essentially identical results were
obtained, only the results from the MERLIN software package
are reported. The log of odds (LOD) score was defined as
genome-wide significant at a LOD score$3.6 and genome-wide
suggestive at a LOD score $2.2 (36).

RESULTS

Phenotype description

Longitudinal height and weight data were collected for 1618
twins and siblings with CF from 800 families, which totaled
120,245 clinic visits and 17,140 patient-years (average: 10.6 y per
patient). After the application of inclusion and exclusion criteria,
1124 subjects remained, including 130 monozygous twins, 42
dizygous twins, and 952 siblings (Figure 1). Demographic and
clinical characteristics that have been shown to influence BMI are
summarized for all included subjects in Table 1. Compared with
dizygous twins, siblings, and the dizygous twin and sibling group,
monozygous twins had a greater representation in the earlier birth
cohorts and a higher percentage of F508del homozygotes (P ,
0.05). Compared with monozygous twins, dizygous twins had
a greater number of diagnoses by newborn screening, individuals
with PI, and presence of gastrostomies (P , 0.05).

Average height z score from 5 to 10 y of age (height-z5to10)
and average weight z score from 5 to 10 y of age (weight-z5to10)
scores were derived for each patient. The median height-z5to10
for all included subjects was 20.58 (range: 24.61 to 2.46),
which corresponded to the 28th CDC percentile; the median
weight-z5to10 was 20.42 (range: 26.23 to 2.38), which corre-
sponded to the 34th CDC percentile (Table 1). Height and
weight z scores were highly correlated (r = 0.82), and both
measures showed skewing toward lower z scores (see Figure 1
under “Supplemental data” in the online issue). With the use of
height and weight measures, a BMI-z5to10 phenotype was de-
rived for each included subject. The median BMI-z5to10 was
20.07 (range: 23.89 to 2.30), which corresponded to the 47th
CDC percentile, as shown in Figure 2. The phenotype encom-
passed the full range of severity, and as seen in the height and
weight z-score distributions, there were more individuals with z
scores indicative of poor nutritional status (BMI-z5to10 less than
or equal to 21.64; 5th CDC percentile) than with z scores in-
dicative of obesity (BMI-z5to10 $1.64; 95th CDC percentile).

There were no significant differences in the average BMI-z5to10
between monozygous twins and siblings and dizygous twins and
siblings (P = 0.07 and 0.54, respectively). With the use of linear
regression, the mean BMI z score was shown to decrease an
average of 0.06 units/y from 5 to 10 y of age (P , 0.001), ant
thus, an adjusted BMI-z5to10 phenotype was generated by using
the residual from this regression. However, there were no ap-
preciable differences in results generated by using this pheno-
type, and thus, only analyses that used the original BMI-z5to10
phenotype are described in the following sections. The BMI-
z5to10 phenotype generated for the 1010 subjects with PI had
a median (range) of 20.12 (23.89 to 2.30). The BMI-z5to10 in
the 619 subjects who were homozygous for F508del had a sim-
ilar distribution (median: 20.11; range: 23.89 to 2.09).

Covariate analysis

Sex, birth cohort, age at CF diagnosis, diagnosis by NBS,
F508del homozygosity, PI, history of MI, presence of a gastro-
stomy, FEVq6to10, and insurance type were evaluated for their
contributions to variability in BMI-z5to10. The results for the
univariate linear regression analyses are shown in Table 2.
When considered independently, birth cohort, age at CF di-
agnosis, PI, history of MI, presence of a gastrostomy, and
FEVq6to10 covaried with BMI-z5to10 (P , 0.05). Female sex was
also included in subsequent analyses because there was weak
evidence of a correlation (P = 0.08). In the multivariate analyses,
age at CF diagnosis and presence of a gastrostomy were no
longer significant, likely because of confounding with other
covariates, notably PI and history of MI.

