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Abstract 

The most common form of congenital adrenal hyperplasia is 21-hydroxylase deficiency (21OHD), which in the classic (severe) form occurs in 
roughly 1:16 000 newborns worldwide. Lifelong treatment consists of replacing cortisol and aldosterone deficiencies, and supraphysiological 
dosing schedules are typically employed to simultaneously attenuate production of adrenal-derived androgens. Glucocorticoid titration in 
21OHD is challenging as it must balance the consequences of androgen excess vs those from chronic high glucocorticoid exposure, which 
are further complicated by interindividual variability in cortisol kinetics and glucocorticoid sensitivity. Clinical assessment and biochemical 
parameters are both used to guide therapy, but the specific purpose and goals of each biomarker vary with age and clinical context. Here we 
review the approach to medication titration for children and adults with classic 21OHD, with an emphasis on how to interpret adrenal 
biomarker values in guiding this process. In parallel, we illustrate how an understanding of the pathophysiologic and pharmacologic principles 
can be used to avoid and to correct complications of this disease and consequences of its management using existing treatment options.
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Case Presentations

Case 1—Pediatric

A 15-month-old male with congenital adrenal hyperplasia 
(CAH) due to 21-hydroxylase de#ciency (21OHD) presented 
with a history of failure to thrive, oversuppression of the 
hypothalamic-pituitary-adrenal (HPA) axis and repeated peri-
ods of hypoglycemia. He was born full term at 3.15 kg weight 
with an uncomplicated neonatal course. He developed salt- 
wasting and an adrenal crisis on day 5 of life with a serum so-
dium level of 127 mmol/L (normal range: 133-143 mmol/L) 
and a weight of 2.67 kg (a loss of 15.3% of birth weight). The 
newborn screening result on day 6 of life was positive for 
21OHD, and con#rmatory testing revealed markedly elevated 
17-hydroxyprogesterone (17OHP), androstenedione (A4), adre-
nocorticotropic hormone (ACTH), and plasma renin activity 
(PRA) values (Table 1). At that time, the diagnosis of 21OHD 
was made, and he received treatment with 1.26 mg 3 times daily 

of hydrocortisone (as a 2 mg/mL suspension, 20 mg/m2/day), 

$udrocortisone 0.15 mg daily, and sodium chloride 4 mEq/kg/ 
day. Weight at discharge was 2.925 kg (5th percentile, z-score 
−1.65) and length was 50.5 cm (22nd percentile, z-score
−0.78). The patient’s hydrocortisone dose and growth over
time are presented in Figure 1.

At 3.5 months, he was noted to have failure to thrive (weight 
z-score −0.91 and height z-score −1.5). Follow-up serum 
17OHP and A4 concentrations revealed oversuppression of 
the HPA axis, and PRA was not elevated (Table 1). His hydro-
cortisone dose formulation was switched from suspension to 
tablet at a dose of 0.83 mg administered every 8 hours at 7 
AM, 3 PM, and 11 PM for a total daily dose of 7.1 mg/m2/day. 
The manipulation of a 5 mg tablet to achieve the 0.83 mg 
dose was to split in half a scored 5 mg tablet and then further 
divide the 2.5 mg half-tablet into 3 more pieces. Multiple ma-
nipulations of the hydrocortisone tablet made it highly unlikely 
that accurate dosing was being achieved. Growth failure 
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continued despite reversal of HPA axis oversuppression 
(Fig. 1), as evidenced by markedly increased 17OHP concentra-
tion (Table 1). Hydrocortisone regimen was changed to a quar-
ter tablet (1.25 mg) 3 times a day for a total daily dose 9.3 mg/ 
m2/day. At 14 months of age, parents reported he had random 
and frequent episodes of lethargy and irritability associated 
with blood glucose <60 mg/dL (<3.3 mmol/L) determined by 
glucometer, which his mother treated with 1.25 mg additional 
doses of hydrocortisone. 17OHP, A4, and PRA remained well 
controlled, and evaluation for other causes of hypoglycemia 
was unrevealing.

At 15 months of age, he presented for a second opinion due 
to continued growth failure and hypoglycemia. At that time, 
his height was at the 1st percentile (z-score −2.3), and weight 
was at the 5th percentile (z-score −1.7). Initial evaluation 
showed elevated 17OHP, prepubertal testosterone, and un-
detectable A4 concentrations (Table 1).

Case 2—Adult

A 30-year-old male patient with classic 21OHD due to a 
homozygous I172N pathogenic variant in the CYP21A2 
gene was referred for evaluation of infertility; his wife, 
who had normal hormonal evaluation, did not become 
pregnant despite frequent intercourse for 2 years. He was 
diagnosed with 21OHD at the age of 5 years due to preco-
cious pubarche (Tanner Stage III for pubic hair), penile en-
largement, accelerated growth velocity, and a bone age of 
8 years with prepubertal testes size of 3 mL. There were 
no signs of salt wasting. He was treated with supraphysio-
logical dosages of hydrocortisone 3 times a day. At age 16 
years, having reached #nal adult height, which was 2 SD be-
low his target height, he decided to stop his glucocorticoid 
(GC) treatment and had not taken any GC therapy since 
then. His testicular volumes at that time were 15 and 
10 mL without palpable nodules. Scrotal ultrasound was 
not performed. At 30 years of age, he reported that during 
the 14 years without GC therapy he experienced no symp-
toms of adrenal insuf#ciency and that he did not require 
stress dosing during illness. On physical examination, he 
had a normal blood pressure and heart rate, slightly hyper-
pigmented skin, and mild gynecomastia. His testicular vol-
umes were 10 and 8 mL and contained multiple #rm, 

irregular palpable nodules. Ultrasound of the testes showed 
multinodular hypoechogenic lesions with a diameter of 2 to 
3 cm with hyperechogenic re$ections, all located in the rete 
testes (Fig. 2). Additional blood tests showed that his 
ACTH, A4, and 17OHP were signi#cantly elevated 
(Table 2). He also had low gonadotropins and testosterone 
levels in the lower range with an A4/testosterone ratio of 
> 1. Estrogens were slightly elevated, most likely caused
by the elevated adrenal androgen production and their
aromatization to estrogens by aromatase, which led to sup-
pression of the hypothalamic-pituitary-gonadal (HPG) axis.

Normal and Disordered Adrenal Steroidogenesis in 
21OHD

Basic principles of steroidogenesis and congenital adrenal 
hyperplasia

All steroids produced in the adrenal cortex derive from chol-
esterol, which is mobilized from a pool on the outer mitochon-
drial membrane. The steroidogenic acute regulatory protein 
(StAR) facilitates the transfer of this cholesterol to the side- 
chain cleavage enzyme (CYP11A1, P450 11A1), located on 
the inner mitochondrial membrane. Here, cholesterol is 
cleaved to pregnenolone, the #rst committed intermediate in 
human steroid biosynthesis. This #rst step is the point of quan-
titative regulation in steroidogenesis and the point of acute 
regulation, for example, by ACTH via its second messenger, 
cyclic adenosine monophosphate. Nascent pregnenolone 
then follows any of several pathways available in the speci#c 
adrenal zonae to aldosterone, cortisol, or dehydroepiandros-
terone sulfate (DHEAS), the principal products of the zona 
glomerulosa, zona fasciculata, or zona reticularis, respectively 
(Fig. 3) (1). In the normal human adrenal, intermediates (pre-
cursors) do not signi#cantly accumulate, and the production 
of theoretical side products, from aberrant combinations of 
enzyme activities off the major pathways, is minimal.

In the various forms of CAH, a genetic de#ciency in 1 of the 
enzymes required for cortisol biosynthesis creates several 
layers of dysregulation (2). The #rst consequence is “under-
#ll,” the de#ciency of cortisol and sometimes other steroids 
as well. The second consequence is “over$ow,” the shunting 
of steroids into other pathways, due to mass action of 
ACTH-driven precursor accumulation. For example, elevated 

Table 1. Case 1 laboratory values

Patient age ACTH, pmol/L (pg/mL) 17OHP, nmol/L (ng/dL) A4, nmol/L (ng/dL) Testosterone, nmol/L (ng/dL) PRA, ng/mL/hr

6 days 153 (696) 718 (23 700) 86 (2450) — 46.7

5 weeks 18 (80) 36 (1180) 1.3 (38) 1.5 (43) 8.7

3.5 months <LLOD 1.2 (38) <LLOD — <LLOD

8 months — 246a (8120a) — — 11

9 months 14 (63) 542 (17 888) 1.7 (48) 0.7 (21) 25

14 months 2 (10) 12 (402) <LLOD 0.1 (2.7) 9.7

15 months — 49 (1630) <LLOD 0.1 (3) 13

“–” indicates laboratory test was not performed at that visit. 
aBefore morning hydrocortisone dose; 17OHP value after the morning dose was 143 nmol/L (4730 ng/dL). 
Normal ranges are as follows: ACTH, 0-9 years, 7.2-63 pg/mL; 17OHP, 0-28 days,  < 630 ng/dL; 17OHP, 6 months-9 years,  < 110 ng/dL; A4, 1-7 days, 
20-290 ng/dL; A4, 1 month-1 year,  < 69 ng/dL; A4, 1-9 years,  < 51 ng/dL; total testosterone, 0-5 months, 75-400 ng/dL; total testosterone, 6 months-9 years,
< 7-20 ng/dL; PRA, 0-2 years, 1.4-7.8 ng/mL/h (from Mayo Clinic Laboratories Pediatric Catalog; https://www.mayocliniclabs.com/test-info/pediatric/
refvalues/reference.php).
Abbreviations: 17OHP, 17-hydroxyprogesterone; A4, androstenedione; ACTH, adrenocorticotropic hormone; LLOD, lower limit of detection; PRA, plasma
renin activity.
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production of adrenal-derived androgens and/or mineralocor-
ticoids is observed in various forms of CAH. The third conse-
quence is “diversion,” the augmentation of aberrant or 
alternative pathways, which are minor in normal physiology 
but can become prominent in the presence of an enzyme de#-
ciency with accumulation of intermediate steroids. These 
pathways can lead to either dead-end inactive products, trad-
itional active steroids via alternate routes, or odd steroids with 
some biological activity. In most forms of CAH including 

21OHD, all 3 forms of dysregulated steroidogenesis are ob-
served. A prominent exception is congenital lipoid adrenal 
hyperplasia due to mutations in StAR and the similar syn-
drome rarely caused by CYP11A1 pathological variants, for 
which production of all steroids is reduced and no steroids 
are elevated (3).

