
R
i

S
B
M
G
*
H
M
f

B
(
fi
t
t
m
s
c
t
t
r
t
s
d
a
o
a
t
b
o
(
(
n
t
p
w
i
n
n

C
t
l
t
s
v
t
c
d
i
o
o
l

C
LIN

IC
A

L–
A

LIM
EN

TA
R
Y

TR
A

C
T

GASTROENTEROLOGY 2006;131:1030 –1039
elative Contribution of Genetic and Nongenetic Modifiers to Intestinal Obstruction
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ackground & Aims: Neonatal intestinal obstruction
meconium ileus [MI]) occurs in 15% of patients with cystic
brosis (CF). Our aim was to determine the relative contribu-
ion of genetic and nongenetic modifiers to the development of
his major complication of CF. Methods: A total of 65

onozygous twin pairs, 23 dizygous twin/triplet sets, and 349
ets of siblings with CF were analyzed for MI status, significant
ovariates, and genome-wide linkage. Results: Specific muta-
ions in the CF transmembrane conductance regulator (CFTR),
he gene responsible for CF, correlated with MI, indicating a
ole for CFTR genotype. Monozygous twins showed substan-
ially greater concordance for MI than dizygous twins and
iblings (P � 1 � 10�5), showing that modifier genes indepen-
ent of CFTR contribute substantially to this trait. Regression
nalysis revealed that MI was correlated with distal intestinal
bstruction syndrome (P � 8 � 10�4). Unlike MI, concordance
nalysis indicated that the risk for development of distal intes-
inal obstruction syndrome in CF patients is caused primarily
y nongenetic factors. Regions of suggestive linkage (logarithm
f the odds of linkage �2.0) for modifier genes that cause MI
chromosomes 4q35.1, 8p23.1, and 11q25) or protect from MI
chromosomes 20p11.22 and 21q22.3) were identified by ge-
ome-wide analyses. These analyses did not support the exis-
ence of a major modifier gene on chromosome 19 in a region
reviously linked to MI. Conclusions: The CFTR gene along
ith 2 or more modifier genes are the major determinants of

ntestinal obstruction in newborn CF patients, whereas intesti-
al obstruction in older CF patients is caused primarily by
ongenetic factors.

ystic fibrosis (CF [Mendelian Inheritance in Man 219700])
is an autosomal-recessive disease caused by mutations in

he CF transmembrane conductance regulator (CFTR [Mende-
ian Inheritance in Man 602421]). Variation in the CFTR geno-
ype has been associated with some aspects of the CF phenotype
uch as pancreatic status.1 On the other hand, many other
ariable features of CF are not correlated, indicating that fac-
ors independent of CFTR genotype play a major role in the
omplications and course of this otherwise single-gene disor-
er.2,3 Two such features are meconium ileus (MI), a form of

ntestinal obstruction observed in the neonatal period that
ccurs in 13%–20% of CF patients,3– 6 and distal intestinal
bstruction syndrome (DIOS), a trait with clinical and patho-
ogic similarities to MI that affects older CF patients.7,8 Esti-
ates of the prevalence of DIOS in CF patients vary consider-
bly (2.4%– 41.3%), probably because of differences in the
iagnostic criteria, length of follow-up evaluation, and age
ange of the patients studied.7–10 Several reports indicate that
he recurrence rate of MI in siblings is significantly higher than
he prevalence of MI in unrelated patients, suggesting that
actors shared among siblings contribute to the development of

I.4,11–13 However, it is not known whether familial concor-
ance of MI is the result of shared genetic or environmental
actors or a combination of both.

Evidence for genetic factors underlying intestinal obstruc-
ion has been derived from studies of the CF mouse model. The

ajority of homozygous CFTR null mice have a severe and
sually fatal intestinal obstruction early in life.14 By capitalizing
n strain-specific differences in survival among CFTR null mice,
ozmahel et al15 were able to locate a modifier locus to the
istal portion of mouse chromosome 7. Several other loci for
urvival from intestinal obstruction in CF mice have since been
dentified.16 Zielenski et al17 postulated that the locus on chro-

osome 7 responsible for murine intestinal obstruction may
ontain a gene that is responsible for MI in CF patients. This
heory was tested by genotyping 188 CF sibling pairs and
arents using 9 microsatellite markers that spanned 7.65 Mb on
hromosome 19q13, a region of conserved synteny with the
egment of mouse chromosome 7 that was linked to intestinal
bstruction. Several markers from this region showed signifi-
ant linkage with the MI phenotype consistent with the pres-
nce of an MI-modifier gene, which was named CF Modifier 1
CFM1 [Mendelian Inheritance in Man 603855]) within this
egion. However, the gene (or genes) within the CFM1 region
hat modifies MI has not been identified.

The CF Twin and Sibling Study in the United States is currently
ecruiting patients to assess genetic and nongenetic contribution
o disease variation in CF. Monozygous (MZ) and dizygous (DZ)
wins can differentiate the relative contribution of genetic factors

Abbreviations used in this paper: CF, cystic fibrosis; CFTR, cystic
brosis transmembrane conductance regulator; DIOS, distal intestinal
bstruction syndrome; DZ, dizygous; LOD, logarithm of odds of linkage;
I, meconium ileus; MZ, monozygous; PI, pancreatic insufficiency; PS,
ancreatic sufficiency; SNP, single nucleotide polymorphism; STR,
hort tandem repeat.
© 2006 by the American Gastroenterological Association (AGA) Institute
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October 2006 CYSTIC FIBROSIS INTESTINAL MODIFIERS 1031
ecause twins have a high degree of shared environment, but MZ
nd DZ twins differ in their degree of gene sharing (100% vs
0%).18–21 On the other hand, siblings have the same degree of
ene sharing as DZ twins (50%), but a lower degree of shared
nvironment, so that a comparison of DZ twins and siblings can
stimate environmental contribution. Although recruitment for
he CF Twin and Sibling study is not complete, MI and DIOS are
ufficiently frequent to perform an analysis of concordance rates
mong the patients recruited to date. We also performed an initial
enome-wide linkage analysis for MI including a re-evaluation of
he CFM1 locus.

