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Abstract
Context: Height outcome in patients with classic congenital adrenal hyperplasia (CAH) is suboptimal due to glucocorticoid and androgen excess.
Methods: In an open, randomized, controlled trial, children with classic CAH were randomized to receive a combination regimen of 
antiandrogen, aromatase inhibitor, reduced hydrocortisone, and fludrocortisone prior to puberty or standard therapy (hydrocortisone, 
fludrocortisone). Females continued on antiandrogen during puberty. The primary endpoint was adult height.
Results: Of 62 children randomized, 45 completed the study. Adult height SDS did not differ between the investigational and control groups 
(−0.34 [0.93] vs −0.60 [0.89], respectively), mean difference 0.26 [95% CI −0.29, 0.82], P = .35), irrespective of midparental height, but was 
greater than the predicted adult height pretreatment in both groups (P < .001). Growth rate and rate of bone maturation were reduced in the 
investigational group prior to puberty, despite lower hydrocortisone dose (7.6 [1.5] vs 15.0 [3.6] mg/m2/day, P < .001), and improvement in 
predicted adult height appeared greater at pubertal onset (P = .049) compared to standard therapy. Antiandrogen treatment during puberty in 
girls allowed for lower-dose glucocorticoid, and improved height outcome (adult minus midparental height: −0.7 [4.6] vs −5.6 [5.2] cm, mean 
difference 4.9 [95% CI 0.09, 9.7], P = .046). Those who received GnRHa had lower growth rate (P = .023) and longer years of unchanged 
bone age (P = .017), regardless of treatment.
Conclusion: Prepubertal antiandrogen, aromatase inhibitor combination with reduced hydrocortisone improves short-term predicted height for 
children with CAH but does not result in taller adult stature than those treated with standard therapy, and is not recommended. Females may 
benefit from antiandrogen treatment during puberty.
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Congenital adrenal hyperplasia (CAH) denotes several disor-
ders of cortisol biosynthesis. Impaired cortisol production 
leads to chronic corticotropin elevation and loss of negative 
feedback inhibition of the hypothalamic-pituitary-adrenal 
axis. Corticotropin-driven adrenal androgen excess is charac-
teristic of the virilizing forms of CAH, most commonly 
21-hydroxylase deficiency (21OHD), which accounts for 
over 90% of cases, and 11β-hydroxylase deficiency (11OHD) 
(1). Androgen and estrogen excess of adrenal origin can cause 
rapid growth, early puberty, premature epiphyseal fusion, 
and adult short stature (2). The fundamental aim of standard 
medical therapy is twofold: to replace deficient cortisol, and if 
indicated aldosterone, and to control corticotropin-driven an-
drogen excess. However, standard therapy does not affect the 
intrinsic adrenal abnormality, and thus the adrenal glands 

continue to secrete an abnormally high ratio of androgen to 
cortisol at any given level of adrenal activity. As a result, supra-
physiological glucocorticoid doses are often necessary to con-
trol adrenal androgen production, but excess glucocorticoid 
suppresses growth (2).

Despite decades of study, the growth and development of 
most children with CAH remain suboptimal. Retrospective 
studies indicate that the adult height of treated CAH patients 
is relatively independent of the degree of adrenal androgen 
control, suggesting that both hyperandrogenism and hyper-
cortisolism contribute to the observed adult short stature 
(3). A meta-analysis of data from 35 centers and over 1000 pa-
tients showed that classic CAH adult height SDS averaged 
−1.38 (10 cm below the population mean, corresponding to 
the 8th percentile) and −1.03 SDS (7.5 cm) below midparental 
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height, reflecting the need for alternative treatment options to 
optimize linear growth (4).

Whether childhood interventions that improve height pre-
dictions or normalize short-term growth rate can alter adult 
height has been unclear. The regimen of an antiandrogen 
and aromatase inhibitor in combination with reduced hydro-
cortisone dose was first proposed in 1990 (5), and subsequent-
ly maintained normal growth rate and skeletal maturation 
when given for 2 years to prepubertal children with classic 
CAH (6). We tested whether this prepubertal regimen would 
improve adult height in CAH in a long-term clinical trial.

Methods
Trial Design and Participants
We conducted an open-label, single-center, parallel group, 
randomized controlled trial involving children with classic 
CAH at the National Institutes of Health (NIH) Clinical 
Center, Bethesda, Maryland, USA (Clinicaltrials.gov no. 
NCT00001521). The trial was approved by the NIH 
Institutional Review Board. Written informed consent was 
obtained from one parent/guardian and assent was obtained 
for children > 7 years of age.

Boys with bone age ≤ 13 years and girls with bone age ≤ 11 
years with classic 21OHD or 11OHD were eligible (Fig. 1). 
Bone age was determined from a radiograph of the left hand 
and wrist using the Bayley-Pinneau method (7). Exclusion cri-
teria included concurrent illness requiring glucocorticoids and 
use of medication interfering with glucocorticoid metabolism.

Trial Procedures
Randomization was performed by the NIH Pharmacy using a 
table of random numbers. Patients were stratified by bone age  
< 8 years or ≥ 8 years. Patients were randomly assigned, in a 
1:1 ratio, to receive either the investigational regimen of aro-
matase inhibitor (testolactone 40 mg/kg/day or letrozole 
2.5 mg/day after 2004), antiandrogen (flutamide 10 mg/kg/ 
day), reduced hydrocortisone dose (8 mg/m2/day) approxi-
mating physiological cortisol production rates (8, 9) until 
age 13 years in girls or age 14 years in boys, and fludrocorti-
sone, or the standard treatment with hydrocortisone and flu-
drocortisone if indicated. Over 3 weeks, doses of flutamide 
and aromatase inhibitor were incrementally increased, while 
the hydrocortisone dose was decreased. Adjustments in 
hydrocortisone dose were permitted while receiving standard 
treatment throughout the study, as would be the case in 

