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Abstract

Objective—To characterize spirometry and height changes in cohorts of 6-year-olds with cystic
fibrosis (CF).

Study design—Global Lung Initiative (GLI) forced expiratory volume in 1 second (FEV,),
forced vital capacity (FVC) and FEV1/FVC and CDC height-for-age (HFA) Z-scores were
generated for 6-year-olds in the from the CF Foundation Patient Registry (CFFPR) each year from
1994 and 2012. Z-score mean differences were analyzed by t-test and time trends of means by
least squares regression for all children and for subgroups (sex, F580del mutation genotype,
Medicaid insurance, and prenatal/newborn screening identification). Z-score distributions were
compared by two-sample Kolmogorov-Smirnov tests.

Results—11,670 children with CF were studied, of whom 50.5% were males, 50.2% had the
F508del/F508del genotype, and 46.6% were insured by Medicaid. Mean HFA, FEV; and FVC Z-
scores increased significantly over the period in the entire population and all subgroups (P<0.001),
but FEV1/FVC Z-scores were below normal and did not change significantly. In 2012, children
identified by screening had significantly higher mean HFA (P=0.002), FEV; (P<0.001) and FVC
(P<0.001) Z-scores than those not screened, with 90% of FVVC and 71.4% of FEV Z-scores
greater than predicted by the Normal distribution; FEV1/FVC Z-scores were not different between
screening groups.

Conclusions—Consistent, significant increases in HFA, FEV4, and FVC occurred from 1994—
2012, but FEV1/FVC, a measure of airway obstruction, did not appreciably change. FVC and
FEV; Z-score distributions suggest that normative equation reference populations under-predict
lung volumes of children with CF, but the reason(s) for this remain unclear.

Cystic fibrosis (CF) is characterized by progressive pulmonary obstruction and
inflammation resulting in premature death.1-2 Spirometry and in particular forced expiratory
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volume in 1 second (FEV;) and FEV, % predicted are benchmark measures used to guide
CF management,3 evaluate intervention efficacy,® and stratify lung disease by stage.6.
Because spirometry requires patient cooperation, it is only sporadically performed in
children under the age of 6 years; at age 6 we can first characterize CF birth cohorts with
respect to measures that will become integral to their management throughout their
lifetimes.

Median FEV4 % predicted has steadily increased over the past two decades for cohorts of 6-
year-olds followed in the Cystic Fibrosis Foundation Patient Registry (CFFPR), increasing
from ~86% predicted in 1992 to ~98% predicted by 2012.8 This improvement may be
associated with the introduction of chronic respiratory therapies, expansion of CF newborn
screening,® greater awareness of markers of early lung disease in newborns with CF,10-14
greater availability of information regarding lung function outcomes across CF care centers,
and the CFF Quality Improvement initiative, among other things. However, it is not clear
whether lung function gains were enjoyed uniformly across the population, or instead
resulted from disproportionate gains in children of a particular sex, those with milder CF
mutations, those with favorable socio-economic status, or indeed, by the inclusion of
children identified by newborn screening that would not have been diagnosed and included
in earlier years. Thus, it is not clear how close we are to achieving the goal of “normal” lung
function across the entire population of 6-year-olds with CF.

In order to better characterize the health of successive cohorts of children with CF, we have
analyzed spirometric and morphometric data from 19 successive cohorts of 6-year-olds
followed in the CFFPR from 1994 through 2012. We have employed Z-scores, which
facilitate comparisons across subgroups and across measures. Z-scores describe the number
of standard deviations (SD) an observation is from the population mean, and are derived by
dividing differences between observed values and reference mean values by the SD for the
measure from the reference population.

Children followed in the CFFPR who were 6 years of age between 1994 and 2012 were
studied. For each child, FEV1, forced vital capacity (FVC), height, and age were collected
from the encounter at which his or her highest FEV1% predicted (Wang normative
equations)!® had been recorded during the 365 days between 61 and 7t birthdays.
Demographic data were also collected, including sex, race, identification by newborn or
prenatal screening, CFTR genotype, and Medicaid insurance. Medicaid status was used as
the socioeconomic status (SES) indicator in part to avoid the missing data for mother’s
education and the inaccuracy of using the median income by zip code resulting from
infrequent updating of zip codes. Only children for whom both FEV; and FVVC values were
available were included in analyses. When available, forced expiratory flow 25%-75%
(FEF25.75) values were analyzed. FEF,5_ 75, FEV1, FVC, and FEV1/FVC % predicted and
associated Z-scores were calculated using child sex, height, age, and race by Global Lung
Initiative (GLI) reference equations.18 Height-for-age (HFA) Z-scores were calculated using
Centers for Disease Control and Prevention (CDC) growth charts (http://www.cdc.gov/
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growthcharts/2000growthchart-us.pdf). Mean and SD values for spirometric variables and
for height were calculated for each review year.