Materials and Methods
Family Collection
The CF Twin and Sibling Study is a collaborative effort

o collect detailed clinical information and DNA samples from
ffected siblings and their parents. Informed consent was ob-
ained from all subjects before enrollment in the study. Enroll-

ent was based on conclusive diagnosis of CF.22 The diagnosis
f MI was based on the presence of the following features in the
ewborn period: lack of passage of stool within 24 hours after
irth, evidence of obstruction on abdominal radiograph
ground-glass appearance of intestine, air-fluid levels, and/or
ntra-abdominal calcifications), evidence of colonic abnormality
microcolon on radiograph), and treatment for obstruction
enema or surgery). Some cases were complicated by bilious
omiting, perforation, and/or atresia of the jejunum or ileum.
he diagnosis of DIOS was based on the clinical impression of

he reporting CF center. A required feature was intestinal ob-
truction requiring treatment beyond laxatives (eg, oral poly-
thylene glycol solution, enema, or surgery); radiologic docu-
entation of DIOS was obtained for some, but not all, patients.

ancreatic status was obtained from patient medical records.
ancreatic-insufficient status was determined by a fecal fat test,
fecal elastase test, the appearance of the stool pattern, the

resence of oil in the stool, the patient’s growth pattern, and/or
he complaint of abdominal pains.

DNA Isolation and Genotyping Methods
Genomic DNA was isolated from whole blood using the

henol/chloroform procedure.23 The zygosity status of twins was
etermined by AmpFISTR Profiler (Applied Biosystems, Foster
ity, CA). CFTR genotype was obtained from the patient’s medical

ecord. In cases in which CFTR genotyping had not been per-
ormed or was incomplete, DNA samples were typed for 58 CFTR
lleles by using the Roche polymerase chain reaction–based Line
robe Assay (Roche Molecular Systems, Alameda, CA).24 DNA
amples with 1 or more unidentified CFTR mutations after typing
ith the Line Probe Assay were subjected to DNA sequencing of all

oding regions of CFTR and flanking introns.25 For genome-wide
inkage studies, patients were genotyped by the Marshfield Geno-
yping Center for 402 polymorphic short tandem repeat (STR)

arkers with an average spacing of 10 centimorgans (cM), or 7.5
egabases (Mb). The average rate of genotypes determined for the

161 individuals was 95% (range, 70%–99.8%); identified Mende-
ian errors numbered 642 (1.1%). The average heterozygosity in the
tudy population was 75% (range, 57%–89%). Single nucleotide
olymorphism (SNP) typing was performed using the Centaurion
00K SNP set from Affymetrix (Santa Clara, CA)26; 90,689 markers

et quality criteria for inclusion (minor allele frequency at least S
%; genotype obtained in at least 85% of samples) and yielded an
verage marker spacing of 23.6 kb. The average rate of genotypes
etermined for the 86 individuals was 96% (range, 80%–100%);

dentified Mendelian errors numbered 2115 (0.03%). The average
eterozygosity was 30%. For the chromosome 19–specific map,
atients were genotyped at 7 STR markers spanning 6.5 Mb of
hr19q13: D19S211, D19S217, D19S219, D19S112, D19S412,
19S902, and D19S604, yielding an average marker spacing of 1.1
b. STR markers were sized using an ABI Prism 310 DNA Se-

uencer or an ABI 3100 DNA Sequencer with GENESCAN anal-
sis software version 3.1.2 (Applied Biosystems, Foster City, CA).
enotyping was controlled internally by genotyping individuals of

he same family on the same run. Any ambiguous genotypes and
enotypes that were not consistent with Mendelian inheritance
ere retyped.

Concordance Analysis
Concordance for disease (MI or DIOS) was calculated

y the number of pairs concordant for disease divided by the
otal number of pairs in which at least one member had disease.
oncordance for lack of disease was calculated by the number
f pairs in which neither member had disease divided by the
otal number of pairs in which at least one member did not
ave disease. Heritability estimates were estimated as described
y Falconer27 and Falconer and Mackay.28 For DIOS concor-
ance calculations, siblings were used as a proxy for DZ twins
y correcting the DIOS status for age difference: the DIOS
tatus of the older sibling when he/she was the age of the
ounger sibling was used. Power calculation was performed
sing DSTPLAN (M. D. Anderson Cancer Center, Houston,
X). One set of nonidentical triplets in which 1 member had MI
nd none had DIOS was counted as a single MI discordant pair
nd as a single pair without DIOS. Three families had a set of
Z twins and a sibling all with CF and contributed to both the
Z and sibling pair concordance calculations. With one excep-

ion, the MZ twin set was concordant for disease (MI or DIOS)
r lack of disease, and thus was counted as a single individual
ithin a sibling pair. The exception was an MZ twin pair
iscordant for DIOS with a sibling without DIOS; this set was
ounted as a single discordant sibling pair.