Figure 1. Flowchart showing randomization, treatment, and follow-up of modified intention-to-treat population. aPatients who could not tolerate 
investigational drugs were switched to standard therapy. Children with early puberty (girls < 9 years old; boys < 10 years old) were treated with 
gonadotrophin-releasing hormone agonist (GnRHa) therapy which was discontinued at age 13 in girls or age 14 in boys. b1 allergic reaction, 3 
gastrointestinal intolerance. cWithdrew due to time commitment. d1 withdrew due to the desire to receive growth hormone therapy, a study exclusion. 
eInvestigational regimen was discontinued at age 13 in girls or at age 14 in boys; girls continued antiandrogen therapy.
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clinical practice. While administering hydrocortisone, 
preferably in a dose of 10 to 15 mg/m2/day and not 
exceeding 25 mg/m2/day, the mineralocorticoid dose was ad-
justed as needed to maintain a normal plasma renin activity. 
While receiving the investigational regimen, the dosage of 
hydrocortisone was adjusted on an individual basis to 
allow for an increase for symptoms or signs of adrenal insuf-
ficiency, or for markedly elevated adrenal androgens 
(17-hydroxyprogesterone >10 000 ng/dL) with bone age ad-
vancement. Glucocorticoid dose was also increased to a min-
imum of 12 mg/m2/day if growth of testicular adrenal rest 
tumor (TART) was observed on testicular ultrasound. 
Antiandrogen therapy was continued in girls until 2 years 
after menarche or when final height was reached, whichever 
occurred first. Children with early puberty (girls < 9 years 
old; boys < 10 years old) were treated with gonadotrophin- 
releasing hormone agonist (GnRHa) therapy which was dis-
continued at chronologic age 13 years in girls or 14 years in 
boys to allow pubertal onset within 2 SD of the general 
population.

Children were assessed at the National Institutes of Health 
Clinical Center (Bethesda, MD, USA) every 6 months until adult 
height was achieved. At each visit, the following were obtained: 
the mean of 3 morning height measurements by stadiometer, 
weight and pubertal stage, testicular ultrasound, bone age, rou-
tine safety laboratory measures (ie, complete blood count, elec-
trolytes, blood urea nitrogen, creatinine, mineral panel, fasting 
blood glucose and insulin, hepatic panel) and hormonal bio-
markers (17-hydroxyprogesterone, androstenedione, testoster-
one, plasma renin activity). The morning hydrocortisone dose 
was withheld until after these samples were obtained at approxi-
mately 08:00 hours. Early morning hormonal biomarkers prior 
to medication were also obtained between visits, at 3-month in-
tervals. Bone age was determined by a single radiologist (S.C.H.) 
who was unaware of the patients’ treatment status. At the final 
visit, a dual-energy x-ray absorptiometry (DEXA) scan was per-
formed using a Hologic Densitometer QDR 4500 (Hologic, 
Bedford, MA).

Outcome Measures
The primary outcome was adult height expressed in standard 
deviation score (SDS) units relative to the general population, 
with attainment of adult height defined as incremental growth 
< 1.5 cm over 12 months. Height SDS was based on National 
Health and Nutrition Examination Survey data (10) and adult 
height SDS was based on data at 20 years old, as previously 
described (11). Predicted adult height at baseline was calcu-
lated using the bone age at the baseline visit or the first avail-
able bone age according to the Bayley-Pinneau method (7). 
Secondary outcomes were evaluated at “adult height” (final 
visit) and “pubertal onset,” defined as when patients entered 
puberty (Tanner 2 breast in females, testicle size ≥ 4 mL in 
males) or completed therapy with either aromatase inhibitor 
and/or GnRHa (age 13 years in girls and 14 years in boys). 
Secondary outcomes were adult height in relation to midpar-
ental height, changes in predicted adult height (7), growth 
rate, and rate of bone maturation before puberty and during 
puberty until adult height, number of prepubertal years 
bone age remained unchanged, adrenal androgen biomarker 
levels, hydrocortisone dose, and cumulative glucocorticoid 
exposure. Exploratory outcomes evaluated body mass index 
(BMI) changes during the study periods, insulin resistance, 

age at menarche, bone mineral density, and proportion of fe-
males with normal menstrual cyclicity and males with TART 
at adult height. BMI percentile was calculated using US an-
thropometric reference data as previously described (10, 
11). Insulin resistance was assessed according to the homeo-
stasis model assessment of insulin resistance (HOMA-IR) 
method, as previously described (12). Menstrual cyclicity 
was obtained via patient report at each visit.

Patients randomized to the investigational group had inten-
sive liver function monitoring as a precaution against 
flutamide-associated liver toxicity, which included biochem-
ical testing every 2 weeks for the initial 3 months, every month 
for the next 9 months, and every 3 months thereafter.

Statistical Analysis
The group size required to give 80% power to detect a 5-cm 
difference (about 2 inches, considered clinically meaningful) 
using a two-sample, equal variance Student t test and alpha 
0.05, was 24 per study arm. The final group size allowed for 
a 25% to 30% dropout rate.

Efficacy analyses were performed in a modified intention- 
to-treat (MITT) population defined by treatment received, 
protocol compliance, and completed follow-up, and are pre-
sented (Fig. 1). The 4 patients who did not tolerate the antian-
drogen and aromatase inhibitor regimen were withdrawn 
from the investigational arm within 4 weeks of study onset, 
were followed on standard therapy to adult height, and 
were analyzed as treated (ie, standard therapy) in the MITT 
analysis (Fig. 1).

Data are reported as frequency (percentage), mean (SD), or 
median [interquartile range (IQR)]; differences in means, me-
dians, or proportions are reported with their respective 95% 
CI. Continuous data or outcome changes during study periods 
were compared between treatment arms using Student t test or 
Wilcoxon rank sum test. Categorical data were compared us-
ing Fisher exact test. The primary outcome (adult height SDS 
units) was compared between treatment arms using the two- 
sample Student t test. Multivariable and repeated measures 
analyses utilized mixed effects models. Post hoc comparisons 
were corrected for multiplicity using the stepdown Bonferroni 
method. Statistical evidence was based on magnitude of differ-
ences, data variability, and P values. No formal interim ana-
lysis was performed as per the protocol. Statistical analyses 
were performed using SAS v9.4 (SAS Institute).