Z-score distributions were compared over time and with the normal distribution. Within-
year and between-year mean values for males and females, children insured and not insured
by Medicaid, and children identified by prenatal or newborn screening were studied to
identify subgroup differences. Finally, values for F508del homozygotes were compared with
those of the entire population as well as to children with other recorded CFTR genotypes.
Within- and between-year means were compared by t-test with alpha = 0.05. Time trends in
annual mean values from 1994 to 2012 were studied by least squares regression. Differences
in Z-score distributions between groups were compared by plotting cumulative frequencies
along with the Normal distribution and by two-sample Kolmogorov-Smirnov tests of the
null hypothesis that the two sample populations were drawn from the same distribution.

As an alternate approach to characterizing changes in spirometry among cohorts, changes in
FVC values (in liters) within narrow height ranges were analyzed across the period. For each
year, males and females were grouped by encounter height rounded down to the nearest
centimeter and then annual changes in median FVC values from 1994 to 2012 for each
height group were analyzed by least squares regression. Only height groups in which at least
at least two children were represented in each calendar year were studied.

Guardians of children followed in the CFFPR began providing consent for collected data
beginning in 2003. Data from patients in the CFFPR were de-identified prior to analysis and
analyses were approved prospectively by the University Hospitals Case Medical Center
IRB. Analyses were performed with Microsoft Excel 2013, a macro downloaded from http://
www.lungfunction.org,® and an online statistical applet (http:/scistatcalc.blogspot.co.uk/
2013/11/kolmogorov-smirnov-test-calculator.html). All P values are two-sided and no
adjustment was made for multiple comparisons.

A total of 11,670 children, 5,893 (50.5%) males and 5,777 (49.5%) females, were studied.
The racial background of most children was white (94.8%), with 4.3% African, 0.7%,
American Indian or Alaska Native, 0.6% Asian, and 1.2% of ‘other’ descent; about 1.5% of
children were identified as being of more than one race. Among the 11,310 children (89.0%)
for which Hispanic heritage information was available, 8.1% were identified as Hispanic.
Racial composition changed somewhat over the period, with the proportion of white
children declining (from 95.3% in 1994 to 89.5% in 2012) accompanied by corresponding
increases in representation of children of other racial and ethnic groups. The proportion of
children identified as being of Hispanic descent nearly doubled, from 5.2% in 1994 to 9.9%
in 2012. Slightly more than half of children (50.2%) were homozygous for the F508del
CFTR mutation, and less than half (46.6%) were reported to be insured by Medicaid during
their review year. Between 1994 and 2012, the proportion of children with CF identified by
prenatal or newborn screening increased from 4.0% to 30.9%.
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Mean HFA, FEV1, FVC and FEV1/FVC Z-scores in 1994 were lower than predicted for
their peers without CF (Table | and Figure 1). Z-scores measure the distance (in SD)
between an individual’s value and the reference population mean, with negative scores
representing values below the mean and positive scores above. The mean GLI FEV; in 1994
was 86.8% predicted (SD = 20.8) and the mean FVC was 92.1% predicted (SD = 19.6).
Mean HFA, FEV, and FVC Z-scores increased between 1994 and 2012 (Table 1) and annual
increases in means were consistent across the period (Figure 1). Broad shifts in HFA, FEV1,
and FVC distributions towards improvement occurred between 1994 and 2012 (Figure 2).
Cumulative Z-score plots such as those in Figure 2 allow for comparison of variable
distributions among subpopulations with different variances. In Figure 2, a random sampling
of a variable measured among 6-year-olds without CF should theoretically follow the
normal distribution (eg, 68.2% of children should have Z-scores between —1.0 and + 1.0). In
contrast, children with consistently subnormal variable values, such as HFA in children with
CF, have distributions shifted to the left of the Normal distribution. “Movement” of a
cumulative Z-score plot from the left to the right suggests that a variable’s distribution has
become more like that of the general population, or “more normal.”

In contrast to HFA, FEV1, and FVC, the difference in mean FEV1/FVC between 1994 and
2012 did not reach statistical significance (P = 0.172), nor did the modest trend of annual
improvement in FEV1/FVC means across the period (P = 0.074) (Table | and Figure 1).
Although 2012 FEV1/FVC distributions were somewhat improved over 1994 distributions,
changes were largely limited to children with Z-scores below —1; there was essentially no
change in the distribution of FEV{/FVC Z-scores > —1.0 (Figure 2, D). The CFFPR began
collecting FEF,5.75 measures in 2010. In 2012, the mean FEF,5.75 Z-score among 652
children with values was —0.58 (SD = 1.32).

