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The syndrome of impaired GH secretion (GH deficiency) in childhood and adolescence
had been identified at the end of the 19th century. Its non-acquired variant (naGHD) is, at
childhood onset, a rare syndrome of multiple etiologies, predominantly characterized by
severe and permanent growth failure culminating in short stature. It is still difficult to
diagnose GHD and, in particular, to ascertain impaired GH secretion in comparison to
levels in normally-growing children. The debate on what constitutes an optimal diagnostic
process continues. Treatment of the GH deficit via replacement with cadaveric pituitary
human GH (pit-hGH) had first been demonstrated in 1958, and opened an era of
therapeutic possibilities, albeit for a limited number of patients. In 1985, the era of
recombinant hGH (r-hGH) began: unlimited supply meant that substantial long-term
experience could be gained, with greater focus on efficacy, safety and costs. However,
even today, the results of current treatment regimes indicate that there is still a substantial
fraction of children who do not achieve adult height within the normal range. Renewed
evaluation of height outcomes in childhood-onset naGHD is required for a better
understanding of the underlying causes, whereby the role of various factors -
diagnostics, treatment modalities, mode of treatment evaluation - during the important
phases of child growth - infancy, childhood and puberty - are further explored.

Keywords: growth hormone deficiency (GHD), diagnosis, childhood, puberty, GH treatment, adult height
INTRODUCTION

The fundamental findings relating to the chemical structure of pituitary growth hormone and its
biological effects on growth and metabolism in various animals were described in the first half of the
20th century (1). The major driving forces in this field were Herbert Evans and his collaborators (2).
By the beginning of the next half of the century, when the species specificity of primate GH in
humans had been discovered and methods to purify GH from pituitaries of men and monkeys had
been refined, the first studies to prove the efficacy of this peptide hormone were conducted. In 1958,
human pituitary GH (pit-hGH) was shown to promote growth in a GH-deficient adolescent over a
period of several months (3). Human and monkey pituitary GH revealed a variety of short term
(days) metabolic effects in adolescents and adults with hypopituitary disorders (4). The era of pit-
hGH ended in 1985, when hGH produced via recombinant technology became available. This
n.org September 2021 | Volume 12 | Article 7204191
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initiated the era of virtually unlimited availability of r-hGH
worldwide and the expansion of its use in adults with GHD, in
children with growth disorders and for other indications.

The primary aim of this article is to review the effect of GH
treatment on growth, predominantly in children and adolescents
with GHD and to evaluate our current understanding of the
factors affecting the magnitude of the response in the short- and
long-term. Such an evaluation not only requires a review of the
specific literature pertaining to treated cohorts but also
necessitates a discussion – from a historical perspective – of
the instruments and their suitability in establishing the diagnosis
of GHD, along with the tools used to analyze the growth
response during different developmental phases.
CLASSIFICATION OF GROWTH
HORMONE DEFICIENCY

By definition, GHD is a syndrome caused by the impaired
secretion of GH. This can be the consequence of a disorder at
the level of the pituitary itself and/or within the cascade of
function and structures of the hypothalamus or brain which
regulate its secretion. However, the wider understanding of the
term GHD also includes disorders resulting from impaired
action of GH at the cellular level. After recognizing that GH-
dependent components of the IGF-family were involved in
mediating the effects of GH, the concept was nurtured that
IGF was at the center of a GH–IGF regulatory system (5). On
the basis on this concept, a distinction between secondary IGF-
deficiency [IGFD] (as in GHD) and primary IGFD (=non-GHD)
was proposed (6, 7).

Although this was a logical approach and suited for the
clinical sub-classification of the GHD syndrome, it was
simplistic and did not do justice to the complexity of the IGF-
system (5–14). The major peptides of the IGF system in blood -
IGF-I, IGFBP-3 and ALS - are GH-dependent and their levels in
blood are quantitatively related to the GH secreted (15). But their
levels in blood are also dependent on many other factors, for
instance, hormonal or nutritional status (16, 17). In addition,
growth promotion at the cellular level of the epiphyseal growth
plate requires the local presence of both IGF and GH, whose
quantitative relationship with their circulating levels is not fully
understood (11, 12).

From the clinical perspective, it needs to be understood that
GHD is also classified according to descriptive characteristics
rather than a uniform principle (7). Some examples are:

•the onset of its origin: congenital/non-acquired vs. acquired;

•the hormonal extent of a pituitary defect: isolated (GH
deficiency only) vs. combined [with other pituitary hormone
deficits];

•the known cause: causal [specific cause known] vs. idiopathic
[cause unknown];

•the extent of GH impairment: complete vs. incomplete (partial);

•its existence over the lifespan: permanent vs. transient;
Frontiers in Endocrinology | www.frontiersin.org 2
•the age of disease discovery: during infancy, childhood,
adolescence, or adult life.
PREVALENCE – INCIDENCE OF GHD

Reports on the incidence or prevalence of GHD in children are
scarce. In the pit-hGH era, when very short children (height < -3
SDS) used to be diagnosed and a GH cut-off to tests of < 5 ng/mL
was applied, an incidence of 1:4000 and a prevalence of 1:5,000-
30,000 were reported (18–20). During the r-hGH era, when the
test cut-off was at 10 ng/ml, an incidence of 1:3,400 and a
prevalence of 1:29,000 were reported (21). After r-hGH
became available in 1987, a doubling of the incidence in
childhood-onset GHD in Denmark was observed, which was
similar to that in southern Germany (22, 23).
DIAGNOSING GHD IN CHILDREN
AND ADOLESCENTS

There is no single tool to confirm GHD. Thus, the diagnosis must
be established by means of a variety of symptoms, signs and test
results. The interpretation of non-clinical investigations must
always be in accordance with clinical findings. Quantitative
results need to be based on methodologically correct
procedures and must be compared with appropriate normative
references. Abnormal test results should always be repeated,
particularly if they do not correspond with other findings.

The diagnostic path to establishing GHD involves
several steps:

•history (family, gestation and birth, individual),

•clinical investigation,

•anthropometrical (growth) evaluation,

•static biochemical tests,

•GH-related basic biochemical investigations,

•evaluation of GH secretion,

•imaging techniques,

•molecular genetics.

Commonly, the initial suspicion of GHD is proposed by a
general practitioner or family physician, who observes signs of
impaired growth; while the conclusive diagnosis of GHD is
confirmed by paediatric endocrinologists in tertiary
institutions. Therefore, in some medical environments, the
criteria for referring such children from a lower level of child
care to experts may differ from the criteria used by specialists to
confirm GHD (24, 25).

Due to the complexity related to diagnosing and classifying
GHD in childhood and adolescence, in particular in the less
severe, non-acquired forms, a number of controversies had
arisen which led to numerous publications by specialists,
societies and expert groups over the years (26–30). In the
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author’s view, there are only a few aspects which are of particular
significance in diagnosing and treating GHD during the main
phases of growth - infancy, childhood, and puberty (which partly
overlap) (31) – these will be considered in detail here.
GHD IN INFANCY AND VERY
EARLY CHILDHOOD

While – in simplistic terms - postnatal growth during
the childhood phase is apparently driven by parameters of the
GH-IGF system, prenatal growth is primarily influenced by the
insulin-nutrition environment. During the first months of life,
GH blood levels are high, while those of IGF-I are low,
presumably due to lower GH sensitivity during the growth
phase of infancy, which, when it fades, is accompanied by an
inverse trend: decline of GH and increase in levels of GH-
dependent hormones (e.g., IGF-I, IGFBP-3) (32, 33). The
dynamics of growth and the GH-IGF system during infancy
and early childhood pose specific problems when diagnosing
GHD during this period of life. In contrast to later childhood, the
suspicion of GHD in the neonatal period is commonly neither
driven by severe smallness at birth (34) nor by poor postnatal
growth, but often by normo-insulinemic hypoglycaemia or/and
protracted postnatal icterus (with elevated direct bilirubin), or/
and underdeveloped external genitalia (phallus, clitoris,
maldescensus testis). Besides hypoglycaemia, the other signs are
commonly only present in the additional absence (also
prenatally) of other pituitary (TSH, LH, FSH, ACTH) hormones.

