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Variation in Methods of Predicting Adult Height for
Children With Idiopathic Short Stature

WHAT’S KNOWN ON THIS SUBJECT: Predicted adult height often
is used in evaluations of children with short stature, because
treatment may not be indicated for children whose growth is
consistent with attainment of a height above the 1.2nd percentile.

WHAT THIS STUDY ADDS: We demonstrated wide variation in
adult heights predicted with 3 commonly used height prediction
algorithms. Because the 3 algorithms led to profoundly
discrepant predicted heights, future studies are necessary to
determine which is most accurate for children with short stature.

abstract
OBJECTIVE: Recombinant human growth hormone (GH) is approved
for treatment of children with idiopathic short stature, and endocrinol-
ogists often depend on algorithms to predict adult height. Because
algorithm performance often is included in treatment decisions, we
sought to evaluate agreement among height prediction formulas.

METHODS: We identified 3 commonly used algorithms for height pre-
diction, the Bayley-Pinneau, Roche-Wainer-Thissen, and Khamis-Roche
methods. We constructed simulated samples of children with typical
distributions of ages, heights, weights, bone ages, and parental heights
seen in patients with idiopathic short stature, and we applied the algo-
rithms to the simulated sample to determine whether predicted adult
height was �160 cm for boys or �150 cm for girls (�1.2nd height
percentiles for adults).

RESULTS: We found substantial disagreement among algorithms in
the proportions of simulated cases with predicted adult heights of
�1.2nd percentile, a cutoff value that may influence GH treatment
decisions. With the Bayley-Pinneau formula, 43% of boys and 81% of
girls had predicted adult heights below this threshold; with the
Khamis-Roche method, only 3% of boys and 0.2% of girls had predicted
heights of�1.2nd percentile. Roche-Wainer-Thissen predictions were
between those values. Overall agreement of the methods was poor
(� � 0.21) for boys and negative for girls.

CONCLUSIONS: Wide variation exists among formulas used to predict
adult heights. Because these algorithms may be used in decisions
regarding whether to initiate GH treatment and assessment of the
efficacy of GH in research trials, it is important for parents, pediatri-
cians, and investigators to recognize the considerable variation in-
volved in height predictions. Pediatrics 2010;126:938–944
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Recombinant human growth hormone
(GH) was approved by the US Food and
Drug Administration (FDA) in 2003 for
treatment of children with idiopathic
short stature (ISS), defined by the FDA
as height before treatment 2.25 SDs
below the mean for age (1.2nd percen-
tile) without evidence of underlying
disease or GH deficiency. Although pre-
dicted adult height is not part of the
FDA criteria for using GH to treat chil-
dren with ISS, the FDA criteria do in-
clude a statement regarding “a growth
rate that is unlikely to attain an adult
height within the normal range.” In ad-
dition, the FDA identified the 1.2nd per-
centile cutoff values for height in
adults as 63 inches (160 cm) for men
and 59 inches (150 cm) for women.1

On the basis of the ISS indication for GH
treatment, �400 000 children in the
United States now qualify for GH ther-
apy.2 The approval of GH for treatment
of ISS was based on 2 clinical trials,
each with a small number of sub-
jects.3,4 One study (with 33 subjects
monitored to adult height) was a ran-
domized, placebo-controlled trial, and
the other (with 50 subjects monitored
to adult height) was an open-label,
dose-response trial that compared
adult height with predicted adult
height. Both trials used the Bayley-
Pinneau (BP) method of height predic-
tion. Additional studies of GH use for
children with ISS have been limited by
sample size. A Cochrane review in-
cluded 10 randomized controlled trials
of GH treatment for a total of 741 chil-
dren with ISS. The average duration of
treatment and height gain varied, and
combined results showed height gains
over 1 year of 0 to 0.7 SD.5 The review
did not compare near-adult heights
with predicted adult heights.