Steroid 21-hydroxylase de"ciency

Steroid 21-hydroxylase (CYP21A2, P450 21A2) occupies a 
central position in the biosynthesis of both aldosterone and 
cortisol. Because circulating aldosterone concentrations are 
generally 0.1 nmol/L or less, whereas plasma cortisol is closer 
to 100 nmol/L, aldosterone production is only impaired in 
complete enzyme de#ciency. Alleles that retain 5% to 20% 
of enzyme activity give rise to nonclassic 21OHD, in which 
basic cortisol production is adequate to prevent clinical man-
ifestations of adrenal insuf#ciency but still features slightly 
elevated adrenal precursors and androgen production. 
Classic 21OHD manifests with cortisol de#ciency and much 
greater precursor accumulation (4, 5).

The many fates of 17-hydroxyprogesterone

The precursor steroid immediately before the CYP21A2 block 
in the cortisol pathway is 17OHP (Table 3), which has been 
traditionally used to establish the diagnosis of 21OHD. A 
basal or stimulated 17OHP >30 nmol/L (1000 ng/dL) estab-
lishes a diagnosis of 21OHD with very rare exceptions, and 
values in classic 21OHD are typically 10 to 100 times higher 
(6). Given its prominent position immediately prior to the 
21-hydroxylation reaction, 17OHP has also been used as a
key biomarker to monitor disease activity, particularly in chil-
dren. Further upstream of 17OHP is progesterone, a very
early intermediate in several pathways, and progesterone is in-
creased in all forms of CAH except in congenital lipoid ad-
renal hyperplasia. The importance of progesterone as a
biomarker in 21OHD is discussed in the section on female
infertility.

Rather than a dead-end product, 17OHP has at least 2 
alternative conversion pathways besides 21-hydroxylation 
(Fig. 4). The #rst pathway is cleavage to A4—an “over$ow” 

A

B

Figure 1. Case 1 hydrocortisone dose and growth over time. The 

dotted line indicates measurements at first visit at our institution and a 

change in dosing regimen from reverse circadian to circadian 

hydrocortisone dosing.

Figure 2. Ultrasound image of testicular adrenal rest tumor.

Table 2. Case 2 laboratory values

Analyte Patient value Normal rangea

17OHP, nmol/L (ng/dL) 270 
(8911)

<6.6 
(<220)

A4, nmol/L (ng/dL) 50 
(1433)

1.4-5.2 
(40-150)

ACTH, pmol/L (pg/mL) 33 
(150)

2.2-13 
(10-60)

Testosterone, nmol/L (ng/dL) 9.8 
(282)

10-38
(291-1100)

LH, IU/L <0.1 2-9

FSH, IU/L <0.1 1-7

Renin, ng/mL/hr 8.4 0.2-3.6

aNormal ranges are from American Board of Internal Medicine Test 
Reference Ranges, January 2022; https://www.abim.org/Media/b#jryql/ 
laboratory-reference-ranges.pdf. 
Abbreviations: 17OHP, 17-hydroxyprogesterone; A4, androstenedione; 
ACTH, adrenocorticotropic hormone; FSH, follicle-stimulating hormone; 
LH, luteinizing hormone.
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consequence—via the 17,20-lyase activity of CYP17A1 (P450 
17A1), which is also the steroid 17-hydroxylase enzyme. 
Although the 17,20-lyase activity of human CYP17A1 with 
17OHP as the substrate is poor, roughly 50 times less ef#cient 
than with 17-hydroxypregnenolone as the substrate (3), the 
accumulation of 17-hydroxysteroids drives A4 production 
as a proximate 19-carbon steroid.

The second 17OHP metabolic pathway is 11-hydroxylation 
to 21-deoxycortisol (21dF), a steroid produced in only trace 
amounts from the normal adrenal and an example of the “di-
version” consequence of the enzyme block. Despite its lower 
abundance than 17OHP, 21dF is a very discriminatory ster-
oid, because 17OHP derives both from the adrenals and go-
nads, and 17OHP is elevated in some other forms of CAH. 

In contrast, the 11-hydroxysteroid 21dF is purely of adrenal 
origin, and 21dF is uniquely elevated in 21OHD (7). The 
theme that 11-hydroxylated steroids are exclusively of adrenal 
origin will recur for other metabolites later. Both 17OHP and 
21dF have some GC activity (8) but not enough to rescue the 
phenotype in classic 21OHD.

At least in the fetal and neonatal adrenal, a third “diver-
sion” pathway also occurs when 5 -reductase type 1 is ex-
pressed. The sequential 5 - and 3 -reduction 17OHP
affords an excellent substrate for the 17,20-lyase activity of 
human CYP17A1 (9). The 19-carbon steroid product andro-
sterone can be 17 -reduced in extra-adrenal tissues and
3 -oxidized in target tissues to DHT, the most potent known
endogenous androgen. This alternative pathway to DHT 

Zona reticularis

Zona fasciculata

Zona glomerulosa

Pregnenolone

17OH-pregnenolone

17OH-progesterone

Progesterone

Dehydroepiandrosterone

11-deoxycortisol Cortisol

11-deoxycorticosterone

Dehydroepiandrosterone sulfate

Androstenedione Testosterone

Aldosterone

Cholesterol

StAR

CYP11A1 3βHSD2

3βHSD2

SULT2A1

CYP21A2

CYP21A2 CYP11B2

CYP11B1

AKR1C3

CYP17A1
3βHSD2

CYP17A1

CYP17A1

Mitochondria (all zones)

Adrenal gland

Zona glomerulosa

Zona fasciculata

Zona re�cularis

Adrenal cortex

Figure 3. Initiation of steroidogenesis and downstream metabolism in the 3 zones of the adrenal cortex. Cholesterol in the outer mitochondrial 

membrane is converted to pregnenolone via the side-chain cleavage enzyme CYP11A1 on the inner mitochondrial membrane in a process that requires 

the StAR for maximal efficiency. Nascent pregnenolone is either converted to progesterone via the 3 HSD2 or 17-hydroxylated via CYP17A1. In the

zona glomerulosa, absence of CYP17A1 and presence of 21-hydroxylase (CYP21A2) and aldosterone synthase (CYP11B2) limits metabolism to the 

mineralocorticoids DOC and aldosterone. In the zona fasciculata, 17OHP is sequentially 21- and 11 -hydroxylated to cortisol, reactions that CYP21A2

and CYP11B1 catalyze, respectively. In the zona reticularis, pregnenolone metabolism is limited to CYP17A1, first to 17-hydroxypregneneolone and 

then to DHEA, the latter via the 17,20-lyase activity. Most DHEA is sulfonylated to DHEAS via the sulfotransferase SULT2A1, but lesser amounts of 

DHEA are converted to A4 and then via AKR1C3 to testosterone. Note that the pathways to cortisol and aldosterone—but not the pathway to A4— 

require CYP21A2. Abbreviations: 3 HSD2, 3 -hydroxysteroid dehydrogenase/isomerase type 2 enzyme; A4, androstenedione; AKR1C3, aldo-keto

reductase type 1C3; DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; DOC, 11-deoxycorticosterone; StAR, steroidogenic 

acute regulatory protein.

Table 3. Biomarkers in 21OHD: significance, uses, and limitations

Steroid Signi"cance Uses Limitations

17OHP Immediately above block Titrate GC Varies widely from dose

21dF Purely adrenal steroid Diagnosis Mass spectrometry

A4 Proximate 19-carbon steroid Titrate GC Also derives from gonads

Testosterone Active androgen Titrate GC Also derives from gonads

11OHA4 Major adrenal product Titrate GC Limited data in management

11KT Purely adrenal androgen Titrate GC Limited data in management

Progesterone Affects endometrium Female fertility Must be follicular phase

PRA/renin mass Volume status Titrate mineralocorticoid Renal insuf#ciency

Abbreviations: 11KT, 11-ketotestosterone; 11OHA4, 11 -hydroxyandrostenedione; 17OHP, 17-hydroxyprogesterone; 21dF, 21-deoxycortisol; 21OHD,
21-hydroxylase de#ciency; A4, androstenedione; GC, glucocorticoid; PRA, plasma renin activity.
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bypasses A4 and testosterone as intermediates; hence the col-
loquial term “backdoor pathway” has been used to describe 
this $ux to DHT (10). The several potential fates of 17OHP 
illustrates both the importance and the limitation of 17OHP 
as a barometer of disease control. When 17OHP is low, 
then little $ux to androgens can occur; however, modest accu-
mulation of 17OHP is not necessarily deleterious, particularly 
if the main $ux of 17OHP in that patient is to 21dF and/or to 
catabolic pathways, primarily via 5 -reduction en route to its 
major urinary metabolite, pregnanetriol. In addition, circulat-
ing 17OHP varies markedly with time after GC dose, which 
adds another layer of complexity to interpretation.

Which adrenal androgens are important in 21OHD and how 
are these androgens produced?

If androgen biosynthesis followed the canonical adrenal path-
way to 19-carbon steroids in the zona reticularis, one might 
predict that circulating DHEAS would be very high in classic 
21OHD. Although DHEAS is often high-normal or modestly 
elevated in nonclassic 21OHD, DHEAS is not proportionately 
higher in classic 21OHD and is easily suppressed with GC 
treatment—even when A4 and testosterone are elevated. A4 
varies less throughout the day than 17OHP and testosterone 
even less than A4. A4 is also a substrate for peripheral conver-
sion to estrone and then estradiol, and estrogens are the pri-
mary if not sole mediator of bone age advancement. Because 
of the exquisite sensitivity of the skeleton to estrogens, bone 
age advancement can be observed even when estrogens cannot 
be reliably measured in the most sensitive clinical assays. 
Consequently, A4 has become a major biomarker of disease 
control in all forms of 21OHD.