Although conventional techniques to quantify GHD secretion
as described below are generally not applicable during this phase
of life, the diagnosis of GHD in suspected cases can be
established without dynamic tests. Indications of GHD can be
ascertained by means of basal IGF-I measurements and/or
IGFBP-3 of < - 2 SD (sensitivity of 80%) (35) and via tests of
GH levels using single serum drawn during hypoglycaemia
(GH < 20 ng/mL) (36). In infants and toddlers very low
normal levels of IGF-I make it difficult to distinguish normal
from GHD (16). Therefore IGFBP-3 is the preferred diagnostic
tool at this age. Additionally, filter paper samples used for
Frontiers in Endocrinology | www.frontiersin.org 3
neonatal screening also offer clues (GH < 7 ng/mL) (37), as
does a series of low, randomly-measured GH levels.

Growth in infancy is very dynamic: body length at 2 years is
about 40 cm greater than at birth. Height velocity (HV) decreases
from about 25 cm/year during the first year to about 12 cm/year
during the second year (38). About 50% of infants with
congenital GHD deviate from the infancy component of
growth (39) and height after one year declines below normal
limits (40). However in many cases in which GHD was detected
during childhood, low height velocity could have previously been
observed in infancy (41, 42). On the other hand, feeding
difficulties and failure to thrive may be misleading symptoms
in terms of GHD. The careful evaluation of length and weight
during regular post-natal care could thus lead to an increase in
the fraction of children with suspected/diagnosed GHD at an
early age.

Children who are diagnosed very early in life often suffer from
a congenital disorder (cGHD), such as anatomical defects in the
hypothalamic-pituitary region (e.g., pituitary stalk interruption
syndrome [PSIS]), which can be visualized by means of
neuroimaging (43) or by identifying other genetically-caused
disorders (44, 45). Such cases are often associated with combined
pituitary hormone deficiencies. Whether or not perinatal head
trauma is a possibly relevant cause of GHD acquired at birth, as
suggested in the past (46), is yet to be clarified. Differences in the
characteristics of very young children with GHD as compared to
those during childhood have been documented in a few series
(47–49) and are listed in Table 1.
NON-ACQUIRED GHD
DURING CHILDHOOD

Anthropometry
It is the observed deviation from normal growth – from about
two years of age to the onset of puberty – that typically initiates
exploratory steps towards diagnosing GHD. A comprehensive
analysis of growth must include measurements of height, weight,
head circumference, and other anthropometrical data to
determine body proportions (e.g., sitting height, arm span); in
TABLE 1 | Characteristics of very early onset of GHD compared to childhood onset.

Age group 0-1 year 0-3 years 0-2 years 6-8 years

Authors Huet et al. (1999) (47) Cetinkaya et al. (2017) (48) Ranke et al. (2003) (49)

N (m/f) 59 (33/26) 67 (37/30) 234 (154/80) 1,498 (1.004/494)
Birth Length SDS+ -0.9 -1.0 -0.6 -0.5
Breech delivery % – 6 10.7 4.8
Age yrs* 0.5+ 1.2+ 1.4 6.9
Bone Age yrs* – – 0.8 4.5
Length/Height (Ht) SDSCA+ -3.5+ +/-1.9 -3.9 +/-1.3 -3.5 -2.4
Ht - tHt SDSCA+ -3.1 – -3.3 -1.8
Test: maxGH ng/mL* 2.2+ 1.0 (0-6.5) 4.0 6.5
Hypoglycemia % 85 – 30 3
Microphallus % 52& – 28 2
Isolated GHD % 15 25 50 86
Sept
ember 2021 | Volume 1
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addition, it is also imperative to apply methods to estimate the
relative amount of fat mass (e.g., BMI, fat fold thickness, DXA).
In order to visualize and/or calculate the extent of any deviation
from normal values, appropriate references need to be applied.
For the assessment of height, there are up-to-date and ethnically-
appropriate references, which are commonly available for the
corresponding population; and, in parallel, SD scores for
chronological age (Ht SDSCA) should be calculated. By
convention, a height measurement below –2.0 SDSCA defines
short stature for a given population. In order to determine height
in relationship to parental height, a familial “target height” must
be calculated and transformed into an SD-score (THt SDS) based
on the same references (50, 51). This information is then used to
calculate the child’s height, corrected for its parental target height
(cHt SDSCA = Ht SDSCA - THt SDS). A cHt below –1.3 SDSCA
(equivalent to about the 10th centile), roughly denotes shortness
outside the familial range. It is remarkable many recent national
guidelines do not recommend cHT as a diagnostic criterium (25).

Height velocity [HV] - the change of height over time (cm/
year) – expresses the dynamic growth process and is considered
the “golden parameter” for any growth evaluation. However the
calculation of HV necessitates taking a minimum of two height
measurements in 3, 6 and 12-month intervals. The time required
between two measurements, in order to obtain an accurate result,
is a function of the underlying HV [the greater, the shorter] and
the error of Ht measurement [the smaller, the shorter]. The HV
SDSCA is calculated on the basis of appropriate numerical HV
references, deriving from (difficult-to-obtain) longitudinal
investigations (52). Moreover, the complex dynamics of height
velocity over time, plus the common delay in developmental
tempo in GHD, as evidenced by a delay in bone age [BA], makes
HV - and even more so HV SDSCA - a diagnostic tool prone to
error. Therefore, it is difficult to clearly distinguish between
normal HV and one that is too low in children with suspected
GHD. However, a HV SDSCA > -1.0 SDS (approx. 25th centile) is
considered to be unlikely during childhood, in the context of non-
acquired GHD (25, 26). A practical and probably more robust
surrogate measure for HV is the change in height, expressed in
terms of delta HtSDSCA, derived from two Ht measurements
taken 6-12 months apart. A decrease in delta Ht SDS (deflection)
of >0.25 SD over one year is considered to be a strong indicator of
true growth disorder during childhood (53, 54). Since the
diagnostic procedure for childhood non-acquired GHD often
takes several months, and considering that height measurements
were frequently documented in the past, it became evident that
the inclusion of HV parameters strengthens the diagnostic
process without unduly delaying treatment.

The appearance of a child with severe GHD can be
conspicuous: there may be puppet-like features, with a
relatively large neurocranium, slight truncal obesity, and small
hands and feet, among other characteristics. However less
attention has been given to the measurement of various
relevant anthropometrical features and to compare them with
the height data (in terms of SDSCA) of normal and short children
(55, 56). Only few comprehensive references have documented a
great variety of anthropometrical variables in children
Frontiers in Endocrinology | www.frontiersin.org 4
simultaneously (38, 57). Although such references may not
match the population of the child in question, they need to be
applied in order to ensure complex anthropometrical analyses. If
different normative references for each parameter (e.g., height,
weight, arm span) are used in calculating SD scores, a false
picture will emerge. Investigations of body composition with the
help of modern tools, such as DXA, BIA, CT and MRI, provide
evidence of the negative change in the muscle to fat mass ratio
that is typical for GHD children.

An x-ray of the hand and wrist is done to evaluate bone
maturity [transformed into bone age (BA)]. If possible, it should
be determined automatically in order to avoid a rater bias (58),
but also to detect a primary bone disorder, as part of the
evaluation for GHD. It is important to remember that, in
GHD, a BA [yrs] > (CA – 1) [yrs] is not likely to be found in
true GHD during childhood (59, 60).