Results
Patients were recruited from February 1996 to April 2004. 
Eligibility was determined by medical record review. A total 
of 62 children with classic CAH 21OHD or 11OHD (39 
male, 23 female) underwent randomization, with 31 assigned 
to each treatment arm. For the investigational arm, 4 patients 
did not tolerate testolactone/flutamide treatment, were 
crossed over to the standard arm within 4 weeks and were sub-
sequently analyzed as treated in the standard therapy arm of 
the MITT analysis, presented here (Fig. 1). One child had an 
allergic reaction and 3 had gastrointestinal symptoms that 
did not resolve within the first 3 to 4 weeks of therapy. Nine 
other patients in the investigational arm were withdrawn 
from study (5 by parent or guardian and 4 by investigators 
for protocol deviations and noncompliance), leaving 18 inves-
tigational arm completers for the MITT analysis. For the 
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standard therapy arm, 4 patients were added early due to in-
vestigational drug intolerance, 4 were withdrawn by parent 
or guardian, 6 were withdrawn by investigator for protocol 
deviations and noncompliance, and 2 previously withdrawn 
patients returned for a final study visit—providing 27 com-
pleters for the MITT analysis.

Overall, the 2 groups had similar baseline characteristics; 
however, those in the investigational group were receiving 
higher doses of fludrocortisone (P = .015) (Table 1). The ma-
jority had advanced bone maturation at study entry (overall 
median 2.1 years [IQR 0.2-4.7]), and advanced bone matur-
ation by sex was similar between treatment groups. 
Children were followed on average for 10.1 years (median 
10.7 years [IQR 7.9-12.3], maximum 16.7) until adult height.

Adult height SDS, the primary outcome, did not differ be-
tween the investigational vs standard therapy groups (−0.34 
(0.93) vs −0.60 (0.89), respectively, SDS mean difference 
= 0.26 [95% CI −0.29, 0.82], P = .35) (Table 2, Fig. 2A). 
The 2 treatment groups also did not differ when adult heights 
were adjusted for midparental height (SDS mean difference 
0.38 [95% CI −0.12, 0.87], P = .13). In addition, sensitivity 
analysis of the primary outcome of adult height yielded similar 
conclusions in the intention-to-treat (ITT) and MITT analyses 

(investigational therapy vs standard therapy: ITT −0.54 
(0.97) vs −0.47 (1.00), P = 0.78; MITT −0.34 (0.93) vs 
−0.60 (0.89), P = .35).

When adult height SDS was compared to predicted adult 
height at baseline, the achieved adult height SDS was greater 
than the baseline predicted adult height for both groups 
(investigational therapy: −0.34 [0.93] vs −2.06 [1.62], 
P < .001; standard therapy: −0.60 [0.89] vs −2.06 [1.60], 
P < .001).

Similar predicted height and adult height outcomes in the 
investigational group and the standard therapy group were 
observed at baseline, pubertal onset, adult height, and adult 
height adjusted for midparental height (Fig. 2A). However, 
at pubertal onset after receiving on average 7.9 (2.5) years 
of antiandrogen, aromatase inhibitor, and reduced hydrocor-
tisone dosing, the improvement in predicted height from study 
entry to pubertal onset was greater in the investigational 
group compared to the standard therapy group (1.93 [1.29] 
vs 1.10 [1.32] SDS, mean difference 0.83 [95% CI 0.005, 
1.65], P = .049) (Table 2, Fig. 2A).

The growth rate and rate of bone maturation from study en-
try to pubertal onset were lower in the investigational group 
compared to the standard therapy group (height velocity 

Table 1. Patient characteristics at baseline (modified intention-to-treat population)

Characteristic Antiandrogen, aromatase inhibitor,  
reduced hydrocortisone (n = 27)

Standard therapy (n = 35)

Male sex 15 (55.6%) 23 (65.7%)
Age, years 5.6 (3.5-7.5) 5.1 (3.5-6.4)
Age at CAH diagnosis, years 0 (0-2.5) 0 (0-0.1)
CAH phenotype

Salt-wasting 21-hydroxylase deficiency 18 (66.7%) 21 (60.0%)
Simple virilizing 21-hydroxylase deficiency 9 (33.3%) 12 (34.3%)
11β-hydroxylase deficiency 0 2 (5.7%)

Medication
Hydrocortisone dose—mg/m2/day 14.7 (3.8) 13.9 (3.5)
Fludrocortisone dose—mcg/day 150 (100-250) 100 (100-200)a

Anthropometrics
Height (SDS) 0.9 (1.8) 0.3 (1.5)
Weight (SDS) 1.1 (1.6) 0.5 (1.5)
Body mass index (SDS) 1.0 (1.2) 0.6 (1.3)
Bone age—chronological age, years 2.9 (2.9) 2.3 (2.7)
Predicted height (SDS)b −2.0 (1.5) −2.1 (1.5)
Midparental height (SDS)c 0.2 (0.7) 0.2 (0.8)
Pubic hair staging

1 14 (53.9%) 27 (77.1%)
2 6 (23.1%) 3 (8.6%)
3 5 (19.2%) 5 (14.3%)
4 1 (3.9%) 0
5 0 0

Disease-related comorbidities
Early pubertyd 5 (18.5%) 5 (14.3%)
Testicular adrenal rest tumor 0 2

Values are mean (SD), n (%) or median (IQR).
Abbreviations: CAH, congenital adrenal hyperplasia; SDS, standard deviation score.
aExcludes n = 2 with 11β-hydroxylase deficiency.
bPredicted height (first available) was calculated using the bone age at the baseline visit or the first available bone age, using the Bayley-Pinneau method.
cMidparental height was calculated using the formula: father’s height (cm) + mother’s height (cm)/2 ± 6.5 cm.
dTanner 2 breast in females < 9 years old, testicle size ≥4 mL in males < 10 years old.
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Table 2. Primary and secondary end points (modified intention-to-treat population)