Statistical Analysis
Statistical calculations were performed using STATA

StataCorp, College Station, TX). For all tests, a P value of less
han .05 was considered statistically significant. In case of small
ell sizes, the Fisher exact test was used (http://www.unc.edu/
preacher/fisher/fisher.htm). The Student t test was used to

valuate means derived from normally distributed continuous
ata. Multiple logistic regression was performed with STATA
sing clinical data from the CF Twin and Sibling Study. Each
linical variable was tested for correlation with MI along with
ge and sex in a 3-variable logistic model. Variance was esti-
ated using the robust Huber/White/sandwich estimator, and

bservations within each family were not considered to be
ndependent. Factors tested individually for correlation with MI
ere age, sex, DIOS, surgery for DIOS, pancreatic insufficiency,
umber of �F508 alleles, sweat chloride, positive cultures for
seudomonas aeruginosa, mucoid pseudomonas, antibiotic-resis-
ant pseudomonas, Burkholderia cepacia, atypical mycobacteria,
spergillus, Staphylococcus aureus, methicillin-resistant S aureus,

tenotrophomonas maltophilia, Alcaligenes xylosoxidans, Klebsiella

http://www.unc.edu/preacher/fisher/fisher.htm
http://www.unc.edu/preacher/fisher/fisher.htm
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neumoniae, Escherichia coli, Haemophilus influenzae, streptococcus,
inus disease, surgery for sinus disease, nasal polyps, surgery for
asal polyps, increased transaminase levels, pancreatitis, surgery

or pancreatitis, diabetes, cholelithiasis, cholecystectomy, gas-
roesophageal reflux, Nissen fundoplication, gastrostomy tube
lacement, rectal prolapse, appendiceal disease, failure to thrive,
teatorrhea, neonatal jaundice, average forced expiratory vol-
me in 1 second (CF-specific percentile score29), average body
ass index Z-score, age at diagnosis of CF, lung transplanta-

ion, number of pulmonary exacerbations in the past 1 or last
years, and medication compliance. Factors significantly cor-

elated with MI in the 3-variable analysis were tested for inclu-
ion in a multivariate logistic regression model. Factors were
emoved if they did not contribute significantly to the risk of

I and their inclusion did not improve the model (likelihood
atio test), or if they were correlated strongly with another
ovariate. In the final multivariate model, the 3 parameters
egarding number of �F508 alleles were correlated (as ex-
ected), but no other pair of factors had a correlation coeffi-
ient of greater than 0.25.

Genetic Analysis
The genome-wide and chromosome 19–specific STR

arker data were screened for Mendelian inconsistencies by Ped-
heck30 and SIB-PAIR 0.99.9 (Queensland University of Medical
esearch, Queensland, Australia)31; inconsistent markers were re-

yped or eliminated. Single- and multipoint, parametric and non-
arametric linkage analyses were performed using GENE-
UNTER32 and MERLIN.33 Parametric analyses were performed
ith dominant, additive, and recessive models of inheritance with
enetrance set at 0.80 and phenocopy rate set at 0.10 (both derived
rom observed rates of MI; see later), and with alternative pen-
trance values of 0.60 and 1.00 and phenocopy values of 0.00 and
.20. Analysis using MERLIN included error detection through

dentification of improbable recombination events. For analysis of
igh-density SNP data, MERLIN again was used; for this analysis,

inkage disequilibrium between markers was modeled by cluster-
ng correlated markers.34 For the 7-STR map of chromosome 19,
IB-PAIR 0.99.931 was used to perform identity-by-descent analy-
es. If parental genotype data were not available, then identical-by-
escent was estimated from identical-by-state. ASP 26.07.200135

as used to simulate (n � 1000) the statistical power of our
ataset under a dominant (disease allele frequency � 0.10), reces-
ive (disease allele frequency � 0.43), or additive model (disease
llele frequency � 0.10), with the disease gene located at a recom-
ination fraction � � 0.01 from the simulated marker and a
henocopy rate of 0.05. The earlier-described disease allele fre-
uencies were calculated assuming Hardy–Weinberg equilibrium,
trait prevalence of 15% (derived from the observed rate of MI),

nd a trait penetrance of 80% (derived from the concordance rate
n MZ twins). With disease allele frequency defined as q, calcula-
ions were as follows: q2 � 0.8 � 0.15 giving q � 0.43 for recessive;
1 � p2) � 0.8 � 0.15 giving p � 0.90 and q � 0.10 for dominant;
2pq � 2q2) � 0.8 � 0.15 giving q � 0.10 for additive. For all 3

odels, the number of alleles and the allele frequencies calculated
y GENEHUNTER for marker D19S112 were used (13 alleles:
.0029, 0.1556, 0.0039, 0.0616, 0.0352, 0.2076, 0.2074, 0.0020,
.1301, 0.1223, 0.0577, 0.0108, and 0.0029). The total power of the
tudy was calculated using restricted model estimates and the
quation: [1 � (1 � concordant estimated power) (1 � discordant

stimated power)] � 100% � % power. w
Results
Clinical information collected from 65 pairs of MZ

wins, 22 pairs of DZ twins, 1 set of nonidentical triplets, 14
ingle siblings, 365 sibling pairs (includes 4 sibling-MZ twin
airs), 29 sets of 3 siblings, and 1 set of 5 siblings (1009 patients
otal) was obtained from the CF Twin and Sibling Study. All
articipants met the diagnostic criteria for CF. These patients
ccount for approximately 85% of all twins affected with CF
nd 35% of all families with 2 or more children affected with CF
n the United States according to the CF Patient Registry

aintained by the US CF Foundation. Of the 940 patients with
nformation about MI, 160 had MI (17%); treatment was known
n 159 of these: 108 patients had surgical treatment, 49 patients
ere treated with an enema, 1 patient had an enema and

urgery, and 1 patient resolved spontaneously.