Two multivariate regression analyses were performed (Table
2). All covariates in the model remained independent predictors

FIGURE 1. Flowchart for the application of the inclusion and exclusion
criteria to the study population.
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of BMI-z5to10 in the multivariate models. With the use of these
models, adjusted BMI z-score phenotypes were generated for
subsequent heritability and linkage analyses. The first analysis
generated BMI-z5to10 values adjusted for female sex, birth co-
hort, PI, and history of MI (BMI-zadj); there was a strong cor-
relation between nutritional status and lung function (37), and
thus, FEVq6to10 was not included as a covariate in this model to
separate the effects of BMI and lung function. After the exclu-
sion of subjects with missing covariate data, BMI-zadj included
965 subjects with a median (range) BMI z score of 0.01 (23.67
to 2.37). The second analysis generated BMI-z5to10 values ad-
justed as for BMI-zadj plus for FEVq6to10 (BMI-zadjFEV), which
considered the influence of lung function on BMI. The resulting
adjusted trait (ie, BMI-zadjFEV) was generated for 943 subjects

with a median (range) BMI z score of 0.02 (22.93 to 2.45).
Residual phenotypes that used the same covariates, except for
the omission of PI, were generated for pancreatic-insufficient
subjects [BMI-zadj-PI (n = 851); BMI-zadjFEV-PI (n = 832)] and
F508del homozygotes [BMI-zadj values including only subjects
homozygous for F508del (BMI-zadj-F508del; n = 532) and
BMI-zadj values including only subjects homozygous for
F508del (BMI-zadjFEV-F508del; n = 518)].

Heritability

Intrapair correlations for monozygous twins, dizygous twins,
same-sex dizygous twins, and the dizygous twin and sibling group
are reported in Table 3 for BMI-z5to10, BMI-zadj, and BMI-zadjFEV.

TABLE 1

Demographic and clinical characteristics of the study sample1

MZ twins DZ twins Siblings

DZ twins

and siblings2
Entire study

sample

Individuals (n) 1303 424 9525 2966 1124

Female sex [n (%)] 62 (48) 14 (33) 468 (49) 134 (45) 544 (48)

White ethnicity [n (%)] 118 (91) 34 (81) 868 (91) 258 (87) 1020 (91)

Birth cohort [n (%)]

1 (,1980) 20 (15) 0 35 (4) 14 (5) 55 (5)

2 (1980–1984) 18 (14) 2 (5) 81 (9) 23 (8) 101 (9)

3 (1985–1989) 20 (15) 6 (14) 167 (18) 59 (20) 193 (17)

4 (1990–1994) 24 (18) 8 (19) 267 (28) 81 (27) 299 (27)

5 (1995–1999) 40 (31) 8 (19) 273 (29) 70 (24) 321 (29)

6 (.1999) 8 (6) 18 (43)7 129 (14)7 49 (17)7 155 (14)

Age at CF diagnosis (y) 0.34 (0–4.44)8 0.18 (0.01–2.93) 0.17 (0–4.96) 0.21 (0–4.61) 0.20 (0–4.96)

n 115 42 738 239 895

Diagnosis by NBS [n (%)]

Yes 5 (4) 8 (19) 56 (6) 22 (7) 69 (6)

No 122 (94) 34 (81) 750 (79) 274 (93) 906 (81)

Unknown 3 (2) 07 146 (15) 0 149 (13)

F508del homozygotes [n (%)] 88 (68) 18 (43)7 513 (54)7 154 (52)7 619 (55)

Pancreatic insufficient [n (%)] 118 (91) 42 (100)7 850 (89) 277 (94) 1010 (90)

History of meconium ileus [n (%)]

Yes 30 (23) 9 (21) 153 (16) 51 (17) 192 (17)

No 97 (75) 33 (79) 643 (68) 245 (83) 773 (69)

Unknown 3 (2) 0 156 (16) 0 159 (14)

Presence of a gastrostomy [n (%)]

Yes 14 (11) 10 (24) 120 (13) 42 (14) 144 (13)

No 108 (83) 30 (71) 636 (67) 254 (86) 774 (69)

Unknown 8 (6) 2 (5)7 196 (21) 0 206 (18)

