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Abstract
Objectives—To test the hypothesis that pubertal peak height velocity (PHV) in cystic fibrosis
(CF) has improved and is influenced by pre-pubertal growth and genetic potential.

Study design—PHV from 1862 children born in 1984–87 and documented in the 1986–2008
US CF Foundation Registry was determined by statistical modeling and classified into normal,
delayed (2-SD > average age), attenuated (magnitude < 5th percentile), or both (D&A). Genetic
potential for height was estimated by parental stature.

Results—PHV averaged 8.4 cm/y at age 14.0 y in boys and 7.0 cm/y at age 12.1 y in girls, ~6
mo delay and ~15% reduction compared with healthy children. PHV was normal in 60%, delayed
in 9%, attenuated in 21% and D&A in 5%. Patients with delayed PHV reached similar adult height
percentile (boys: 34th, girls: 46th) to those with normal PHV (boys: 33rd, girls: 34th); both were
significantly taller than the attenuated (boys: 11th, girls: 19th) and D&A PHV subgroups (boys:
8th, girls: 14th). Pancreatic sufficient patients had taller pre-pubertal and adult heights but similar
PHV compared with pancreatic insufficient or meconium ileus patients. Adjusting for genetic
potential reduced adult height percentiles more in boys (25th to 16th) than girls (28th to 24th).
Height at age 7 y, PHV age and magnitude, and parental stature significantly predicted adult
height.

Conclusions—Pubertal PHV has improved in children with CF born after mid 1980s compared
with older cohorts but remains below normal. Suboptimal pre-pubertal and pubertal growth led to
adult height below genetic potential in CF.
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Adolescence is a critical period of accelerated height growth. Children with chronic diseases
that increase nutritional requirements such as cystic fibrosis (CF) are at high risk for
impaired pubertal growth (1). Results from previous studies (2–11) confirmed the clinical
observation that children with CF had delayed and attenuated pubertal growth compared
with healthy children. However, the majority of these studies were conducted in the 1980–
90’s using data from children with CF born prior to 1970s (2–8) and few were from the US
(2, 4–5, 11).

With advances in new therapies, such as enteric-coated pancreatic enzymes (12–14) and
comprehensive nutrition management that emphasizes high-calorie, high-fat diet and growth
monitoring (15–20), pubertal growth in children with CF born after 1980s may have
improved, although recent studies still report impaired pubertal growth (9–11). Most
importantly, critical factors of pubertal growth such as pre-pubertal growth and genetic
potential for height (21, 22) have not been carefully evaluated.

The scarcity of studies of pubertal growth in CF is likely attributable to the lack of
longitudinal and frequent height data available throughout adolescence and the difficulties in
accurately determining the age and magnitude of peak height velocity (PHV). The former is
required in order to capture non-linear and seasonal variation in height velocity (HV). The
latter is best achieved by using appropriate statistical methods to avoid errors in HV
interpolated or extrapolated from adjacent height measurements. Hence, we conducted the
present study by utilizing the US CF Foundation (CFF) Registry (23) and a novel semi-
parametric growth curve model (24) to estimate PHV from ~1800 children born after mid
1980s, a period coinciding with increasingly emphasized nutritional care, to test the
hypothesis that pubertal PHV in children with CF has improved and is influenced by pre-
pubertal growth and genetic potential.

METHODS
The CFF Registry documents the diagnosis and follow-up evaluations of patients with CF
seen at accredited centers in the US(23). Height data were reported annually before 1993
and quarterly after 1994. Therefore, patients born in 1984–87 would have quarterly height
data from 1994 (at age 7–10 y) and reached adulthood by 2008, the most recent year of CFF
Registry data available for this study. Of the 4198 born in 1984–87, 309 died, 951 were lost
to follow-up before age 18 y, and 1076 had <3 height measurements per year during age 10–
18 years. The remaining 1862 patients were included. This study population did not differ
significantly from those excluded from the analysis on sex (boys: 52.9% vs. 52.6%, p =
0.85) and pre-pubertal height percentile at age 7 y (22nd vs. 23rd, p = 0.20). The study
protocol was approved by the human subjects committee at the University of Wisconsin –
Madison.