The approval of GH treatment for chil-
dren with ISS has substantial potential
costs for the US health care system. A
2006 article by Lee et al6 examined the
2 studies used by the FDA to support

approval for ISS to estimate the cost-
effectiveness of GH therapy for chil-
dren with ISS. The cost-effectiveness
was estimated at $52 000 per inch and,
given an average incremental height
gain of 1.9 inches over 5 years, the in-
cremental cost per child was nearly
$100 000.6 At this average cost per
child, the potential cost of treating all
eligible children would be approxi-
mately $40 billion dollars.6 These costs
have been recognized by insurers, be-
cause many deny coverage for GH for
treatment of ISS.7,8

Predicted adult height often is used to
evaluate children with short stature,
because treatment with GH may not be
indicated for a child whose growth is
consistent with attainment of a height
above the 1.2nd percentile, according
to the FDA indication. For example, for
a child with constitutional delay, the
current height SD score often is con-
siderably lower than predicted and
near-adult height SD scores.9 There-
fore, to assess the appropriateness of
treatment with GH for children with
ISS, endocrinologists often use an al-
gorithm to predict whether the child’s
predicted adult height will be �1.2nd
percentile, corresponding to�160 cm
(�63 inches) for adult men and�150
cm (�59 inches) for adult women. A
2006 survey of pediatric endocrinolo-
gists identified a predicted target
height of�5th percentile as a consis-
tent factor in the decision to treat pa-
tients with GH.10 Because the perfor-
mance of such algorithms often is
crucial for decision-making regarding
treatment with GH, we sought to evalu-
ate agreement among formulas used
to predict adult height.

METHODS

Simulated Sample

We constructed a simulated sample
of 1000 boys and 1000 girls with the
typical distributions of ages, heights,
weights, bone ages, and parental

heights of patients seen for evaluation
of short stature, including appropriate
upper and lower limits and correla-
tions among the variables. The vari-
able distributions were determined
through informal review of data from
our institution’s clinicians and on the
basis of a study by Grimberg et al11 that
compared gender differences among
referrals for evaluation of decreased
growth velocity at a tertiary care cen-
ter. The study by Grimberg et al11 iden-
tified referral differences according to
gender, height (on average, girls had
lower height SD scores than boys), and
mid–parental height.

SAS software (SAS Institute, Cary, NC)
was used for all analyses. Two triangu-
lar distributions of random ages were
generated, spanning 6 to 16 years with
a peak at 13 years for boys and 6 to 14
years with a peak at 11 years for girls.
An initial sample of 2500 boys and 2500
girls was generated to allow for trun-
cations and deletions, as detailed be-
low, to produce the final planned sam-
ple of 1000 boys and 1000 girls.
Multivariate normal z scores(mean: 0;
SD: 1) were generated for each child’s
height, weight, bone age and parental
heights. We were unable to identify
correlations for these parameters in
the literature and relied on observa-
tions for our data. We programmed the
random-number generator to impose
correlations of 0.90 between the
child’s height and weight z scores, 0.60
between the parents’ heights, 0.50 be-
tween the child’s height and each par-
ent’s height, 0.15 between the child’s
weight and bone age, 0.15 between the
child’s bone age and each parent’s
height, and 0 among the other z scores.
In addition, to test the sensitivity of our
findings to the estimated correlation
values, we abolished the relatively
strong assumed correlations entirely
and repeated the full simulation.

The initial sample was shifted and
truncated to reflect typical children
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presenting for evaluation of short
stature. For girls, the height distribu-
tion was shifted by �0.75 and the
weight distribution by �0.25 z
scores. Upper limits of�1 for height,
1 for weight, and 0.25 for parental
height were imposed. The z score dis-
tributions were further truncated to
eliminate extreme values, with dele-
tion of cases with weight below �3,
height below�4 for boys or�4.5 for
girls, parental height below �2.5, or
difference between chronologic age
and bone age beyond �2.

The height and weight z scores were
converted to centimeters and kilo-
grams by using gender- and age-
specific normative values for US chil-
dren.12 We assumed the child’s bone age
differed fromchronological age by 0� 1
y mean� SD, and thus calculated bone
age in years by adding the bone age z
score to age in years. Parental height z
scoreswereconverted tocentimetersby
using the Centers for Disease Control
and Prevention normative values for
maximal age (20 years)12 andwere aver-
aged to generate mid–parental height
values. After the deletions described
above, 2680 cases remained in the ran-
domly simulated sample, fromwhich the
first 1000 boys and 1000 girls were se-
lected for analysis.

