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Summary

Objective—The clinical benefit of newborn screening (NBS) for cystic fibrosis (CF) has been
primarily nutritional, with less overt respiratory impact. Identification of risk factors for infant CF
lung disease could facilitate targeted interventions to improve pulmonary outcomes.

Methods—This retrospective study evaluated socioeconomic information, clinical data, and
results from routine infant pulmonary function testing (iPFT) of infants diagnosed with CF
through NBS (N = 43) at a single CF center over a 4-year period (2008-2012). A five-item
composite clinical score was developed and combined with socioeconomic indicators to facilitate
identification of CF infants at increased risk of early-onset respiratory impairment.

Results—Paternal education was positively associated with lung function (£ = 0.02). Clinical
score <7 (on a scale of 0-10) predicted diminished pulmonary measure (P < 0.005). Retrospective
risk stratification by clinical score and paternal education identified CF infants at low,
intermediate, or high risk of pulmonary disease. Forced expiratory volume (FEV( 5%, mean + SD)
averaged 115 + 19% in the low-risk group, 97 + 17% in the intermediate-risk group, and 90 + 8%
in the high-risk group (P < 0.005). Results were similar for mid-expiratory flows (FEF;5_75%).
Multiple regression analysis confirmed the predictive value of this risk stratification model of CF
infant pulmonary health.

Conclusion—We combined socioeconomic and clinical data to risk-stratify CF infants for early-
onset lung disease as quantified by iPFT. Our model showed significant differences in infant
pulmonary function across risk groups. The developed tool offers an easily available, inexpensive,
and non-invasive way to assess risk of respiratory decline in CF infants and identify those meriting
targeted therapeutic attention.
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INTRODUCTION

Newborn screening (NBS) for cystic fibrosis (CF) has been linked primarily to improved
nutritional outcomes.1=3 The impact of NBS on lung function measures in CF infants and
toddlers is less established.28

Lung disease continues to be common in CF infants as assessed by chest computed
tomography (CT),” lung physiology,® and airway infection.”~12 Currently, there is a lack of
risk-prediction tools, and it is difficult to identify infants at increased risk for pulmonary
decline who may benefit from intensified therapeutic intervention.13 An association of
Pseudomonas aeruginosa (PsA) infection with accelerated disease progression has been
reported in older children and adults with CF,1415 and early acquisition of PsA may be a risk
factor for infant pulmonary disease.”-8 Socioeconomic, biological, genetic, and
environmental factors may also influence pulmonary outcomes.16-19

This single-center retrospective study sought to identify the subpopulation with significant
pulmonary compromise and evaluate factors contributing to infant lung disease in CF. We
hypothesized that both clinical (nutritional status, microbiology, cough, and pulmonary
exacerbations) and socioeconomic (maternal and paternal education, household income,
health insurance, and second-hand smoke) determinants are associated with infant
pulmonary function. Our findings introduce the clinical utility of a five-item non-invasive
clinical score for detecting pulmonary disease, emphasize paternal education as a prominent
socioeconomic predictor of CF health, and combine these two variables to identify CF
infants in need of increased therapeutic intervention.

METHODS

Study Population

The study population comprised infants diagnosed with CF by newborn screening (NBS)
between 2008 and 2012 and treated at the University of Alabama at Birmingham/Children’s
of Alabama (UAB/COA) pediatric CF Center. These infants were seen at least monthly
through 6 months of age, and at least every 2 months through their first year of life in a
separate NBS clinic.

Newborn screening for CF in Alabama began in 2008. The UAB/COA CF Center
coordinates the state program in partnership with the Alabama Department of Public Health.
The initial screen for CF in Alabama is an immunoreactive trypsinogen/DNA (IRT/DNA)
regimen.20 Elevated IRT in a newborn blood spot (Guthrie) card prompts genetic analysis of
the specimen for a CF mutation. Infants with a positive IRT/DNA screen are referred for
sweat chloride testing to establish the diagnosis. Sweat chloride testing typically occurs
before 4 weeks of age.
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Infant Pulmonary Function