End point Antiandrogen, aromatase inhibitor,  
reduced hydrocortisone (n = 18)a

Standard therapy  
(n = 27)b

Difference (95% CI)c P value

Primary efficacy end point
Adult height (SDS) −0.34 (0.93) −0.60 (0.89) 0.26 (−0.29, 0.82) .35
Secondary efficacy end points
Anthropometrics
Adult height − Midparental height (SDS) −0.45 (0.85) −0.83 (0.78) 0.38 (−0.12, 0.87) .13

Males −0.89 (0.75) −0.93 (0.78) 0.04 (−0.62, 0.69) .91
Females −0.02 (0.72) −0.67 (0.79) 0.66 (−0.08, 1.39) .078

Predicted adult height change (SDS)d

Baseline to pubertal onset visit 1.93 (1.29) 1.10 (1.32) 0.83 (0.005, 1.65) .049
Pubertal onset to final visit −0.10 (0.66) 0.14 (0.54) −0.25 (−0.63, 0.14) .20

Bone age unchanged, no. of yrs
Baseline to pubertal onset visit 3.86 (2.13) 2.78 (2.43) 1.08 (−0.37, 2.54) .14
Pubertal onset to final visit 0.39 (0.68) 0.70 (0.73) −0.32 (−0.75, 0.12) .16

BMI change (SDS)
Baseline to pubertal onset visit 0.12 (0.70) 0.36 (0.79) −0.24 (−0.67, 0.19) .26
Pubertal onset to final visit 0.06 (0.54) −0.20 (0.61) 0.14 (−0.22, 0.50) .43

BMI (SDS)
Pubertal onset visit 1.07 (1.30) 1.09 (0.93) −0.02 (−0.64, 0.60) .63
Final visit 0.79 (1.13) 0.89 (0.83) −0.10 (−0.69, 0.48) .53

Medication
Hydrocortisone dose, mg/m2/day

At pubertal onset 7.6 (1.5) 15.0 (3.6) −7.4 (−8.9, −5.9) <.001
At adult height 16.4 (3.1) 16.8 (2.9) −0.4 (2.2, 1.4) .63
Average daily dose 10.1 (1.7) 15.0 (2.4) −4.9 (−6.2, −3.6) <.001

Baseline to pubertal onset
Males 9.5 (1.6) 15.0 (2.8) −5.5 (−7.6, −3.3) <.001
Females 9.1 (1.5) 13.9 (2.6) −4.8 (−6.9, −2.7) <.001

Pubertal onset to adult height
Males 14.7 (0.9) 15.5 (2.5) −0.8 (−2.2, 0.6) .25
Females 9.5 (2.2) 15.5 (3.0) −6.0 (−8.6, −3.4) <.001

Biochemistry
17-hydroxyprogesterone in optimal range, %, median (IQR)

Baseline to pubertal onset 11.8 (5.9-22.7) 35.9 (19.4-65.2) −23.2 (−43.8, −2.7) <.001
Pubertal onset to final visit 0 (0-30.0) 28.6 (11.8-54.5) −28.6 (−55.6, 1.5) .026

Androstenedione in normal range, %, median (IQR)
Baseline to pubertal onset 0 (0-10.5) 45.0 (28.6-78.6) −45.0 (−65.1, −24.9) <.001
Pubertal onset to final visit 20.2 (0-50.0) 50.0 (25.0-81.8) −27.8 (−66.5, 11.0) .035

Testosterone ng/dL, median (IQR)
Baseline to pubertal onset 86.3 (42.2-100.0) 24.5 (19.7-36.8) 61.7 (34.4, 89.1) <0.001

Pubertal onset to final visit
Males 336.0 (303.3-492.5) 418.4 (349.6-504.4) −82.4 (−250.1, 85.3) .45
Females 42.3 (33.5-155.9) 34.4 (20.6-52.1) 4.8 (−75.5, 85.2) .18

Disease-related comorbidities
Onset of early puberty, no. (%)e 12 (75.0%) 9 (37.5%) 37.5% (5.1, 63.4) .027
Testicular adrenal rest tumors (males), no. (%)

Pubertal onset visitf 4 (33.3%) 3 (15.0%) 18.3% (−14.4, 50.1) .38
Final visit 7 (77.8%) 7 (41.2%) 36.6% (−4.1, 67.8) .11

Age at menarche (females), yr 14.7 (1.7) 13.6 (0.9) 1.1 (−0.2, 2.4) .091
Normal menstrual cyclicity (females), no. (%) at final visit 4 (50.0%) 7 (70.0%) −20.0% (−61.9, 29.7) .63

(continued)
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−1.01 [1.84] vs −0.34 [2.18] SDS, mean difference −0.67 
[95% CI −0.98, −0.36], P < .001; bone age advance per chro-
nologic year 0.47 [0.33] vs 0.76 [0.48], respectively, mean dif-
ference −0.29 [95% CI −0.54, −0.05], P = .019) (Fig. 2B and 
2C). These findings were irrespective of GnRHa therapy 
(P < .001 and P = .035, respectively).

Overall, GnRHa therapy for early puberty (< 10 years boys; 
< 9 years girls) was given to 26 patients (14 [77.8%] investi-
gational vs 12 [44.4%] standard, difference 33.3% [95% CI 
2.8, 58.3], P = .035). In a multivariable analysis, receiving 
GnRHa contributed to prepubertal lower growth rate 
(P = .023) and possibly greater predicted height change from 
baseline (P = .087) when adjusting for treatment arm. The 
number of years bone age remained unchanged was correlated 
with height gained over initial predicted height (rs = 0.64, 
P < .001), and receiving GnRHa was associated with frozen 
bone age (4.41 [2.22] vs 2.50 [2.12] years of unchanged 
bone age, P = .017), irrespective of treatment (Fig. 3A-3C).