Pancreatic Insufficiency and CFTR Genotype
Are Correlated With MI
Approximately 95% of CF patients have pancreatic in-

ufficiency (PI), and prior studies of MI have shown a close
orrelation between pancreatic status and MI.1 Indeed, 159 of
he 160 MI patients in this study were diagnosed with PI. As
xpected, pancreatic sufficiency (PS) was present at a higher rate
n patients without MI (91 of 762; 12%; P � 3 � 10�7). Because

I correlates with pancreatic status, and pancreatic status cor-
elates with CFTR genotype, we expected that MI also should
orrelate with CFTR genotype. As predicted, the common CF
utation �F508, which is highly associated with PI, was found

t increased frequency in MI vs non-MI patients (79% vs 68%; P
9 � 10�5), and homozygosity for �F508 also was increased in
I vs non-MI patients (64% vs 47%; P � 2 � 10�4). Further-
ore, of the 39 CFTR genotypes found in patients with PS in

his study, only 1 genotype (�F508/2184insA) also occurred in
patient with MI: the single MI patient who remains PS

complete list of CFTR mutations available from corresponding
uthor). Intriguingly, 31 patients with PI carried one mutation
bserved in PS patients, and none of these patients had MI,
hereas among 784 PI patients with no PS mutations, 153 had
I (P � .002). The latter observation suggests that CFTR

enotype is more predictive of MI than pancreatic status. To
est this concept, we selected only PI patients and recalculated
he frequency of the �F508 mutation and the frequency of
omozygosity for �F508 in MI vs non-MI patients. Both �F508
nd homozygosity for �F508 were found at greater frequency in
I patients than in non-MI patients (�F508 allele frequency:

9% vs 73%, P � .02; �F508 homozygote frequency: 64% vs 54%,
� .01). Finally, we performed a multivariate regression anal-

sis in which PI was subdivided based on the number of �F508
lleles. As shown in Table 1, PI with �F508 homozygosity was
n independent risk factor for MI (odds ratio, 13.0). PI in the
ontext of other CFTR genotypes had a large effect size (odds
atio, 7.8 – 8.4) but was of borderline significance. Thus, al-
hough PI is highly correlated with MI, CFTR genotype can
ecrease the association with MI (eg, PS mutations) or increase
he association with MI (eg, �F508 homozygosity) in PI pa-
ients.

Complications Correlated With MI and Mode
of Treatment of MI
To determine if other features of CF were correlated
ith MI, a series of disease characteristics (listed in the Mate-
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October 2006 CYSTIC FIBROSIS INTESTINAL MODIFIERS 1033
ials and Methods section) was tested for association with MI
y single and multiple logistic regression analysis. In addition
o pancreatic status and CFTR genotype (shown earlier), MI
lso was correlated with DIOS, DIOS treated surgically, in-
reased transaminase levels, age, decreased body mass index
-score, and B cepacia–positive culture (Table 1). We then con-
idered treatment modality (surgical vs nonsurgical) for MI
nder the hypothesis that surgical treatment is a marker for
ore severe intestinal disease. By multiple regression analysis,

he only variable significantly correlated with treatment mode
or MI was DIOS (odds ratio of having had surgery � 2.6; 95%
onfidence interval, 1.1–5.9; P � .03). Further examination of
IOS and MI revealed that the rate of DIOS in patients without
I (96 of 733; 13%) was lower than for patients with MI treated

urgically (52 of 155; 34%; P � 9 � 10�9), but about the same
n patients with MI treated nonsurgically (10 of 51; 20%; P �
2). Of note, CFTR genotype was not correlated with MI treat-

ent modality. No significant correlation between MI or MI
reatment modality was observed for sex or other markers for
F disease severity.

Modifier Genes Contribute Substantially to
MI
To determine if genetic or nongenetic factors cause MI,

e compared the rates of concordance for MI among affected
win pairs and sibling sets, who share both copies of CFTR but
therwise have different degrees of gene sharing (Table 2).
mong families in which at least one member had MI, MZ

wins show significantly greater concordance than DZ twins
nd siblings. Concordance rates for MI did not differ between
Z twins and siblings. In the subjects homozygous for �F508,

oncordance rates were similarly greater among MZ twins (11
f 13 MZ twin pairs; 1 of 5 DZ twin pairs, P � .02; 12 of 44
ibling pairs, P � .0003; 2 of 6 sibling trios, P � .05). It is
ossible that intestinal obstruction caused by MI may affect all
F patients but common protective factors (genetic and other-
ise) prevent the development of this complication in most
atients. A protective role for modifying factors of MI is sug-
ested by the observation that intestinal obstruction is a con-
istent rather than uncommon complication in the murine

odel of CF.15 The concordance rates for the absence of MI are

able 1. Multivariate Regression Analysis of MI Covariates

Odds ratio
95% Confidence

interval P value

I with no �F508 alleles 8.4 (0.9–77.2) .061
I with one �F508 allele 7.8 (1.0–61.2) .050
I with two �F508 alleles 13.0 (1.7–100) .014
IOS treated nonsurgically 2.52 (1.47–4.32) .001
IOS treated with surgery 24.6 (8.34–72.6) 7 � 10�9

ncreased ALT/AST levelsa 4.15 (2.25–7.67) 5 � 10�6

urrent ageb 0.93 (0.89–0.97) .001
ody mass index z-scorec 1.34 (1.03–1.75) .032
cepacia–positive culture 3.33 (1.48–7.47) .004

Alanine aminotransferase (ALT) or aspartate aminotransferase (AST)
evels greater than twice the normal upper limit at least twice.
Odds ratio reflects decreased odds of MI for each year of age.
Odds ratio reflects increased odds of MI for each unit decrease in
ody mass index z-score.
ignificantly greater in MZ twins than in DZ twins or sibling g
ets (Table 2). Concordance for lack of MI did not differ be-
ween DZ twins and siblings, and results were essentially iden-
ical when restricting analysis to homozygous �F508 subjects
not shown). Finally, we investigated whether sharing the mode
f MI treatment correlated with the degree of gene sharing.
owever, MZ twins did not differ from DZ twins or 2 affected

iblings when distributed according to treatment modality
both treated with surgery; one treated with surgery and the
ther treated with enema; both treated with enema; data not
hown). These data show that MZ twins show greater concor-
ance in both causative and protective models for MI, suggest-

ng predominance of genetic factors in each model.