In contrast to the limited intra-adrenal 17 -reduction of A4 
to testosterone, A4 is an excellent substrate for the 

11-hydroxylase enzyme CYP11B1 (P450 11B1). The product 
of this reaction, 11 -hydroxyandrostenedione (11OHA4), is 
the major unconjugated 19-carbon steroid in the circulation 
of adults with classic 21OHD (11) or untreated nonclassic 
21OHD (12). In peripheral tissues, 11OHA4 is oxidized to 
11-ketoandrostenedione, with the same enzyme 
11 -hydroxysteroid dehydrogenase type 2 that converts corti-
sol to cortisone. The same aldo-keto reductase type 1C3 en-
zyme (also known as 17 -hydroxysteroid dehydrogenase 
type 5) that catalyzes the reduction of A4 to testosterone 
with poor ef#ciency in peripheral tissues also converts 
11-ketoandrostenedione to the active androgen 
11-ketotestosterone (11KT) and with substantially greater ac-
tivity than the A4-to-testosterone reaction (Fig. 4) (13). 
Similar to the dominance of 11OHA4 over A4, 11KT is the 
most abundant active androgen in the circulation of many 
adults and children with classic 21OHD, roughly double the 
concentration of testosterone on average. In addition, 11KT 
is a substrate for the 5 -reductase, and the product appears 
to have similarly augmented androgen action as for DHT. 
Collectively, these 19-carbon steroids downstream of the 
CYP11B1-catalyzed 11 -hydroxylation are commonly re-
ferred to as “11-oxygenated androgens” (14).

Assessment of 19-carbon steroids as biomarkers in 21OHD 
is dependent on age and sex. In prepubertal children, no go-
nadal contribution to androgen production is present, and 
all androgens derive from the adrenal. The major active ad-
renal androgen is 11KT, and several studies are consistent 
with the model that 11KT is the androgen responsible for me-
diating pubic hair development, as most often occurs during 
adrenarche (15, 16). In children with classic 21OHD with dis-
cordance among classical biomarkers of disease (17OHP and 
A4), measurement of 11-oxygenated androgens might resolve 
the quandary of whether disease control is adequate (17). 

Extra-adrenal

11βHSD2

Androsterone
CYP17A1

17OH-progesterone

Androstenedione

21-deoxycortisol

Pregnanetriol

5α-pregnane

-3α,17α-diol-20-one

CYP17A1

CYP11B1

5RD5A1

AKR1D1

AKR1C

5α-dihydrotestosterone

5α-androstane-3α,17β-diol

Testosterone

11β-hydroxyandrostenedione 11-ketoandrostenedione

11-ketotestosterone

AKR1C3

CYP11B1

AKR1C3

AKR1C3

17βHSD6

Figure 4. Potential fates of 17OHP in 21OHD. Top, canonical pathway to A4 via CYP17A1, though much less efficient than production of DHEA, can be 

driven by high concentrations of 17OHP that accumulate immediately prior to the enzymatic block. Some A4 is metabolized to testosterone via 

intra-adrenal and more by extra-adrenal AKR1C3 (dashed arrow angled up). The intra-adrenal 11 -hydroxylation of A4 via CYP11B1 yields 11OHA4 

(arrow angled down), the first 11-oxygenated androgen product, which is oxidized outside the adrenal (shaded box, far right) via 11 HSD2 to 11KA4. 

Subsequently, 11KA4 is a much better substrate for AKR1C3 than A4, which yields 11KT. Second pathway from top, CYP11B1 also catalyzes the 

11 -hydroxylation of 17OHP to 21dF. Third pathway from top, in the fetal adrenal and neonatal period, SRD5A1 and 1 or more AKR1C enzymes reduce 

17OHP to 5 -pregnane-3 ,17 -diol-20-one, the substrate that CYP17A1 cleaves to androsterone. Extra-adrenal metabolism of androsterone, most 

likely via AKR1C3 and the oxidative 3 -hydroxysteroid dehydrogenase activity of 17 HSD6 (shaded box, far right), affords DHT without the intermediacy 

of A4 or testosterone. Bottom pathway, 5 -reductase (AKR1D1) catalyzes the first of 3 steps in the catabolism of 17OHP to its major urinary metabolite, 

pregnanetriol. Abbreviations: 11 HSD2, 11 -hydroxysteroid dehydrogenase type 2; 11KA4, 11-ketoandrostenedione; 11OHA4, 

11 -hydroxyandrostenedione; 17OHP, 17-hydroxyprogesterone; 17 HSD6, 17 -hydroxysteroid dehydrogenase type 6; 21dF, 21-deoxycortisol; 

21OHD, 21-hydroxylase deficiency; A4, androstenedione; AKR1C3, aldo-keto reductase type 1C3; AKR1D1, aldo-keto reductase type 1D1 (5 - 

reductase); DHEA, dehydroepiandrosterone; DHEAS, dehydroepiandrosterone sulfate; DHT, 5 -dihydrotestosterone; SRD5A1, 5 -reductase type 1.
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However, target concentration ranges for adequate treatment 
in children are not yet known. In women with classic 21OHD, 
the 17-ketosteroids A4 and 11OHA4 both utilize the aldo- 
keto reductase type 1C3 enzyme for conversion to their active 
androgen congeners testosterone and 11KT, respectively, and 
testosterone and 11KT generally correlate linearly (11). 
Elevation of 1 or more of these steroids—A4, testosterone, 
11OHA4, or 11KT—is consistent with adrenal androgen ex-
cess, but the 11-oxygenated androgens 11OHA4 and 11KT 
are more speci#c for 21OHD, because these steroids derive 
only from the adrenals (18). A normal A4 and testosterone 
even with an elevated 17OHP suggests adequate disease con-
trol, yet treatment decisions as discussed later require integra-
tion of clinical factors in the decision, such as menstrual 
regularity, hirsutism, and acne, and whether pregnancy is 
being pursued (4). In men with classic 21OHD, testosterone 
and 11KT correlate inversely (11). Men with poor disease 
control produce 11KT via 11OHA4 from their adrenals in ex-
cess of testosterone and A4; adrenal-derived 11KT suppresses 
gonadotropins and in turn testicular testosterone biosyn-
thesis. Men with 21OHD and good hormonal control pro-
duce little 11KT from their adrenals and more testosterone 
than A4 from their testes, similar to healthy men. Thus, 
both A4/testosterone and 11KT/testosterone ratios <0.5 are 
measures of good disease control in men with classic 
21OHD (4).

Renin, electrolytes, and mineralocorticoids

Historically, prior to neonatal screening, patients with classic 
21OHD were categorized as having either “salt-wasting” or 
“simple virilizing” disease, alluding to the residual aldoster-
one production. Clinically, this distinction was based on 
whether spontaneous salt-wasting crises occurred prior to ad-
equate treatment, but all children with classic 21OHD waste 
variable sodium with intercurrent illness (19). Aldosterone 
measurements were historically of little utility because the 
newborn kidney is very resistant to mineralocorticoid action, 
circulating aldosterone is generally quite high though variable 
in healthy neonates, high 17OHP antagonizes aldosterone ac-
tion, and cross-reactivity with other steroids in aldosterone 
immunoassays clouded interpretation. For these reasons, in-
direct measures of mineralocorticoid action are preferred, in-
cluding blood pressure and heart rate—recognizing the 
challenges of accurate blood pressure measurement in small 
children—as well as serum potassium and PRA (activity or 
mass). An elevated PRA and decreased serum sodium levels, 
particularly when tachycardia and salt craving are also pre-
sent, indicates salt-wasting 21OHD and inadequate mineralo-
corticoid replacement. Elevated serum potassium and 
inappropriate natriuesis are also consistent with relative min-
eralocorticoid de#ciency. Adults with classic 21OHD are less 
prone to salt-wasting crises, particularly crises related to infec-
tious diseases, than infants and small children given their lar-
ger body size and generally high sodium content of the diet in 
many countries (20). In addition, circulating progesterone can 
be 21-hydroxylated in the liver to 11-deoxycorticosterone, a 
mineralocorticoid, via the action the CYP3A4 and 
CYP2C19 that may partly compensate for the lack of miner-
alocorticoids (21). Nevertheless, attention to adequate min-
eralocorticoid replacement is important, particularly for 
adults treated with GCs other than hydrocortisone, as only 
hydrocortisone in replacement doses has some intrinsic 

mineralocorticoid activity. Chronic fatigue that is not present 
on awakening but gradually worsens through the day without 
improvement after a GC dose is suspicious of chronic volume 
depletion and underreplacement of mineralocorticoid. The 
dose of $udrocortisone acetate should be titrated to achieve 
normal standing blood pressure and serum potassium, and 
plasma renin is often used as a deciding factor when these 
2 results are not convincingly abnormal. Hypertension and 
hypokalemia with suppressed plasma renin suggest $udrocor-
tisone overtreatment.

Childhood Through Adolescence

From infancy through childhood there are many challenges in 
the monitoring and control of adrenal androgens in patients 
with classic 21OHD: the complex underlying physiological 
mechanisms regulating a dynamic HPA axis include circadian 
and ultradian hormonal pro#les, the limitations of hydrocor-
tisone, the recommended GC used to treat growing children, 
and the limited information provided from current modalities 
used to monitor disease control. The treatment goals are to 
replace de#cient hormones, prevent adrenal crises, reduce ad-
renal androgens, achieve normal childhood growth and pu-
bertal development, and prevent comorbidities.

Part of the shortcomings of current GC treatments is that 
they simply replace cortisol but are unable to closely mimic 
the pulsatility of the HPA axis and cortisol secretion. The 
HPA axis utilizes feed-forward and feedback loops to regulate 
GC hormone levels within the physiological range appropriate 
for system homeostasis and is characterized by discrete pulses 
of ACTH and cortisol secretion. Cortisol secretion has a clas-
sic circadian pattern: cortisol levels reach nadir at midnight, 
begin to rise around 2 AM, peak early in the morning (cortisol 
awakening response), and gradually decrease throughout the 
day (22, 23). The circadian cortisol secretion pattern is actual-
ly derived from a dynamic ultradian rhythm of discrete 
cortisol pulses that follow ACTH pulses (24–26), with larger 
and more frequent pulses occurring early in the morning (22, 
26). In human beings, secretory pulses of cortisol occur every 
80 to 110 minutes with a mean number of 12 ± 0.7 pulses (24, 
26–29).

Pulsatile access of GCs to their receptors has been previous-
ly shown in vitro and in vivo in animal models to be of critical 
importance for gene regulation, nongenomic GC signaling, 
HPA axis regulation, and endocrine and behavioral responses 
(30–35). Pulsatile changes in plasma GC levels result in pulsa-
tile transcription of target genes mediated by transient GC re-
ceptor activation, which rapidly responds to circulating 
hormone levels. Conversely, constant, nonoscillatory hor-
mone levels result in continuous transcription, aberrant mes-
senger RNA accumulation, abnormal protein levels, and GC 
resistance (34, 36). Dysregulation of GC pulsatility can in$u-
ence gene transcription (32) and neuroendocrine responsive-
ness to GC challenge (31, 37) and alters electrophysiological 
properties of the hippocampus (38).