After discontinuation of sex steroid blockade and GnRHa 
therapies, height velocity SDS to adult height (final visit) 
was higher in the investigational group (0.65 [1.42] vs 
−0.29 [1.34], mean difference 0.94 [95% CI 0.64, 1.24], 
P < .001), while the annual rate of bone maturation did not 
differ between the 2 groups (Fig. 2B and 2C). Although adult 
height did not differ between the 2 groups overall, female pa-
tients receiving the investigational regimen lost the least adult 
height based on genetic potential; on average, they lost less 
than 1 cm compared to a loss of ∼5 cm in the standard therapy 
female group, with improved adult height (adult height minus 
midparental height: −0.7 [4.6] vs −5.6 [5.2] cm, mean differ-
ence 4.9 cm [95% CI 0.09, 9.7], P = .046). By contrast, male 
patients in both groups lost ∼8 cm of adult height in relation 
to sex-adjusted midparental height (−7.9 [5.4] vs −8.2 [5.9] 
cm, investigational vs standard, respectively, mean difference 
0.4 cm [95% CI −4.5, 5.3], P = .88). GnRHa therapy did not 
differ between the sexes.

Patients who received the investigational therapy received 
notably lower doses of glucocorticoid. The average daily 
hydrocortisone dose in the investigational group was 7.6 
(1.5) mg/m2/day while receiving prepubertal sex steroid 
blockade therapy and 10.1 (1.7) mg/m2/day average daily 
dose throughout the entire study. By comparison, the 

standard therapy groups received an average daily dose of 
15.0 (3.6) mg/m2/day prior to puberty and 15.0 (2.4) mg/ 
m2/day throughout the entire study (mean difference, investi-
gational vs standard therapy, −4.9 mg/m2/d [95% CI −6.2, 
−3.6], P < .001).

During investigational treatment, 7 (3 female, 4 male) pa-
tients received hydrocortisone doses ≥ 12 mg/m2/day for ≥ 6 
months; 3 males with TART, 1 with multiple intercurrent ill-
nesses, 3 in response to 17-hydroxyprogesterone > 10 000 ng/ 
dL with bone age advancement. Antiandrogen therapy during 
puberty allowed for lower glucocorticoid dosing in female pa-
tients relative to male patients (9.5 [2.2] vs 15.5 [3.0] mg/m2/ 
day, mean difference −6.0 mg/m2/day [95% CI −8.6, −3.4], 
P < .001). As the hydrocortisone dose was reduced in the in-
vestigational group according to study design from baseline 
to age 13 in girls and 14 in boys, prior to puberty the investi-
gational group had fewer number of visits with normal andro-
stenedione (median 0% [0-10.5] vs 45.0% [28.6-78.6], 
difference in medians −45.0% [95% CI −65.1, −24.9], 
P < .001), and 17-hydroxyprogesterone (median 11.8% 
[5.9-22.7] vs 35.9% [19.4-65.2], difference in medians 
−23.2% [95% CI −43.8, −2.7], P < .001), and higher testos-
terone levels (median 86.3 [42.2-100.0] vs 24.5 [19.7-36.8] 
ng/dL, difference in medians 61.7 [95% CI 34.4, 89.1], 
P < .001), as reflected in Table 2.

There were no differences in the other secondary outcome 
measures, including BMI, bone mineral density, menstrual cy-
clicity, and the development of TART (Table 2). Moreover, at 
the final visit, there was no difference between the 2 treatment 
groups in the size of the TART present in those males who de-
veloped TART during this longitudinal study (TART volume: 
0.30 ± 0.31 cm3 in the investigational vs 0.24 ± 0.19 cm3 in 
the standard groups; P = .72). Normal menstrual cyclicity 
was present in 50% females in the investigational group and 
70% of females in the standard therapy group at the final visit. 
Insulin sensitivity, as measured by HOMA-IR was similar be-
tween the 2 groups (median 2.42 [2.12-4.82] in the investiga-
tional vs 2.29 [1.68-3.20] in the standard groups, difference in 
medians 0.42 [95% CI −0.98, 1.82], P = .12).

The overall incidence of adverse events was similar in the 2 
groups (Table 3). Elevated liver enzymes, a potential effect of 
antiandrogen therapy, was observed in 3 patients receiving 

Table 2. Continued

End point Antiandrogen, aromatase inhibitor,  
reduced hydrocortisone (n = 18)a

Standard therapy  
(n = 27)b

Difference (95% CI)c P value

Metabolic
HOMA-IR > 2.5, no. (%) 8 (44.4%) 12 (46.2%) −1.7% (−31.5, 28.8) 1.0
Anterior posterior spine BMD at final visit (SDS) −0.19 (1.28) −0.25 (0.84) 0.06 (−0.61, 0.73) .86
Femoral neck BMD at final visit (SDS) −0.07 (1.23) −0.32 (1.03) 0.26 (−0.46, 0.97) .47