In the UAB/COA CF Center, routine infant pulmonary function testing (iPFT) is performed
in all CF infants near 12 months of age. iPFT measurements are obtained using the nSpire
IPL device.21-23 During this test, forced expiratory flows are monitored using raised volume
rapid thoracoabdominal compression (RVRTC) in infants sedated with chloral hydrate at a
dosage of 85 mg/kg. The patient is given 2-3 inflated breaths to a pressure of 30 cm H»0
(V3p) to induce respiratory pause, which is followed by thoracoabdominal compression and
measurement of forced expiratory flow. Forced vital capacity (FVC) is the volume of air
expired between V3q and residual volume (RV). FEV( 5 is the volume of air expired in the
initial 0.5 sec of forced expiration. The midexpiratory flow (FEF25_75) is the calculation of
the forced expiratory flow between 25% and 75% of FVC. Lung function data are expressed
as absolute data, then converted to z-scores compared to historical controls (normalized to
length and age)?1:23 and represented as percent-predicted normative values (e.g., FVC%,
FEVO.5%, and FEF25_750/0).

Data Collection

Socioeconomic and clinical data were obtained from the patient registry maintained by the
UAB/COA CF Center through an ongoing protocol approved by theUAB Institutional
Review Board for Human Use (X080225007). Socioeconomic data are updated annually
through a patient survey and include maternal and paternal level of educational attainment,
annual household income, type of health insurance, ZIP-code of residence, and exposure to
second-hand smoke. Exposure to second-hand smoke is determined with the questions,
“Does anyone in the patient’s household smoke cigarettes?” (Yes/No/Unknown) and
“During the reporting year, how often was this patient exposed to secondhand smoke?”
(Daily/Several times per week/Several times per month, or less/Never/Declined to Answer/
Unknown). Clinical data include cough frequency, hospitalizations, pulmonary
exacerbations, microbiology, weight-forlength percentile, chronic therapies, CF genotype,
sweat chloride result, and stool pancreatic elastase.

Composite Clinical Score

From the clinical data, we developed a composite clinical score to summarize the extent of
CF lung disease, focusing on major CF care considerations during infancy. The composite
clinical score included five indicators summarizing the overall health of CF infants: (i)
nutritional status (weight-for-length percentile at 12 months of age); (ii) microbiology
(history of PsApositive respiratory culture [yes/no] during infancy); (iii) presence of cough
at 12 months of age; (iv) outpatient pulmonary exacerbations (defined as a respiratory flare
prompting oral antibiotic prescription by the clinical pediatric pulmonologist) in the first
year; and (v) hospitalization (yes/no) in the first 12 months of life. Each of the five clinical
indicators was scored on a scale of 0-2 and weighted equally. A higher composite score (on
a scale of 0-10) indicated better health (Table 1).

Statistical Analysis

We analyzed retrospectively the socioeconomic and clinical characteristics of infants
diagnosed with CF through NBS. Descriptive statistics, including means, standard
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deviations, frequencies, and proportions, were calculated for all lung function, clinical, and
sociodemographic variables. Distributions of lung function were examined using stem-and-
leaf plots, normal probability plots, and the Kolmogorov—Smirnov test; each of these
variables was determined to follow a normal distribution. For statistical study of the
relationships between categorical variables (e.g., presence/absence of risk factors), Fisher’s
exact test was performed. Relationships between continuous variables were examined with
the comparisons of means and with linear regression analysis. Means of two individual
groups, such as the clinical score and parental education groups, were compared using the
unpaired #test. Means of several groups, such as for stratified risk, were compared using
analysis of variance (ANOVA). The Tukey—Kramer multiple comparisons test determined
which pairs of means were significantly different.

Simple linear regression was used to examine associations between outcome variables and
clinical and socio-demographic data. Multivariate analyses of factors associated with the
outcome variables were performed using stepwise multiple regression. Backward multiple
linear regression was performed as well, and yielded results that were similar to the stepwise
protocol. Variables significant at a = 0.20 in the simple regression model were considered as
possible predictor variables for multiple linear regression analyses. Criterion for entry into
the multiple linear regression model was significance at a. = 0.20, whereas the criterion for
remaining in the model was significance at a = 0.05. A multiple linear regression model
containing the best predictor variables from the stepwise analysis was then run using all
available data in order to obtain more robust estimates of the model parameters.