Modifier Genes Do Not Contribute
Substantially to DIOS
Because DIOS was correlated highly with surgically

reated MI, and DIOS and MI have similar clinical manifesta-
ions,8,36 we explored the possibility that they have the same
enetic cause. As compared with MI, the �F508 allele of CFTR
s less well correlated with DIOS. Although the frequency of the
F508 allele is greater (76% vs 70%; P � .02) in subjects with
IOS, the frequency of �F508 homozygosity is similar (58% vs

0%; P � .1). Furthermore, DIOS occurred at similar rates (20%)
n subjects homozygous for �F508 and in those with other
FTR genotypes (15%; P � .08). In striking contrast to MI, the

oncordance rates for DIOS (Table 3) are low in MZ twins, and
Z twins and sibling pairs have similar concordance rates (P �

5; Fisher exact test), indicating that genetic factors do not play
major role in DIOS. We estimated that these patients pro-

ided 80% power for detecting a rate difference greater than .25.
oncordance rates could not be estimated precisely in DZ twins
nd 3 affected sibling sets owing to small numbers in these
roups. Concordance rates for absence of DIOS did not differ
mong the 2-member groups; the decrease in concordance for
ack of DIOS among sets of 3 siblings is no longer present when
iblings in each set of 3 are taken pairwise (concordance rate,
5%). DIOS concordance rates for �F508 homozygotes were
imilarly low in all twin and sibling groups (1 of 11 MZ twin
airs; 0 of 3 DZ twin pairs, P � 1; 7 of 34 sibling pairs, P � .7;
of 4 sibling trios, P � 1). No significant differences were seen

n the concordance for lack of DIOS in �F508 homozygote
win and sibling groups (not shown). The frequency of DIOS is

able 2. MI Status of Twins and Siblings

MZ
twins

DZ
twins

2 affected
siblings

3 affected
siblings

otal no. of families 65 23 326 27
o. of sets of MI concordant 14 2 19 2
o. of sets of MI discordant 3 7 61 8a

o. of sets without MI 48 14 246 17
oncordance for MI 82% 22%b 24%c 20%d

oncordance for no MI 94% 67%e 80%f 68%g

Two families had 2 affected children with MI; 5 families had one
ffected child with MI.
P � .009 vs MZ twins.
P � 1 � 10�5 vs MZ twins.
P � .003 vs MZ twins.
P � .005 vs MZ twins.
P � .02 vs MZ twins.

P � .04 vs MZ twins.
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ot significantly different among MZ twins and siblings,
hereas DZ twins have a trend toward a lower rate that likely

eflects their younger median age. To assess whether the study
opulation adequately captured the range of ages at which
IOS usually is diagnosed, we compared the mean age at
iagnosis of DIOS with the mean age of the entire twin or
ibling groups. For the MZ twins and the siblings, the mean age
t diagnosis of DIOS was lower (12.0 and 9.0 y, respectively)
han the mean age of the MZ twins and siblings (15.5 and
3.4 y, respectively). Only 5 of 47 DZ twins/triplets were diag-
osed with DIOS (average age at diagnosis, 6.4 y), likely reflect-

ng the younger mean age of this population (8.4 y), as previ-
usly noted. Unlike MI, these results indicate that modifier
enes do not contribute substantially to DIOS, suggesting that
IOS and MI have different causes.

Identification of Regions That May Contain
MI Modifier Genes
The high rate of concordance for MI among MZ twins

ompared with DZ twins and siblings (all of whom share CFTR
lleles) indicates that one or more modifier genes exist that
ause or protect from MI. To identify regions that may contain

I modifier genes, we performed a genome-wide linkage anal-
sis using STR polymorphisms. Because CFTR genotype con-
ributes to MI risk, linkage analysis also was performed on the
ubset of subjects who were homozygous for the �F508 muta-
ion. Forty-six patients with MI who had at least one sibling
ith MI (2 DZ twin pairs, 18 sibling pairs, and 2 sibling trios;

otal, 26 pairs) and all available parents were genotyped for 402
TR markers with an average spacing of 10 cM. Of these
atients, 34 were homozygous for �F508 (14 pairs and 2 trios;
otal, 20 pairs). Identity-by-descent allele-sharing methods were
sed to identify regions linked to MI. The only region showing
ignificant linkage (logarithm of odds of linkage [LOD] �3.0)
ncompassed the CFTR gene on chromosome 7 (multipoint
onparametric LOD score, 4.17; see Figure 1A, Œ). Peaks sug-
estive of linkage (LOD �2.0) were detected on chromosomes
p23.1 (LOD 2.14) and 11q25 (LOD 2.18) (Figure 1B and C, Œ).
hen analysis was restricted to �F508 homozygotes concor-

ant for MI, the odds of linkage diminished for all 3 peaks
Table 4). To search for genes that protect CF patients from
eveloping MI, we performed a linkage analysis using 282 pairs