Endogenous cortisol production ranges between 5 and 
11 mg/m2/day with a mean of 7 mg/m2/day and demonstrates 
a high rate of variability, both intra- and interindividually 
(26, 39, 40). Factors that can contribute to this wide variabil-
ity include weight, age, sex, puberty status, cortisol-binding 
proteins, cortisol metabolism, and GC sensitivity (26, 41–44).

While cortisol replacement therapy is used in all forms of 
primary adrenal insuf#ciency, the treatment of children with 
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classic 21OHD presents its own unique challenges, namely 
#nding the right balance of delivering suf#cient cortisol re-
placement and, at the same time, reducing overproduction 
of adrenal androgens (hyperandrogenemia) while avoiding 
the effects of GC excess (hypercortisolemia).

Hydrocortisone, adrenal biomarkers, and challenges in 
therapy and monitoring in children with classic 21OHD

The current 21OHD consensus guidelines recommend treat-
ing children with oral hydrocortisone, a short acting GC, at 
a dose of 10 to 15 mg/m2/day divided in 3 doses (6). The daily 
hydrocortisone dose given tends to be higher than the en-
dogenous production rate because of its short half-life and 
partial destruction by both gastric acidity and #rst-pass me-
tabolism (45). Long-acting GCs (dexamethasone, prednisone, 
prednisolone) are not recommended in growing children as 
they can negatively impact growth (6). The GC serves 2 pur-
poses: to replace the cortisol de#ciency and to exert negative 
feedback on the HPA axis, which lowers ACTH and the pro-
duction of adrenal-derived androgens and cortisol precursors.

Because of these dual purposes, optimizing GC therapy re-
mains a challenge, as children can still experience adverse out-
comes during childhood related to the disease and/or 
treatment that can carry over into adulthood. One of the pri-
mary issues is hydrocortisone’s rapid half-life, which is even 
shorter in children with 21OHD (median elimination half-life 
of 58 minutes, range: 41-105 minutes) (43, 46). In part, inter-
mittent increases in adrenal sex steroids throughout the day 
can alter the activity of 11 -hydroxysteroid dehydrogenase
isoenzymes and other enzymes that participate in cortisol me-
tabolism and determine half-life (47–49). For these reasons, 
the recommended 3 times a day dosing schedule can be inad-
equate, leading to rapid swings in cortisol, 17OHP, and ad-
renal androgens. Children are inevitably exposed to 
alternating periods of hyper- and hypocortisolemia with re-
sultant hyperandrogenemia throughout the day, thereby in-
curring risk for the deleterious effects of both these states 
(43, 50). Figure 5 shows the magnitude and the time over 
24 hours that cortisol, 17OHP, and A4 concentrations remain 
above or below a target threshold, especially during the early 
morning hours, in a child with classic 21OHD treated with 
hydrocortisone (43, 46, 51). Therefore, unless a dose is ad-
ministered around 3 AM, most of the evening hydrocortisone 
dose, which is typically administered around 8 PM to 10 PM 

in children with classic 21OHD, is cleared overnight, resulting 
in unopposed ACTH-stimulated adrenal androgen production 
and signi#cant androgen exposure in the early morning hours 
when ACTH peaks (∼6 AM). Cortisol pharmacokinetic (PK)/ 
pharmacodynamic (PD) studies (43, 46, 51) have shown that 
even while hydrocortisone given 4 times a day provides better 
adrenal biomarker pro#les than 3 times a day, children with 
classic 21OHD still experience hypocortisolemia and resultant 
hyperandrogenemia, since most of a hydrocortisone dose is 
cleared within 4 to 5 hours (41, 43), which leads to rebounding 
of 17OHP and A4 to predose concentrations (Fig. 6).

Periods of hypocortisolemia trigger increased production of 
ACTH with consequently increased adrenal production of 
progesterone, 17OHP, A4, testosterone, and estrogen through 
aromatization of increased androgen, leading to premature fu-
sion of the growth plates, genital virilization, sexual precocity 
or precocious puberty, adrenal rest formation, and menstrual 
disorders with hyperandrogenism in adolescent females (52– 
56). Furthermore, low hydrocortisone dosing has been associ-
ated with increased rates of illness episodes and adrenal crises 
in children (57, 58). Chronic GC overexposure during child-
hood has untoward long-term effects such as short stature, 
weight gain, osteopenia, metabolic morbidity, and increased 
risk for cardiovascular disease in adulthood (59–66).

Additional challenges in management of children with classic 
21OHD are the varied interindividual differences of cortisol PK 
regarding clearance and volume of distribution as well as PD re-
sponse resulting in variable cortisol and adrenal androgen pro-
#les in response to hydrocortisone therapy. Furthermore, 
intraindividual differences in hydrocortisone PK and PD occur 
over time. The endocrine milieu at puberty alters cortisol PK, 
because the increase in GH and insulin-like growth factor 1 
during puberty enhance cortisol clearance (41). Moreover, 
obesity, insulin resistance, and fatty liver alter cortisol PK and 
increase the metabolic clearance of cortisol, as the primary 
site of cortisol metabolism in humans is the liver (67, 68).

The poor correlation between cortisol area under the curves 
(AUCs) with changes from baseline in AUCs for either 17OHP 
or A4 hinders prediction of the adrenal steroid response to a 
certain hydrocortisone dose, unless the individual’s hydrocor-
tisone PK and PD parameters have been determined (43). 
Variations in GC receptor and tissue sensitivities can further 
challenge optimization of hydrocortisone dosing.

Although guidelines for total daily GC dosing in children 
with 21OHD exist, evidence-based guidelines for optimal 

Figure 5. Simulated 24-hour hydrocortisone PK/PD hormone profiles in a prepubertal child with 21OHD. Simulated 24-hour cortisol, 17OHP, and A4 

concentrations in a prepubertal child with 21OHD based on 3 times a day hydrocortisone dosing regimen using an integrated PK/PD model (46). The 

target range for cortisol, 17OHP, and A4 is shaded in gray. Dotted lines represent age- and sex-specific normal ranges. Abbreviations: 17OHP, 

17-hydroxyprogesterone; 21OHD, 21-hydroxylase deficiency; A4, androstenedione; PK/PD, pharmacokinetic-pharmacodynamic.
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dosing distribution over the course of the day do not exist and 
as such vary among treating physicians. Higher doses in the 
evening (reverse-circadian) are sometimes employed to pre-
vent the ACTH-stimulated adrenal androgen production in 
the early morning hours. Reverse circadian administration 
has been reported in 41% of 199 adults with 21OHD in the 
UK (69), in 28% of patients reported in a US cohort, and in 
21% of children with 21OHD in the international I-CAH 
registry (52, 70). Increases in cortisol levels have been associ-
ated with poor sleep quality and increased sleep disturbances 
characterized by reduced sleep time and reduced rapid eye 
movement sleep in healthy adults (71) and in adults with 
Addison’s disease (72, 73). The ef#cacy of reverse circadian 
hydrocortisone treatment is debatable, as data are limited to 
studies of short duration with small sample sizes. Improved 
disease control was not observed in a retrospective study of 
9 prepubertal children receiving reverse-circadian hydrocorti-
sone dosing for 6 months (74). No differences were observed 
in disease control, sleep quality, and daytime activity between 
3 different treatment schedules (high morning vs high evening 
vs equal doses) in an open-label, crossover, randomized trial 
of 15 children with classic 21OHD; however, important clin-
ical outcomes such as growth and bone age maturation were 
not reported (75). Based on normal physiology, circulating 
cortisol concentrations are low at the initial part of sleep but 
increase at the end of the sleep period, peaking just minutes be-
fore the individual awakens. Reverse circadian hydrocorti-
sone dosing has therefore the theoretical potential of poor 
sleep ef#ciency and awakening response (76–79). In contrast, 
a recent study of 39 patients with classic 21OHD found sleep 
results comparable after 3 weeks of using a higher evening 
dose vs 3 weeks of a higher morning dose with no washout pe-
riod. Sleep was assessed by participants or parents using a dai-
ly sleeping score between 0 and 5, rather than formal sleep 
studies or validated sleep questionnaires (80). Potential ad-
verse effects of high nocturnal cortisol levels include reduced 
sleep-entrained growth hormone secretion and deleterious 
metabolic effects (81).

The response to hydrocortisone therapy and disease control 
is traditionally evaluated by single measurements of 17OHP 
and/or A4 at clinic visits every 3 to 6 months, along with clin-
ical parameters including growth velocity, weight, blood pres-
sure, and pubertal development. Bone age is typically 
measured every 6 to 12 months, as bone maturation rate re-
$ects the cumulative exposure of bones to androgen, primarily 
through aromatization to estrogens, over the interval. Like 

hemoglobin A1C in diabetes, bone age is an integrated but lag-
ging indicator of antecedent control, which complements clin-
ical signs and symptoms. It is important to keep in mind that 
while reduced or an accelerated height velocity, accelerated 
bone maturation, and physical features of androgen exposure 
generally indicate that adrenal androgens are not adequately 
suppressed, information regarding which speci#c aspect of 
the regimen (dose, timing, frequency) to adjust is lacking. 
One reason we lack evidence-based guidelines regarding spe-
ci#c therapeutic ranges to be targeted is that we do not have 
the ability of convenient real-time point-of-care measure-
ments of adrenal steroid biomarkers at multiple times over 
24 hours in order to determine meaningful exposure metrics 
(minimum plasma concentration, maximum plasma concen-
tration, or AUC) that can be linked with short- or long-term 
outcomes such as quality of life, fatigue, bone maturation, 
growth, sleep patterns, endothelial function, or bone density. 
This de#ciency represents a signi#cant barrier to advancing 
our understanding of how to adjust GC dosing to improve 
clinical outcomes. PK/PD modeling based on 6-hour serial 
sampling of cortisol, A4, and 17OHP concentrations per-
formed in an outpatient setting (43, 46) and 24-hour serial 
sampling of cortisol and 17OHP concentrations performed 
in an inpatient setting (51) have been developed and can pre-
dict the effect that changing the amount of dose, time of dose, 
and frequency of dose will have on an individual’s adrenal 
steroid response over a 24 hour period. In the 6 hour serial 
sampling after the regular morning hydrocortisone dose, cor-
tisol PK of half-life, clearance, volume of distribution, max-
imum concentration, time to maximum concentration, 
minimum concentration, and time to minimum concentration 
are determined as is the PD response to cortisol of 17OHP and 
A4 (maximum concentration, time to maximum concentra-
tion, minimum concentration, time to minimum concentra-
tion, and AUC) (43). PK/PD modeling has the potential to 
provide targeted individualized glucocorticoid dose adjust-
ments and monitoring of disease control in children and adults 
with 21OHD. However, further studies are needed to deter-
mine the effect on long-term outcomes. Salivary measure-
ments of cortisol, 17OHP, and A4 (82) can also potentially 
increase the feasibility of performing sparse, less invasive ser-
ial sampling over the course of the day to help guide the clini-
cian’s dosing recommendations.

