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GENETIC AND PHYSIOLOGIC CORRELATES OF LONGITUDINAL
IMMUNOREACTIVE TRYPSINOGEN DECLINE IN INFANTS WITH CYSTIC

FIBROSIS IDENTIFIED THROUGH NEWBORN SCREENING

MARCI K. SONTAG, PHD, MARY COREY, PHD, JOHN E. HOKANSON, PHD, JULIE A. MARSHALL, PHD, STEVE S. SOMMER, MD, PHD,
GARY O. ZERBE, PHD, FRANK J. ACCURSO, MD

bjectives To characterize the time course and physiologic significance of decline in serum immunoreactive trypsinogen
IRT) levels in infants with cystic fibrosis (CF) by mode of diagnosis and genotype, and to examine IRT heritability.

tudy design We studied longitudinal IRT measurements in 317 children with CF. We developed statistical models to
escribe IRT decline. Pancreatic disease severity (Mild or Severe) was assigned using CF genotype and was confirmed in 47

nfants through fat malabsorption studies.

esults Infants with severe disease exhibited IRT decline with non-detectable levels typically seen by 5 years of age. Infants
ith mild disease exhibited a decline in the first 2 years, asymptomatically approaching a level greater than published norms.

RT and fecal fat were inversely correlated. IRT values in infants with meconium ileus (MI) were significantly lower than
ewborn-screened infants at birth. The high proportion of shared variation in predicted IRT values among sibling pairs with
evere disease suggests that IRT is heritable.

onclusions IRT declines characteristically in infants with CF. Lower IRT values in newborns with MI suggest increased
ancreatic injury. Furthermore, IRT is heritable among patients with severe disease suggesting genetic modifiers of early
F pancreatic injury. This study demonstrates heritability of a statistically modeled quantitative phenotype.
J Pediatr 2006;149:650-7)

erum immunoreactive trypsinogen (IRT), a pancreatic enzyme precursor, is
elevated in the blood of infants with cystic fibrosis (CF),1 leading to its
widespread use in CF newborn screening (NBS) programs. IRT has been

tudied in conventionally diagnosed children and adults with CF,2 but it has never
een studied in a newborn-screened population using longitudinal data from birth
hrough childhood. Longitudinal description of IRT levels in early CF may provide
nsight into the evolution of pancreatic injury in CF in a variety of clinical settings.
or example, the rate of decline of IRT may relate to the severity of pancreatic disease.
n addition, demonstration that IRT decline is a heritable trait would suggest the
xistence of gene modifiers of exocrine pancreatic injury in CF. Our primary objective
as to characterize the time course and physiologic significance of IRT decline in

nfants with CF, and to determine if IRT elevation or decline is heritable. To explore
he relationship between early pancreatic disease in CF and IRT time course, we
xamined serial IRT determinations in a large group of infants with CF, by mode of
iagnosis (NBS vs meconium ileus [MI] vs false-negatives [FNs]), by CF genotype,
nd by pancreatic disease severity. The physiologic significance of elevated IRT was
xamined through fat malabsorption studies. Potential predictors of IRT decline were
xamined including sex, birth weight, gestational age, feeding method in infancy
breast vs formula), and pancreatic enzyme use. Finally, we assessed heritability, the

F Cystic fibrosis
FTR Cystic Fibrosis Transmembrane Conductance

Regulator
N False-negative
AZ Height for age Z score

MI Meconium ileus
NBS Newborn screening
PI Pancreatic insufficient
PS Pancreatic sufficient
WAZ Weight for age Z score
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roportion of the total variation of IRT levels that could be
xplained by genetics, through examination of sibling pairs.

METHODS

tudy Population
Children born in Colorado between 1982 and 2003 and

iagnosed with CF through a statewide NBS program were
ligible for this study. Each infant with two elevated IRTs was
dentified, and appropriate diagnostic testing was performed.
f the infant had a positive sweat test, care in the CF Center
as initiated; these children were diagnosed by NBS. In

ddition, infants who were FN on the newborn-screen and
hildren with MI born in Colorado in the same time period
ere also eligible for the study. The MI and FN groups were
utually exclusive. NBS for CF began as a research program

n 1982 and was added to the state panel for screening in
987. This longitudinal study was performed under the ap-
roval of the Institutional Review Board, starting in 1982 and
ontinuing through 2003. Consent was obtained from parents
r legal guardians of each participating child at the child’s
nnual CF examination.