224 nuclear families, 16 trios, and 1 set of 5) concordant for
he absence of MI. No regions of linkage with an LOD score
reater than 2.0 were found when all CFTR genotypes were

able 3. DIOS Status of Twins and Siblings

MZ
twins

DZ
twins

2 affected
siblingsa

3 affected
siblingsa

otal no. of families 60 23 312 25
o. of sets DIOS concordant 5 0 16 0
o. of sets DIOS discordant 13 5 56 12b

o. of sets without DIOS 42 18 240 13
oncordance for DIOS 28% 0% 22% 0%
oncordance for no DIOS 76% 78% 81% 52%

Siblings were corrected for age difference by determining the DIOS
tatus of each sibling at the age of the youngest sibling in the sibship.
Includes 9 sets of 3 siblings in which 1 member had DIOS and 3 sets
n which 2 members had DIOS.
ncluded (not shown). Because this group without MI includes 5
ndividuals who may not be susceptible to MI (such as patients
ith PS), a second analysis was restricted to 128 pairs of �F508
omozygotes, all with PI (97 nuclear families, 7 trios, and 1 set
f 5). Suggestive LOD scores were found on chromosomes
0p11.22 (2.20) and 21q22.3 (2.38); the LOD score for the STR
arker nearest to CFTR was 11.35 (Figure 2). Thus, multiple

oci of suggestive linkage for causative or protective MI modifier
enes were found.

To evaluate the regions of possible linkage identified with
TR markers and to search for additional regions of linkage, we
erformed a high-density linkage analysis on the same group of
amilies concordant for the presence of MI (26 affected sibling
airs) using the Affymetrix Centurion SNP array. A total of
0,689 SNPs with an average spacing of 34 Kb were genotyped.
s expected for a denser marker map, the peak LOD score for

he region encompassing the CFTR gene was increased (multi-
oint nonparametric LOD 6.96), and the region of maximal

inkage was narrower (0.6 cM) than in the STR analysis (Figure
A, solid line). Linkage peaks again were found on chromo-
omes 8 and 11, although the LOD scores were lower (Figure 1B
nd C, solid lines; Table 4). The only region with LOD near 2.0
n the SNP analysis was on chromosome 4q35.1 (nonparametric
OD, 1.96; Figure 1D, solid line), a region whose nearest marker

n the previous 10-cM STR map had an LOD score of 1.62. In
nalysis restricted to the 20 pairs of MI-concordant �F508
omozygotes, LOD scores for CFTR on chromosome 7 and for

oci on chromosomes 8 and 11 decreased (Table 4), whereas the
eak LOD on chromosome 4 increased to 2.42 (Figure 1D,
ashed line). Thus, the SNP map improved the sensitivity and
esolution for detecting CFTR linkage on chromosome 7 and
rovided evidence of linkage to MI, in �F508 homozygotes, on
hromosome 4q35.1.

MI Is Not Linked To the CFM-1 Locus on
Chromosome 19q13
MI was linked previously to the CFM1 region on chromo-

ome 19q13, but our genome-wide analyses with low- and high-
ensity marker maps did not reveal a linkage peak on this chro-
osome (Figure 3A). To provide a direct comparison with

reviously used STR markers, we typed 7 STR markers spanning
.5 Mb of the CFM1 region in a subset of the earlier-described
roup, including 24 pairs concordant for the presence of MI, 65
iscordant pairs, and 130 pairs without MI. Analyses were per-
ormed on the entire group and on those concordant for MI or
ack of MI. Five of the 7 markers were the same as those used in the
tudy by Zielenski et al17 (D19S219, D19S112, D9S412, D19S902,
nd D19S604; Figure 3, solid diamonds). The highest nonpara-
etric LOD score was 0.14 for all pairs (0.42 in MI concordant

airs). Under recessive, dominant, and additive models of inheri-
ance, LOD scores never exceeded 0.00 (0.06 in the concordant
airs) and the heterogeneous LOD scores never exceeded 0.25

0.08 in the concordant pairs). Analysis to evaluate linkage to a
rotective allele on chromosome 19q13 produced a LOD score of
.42 (0.67 in pairs concordant for the absence of MI and 1.18 when
estricted to �F508 homozygotes). As a second means of assessing
inkage, haplotypes were constructed manually based on identity-
y-state from markers D19S217, D19S219, and D19S112 for the
iblings concordant for MI, discordant for MI, or unaffected with

I. The proportion of siblings sharing 0, 1, or 2 haplotypes across
he region did not deviate from the expected distribution of 25%,

0%, and 25%, respectively (P � 1, �2) . Finally, to evaluate for
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enetic heterogeneity, 5 sets of concordant siblings that did not
hare at least one haplotype and 14 sets of discordant siblings
haring both haplotypes were excluded, and the linkage analysis
as repeated. Without these families, the highest LOD score was
.40 (1.74 in the concordant pairs). Thus, we found no evidence for

inkage of MI to the CFM1 locus in this sample of CF twins and
iblings.