Insulin-Like Growth Factors
The two most important GH-dependent static peptide hormones
in blood that must be measured during the diagnostic work-up of
GHD are insulin-like growth factor-1 (IGF-I) and the IGF-
binding protein-3 (IGFBP-3). They are part of a complex
system that regulates cellular growth (13). The immunoassay is
a well-established method for measuring these peptides in body
fluids (61, 62) and reference values of basal blood levels over the
whole human age spectrum in both sexes have been established
by means of various assays (16, 63, 64). Based on the results of
IGF levels in blood, further GH testing may be required in short
children in order to obtain compelling evidence for the true
existence of GHD. The interpretation of IGF levels measured by
means of this biochemical diagnostic process must include the
results of the above-mentioned clinical and anthropometrical
investigations (65).

There is a wealth of literature on the diagnostic utility of IGF-I
and/or IGFBP-3 measurements in the case of childhood GHD (16,
66, 67). In most of these studies, groups of children with GHD,
based on various results of diagnostic tests, were analyzed. The
IGF results in groups with (often isolated idiopathic) GHD were
compared with groups of children with similar clinical
characteristics but who had been classified as non-GHD (e.g.,
idiopathic short stature [ISS] (68, 69). The criteria for the
anthropometric work-up and the static biochemistry in the
studies with patients during mid- to late childhood were not
uniform; in addition, the modalities of GH quantification (assays,
test procedures) and cut-off levels to tests (commonly between 5
and 10 ng/mL) varied between studies. Nevertheless, the overall
results from studies in which a cut-off of 10 ng/mL of GH
(maximum) was implemented show a rather uniform qualitative
picture: For both IGF-I and IGFBP-3 (expressed as an SD score for
age), a cut-off of about -2.0 SDS denoted lower sensitivity (the
power to correctly confirm GHD) than specificity (the power to
correctly exclude GHD) (16). Thus a normal level is likely to
exclude GHD, but below normal levels do not prove GHD. When
a GH test cut-off of 7-8 ng/mL was accepted as evidence of GHD
in childhood, IGF-I levels of < -1.4 SDS demonstrated a sensitivity
of 100% and a specificity of 33%. In the same cohort investigated, a
September 2021 | Volume 12 | Article 720419
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IGFBP-3 level of < -0.2 SDS showed a sensitivity of 100% at a
specificity of 14% (70). In many countries, an IGF-I level of < - 2.0
SDS is a requirement for the diagnosis of GHD during childhood
(25). However, a note of caution should be given here: the
reference ranges reported for children ensued from a number of
different assays, which is why the derived SDSCA values of IGF-I or
IGFBP-3 may differ considerably. New approaches for establishing
multidimensional references may be developed in the future (17).
DEFINING IMPAIRED hGH SECRETION

The core issue for the diagnosis of GHD is to obtain proof of
impaired GH secretion. This entails determining hGH in blood
as well as exactly quantifying GH secretion in normal and short
children. The possibility to measure minute quantities of hGH in
blood, for clinical purposes, started with the first immunoassays
in 1963; and a process of methodological refinement has followed
ever since (71–73). This process has involved, among others, the
development of international reference preparations - from pit-
hGH [IRP 66/217; specific activity approx. 2 I.U./mg] to
authentic r-hGH of the 22 kD variety [IRP 98/574, specific
activity 3 I.U./mg] (74), in addition, it has advanced from the
use of polyclonal antibodies to very specific monoclonal
antibodies for (22 kD hGH) detection. Modern assays do not
determine all GH variants, which may have biological functions
different from 22 kD hGH (75).

The discovery of the pulsatility of pituitary GH secretion led
to the recognition that it is not possible for single measurements
to represent the overall amount of GH secreted. Consequently,
the total daily amount of GH secreted began to be quantitated by
means of various procedures over the whole age range (76, 77).
Groups which used spontaneous GH secretion for the evaluation
of the GH secretory status in children mostly took a frequent
sampling approach (e.g., every 20 or 30 minutes) over 8-12 hours
of sleep; and considered a maximum GH level of > 7 ng/mL and/
or an integrated level of > 3 ng/mL) to be the approximate
borders of normality in prepubertal children (70, 78). However
this approach was not held to be feasible by most physicians
involved in diagnosing GHD proper in pediatric endocrine
practices (26). Nevertheless, the quantitation of spontaneous
GH secretion remains a prerequisite for diagnosing one variety
of GHD, namely, neurosecretory dysfunction (79).

The discovery that hypoglycemia can provoke a GH release,
the magnitude of which can be taken as a surrogate for the
secretion capacity (80, 81) initiated the identification of many
such stimuli (36) which found their way into our clinical routine.
However the mechanism of GH stimulation through such agents
differs from their “stimulatory power”, due to the fact that their
effects may also vary, depending on their susceptibility to
metabolic and other influences (36, 82–84). In the search for a
parameter that reveals normal/too low GH secretion in patients,
clinicians opted for a plain and simple answer: the maximum
level observed during a test. This set off the ongoing debate about
“cut-off” levels, which basically depend on the GH assay and test
procedure used. The low repeatability of all types of stimulation
Frontiers in Endocrinology | www.frontiersin.org 5
tests was acknowledged and the medical community agreed
upon accepting only the maximum level of two tests in
differentiating between GHD and non-GHD. In “standard”
tests, a maximum level of >5- 10 ng/mL was accepted as
normal in prepubertal children; on the other hand, it was
recognized that test procedures involving GH-releasing
hormone (GHRH) provoked a release of pituitary GH, which
is about 2-4 fold higher than that seen in “classic” tests (85).

Since the amount of GH secreted spontaneously or through
stimulation depends on other factors, such as age, sex, pubertal
stage, body composition and nutritional stage; and also varies
individually from day to day, it remains a very difficult task to
establish normal references. Moreover, each child may also have
an inherent set point of GH secretion for maintaining
physiology. Thus, in order to define GHD in children by
means of a complex diagnostic process, it is expedient to apply
a cut-off range for GH levels rather than use a single cut-off.
GHD: DIAGNOSIS AT EARLY
PUBERTAL AGE

Anthropometry
At the time when puberty can be expected in normal children
(86, 87), short children do not exhibit signs of puberty. Thus
during this period, it is particularly difficult to differentiate
between true GHD and idiopathic short stature (of the variety
with pubertal delay) or hypogonadism (88). The diagnostic
problems are mainly related to (1) establishing the onset of
puberty, (2) the evaluation of growth, and (3) the issue of how to
determine an impairment in GH secretion.

Tanner introduced the globally-used standards for the clinical
stages of puberty (89). The onset of puberty in girls can be
determined by palpating breast tissue, not by inspecting the
breast, since breast tissue growth is an effect of estrogen. In
boys, the onset of puberty is assumed at a mean testis volume
of ≥4 ml, the volume being predominantly an indicator of an
increase in the testicular seminiferous structures and not
testosterone production. Testis volume is commonly estimated
by comparison with an orchidometer (90). These procedures are
prone to inaccuracies, which are not eliminated by applying new
methods like sonography. The analysis of a pubertal growth spurt
by means of mathematical algorithms (91–93) has shown that the
onset (“take-off) of puberty - which is driven by hormones - is an
exact indicator and may occur 6-36 months before the clinical
signs mentioned above are evident.