Prediction of Adult Height

We identified 3 commonly used algo-
rithms for predicting adult height,
from the literature and from inter-
views with board-certified pediatric
endocrinologists. The BP method uses
a series of tables that provide the
child’s predicted percentage of adult
height.13 The tables are indexed ac-
cording to gender, chronological age,
and skeletal age. Chronological age is
trichotomized as�1 year behind skel-
etal age, within 1 year of skeletal age,
or �1 year ahead of skeletal age. Ta-
bles are provided for ages 7 to 18
years, with omissions at each extreme

depending on gender and skeletal age.
By using our simulated children’s gen-
der, age, and bone age, we determined
the appropriate BP table, retrieved the
percentage of adult height from the ta-
ble, and calculated predicted adult
height as current height divided by
percentage of adult height. Omissions
in the tables resulted in unobtainable
values for percentage of adult height
in a few cases, which yielded predic-
tions for 975 of 1000 boys and 991 of
1000 girls.

The Roche-Wainer-Thissen (RWT) al-
gorithm calculates predicted adult
height directly from a linear combi-
nation of the child’s recumbent
length, weight, and bone age, to-
gether with mid–parental height, by
using gender- and age-specific coef-
ficients.14 As described in the article
on RWT methods, we calculated re-
cumbent length as 1.25 cm greater
than standing height.14 Coefficients
used in the RWT method are tabu-
lated to 14 years of age for girls and
16 years of age for boys.

The Khamis-Roche (KR) algorithm cal-
culates predicted adult height directly
from a linear combination of child’s
height and weight, together with mid–
parental height.15 Gender- and age-
specific coefficients are provided for
ages 4 to 17.5 years.

We applied each of the 3 algorithms to
calculate predicted height for the 1000
boys and 1000 girls. The predictions
were dichotomized according to
whether the child was in the lowest
1.2nd percentile of predicted adult
height.

Statistical Analyses

Characteristics of the simulated
sample were detailed by using stan-
dard descriptive statistics (mean,
SD, range, and Pearson correlation
coefficient) to confirm that they con-
formed to the intended profile. Pre-
dicted adult heights were calculated

in centimeters and converted to z
scores and percentiles by using
standard growth charts for the age
of 20.12 The distribution of each mea-
sure was characterized by the mean
and SD for the 1000 boys and 1000
girls, and the algorithms were com-
pared pairwise by using the Spear-
man rank correlation statistic. The
dichotomized height prediction was
tabulated separately according to
gender for each algorithm. Agree-
ment among the 3 algorithms was
assessed by using multirater �.16

Pairwise agreement was assessed
by using Cohen’s interrater �.17

To test the reproducibility of the simu-
lation, we generated 30 new sets of
random heights, weights, and ages for
1000 boys and 1000 girls and examined
the variability of the predictions. To
test the sensitivity of the simulation to
assumed parameters, we repeated it
another 30 times with all correlations
among height, weight, parental height,
and bone age set to 0.

RESULTS

Table 1 shows characteristics of the
simulated sample, which adhered
closely to intended distributions and
correlations. Age ranges within the
sample had a mean of 11.5 years for
boys and 10.3 years for girls and, by
design, the sample included equal
numbers of each gender. The mean �
SD height z score for boys was
�2.03 � 0.66 and that for girls was
�2.50 � 0.76, reflecting typical pa-
tients evaluated for short stature. Age,
height, and weight were strongly inter-
correlated, according to design, with
pairwise Pearson coefficients for
these variables ranging from 88% to
97% for boys and from 77% to 96% for
girls. The other simulated variables
did not correlate with each other or
with the cluster of height, weight, and
age, with a maximal Pearson corre-
lation of 19%.
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Figure 1 shows the distribution of
adult heights predicted by each algo-
rithm in a single replicate of the simu-
lation (1000 boys and 1000 girls). In
each graph, the red line is drawn at the
1.2nd height percentile. Although this
threshold is not a FDA criterion for GH
use to treat children with ISS, we were
interested in the distribution of and
agreements in predicted adult heights
around the 1.2nd percentile.

Table 2 shows summary statistics for
the distribution of heights predicted by
the 3 algorithms and for agreement
among algorithms, averaged over 30
random replicates. The BPmethod pre-
dicted lowest adult stature for both
genders, with mean height 7 cm below
the KR prediction for boys and nearly
10 cm lower for girls. Adult height pre-
dictions obtained with the RWTmethod
were between those obtained the
other 2 methods. We found substantial
disagreement among the 3 methods in
the proportions of simulated patients
with predicted adult heights of�1.2nd
percentile (Fig 1 and Table 2). The BP
method predicted adult heights of
�1.2nd percentile for 43% of boys and

81% of girls, whereas the KR method
predicted adult heights of�1.2nd per-
centile for only 3% of boys and 0.2% of
girls. Both the BP and RWT methods
predicted short stature for a greater
proportion of girls, whereas the KR
method predicted short stature for a
greater proportion of boys.