RT Determination
As one component of the state-mandated newborn-

creen in Colorado, all infants are screened for CF, using a
wo-tiered IRT-based screen. The first IRT level is collected
efore discharge from the hospital (currently 2-3 days of life,
istorically 1-2 days of life), and the IRT level is collected at
he 2-week well-baby check recommended for all babies. In
982 when CF NBS was first introduced in Colorado as a
esearch program,3 a modified radioimmunoassay (Trypsik,
orin Biomedica, Saluggia, Italy) was used to determine IRT

evels. When the State Laboratory assumed responsibility of
F screening in 1985, the assay changed to a time-resolved
uorimetric immunoassay (DELFIA, Neometrics Inc., East
orthport, NY) and in 1994 the assay changed again to

nother manufactured kit (DELFIA, Perkin Elmer Inc., Bos-
on, Mass). The NBS cutoff values have been described
lsewhere.3,4

Children diagnosed with CF were offered the oppor-
unity to enroll into a longitudinal study of disease progres-
ion in CF. As a part of that study, IRT determinations were
ollected at 2, 6, and 12 months, and yearly thereafter. IRT
evels were determined by a modified radioimmunoassay
Trypsik, Diasorin Biomedica, Saluggia, Italy), and the man-
facturer’s reference ranges were used.

The Trypsik and DELFIA assays measure different
omponents of trypsinogen. The DELFIA method measures
oth cationic and anionic forms of trypsinogen. The Trypsik
ethod measures only the cationic form of trypsinogen. This

ifference required separate statistical models for the new-
orn-screen and research IRTs. The earliest points (from the
BS lab) were not included in the overall model because of

he assay differences between the two laboratories. Unless

therwise stated, all IRT models represent the research IRTs d

enetic And Physiologic Correlates Of Longitudinal Immunoreactive Try
dentified Through Newborn Screening
Trypsik, 2 months of age to 21 years of age). The earliest
RT determinations do not influence the overall IRT decline
odels.

weat Chloride
Sweat tests performed according to the Gibson-Cooke

uantitative pilocarpine iontophoresis method were utilized
or the analysis. If more than one sweat chloride was available,
he highest sweat chloride was chosen.

nthropometric and Serum Vitamin Assessments
Annual height, weight, and laboratory values including

itamin levels were collected on each child. Height for age Z
cores (HAZ) and weight for age Z scores (WAZ) were
alculated using the 2000 CDC growth charts,5 and the
easurement of serum vitamin levels have been previously

escribed.6

NA Analysis
Molecular analysis of the Cystic Fibrosis Transmem-

rane Conductance Regulator (CFTR) gene was initially per-
ormed through commercial labs (Genzyme Genetics, Ambry
enetics, University of Colorado Health Sciences Center
olecular Genetics Lab). Broader genetic screening was per-

ormed on some children. The whole coding region and
ntronic boundaries of the CFTR gene were analyzed using

OVAM-S (Detection of Virtually all Mutations – SSCP), a
obotically enhanced highly multiplexed form of SSCP that
etects virtually all mutations, as demonstrated in multiple
linded analyses.7,8

ecal Fat Determination
A subset of children underwent fecal fat measurements

t approximately 2, 6, 12, and 24 months of age at the same
ime as their IRT determinations. Percent fat excreted was
etermined through a 72-hour stool collection at the inpa-
ient Pediatric General Clinical Research Center as previously
escribed.9 Fat intake was carefully monitored and fat excre-
ion was analyzed using the methods of Van de Kamer et al10

nd was expressed as a percentage of fat malabsorption (grams
f fecal fat/grams of fat intake). Stool was analyzed for total
at, medium chain fatty acids, and long chain fatty acids by a
odified method of Jeejeebhoy et al.11

everity of Disease
Persons with CF are classified as pancreatic sufficient

PS) or pancreatic insufficient (PI), based on fecal fat. This
lassification has been shown to typically be determined by
FTR genotype12 Patients with at least one mutation from
lass IV or V mutation typically have “mild” pancreatic
isease and typically have PS. Patients with two mutations
rom Class I, II, or III typically have “severe” pancreatic
isease and are classified as PI.13 Pancreatic insufficiency