For the diagnosis and quantification of a growth disorder, it
particularly relevant to adequately compare an individual’s
height with normative height references. According to
historical data devised by Marshall and Tanner (86, 87), the
pubertal stage B2 in girls normally occurs between about 8 und
13 years of age, whereas the pubertal stage G2 in boys normally
occurs between about 10 and 14 years of age. The normal take-off
of the pubertal growth spurt occurs at about 8-11 years of age in
girls and 10-12 years of age in boys (38). Thus, in clinically
prepubertal children, a height deviation from normal at pubertal
September 2021 | Volume 12 | Article 720419
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age – expressed in terms of HtSDSCA - is falsely exaggerated,
since the normal growth curve has left the childhood path and is
dominated by the pubertal component of growth (93). A Belgian
survey showed that 19% of 295 children diagnosed with IGHD
were ≥ 11 years of age; similar results - 17% of 156 children -
were found in a German study (21, 23). In these children, height
should rather be compared with data based on childhood
references that have been extrapolated (adjusted) into the
pubertal age range (94, 95). It is not known whether bone
age - instead of CA – would be suitable to correct the error of
HtSDS calculations based on CA. This aspect is even more
relevant in terms of height velocity, for which adjusted HV
references are available (96). Height velocity shows a marked
prepubertal nadir which is more pronounced the longer puberty
is delayed (38, 97). This is why, in the author’s view, a low HV
should be interpreted with great caution in children during the
pubertal age. These anthropometrical considerations can be
effective in correcting the calculated growth parameters for
delayed puberty and may increase the likelihood of classifying
short children correctly before biochemical testing is done. For
the static GH-dependent parameters, IGF-I and IGFBP-3, which
also increase during hormonal puberty take-off, similar
considerations should apply; in addition, adjusted references
should be published in order to avoid the falsely low
calculations of SD scores for age. This may avert inappropriate
treatment being given on the basis of incorrect (false positive)
classification of isolated naGHD during the pubertal age.

Impaired GH Secretion and Priming
The next and even more strongly debated issue is the question of
how to interpret GH test results during the pubertal age. Puberty
onset varies between populations, but as discussed above, starts
at the earliest at about 8 years in girls and 10 years in boys and is
accompanied by marked hormonal changes (98, 99). We know
today that the amount of GH secreted is augmented during
puberty, as a result of estrogens secreted in both sexes (100).
Frontiers in Endocrinology | www.frontiersin.org 6
While there seems to be no major change in GH secretion during
mid-childhood, the total amount of spontaneously secreted GH
during puberty is increased (78) as are the maximal levels of GH
observed in varying test procedures (36, 101, 102). Logically, this
means that higher cut-off levels should mark subnormal GH
secretion in pubertal (GHD) children. In contrast, a (short) child
who is still prepubertal during the pubertal age may secrete GH
amounts considered to be too low – but only on grounds of non-
existing puberty. The same reasoning applies for the static IGF
parameters that are not adapted for delayed puberty.

To avoid such misclassification, it was proposed that
GH testing in these children should be conducted after
exposing them to sex steroids (called “sex-steroid priming”) to
briefly induce sex steroid augmented GH secretion (103).
Unfortunately, this procedure, involving short exposure to
estrogen (in girls) or aromatizable androgens or estrogen (in
males), is not standardized. Nevertheless, it has been shown that
such priming leads to enhanced maximal GH levels in tests (36,
103, 104). However the endocrine community is still divided on
this issue (25, 26, 105, 106). It is likely that the wish to diagnose
non-acquired GHD at pubertal age will diminish when the
anthropometric and other tools mentioned above are valued
for facilitating the correct interpretation of data in the context of
naGHD. Some examples of characteristics of children at the
timepoint of diagnosis, recorded over the past 50 years, are listed
in Table 2 (107–110).
TREATMENT OF GHD WITH hGH

Aims of GH Treatment
In GHD, replacement with hGH aims at the normalization of
deviant aspects of growth, body composition and body function.
In children and adolescents, the issue of hGH efficacy is primarily
associated with growth: rapid catch-up growth, normal
TABLE 2 | Characteristics of children and adolescents with non-acquired GHD (idiopathic GHD [IGHD] plus congenital GHD [cGHD]) at diagnosis).

hGH available pit-Hgh National Institution pit-hGH
commercial

r-hGH

Qualifying hGH Test
Maximum

< 5.0 ng/mL <7 ng/mL < 10 ng/mL <7-8 ng/mL

Author Soyka et al. (1970)
(Boston) (107)

Prader et al. (1970)
(Zürich) (108)

Aceto et al. (1972)
(USA) (109)

Ranke et al. (2018) (Tübingen) (110)

Period -Years <1970 1960-70 <1972 1968- 87 1988-97 1998-07 2008-15
Parameter
N 15 7 52 87 112 331 45
Age (10th-90th centile) yrs* 8.7 8.0 11.2 8.2 (4.0-15.3) 5.6 (2.9-11.9) 6.7 (4.1-13.5) 5.1 (2.5-10.6)
BoneAge yrs* na 4.6 5.9 4.4 3.8 4.8 4.2
Height (Ht) SDSCA+ -5.0 -4.7 -5.8 -4.3 -3.3 -2.9 -3.1
Ht-velocity cm/yr* 2.8 2.5 3.4 4.7 4.9 5.1 5.3
deltaHt SDSCA+ na na na -0.14a -0.23b -0.04c -0.23c

Test: maxGH ng/mL* <3.1 na <10 4.1 5.8 5.1 4.2
IGF-I SDSCA+ na na na -2.9 -3.2 -2.6 -4.8
IGFBP-3 SDSCA+ na na na na -2.7 -1.0 -3.4
Isolated GHD % na na na 40 63 77 82
Se
ptember 2021 | Volume 12 |
*Median; +Mean; comm, commercial production; an = 32; bn = 52; cn = 214; dn = 36; na, not available.
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maintenance growth, appropriate timing and magnitude of
pubertal growth, and the achievement of an adult height
within the normal range. In addition, efficacy in children with
GHD should also include the achievement of normal body
composition and functioning, as well as the normalization of
biochemical abnormalities associated with GHD during post-
adolescence and throughout adult life.

Dosing and Mode of Application of hGH
The first patient to receive pit-hGH through Maurice Raben was
initially given 1 mg, injected twice a week (b.i.w.) i.m.; later, the
dose was raised to 3 mg, three times per week (t.i.w.). Raben
administered his pit-hGH powder after reconstituting it in
solvent (3). In subsequent years, pit-hGH units were devised,
based on the growth response as well as the results of bio-assays
using hypophysectomized female rats (111). More refined
methods of purification led to a product with a potency of
about 2 IU/mg (112). A dose effect in GHD – 5 IU b.i.w. vs. 10
IU b.i.w. - was observed by Preece et al. (113) Frazier described a
linear-log relationship to the induced height velocity that
resulted from doses ranging between at least 30 mIU/kg and
100 mIU/kg body weight t.i.w (114). The potency of recombinant
hGH preparations was validated against international reference
preparation with modern assays: 2.6 IU/mg for meth-r-hGH and
3.0 IU/mg authentic r-hGH. The amount of GH secreted - as
evaluated by deconvolution analysis - was estimated to be about
20 µg/kg per body weight/day before puberty and about twice as
high thereafter (76). The current starting doses of r-hGH,
approved by authorities for prepubertal children, vary between
a range of about 25-43 µg/kg body weight per day (115, 116) but
may exceed this margin during puberty.

Pit-hGH was often administered using the total content of one
ampule (2-4 IU), 2-3 times i.m. per week. After studies showed
that the same amount could result in higher growth rates – in the
long and short term - by dividing it into daily injections (117–
119), daily s.c. injections became standard practice. GH doses are
calculated either according to body weight (amount/kg BW) or
per body surface (amount/m2 BS), with the latter precluding
overdosing in obese patients. Today, exact doses can be applied
easily with the help of “pens”, which may also allow monitored
self-application (120). The role of long-acting GH variants for the
treatment of GHD will be evaluated in the future (121).