Growth Curve Modeling to Identify Peak Height Velocity (PHV)
A semi-parametric shape-invariant model developed by Lindstrom was used (24).
Conceptually, this method assumes that all individuals of the same sex have a common
shape for their age versus height curve, which is estimated using data from all children by a
non-linear mixed effects model with regression spline that has 2 continuous analytical
derivatives. Each child’s individual height curve is then determined by shifting and scaling
this common curve to obtain the best fit for his/her data. Once an individual’s height curve is
fitted, the calculated first derivatives of this curve are used to determine the HV curve.
Using this approach, 4 measurements characterizing pubertal growth for each child are
identified: age at take-off, height at take-off, age at PHV, and magnitude of PHV (Figure 1).
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Defining Delayed and Attenuated Peak Height Velocity (PHV)
Longitudinal standards of PHV for North American children developed by Tanner and
Davies (25) were used to define normal PHV because they provide reference values for
children with different growth tempo (Figure 2). Delayed PHV was defined as PHV age at 2
SD later than average, namely, after 15.3 y in boys and 13.3 y in girls; attenuated PHV was
defined as PHV magnitude below the 5th percentile (Figure 2). Using these criteria, PHV
was classified into normal (PHV neither delayed nor attenuated), delayed (PHV delayed but
not attenuated), attenuated (PHV attenuated but not delayed), and delayed and attenuated
(D&A).

CF Phenotypes and Pre-pubertal Nutritional Status
Meconium ileus (MI) was retrieved from the CFF Registry. Because more than one-quarter
of patients (28.7%) were not genotyped, pancreatic insufficiency (PI) and pancreatic
sufficiency (PS) were defined by whether or not pancreatic enzymes were used, although
this approach may have misclassified ~10% of patients as PI rather than PS because fecal
elastase-1 was not available to define pancreatic functional status (26). Growth at age 7 y
was used to reflect pre-pubertal nutritional status, as the age of PHV take-off in healthy girls
with early PHV was 6.5 y (25) and none of the children with CF in our study entered PHV
before age 7 years. Growth at age 7 y was indicated by height and body mass index (BMI) z-
scores and percentiles, calculated using the 2000 CDC growth charts (27).

Adjusting for Genetic Potential for Height
The genetic potential for height was estimated from parental stature using the Himes method
(28) validated for CF (21). This method does not directly predict the child’s genetic potential
for height but eliminates the influence of tall and short parental stature by generating an
“adjusted height” that represents the child’s height as if his/her parents had average stature
(28). The following steps are used to calculate Himes adjusted height: 1) calculate mid-
parental height, 2) find the Himes adjustment value (28) based on the child’s sex, age, height
and mid-parent height, and 3) apply the adjustment value to the child’s height to obtain
adjusted height.

Of the 1862 patients, 269 (14.4%) had self-reported parental height data documented in the
CFF Registry. This subsample did not differ significantly from those without parental height
data on sex (boys: 53.2% vs. 54.0%, p = 0.81), height percentile at age 7 y (23rd vs. 24th, p =
0.81) and adult height percentile (the measurement closest to age 21 y; 27th vs. 28th, p =
0.64). Himes adjusted heights at age 7 y and 21 y were calculated as described above (28).
Percentiles and z-scores of parental heights, unadjusted and Himes adjusted adult heights
were calculated using the 2000 CDC references at age 20 y (27).

Statistical Analyses
Shape invariant modeling of height and HV curves by the Lindstrom method (24) was
performed by using the R nlme package (http://www.r-project.org). SAS (version 9.13, SAS
Institute, Inc, Cary, NC) was used for all other analyses. Student t-test was used for two-
group comparisons of continuous variables. Fisher Least Square Difference method was
used for multiple-group comparisons of continuous variables. Chi-square or Fisher exact test
was used to compare categorical variables. Multiple regression analysis was used to assess
the effects of various predictors on PHV magnitude and adult height.
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RESULTS
HV curve and Pubertal PHV Pattern

Figure 1 shows the height and HV curve of a child with CF fitted by the shape invariant
model (24). This method yields more accurate PHV magnitude because it uses a smooth
estimate from the fitted curve rather than that calculated from 2 adjacent heights (point “•”,
the largest Y-axis value of all open circles).

Figure 2 shows the overall common shape of HV curves. Compared with healthy children
(25), PHV in children with CF occurred later (0.5 years later in boys and 0.6 years later in
girls) with reduced magnitude (1.1 cm less in boys and 1.3 cm in girls). Results from fitting
individual curves revealed that PHV was normal in 60.3%, delayed in 9.4%, attenuated in
20.8% and D&A in 5.3%. The remaining 4.2% had HV curves that were flat, decreasing, or
increasing; therefore PHV could not be ascertained. Proportionately more boys had normal
PHV than girls, p = 0.002.