evelops over time, typically resulting in pancreatic insuffi-

psinogen Decline In Infants With Cystic Fibrosis
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iency in the first 2 years of life.9 Persons with PS initially
ay develop PI with age; however, children who develop PI

ave similar IRT decline patterns as those who have PI from
arly infancy.2 We have assigned a mild or severe classification
ased on a literature review and commonly reported pheno-
ypes in the literature. This assignation correlates well with
ancreatic status, but it is not exact. We are using this method
o divide subjects based on pancreatic disease severity, recog-
izing the limitations. Disease severity was assigned based on
linical presentation (evidence of malabsorption, stool pat-
erns, malnutrition, and albumin) for patients who had a
utation that has not been classified into one of the above

lasses.

tatistical Analysis
The initial elevated IRT at screening and the change

decline) in IRT values with age in persons with CF were the
ocus of the analysis. In addition, we tested the following
ariables as potential covariates in the analysis: presence of MI
t birth, sex, sweat chloride, birth weight, gestational age,
eeding method, and pancreatic enzyme use in infancy. T tests
ere used to determine differences between diagnostic cate-
ories at each age. To determine variability of IRT in the
ewborn period, we employed a linear test for trend assessing
he first IRT determination from infants in the first 4 days of
ife before hospital discharge. SAS version 8.02 (SAS Insti-
ute, Carey, NC) was used for all analyses.

A longitudinal mixed effects approach was used to
odel IRT decline with age, accounting for repeated mea-

ures on the same subject, and allowing for subject-specific
lopes and intercepts. We defined the quantitative phenotype
s the patient-specific lines calculated through the model. An
nstructured covariance structure was implemented, assuming
bivariate normal distribution for the random intercept and

lope.
Longitudinal IRT was best modeled using a log10 trans-

ormation of IRT and hyperbolic transformation of age. Fol-
owing Couper et al,2 we tested the basic mixed model with
he form: loglRTij � Ai � BiWij � eij, where Wij �

1

geij��
, IRTij and Ageij are the IRT and Age for subject i at

he jth time of measurement and Ai and Bi are random effects,
atient-specific intercepts, and slopes for subject i, and � is a
hift on the age axis that optimizes the fit. The slope from this
odel is in terms of W, rather than age. The slope varies with

ge and can be calculated as follows: �/(age��)2. Some of the
RT values in the newborn period �400 ng/mL were re-
orted as 400ng/mL, and values from children that were
elow the limit of detection were reported as �5ng/mL. The
alue of 400ng/mL is sufficient information for the purposes
f NBS where the goal is to identify infants with elevated IRT
alues. In older children with CF, IRT levels are frequently
elow the lower limit of detection of the assay (5ng/mL),
ikely because there is little functioning exocrine pancreas that

an produce IRT. (

52 Sontag et al
To use the information from these censored values, we
aximized the likelihood modified for the censored data,

sing the cumulative density function similar to typical meth-
ds used in survival analysis.14,15 For each subject, the con-
ribution to the likelihood is a product of probability density
unctions for observed outcomes and cumulative density func-
ions for censored outcomes, given the observed outcomes.
he appropriate likelihood is:

�ij � �
F(IRTij�aibi)if IRT is left censored

F(IRTij�aibi)if IRT is not censored

1 � F(IRTij�aibi)if IRT is right censored

here f is the normal probability density function and F is the
ormal cumulative density function of IRT, conditional on
he random effects, ai and bi, which are assumed to have a
ivariate normal distribution.

The IRT decline models were calculated separately for
pecific groups, based on disease severity determined by
FTR genotype and presence of MI at birth. The overall
odel for children with severe disease was determined with

ll children with a severe genotype (Table I; available at
ww.jpeds.com). All of the children with unknown genotype

33 with one unidentified mutation and 39 without genotyp-
ng) were excluded from the disease severity model. Covari-
tes were tested individually in the model using a likelihood
atio test (�2 test, � � 0.05). Both the main effect and an
nteraction term were tested in the model, allowing tests of

odifier effects on both the slope and the intercept. If inter-
ction terms were not significant in the model, the term was
emoved and only the main effect remained in the model.