Adherence
Adherence (compliance) is an essential prerequisite for any
therapy to be effective. The risk of non-adherence in GHD is
high, because GHmust be injected daily (by proxy or by patients)
over many years. Great differences were found –mostly in short-
term growth - in studies on this subject, particularly in terms of
the method of recording adherence, the characteristics of the
cohorts investigated and the quantification of missed injections
(122–125). Generally, the level of adherence appears to be high
during the important but less dose-dependent first year of
treatment (126), but it is lower thereafter, particularly in
independent adolescents (127). Even one missed dose per week
during the first treatment year in children results in a loss of
height gain of 0.11 SD (122), a number which adds up to a
Frontiers in Endocrinology | www.frontiersin.org 7
substantial figure over time. Due to the great heterogeneity of
causes (e.g., discrepancy to expectation, social circumstances,
injection problems), strategies to prevent non-adherence must be
individually adapted (121, 124, 127, 128).
EVALUATION OF THE GROWTH
RESPONSE AND RESULTS TO GH
THERAPY IN GHD

There have been roughly four phases of GH treatment from the
time treatment with pit-hGH was first reported in 1958: (a)
the experimental phase with pit-hGH (1958-approx. 1962), (b)
the era of greater availability of pit-hGH (1962-1985), (c) the
early era of r-hGH (1985–2000), and (d) the “consolidated” era
of r-hGH (> 2000). The total growth process during GH
treatment of GHD, starting with prepubertal age, can be
divided into: (a) the initial phase of the first 2-3) years, which
mark the phase of catch-up growth, (b) the childhood growth
phase and (c) the pubertal growth phase, that ends in (d) the
period in which (near) adult height is reached.
PREPUBERTAL GROWTH PHASE

Response Evaluation
The response to GH treatment is mostly analyzed in annual
intervals and can be expressed in terms of height velocity (HV;
cm/yr), change in HV in comparison to a previous period, HV
SDSCA and the resulting change (delta HV SDSCA) (129) or in
terms of delta HT SDSCA calculated over a certain period of time
with treatment (prepubertal years, total puberty, start of GH to
NAH). Pure HV (cm/yr) is a robust term and also practical as it
can be visualized in a growth chart; however, it provides little
exact information when measurements exceed the normal range.
The expression of HV in terms of SD scores or changes over time
is problematic, particularly during infancy and the pubertal age.
During the catch-up phase and over longer periods of time,
growth can also be described by means of mathematical
algorithms (130–134).

Several cut-off levels for distinguishing between a normal and
poor response during the first treatment year have been
proposed: a change of ≥ 3 cm/year in HV as compared to
pretreatment values (135), HV SDS ≥ mean – 1 SDS (136), HV
SDS (for sex and age in normal children) ≥ + 1 SDS (52), delta Ht
SDS ≥ +0.3 SDS or +0.5 SDS (137, 138). However comparisons
led to inconsistent results (139).

Empirical Response Targets
Rather than using normal references for evaluating the response
to GH, it was proposed that results should be compared with the
response of other treated patients. Based on large numbers of
treated prepubertal children, who were observed in pharmaco-
epidemiological surveys (NCGS and KIGS), references for HV
(cm/yr) or delta Ht SDS were published (136, 138). These “height
velocity targets (HVT)” took into consideration the diagnosis,
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sex, and age in prepubertal children from 4-13 years of age, but
examined only the mean GH dose of the cohort. Based on NCGS
data (136), HV targets were devised in graphical terms for both
male and female children with IGHD and OGHD (maximum
GH in tests: <10 ng/mL) for the first treatment year. The mean
GH dose given was 0.30 mg/kg per week. Based on KIGS data
(138) references for HV and delta Ht SDS were presented as
graphs as well as numerically for prepubertal children with both
severe (maximum GH in tests: < 5 ng/mL) and less severe
(maximum GH in tests: 5-10 ng/mL) GHD, during the 1st and
2nd treatment year. The mean GH dose given was 0.22 mg/kg per
week. The HVs of the GHD cohorts in the NCGS study were very
similar to the HVs of the “severe” GHD cohort in KIGS.

Growth Prediction
Another approach to evaluate the response of a treated patient is
to compare the response variable (e.g., HV (cm/yr), delta Ht
SDS) during a certain growth phase with the most likely expected
response (and its error, at the start of each treatment phase)
based on prediction algorithms derived from large cohorts. The
advantage of this approach, as against using HVTs, is that
validated prediction models consider a multitude of
characteristics of an individual, the most important being the
individual GH dose applied. The problem is to keep the error of
prediction as low as possible. This error tends to rise when an
increasing number of predictors that are not standardized are
included. Several approaches have been used to develop
prediction models (140–145). The observed and the predicted
growth response can be compared and the difference can be
expressed in terms of an ‘index of responsiveness’ (IOR) =
[(observed response –predicted response)/error of prediction],
which is a surrogate for the potential of an individual to respond
(responsiveness) to GH, as compared to matched patients. An
IoR below –1.0 denotes a poor response. Prediction models for
various growth phases and diagnoses have been developed (145,
146) and are also available in the form of a software medical
device (147). Prediction models will be developed further with
the emerging field of pharmacogenomics (148, 149). Their
applicability will expand with the growing importance of new
electronic (self-)learning tools in medicine and in terms of
optimizing cost-effective treatment.

Apart from the growth response, IGF-I targets have also been
proposed as a means to guide and optimize dosing (150–153).
Advocates of this approach point out that it offers a more cost-
effective use of GH. Overall, the evaluation of the response to
treatment, regardless of the tools used - particularly but not
exclusively during the first phase of treatment - is of great
importance in order to ensure an optimal outcome of growth
in a treatment strategy which includes the prevention of non-
adherence and an efficacious use of GH.
PUBERTAL GROWTH PHASE

Clinically, pubertal growth is the phase between the first
appearance of clinical pubertal markers – breast in girls, testis
Frontiers in Endocrinology | www.frontiersin.org 8
volume in boys – and the end of growth due to the closure of the
epiphyses of the long bones (89). In practice, the near end of
growth is commonly assumed if the HV is below 2 cm/year and
bone age is above 14 years in girls and 16 years in boys (154).
Since hormonal changes take effect before clinical markers are
noticeable, the pubertal growth phase is actually longer (95, 155,
156). Pubertal growth is governed by the interaction of sex
steroids (estrogens and androgens in both sexes) with the
activated GH-IGF system (100, 157) and its combined effects
on the skeletal growth targets (158, 159). Several specific issues
exist with respect to GHD treatment during pubertal growth: the
GH dosing, the timing and length of puberty (starting age vs. end
of growth) and the choice of sex steroid in the case of
gonadotropin deficiency.

Bourguignon (160) discovered that total pubertal growth
(TPG) is inversely correlated to age at onset of puberty in
normal children, but that this did not affect final adult height.
This means that the partial contribution of pubertal growth to
total growth is inversely correlated to the prepubertal fraction.
Accordingly, in idiopathic GHD (non-acquired GHD), TPG was
found to be positively correlated with HT at puberty onset and at
age at the end of growth and negatively correlated with age at
puberty onset and that GH dose only has a minor effect (161).
Mauras showed that a doubling of the prepubertal GH dose
during puberty, over four years, results in only about 4 cm of
additional gain in TPG (162). Thus, the extra gain in height by
means of r-hGH during puberty is much more expensive. Results
of studies comparing males and females with spontaneous or
induced puberty showed a smaller gain in the induced groups,
since they were older at puberty onset (Table 3) (163–165).
However the lower pubertal gain in females is probably the result
of sub-optimal estrogen replacement, in terms of timing, dose
and preparation (166). Considering the fact that TPG only
accounts for about 20% of total postnatal growth, the aim
should be to normalize height well before puberty onset. It is a
common observation that the relative height attained in terms of
SD scores for age at puberty onset can be maintained even with
prepubertal GH doses. Delaying puberty onset and prolonging
the whole pubertal phase - with drugs suppressing puberty, such
as GnRH (167) and/or increasing GH doses at puberty onset (e.g.
doubling the dose over pre-pubertal levels) - are approaches to be
considered in individual cases with non-acquired GHD as a kind
of “rescue attempt” to improve adult height. By doing this,
however, the well-known phenomenon of the acromegaloid
phenotype of puberty may also be overly augmented.
ADULT HEIGHT REACHED

Several reports were published after years of treatment with pit-
hGH in which the adult height outcomes achieved in non-
acquired GHD (often called IGHD) were described. These
results were summarized in reviews (168–170). As exemplified
in Table 4, (169, 171–174, 176) these patients had been severely
GH deficient (maximum in tests < 7.5 ng/mL) and were relatively
old (approx. mean age: 13 yrs) at diagnosis and GH start. These
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characteristics were not only due to a selection bias, since the
oldest patients at start are the earliest to reach their (near) end of
growth. On the other hand, the patients treated during the pit-
hGH era were very short (mean height at GH start < -4.0 SDS)
and were given dosages of about 8–12 IU of pit-hGH from
various sources, injected 2-3 times per week i.m., and the total
amount of one ampule often contained 4 (2) I.U. After about > 5-
6 years of treatment, an adult height of about -3.0 SDS was
reached in patients with spontaneous puberty, while those with
induced puberty reached a height of about -1.5 SDS. Females
tended to be younger and shorter at start but reached a lower
adult height.