Pre-pubertal Growth, Pubertal PHV, and Adult Height by PHV Subgroups
Table I presents all growth measures for patients with identifiable PHV. In boys with CF
with normal PHV, height at PHV take-off was similar to that at age 7 y and PHV magnitude
was near normal (9.2 cm/y versus 9.5 cm/y; Figure 2), therefore, adult height percentile was
maintained above the pre-pubertal value.

In boys with CF with delayed PHV, height percentile at age 7 y was low, which decreased
further at PHV take-off (as average healthy children enter PHV ~2 years earlier); yet
absolute height at take-off was ~6 cm higher than the normal subgroup (due to the additional
~2 y of pre-pubertal growth). PHV magnitude and total gain from take-off to age 21 y were
also low, but compensated by the longer duration of pre-pubertal growth, resulting in similar
adult height compared with the normal subgroup. In other words, boys with CF with delayed
but not attenuated PHV are similar to those with normal PHV except their PHV is shifted ~2
years later.

In boys with CF with attenuated PHV, height percentile at age 7 y and PHV take-off were
similar to the normal subgroup but PHV magnitude and total gain from take-off to age 21 y
were significantly reduced. Consequently, adult height percentile (11th) was below that of
age 7 y and was significantly lower than the normal and delayed subgroups. In the D&A
subgroup, height percentile at age 7 y was very low and the reductions in PHV magnitude
and total gain from take-off to age 21 y were more pronounced, resulting in the lowest adult
height percentile (8th).

In girls with CF, the catch-up improvement from pre-pubertal height at age 7 y to adult
height percentile in the delayed subgroup (17th to 46th) was greater than boys (16th to 34th;
Table I). In addition, adult height percentiles in girls with CF with attenuated or D&A were
close to height at age 7 y and were significantly better than boys with attenuated or D&A, p
= 0.002.

Pre-pubertal Height and Adult Height Adjusted for Genetic Potential
Table II presents data from the 269 patients with parental heights. On average, children with
CF were shorter than healthy children at ages 7 years and 21 years, and their parents had
average heights. Hence, Himes adjusted heights were lower than unadjusted heights. For
example, at age 21 years of age, boys with CF were 6.6 cm shorter than their fathers and
girls with CF were 3.7 cm shorter than their mothers. Applying Himes adjustments increased
these differences to 9.2 cm in boys with CF and 4.4 cm in girls with CF. Consistent with
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these results, 80% of boys with CF and 77% of girls with CF had adult heights below their
average parental height percentiles; these percentages were significantly higher in those with
attenuated and D&A PHV with those with normal or delayed PHV.

The reduction in adult height percentile after Himes adjustment was greater in boys with CF
than girls with CF (p = 0.015). Therefore, although unadjusted adult height percentile was
not significantly different between boys and girls with CF (25th vs. 28th, p = 0.60), adjusted
adult height percentile was significantly lower in boys with CF than girls with CF (16th vs.
24th, p = 0.011).

Factors associated with PHV magnitude and adult height
Univariate analyses revealed that height percentiles at age 7 y and adult heights were higher
in PS compared with patients with PI and MI but PHV age and the magnitude did not differ
significantly among the 3 phenotypes (Table III; available at www.jpeds.com).
Nevertheless, more patients with PS (70%) had normal PHV compared with PI and MI
combined (60%), p = 0.013.

Subsequent analyses by multiple regression indicated that the significant effect of PS on
adult height became insignificant when pre-pubertal height at age 7 and PHV were included
in the model (Table IV; available at www.jpeds.com). On the other hand, PHV age, PHV
magnitude and pre-pubertal height at age 7 were found to be stronger predictors of adult
height (all with p < 0.001). Specifically, later PHV was associated with smaller magnitude
of PHV but greater adult height, and larger PHV magnitude was associated with greater
adult height after adjusting for PHV age.

The effect of pre-pubertal growth also varied with growth indicators and sex (Table IV). In
boys with CF, height at age 7 years had a significant positive effect on PHV magnitude and
adult height, and BMI at age 7 years had a negative effect which was significant for PHV
magnitude but not for adult height. In girls with CF, only height at age 7 years was
significantly associated with adult height.