FEVq6to10 0.61 (0.08–0.98) 0.66 (0.07–0.93) 0.60 (0.01–1) 0.59 (0.04–1) 0.60 (0.01–1)

n 122 42 932 282 1096

Insurance status [n (%)]

Private insurance 61 (47) 24 (57) 501 (53) 158 (53) 586 (52)

Public insurance 61 (47) 15 (36) 393 (41) 128 (43) 469 (42)

Unknown 8 (6) 3 (7) 58 (6) 10 (3) 69 (6)

Height-z5to10 20.79 (24.61 to 1.12) 20.80 (22.86 to 1.76) 20.51 (24.40 to 2.46) 20.60 (24.40 to 2.12) 20.58 (24.61 to 2.46)

Weight-z5to10 20.54 (26.23 to 1.56) 20.72 (22.41 to 1.80) 20.40 (24.71 to 2.38) 20.39 (24.71 to 2.34) 20.42 (26.23 to 2.38)

BMI-z5to10 20.10 (23.89 to 1.89) 20.32 (21.74 to 1.58) 20.06 (23.60 to 2.30) 20.07 (22.83 to 2.11) 20.07 (23.89 to 2.30)

1BMI-z5to10, average BMI z score from 5 to 10 y of age; CF, cystic fibrosis; DZ, dizygous; FEVq6to10, average cystic fibrosis–specific forced expiratory

volume in 1 s percentile for all measures obtained from 6 to 10 y of age; Height-z5to10, average height z score from 5 to 10 y of age; MZ, monozygous; NBS,

newborn screen; Weight-z5to10, average weight z score from 5 to 10 y of age.
2 Same-sex DZ twins and siblings with ,3 y of difference in age.
3 Included 61 pairs of MZ twins and 4 families with MZ twins and a sibling.
4 Included 21 pairs of DZ twins.
5 Included 431 pairs of siblings, 27 families with 3 siblings, 1 family with 5 siblings, and 4 families with MZ twins and a sibling.
6 Included 148 pairs.
7Compared with MZ twins, P , 0.05 (Fisher’s exact test or 2-tailed t test).
8Median; range in parentheses (all such values).
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For each phenotype, the correlation coefficient was consistently
high for monozygous twins (0.80–0.85 for 58–65 pairs), which
indicated a high degree of concordance for BMI in individuals
who shared 100% of genes. The dizygous twin-only groups had
lower correlation coefficients (0.58–0.66 for 21 dizygous twin
pairs; 0.41–0.57 for 13 same-sex dizygous twin pairs), which
indicated a lower concordance in this group of twins who
shared, on average, 50% of genes. Correlation coefficients for

the dizygous twin and sibling group were ,0.5 (0.25–0.31 for
122–148 pairs).

Heritability estimates and 95% CIs are reported in Table 4.
Heritability was significantly different from zero except for the
estimate generated for BMI-zadjFEV in monozygous and dizygous
twins only. The same-sex twin-only analyses generated high
heritability estimates (0.54–0.82) for unadjusted and adjusted
BMI phenotypes. The addition of same-sex siblings as a proxy
for dizygous twins resulted in increased heritability estimates
(0.99–1). Heritability was generally greater in adjusted BMI
than unadjusted BMI traits. Because all pairs in the analysis had
identical CFTR mutations, these results indicated that a sub-
stantial proportion of the variability in BMI-z5to10 could be at-
tributed to genes other than CFTR.

The intrapair correlations and heritability estimates for each of
the phenotypes were essentially unchangedwhen the analyses were
limited to subjects with height-z5to10 of at least 21.96 (to exclude
patients with short stature defined as ,3rd CDC percentile) (Ta-
bles 3 and 4), PI (see Tables 1 and 2 under “Supplemental data” in
the online issue), or F508del homozygosity (see Table 3 under
“Supplemental data” in the online issue). However, only mono-
zygous twins and dizygous twins and siblings were included in the
F508del analysis because of small numbers of dizygous twins and
same-sex dizygous twins (9 and 5 pairs, respectively).