The titration of $udrocortisone therapy is based on PRA, 
aiming for the age-speci#c normal range, serum sodium and 
potassium, and blood pressure. In infancy, decreased renal 

Figure 6. Rapid rebound of 17OHP and A4, and rapid decrease of cortisol to predose concentrations over 6 hours after the morning hydrocortisone 

dose in 67 children with 21OHD. Abbreviations: 17OHP, 17-hydroxyprogesterone; 21OHD, 21-hydroxylase deficiency; A4, androstenedione.
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sensitivity to mineralocorticoid often requires salt supplemen-
tation during the #rst year of life and higher $udrocortisone 
dosing, leading to special considerations and close monitoring 
in the #rst 2 years of life (83). Hydrocortisone has ∼0.5% the 
mineralocorticoid activity of $udrocortisone per milligram, 
and 0.1 mg of $udrocortisone has similar GC activity as 
1.5 mg hydrocortisone (4). Therefore, in addition to 
age-speci#c considerations, the interrelationship between 
these 2 medications needs to be considered in the management 
of children with 21OHD.

In general, there is good but variable correlation between 
17OHP and A4 (17, 84, 85). However, whether A4 is superior 
to 17OHP for titrating therapy is debatable, and relevant data 
are lacking. A serum 17OHP level of 36 nmol/L (1200 ng/dL) 
is often used as the upper limit of acceptable range (52, 86), 
because normalization of 17OHP levels may re$ect excessive 
hydrocortisone exposure (6). A4 is typically targeted at the 
upper limit of the age, sex, and Tanner stage laboratory- 
speci#c reference range (87).

The timing of both 17OHP and A4 measurements relative to 
the last steroid dose should be documented for comparing 
across clinic visits, as circadian rhythm and the timing of GC in-
take in$uence steroid measurements (6). Sometimes in order to 
determine PD response to a hydrocortisone dose, patients may 
be instructed to schedule a blood draw for A4 and 17OHP meas-
urements at 3 to 4 hours post-dose, which is the time of maximal 
suppression in response to the preceding hydrocortisone dose 
(43, 46, 84, 88). Alternatively, to gauge a patient’s length of ad-
renal androgen response to a hydrocortisone dose, measure-
ment of 17OHP and A4 concentrations may be taken at least 
6 hours post-dose, when hydrocortisone exposure wanes due 
to its short half-life, and adrenal steroid production in most pa-
tients rebounds (43, 46) as seen in Figure 6. Measuring A4 and 
17OHP concentrations at 8 AM to 9 AM, prior to the morning 
hydrocortisone dose, can reliably assess the HPA axis for over-
suppression, as undetectable or very low adrenal biomarker 
concentrations 10 to 12 hours post-evening hydrocortisone 
dose suggests overtreatment and oversuppression of the HPA 
axis. Figure 7 depicts the wide variability of cortisol, 17OHP, 
and A4, even within a 2-hour time frame, in a patient who 
underwent a 6-hour serial sampling following the usual morn-
ing oral hydrocortisone dose. This variability illustrates why a 
random single, untimed measurement does not provide compre-
hensive assessment of a child’s disease control.

Discordance between 17OHP and A4 concentrations can be 
observed, with 1 adrenal biomarker disproportionately high 
while the other remains in the normal range, all of which 
can confound the interpretation of disease control (17, 43, 
46). In a large cohort of adults and children with 21OHD, 
Jha et al found discrepancy between 17OHP and A4 concen-
trations in 17% of more than 2700 laboratory assessments 
(17). Among those with discrepant biomarkers, elevated se-
rum 17OHP with A4 within range was the most frequent #nd-
ing (86%), with higher prevalence in children (92%). Among 
46 patients who either had elevated 17OHP but A4 within 
range or vice versa, 65% of the patients were categorized as 
being in good clinical control. Among the 41 patients with ele-
vated 17OHP but A4 within reference range, the study re-
ported a median elevation of 11KT as high as 2.5 times 
relative to control; 13 of these 41 patients (28%) were in 
poor clinical control, indicating that abnormally high levels 
of 17OHP in the absence of concomitant high levels of A4 
should not be dismissed. The study also found that 
11 -hydroxytestosterone and less signi#cantly 11KT were
higher in patients in poor vs good clinical control, indicating 
potential advantages of 11-oxygenated androgens as bio-
markers in assessing disease control (17). ACTH concentra-
tions are not typically used in the monitoring of 21OHD but 
may be useful for the evaluation of HPA axis over- or 
undersuppression.

In summary, current monitoring of glucocorticoid treat-
ment in children with 21OHD is far from perfect. Single meas-
urements of adrenal biomarkers provide information about 
disease control for a point in time but do not provide complete 
information regarding disease control and androgen exposure 
over the course of the day or between clinic visits. 
Furthermore, clinical signs of over- or undertreatment do 
not always correlate with serum 17OHP and A4, as clinical 
features, which result from cumulative exposure to cortisol 
and androgens, can be slow in onset and regression.

Adverse clinical outcomes in children

Supraphysiologic hydrocortisone exposure during childhood 
remains a principal reason for treatment-related growth failure 
in 21OHD, as recent studies have found that higher hydrocor-
tisone doses are associated with reduced adult height (89). The 
hydrocortisone effect on predicted adult height was #rst 

Figure 7. Wide variability of adrenal steroid concentrations within a 2-hour time frame after the morning hydrocortisone dose in a representative child 

with 21OHD. Observed cortisol, 17OHP, and A4 concentrations over 6 hours. Shaded area depicts a 2-hour time window, 1 to 3 hours post morning 

6 mg hydrocortisone dose. Concentration levels of each adrenal steroid showed a > 60% change within the 2-hour time frame. Child’s regular total daily 

hydrocortisone dose was 12 mg/m2/day. Abbreviations: 17OHP, 17-hydroxyprogesterone; 21OHD, 21-hydroxylase deficiency; A4, androstenedione.
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quanti#ed by Sarafoglou et al, who showed that each 1 mg/m2/ 
day increase in the average hydrocortisone dose during the 
growth period was associated with a 0.37 cm average decrease 
in the predicted adult height in children with 21OHD (59). 
Children with 21OHD were on average 7.4 cm shorter than 
their parents, and it was estimated that roughly 95% of that 
loss was associated with the negative effects of hydrocortisone. 
These #ndings demonstrate the overriding negative impact of 
excess hydrocortisone on skeletal growth, even after accounting 
for secular trends in height over the past 5 decades. Similarly, 
Pijnenburg-Kleizen et al found that each additional 1 mg/m2/ 
day of hydrocortisone was associated with a reduction in adult 
height of 0.13 SD score (90). Increased cumulative hydrocorti-
sone exposure during early years may have a detrimental effect 
on growth as well. Bomberg et al reported that children with 
“simple-virilizing” 21OHD fared the same as or better than 
their “salt-wasting” counterparts in #nal adult height, despite 
their later age of diagnosis and more advanced bone age (60).

Besides a major adverse effect of GCs on height outcome, 
excess of adrenal steroids also impairs adult height by causing 
prepubertal skeletal maturation and early puberty. Advanced 
prepubertal skeletal maturation attenuates height gain during 
puberty. In a retrospective cohort study of 496 children in 
France, advanced bone age at age 8 years had a strong impact 
on the risk of short adult stature, and almost no pubertal 
growth spurt was observed (91). A meta-analysis of >1000 
patients with classic 21OHD found shorter than average adult 
height when adjusted for genetic potential or mid-parental 
height (−1.03 SD below mid-parental height or ∼7 cm) (92). 
Another important consideration is the use of mineralocortic-
oid in all children with classic 21OHD, which clinical practice 
guidelines recommend (6). Reports of the effect of mineralo-
corticoid on height outcomes are mixed, with some studies re-
porting a negative effect (93), no effect (59, 60), or better 
height outcomes (92); however, the last study noted that the 
better height outcome was more an effect of time of diagnosis, 
with mineralocorticoid use most likely an indirect marker for 
timing of presentation. Thus, delayed diagnosis of children 
can lead to growth acceleration and bone age maturation in 
the early years of life.

Children with 21OHD are at higher risk for earlier adipos-
ity rebound and early-onset obesity and overweight (52, 94), 
which contributes to increased risk of obesity during adult-
hood and unfavorable cardiovascular pro#le (95–98). 
Increased risk of hypertension has also been reported in chil-
dren with 21OHD (52, 62, 99–103). Some studies have impli-
cated $udrocortisone as a contributor to the hypertension 
observed in children with classic 21OHD (62, 102, 103). 
Endothelial dysfunction and mild left ventricular diastolic 
dysfunction have been described in male adolescents with 
21OHD (104, 105). A meta-analysis of 20 studies of 
21OHD (n = 416 patients; 72% children) found an increased 
risk of insulin resistance, elevated blood pressure, and carotid 
intima thickness, although the quality of evidence was low 
(106). A longitudinal study of 58 patients with classic 
21OHD with approximately 2000 visits spanning a median 
of 18.6 years found metabolic morbidity starting before pu-
berty, which was associated with both GC and mineralocor-
ticoid exposures (66).