Heritability, the proportion of variation that can be
ttributed to shared genetics in predicted IRT values among
ibling pairs, was approximated through calculation of the
ntraclass correlation for sibling pairs. Heritability was defined
y the ratio of the variance attributable to genetic variation to
he overall variance as follows:

	 �

S

2


S
2 � 
P

2 ,

here 
S
2 is the calculated variance between siblings and 
P

2 is
he calculated variance between subjects within the same
ibling pair. Approximate 95% confidence intervals were cal-
ulated using the delta method. The quantitative phenotype
or each patient was extracted from the mixed modeling
escribed above. Specifically, we used the patient specific
lope on age, and the predicted IRT values at 2 months, 6
onths, and 12 months, and yearly thereafter for each person.
eritability was calculated for siblings with severe disease; not

nough siblings with mild disease were available to calculate
eritability.

RESULTS
IRT measurements were available for 317 children with

F who were born in Colorado since the inception of NBS

April 1, 1982) through January 1, 2003, with a total of 2264
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bservations (median 6, range: 1-16 per child). Length of
ollow-up varied from 2 days to 21 years, with a mean fol-
ow-up of 7.1 years. IRT measurements were determined at
ach annual visit, on or around the child’s birthday. The mean
alues (original IRT value, not predicted values) at each year
f age within different diagnostic and disease severity cate-
ories are presented in Figure 1. Diagnostic information,
isease severity status, and total number of observations for
he children are shown in Table II. The CFTR mutations
ound in our patient population and their assignation as severe
r mild are presented in Table I. Three children died before
ompletion of the study; all three of the children had IRT
evels below the lower limit of detection before their deaths.

We investigated markers of malnutrition to support our
ssignation of children into mild and severe categories. At 6
ears of age both HAZ and WAZ were significantly higher (P

.03) in the group with mild disease (HAZ 0.17 � 0.09,
AZ 0.00 � 0.25) than in the group with severe disease

HAZ �0.549 � 0.09, WAZ �0.65 � 0.08). In addition, at
years 25-hydroxyvitamin D was significantly higher in the

hildren with mild disease (46.0 � 3.1 ng/mL) compared
ith the children with severe disease (35.0 � 1.9 ng/mL). We
id not find differences in serum retinol or the ratio of
-tocopherol to total lipids.

isease Severity and Meconium Ileus
IRT decline is more rapid in patients with severe disease

ompared with patients with mild disease. The IRT decline
odels are displayed in Figure 2 (available at www.jpeds.com).
he modeled intercept was different between infants with MI

igure 1. Mean IRT determinations (� standard error) presented at each
enotype) compared with severe. B, meconium ileus (MI) versus newborn-s
hildren versus compound heterozygotes. D, Infants who were false-negativ
creening (NBS). *P � .05; **P � .01.
nd severe disease. Infants with MI had lower IRT levels in each t

enetic And Physiologic Correlates Of Longitudinal Immunoreactive Try
dentified Through Newborn Screening
f the first 4 days of life than the NBS infants (P � .01) (Figure
; available at www.jpeds.com). The differences between each
ay of collection (Day 0 vs Day 1, Day 1 vs Day 2, etc.) declined
lightly but were not statistically significant (NBS P � .9,

I P � .51). No statistical difference was detectable between
he IRT decline model in the groups with severe disease and MI.
he groups with MI and severe disease were combined for the
verall model.

The final models of IRT decline were:
Severe: log10(IRT) � �2.35 � 46.8/(9.38�age), and
Mild: log10(IRT) � 1.45 � 2.23/(2.29�age).

omparison of the final model in children with PI from our
ata set to the final model presented by Couper et al2 with the
oronto data are also presented in Figure 2, A.

nfants Who Were False-Negative on the
ewborn Screen

IRT values were lower in the newborn period in infants
ith a FN, and the overall pattern of IRT decline reflected

ower IRT levels throughout the first 2 years of life than in
nfants who were identified by the screen (Figure 1, D).