In the sub-population with parental heights, average parental percentile did not have a
significant effect on PHV magnitude (p > 0.10), but was a very strong predictor of adult
height (p = 0.001 in both boys and girls with CF).

DISCUSSION
With the use of a novel semi-parametric growth curve model (24) that can accommodate
missing data, irregular measurement intervals and patterns of growth that may not be well
fitted by parametric models (29, 30) used in previous studies (5, 10), our study generated
new and important findings on pubertal growth in the CF population. First, we demonstrated
that children with CF born in mid-1980s still experience delayed and attenuated pubertal
PHV compared with healthy children, but the delay and attenuation were less severe
compared with those reported in previous US studies (2, 4–5). For example, Byard studied
230 children born prior to the mid-1970’s and followed in a single CF center, and reported
PHV of 7.9 cm/y at age 14.7 y (5), 0.5 cm lower and 0.7 y later than boys with CF in our
study population. A consistent trend but smaller differences were observed in girls with CF
(ie, 0.2 cm lower and 0.4 y later; 6.8 cm/y at age 12.5 y) than our study population. The
improved pubertal PHV in our study cohort may be attributable to improved nutrient
absorption through the use of enteric-coated pancreatic enzymes (12–15) as well as greater
emphasis on increasing energy intake from high-fat diet and multi-disciplinary team
approach to CF care recommended by CFF clinical practice guidelines in the last two
decades (16–17, 20, 31).
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Second, our study provided new estimates of the prevalence of impaired pubertal PHV in the
US CF population; 23% of boys with CF and 30% of girls with CF had impaired PHV
magnitude that was below the 5th percentile of healthy children (25). Of those with impaired
PHV, boys with CF had a greater reduction in PHV magnitude and lower adult height
percentiles than girls with CF, a finding consistent with Byard’s observation (5). Another
related, novel finding of our study is that about 10% of children with CF experienced
delayed but not attenuated PHV. These children should be considered having normal
pubertal growth because their slightly lower PHV magnitude is a typical physiological
phenomenon for late maturers (25) and is compensated by longer pre-pubertal growth. This
allowed them to achieve a similar adult height compared with children with CF who had
average onset and magnitude of PHV. These findings are supported by our multiple
regression analyses that demonstrated inverse associations between PHV age and
magnitude, which concurs with normal physiology of stature growth that children entering
puberty early have a larger PHV magnitude compared with those entering puberty late (25),
but the latter had longer period of pre-pubertal growth prior to PHV take-off, resulting in
comparable adult heights in early and late maturers.

Third, despite improved pubertal PHV, our study showed that adult heights of children with
CF remained lower than healthy children’s, and the majority (80% of boys and 70% of girls)
did not reach their genetic potential (ie, below the average parental height percentile). Adult
heights in our study cohort were comparable with those previously reported for US and
Italian patients (5, 10) but differed from a British study (9) in which 52% were reported to
achieve population norms and genetic potential. The latter study (9) had a very small sample
size and included only well-nourished patients; therefore, their findings may not be
representative of the CF population.

With regard to factors influencing pubertal growth and adult height, our study uncovered
new associations and sex differences. Pre-pubertal height at age 7 y was found to be a strong
determinant of adult height in both sexes. This finding implies that it is critical to target
nutritional care to achieve optimal pre-pubertal growth, thereby maximizing the likelihood
of attaining a greater adult height. This emphasis is particularly important in boys with CF,
as our study showed that height at age 7 y also had a significant positive effect on pubertal
PHV magnitude in boys with CF. As we demonstrated previously, the greatest likelihood of
achieving optimal growth at age 6 y is through maximizing weight gain during the first two
years of life (32); this in turn, depends on sustained high intakes of energy and essential
nutrients such as essential fatty acids beginning in early infancy (33) after diagnosis through
newborn screening. Improving nutrition and growth is now possible for all infants born with
CF in the US, as a new era began with nationwide implementation of CF newborn screening
in 2010 (34, 35).