Data are mean (SD), n (%), unless otherwise specified. Reported P values are uncorrected for multiplicity where post hoc comparisons were carried out.
Abbreviations: BMD, bone mineral density; BMI, body mass index; HOMA-IR, homeostatic model assessment of insulin resistance.
aInvestigational group n = 18 at final study visit (9 male, 9 female); n = 21 at pubertal onset (12 male, 9 female).
bStandard therapy group n = 27 at final study visit (17 male, 10 female; 1 with 11-OH deficiency CAH); n = 31 at pubertal onset (20 male, 11 female; 2 with 11-OH 
deficiency CAH).
cFor results reported as median (IQR), this is the difference in medians and 95% CI for the difference. For results reported as proportions, this is the difference between the 
proportions and 95% exact CI for the difference.
dPredicted height was calculated using the bone age at the baseline visit or the first available bone age, using the Bayley-Pinneau method.
eDenominators are n = 16 for investigational group and n = 24 for standard therapy who did not have early puberty at baseline.
fPubertal onset visit was defined as the visit when patients entered puberty (Tanner 2 breast in females, testicle size ≥4 mL in males) or completed therapy with aromatase 
inhibitor and or gonadotrophin-releasing hormone agonist therapy.
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Figure 2. Primary and key secondary endpoints. Panel A shows similar predicted height and adult height outcomes in the antiandrogen, aromatase 
inhibitor, and reduced hydrocortisone group and the standard therapy group at baseline, pubertal onset, adult height, and adult height adjusted for 
midparental height. Predicted height was based on the Bayley-Pinneau method. Pubertal onset was defined as onset of Tanner 2 (breast in females, testicle 
size ≥ 4 mL in males) or completion of either the aromatase inhibitor and/or GnRHa (age 13 in girls and 14 in boys). Midparental height was calculated based 
on reported parental heights (formula: father’s height (cm) + mother’s height (cm)/2 ± 6.5 cm). Panel B shows differences in annual growth rate in the 2 
treatment groups during prepubertal and pubertal time periods (P < .001). Panel C shows slower bone maturation in the antiandrogen, aromatase inhibitor, 
and reduced hydrocortisone group during the prepubertal time period (P = .019) and similar bone maturation in the 2 groups during puberty.
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Figure 3. Interrelationship between height gained over initial predicted height, years of unchanged bone age, and use of GnRHa among patients with 
CAH. Means and 95% CI are shown. Predicted height was based on the Bayley-Pinneau method. Panel A shows the positive correlation between years 
of unchanged bone age and height gained over initial predicted height (P < .001), by treatment group and GnRHa therapy. Panel B shows that receiving 
GnRHa was associated with on average 4.4 years of unchanged bone age in the standard therapy group, similar to years of unchanged bone age in the 
investigational group receiving an antiandrogen, aromatase inhibitor, and reduced hydrocortisone. Panel C shows that the height gained over the initial 
predicted height at study entry was similar in the treatment groups, and most similar in those receiving standard therapy with GnRHa compared to the 
investigational group receiving an antiandrogen, aromatase inhibitor, and reduced hydrocortisone.
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antiandrogen and 1 patient receiving standard therapy, 
resolved with time, with 3 patients testing positive for viral in-
fections. Glucocorticoid stress dosing for illnesses or potential 
adrenal crises was similar between the 2 groups.

Female patients in the investigational group developed min-
imal or no axillary and pubic hair during puberty while receiv-
ing antiandrogen therapy; breast development in both study 
arms progressed normally through the 5 stages described by 
Tanner. Female patients receiving standard therapy developed 
the expected amount of sexual hair.

Discussion
This is the first randomized controlled trial with adult height 
outcome data of height-enhancing therapy for children with 
classic CAH. Patients who received prepubertal aromatase in-
hibitor, antiandrogen, and reduced hydrocortisone dose expe-
rienced slowing of bone maturation, progressive increase of 
predicted adult height, and greater improvement in adult 
height predictions at pubertal onset compared to standard 
therapy. However, pubertal height gain accounts for approxi-
mately 20% of adult height in healthy individuals (13, 14), is 
influenced by many factors, and ultimately this prepubertal 

investigational therapy did not significantly improve the pa-
tients’ adult height compared to standard therapy.

Height outcome in classic CAH is often adversely affected 
due to both disease-related and treatment-related factors (2). 
The growth suppressive effect of glucocorticoid therapy is 
dose dependent and is observed especially when doses exceed 
15 to 20 mg/m2/day during puberty (15, 16). However, all pa-
tients in this study had daily hydrocortisone doses < 18 mg/ 
m2/day. Although glucocorticoid dose was lower throughout 
the prepubertal years for both sexes in the investigational ther-
apy group, during puberty the glucocorticoid dose for male 
patients was similar between the 2 groups at ∼15 mg/m2. By 
contrast, according to study design, the female patients in 
the investigational group continued antiandrogen therapy un-
til 2 years postmenarche or adult height, which allowed the 
mean glucocorticoid dose of 9.5 mg/m2/day during the puber-
tal years to remain within the physiologic range of normal cor-
tisol production rate (∼4-12 mg/m2/d in oral hydrocortisone 
dose-equivalents) (8, 9, 17). This sex difference in pubertal 
hydrocortisone dose likely contributed to the better adult 
height outcome in female compared to male participants. 
Although aromatization of androgens to estrogens is thought 
to be the major factor in pubertal growth acceleration and epi-
physeal fusion (18), we cannot exclude antiandrogen therapy 
during puberty as a possible factor. Unlike males, females in 
the investigational treatment group achieved adult heights ap-
proximating their genetic potential, and the positive difference 
in midparental height − adjusted adult height compared to fe-
males in the standard therapy group, while not statistically 
significant (P = .078), approached the level that patients con-
sider meaningful (+0.66 SDS [4.25 cm]).

Perturbations of growth and puberty are common compli-
cations observed in children with classic CAH, especially 
those who are not diagnosed and treated early. This long-term 
study started in 1996, thus not all children were born in states 
with neonatal screening for CAH. Patients in both groups had 
advanced skeletal age (median advancement 2.1 years) with 
poor predicted adult height at study entry. Although advanced 
bone maturation early in life is expected to impact adult height 
with loss of epiphyseal growth potential (19, 20), both groups 
achieved improved height outcomes compared to predictions 
at study entry and both achieved adult height within 1 SD of 
the population norm. GnRHa therapy was offered to both 
treatment groups for early central puberty and was given to 
44% of those in the standard therapy group. GnRHa therapy 
has been shown to increase adult height in children with 
GnRH-dependent precocious puberty (21) and in adolescents 
with idiopathic short stature with normally timed puberty 
(22). We chose to initiate GnRHa therapy at 9 years old for 
girls and 10 years old for boys to standardize its effect in 
both groups, recognizing that this is one year older than the 
standard definition of central precocious puberty. GnRHa 
therapy effectively prevented bone age advancement in both 
groups and likely contributed to the lack of difference between 
the 2 groups in adult height. Other potential contributing fac-
tors were close patient follow-up with frequent biochemical 
monitoring/dose titration, hydrocortisone dosing < 18 mg/ 
m2/day during puberty in both groups, and improved 
compliance in the clinical trial setting (Hawthorne effect). 
Each of these factors may have contributed to the improved 
adult height of the standard therapy group vs a published 
meta-analysis of adult CAH height (−0.60 vs −1.38 SDS, 
respectively) (4).