Patients during the early r-hGH era were reported to be less
short (height about –2.9 SDS). With r-hGH doses of about 0.5 IU/
Frontiers in Endocrinology | www.frontiersin.org 9
mg/wk, injected in 3-7 fractions s.c. per week, they reached a
height of about -1.4 SDS (164, 171, 175). As illustrated in Table 4,
more recent patients who received somewhat higher doses and
daily r-hGH injections reached a near adult height (NAH) mostly
within the lower half of the normal range and closer to their
calculated target height. However it should be remembered that in
some populations there is a positive secular trend in adult height
between generations in the order of about 0.4 SDS (54). Again, in
such studies, females had a slightly lower height outcome. Japanese
children with IGHD, who were treated with slightly lower doses
compared to Europe/USA, achieved a slightly lower total height
gain (176–178). Remarkably, practically all children treated as
toddlers, for predominantly congenital organic GHD and MPHD,
reached completely normal height (174).
TABLE 3 | Examples of height in children with non-acquired GHD: start GH, puberty onset (spontaneous vs. induced), near adult height (NAH).

Ranke et al. (1997) [KIGS] (163) Thomas et al. (2001) [Belgium] (164) Maghnie et al. (2006) [Italy] (165)

male female male female male female
Pub spon Pub ind. Pub spon Pub ind. Pub spon Pub ind. Pub spon Pub ind. Pub spon Pub ind. Pub spon Pub ind.

N 66 51 64 14 25 7 24 5 26 31 31 18
GH start median mean median
maxGH to tests ng/mL <10 <10 <10
Age yr 10.5 9.9 9.9 6.8 12.4 14.4 10.6 11.5 8.0 6.5 7.7 10.5
Ht SDSCA -2.7 -2.8 -2.9 -2.7 -2.7 -2.9 -2.7 -2.9 -3.0 -3.0 -2.6 -3.6
targtHt SDS -0.4 -0.7 -0.1 -0.4 -0.8 -0.1 -0.8 -0.1 -0.4 -0.5 -0.6 -0.4
GH dose IU/kg 0.57 0.5-0.7 0.60
GH (inj./wk) r-hGH (2-7) r-hGH (7) r-hGH (5-7)
Pub start
Age yr 13.8 14.9 12.9 13.7 13.3 17.2 11.8 14.9 13.4 14.9 12.6 13.5
Ht SDSCA -1.6 -1.3 -1.4 -1.0 -1.9 -1.4 -1.9 -1.4 -1.5 -2.3 -1.8 -2.3
Pub Ht gain cm 22.5 19.6 15.0 10.4 27.5 17.1 22.2 9.6 22.8 20.5 17.1 16.5
At NAH
Age yr 17.8 19.2 16.0 17.0 19.1 21.0 16.2 18.5 17.6 19.4 16.5 20.0
Ht SDSCA -1.3 -0.5 -1.2 -0.9 -0.8 -0.3 -0.8 -0.3 -0.9 -0.7 -0.4 -0.8
Ht - Ht GHstart SDSCA 1.3 2.3 1.7 1.7 1.9 2.6 1.9 2.6 2.1 2.3 2.3 1.7
Ht - Ht pub ons. SDSCA 0.3 0.7 0.1 -0.1 0.0 0.1 0.0 0.1 0.6 0.6 1.4 1.5
Se
ptember 2021 | Volum
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Ht, height; Pub, puberty; spont., spontaneous; ind., induced; ons., onset.
TABLE 4 | Examples of groups of non-acquired GHD patients treated to NAH.

Authors Wit et al.
1996 [review]

(169)

Reiter et al.
(2006) [KIGS]

(176)

August et al.
(1998) [NCGS]

(171)

Rachmiel et al.
(2007) [Canada]

(172)

Westphal et al.
(2008) [Sweden]

(173)

Root et al.
(2011) [GHD infant]

(174)

sex m f m f m f m f m f m f m f m f
GHD Pub spon Pub ind iGHD MPHD* all all all all
N 131 31 97 30 351 200 257 172 153 195 73 23 294 107 23 24
GH start mean median mean mean mean mean
maxGH ng/mL <7.5 <10 <10 <8.0 <10 <<10
Age yrs 12.8 11.6 13.8 13.5 10.1 9.3 8.0 7.2 12.0 10.9 12.4 10.4 9.1 8.0 0.8 1.0
Ht SDSCA -4.1 -5.1 -4.6 -4.3 -2.4 2.6 -2.9 -3.4 -2.6 -3.0 -2.8 -3.2 -2.7 -2.9 -2.4 -2.2
targetHt SDS -0.6 0.6 -0.3 -0.1 -0.5 -0.5 -0.4 -0.6 -1.2 -1.0 – –

GH dose IU/kg wk 0.2-0.5 0.6 0.9 0.54 0.7 0.9
GH given pit-hGH r-hGH met-r-hGH r-hGH r-hGH met-r-hGH
At NAH
Age yrs n.a. n.a. n.a. n.a. 18.2 16.6 19.0 17.6 17.5 15.8 17.8 15.6 18.6 17.4 18.4 16.4
Ht SDSCA -3.1 -3.2 -1.5 -1.5 -0.8 -1.0 -0.7 -1.1 -1.3 -1.6 -1.0 -1.0 -0.9 -0.8 0.1 -0.8
Ht gain SDS 1.3 1.9 3.0 2.7 1.6 1.6 2.3 2.3 1.3 1.4 1.7 2.1 1.8 2.1 2.3 1.4
Ht, height; Pub, Puberty; spon, spontaneous; ind, induced; GH dose, estimated from reports; iGHD, isolated GHD; MPHD*, multiple hormone deficiencies [induced puberty]; all, pituitary
deficiencies combined; n.a., not available.
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Several authors have examined the factors correlating with NAH
bymeans or regression analyses (116, 164, 165, 172, 173, 175).On the
whole, the results of these studies revealed certain factors that
correlated positively with NAH: height at GH start, mid-parental
height, durationof treatment,GHdose, and themagnitudeof thefirst
year response to GH. On the other hand, the factors correlating
negatively with NAH are: age at GH start and the severity of GHD
(maxGH in tests, MPHD). In randomized studies, the long-term
effect of GH dosage, in terms of NAH, was only marginally positive
(179, 180). This may be due to the fact that childhood and pubertal
growth are evaluated together: however, during childhood growth
there is high sensitivity to GH, whereas during puberty there is low
sensitivity to GH. The negative correlation of the outcome with the
maximumGH level to testingmay also suggest that the highGHcut-
off may lead to the inclusion of non-/less severe GHD patients (e.g.
ISS) who exhibit overall lower responsiveness to GH treatment. The
negative effect of patients with MPHD is probably the result of an
inappropriate induction and/or maintenance of puberty in children
with gonadotropin deficiency. This needs further evaluation.
SAFETY OF hGH REPLACEMENT
IN CHILDREN

Safety issues during GH replacement may be related to the medical
substance itself, may be due to the formulation of the drug (e.g.
impurities, additives for drug formulation), be the result of the
genuine (normal) effects (e.g., on the growth of bones, on other
tissues, or be related to its metabolic action); they may be due to
inappropriate dosages or a genuine incompatibility with the patient
being treated (181). During the pit-hGH era, when relatively crude
GH material were applied in low doses, local effects (pain,
lipoatrophy) were occasionally observed (182). Due to the
transmission of prions through some pit-hGH preparations, which
caused the deadly Creutzfelt-Jakob disease, this era ended (183–185).