otential Predictors of IRT Decline
Covariates suspected to be predictors of IRT initial

levation and subsequent decline (sex, birth weight, sweat
hloride, birth length, gestational age, breast-feeding vs for-
ula, and age of pancreatic enzyme therapy initiation) were

ested in the final models of IRT decline. Only the timing of
ancreatic enzyme therapy initiation made a significant con-

f age (original data, not predicted values). A, disease severity, mild (by
d diagnosis. C, children with severe mutations: homozygous �F508
) on the newborn-screen (non-MI) versus those identified by newborn
year o
creene
e (FN
ribution in the longitudinal model using the IRTs from 2

psinogen Decline In Infants With Cystic Fibrosis
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onths to 21 years of age, such that earlier enzyme therapy
as associated with higher IRT (main effect P � .032),

lthough not associated with a more rapid decline (interaction
erm not-significant). To further investigate this association,
e tested the timing of pancreatic enzyme therapy initiation
ith IRT level using only values from the neonatal-screen

before 2 months of age). The IRT values in the neonatal-
creen were collected as a part of the diagnostic process, and
hey were collected before the initiation of pancreatic enzyme
herapy. We again found a significant negative association
etween IRT values in the neonatal period and the age of
ancreatic enzyme therapy initiation (main effect P � .01),
lthough the age of pancreatic enzyme therapy initiation was
ot associated with a more rapid decline (interaction term
ot-significant).

eritability
To determine the proportion of variability in IRT ele-

ation and decline that might be caused by shared genetics,
e calculated heritability of the subject-specific slope and
redicted values at specific ages and the overall slope in 23
ibling pairs with severe genotypes. The highest heritability
oefficient for the predicted values was observed at 2 months

able II. Patient diagnostic categories and
haracteristics.

Patient categories
Patients

(measurements)

otal number of children studied 317 (2264)
Meconium ileus 45 (258)
False-negatives 11 (90)
enotype known
2 Severe mutations 222 (1668)
�1 Mild mutation 21 (200)
enotype unknown
�1 Unidentified mutation 33 (245)
Never genotyped 39 (141)
Clinically determined pancreatic

sufficiency
2 (10)

Patient characteristics

Outcome (n � number
of patients with

characteristic recorded)

ex (male, %) 162 (51%)
estational age, (wk) 38.7 � 2.6 (n � 250)
irth weight (kg) 3.0 � 0.3 (n � 265)
reast-fed after birth (yes, %) 145; 79% (n � 183)
onths breast-fed (any) 6.7 � 0.53 (n � 144)
ge formula started (wk) 1.9 � 0.4 (n � 112)
ge at pancreatic enzyme
initiation (d)

3.7 � 1.4 (n � 176)

ge at introduction of solid
foods (mo)

6.0 � 0.3 (n � 175)

or modeling purposes, two children with unknown genotype but with known pancre-
tic sufficiency, demonstrated clinically, were included in the group with mild disease.

ean � standard error, unless otherwise indicated.
f age (51%, 95% CI 13%-90%), with significant heritability a

54 Sontag et al
lso observed at 6 months of age (45%, 95% CI 3%-87%).
eritability of predicted values at older ages and the overall

lope were not significant. Two families with multiple chil-
ren were not included in this analysis because they had mild
isease.

elationship of IRT to Fat Malabsorption
IRT levels inversely correlate with degree of malabsorp-

ion in initially hypertrypsinogenemic pancreatic insufficient
hildren with CF. Results from 117 fecal fat balance tests and
oncurrent IRT determinations were available for 46 subjects,
nd 42 of those children also had genotype information avail-
ble. Figure 4 shows the inverse correlation of IRT and fecal
at, the increase of mean percent fat excretion, and the de-
rease of mean IRT levels with age over the first 2 years of life
n children with severe and mild disease, although the pat-
erns in children with severe disease are more pronounced.
RT levels between subjects with mild and severe disease are
ot distinguishable in the first year of life, whereas the sig-
ificant difference in fecal fat excretion increases with age.