Linkage

Linkage results for individuals with PI (BMI-zadj-PI; 358
sibling pairs) revealed 2 prominent genome-wide significant

FIGURE 2. Distribution of the BMI-z5to10 phenotype. The solid vertical
line represents the median BMI-z5to10 (20.07; 47th CDC percentile); the
dashed vertical lines represent the 5th and 95th CDC percentiles (21.64
and 1.64, respectively). BMI-z5to10, average BMI z score from 5 to 10 y of
age.

TABLE 2

Contributions of covariates to variability in the BMI-z5to10 phenotype as determined by using univariate linear regression analysis with the subsequent

generation of residual phenotypes (BMI-zadj and BMI-zadjFEV) by using multivariate regression analyses1

Univariate regression analysis Multivariate regression analyses

BMI-z5to10 BMI-zadj (n = 965) BMI-zadjFEV (n = 943)

Coefficient (95% CI) No. of subjects in the analysis Coefficient (95% CI) Coefficient (95% CI)

Female sex 20.09 (20.19 to 0.01) 1124 20.12 (20.23 to 20.02) 20.15 (20.25 to 20.05)

P 0.08 0.02 0.004

Birth cohort 0.10 (0.06–0.14) 1124 0.10 (0.06–0.14) 0.08 (0.03–0.12)

P ,0.001 ,0.001 ,0.001

Age at CF diagnosis 0.06 (0.01–0.11) 895 — —

P 0.01 — —

Diagnosis by NBS 0.09 (20.15 to 0.33) 975 — —

P 0.45 — —

F508del homozygosity 20.06 (20.18 to 0.06) 1124 — —

P 0.33 — —

Pancreatic insufficiency 20.35 (20.55 to 20.14) 1124 20.33 (20.53 to 20.13) 20.32 (20.52 to 20.12)

P 0.001 0.001 0.002

History of MI 20.19 (20.33 to 20.05) 965 20.16 (20.29 to 20.02) 20.13 (20.25 to 0.00)

P 0.01 0.03 0.04

Presence of a gastrostomy 20.45 (20.61 to 20.29) 918 — —

P ,0.001 — —

FEVq6to10 (/10 percentile points) 0.10 (0.08–0.13) 1096 — 0.10 (0.08–0.13)

P ,0.001 — ,0.001

Public insurance 20.03 (20.15 to 0.08) 1055 — —

P 0.57 — —

1Coefficient (95% CI) denotes the magnitude of the effect of each covariate with the 95% CI of each coefficient in parentheses. P values are for the

significance of the coefficient derived by using linear regression (Stata IC 11 software; StataCorp). BMI-zadj, average BMI z score from 5 to 10 y of age

adjusted for female sex, birth cohort, pancreatic insufficiency, and history of meconium ileus; BMI-zadjFEV, average BMI z score from 5 to 10 y of age adjusted

as for BMI-zadj plus for FEVq6to10; BMI-z5to10, average BMI z score from 5 to 10 y of age; CF, cystic fibrosis; FEVq6to10, average cystic fibrosis–specific

forced expiratory volume in 1 s percentile for all measures obtained from 6 to 10 y of age; MI, meconium ileus; NBS, newborn screen.
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peaks on chromosomes 1p36.1 (LOD: 5.3) and 5q14 (LOD: 5.1)
(Figure 3A; blue line in Figure 3, B and C). The exclusion of 91
subjects with short stature (height-z5to10 less than 21.96) re-
sulted in minor changes in peak scores on chromosome 1p36.1
(LOD: 4.3) and chromosome 5q14 (LOD: 4.8), which were
consistent with the reduction in the number of sibling pairs in-
cluded in the analysis. Restriction of the analysis to the 219
sibling pairs who were homozygous for the F508del mutation
(BMI-zadj-F508del) preserved the peak on chromosome 1p36.1
(LOD: 4.6) but decreased the evidence for linkage on chromo-
some 5q14 (LOD: 3.4) (green line in Figure 3, B and C; see
Figure 2 under “Supplemental data” in the online issue). Simi-
larly, the inclusion of the additional 10% of subjects with pan-
creatic sufficiency in BMI-zadj (402 sibling pairs) resulted in no
change to the linkage peak on chromosome 1p36.1 (LOD: 4.8)
with a decrease in the peak on chromosome 5q14 (LOD: 3.6)
(black line in Figure 3, B and C; see Figure 3 under “Supple-
mental data” in the online issue). Additional loci that achieved
suggestive evidence of linkage are shown in Table 5.