Essentially identical results were obtained when analyses were limited to F508del
homozygotes, with statistically significant changes in HFA, FEV4, and FVVC accompanied
by essentially unchanged FEV1/FVC (Table I). In 1994, mean HFA, FEV4, and FVC Z-
scores of females were lower than those of males (Table I). However, both groups
experienced increases in mean HFA, FEV1, and FVVC during the period (Table 1), with
differences between groups failing to reach statistical significance in 2012. As before, mean
FEV1/FVC Z-scores were not different between males and females in 1994 and neither sex
experienced significant changes over the study period (Table I).

Mean Z-scores were consistently lower among Medicaid-insured children than among
children not insured by Medicaid (Table I). Despite these differences, the magnitudes of
mean HFA, FEV; and FVC improvements from 1994 to 2012 were not markedly different
between the two groups (Table I). Changes (or lack thereof) in FEV1/FVC followed the
general trends reported for other subgroups (Table I). However, the modest 0.0063/yr rate of
change in FEV1/FVC Z-score means among children not insured by Medicaid was
statistically significant (P=0.037), whereas the slightly smaller 0.0054/yr rate among
Medicaid-insured children did not reach statistical significance (P=0.29). Identification by
prenatal or newborn screening was associated with greater HFA, FEV4, and FVC (but not
FEV1/FVC) means in the cohorts since 2008 (Table Il and Figure 2).
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When changes in median FVC (in liters) from 1994 to 2012 were analyzed by least squares
regression within narrow height ranges, most male and female height subgroups had a
positive slope in FVVC change over the study period (Figures 3 and 4; available at
www.jpeds.com). Of 20 male height subgroups, 18 had a positive slope for median FVC
change over the period (of which 8 had P <0.05), and 16 of 18 female slopes were similarly
positive (10 with P <0.05).

Discussion

We have compared height and spirometric Z-score distributions for successive cohorts of 6-
year-olds followed in the CFFPR both to each other and to the GLI reference population to
characterize health improvements between 1994 and 2012. Children experienced substantial
shifts toward normal values in HFA, FVC and FEV; from 1994 to 2012, most notably
among children identified by prenatal or newborn screening (Table Il and Figure 2). Mean
FEVq improved from 86.8% predicted (SD = 20.8) to 95.3% predicted (SD = 18.4) and
mean FVC improved from 92.1% predicted (SD = 19.6) to 100.0% predicted (SD = 17.7).
Improvements were not limited to children with milder CFTR mutation phenotypes or
attributable to a change in the mix of mutations represented in the registry, as distributions
among F508del homozygotes were indistinguishable from those of the remainder of the
2012 cohort. Although Medicaid-insured children had lower (ie, less normal) Z-scores, they
also experienced substantial HFA, FEV4, and FVVC increases over the study period. In
contrast, surprisingly little change in FEV1/FVC, a measurement of airway obstruction, was
observed between 1994 and 2012, with distributions remaining below normal, even among
the children identified by screening (Figure 2). Modest shifts towards normality were only
observed for FEV1/FVC Z-scores <-1, suggesting some reduction in the prevalence of
children with more severe obstruction.

Our analyses have inherent limitations. First, we selected spirometry data from a single
encounter to describe the lung health of individual children, when measures among stable
children are somewhat variable and acute disease-related declines are common. By choosing
the best FEV/; % predicted recorded between the 6! and 7t birthday, we reduced the
probability of capturing data associated with acute declines in lung function, but as a result
may have slightly overestimated lung health within cohorts. However, because this effect
would have been consistent across cohorts, we believe the changes observed over the study
period are real and not artifacts of data collection. Second, serial cross-sectional analyses of
successive cohorts can be affected by demographic differences between cohorts. Ethnic/
racial compositions of our cohorts were not constant, and to the extent that CF disease
phenotypes differ among racial or ethnic subpopulations, analyses across cohorts may have
been affected. As an example, increasing proportions of Hispanic children in latter cohorts
presumably had the effect of reducing improvements in mean FVC and FEV4 Z-scores
observed across the period relative to what would have been observed among non-Hispanic
white children alone. However, these demographic changes were modest and we believe are
unlikely to have substantially influenced our results. Finally, there may be discrepancies
between the genetic backgrounds of children with CF and those of GLI reference
populations not accounted for by the stated race of the children.
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In 2012 189 FVC Z-scores from screened children (90%) exceeded those predicted by the
Normal distribution, as did 150 FEV4 Z-scores (71.4%) (Figure 2). This suggests that the
reference population is not perfectly representative, as we would not expect measures from
children with CF (even with ‘normal’ lung function) to substantially exceed those predicted
by a representative reference population. Although a recent study identified subgroups of
children with CF where GLI and Wang reference equations provide different FEV, and FVC
percent predicted results,}” we did not find appreciable differences depending on equation
used within our narrow age-range cohorts (Figure 5; available at www.jpeds.com),
suggesting that the above normal FEV4 and FVC distributions we observed in screened
children are not peculiar to GLI reference equations.