21OHD is a disease of multiple hormonal imbalances with 
age- and sex-speci#c effects (2). Given the challenges of bio-
chemical monitoring, age-speci#c review of symptoms that 
are suggestive of hyperandrogenism (early pubic hair, 

increased growth velocity, acne), hypercortisolism (weight 
gain, striae, slow growth rate), hypocortisolism (fatigue, 
weakness, decreased appetite, weight loss), and salt loss (ie, 
weight loss and failure-to-thrive in infants, salt-craving and 
postural hypotension) are essential in the management of chil-
dren with classic 21OHD and in the prevention of comorbid-
ities. There is an urgent need to further evaluate the 
performance of various steroid biomarkers of disease control 
in order to improve the management of 21OHD.

Female Fertility and the Use of Biomarkers in its 
Management

Female fertility in classic 21OHD is substantially reduced. 
Data from the UK showed that fertility is reduced to 0.25 
children/woman in 21OHD vs 1.8 in the general population 
(107). There are 2 main reasons for reduced fertility. First, fe-
male patients with classic 21OHD experience virilization of 
their external genitalia already in utero, whereas the internal 
(Müllerian) structures are normal (2). Vaginoplasty allows 
normal menstrual blood $ow, vaginal intercourse, and natural 
conception later in life. Surgical outcomes, however, are sub-
optimal, particularly in the most severe, null genotype (56). 
Patients with classic 21OHD report impaired sexual function 
and satisfaction resulting in reduced sexual con#dence (108). 
Associated psychosexual challenges with reduced partner-
ships and sexual experiences are common as well as an im-
paired body image (56, 109, 110). Fewer women with 
classic 21OHD have been found to seek motherhood due to 
different gender behavior and low maternal interests 
(111, 112).

Second, cortisol de#ciency elicits a counterregulatory in-
crease in ACTH and a subsequent overproduction of GC pre-
cursors and adrenal androgens (2). GC precursors, in 
particular progesterone and also 17OHP, as well as adrenal 
androgens, both interfere with the HPG axis.

The integrated effects of elevated adrenal-derived andro-
gens and progestins disturb the hormonal balance, which is 
crucial for ovulation, conception, implantation, and—in the 
absence thereof—normal menstruation. Regular menstru-
ation is governed by tightly orchestrated changes in hormone 
concentrations, in particular ovarian estrogens in the follicu-
lar phase and progesterone in the luteal phase, through their 
interaction and feedback with pituitary gonadotropins. 
Chronically elevated adrenal-derived androgens and proges-
tins as in women with poorly controlled 21OHD prevent ovu-
lation and preparation of the endometrium for implantation 
of a conceptus. These effects are re$ected by menstrual irregu-
larities in 30% to 60% of women with 21OHD not receiving 
hormonal contraceptives (113, 114).

Importantly, however, fecundity is not impaired when pa-
tients have regular sexual intercourse and are adequately 
treated (107). Women with classic 21OHD can conceive at 
the same percentage as the general population if the delicate 
hormonal balances of the HPA and HPG axes are restored 
by adequate treatment. Striking the right hormonal balance 
enabling an ovulatory cycle and conception, however, is chal-
lenging in this patient population.

A common target for chronic therapy is to maintain 17OHP 
and A4 near the upper limit of normal (6). Normalization of 
these adrenal biomarkers, however, often requires supraphy-
siological GC doses and usually causes iatrogenic Cushing’s 
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syndrome. For fertility optimization, however, we and others 
have observed that normalization or even suppression of 
17OHP might be necessary. One explanation for this observa-
tion is that 17OHP binds to the progesterone receptor; further-
more, 17OHP adrenal-derived progesterone itself is also 
regularly increased in 21OHD patients. Elevated progesterone 
prevents endometrial growth in the follicular phase, alters cer-
vical mucous, and thereby prevents conception (115, 116). 
Progesterone also reduces gonadotropin-releasing hormone 
pulse frequency at the hypothalamus and also acts directly at 
the pituitary level, which both interfere with ovulation (117– 
119). A French study implicated adrenal progesterone excess 
in 21OHD as the primary mechanism for altered luteinizing 
hormone (LH) pulsatility, with reduced LH pulse frequency 
and amplitude (120). The study also showed that women 
with classic 21OHD and good hormonal control have compar-
able LH pulsatility to healthy control women. Patients with 
elevated 17OHP, progesterone, testosterone, and A4 concen-
trations, on the other hand, had not only reduced LH pulse fre-
quency but also wider pulses with reduced amplitude. In a plot 
analysis, progesterone concentrations were found to be suf#-
cient to separate the 2 clusters of patients with normal LH pul-
satility vs those with altered LH pulsatility. Testosterone 
concentrations in this study were not necessary to predict the 
2 clusters of LH pulsatility, which emphasizes the importance 
of progesterone in in$uencing fertility in classic 21OHD. 
Therefore, progesterone appears to be the most important bio-
marker for fertility optimization in women with 21OHD, and 
progesterone concentrations should be below 2 nmol/L 
(0.6 ng/mL) based on clinical experience (107).

The effects of androgens on gonadotropin secretion are less 
studied, but moderately increased testosterone concentrations 
were shown to have suppressive effects on LH pulse frequency. 
Higher concentrations of testosterone impacted on both LH 
pulse frequency and amplitude (121–123). According to the 
previously cited French study in women with 21OHD, how-
ever, testosterone seems to contribute less than progesterone 
to infertility. The effects on the HPG axis could also be exerted 
via aromatization to estradiol, which interferes with 
gonadotropin-releasing hormone pulse frequency and can 
lead to anovulation. A4 itself is an excellent substrate for 
11-hydroxylase, yielding 11OHA4, which is the most abundant 
androgen precursor in most patients with 21OHD (11). One 
study found that women with 21OHD and menstrual distur-
bances have elevated 11-oxygenated androgens, which corre-
lated closely with other markers of hormonal control as 
17OHP and A4 (113). As 11-oxygenated androgens are not 
produced by the human ovary, they might therefore be helpful 
in distinguishing adrenal and ovarian effects on fertility (18). 
The exact contributions of the 11-oxygenated androgens to 
HPG axis dysregulation and superiority to established bio-
markers, however, has yet to be investigated in detail and in 
large cohorts. In summary, currently progesterone is considered 
the most impactful biomarker in women with classic 21OHD 
for maintaining fertility.

In order to achieve adequate suppression of serum proges-
terone during the follicular phase of the menstrual cycle, long- 
acting synthetic prednisolone might be superior compared to 
hydrocortisone alone, particularly for the latest daily dose. 
In 1 study, prednisolone given thrice daily in 8 hourly intervals 
or daytime hydrocortisone with bedtime prednisolone consist-
ently achieved adequate progesterone suppression and preg-
nancies (107).

In very rare cases where adrenal-suppressive treatment with 
GCs could not achieve adequate disease control, bilateral 
adrenalectomy has been employed to successfully achieve 
pregnancy (124). Furthermore, adequate mineralocorticoid 
replacement seems important to achieve fertility, titrated to re-
nin concentration or activity in the normal range. One study 
found that the addition of $udrocortisone helped to achieve 
fertility in females previously categorized as “simple virilis-
ing” patients (125). As dexamethasone traverses the placenta, 
it should not be given in women who desire to conceive.

Male Gonadal Function in 21OHD Patients

Gonadal dysfunction is one of the most important long-term 
complications and the most common cause of infertility in 
male patients with classic 21OHD (126, 127). Gonadal func-
tion can be impaired due to primary gonadal failure, mostly 
caused by testicular adrenal rest tumors (TART) and/or sec-
ondarily by suppression of the HPG axis, due to elevated an-
drogen production and their aromatization to estrogens from 
TART and/or adrenals in poorly controlled patients (Fig. 8).

TART

TART are a typical #nding in adult males with 21OHD (128). 
The overall prevalence of TART in several well-designed stud-
ies ranged from 14% to 86% and depends mainly on age of 
the patient and severity of the disease but also on hormonal 
control and method of detection (128). TART are mainly 
found in adult patients, but some case reports and smaller 
studies in children report the presence of TART already in 
childhood with an increase in prevalence during adolescence 
(54, 129, 130). It is of clinical importance that TART are pri-
marily detected in patients with classic 21OHD and null or 
nearly null alleles (128, 131). The presence of TART in non-
classic 21OHD is controversial and only anecdotally de-
scribed (132–134). TART are associated with longstanding 
poor hormonal control (reported in about 58% of the cases) 
already during childhood and adolescence (128). Therefore, 
it is hypothesized that chronically elevated ACTH is an im-
portant etiological factor in the development of TART.

Figure 8. Primary and secondary gonadal failure. Abbreviations: FSH, 

follicle-stimulating hormone; LH, luteinizing hormone; TART, testicular 

adrenal rest tumor.
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TART are typically found in both testes (77% of the cases) 
and are mainly located within the rete testes with a #rm and 
multinodular character. Microscopically, TART resemble 
adrenocortical cells, with strings of #brous tissue and in 
some cases also calci#cations (128). The clear pathogenesis 
of TART is not yet unraveled. Gene and protein expression 
in TART shows similarity with normal and aberrant Leydig 
cells and adrenocortical cells, indicating both adrenal and tes-
ticular characteristics (135, 136). There is also evidence that 
TART tissue actively synthesizes steroids. Besides the produc-
tion of 17OHP, 21dF, and progesterone, TART tissue can 
contribute to the production of adrenal androgens, including 
11-oxygenated androgens (137–139).

Diagnosis of TART

Imaging and differentiation from Leydig cell tumors. Usually, only 
lesions of more than 2 cm can be detected by palpation due to 
their central location in the rete testes (140–142). Therefore, 
additional radiological techniques, preferably ultrasound, 
are needed to detect smaller lesions. A screening scrotal ultra-
sound at the end of adolescence or even earlier in poorly con-
trolled boys with 21OHD is recommended, with periodic 
imaging through adulthood. On ultrasound (Fig. 2), the le-
sions show hypervascularity and have hypoechogenic features 
sometimes with hyperechogenic re$ections (128). The dis-
crimination of TART from Leydig cell tumors (LCTs) can 
be dif#cult either by palpation or imaging (143–145), and 
no biochemical markers are currently known that can distin-
guish between TART and LCTs (128). Some characteristics 
may help to make the correct diagnosis: bilateral #rm, irregu-
lar testicular masses in patients with 21OHD, especially in 
those with poor hormonal control, are most likely TART, as 
LCTs are mostly present unilateral. LCTs often produce estro-
gen and cause gynecomastia, unlike TART that make andro-
gens and 11-oxygenated androgens (139). On testicular 
biopsy, both tissues show characteristics of steroid-producing 
cells, but Reinke crystals can be present in LCTs yet are never 
found in TART (146, 147).