All statistical tests were two-sided and results deemed significant at a 5%significance level
(o = 0.05). Analyses and graphical interpretations were performed using SAS (Version 9.4,
SAS Institute, Inc., Cary, NC) and GraphPad Prism (Version 6.05, GraphPad, La Jolla, CA)
software.

Forty-three CF infants (58% male) underwent iPFT evaluation during the study period. Their
clinical characteristics are presented in Table 2. Most infants (91%) had at least one copy of
the F508del gene, and approximately half (56%) were homozygous for the F508del
mutation. Infant PFT values were near normal, and weight-for-length percentile at 12
months was greater than 50% for 74% of the infants (range 19-99%). Infants averaged
nearly 2 (range 1-5) outpatient pulmonary exacerbations in their first year. Forty-four
percent of infants had at least one positive culture for PSA by 12 months of age. The mean
composite clinical score of CF health at 12 months of age was 7.6 + 2.1 (mean £ SD; range
0-10). A clinical score of 7 was thus chosen as a cut-off point in the risk stratification
models, allowing comparison of infants with below-average clinical score to the normative

group.

The socio-demographic characteristics of caregivers are presented in Table 3. The mothers
were better educated than the fathers, with 71% versus 50% having more than a high-school
education (P < 0.05). Most caregivers were married or cohabiting, 25% were single or
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divorced, and 5% were foster parents. More than half (59%) of households had annual
income less than $50,000, and 38% included a smoker.

Paternal education of high school or less was associated with other socioeconomic risk
factors, including low income (<$50,000, A< 0.001), second-hand smoke exposure (P <
0.02), Medicaid coverage (£ < 0.001), and single-parent home environment (£ < 0.05).
Maternal education, on the other hand, while correlated with paternal education (r = 0.42, P
=0.01), did not significantly impact household income (P = 0.29), smoking (P= 0.16), or
marital status (P = 0.08).

Regression analysis indicated that paternal education is the leading socioeconomic predictor
of lung function, both for FEV( 5% (P = 0.018) and FEF,5_75% (P = 0.012). Other
socioeconomic factors were not statistically significant for either FEV( 5% or FEF,5_75%:
e.g., maternal education (P=0.69 and £ = 0.59), household income (P=0.11 and P=0.12),
marital status (P=0.82 and £=0.59), insurance status (P=0.32 and £=0.12), and smoke
exposure (P=0.38 and A= 0.12). As illustrated in Figure 1, infants whose fathers had
attended college had an FEV( 5% of 110 + 20% (mean + SD), while infants whose fathers
had only high-school education or less had an FEV( s%o0f 95 + 17%, P = 0.02. Similar
results were obtained for FEF,5_75%: infants whose fathers had attended college had an
FEF5_75% of 108 + 30%, while infants whose father received a high-school education or
less had an FEF,5_75% of 86 + 21%, A= 0.01.

Clinical score <7 was also strongly associated with diminished lung function (both FEV( 5%
and FEF,5_75%), as seen in Figure 2. Infants with a higher clinical score (=7) averaged
FEV(.5% of 107 + 21% (mean + SD), while those with lower clinical score (<7) averaged
FEV( 5% of 91 £+ 11%, P< 0.005. An even greater difference was observed in FEFo5_75%:
those with the higher clinical score averaged FEFy5_75% of 103 + 29%, while those with the
lower clinical score averaged FEFy5_75% of 77 + 16%, £< 0.001. A smaller but statistically
significant difference in F\VC% was also recorded between the two groups: 111 + 16%
versus 99 + 13%, £ < 0.05.