Discussion
CF, similar to many other so-called single-gene disor-

ers, displays considerable variability that cannot be attributed
o allelic differences in the disease-causing gene.3 MI is a well-
ecognized complication of CF that has been a paradigm for the
lucidation of modifying factors.37 Prior studies of CF siblings
ocumented that familial recurrence of MI exceeded the inci-
ence of MI in unrelated patients.4,11–13,17 However, siblings
hare not only 50% of their genes, but they also have similar
nvironmental exposures (eg, parents, home, clinic). The signif-
cantly higher concordance rate of MI in affected MZ twins who
hare 100% of their genes, compared with affected DZ twins
ho share 50% of their genes, indicates that genetic factors are

ikely to play a substantial role in MI. Although acknowledging
hat the number of study subjects was small, we can estimate
hat the contribution of genetic variation (heritability) to de-
eloping MI approaches 1.0 (heritability � 2 (MZ concordance

DZ concordance)28). A more robust estimate that considers
he disease prevalence27 is required to estimate heritability for
he absence of MI (which occurs in �85% of the CF popula-
ion). Heritability estimates for lack of MI also approach 1.0
0.80 –1.4 as estimated by DZ and sibling pairs, respectively).
hus, there is evidence for the presence of both protective and

usceptibility modifier genes for MI.
Comparison of the recurrence rates of MI among twins and

iblings facilitates predictions of the penetrance, number, and
nheritance pattern of the modifier gene(s). The high rate of
oncordance in the MZ twins suggests that penetrance of ge-
etic factors is high (eg, �80%). In the 2 affected sibling sets, 19
airs were concordant for MI and 61 pairs were discordant,

ndicating a sibling recurrence rate of 0.24. Within the 10 sets
f 3 affected siblings with MI (2 concordant sets and 8 discor-
ant sets, see Table 3), there are 30 possible pairwise combina-
ions; 9 pairs are concordant and 16 pairs are discordant for MI,
iving a sibling recurrence rate of 0.36. These estimates com-
are favorably with recurrence rates that can be derived from
amilies with 2 or more siblings affected with CF provided by
onnison et al11 (concordant 16/discordant 54; 0.23), Allan et

l12 (concordant 7/discordant 16; 0.3), Kerem et al4 (concordant
/discordant 15; 0.25), Zielenski et al17 (concordant 7/discor-
ant 33; 0.18), and Picard et al13 (concordant 10/discordant 40;
.2). A recurrence risk of 0.24 among siblings is similar to that
bserved for single-gene recessive disorders such as CF. The
esults of the genome-wide linkage analyses indicate that a
ingle modifier gene is unlikely to account for MI. Thus, we
ostulate that 2 or more modifier genes of relatively high
enetrance primarily are responsible for MI.

Although the classic twin study has proven to be a reliable
eans of distinguishing the effects of shared environment from

hared genes, potential limitations have been discussed.38 For
xample, although it is commonly agreed that MZ and DZ twins
ave similar degrees of shared environment, there have been ex-
igure 1. Linkage peaks identified in 26 CF sibling pairs concordant for
resence of MI. Shown are multipoint nonparametric LOD scores for linkage
sing the STR map (Œ) and SNP map (—) in 26 pairs with all CFTR genotypes

ncluded.TheCFTRgene locationonchromosome7 ismarkedby thebar.For
hromosome 4, also shown are linkage results from SNP genotyping in the
ubset of 20 MI concordant pairs homozygous for �F508 (- - -). For compar-
mples in which MZ twins have a unique shared environment (eg,
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lacenta), causing increased concordance rates in MZ twins lead-
ng to an inflated estimate of heritability.38 At this point, we
annot exclude this possibility. Furthermore, the collection of DZ
wins in this study had an excess of males, indicating an incom-
lete ascertainment of this group, so the concordance rates in DZ
wins may be different than calculated. This could alter our heri-
ability estimates, possibly increasing the predicted role for non-
enetic factors. The presence of 3 sets of MZ twins discordant for
I in this study and the published report of an MZ pair discor-

ant for MI39 indicate that nonheritable factor(s) play a role in MI.
evertheless, the present findings, particularly the high rate of

oncordance in MZ twins, support the conclusion that the risk for
I primarily is inherited.
Although MI has been reported in a few patients who do not

anifest CF,40,41 MI in CF patients almost always has been
eported in the context of PI.1 Exocrine pancreatic function in
F patients depends on the underlying mutations in CFTR,
ith mutations resulting in loss of CFTR function almost

nvariably associated with PI. Although most of the patients
ith MI in this study had PI, we discovered that the frequency
f MI in PI patients differed depending on CFTR genotype.
hese results suggest that the CFTR genotype affects the risk for
I beyond its role in determining pancreatic status. This con-

lusion is consistent with prior studies of unrelated CF pa-
ients. CF patients bearing the G551D mutation have been
hown to have a lower rate of MI than those homozygous for
F508, even though both mutations almost invariably are as-

ociated with PI.42,43 Thus, MI appears to be the consequence of
nteraction between the CFTR gene and MI modifier genes.

Cross-sectional and longitudinal studies indicate that CF
atients with MI follow a different course than those without
I.6,44,45 Some have suggested that complications arising from

urgical treatment of MI are the primary reason for this differ-
nce.46 To determine if the effect of MI modifier genes extends
o other manifestations of CF, we performed multivariate re-
ression analysis to identify significant covariates of MI. In
ddition to pancreatic status and CFTR genotype, we found
hat MI was correlated highly with several other gastrointestinal

anifestations of CF including increased liver enzyme levels,
IOS, and reduced body mass index. An inverse correlation
ith increasing age suggests that the strict criteria for diagnosis
f MI in the current study are more difficult to fulfill in older
atients (eg, for whom neonatal records are less accessible);

able 4. Multipoint Nonparametric LOD Scores Exceeding 2.0
Concordant for the Presence or of Absence of MI

Chromosome STR markers

cM (Marshfield) All �F508/�F5

resence of MI n � 26 n � 20
7 (CFTR) 128 4.17 3.42
8p23.1 16 2.14 2.07
11q25 136.5 2.18 1.94
4q35.1 195.06 1.62 1.71

bsence of MI n � 282 n � 128
7 (CFTR) 128 16.4 11.4
20p11.22 48 0.58 2.20
21q22.3 51 0.93 2.38