Rank correlation among methods for
predicting a given child’s adult height
was moderately strong (0.66–0.89)
(Table 2); this statistic does not take
into account the systematic differ-
ences noted above for mean heights
predicted by the 3 algorithms. Agree-
ment among themethods in predicting
heights of�1.2nd percentile produced
� values ranging from 0.42 (BP versus
RWT methods for boys) to virtually 0
(KR versus BP or RWT methods for
girls). Overall agreement among the
methods had a � of 0.21 for boys and
was negative (worse than chance) for
girls (Table 2).

Variation among the 30 replicates was
negligible, in keeping with the large
sample size for each. Mean heights
fluctuated by 0.1 to 0.2 cm around the

average presented in Table 2, mean z
scores by 0.02 to 0.04, and pairwise �
values by 0.00 to 0.05, with similar find-
ings for other parameters. Abolish-
ment of the assumed correlations
among height, weight, parental height,
and bone age had a negligible effect,
with the only noticeable impact on Ta-
ble 2 findings being attenuation of the
small � values.

DISCUSSION

Our study assessed the variation of 3
height prediction algorithms used for
children with short stature. We found
wide differences in height predictions
among commonly used formulas. Our
results showed that, on average, the
BP method predicted lower adult
heights than did other methods.

Our study is the first to compare
height prediction algorithms by us-
ing large-scale models to represent
typical short children presenting for
endocrinologic evaluation. The varia-
tion in height predictions among
methods is important for clinical
decision-making and for interpreta-
tion of research results. Many re-

TABLE 1 Characteristics and Pearson Correlations Between Characteristics Used to Generate Simulated Sample of Children With ISS

Age, y Height, cm Weight, kg Mid–parental
Height, cm

Difference in
Bone Age, y

Correlation Coefficient

Age Height Weight Mid–parental
Height

Difference in
Bone Age

Male (N� 1000)
Mean� SD 11.5� 2.2 133.1� 12.0 33.1� 8.5 163.0� 3.7 0.0� 0.9
Minimum 6.1 100.7 16.0 153.5 �2.0
Maximum 15.9 163.2 59.2 171.0 2.0
Correlation
Age 1 0.92 0.88 �0.03 �0.06
Height 1 0.97 0.11 �0.09
Weight 1 �0.06 �0.01
Mid–parental height 1 �0.04
Difference in bone age 1

Female (N� 1000)
Mean� SD 10.3� 1.6 124.0� 9.4 29.4� 6.8 163.4� 3.5 0.0� 0.9
Minimum 6.1 99.0 15.8 153.6 �2.0
Maximum 13.8 152.4 52.7 171.5 2.0
Correlation
Age 1 0.84 0.77 0.03 0.06
Height 1 0.96 0.19 0.02
Weight 1 0.02 0.12
Mid–parental height 1 �0.03
Difference in bone age 1

Difference in bone age indicates skeletal age minus chronological age.
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search protocols and published
studies of GH treatment for children
with ISS use an end point that com-
pares near-adult height and pre-
dicted adult height.4,18,19 In addition,
predicted adult height has been used
by investigators as a marker of
growth response to other treat-
ments for children with ISS, includ-
ing recombinant human insulin-like
growth factor 120 and combination
therapy with GH and a gonadotropin
hormone-releasing agonist.21 Use of
predicted adult height as an out-
come measure for children with ISS
should be interpreted cautiously, be-
cause we have shown that different
height prediction algorithms provide
different results. In addition, al-
though the recent consensus state-
ment on the use of GH as treatment
for ISS acknowledges the inaccuracy

of predictions of adult heights, it con-
cludes that predicted adult height
may be helpful in combination with
other criteria for determination of
GH use.22 Therefore, practitioners
and investigators may continue to
rely on predicted adult height in
decision-making.