Because both paternal education and composite clinical score were independent risk factors
for pulmonary outcome, we stratified infants into three risk groups (Fig. 3A and B). The
high-risk group was defined as presence of two risk factors: low clinical score (<7) and
paternal education of high school or less. The intermediate-risk group was defined as
presence of one risk factor: either low clinical score (<7) or low paternal education, but not
both. The low-risk group was defined as no risk factors (clinical score =7 and paternal
education greater than high school). Stratification of risk between these groups was
confirmed by ANOVA. FEV( 5% (Fig. 3C) was 90 *+ 8% (mean + SD) in the high-risk
group, 97 + 17% in the intermediate-risk group, and 115 + 19% in the low-risk group (P <
0.005), with significant pair-wise differences between the high- and low-risk groups (P<
0.01) and the intermediate- and low-risk groups (£=0.01). A 3 x 3 contingency table (0, 1,
2 risk factors vs. FEV( 5 of > 105%, 95-105%, and <95%) indicated the significance of this
risk profile for the identification of mild, intermediate, and suboptimal pulmonary
involvement (P = 0.007). To assess the predictive clinical utility of these variables, a simpler
2 x 2 contingency table examining the relationship between risk factors and extremes of
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lung involvement (0 vs. 2 risk factors, FEV( 5 > 105% vs. FEV( 5 < 95%, no intermediate
group) was analyzed. In this test of predictors for suboptimal versus mild disease, the
presence of two risk factors had a sensitivity of 83%, specificity of 100%, positive predictive
value of 100%, and negative predictive value of 91% (P = 0.001). No patients with two risk
factors had an FEV 5 of > 105% predicted.

A similar pattern was found for FEF,5_75% (Fig. 3D): the mean (+ SD) was 76 + 12% in the
high-risk group, 88 + 21% in the intermediate-risk group, and 116 + 29% in the low-risk
group (P=0.001), with significant pairwise differences between the high- and low-risk
groups (P < 0.005) and the intermediate- and low-risk groups (£ < 0.005). Again, the 3 x 3
contingency table of risk factors and lung impairment (0, 1, 2 risk factors versus mild
[FEF,5_75 > 105%], moderate [FEF25_75 95-105%], and suboptimal [FEF,5 75 < 95%)]
disease) demonstrated a significant relationship between risk factors and iPFT results. As
with FEV 5, in using 0 versus 2 risk factors to screen for mild versus suboptimal disease
(FEF25_75 > 105% or FEF5_75 <95%), the presence of two risk factors had a sensitivity of
75%, specificity of 100%, positive predictive value of 100%, and negative predictive value
of 78%. Again, no patients with two risk factors had an FEF,5_75 of > 105%.

The independent contribution of study variables to lung function was ascertained with
multiple regression analysis. Variables at a = 0.20 in the simple regression model were
incorporated into multiple regression. These variables included: clinical score, education
(=high school, >high school), household income (<$50,000, =$50,000), second-hand smoke
exposure (yes/no), genotype (F508del homozygous, other), previous hospitalizations,
number of pulmonary therapies (none, one or more), and missed appointments (yes/no).
Criterion for remaining in the model was significant at a = 0.05.

The multiple regression model identified the following as the best predictive equation of
FEV( s in CF infants:

FEV(5=73.1+13.1(paternal education) +2.95(clinical score)

where paternal education is 0 if <high school and 1 if >high school (model £=0.014, model
R2 = 0.229). By this predictive model, paternal college experience improves infant lung
function by 13%, and each 1 point increase in clinical score advances lung function by 3%.

The multiple regression model identified the following as the best predictive equation of
FEF,5_75, in CF infants:

FEVg5_75=41.6+18.8(paternal education) +5.91(clinical score)

where paternal education is as defined above (model £=0.013, model R2 = 0.317). By this
predictive model, paternal college experience improves infant FEF,5_75 by 19%, and each 1
point increase in clinical score advances FEF5_75 by 6%.
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DISCUSSION

To identify CF infants at risk for pulmonary decline, we analyzed retrospectively
socioeconomic, clinical, and iPFT data of infants diagnosed with CF through NBS in a
single CF center. We developed a five-item composite clinical score that predicted
pulmonary function measured with a routine iPFT at 12 months of age. In multiple
regression analysis, the predictive value of the composite clinical score for infant pulmonary
function at 12 months of age was statistically superior to any single clinical measure. This
score offers to pediatricians an easily available, inexpensive, and non-invasive tool to
estimate the risks for pulmonary disease in CF infants.