OTE. Analyses are shown from all CFTR genotypes (All) and �F508
lternatively, this could reflect a shorter life expectancy for MI w
atients, as has been reported.6 Although MI was associated
ith B cepacia infection, we were unable to correlate MI with any
ther markers of pulmonary disease severity. MI has been as-
ociated previously with liver disease,47 poorer nutritional out-
omes,48 and DIOS,46 although correlation with mode of MI
reatment was not addressed specifically in these studies. The
linical and pathologic similarities between DIOS and MI have
uggested a common cause.8,9,46 However, our concordance
nalysis suggests that MI and DIOS are caused by different
odifying factors. At present, the complexity of covariate anal-

sis is limited by the number of patients in the study; more
xhaustive evaluation of possible covariates of MI and of DIOS
ill be performed when recruitment for the CF Twin and
ibling Study has been completed.

Genome-wide linkage analyses did not identify a single ma-
or locus for MI, although we had ample power as indicated by
he significant LOD scores obtained for the region encompass-
ng CFTR. Instead, multiple loci with LOD scores suggestive of
inkage were identified, in agreement with expectations from
ibling recurrence risks (described earlier). Although it is clear
hat the data support a polygenic origin for MI, further studies
re required to determine whether the identified loci contain
odifier genes for MI. Of note, the peak on chromosome 11q25

s in a region of conserved synteny with a segment of mouse
hromosome 9 associated with intestinal obstruction in a CF
ouse model.49 Two additional points are worth noting. First,

he high density map composed of SNP markers localized CFTR
n chromosome 7 with a substantially higher LOD score and
etter defined peak of linkage than the coarse map composed of
TR markers. This pattern is expected for a linkage region
ontaining a bona fide trait-causing gene. Although the high-
ensity map showed lower odds of linkage than the STR map
or chromosomes 8p23.1 and 11q25, it did increase for a region
n chromosome 4 that had an LOD score in the coarse STR
ap that did not exceed the threshold of suggestive linkage

LOD � 2.0).50 The LOD score for chromosome 4q35.1 was
nhanced further when linkage analysis was restricted to �F508
omozygotes despite a reduction in the number of pairs ana-

yzed from 26 to 20. The latter behavior is consistent with
vidence that CFTR genotype influences risk of developing MI.
nder this circumstance, one would predict that restricting

inkage analysis to patients bearing high-risk CFTR genotypes
hould optimize the power to detect MI modifier genes. Second,

m Genome-Wide STR and SNP Linkage Analyses of Patients

SNP markers

cM (deCODE) All �F508/�F508

n � 26 n � 20
123.559–124.152 6.96 5.09
18.065–22.332 1.40 0.90

134.172–135.623 1.52 1.76
193.7–201.4 1.96 2.42

zygotes (�F508/�F508); n refers to the number of pairs.
Fro

08
e were unable to detect the previously reported linkage of MI
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October 2006 CYSTIC FIBROSIS INTESTINAL MODIFIERS 1037
o a locus on chromosome 19q13.17 The power to detect linkage
o a single locus in the previous study at an � value of 0.05 was
8%, 35%, and 58% under a recessive, additive, or dominant
odel, respectively. The power of this study to detect linkage at

he same � value was 92% under a recessive model, 56% under
n additive model, and 80% under a dominant model. Further-
ore, removal of unambiguously unlinked sibling pairs from

he analysis did not expose linkage disguised by locus hetero-
eneity. There are several possible reasons for the difference
etween our result and that of Zielenski et al.17 MI may be the
onsequence of multiple modifier genes as suggested by studies
f the CF mouse,16,49 and the results of the linkage scans

igure 2. Linkage peaks identified in patients concordant for the
bsence of MI. Shown are multipoint nonparametric LOD scores for

inkage using the STR map in 282 pairs with all CFTR genotypes in-
luded (Œ) and in the subset of 128 pairs without MI and homozygous
or �F508 (�). The CFTR gene location on chromosome 7 is marked by
he bar. For comparison of peak widths, 80-cM width is shown for each
hromosome.
resented here. Differences in the stratification of the sibling m
opulations including differences in CFTR genotype prevalence
ay have exposed a modifier gene of minor effect on chromo-

ome 19 in the initial study but not in the current study.
inally, the diagnosis of MI involves subjective criteria that may
ave led to differences in the phenotyping of the MI popula-
ions in each study.

In summary, we have used the classic twin design to estimate
he contribution of genetic and nongenetic modifiers to a
ell-known recognized complication of CF. Demonstration

hat genetic modifiers contribute substantially to MI justifies
fforts to identify MI modifier genes by virtue of their location.
vidence that CFTR genotype contributes to MI risk emphasizes

he importance of considering this variable in future modifier
tudies of MI. Our results indicating that MI is polygenic will
id in the design of future searches for modifier genes respon-
ible for this intestinal complication.

igure 3. Linkage analysis of the chromosome 19q13 region en-
ompassing the CFM1 locus. (A) Entire chromosome 19, (B) the CFM1
egion at chromosome 19q13. Shown are linkage results from the ge-
ome-wide STR map (Œ), the genome-wide SNP map (�), and the
hromosome 19–specific map of 7 STR markers (�), which includes 5
TR markers used in a prior study of MI17 and 2 additional STR markers

at 48.1 and 49 Mb). The region from 48–56 Mb encompasses 2 of the
arshfield STR markers, the 7 STR marker map, and 165 of the SNP

arkers. The location of CFM1 is indicated by the bar.
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