DISCUSSION
This study represents a longitudinal model of IRT

ecline in children with CF in a newborn-screened popula-
ion, reflecting progressive pancreatic damage throughout
hildhood. Using a large collection of longitudinal IRT data
n children, we were able to very carefully characterize the rate
f decline in children with CF starting in the newborn period
nd continuing throughout childhood. The interpretation of
RT values and decline provides insight into the degree of
ancreatic damage and remaining functioning exocrine pan-
reatic tissue in young children with CF. IRT is useful clin-
cally in NBS. Beyond the neonatal period, serial measure-

ents of IRT may be useful to corroborate clinical
mpressions of pancreatic sufficiency or insufficiency. More
mportantly, however, IRT may be useful as a surrogate
utcome measure for clinical trials aimed at CFTR potenti-

igure 4. Mean and standard error for IRT and percent fat excreted are
nversely correlated in both subjects with pancreatic sufficiency and
ancreatic insufficiency. Values are plotted for 2-, 6-, 12-, and 24-month
isits, corresponding to the child’s age (numbers next to points represent
onths of age at time of measurement). Only one patient with mild

isease was observed at 24 months, therefore standard errors were not
alculated.
tion or correction performed early in life. We defined pa-

The Journal of Pediatrics • November 2006
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ient-specific rates of decline, which may be more meaningful
linically than instantaneous IRT determinations, and which
ay provide a model for comparisons between patients. A

aster rate of decline may reflect more severe pancreatic dam-
ge. We found different rates of decline in children with mild
nd severe disease and confirmed our previously published
eport of differences in the initial elevation of IRT between
nfants with PI and infants with MI in a larger population.16

The differences in modeled IRT decline between the
atients with mild and severe disease has been seen by other
nvestigators in PS and PI.2 Children who have PS are known
o have IRT levels that are elevated or within the normal
ange throughout childhood, corresponding to some func-
ional pancreatic tissue.2,17,18 Children who have severe dis-
ase have rapidly declining IRT levels, compared with the
hildren with mild disease, and on average have IRT levels
ess than the lower limit of detection by 5 years of age,
eflecting complete loss of pancreatic function. Our results
onfirm previous findings, and they show a different IRT
ecline model in infancy and childhood for the groups with
ild and severe disease. Although we defined disease severity

ased on CFTR genotype, which correlates well with pan-
reatic status, it is not exact. To confirm these assignments,
e were able to show clinically important correlations be-

ween disease severity assignment and vitamin D levels,
AZ, WAZ, and fecal fat studies. Furthermore, fecal fat

xcretion correlated well with disease severity. The relation-
hip between IRT and percent of fat excreted demonstrates
he clinical relevance of IRTs in infants and toddlers with CF.

Two important findings are presented here. First, IRT
eterminations are not sufficient to identify differences be-
ween infants with mild and severe disease through the first
ear of life. Pancreatic damage is occurring in both groups,
eading to elevated IRTs in both children with mild and
evere disease. This finding supports the use of IRT as a
creening tool in neonatal screening programs and confirms
hat both infants with PS and PI can be identified through
RT determinations in infancy. The identification of infants
ith mild disease, typically pancreatic sufficient, through the
ewborn-screen has been the topic of much debate. We very
trongly support the identification and early treatment of
hese infants. Children classified with PS initially may de-
elop pancreatic insufficiency,2 and they should be monitored
or signs of malnutrition. In addition, all infants (both with
ild and severe disease) are at risk for hypoelectrolytemia and

equire salt supplementation to avoid complications of severe
ehydration.19 Within the past decade we have followed two

nfants with mild genotypes, and clinically confirmed pancre-
tic sufficiency, who suffered from severe hypoelectrolytemia.

ithout the careful attention provided by the CF Center
hese infants could have developed severe complications.

Second, the percent of fat excreted increases in both
nfants with mild and severe disease with increasing age;
owever, patients with severe disease have significantly higher
ercent of fat excreted than patients with mild disease at all

ges. Infants who have severe disease (as defined by genotype) p

enetic And Physiologic Correlates Of Longitudinal Immunoreactive Try
dentified Through Newborn Screening
ay not require pancreatic enzyme supplementation at diag-
osis through newborn-screen, but they may develop pancre-
tic insufficiency as they progress through infancy.9,20

Children with MI are known to have lower IRT levels
n infancy, when compared with infants with CF without

I.16 Our models show a higher intercept for the infants
ithout MI; however, the subsequent rates of decline are

imilar. This may reflect more severe fetal pancreatic damage
n infants with MI, resulting in more severe gastrointestinal

anifestations at birth. Conversely this could reflect less pan-
reatic injury in infants with MI. However, given the lower
ntercept and no subsequent spikes of IRT in patients with

I, we hypothesize the pancreatic damage occurred in utero
nd is more severe in infants with MI at birth. The progres-
ion of pancreatic disease through childhood is similar be-
ween infants with MI and NBS as reflected by parallel rates
f IRT decline between the two groups.