After the approvalof r-hGHpreparations, the analysis, detection
and prevention of adverse effects became an integral part of large
surveillance studies in children (186). Detailed reviews of the safety
of r-hGHinchildren and adolescents are available (181, 187).A rare
side-effect of normal GH action on accelerated bone growth in
children is the slipped capital femoral epiphysis [SCFE] (188). The
normal metabolic effects of sodium and water retention may cause
benign intracranial hypertension (189). The anti-insulin effect of
GH may cause impaired glucose tolerance or accelerate the
development of DM2 in predisposed children with GHD (190).
An early report associating pit-hGD with an increased risk of
colonic cancer in GHD (191) raised a critical discussion about the
potential role of the GH-IGF axis in cancer pathogenesis (192).
Frontiers in Endocrinology | www.frontiersin.org 10
A particularly controversial multinational survey on the safety and
appropriateness of GH in Europe (SAGhE), which investigated
mortality in adults who had received GH treatment in childhood,
however presented inconclusive results (191, 193, 194). There is
strong evidence that replacement with r-hGH in children and
adolescents with non-acquired GHD is safe, as they receive the
usual dosage range and have a low risk of other diseases (195, 196);
nevertheless, it is prudent to ensure structured long-term follow-up
and monitoring of IGF parameters during GH replacement
(153, 187).
SUMMARY

For more than a century, it has been known that the growth
hormone deficiency syndrome (GHD) affects the entire life span.
Developments overmany decades have led to the understanding of
the key modalities, such as anthropometrical and biochemical
methods, that facilitate the correct diagnosis of non-acquired – in
particular isolated – GHD. However there are still a number of
difficulties to overcome in order to arrive at the diagnosis as early
and as properly as possible, particularly during the late childhood
phase. The precise application of known techniques and principles
in anthropometry aswell as theprudent interpretationof test results
is the imperative task of those entrusted with the medical care of
children. During the past decades, replacement with GH has led to
improvements in height gain during childhood and in final adult
height. Yet a sizeable fraction of children does not achieve optimal
adult height.Therefore themodalities for evaluatinggrowth and the
tools for adjusting treatment appropriately need to be further
individualized and optimized, not only with regard to stature but
also in terms of safety and costs. This entails combining the known
principles of individual endocrine care with novel evidenced-based
tools that substantiate the results of analyses before, during and
after treatment.
AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.
ACKNOWLEDGMENTS

The author would like to thank Priscilla Herrmann for her
assistance in preparing this manuscript.
REFERENCES
1. Ranke MB, Wit JM. Growth Hormone - Past, Present and Future. Nat Rev

Endocrinol (2018) 14:285–300. doi: 10.1038/nrendo.2018.22
2. Grumbach MM. Herbert McLean Evans, Revolutionary in Modern

Endocrinology: A Tale of Great Expectations. J Clin Endocrinol Metab
(1982) 55:1240–7. doi: 10.1210/jcem-55-6-1240
3. Raben MS. Treatment of a Pituitary Dwarf With Human Growth Hormone.
J Clin Endocrinol Metab (1958) 18:901–3. doi: 10.1210/jcem-18-8-901

4. Beck JC, Mcgarry EE, Dyrenfurth I, Venning EH. The Metabolic Effects of
Human and Monkey Growth Hormone in Man. Ann Intern Med (1958)
49:1090–105. doi: 10.7326/0003-4819-49-5-1090

5. Hwa V, Oh Y, Rosenfeld RG. The Insulin-Like Growth Factor-Binding Protein
(IGFBP) Superfamily. Endocr Rev (1999) 20:761–87. doi: 10.1210/edrv.20.6.0382
September 2021 | Volume 12 | Article 720419

https://doi.org/10.1038/nrendo.2018.22
https://doi.org/10.1210/jcem-55-6-1240
https://doi.org/10.1210/jcem-18-8-901
https://doi.org/10.7326/0003-4819-49-5-1090
https://doi.org/10.1210/edrv.20.6.0382
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Ranke Growth Hormone Deficiency, Diagnosis, Treatment
6. Rosenfeld RG. The IGF System: New Developments Relevant to Pediatric
Practice. Endocr Dev (2005) 9:1–10. doi: 10.1159/000085716

7. Wit JM, Ranke MB, Kelnar CJH. ESPE Classification of Paediatric
Endocrine Diagnoses. Horm Res (2007) 68:1–120.

8. Yakar S, Kim H, Zhao H, Toyoshima Y, Pennisi P, Gavrilova O, et al. The
Growth Hormone-Insulin Like Growth Factor Axis Revisited: Lessons From
IGF-1 and IGF-1 Receptor Gene Targeting. Pediatr Nephrol (2005) 20:251–
4. doi: 10.1007/s00467-004-1613-y

9. Baker J, Liu JP, Robertson EJ, Efstratiadis A. Role of Insulin-Like Growth
Factors in Embryonic and Postnatal Growth. Cel (1993) 75:73–82.

10. Oberbauer AM, Peng R. Growth Hormone and IGF-I Stimulate Cell
Function in Distinct Zones of the Rat Epiphyseal Growth Plate. Connect
Tissue Res (1995) 31:189–95. doi: 10.3109/03008209509010810

11. Isaksson OG, Jansson JO, Gause IA. Growth Hormone Stimulates
Longitudinal Bone Growth Directly. Science (1982) 216:1237–39.
doi: 10.1126/science.7079756

12. Wang J, Zhou J, Cheng CM, Kopchick JJ, Bondy CA. Evidence Supporting
Dual, IGF-I-Independent and IGF-I-Dependent, Roles for GH in Promoting
Longitudinal Bone Growth. J Endocrinol (2004) 180:247–55. doi: 10.1677/
joe.0.1800247

13. Kaplan SA, Cohen P. The Somatomedin Hypothesis 2007: 50 Years Later.
J Clin Endocrinol Metab (2007) 92:4529–35. doi: 10.1210/jc.2007-0526

14. Forbes BE, Blyth AJ, Wit JM. Disorders of IGFs and IGF-1R Signaling
Pathways. Mol Cell Endocrinol (2020) 518:111035. doi: 10.1016/
j.mce.2020.111035

15. Blum WF, Albertsson-Wikland K, Rosberg S, Ranke MB. Serum Levels of
Insulin-Like Growth Factor I (IGF-I) and IGF Binding Protein 3 Reflect
Spontaneous Growth Hormone Secretion. J Clin Endocrinol Metab (1993)
76:1610–6. doi: 10.1210/jcem.76.6.7684744

16. Blum WF, Böttcher C, Wudy SA. Insulin-Like Growth Factors and Their
Binding Proteins. In: Ranke MB, Mullis PE, editors. Diagnostics of Endocrine
Function in Children and Adolescents. Basel: Karger (2011). p. 157–82.