Adjustment of BMI for lung function (BMI-zadjFEV-PI; 350
sibling pairs) decreased the LOD score for the locus on chromo-
some 1p36.1 (LOD: 3.4) but increased the evidence for linkage at
an adjacent region from chromosome 1p31-22 (LOD: 2.4); linkage

on chromosome 5q14 (LOD: 5.2) was unaffected (Figure 4A; blue
line in Figure 4, B and C). Linkage results for chromosome 1p36.1
were similarly decreased when adjusted for lung function in all
subjects (BMI-zadjFEV; LOD: 3.2 in 393 sibling pairs) or only
F508del homozygous subjects (BMI-zadjFEV-F508del; LOD: 3.8 in
213 sibling pairs) (Figure 4B). Evidence for suggestive linkage for
the region from chromosome 1p31-22 (LOD: 2.9) was retained
when sibling pairs who were homozygous for F508del were ana-
lyzed. Adjustment for lung function had little effect on LOD scores
at chromosome 5q14 when any of the 3 subgroups were analyzed
(PI subjects, F508del homozygotes, or all subjects; Figure 4C
compared with Figure 3C). As in the unadjusted analyses, LOD
scores were greater when PI subjects were analyzed (LOD: 5.2)
and lower when all subjects (LOD: 3.2) or F508del homozygotes
(LOD: 3.3) were included (Figure 4C). Significant and suggestive
LOD scores for these phenotypes are summarized in Table 5.

Quantitative trait locus (QTL) heritability at 1p36.1 and 5q14 as
estimated with the MERLIN program for PI subjects suggested
that these loci respectively contributed to 54% and 53% of the
variation in BMI. However, these estimates were highly likely to be
biased upward because of the winner’s curse (38); after potential
bias was corrected for, $16% and $15% of the BMI variance
was estimated to be explained by the respective loci.

DISCUSSION

To our knowledge, this was the first study to quantify the
relative contribution of genetic modifiers to the nutritional status
of young children with CF. Heritability estimates suggested strong
genetic control of variation in our nutritional phenotype BMI-z5to10.
In addition, linkage analyses pointed to genes on chromosomes 1
and 5 as having substantial influence on this phenotype.

Studies of heritability and linkage first require reliable phe-
notype measures. The BMI-z5to10 phenotype was roughly nor-
mally distributed across the full range of BMI z scores
represented in the CDC reference population. In particular, there
were children at both extremes of BMI-z5to10 of 21.64 or less or
5th CDC percentile (2.7% of subjects) and $1.64 or 95th CDC
percentile (2.2% of subjects). The mean was slightly less than
zero, which indicated that, on average, children in this study had
lower BMI than the CDC reference population did. This result
was similarly described in a study of school-age children with
CF who consumed more calories per day than their healthy peers
did but still had significantly lower height and weight mea-
surements (39). The median height-z5to10 of 20.58 and median
weight-z5to10 of 20.42 corresponded to published literature that
cited height z scores of 20.5 to 20.8 and weight z scores of
20.4 to 20.7 for children aged 3–10 y with CF in the United
States (40). Subjects with height-z5to10 less than 21.96 (or 3rd
CDC percentile) had BMI-z5to10 scores distributed equally from
low to high. Thus, some of the subjects may have had poor
nutritional status that manifested primarily as short stature but
preserved body weight that resulted in a BMI z score that did not
reflect their nutritional status. However, the exclusion of in-
dividuals with height-z5to10 less than 21.96 did not appreciably
change heritability estimates or linkage results. The nutritional
phenotype used in this study encompassed the age range from 5
to 10 y because growth status has been reported to be fairly
stable in childhood for patients with CF (18), whereas there is an
increased prevalence of abnormal nutritional variables, such as