In our analysis, patients with PS did not have greater PHV magnitudes but had taller adult
heights than patients with PI and MI. However, the significant, positive association between
PS and adult height observed in the univariate analysis became insignificant in multiple
regression analysis. This observation suggests that the advantage of mild gastrointestinal
phenotype on adult height is mediated primarily through better pre-pubertal height rather
than greater pubertal growth. This is an encouraging finding because it implies that the
negative impact of more severe CF phenotypes on long-term growth is “modifiable” through
attaining better pre-pubertal growth that can be achieved by early diagnosis through
newborn screening coupled with aggressive therapy. It is also possible that the relationship
between pancreatic functional status and growth is influenced by other factors, such as
modifier genes, which were found to contribute to BMI variability in pre-pubertal children
with CF (36).
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Our study has several limitations. First, the accuracy of height data documented in the CFF
Registry cannot be ascertained because they were measured in routine clinical settings,
although our previous study demonstrated that the quality of growth data available from the
CFF Registry is comparable with that obtained by research protocols (37). Second, the
sample size for parental heights was small relative to the entire population and therefore the
findings related to genetic potential on pubertal height velocity need to be confirmed in
future studies with larger sample sizes. Third, we were not able to investigate the
relationships of PHV timing and magnitude to puberty development (i.e., sexual maturation)
because the latter were not available from the CFF Registry.

In conclusion, despite major improvements in nutritional management during the past 2–3
decades, the challenges to patients with CF to achieve normal pubertal growth acceleration
remain daunting unless CF clinicians set the goal to achieve maximal growth early in life
and continue with unwavering effort to maintain adequate growth through pre-adolescence.
Of equal importance is to initiate routine height velocity monitoring during adolescence,
which warrants recommendation to the current clinical practice guidelines for CF (17, 20,
31).
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Figure 1.
An example illustrating A, height curve of a child with CF and B, height velocity curve
fitted by the semi-parametric shape-invariant model (24). Point “x” denotes the PHV
magnitude derived from this modeling. Point “●”, the largest Y-axis value of all open
circles, denotes PHV magnitude calculated from 2 adjacent heights.
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Figure 2.
Height velocity curves for boys and girl with CF compared with those for healthy children
from Tanner’s reference population (25).
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Table I

Pre-pubertal heights, pubertal peak height velocities (PHV) and adult heights by PHV subgroups

Peak height velocity (PHV) subgroups

Normal Delayed (D) Attenuated (A) D&A

Boys:

 N 637 100 175 48

 Pre-pubertal growth at age 7 y

  Height percentile 27 ± 1.1a 16 ± 2.0b 26 ± 2.0a 11 ± 2.7b

  BMI percentile 47 ± 11 47 ± 2.6 53 ± 2.0 43 ± 4.0

 Pubertal PHV

  Age at take-off, y 10.7 ± 0.04c 12.9 ± 0.09b 11.0 ± 0.11c 13.4 ± 0.1a

  Height at take-off, cm 138.0 ± 0.3b 144.4 ± 0.8a 138.2 ± 0.7b 143.9 ± 1.2a

  Height at take-off, percentile 26 ± 1.0a 7 ± 0.1b 21 ± 1.8a 3 ± 1.2c

  Age at PHV, y 13.7 ± 0.04c 15.9 ± 0.05b 13.7 ± 0.11c 16.2 ± 0.1a

  PHV magnitude, cm/y 9.2 ± 0.04a 8.2 ± 0.10b 6.7 ± 0.06c 5.7 ± 0.1d

  Total gain, take-off to age 21, cm 35.6 ± 0.3a 29.5 ± 0.6b 29.9 ± 0.6b 23.0 ± 0.9c

 Adult height at age 21 y

  Centimeter 173.6 ± 0.3a 173.8 ± 0.7a 168.1 ± 0.6b 166.8 ± 1.0b

  Percentile 33 ± 1.1a 34 ± 0.4a 11 ± 1.7b 8 ± 2.7b

Girls:

 N 486 75 212 50

 Pre-pubertal growth at age 7 y

  Height percentile 24 ± 1.1a 17 ± 2.9ab 20 ± 1.5ab 16 ± 3.3b

  BMI percentile 41 ± 1.2a 33 ± 2.7ab 41 ± 1.9a 25 ± 4.0b

  Pubertal PHV

  Age at take-off, y 8.9 ± 0.04d 11.0 ± 0.10b 9.7 ± 0.06c 12.4 ± 0.20a

  Height at take-off, cm 128.2 ± 0.3d 136.4 ± 1.0b 131.3 ± 0.5c 139.6 ± 1.1a

  Height at take-off, percentile 24 ± 1.1a 12 ± 2.2b 20 ± 1.4a 4 ± 1.8c

  Age at PHV, y 11.6 ± 0.04d 13.8 ± 0.06b 12.0 ± 0.06c 14.7 ± 0.20a

  PHV magnitude, cm/y 7.8 ± 0.05a 6.8 ± 0.10b 5.7 ± 0.04c 4.3 ± 0.21d

  Total gain, take-off to age 21, cm 32.4 ± 0.3a 26.1 ± 0.7b 26.3 ± 0.4b 17.0 ± 1.0c