Table 3. Adverse events

Eventa Antiandrogen, aromatase 
inhibitor, reduced 
hydrocortisone (n = 31)

Standard 
therapy  
(n = 31)

Adverse events that led to 
discontinuation of 
antiandrogen and 
aromatase inhibitorb

4 (12.9%) 0

Adverse event that led to 
discontinuation of 
GnRHa

0 1 (3.23%)

Hepatobiliary 3 (9.68%) 1 (3.23%)
Gastrointestinal 9 (29.0%) 0
Musculoskeletal 5 (16.1%) 0
Skin—urticarial rash 1 (3.23%) 0
Skin—abscess 0 1 (3.23%)α

Somnambulism 0 1 (3.23%)α

Adverse events of special interestc (n = 27) (n = 35)

Glucocorticoid stress dosing 27 (100.0%) 35 (100.0%)
Days of stress dosing per year 2.94 (3.49) 2.40 (1.06)
Illnesses per year 1.69 (1.99) 1.44 (0.67)
Emergency room visitd 13 (48.1%) 14 (40.0%)
Emergency room visits per year 0.10 (0.19) 0.08 (0.13)
Hospitalizations 7 (25.9%) 11 (31.4%)
Hospitalizations per year 0.07 (0.19) 0.07 (0.16)

Data are mean (SD), or n (%).
aShown are adverse events attributed as possibly, probably or definitely related to 
the investigational therapy or the GnRHa by the trial investigator. This analysis 
was performed in all patients randomized.
bOne with urticarial rash one hour after receiving investigational therapy, 3 with 
persistent (>one week) gastrointestinal upset following initiation of aromatase 
inhibitor and antiandrogen therapy.
cThis analysis was performed according to treatment received (modified 
intention-to-treat population).
dRelated to adrenal insufficiency, requiring administration of intravenous 
hydrocortisone.
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Early central puberty—a frequent occurrence in CAH—was 
observed with similar frequency in both groups at baseline 
(14%-19%). Unexpectedly, however, a significantly greater 
frequency of early puberty and GnRHa therapy occurred in 
the investigational vs the standard therapy group (78% vs 
44%). Possible explanations for more frequent early puberty 
in the investigational group include randomization imbalan-
ces in the predestined pubertal timing, dropout imbalances 
in pubertal timing, or lower prepubertal hydrocortisone 
dose in the investigational arm. Our study does not permit dis-
tinction among these and other possibilities.

Our hypothesis to improve treatment of children with CAH 
with antiandrogen and aromatase inhibitor treatment arose 
from prior study of boys with familial male precocious pu-
berty (FMPP). Accelerated growth rate and bone maturation 
of these boys was controlled effectively with an antiandrogen 
(spironolactone) and an aromatase inhibitor (primarily testo-
lactone and later anastrozole) (23). We hypothesized that a 
similar approach would be effective in CAH, and would allow 
us to avoid the complications of glucocorticoid excess by re-
ducing hydrocortisone dose to physiologic levels. Since pa-
tients with classic CAH have a defect in aldosterone 
production, we substituted flutamide for spironolactone due 
to the latter’s mineralocorticoid antagonist activity. Unlike 
boys with FMPP, who attained a midparental height-adjusted 
adult height SDS of −0.45, boys with CAH in the investiga-
tional group had midparental height-adjusted adult height 
SDS of −0.89. Possible explanations for this difference include 
supraphysiologic glucocorticoid dosing during early child-
hood or puberty in the boys with CAH, differences in the 
drug combinations used, and potential differences in gonadal 
and adrenal androgens and estrogens—and hypothalamic- 
pituitary factors—between the 2 disorders. In our study, no 
prepubertal sex differences were found in growth rates or 
GnRHa therapy, suggesting that the supraphysiologic gluco-
corticoid dosage during male puberty, which is known to ex-
ert a direct, inhibitory effect on the growth plate (24), seems 
the most likely explanation for the sex difference in adult 
height outcome.

Central puberty is initiated in the brain, with well-known 
external influences on its timing, including exposure to sex ste-
roids and nutritional status. Our findings of a higher rate of 
early puberty in the investigational arm was surprising. 
Higher exposure to adrenal androgens and their multiple me-
tabolites or to corticotropin and POMC products may have 
played a role, but the combination of an antiandrogen that 
blocks at the androgen receptor and an aromatase inhibitor 
that blocks the conversion of androgen to estrogen was ex-
pected to normalize growth and bone maturation sufficiently 
to prevent early puberty. As in the current study, GnRHa ther-
apy was also often added—due to early central puberty—to 
the combined regimen of an antiandrogen and aromatase in-
hibitor in many boys with FMPP (25). This suggests that the 
antiandrogen/aromatase inhibitor regimen may not have be-
gun early enough or achieved a sufficient blockade to prevent 
the early onset of central puberty. In 3 children with CAH who 
had extremely elevated adrenal androgens and concomitant 
bone age advancement despite antiandrogen and aromatase 
inhibitor treatment, an increase in hydrocortisone dose to 
∼12 mg/m2/day achieved improved control. Thus, incomplete 
blockade appeared to occur, but in a minority of patients.

When the current study was conceived in the early 1990s, 
testolactone was the sole aromatase inhibitor considered 

sufficiently safe for a long-term study in children. 
However, the need for large testolactone doses at thrice-daily 
intervals, and gastrointestinal intolerance in a minority of 
patients, made this approach unwieldy for wider use. 
However, we undertook this study for “proof of concept,” 
knowing that more potent aromatase inhibitors and antian-
drogens were in development. Today, this same conceptual 
approach could be undertaken with 2 additional pills daily 
administered with the existing thrice-daily hydrocortisone 
doses. Despite lack of clinical trials, aromatase inhibitors 
are commonly used in children with CAH. In our view, the 
key argument against this approach is that it failed to signifi-
cantly improve adult height outcome, and that theoretically 
more appealing add-on therapies appear likely to become 
available (26-28).