TABLE 3

Pearson’s correlation coefficients for BMI-z5to10 and residual phenotypes1

MZ twins DZ twins Same-sex DZ twins

DZ twins

and siblings2

BMI-z5to10 0.80 (65) 0.59 (21) 0.47 (13) 0.31 (148)

BMI-z5to10
3 0.84 (55) 0.62 (17) 0.35 (9) 0.34 (123)

BMI-zadj 0.81 (63) 0.58 (21) 0.41 (13) 0.27 (127)

BMI-zadjFEV 0.85 (58) 0.66 (21) 0.57 (13) 0.25 (122)

1All values are Pearson’s correlation coefficients; no. of pairs in paren-

theses. BMI-zadj, average BMI z score from 5 to 10 y of age adjusted for

female sex, birth cohort, pancreatic insufficiency, and history of meconium

ileus; BMI-zadjFEV, average BMI z score from 5 to 10 y of age adjusted as for

BMI-zadj plus for FEVq6to10; BMI-z5to10, average BMI z score from 5 to 10 y

of age; DZ, dizygous; MZ, monozygous.
2 Same-sex DZ twins and siblings with ,3 y of difference in age.
3After exclusion of pairs in whom one or both members of the pair had

an average height z score from 5 to 10 y of age less than 21.96.

TABLE 4

Heritability estimates for BMI-z5to10 and the residual phenotypes1

MZ and

DZ twins

MZ and same-sex

DZ twins

MZ twins and DZ

twins and siblings2

BMI-z5to10 0.44 (0.04–0.94) 0.67 (0.09–1.43) 0.99 (0.61–1.40)

BMI-z5to10
3 0.48 (0.04–1.06) 0.97 (0.20–1.86) 1 (0.60–1.44)

BMI-zadj 0.47 (0.06–0.98) 0.82 (0.19–1.61) 1 (0.68–1.50)

BMI-zadjFEV 0.38 (20.01–0.83) 0.54 (0.04–1.17) 1 (0.76–1.62)

1All values are means; 95% CIs in parentheses. Confidence intervals on

heritability were estimated by using a bootstrapping technique (33). BMI-

zadj, average BMI z score from 5 to 10 y of age adjusted for female sex, birth

cohort, pancreatic insufficiency, and history of meconium ileus; BMI-zadjFEV,

average BMI z score from 5 to 10 y of age adjusted as for BMI-zadj plus for

FEVq6to10; BMI-z5to10, average BMI z score from 5 to 10 y of age; DZ,

dizygous; MZ, monozygous.
2 Same-sex DZ twins and siblings with ,3 y of difference in age.
3After exclusion of pairs in whom one or both members of the pair had

an average height z score from 5 to 10 y of age less than 21.96.
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weight for height, as patients mature into adulthood (41). The
evaluation of our phenotype revealed a small but significant
decline in the mean BMI z score of 0.06 units/y, which was

supported by another study of growth in CF that suggested
a decline in weight z scores during the prepubertal period (4).
Despite this annual decrease in the mean BMI z score, adjustment

FIGURE 3. A: Linkage-analysis results for BMI-zadj-PI (358 sibling pairs). Alternating blue and black lines represent Chrs labeled on the x axis, and the
strength of linkage is indicated by the LOD score on the y axis. B: Comparison of Chr 1 linkage results for BMI-zadj-PI, BMI-zadj-F508del (219 sibling pairs),
and BMI-zadj (402 sibling pairs). C: Comparison of Chr 5 linkage results for each phenotype. Linkage analysis was performed with each residual phenotype by
using the variance-components algorithm as implemented in the MERLIN 1.1.2 software program (34). BMI-zadj, BMI-z5to10 values adjusted for female sex,
birth cohort, pancreatic insufficiency, and history of meconium ileus; BMI-zadj-F508del, BMI-zadj values with the inclusion of only subjects homozygous for
F508del; BMI-zadj-PI, BMI-zadj values with the inclusion of only pancreatic-insufficient subjects; BMI-z5to10, average BMI z score from 5 to 10 y of age; Chr,
chromosome; LOD, log of odds; PI, pancreatic insufficiency.