Adult height at age 21 y

  Centimeter 160.6 ± 0.3b 162.6 ± 0.8a 157.6 ± 0.4c 156.6 ± 0.9c

  Percentile 34 ± 1.3b 46 ± 3.4a 19 ± 1.7c 15 ± 3.4c

Values are mean ± SE. Comparisons among 4 PHV subgroups were assessed by Fisher Least Square method and values superscripted with
different letters within the same row were significantly different at p< 0.05.
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Table II

Heights adjusted for genetic potential for 269 children with CF who had parental height data

All patients By peak height velocity (PHV)

Normal+Delayed(D)* Attenuated(A)+D&Aŧ

N (%) 269 195 (72.5%) 74 (27.5%)

Boys: N (%) 143 111 (77.6%) 32 (22.4%)

Parental heights

 Father, cm (percentile) 178.7 ± 0.6 (60 ± 2.5) 179.1 ± 0.7 (63 ± 2.8) 177.2 ± 1.5 (52 ± 5.5)

 Mother, cm (percentile) 164.7 ± 0.6 (58 ± 2.5) 164.8 ± 0.7 (59 ± 2.9) 164.3 ± 1.2 (56 ± 5.3)

 Average parental percentile 59 ± 1.9 61 ± 2.1 55 ± 4.2

CF Children’s heights

 Height at age 7 y

  Unadjusted percentile 25 ± 2.3 27 ± 2.8 21 ± 4.6

  Himes adjusted4 percentile 18 ± 2.0 19 ± 2.3 17 ± 4.1

 Pubertal PHV, cm/y 8.5 ± 0.13 9.1 ± 0.10 6.5 ± 0.16

 Adult height at age 21 y

  Unadjusted, cm (percentile) 172.1 ± 0.7 (25 ± 2.4) 173.4 ± 0.7a (32 ± 2.8a) 167.4 ± 1.5b (9 ± 4.1b)

  Himes adjusted, cm (percentile) 169.5 ± 0.6 (16 ± 1.9) 170.6 ± 0.7a (20 ± 2.3a) 165.9 ± 1.4b (7 ± 3.2b)

  Unadjusted percentile < average parental height percentile,
n (%)

115 (80.4%) 85 (76.6%b) 30 (93.8%a)

Girls: N (%) 126 84 (66.7%) 42 (33.3%)

Parental heights

 Father, cm (percentile) 177.9 ± 0.8 (56 ± 2.8) 178.2 ± 1.0a (57 ± 3.3a) 177.2 ± 1.5a (54 ± 5.1b)

 Mother, cm (percentile) 163.2 ± 0.7 (49 ± 2.8) 163.4 ± 0.9a (49 ± 3.4a) 162.8 ± 1.1a (49 ± 4.8b)

 Average parental percentile 53 ± 2.1 53 ± 2.5 52 ± 3.9

CF Children’s heights

 Height at age 7 y

  Unadjusted percentile 22 ± 2.2 23 ± 2.7 21 ± 3.7

  Himes adjusted4 percentile 19 ± 2.0 19 ± 2.5 19 ± 3.2

 Pubertal PHV, cm/y 7.1 ± 0.14 7.9 ± 0.12 5.5 ± 0.19

 Adult height at age 21 y

  Unadjusted, cm (percentile) 159.5 ± 0.6 (28 ± 2.4) 160.4 ± 0.7a (33 ± 3.1a) 157.6 ± 0.9b (19 ± 3.6b)

  Himes adjusted, cm (percentile) 158.8 ± 0.5 (24 ± 2.1) 159.6 ± 0.6a (29 ± 2.8a) 157.2 ± 0.7b (17 ± 2.8b)

  Unadjusted percentile < average parental height percentile,
n (%)

97 (77.0%) 60 (71.4%b) 37 (88.1%a)

*
Normal: N=98 (70%) in boys, N=74 (59%) in girls; Delayed: N=13 (9%) in boys, N=10 (8%) in girls.