We also found that paternal (rather than maternal) educational attainment is significantly
associated with lung function at 12 months of age and is the best socioeconomic predictor of
lung health in this population. We therefore combined the composite clinical evaluation
measure with the paternal educational attainment measure to classify CF infants into low-,
intermediate-, and high-risk groups for respiratory impairment. Our model showed
significant differences in infant pulmonary function across risk groups.

The study has important implications both for clinical practice and research. The simple
stratification tool combining socioeconomic and clinical data allows clinicians to assess the
level of risk—increased (2+ risk factors) versus low (0 risk factors)—for significant
respiratory impairment in CF infants. Its application to long-term disease trajectory in a
larger cohort of CF patients, and the mechanisms by which paternal education alters the care
environment offer future directions for investigation.

Assessing the extent of pulmonary involvement in infancy continues to be a highly sought-
after but difficult to achieve goal of CF care.24 Although iPFT is an appealing solution,25:26
the limited availability and high cost of the equipment as well as the need for sedation are
obstacles to its wide-spread use. Currently, iPFT is limited to specialized CF care centers.
This study suggests that in the absence of such resources, pulmonary involvement
(particularly at the poles of mild vs. severe) can be assessed by readily available information
from the patient’s clinical and social history. This screening tool may be of particular utility
to general pediatricians who lack specialty resources but provide routine care to CF infants.

The finding that paternal educational attainment is strongly associated with infant
pulmonary function deserves special attention. Literature regarding the impact of paternal
education on CF health is limited, as paternal education seldom is assessed separately from
maternal education. The strong association of low paternal education with low household
income and exposure to second-hand smoke suggests that in our patient cohort, paternal
education may be a marker of multiple factors in the CF care environment that are
significant for lung health. While second-hand smoke has been reported as a primary
mechanism through which socioeconomic status affects CF lung health,27-28 paternal
education has an additional impact on CF lung health, likely by determining access to
material resources and thereby affecting living conditions,2%:39 nutrition,3! stress exposure,32
family functioning,33 and other aspects of the care environment. For example, a study of
older children in our CF center found that CF patients whose fathers had college experience
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were eight times more likely to have medium-high than low lung function compared to CF
patients whose fathers had high-school education or less (P < 0.05) after controlling for
household income and exposure to second-hand smoke.34

Paternal college attendance has been shown to be an influential marker of child health in
general 35-38 Lower paternal education has been associated with substandard prenatal care,
prematurity, and low birth weight.37:39 Paternal education influences measles immunization
independently of maternal education,38 and fathers of children with diabetes contribute to
health outcomes even when they are not primary caregivers.3> Whether through being the
default provider of socioeconomic means or through other mechanisms, such as response to
stress, coping strategies, and health behavior attitudes, the father plays an important role for
CF lung health. We therefore suggest that paternal education, identified in our study as the
most robust socioeconomic determinant of infant pulmonary health, should be routinely
included in patient socio-demographic assessments.

While a number of studies demonstrate the adverse effect of socioeconomic limitations (low
education, low income, or single caregiver) on CF health,16:34:40-43 our data show that these
processes are at work from the very first months of life. Attempts to interrupt socioeconomic
mechanisms affecting CF lung health need to be applied in very early infancy, before disease
trajectory is established.4 Our findings augment the literature concerning the role of social
and physical environment for CF lung health, and emphasize the need to add paternal
education to the list of impactful socioeconomic variables.

The study has some obvious limitations. The CF infant population was relatively small, and
the impact of socioeconomic factors in this single-center study may not be generalizable to
the CF population in the United States or internationally. Multicenter studies with a larger
patient cohort are necessary to validate our findings. Finally, we have not examined the
mechanism of the relationship between paternal education and care environment, or its
interpretation when paternal education is unknown. Despite these acknowledged
shortcomings, our study is among the first to suggest an important relationship between
paternal education and lung function in CF infants. Additionally, we have introduced a
simple clinical score to detect pulmonary impairment. Our data suggest that, combined,
these two variables (clinical score and paternal education) can serve as a simple risk-
assessment tool to predict level of pulmonary disease in CF infants. We anticipate that these
findings may be of benefit to general pediatricians and pulmonary subspecialists without
access to infant pulmonary function measurement tools.