Biochemical evaluation. There are no biomarkers speci#c for 
TART. As longstanding TART can lead to primary gonadal 
failure with Sertoli cell dysfunction, inhibin B levels as a mark-
er for Sertoli cell function are often decreased in patients with 
TART (132, 148). Paradoxically, gonadotropins may be with-
in the normal range, which can be misleading (148). This #nd-
ing can be explained by the presence of elevated adrenal 
androgens and their aromatization to estrogens leading to 
(partial) suppression of the HPG axis. Furthermore, especially 
in poor hormonal control, testosterone levels are within the 
(low) normal range but are mainly from adrenal origin. So 
even in patients with apparently normal gonadotropins and 
normal testosterone levels, primary gonadal failure cannot 
be excluded. To distinguish testosterone from testicular or ad-
renal origin, the use of serum A4/testosterone ratio has been 
suggested (114, 149). In poorly controlled patients, the andro-
gens are predominately from adrenal origin, resulting in an 
A4/testosterone ratio >1, whereas in patients with optimal 
hormonal control, A4 levels are low with an A4/testosterone 
ratio of <0.5. Hormonal control can be monitored by 
measuring 17OHP, A4, and progesterone (6, 133). To 
avoid cross-reactivity, steroids are best measured by 
liquid chromatography-tandem mass spectrometry (150). 

Generally total testosterone is measured, but as total testoster-
one is decreased in obese patients due to low sex hormone- 
binding globulin concentrations, measurement or calculation 
of free and/or bioavailable testosterone can be necessary. In 
the future, a more detailed measurement of 11-oxygenated an-
drogens may help to further evaluate hormonal control more 
accurately (17). Currently, 11-oxygenated androgen measure-
ments are only performed in a few specialized laboratories.

Long-term consequences of TART

It is hypothesized that TART develop in 5 different stages 
starting as single nodular lesions that become hyperplastic 
and hypertrophic (151). Several nodules will coalesce to 
form a single con$uent mass or a few multinodular tumors 
that will lead to obstruction of the seminiferous tubules. In 
longstanding TART, peritubular #brosis and lymphocytic in-
#ltration will lead to damage of the surrounding testes tissue 
(stage 5). Because the testis is con#ned to a capsule, the ex-
panding mass raises intratesticular pressure and compromises 
blood $ow to the tubules. Therefore, sub/infertility results 
from the obstruction of the seminiferous tubules and irrevers-
ible testes damage but also from direct toxic effects of adrenal 
androgens. Longstanding TART become more and more #-
brotic and thereby lose the potential for shrinkage in response 
to treatment intensi#cation. In this stage, intensi#ed GC treat-
ment is incompletely effective.

Treatment of TART

There are no clear guidelines to treat or even to prevent TART 
(6). As TART are associated with elevated ACTH as the most 
important growth-promoting factor, the #rst treatment goal is 
to optimize GC treatment thereby consistently lowering 
ACTH stimulation in an attempt to reduce the tumor size. 
A positive effect can be expected with hydrocortisone intensi-
#cation in motivated adolescents with good compliance 
and without a history of longstanding TART. In adults, supra-
physiologic dosages of dexamethasone, prednisolone (or 
prednisone/methylprednisolone), or combinations can be 
used. As clear dosage recommendations are not de#ned, treat-
ment should be carefully titrated and monitored by measuring 
17OHP and A4 levels. The lowest GC dosage that lowers 
ACTH suf#ciently to achieve normalization of 17OHP 
throughout the day should be used and further titrated to 
achieve TART shrinkage. Most often, increased GC treatment 
is only given for several months until semen analysis has im-
proved, because serious side effects commonly ensue with pro-
longed treatment intensi#cation, such as weight gain, 
development of striae, and hypertension.

To restore fertility in patients with 21OHD and TART, 
treatment with mitotane has been described to reduce tumor 
size and consequently to improve sperm count. Mitotane is 
an adrenal toxic drug that is commonly used in adrenal carcin-
oma and Cushing’s syndrome. A #rst case report was pub-
lished in 2014 describing successful 8-month treatment with 
mitotane, with shrinkage of TART tissues and improved 
sperm count (152). A recent study by Bachelot et al describes 
the treatment of mitotane in 5 adult patients with 21OHD and 
TART with a follow-up period of 1 to 5 years. TART size de-
creased in all patients with a complete disappearance in 2 pa-
tients and an improvement of semen quality in 2 patients 
(153). However, mitotane may cause irreversible chemical 
adrenalectomy and has severe adverse effects, making close 
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monitoring necessary. Moreover, long-term outcomes in pa-
tients and offspring have not been studied yet. Therefore, 
this treatment is generally only recommended as last resort 
treatment following failure of GC intensi#cation. One case re-
port describes the use of human chorionic gonadotropin treat-
ment in combination with recombinant follicle-stimulating 
hormone in a patient with 21OHD and TART, resulting in re-
stored testicular function and fertility; however, studies in lar-
ger cohorts are lacking (154). Successful testicular sperm 
extraction for in vitro fertilization from a testis with TART 
has not been reported.

Testis sparing surgery has been described in several smaller 
cohorts but without signi#cant improvement of semen quality 
after surgery (148, 155, 156). This failure might be explained 
by the longstanding presence of these TART, leading to irre-
versible damage of the surrounding testicular tissue, but sur-
gery may also contribute to testicular damage. Whether 
testis-sparing surgery has bene#cial effects in earlier-stage 
TART has not yet been studied. As TART can lead to irrevers-
ible damage and infertility, patients with 21OHD and TART 
should be informed about the consequences, and sperm cryo-
preservation should be considered at an early stage (126).

Hypogonadotropic hypogonadism

In poorly controlled male patients with 21OHD, elevated ad-
renal A4 will be aromatized to estrone and elevated testoster-
one is aromatized to estradiol. These estrogens, more so than 
the androgens themselves, suppress the HPG axis via negative 
feedback. In such patients without TART, small testes with 
volumes of up to 10 mL are found. A typical biochemical pro-
#le includes low LH and follicle-stimulating hormone levels 
and high A4; however, testosterone levels are within the low 
normal range yet from adrenal origin as described in the pre-
vious sections. In addition to the suppressive effects of estro-
gens, some studies also describe a suppressive effect of 
elevated progesterone on the HPG axis (157).

Most men with 21OHD do not suffer from clinical symp-
toms of hypogonadotropic hypogonadism, even those in 
whom the testosterone levels are below the reference. This 
paradox may be explained by the elevated 11-oxygenated an-
drogens, especially 11KT, that are signi#cantly elevated in 
21OHD patients with poor hormonal control but are not 
yet measured routinely. Treatment consists of optimizing 
GC therapy, and in most cases hypogonadism eventually re-
solves (158, 159).

In summary, gonadal dysfunction is a common serious 
complication in males with classic 21OHD. Patients and pa-
rents should be informed already in childhood and adoles-
cence about the consequences of medical nonadherence lax 
disease management, and those with poor hormonal control 
should be carefully monitored. Chronically elevated ACTH 
levels are the most important stimulating factor in the devel-
opment of TART. The use of GCs mostly in supraphysiolog-
ical dosages is currently the most effective approach to 
suppress ACTH levels and prevent or treat gonadal dysfunc-
tion but with high risk of iatrogenic Cushing’s syndrome 
from chronically intensi#ed treatment.

Overtreatment and Consequences to Bone and 
Cardiometabolic Health

Supra- and nonphysiological replacement with GCs and min-
eralocorticoids can lead to several long-term negative 

outcomes, the most important being on bone and cardiometa-
bolic health (160, 161). Low androgen levels secondary to 
supraphysiological GCs may also affect the long-term out-
comes (162, 163). Moreover, the different GC regimens may 
have different outcomes, with hydrocortisone affecting bone 
mineral density (BMD) and body mass index (BMI) the least 
and dexamethasone the most, while prednisolone/prednisone 
is somewhere in between (164).

GC treatment is one of the most common causes of second-
ary osteoporosis and increased risk of fractures (165, 166). 
The direct and indirect effects of GCs on bone result in initial 
increased resorption and later decrease in bone formation, 
which cause microarchitectural distortion and increased frac-
ture risk (167–169). Reduction of intestinal calcium absorp-
tion and increased renal calcium excretion can be an effect 
of GCs and result in secondary hyperparathyroidism. 
Osteoblast proliferation and differentiation are stimulated 
by gonadal and adrenal androgens in both sexes (170). 
Adrenal androgens have an impact on bone metabolism, espe-
cially during adrenarche, and particularly on cortical bone 
(171).

There have been con$icting results concerning BMD in pa-
tients with 21OHD, but the majority of studies have shown 
low BMD in all, or at least some, of the measured locations 
in both children and adults of both sexes (52, 65, 69, 163, 
171–177). In a recent meta-analysis, individuals with 
21OHD had decreased BMD in total body, lumbar spine, 
and femoral neck compared with matched controls (178). 
Some studies have reported a negative association with pre-
sent or long-term GC dose and BMD (174–176, 179). 
Moreover, patients with nonclassic 21OHD had better 
BMD than those with classic 21OHD (171). However, 
BMD is not as important as fragility fractures, which are the 
principal cause of morbidity in osteoporosis. Nevertheless, 
the association between BMD and fractures is poor, especially 
in GC-induced osteoporosis (180).

Only a few studies have investigated fractures in 21OHD, 
and in a recent meta-analysis of patients receiving GC replace-
ment therapy, the fracture rate was increased compared to 
matched controls (181); however, the difference was only sig-
ni#cant for those with Addison’s disease or pituitary insuf#-
ciency. After this publication, an epidemiological study of 
fractures in all Swedish patients with 21OHD (n = 714) com-
pared with matched controls (n = 71 400) was published 
(182). Despite the young mean age of 29.8 years, patients 
with 21OHD had more fractures compared to controls 
(odds ratio 1.61, 95% CI 1.35-1.91), and this increase was 
demonstrated for both sexes. Fragility fractures were in-
creased in individuals with classic 21OHD, while those with 
nonclassic 21OHD had similar fracture rate as matched con-
trols (182). Interestingly, fractures were signi#cantly in-
creased only in patients with 21OHD born before the 
introduction of neonatal screening (introduced in 1986 in 
Sweden) but not in those born afterwards (182). The #nding 
was unexpected; however, those born before 1986 were the 
oldest in the cohort. In addition, early diagnosis and modern 
management of 21OHD in the younger patients may have a 
more bene#cial effect on reducing fractures than prolonged 
androgen exposure in the older patients.