TABLE 5

Chromosomal regions that exhibited significant (LOD $3.6) and suggestive (LOD $2.2) linkage to BMI1

Region

LOD scores

BMI-zadj
(402 pairs)

BMI-zadj-PI

(358 pairs)

BMI-zadj-F508del

(219 pairs)

BMI-zadjFEV
(393 pairs)

BMI-zadjFEV-PI

(350 pairs)

BMI-zadjFEV-F508del

(213 pairs)

1p36.1 4.82 5.32 4.62 3.2 3.4 3.82

1p31-22 — — — 3.0 2.4 2.9

2q14.3 — — — — — 2.3

5q14 3.62 5.12 3.4 3.2 5.22 3.3

6q25 — — — 2.5 2.3 —

7q33 2.8 — — 2.9 — 2.4

9q34 — — 2.5 — — 2.7

10q25-26 — — 2.5 — — 2.6

11q12 2.7 — — 2.3 — —

11q14 — 3.2 3.4 — 2.7 3.82

12p12 — — — — 2.5 —

13q33 — — 2.5 — — —

14q21 — — 2.5 — — 3.62

16p11.2 2.7 — — — — —

1BMI-zadj, average BMI z score from 5 to 10 y of age adjusted for female sex, birth cohort, pancreatic insufficiency,

and history of meconium ileus; BMI-zadjFEV, average BMI z score from 5 to 10 y of age adjusted as for BMI-zadj plus for

FEVq6to10; BMI-zadjFEV-F508del, BMI-zadjFEV values with the inclusion of only subjects homozygous for F508del; BMI-

zadjFEV-PI, BMI-zadjFEV values with the inclusion of only pancreatic-insufficient subjects; BMI-zadj-F508del, BMI-zadj values

with the inclusion of only subjects homozygous for F508del; BMI-zadj-PI, BMI-zadj values with the inclusion of only

pancreatic-insufficient subjects; LOD, log of odds.
2LOD score met or exceeded genome-wide significance (36).

GENETIC MODIFIERS OF CYSTIC FIBROSIS NUTRITION 1305



for the decrease did not lead to appreciable differences in the
remainder of the analyses.

BMI-z5to10 was significantly positively correlated with later
birth cohorts and lung function. These results are supported by
the 2009 CFF Patient Registry Report that showed both the in-
creasing median BMI percentile for children with CF and the
relation between higher BMI and improved lung function (19).
Alternately, BMI-z5to10 was negatively correlated with PI and
history of MI. A previous study on pancreatic status in CF sug-
gested that children with residual pancreatic function had im-
proved growth and nutritional status (12), whereas associations
have been made between MI and malnutrition (11). The pheno-
type was also negatively correlated with female sex, although just
below the level of significance. However, sex was maintained as
a covariate because there have been reported sex-related differ-
ences in growth during childhood in CF such that girls have
a greater rate of decrease in weight z score than do boys (4).

For BMI-z5to10 and each of the residual phenotypes, correla-
tion coefficients were consistently highest for monozygous
twins, which suggested a genetic contribution to the variation in
nutritional status. However, monozygous twins share 100% of
genes, and thus, correlation coefficients ,1 indicate that varia-
tion is also influenced by environmental or stochastic factors. On
average, dizygous twins share 50% of genes, and their correla-
tion coefficients were close to 0.5 as expected for a trait under
strong genetic control. Consequently, heritability estimates from
the same-sex twin-only analyses were high for each of the BMI-
z5to10 phenotypes (0.54–0.82), and similar estimates have been
reported for heritability of BMI variation in the general pop-

ulation (42, 43). The analysis of monozygous and dizygous
twins may produce the most accurate heritability estimates be-
cause twin pairs have greater similarity in environmental ex-
posures than siblings or unrelated patients (44). Heritability
estimates were higher when the subgroup of dizygous twins and
siblings was used in the calculations (0.99–1), but this analysis
was limited by the higher chance for nongenetic influences in
siblings. Overall, heritability estimates for the twin-only analy-
ses were higher for BMI-zadj than for BMI-zadjFEV; one possible
explanation for this result is that genetic factors that influence
lung function may be different from those that are important to
nutritional status.