17. Ranke MB. A Proposal to Develop New References for Serum IGF-I Levels in
Children. J Clin Res Pediatr Endocrinol (2020) 12:140–2. doi: 10.4274/
jcrpe.galenos.2020.2020.0040

18. Vimpani GV, Vimpani AF, Lidgard GP, Cameron EH, Farquhar JW.
Prevalence of Severe Growth Hormone Deficiency. Br Med J (1977)
2:427–30. doi: 10.1136/bmj.2.6084.427

19. Rona RJ, Tanner JM. Aetiology of Idiopathic Growth Hormone Deficiency in
England andWales.Arch Dis Child (1977) 52:197–208. doi: 10.1136/adc.52.3.197

20. Lindsay R, Feldkamp M, Harris D, Robertson J, Rallison M. Utah Growth
Study: Growth Standards and the Prevalence of Growth Hormone
Deficiency. J Pediatr (1994) 125:29–35. doi: 10.1016/s0022-3476(94)70117-2

21. Thomas M, Massa G, Craen M, de Zegher F, Bourguignon JP, Heinrichs C,
et al. Prevalence and Demographic Features of Childhood Growth Hormone
Deficiency in Belgium During the Period 1986-2001. Eur J Endocrinol (2004)
151:67–72. doi: 10.1530/eje.0.1510067

22. Stochholm K, Gravholt CH, Laursen T, Jørgensen JO, Laurberg P, Andersen
M, et al. Incidence of GH Deficiency - A Nationwide Study. Eur J Endocrinol
(2006) 155:61–71. doi: 10.1530/eje.1.02191

23. Schweizer R, Blumenstock G, Mangelsdorf K, Ehehalt S, Rössner L, Dorn T,
et al. Prevalence and Incidence of Endocrine Disorders in Children: Results
of a Survey in Baden-Wuerttemberg and Bavaria (EndoPrIn BB) 2000-2001.
Klin Padiatr (2010) 222:67–72. doi: 10.1055/s-0029-1241868

24. van Dommelen P, van Zoonen R, Vlasblom E, Wit JM, Beltman M. Expert
Committee Guideline for Referring Short or Tall Children in Preventive Child
Health Care. Acta Paediatr (2020) 110:1231–38. doi: 10.1111/apa.15625

25. Binder G, Reinehr T, Ibáñez L, Thiele S, Linglart A, Woelfle J, et al. GHD
Diagnostics in Europe and the US: An Audit of National Guidelines and
Practice. Horm Res Paediatr (2019) 92:150–6. doi: 10.1159/000503783

26. Collett-Solberg PF, Ambler G, Backeljauw PF, Bidlingmaier M, Biller BMK,
Boguszewski MCS, et al. Diagnosis, Genetics, and Therapy of Short Stature
in Children: A Growth Hormone Research Society International Perspective.
Horm Res Paediatr (2019) 92:1–14. doi: 10.1159/000502231

27. Guidelines for the Use of Growth Hormone in Children With Short Stature.
A Report by the Drug and Therapeutics Committee of the Lawson Wilkins
Pediatric Endocrine Society. J Pediatr (1995) 127:857–67. doi: 10.1016/
s0022-3476(95)70019-6
Frontiers in Endocrinology | www.frontiersin.org 11
28. Growth Hormone Research Society. Consensus Guidelines for the Diagnosis
and Treatment of Growth Hormone (GH) Deficiency in Childhood and
Adolescence: Summary Statement of the GH Research Society. GH Research
Society. J Clin Endocrinol Metab (2000) 85:3990–3. doi: 10.1210/
jcem.85.11.6984

29. Wilson TA, Rose SR, Cohen P, Rogol AD, Backeljauw P, BrownR, et al. Lawson
Wilkins Pediatric Endocrinology Society Drug and Therapeutics Committee.
Update of Guidelines for the Use of GrowthHormone inChildren: The Lawson
Wilkins Pediatric Endocrinology Society Drug and Therapeutics Committee.
J Pediatr (2003) 143:415–21. doi: 10.1067/s0022-3476(03)00246-4

30. Shalet SM, Toogood A, Rahim A, Brennan BM. The Diagnosis of Growth
Hormone Deficiency in Children and Adults. Endocr Rev (1998) 19:203–23.
doi: 10.1210/edrv.19.2.0329

31. Karlberg J. On the Modelling of Human Growth. Stat Med (1987) 6:185–92.
doi: 10.1002/sim.4780060210

32. Leger J, Noel M, Limal JM, Czernichow P. Growth Factors and Intrauterine
Growth Retardation. II. Serum Growth Hormone, Insulin-Like Growth Factor
(IGF) I, and IGF-Binding Protein 3 Levels in Children With Intrauterine
Growth Retardation Compared With Normal Control Subjects: Prospective
Study From Birth to Two Years of Age. Study Group of IUGR. Pediatr Res
(1996) 40:101–7. doi: 10.1203/00006450-199607000-00018

33. Ogilvy-Stuart AL. Growth Hormone Deficiency (GHD) From Birth to 2
Years of Age: Diagnostic Specifics of GHD During the Early Phase of Life.
Horm Res (2003) 60:2–9. doi: 10.1159/000071219

34. Gluckman PD, Gunn AJ, Wray A, Cutfield WS, Chatelain PG, Guilbaud O,
et al. Congenital Idiopathic Growth Hormone Deficiency Associated With
Prenatal and Early Postnatal Growth Failure. J Pediatr (1992) 121:920–23.
doi: 10.1016/s0022-3476(05)80342-7

35. Jensen RB, Jeppesen KA, Vielwerth S, Michaelsen KF, Main KM, Skakkebaek
NE, et al. Insulin-Like Growth Factor I (IGF-I) and IGF-Binding Protein 3 as
Diagnostic Markers of Growth Hormone Deficiency in Infancy. Horm Res
(2005) 63:15–21. doi: 10.1159/000082456

36. Ranke MB. Growth Hormone Deficiency: Diagnostic Principles and
Practice. In: Ranke MB, Mullis PE, editors. Diagnostics of Endocrine
Function in Children and Adolescents. Basel: Karger (2011). p. 102–37.

37. Binder G, Weber K, Rieflin N, Steinruck L, Blumenstock G, Janzen N, et al.
Diagnosis of Severe Growth Hormone Deficiency in the Newborn. Clin
Endocrinol (Oxf) (2020) 93:305–11. doi: 10.1111/cen.14264

38. Prader A, Largo RH, Molinari L, Issler C. Physical Growth of Swiss Children
From Birth to 20 Years of Age. First Zurich Longitudinal Study of Growth
and Development. Helv Paediatr Acta Suppl (1989) 52:1–125.

39. Karlberg J, Albertsson-Wikland K. Infancy Growth Pattern Related to
Growth Hormone Deficiency. Acta Paediatr Scand (1988) 77:385–91.
doi: 10.1111/j.1651-2227.1988.tb10665.x

40. Wit JM, van Unen H. Growth of Infants With Neonatal Growth Hormone
Deficiency. Arch Dis Child (1992) 67:920–4. doi: 10.1136/adc.67.7.920

41. Mayer M, Schmitt K, Kapelari K, Frisch H, Köstl G, Voigt M. Spontaneous
Growth in Growth Hormone Deficiency From Birth Until 7 Years of Age:
Development of Disease-Specific Growth Curves. Horm Res Paediatr (2010)
74:136–44. doi: 10.1159/000281020

42. Noda M, Sato N, Tanaka T. Growth Failure Starts From Early Infancy in
Children With Short Stature at Age 6. Clin Pediatr Endocrinol (2015) 24:1–
10. doi: 10.1297/cpe.24.1

43. Pampanini V, Pedicelli S, Gubinelli J, Scirè G, Cappa M, Boscherini B, et al.
Brain Magnetic Resonance Imaging as First-Line Investigation for Growth
Hormone Deficiency Diagnosis in Early Childhood. Horm Res Paediatr
(2015) 84:323–30. doi: 10.1159/000439590

44. Bosch I Ara L, Katugampola H, Dattani MT. Congenital Hypopituitarism
During the Neonatal Period: Epidemiology, Pathogenesis, Therapeutic
Options, and Outcome. Front Pediatr (2021) 8:600962. doi: 10.3389/
fped.2020.600962
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