Why 6-year-olds with CF appear imperfectly matched with their peers without CF with
respect to FVC and FEV1 is not clear. It could be that the two groups have never been well-
matched, with differences only becoming apparent as the lung health of successive cohorts
of children with CF have improved. For example, it may be that the emphasis placed on
spirometry for children with CF has produced more accomplished spirometric test behavior
by children with CF. Alternatively, changes in nutritional management of infants and
children with CF may have resulted in overall greater relative lung growth than that of the
population without CF. The nutritional status of 3-year-olds with CF has been correlated
with their FEV4 % predicted at age 6,18 but the distinction between improved function and
anatomically larger lungs has not been addressed. We believe that it is unlikely that
increased heights between 1994 and 2012 alone can account for apparent differences
between 6-year-olds with CF and reference populations for three reasons: (1) GLI reference
equations adjust for height!8; (2) the height distribution of the population with CF remains
below that of the reference population (Figure 2); and (3) there is a trend of increasing FVC
across the period among both boys and girls with CF of the same height (Figures 3 and 4).

It is unclear whether subnormal FEV{/FVC distributions in children with CF are clinically
relevant. It may be that the imperfect FEV, and FVC representation by reference
populations also extends to FEV1/FVC, such that even healthy children with CF may have
sub-normal FEV1/FVC. The phenomenon of near-normal FEV4 and above-normal FVC
contributing to a low FEV1/FVC has been recently described in subgroups of children
without CF.19 Alternatively, recent improvements in FEV4 and FVVC among children with
CF may have been realized by better lung growth but not accompanied by substantial
reduction of obstruction. In 2012, FEF5_75 Z-score means were below normal, even among
screened children (Table 1), suggesting relatively reduced expiratory flow in a population
with exceptional FEV and FVVC Z-scores. Interestingly, recent observations in piglets with
CF suggest that airflow obstruction may be a congenital abnormality associated with CF.20

Larger lungs would presumably benefit a population for which the primary cause of death is
loss of lung function,® but reduced lung obstruction would also be beneficial. If subnormal
FEV1/FVC is the result of obstruction, younger children might benefit from an expansion of
the systematic approach previously applied to their nutrition? to include chronic respiratory
therapies shown to slow obstruction and spare FEV/ in older patients. Use of chronic CF
respiratory therapies in young children has increased: <10% of North American children
with CF <6 years of age received dornase alfa at least once in 1995, compared with about
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50% in 2005.4 In 2012, 40% of children <3 years of age and 67.5% of those 3 to 5 years of
age were treated at least once with dornase alfa, with proportionally fewer treated with
hypertonic saline or inhaled corticosteroids.8 However, US guidelines for infants with CF
suggest that chronic respiratory therapies be considered for that minority of infants and
children who display symptoms of lung disease,2! and studies of newborns with CF have
shown that lung inflammation, reduced flow, ventilation anomalies, early bronchiectasis,
and infection occur in a majority of infants, most of whom do not present with signs and
symptoms of disease.10-14

With recent expansion of CF newborn screening to every US state, almost all children in
future cohorts will have been identified by screening. Our results suggest that these children
will have FEV; and FVC values exceeding those of reference populations, but with below
normal FEV1/FVC. Investigation is warranted to determine if reduced FEV1/FVC at age 6
years is associated with poorer outcomes later in life and whether increased early
intervention with respiratory therapies has the potential to increase FEV{/FVC in these
children.
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FEF,5.75 forced expiratory flow 25%—75%

FvC forced vital capacity
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Figure 1.

Mean HFA, FEV,, FVC, and FEV1/FVC Z-scores among CF 6-year-old Cohorts from 1994
to 2012. Least squares linear regressions (dashed lines) of mean Z-scores by review year are
shown. Bars represent 95% confidence intervals; P values are for test of non-zero slope.
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Figure 2.
Cumulative frequencies of HFA, FVC, FEV4, and FEV1/FVC Z-Scores in 1994 and 2012.

Plots show the proportions of children (Y axis) with Z-scores less than or equal to a given
value (X axis). P values are for two-sample Kolmogorov-Smirnov tests for differences
between 1994 and 2012 distributions.
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