Owing to the central role of estrogens in skeletal maturation 
and epiphyseal fusion, off-label use of aromatase inhibitors 
has gained popularity as an adjuvant height-enhancing agent 
in children with hyperandrogenic or hyperestrogenic states, 
idiopathic short stature, and in male pubertal delay (29, 30). 
However, in this first randomized controlled clinical trial to 
adult height with aromatase inhibitor therapy in CAH, the 
short-term improvement in predicted adult height did not 
achieve a significant adult height gain compared to standard 
therapy. Thus, our findings do not support the use of aroma-
tase inhibitors as height-enhancing therapy for patients with 
CAH. However, we cannot exclude the possibility that a 
more potent aromatase inhibitor/antiandrogen combination, 
with continued aromatase inhibitor during male puberty 
and continued antiandrogen during female puberty, may yield 
better results than our initial approach.

Our study also provides evidence that physiologic gluco-
corticoid replacement (approximately 8 mg/m2/day of hydro-
cortisone) is safe in growing children and even moderate 
glucocorticoid dosing may play a role in growth suppression 
during puberty. Studies have suggested that lower-dose hydro-
cortisone might increase risk of adrenal crisis in children (31), 
but we found no differences in illness and hospitalization rates 
between the 2 treatment groups. Moreover, differences in 
disease-related TART formation (males) and irregular menses 
(females) associated with excess corticotropin and elevated 
adrenal-derived androgens respectively were not observed. 
Overall, the prevalence of TART among our patients was as 
expected based on prior reports of TART prevalence (32), 
suggesting that lower-dose glucocorticoid therapy during the 
prepubertal years does not significantly increase risk of 
TART formation. However, once TART developed, 3 males 
in the investigational group were treated with ∼12 mg/m2/ 
day because of concern of possible TART progression.

Antiandrogen therapy in the females with CAH during pu-
berty had the advantage of enabling a continued physiologic 
dose of glucocorticoid during puberty and may have ac-
counted for their achievement of normal adult height in rela-
tion to midparental height. Although we are encouraged by 
this finding, our study began long ago and was not designed 
to permit a current assessment of potential positive or negative 
reproductive effects of antiandrogen during female puberty. 
Because exposure to high androgen levels is a known con-
tributor to ovarian dysfunction and menstrual irregularities, 
we believe this approach deserves further investigation. The 
decreased sexual hair growth in the adolescent girls receiving 
antiandrogen was seen as a benefit to some, and none ex-
pressed dissatisfaction.
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In addition to impairing childhood growth, iatrogenic hy-
percortisolism can decrease bone mineral density, alter metab-
olism, and increase the prevalence of cardiovascular disease 
risk factors. Children with classic CAH have higher preva-
lence of obesity and insulin resistance compared to the general 
population (12), possibly due to chronic supraphysiologic 
glucocorticoid dose. However, in our study, approximately 
8 years of near physiologic hydrocortisone dosing during 
childhood did not result in decreases in BMI or insulin resist-
ance. Differences in bone mineral density also were not ob-
served. Our inability to mimic the circadian and ultradian 
rhythm of cortisol with the available methods of glucocortic-
oid replacement and the limited number of years patients 
received physiologic dosing may have played a role. 
Ultimately, lower-dose physiologic individualized gluco-
corticoid therapy is needed throughout the lifetime. New 
treatment approaches that aim to optimize glucocorticoid 
dose while maintaining adrenal androgen control include a 
modified-release form of hydrocortisone, approved in 2021 
in the UK and Europe for patients with CAH age 12 years 
and older (33), and an oral corticotropin-releasing factor 
type 1 receptor (CRF1) antagonist (26, 27). Studies of these 
promising new treatment approaches have not yet included 
the evaluation of growth in children, a challenging issue that 
has lifelong consequences.

Overall, the combination of antiandrogen, aromatase in-
hibitor therapy, and low-dose hydrocortisone was well toler-
ated. The major strengths of the study include robustness of 
the trial design given the randomized, longitudinal nature of 
the study, extensive clinical monitoring, long-term follow-up, 
and the rare ability to assess final height outcomes in a cohort 
of CAH patients.

Our study has limitations. The study was open-label, as con-
ducting a placebo-controlled double-blind trial with multiple 
medications administered multiple times daily was not thought 
to be feasible. Dropouts were seen in both treatment groups re-
lated mostly to parent/guardian decision due to time commit-
ment. The greater dropout rate in the investigational arm 
(13% due to intolerance to testolactone/flutamide) further re-
duced study investigational arm completers (18 vs the intended 
24), thus reducing statistical power to detect a 5-cm adult height 
difference. Nevertheless, dropouts are often unavoidable in the 
ethical conduct of an intensive long-term, pediatric study. 
Because the primary outcome for this study was adult height 
after patients were treated for many years, a formal 
intention-to-treat (ITT) analysis was not considered clinically 
meaningful. GnRHa to suppress early central puberty was a 
confounding factor when evaluating the effects of aromatase in-
hibitor, antiandrogen, and reduced hydrocortisone on adult 
height, but restricting its use to one group was considered im-
practical given its FDA approval for early central puberty. 
Because we elected to discontinue aromatase inhibitor during 
the pubertal years in males, while continuing antiandrogen ther-
apy in the females, we cannot exclude the possibility that contin-
ued aromatase inhibitor in males might have prevented the 
pubertal rise in hydrocortisone dose, and the reduced adult 
height SDS, that was observed in males compared to females. 
The study initially used first-generation testolactone, a steroidal 
aromatase inhibitor administered multiple times/day, and letro-
zole—a more potent, once-daily, third generation non-steroidal 
aromatase inhibitor—was introduced starting in 2004 (34).

We conclude that prepubertal sex steroid blockade and 
reduced hydrocortisone therapy may be effective in increasing 

adult height in CAH but is no more effective than careful mon-
itoring with standard therapy, judicious use of glucocorticoid, 
and GnRHa therapy for early central puberty. Thus, this treat-
ment regimen is not recommended, but we recommend that 
GnRHa therapy should be considered in shorter children 
with CAH and early puberty. Antiandrogen therapy during 
puberty in females with CAH may allow for lower pubertal 
glucocorticoid dosing and improve height outcomes. This 
study provides the only long-term clinical trial data of height- 
enhancing therapy in classic CAH and confirms the import-
ance of pubertal height gain in determining adult height.
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