The other “negative” findings within this study are
qually important. We have demonstrated that IRT initial
levation and decline is not predicted by sex, birth weight,
weat chloride, gestational age, or feeding method. Our data
how that early pancreatic damage is not affected by sex, a
ell-described predictor of survival in CF, that is thought to
e associated with microbiologic colonization, pulmonary
unction, and nutritional status.21 The lack of association
etween IRT and birth weight and gestational age suggests
hat IRT values may be determined more by CFTR muta-
ions and other genetic modifiers than by perinatal factors.
weat chloride values are associated with CFTR mutation
lass22; however, we were not able to demonstrate an associ-
tion between sweat chloride and early pancreatic injury as
easured through IRT levels. This is consistent with the

nability to detect a difference in IRT levels in the first 2 years
etween patients mild and severe forms of the disease, al-
hough sweat chloride concentrations are often lower in pa-
ients with mild disease than in patients with severe disease.
inally, the early nutrition of infants with CF is critically

mportant, and we have found that the choice to breast or
ottle feed does not influence the rate of pancreatic damage,
s measured by IRT levels.

We had hypothesized that earlier treatment with pan-
reatic enzyme therapy might affect IRT levels either through
feedback mechanism to the pancreas, or because assays may
ot measure IRT accurately in the presence of enzyme sup-
lementation. The assay used by the research lab measured
nly cationic trypsinogen, which does not appear to be af-
ected by enzyme supplementation,23 and the measurements
n the newborn period were taken before the initiation of
ancreatic enzymes, therefore avoiding the interaction prob-

em. We found higher IRTs were associated with earlier
nzyme introduction, in both modeled IRTs from the new-
orn period and from the older child. We conclude from this
hat initial IRT elevation must reflect more severe pancreatic
isease. Infants with higher IRTs may have presented with
ore signs and symptoms of malabsorption, which may have
rompted the clinicians to initiate earlier pancreatic enzyme
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upplementation. This finding provides new insight into the
ignificance of IRT as a biochemical marker of pancreatic
isease in infancy and supports our conclusion that the IRT
eterminations are not subject to the environmental effect of
nzyme supplementation. This knowledge may provide tar-
ets for therapeutic intervention with agents that have CFTR
ctivity, and a specific population in which to initiate the
ntervention, which may help to slow pancreatic destruction
nd may even help to preserve pancreatic function. Small
olecules that potentiate CFTR activity at the surface of cells

r that correct �F508 trafficking through the endoplasmic
eticulum are being developed. These molecules, if applied
arly, may preserve pancreatic function.24,25

The similarity of pancreatic disease among siblings with
F has long been known,26 and has been believed to be the
nderlying CF genotype. We identified similarities in IRT
ecline between individual siblings that have not previously
een described that point to additional genetic factors, spe-
ifically modifier genes. If modifier genes that affect IRT
ecline can be identified, they may provide better understand-

ng of the underlying pathophysiology of CF pancreatic dis-
ase and may point to modifiers of CF lung disease. Because
iblings also have a shared environment, it is possible this
igher heritability may also be because of environmental
ffects. However, the pancreas is not susceptible to many
nvironmental factors, and the heritability was seen in in-
ancy, so there is a small window of time for environmental
actors to have affected the pancreas.

Comparison of our model to the model of IRT decline
eveloped by Couper et al2 raises several interesting points
Figure 2, A). The intercept in our model is higher than
ouper et al’s intercept. Couper et al’s data are from children

nd adults with CF who presented clinically; our data are
rom children who were identified in infancy by NBS or MI.
ouper et al’s model is, therefore, unable to accurately de-

cribe the initial IRT elevation in infancy, the time when IRT
s most dramatically elevated. Couper et al’s data also has IRT
alues well into adulthood, with actual values reported �5ng/
L; our data were censored and all values �5ng/mL were

eported as 5ng/mL. This has two important implications.
irst, Couper et al’s data may more accurately describe the
ctual rate of decline at the low range in adolescents and
oung adults because IRT determinations were available on
any more persons. However, the values reported by Couper

t al �5 ng/mL may test the accuracy of the assay in the
xtreme low values. Second, the IRT determinations from the
ersons �18 years of age in Couper et al’s data may be
nfluenced by a survivor effect. Although the relationship
etween severity of lung disease and pancreatic disease is not
ell understood, it can be hypothesized that the adults in
ouper et al’s data may have survived because of milder lung
isease, and the milder lung disease may also reflect milder
ancreatic disease. This survivor effect may explain the slower
ecline and higher value at 15 years of age compared with our
odel.
We used longitudinal data collected over the lifetime of 1