Cardiometabolic risk has been reported to be increased in 
patients with 21OHD (52, 66, 69, 102, 106, 162, 183–186). 
In a registry-based study of 588 patients with 21OHD, cardio-
vascular disease (odds ratio 2.7, 95% CI 1.9-3.9), 
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hypertension, hyperlipidemia, atrial #brillation, venous 
thromboembolism, obesity, diabetes (mainly type 2), and ob-
structive sleep disorder were increased compared to 58 800 
matched controls (185). Females with all forms of 21OHD 
and patients with nonclassic 21OHD seemed generally more 
affected. Hypertension was especially prevalent in children 
(185). Another study showed that hypertension was more 
common in younger children than in adolescents (18.5% vs 
4.9%) (102). High $udrocortisone doses could be the cause 
of hypertension in children less than 8 years, while BMI con-
tributed thereafter (99, 102).

Most studies have demonstrated an increased BMI in subjects 
with 21OHD (52, 69, 102, 162, 186, 187); however, in adult fe-
males with 21OHD, lean mass and fat mass both increased con-
comitantly (162). A meta-analysis of 300 children/adolescents 
and 137 adults showed that subjects with 21OHD had higher 
Homeostatic Model Assessment for Insulin Resistance values 
compared to controls (106). Other studies have demonstrated 
that gestational diabetes, a risk factor for subsequent diabetes, 
was more common in pregnant women with 21OHD than in 
matched controls (111, 188). Moreover, diabetes was more 
common in both females and males above 40 years of age com-
pared to matched controls (185). In contrast, type 1 diabetes fre-
quency was not increased (189).

Studies measuring lipid levels have provided con$icting re-
sults (52, 66, 69, 127, 162, 184–186). The meta-analysis by 
Tamhane et al reported similar lipid levels in patients with 
21OHD receiving GCs and/or mineralocorticoids compared 
to controls (106). Thus, it seems that the impact of 21OHD 
and GC replacement on plasma lipids are limited.

Increased heart rate has been reported in a few studies. In 1 
study, mean 24-hour heart rate was higher in adults with 
21OHD than in BMI-matched control subjects (77.1 vs 
74.2 bpm) (190). In another study of adult males with 
21OHD, increased 24-hour heart rate was found only in 
men ages 30 years or older (by 13 and 27 bpm during day 
and night, respectively), but not in younger men, compared 
to matched controls (184). It should be noted that the older 
men with 21OHD had higher BMI and total fat mass com-
pared to controls. Increased heart rate is a risk factor for car-
diovascular death, particular in men, independent of other 
risk factors (191, 192). Small increases of heart rate, within 
normal range, are associated with increased frequency of car-
diovascular events (192).

Carotid intima-media thickness (CIMT) measured with 
ultrasound is a noninvasive way to evaluate subclinical ath-
erosclerosis and is a well-established independent marker for 
future cardiovascular mortality as well as cardiovascular 
events, including myocardial infarction and stroke (193). 
Most studies investigating CIMT in patients with 21OHD 
have shown increased thickness compared to controls (63, 
106, 194). These changes were observed even in children, ado-
lescents, and young adults with 21OHD (63, 194). However, 
the increased CIMT was more pronounced in adults than in 
children and adolescents with 21OHD (106).

Mortality in patients with 21OHD has been demonstrated 
to be increased compared to controls (195, 196), mainly due 
to adrenal crises—but cardiovascular disease was the second 
most common cause of death (195). Most likely, cardiovascu-
lar disease will be even a more important cause of death when 
more patients with 21OHD reach older ages, as illustrated by 
the increased cardiometabolic risk pro#les in younger people 
with 21OHD (66, 69, 185, 186).

In summary, both bone and cardiometabolic health is im-
paired in 21OHD, mainly due to supra- and nonphysiological 
GC and mineralocorticoid replacement. An annual bone and 
cardiovascular health assessment is recommended for patients 
with 21OHD. BMD measurement has been suggested to all 
patient upon transfer to adult care and then every 2 to 5 years 
(197), while blood pressure, lipids, hemoglobin A1c (or plas-
ma glucose), BMI, and preferably also waist circumference 
may be done at least annually in adult patients. 
Optimization of the GC and mineralocorticoid replacement 
is key to prevent bone and cardiometabolic events, which is 
achieved by monitoring several parameters (Table 4).

Back to the Patients

Case 1

The family was advised to treat hypoglycemia with carbohy-
drates instead of additional hydrocortisone doses. 
Additionally, it was advised that parents discontinue splitting 
hydrocortisone tablets and resume 2 mg/mL hydrocortisone 
suspension (pharmacy-compounded alcohol-free hydrocorti-
sone) to allow for more precise dosing. The child’s failure to 
thrive does not appear to have been caused by salt wasting 
as his plasma renin activity was not signi#cantly elevated 
but more likely due to dividing an already halved hydrocorti-
sone tablet into 3 more pieces resulting in imprecise doses, 
which is well known to occur when manipulating tablets 
(198–201). Depending on the portions of expedient and active 
ingredient of the hydrocortisone contained in the one-third 
unscored portion of the 2.5 mg hydrocortisone tablet, it is 
possible that the infant received smaller amounts of hydrocor-
tisone on some days than prescribed, resulting in hypogly-
cemia, and received higher hydrocortisone on other days, 
which during the evening could have resulted in nocturnal 
GH suppression and eventually poor growth (202). 
Although reliable suspensions are now available (203), cau-
tion should be used as variable dose accuracies have been re-
ported in compounded preparations, and compounded 
preparations are not subject to regulatory health agency ap-
proval (204–206). An immediate-release granule formulation 
of hydrocortisone is also available for more precise dosing 
(207) and recently low-dose immediate-release hydrocorti-
sone tablets (1, 2, 3, and 5 mg) in some European countries. 
The hydrocortisone dosing regimen was switched from 3 equal 
doses to a more circadian schedule of 2 mg at 6 AM, 1 mg at 
2 PM , and 0.5 mg at 10 PM (8.5 mg/m2/day), and the $udrocor-
tisone acetate dose was 0.1 mg/day. Follow-up labs demon-
strated improved adrenal control, and hydrocortisone 
regimen remained unchanged through age 2 years 3 months. 
During this period, 17OHP was maintained between 15 and 
38 nmol/L (500-1250 ng/dL), and PRA $uctuated between 
5.1 and 14 ng/mL/hr (normal range: 1.4-7.8 ng/mL/hr) prior 
to mid-day dose. Additionally, his hypoglycemia resolved 
completely, and his linear growth underwent a marked 
acceleration.

His hydrocortisone doses were titrated from 7.4 to 10.5 mg/ 
m2/day over the next 2 years to maintain 17OHP within the 
targeted range. With follow-up, he continued to have im-
proved growth without acceleration of bone age. Height ul-
timately reached the 30th percentile (z-score −0.5) and 
weight reached the 44th percentile (z-score −0.15) by age 
4 years 7 months. His bone age at that time was 4 years 
3 months.
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Case 2

In this patient the diagnosis of TART was made. Semen ana-
lysis showed azoospermia most likely due to obstruction of 
the seminiferous tubules. The results were discussed with the 
patient and his partner, and treatment with dexamethasone 
0.5 mg per day was started. Within 3 months, A4 levels nor-
malized, and the gonadotropins were within normal range. 
Ultrasound showed a decrease in TART size. The partner of 
the patient achieved pregnancy 9 months after resumption 
of GC treatment. After pregnancy was achieved, dexametha-
sone was replaced by hydrocortisone due to patient’s weight 
gain and hypertension.

Conclusion

As described in the previous sections, speci#c biomarkers 
should be assessed when titrating conventional therapies for 
optimal outcomes in 21OHD. In children with growth failure, 
serial measurements of 17OHP, A4, and cortisol throughout 
the day provides insight to the PK and PD of hydrocortisone 
and might identify periods of over- and undertreatment, 
which suggest better hydrocortisone dosing distributions. 
Normalization of follicular-phase progesterone is critical for 
women attempting pregnancy, and PRA aids in the titration 
of $udrocortisone for all patients with classic 21OHD. 
Measurement of 11-oxygenated androgens might resolve 
quandaries of discrepant test results, and these biomarkers 
also gauge chronic disease control. New therapies in develop-
ment (CRH-type 1 receptor antagonists crinecerfont and til-
dacerfont; CYP17A1 inhibitor abiraterone acetate) that 
target the HPA axis in order to control the excess production 
of adrenal androgens have shown promise (208–210). 
Biomarker measurements, in conjunction with clinical assess-
ment, are essential to the proper titration of current and future 

therapies to optimize outcomes in 21OHD and to avoid the 
toxicities of overtreatment.
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Table 4. Bone and cardiometabolic scenarios in adult patients with 21OHD and suggested clinical actions

Scenario Recommended clinical action

Decreased BMD Optimize GC doses and regimens 
Optimize lifestylea 

Add calcium and vitamin D supplementation as appropriate 
Consider adding estrogen (females)b or testosterone (males) if low 
In older individuals consider bisphosphonate or denosumab

Osteoporotic fracture Same as above 
Consider teriparatide

Increased BMI and/or waist circumference Optimize GC doses and regimens 
Optimize lifestylea 

Consider weight reducing program 
Consider gastric-by-pass or equivalent if >40 kg/m2

Increased blood pressure Decrease $udrocortisone dose (if renin/PRA is suppressed or within reference 
limits) 

Optimize lifestylea 

Add an antihypertensive drug, eg, an ACE-inhibitor or ARB

Increased glucose level (due to insulin resistance) and/or type 2 
diabetes

Optimize GC doses and regimens 
Optimize lifestylea 

Add metformin 
Consider other glucose-lowering medications

Increased lipid levels Optimize lifestylea 

Add a statin

aExercise, appropriate diet, no tobacco, alcohol in moderation. 
bEstrogen can be given as oral contraceptive pills in young fertile women. In young postmenopausal women hormone replacement therapy can be considered. 
Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BMD, bone mineral density; BMI, body mass index; GC, 
glucocorticoid; PRA, plasma renin activity.
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