CONCLUSION

Identifying risk factors for infant lung disease is essential for interrupting disease
progression. We developed a five-item composite clinical measure that predicts CF infant
lung health, and identified paternal education as the most significant socioeconomic
predictor of CF infant lung health. We combined these two findings to risk-stratify CF
infants for early-onset lung disease and identify those meriting targeted therapeutic attention.
Our model showed significant differences in infant pulmonary function across risk groups.
The developed tool offers an easily available, inexpensive, and non-invasive way to assess
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risk of respiratory decline in CF infants. Future studies will determine the predictive value of
this stratification model on long-term respiratory outcomes and its application to older CF

populations.
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Fig. 1.

Relationship between paternal education and infant pulmonary function: (A) FEV( 5 and (B)
FEF,5_75 are significantly decreased in CF infants whose father did not attend college. Error
bars are mean + SD.
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Fig. 2.
Relationship between clinical score and infant pulmonary function: (A) FEVg 5 and (B)

FEF,5_75 are significantly decreased in CF infants with a clinical score of <7 compared to
infants with a higher score. Error bars are mean + SD.
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Relationship between risk stratification and infant lung function: (A) FEVg 5 and (B)
FEF,5_75 by clinical score (CS) and paternal education (PatEd). (C) FEV 5 by number of
risk factors (0, 1, 2). (D) FEFy5_75 by number of risk factors (0, 1, 2). Error bars are mean +
SD. Significance of lung function difference between groups measured by ANOVA.
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TABLE 1

CF Infant Clinical Score

Component Score

4
5

Nutrition: weight-for-length % 0 = <25%); 1 = 25-49%); 2 = 250%

Microbiology: PSA 0 = colonization; 1 = successful eradication; 2 = never
Cough 0 = daily; 1 = occasional (any cough in the last week, but less
than daily); 2 = none
Pulmonary exacerbations 0 =>3in first year of life; 1 = 1-2 in the first year of life; 2 = none
Hospitalizations 0 = any hospitalization for pulmonary exacerbation in the first year of life; 2 = none

Page 16

Five components measures at 12 months of life scored 0-2 points each, for a total maximum of 10 points (higher score indicates better health).
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TABLE 2

Clinical Characteristics of CF Infants (N = 43)

Variable

Mean (SD) or %

Genotype (F508del homozygous)

CFTR function (mean sweat chloride, mmol/L)

iPET
FVC%
FEV,s%
FEF o5 75%
RV/TLC%

Nutritional status (weight/length percentile
at 12 months)

Microbiology (history of PsA)
Cough (occasional/daily)

Pulmonary exacerbations (in first 12 months
of life; range 1-5)

Hospitalizations (in first 12 months of life)
Clinical score (range 0-10)
Prescribed chronic pulmonary therapies
Inhaled corticosteroid
Dornase alpha

Azithromycin

56%
98 (13.1)

108 (17.2)
102 (19.9)
96 (28.5)
144 (24.6)
65% (24%)

44%
42%
1.9 (15)

47%
76(2.1)
67%
42%
40%
23%
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Socio-Demographic

TABLE 3

Characteristics of Caregivers

Variable Mean (SD) or %
Age (n=32)

Maternal 27 (5)

Paternal 32 (6)
Maternal education (n = 41)

>Some college 71%

<High school 29%
Paternal education (n = 36)

>Some college 50%

<High school 50%
Marital status (n = 43)

Married 60%

Single 16%

Divorced 9%

Cohabiting 9%

Foster care 5%
Annual household income (n = 39)

=>$50,000 41%

<$50,000 59%
Health insurance (n = 42)

Private 52%

Public 48%
Household smoke exposure (n = 42)

No 62%

Yes 38%
Missed appointments (n = 42)

None 57%

1 21%

=2 21%
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