As demonstrated by studies with small
sample sizes, height prediction meth-
ods for different patient populations
lead to both underestimates and over-
estimates of predicted adult height,
with wide variations in accuracy. Maes
et al23 compared the accuracy of 3
height prediction methods for 62 boys
and 28 girls with short stature and
found that the BP method was most
accurate for short boys, whereas the
Tanner-Whitehouse II (TWII) algorithm
was most accurate for short girls. We

did not use the TWII algorithm in our
study because it requires a different
technique for assessment of bone age
than the BP and RWT algorithms.
Roemmich et al24 compared 3 bone age
methods and 3 height prediction mod-
els for 23 boys without growth disor-
ders. Overall, the TWII method showed
underprediction of near-adult height,
whereas the other methods (BP
method, RWT method, and RWTmethod
with Fels bone agemethod) led to over-
predictions.24 Sperlich et al25 explored
the accuracy of height predictions for
49 boys with constitutional delay, com-
paring the results of the BP, TWII, and
RWT formulas with adult heights. Al-
though average predicted heights all
correlated significantly with average
adult heights, individual adult heights
showed impressive deviations from
predicted adult heights; �30% of the

FIGURE 1
Distributions of adult heights predicted by using 3 height prediction algorithms. Bars to the left of the red line represent predicted adult heights that are
below the 1.2nd percentile for adult height (160 cm or 63 inches for men and 150 cm or 59 inches for women). The blue and pink bars (at extreme right)
represent simulated samples that did not allow for height prediction with the BP algorithm because bone age was less than the value required for the
algorithm.
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actual adult heights differed by�5 cm
from the heights predicted with the BP
method.25 Height prediction formulas
also have been studied for children
with tall stature. Comparison of 5
height prediction models for such chil-
dren concluded that none of the meth-
ods was best or most accurate.26 Each
method was useful under certain cir-
cumstances, with accuracy varying ac-
cording to subjects’ age, gender, and
bone age.

A limitation of this study is the use of
simulated patients. However, the sam-
ple was generated to reflect a realistic
patient population evaluated for short
stature and was used to compare 3
height prediction methods directly.
Prospective studies are needed to as-
sess the accuracy of different height
prediction methods in a large cohort
of actual children with short stature.

All height prediction methods that use
bone age are influenced by the bone
age reading, which introduces poten-
tial biases and errors in height calcu-
lations. Most clinicians determine
bone age through comparison of the
overall appearance of radiographs
with the standards described by Greu-
lich and Pyle, rather than through cal-
culation of bone age through assess-
ment of the maturity of individual
bones.27 We recognize that the com-
monly used comparative method may
not be ideal but, for the purposes of
this study, we assumed that the bone
age readings were correct. A new
height prediction algorithm using au-
tomated bone age measurements was
developed recently.28 Automation elim-
inates interrater variability and sys-
tematic biases, which reduce height
prediction errors. Although this
method was approved in Europe, it re-
mains under investigation in the
United States and is not yet widely
used.

We also note that, even with consis-
tent, accurate, bone age readings,

the Greulich and Pyle bone age stan-
dards are based on radiographs for
white children from the 1930s29 and
may not be generalizable to a mod-
ern, racially diverse population.
Loder et al30 found that the Greulich-
Pyle standards demonstrated de-
creased accuracy when applied to a
contemporary cohort of black girls
and white boys. Zhang et al31 demon-
strated that the Greulich and Pyle
standards did not reflect racial dif-
ferences, and they found bone age
overestimation for Asian and His-
panic children. Finally, comparisons
performed by Roemmich et al24 high-
lighted differences among bone age
assessment methods and found that
bone ages were oldest when deter-
mined with the TWII method and
youngest when determined with
the Greulich and Pyle method. Even
for healthy individuals studied longi-
tudinally, bone age accuracy varied
over time.24 Taken together, these
studies indicate that determination
of bone ages for modern children,
even under ideal circumstances, is
not perfectly accurate.

CONCLUSIONS

We demonstrated wide variations in
predicted adult heights by using 3
commonly used height prediction algo-
rithms. Because the 3 algorithms led
to profoundly discrepant predicted
heights, future studies are necessary
to determine which is most accurate
for children with short stature. If auto-
mated bone age measurements are
found to be more precise than mea-
surements by human readers, then in-
troduction of this technology might
help to reduce errors in height predic-
tions and might allow more accurate
comparisons of the different algo-
rithms. Given the substantial medical,
psychosocial, and financial implica-
tions of using GH for children with ISS,
it is important that parents, clinicians,
and investigators understand the con-TA
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siderable uncertainty of adult height
predictions.
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