56 Sontag et al
he child to characterize IRT decline, and we used the modeled
lopes and intercepts as a quantitative phenotype. This study
emonstrates heritability of a statistically modeled quantitative
henotype. Modeling quantitative phenotypes in this manner
ay help to define phenotypes in other chronic diseases and may

oint to phenotypes that are subject to modifier effects. Describ-
ng the rate of decline in IRT in children with CF, and that it is
eritable, have important implications for future research and
ay provide an opportunity for therapy to prevent or halt future

amage. The slower decline in some children may reflect other
iologic or environmental processes that may affect the rate of
ecline and the rate of complete pancreatic destruction. Under-
tanding the determinants of pancreatic destruction through our
iochemical marker of IRT decline may provide opportunities
or new therapies. We have shown that several suspected risk
actors including sex, birth weight, gestational age, and feeding
ethod in infancy did not influence IRT decline in our popu-

ation. In addition, among siblings with CF, we have shown that
RT slope and the predicted value of IRT at specific ages are
eritable. These findings point to a potential role for gene
odifiers in early CF-related pancreatic disease.
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Table 1. Classification of CFTR mutations as typically severe or mild in the patient population. Patients
were considered to have mild disease with one or more mild mutations. References suggesting severity of
mutation are presented.

Severe Mild

Mutation Allele Frequency Percent Mutation Allele Frequency Percent

�F50827,28 397 71.27 R117H12 4 0.72
G542X12 21 3.77 R347P12 4 0.72
R553X12,29 10 1.80 2789�5G�A30 3 0.54
621�1G�T12 9 1.62 A455E12 2 0.36
G551D12 8 1.44 G85E31 2 0.36
N1303K32 6 1.08 D110H33 1 0.18
W1282X12 6 1.08 D1270N34 1 0.18
�I50712 4 0.72 G551S35 1 0.18
R1162X32 4 0.72 I336K36 1 0.18
1898�1G�A37* 3 0.54 P67L37 1 0.18
3905insT29 3 0.54 R117C37 1 0.18
Q493X12 2 0.36 R334W12 1 0.18
R1158X38,39 2 0.36
394delTT40 2 0.36
663delT41 2 0.36
1717�1G�A12 2 0.36
2143delT42 2 0.36
G178R43 1 0.18
Q1382X37* 1 0.18
Q2X37* 1 0.18
R560T12 1 0.18
V520F12 1 0.18
W1089X44 1 0.18
394deITT37,45 1 0.18
406�1G��A37,46 1 0.18
1154InsTC47 1 0.18
1213delT* 1 0.18
1898�5G�T37* 1 0.18
2183AA-G48 1 0.18
2183delAA*37 1 0.18
2184insA48 1 0.18
3349insT*‡ 1 0.18
3659delC12 1 0.18

Not identified 36 6.46

*Clinically determined pancreatic status.
‡Novel mutation.

657.e1 Sontag et al The Journal of Pediatrics • November 2006



Figure 2. Log IRT declines in a predictable manner in children with CF. Longitudinal IRT levels on individual children are represented and overall
predicted model for IRT decline. A, Subjects with severe disease (dashed line), with Couper et al’s model overlaid (solid line). B, Infants with meconium
ileus (MI). C, Subjects with pancreatic sufficiency. Longitudinal mixed effects modeling with likelihood modified for censored values was used to develop
the statistical decline models.

Figure 3. IRT levels are lower in infants with meconium ileus (MI) but
do not show significant variability day to day. Measurements on different
infants with CF on each of the first 4 days of life demonstrate that infants
with MI have lower IRT levels than infants without MI (P �.01).
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