Although all patients in this study had classic CF, w10%
retained exocrine pancreatic function (pancreatic sufficiency),
which is strongly correlated with specific mutations in CFTR
that confer a slightly milder disease course (24). Therefore,
analyses were also performed after exclusion of patients with
pancreatic sufficiency and in the subset of subjects who were
homozygous for F508del, which is the most common CF-causing
mutation in CFTR, an approach that traded sample size for in-
creased homogeneity. The heritability of BMI-z5to10 remained
high for each of these subgroups, which indicated that linkage
analysis with these subgroups could control for allelic variation in
CF while preserving the power to uncover modifier loci.

The linkage analysis by using BMI-zadj-PI showed significant
linkage on chromosomes 1p36.1 (LOD: 5.3) and 5q14 (LOD:
5.1) with a combined contribution to variation in BMI #31%.
Adjustment for lung function in BMI-zadjFEV-PI caused the
linkage evidence to decrease on chromosome 1p36.1 but did not

FIGURE 4. A. Linkage-analysis results for BMI-zadjFEV-PI (350 sibling pairs). Alternating blue and black lines represent Chrs labeled on the x axis, and the
strength of linkage is indicated by the LOD score on the y axis. B: Comparison of Chr 1 linkage results for BMI-zadjFEV-PI, BMI-zadjFEV-F508del, (213 sibling
pairs), and BMI-zadjFEV (393 sibling pairs). C: Comparison of Chr 5 linkage results for each phenotype. Linkage analysis was performed with each residual
phenotype by using the variance-components algorithm as implemented in the MERLIN 1.1.2 software program (34). BMI-zadjFEV, average BMI z score from
5 to 10 y of age adjusted as for BMI-zadj plus for FEVq6to10; BMI-zadjFEV-F508del, BMI-zadjFEV values with the inclusion of only subjects homozygous for
F508del; BMI-zadjFEV-PI, BMI-zadjFEV values with the inclusion of only pancreatic-insufficient subjects; Chr, chromosome; LOD, log of odds; PI, pancreatic
insufficiency.
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affect the locus on chromosome 5q14. These results suggested
that modifier genes located at the former locus influence both
nutritional status and lung function, whereas chromosome 5q14
encompasses a gene that modifies nutritional status that is
independent of lung-disease severity. Additional support for a
non-CFTR influence on nutritional status is provided by the ob-
servation that the linkage at chromosome 1p36.1 in subjects with
identical CFTR genotypes (F508del homozygotes) was of similar
magnitude as in the pancreatic-insufficient group, even though
fewer sibling pairs were included (219 compared with 358).
Therefore, a modifier gene at this locus may be specific to CF,
such as a gene involved in protein processing. In contrast, genes
that influence BMI in the general population have been mapped
to the region on chromosome 5 linked to BMI in CF patients
(45–47). Intriguingly, the critical region of linkage (1 LOD drop
from maximum linkage) on chromosome 5q14 contains the ar-
restin domain-containing 3 (ARRCD3) gene that has recently
been implicated as a regulator of body mass and energy ex-
penditure in males (47). We observed higher linkage scores in
male than in female patients, which suggested that ARRCD3
may be viable candidate for the modification of BMI in CF.
Another BMI-susceptibility locus in the general population is
located on chromosome 16p11.2, which is a region that, in our
study, had a suggestive linkage with an LOD score of 2.7 (48).
Because patients with CF are under nutritional stress, they may
be uniquely sensitive to genetic modifiers that are also important
to weight homeostasis in the general population.

In conclusion, our study of the nutritional status of young twins
and siblings with CF shows that genes other than CFTR influence
the variation in BMI. Specifically, genetic modifiers located at
loci on chromosomes 1 and 5 contribute to a considerable per-
centage of the BMI variance. These results support additional
investigation of CF-modifier genes, which can provide greater
insight into the CF disease process and targets for future nutri-
tional therapies.
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