†
Attenuated: N=28 (20%) in boys, N=36 (29%) in girls; D&A: N=4 (3%) in boys, N=5 (8%) in girls.

Values are mean ± SE. Comparisons between “Normal + Delayed” and “Delayed + D&A” was assessed by t-test and values superscripted with
different letters within the same row are significantly different at p < 0.05).
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Table III

Pre-pubertal heights, pubertal PHV, and adult heights by CF phenotype

All patients By CF phenotype

Meconium Ileus Pancreatic insufficiency Pancreatic sufficiency

N (%) 1862 417 (22.4%) 1352 (72.6%) 93 (5.0%)

Boys: N (%) 985 220 (22.3%) 712 (72.3%) 53 (5.4%)

 Pre-pubertal growth at age 7 y

  Height percentile 25 ± 0.8 25 ± 1.8 24 ± 1.0 31 ± 3.9

  BMI percentile 48 ± 0.9 44 ± 1.8 49 ± 1.0 48 ± 4.1

 Pubertal PHV

  Age at PHV, y 14.0 ± 0.04 14.1 ± 0.09 14.0 ± 0.05 14.0 ± 0.12

  PHV magnitude, cm/y 8.4 ± 0.05 8.4 ± 0.11 8.4 ± 0.06 8.7 ± 0.19

 Adult height at age 21 y

  Centimeter 172.3 ± 0.3 172.1 ± 0.6b 172.2 ± 0.3b 174.3 ± 1.1a

  Percentile 26 ± 0.9 25 ± 2.0b 26 ± 1.0b 36 ± 4.3a

Girls: N (%) 877 197 (22.5%) 640 (73.0%) 40 (4.6%)

 Pre-pubertal growth at age 7 y

  Height percentile 21 ± 0.8 17 ± 1.6b 21 ± 1.0b 32 ± 4.1a

  BMI percentile 39 ± 0.9 37 ± 1.8 39 ± 1.0 42 ± 4.4

 Pubertal PHV

  Age at PHV, y 12.1 ± 0.04 12.1 ± 0.09 12.1 ± 0.05 12.0 ± 0.14

  PHV magnitude, cm/y 7.0 ± 0.05 6.9 ± 0.10 7.0 ± 0.06 7.1 ± 0.30

 Adult height at age 21 y

  Centimeter 160.0 ± 0.2 159.2 ± 0.5b 159.6 ± 0.3b 161.9 ± 1.0a

  Percentile 28 ± 1.0 26 ± 1.9b 28 ± 1.1b 42 ± 4.9a

Values are mean ± SE. Comparisons among 3 phenotypes were assessed by Fisher Least Square method and values superscripted with different
letters within the same row were significantly different at p < 0.05.
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Table IV

Factors associated with peak height velocity (PHV) and adult height

PHV magnitude (cm/y) Adult height at age 21 y (z-score)

Multiple regression models coefficient p-value coefficient p-value

Boys:

 CF phenotype* 0.42 0.26

  PI (vs. MI) −0.03 0.78 0.07 0.20

  PS (vs. PI) 0.28 0.19 0.08 0.38

  PS (vs. MI) 0.25 0.28 0.15 0.15

 Pre-pubertal growth

  Height z-score at age 7 0.11 0.020 0.71 < 0.001

  BMI z-score at age 7 −0.17 0.001 −0.003 0.17

 PHV

  Age (years) −0.37 < 0.001 0.25 < 0.001

  Magnitude (cm/year) NA NA 0.29 < 0.001

Girls:

 CF phenotype* 0.42 0.30

  PI (vs. MI) 0.13 0.23 −0.07 0.21

  PS (vs. PI) 0.07 0.73 0.11 0.29

  PS (vs. MI) 0.02 0.37 0.05 0.69

 Pre-pubertal growth

  Height z-score at age 7 −0.04 0.41 0.75 < 0.001

  BMI z-score at age 7 −0.05 0.28 −0.37 0.13

 PHV

  Age (years) −0.59 < 0.001 0.28 < 0.001

  Magnitude (cm/year) NA NA 0.29 < 0.001

MI: meconium ileus, PI: pancreatic insufficiency, PS: pancreatic sufficiency.
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