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Context: Hyperthyroidism affects all age groups, but epidemiological data for children are scarce.

Objective: To perform a nationwide epidemiological survey of hyperthyroidism in children
and adolescents.

Design: A cross-sectional descriptive study.

Setting: Identification of entries corresponding to reimbursements for antithyroid drugs in the
French national insurance database.

Participants: All cases of childhood hyperthyroidism (6 months to 17 years of age) in 2015.

Main Outcome Measures: National incidence rate estimated with a nonlinear Poisson model and
spatial distribution of cases.

Results: A total of 670 cases of childhood hyperthyroidism were identified. Twenty patients (3%)
had associated autoimmune or genetic disease, with type 1 diabetes and Down syndrome the most
frequent. The annual incidence for 2015 was 4.58/100,000 person-years (95% Cl 3.00 to 6.99/
100,000). Incidence increased with age, in both sexes. This increase accelerated after the age of 8 in
girls and 10 in boys and was stronger in girls. About 10% of patients were affected before the age of
5 years (sex ratio 1.43). There was an interaction between age and sex, the effect of being female
increasing with age: girls were 3.2 times more likely to be affected than boys in the 10 to 14 years
age group and 5.7 times more likely to be affected in the 15 to 17 years age group. No conclusions
about spatial pattern emerged.

Conclusion: These findings shed light on the incidence of hyperthyroidism and the impact of sex on
this incidence during childhood and adolescence. The observed incidence was higher than expected
from the results published for earlier studies in Northern European countries. (J Clin Endocrinol
Metab 103: 2980-2987, 2018)
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yperthyroidism in children is predominantly caused

by Graves disease (GD), an autoimmune disorder
caused by stimulation of the TSH receptor by auto-
antibodies specific for this receptor. Increases in the
incidence of autoimmune diseases, including type 1 di-
abetes mellitus and celiac disease, in children and ado-
lescents have been reported in recent years, and a similar
increase has been suggested for hyperthyroidism (1-3).
Like other autoimmune disorders, GD is thought to result
from a complex interaction among genetic background,
environmental factors (e.g., iodine status), and the im-
mune system. Moreover, patients often present more
than one autoimmune disorder (4).

Endocrine-disrupting chemicals (EDCs) have been
identified as potential environmental risk factors. A
specific epidemiological program making use of existing
databases to monitor nationwide trends for health in-
dicators in the context of EDC exposure (5) in France was
launched in 2014 (6). Autoimmune disorders frequently
affect the thyroid gland, and thyroid disorders are spe-
cific outcomes of interest, as many EDCs act as thyroid
disruptors. A few studies have identified molecules that
induce increases in thyroid hormone levels: chlorinated
pesticides (7-10), bisphenol A (11, 12), polybrominated
flame retardants (13, 14), and perfluorinated chemicals
(8). In addition to interacting directly with the thyroid
gland, thyroid disruptors are thought to interact with the
autoimmune system (15-19), potentially triggering thy-
roid autoimmune diseases, such as GD.

GD, a disease displaying female predominance, is rare
and severe in children and adolescents. It is thought to
account for 5% (20) of diagnosed cases of hyperthy-
roidism throughout life, but epidemiological data are
limited. Previous studies were subject to selection bias,
due to the selection criteria applied to the study pop-
ulations: outpatients only (21), willingness of the pedi-
atrician to report data (22), and limited study area (23).
Moreover, population-based data are required in areas
with adequate iodine levels.

GD may adversely affect the health and development
of the child, and patients therefore require long-term
follow-up. The first-line treatment of newly diagnosed
children is based on the use of antithyroid drugs (ATDs)
prescribed by clinicians. No other indication for these
drugs is known in children, and this treatment is, there-
fore, specific. Alternative treatments, such as radioiodine
and thyroidectomy, are proposed as a second line of
treatment in cases of failure to control the disease after
ATD treatment (4).

We therefore conducted a nationwide study to esti-
mate the incidence of hyperthyroidism and describe its
epidemiology in children and adolescents and analyze
spatial trends in France in 2015.
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Methods

Data source

We performed a population-based study with the French
National Health Insurance Information System, Systéme na-
tional d’information inter-régimes de I’Assurance maladie
(SNIIRAM) (24). This system comprehensively covers the en-
tire population living in France (>66 million inhabitants)
(25, 26). It records, in a specific database known as Données
de consummation inter-régimes (DCIR; interscheme con-
sumption data), anonymous and exhaustive data about pa-
tient reimbursement for health care expenditure, including
reimbursements for drugs prescribed by clinicians. Drugs are
identified in the database according to their Anatomical
Therapeutic Classification codes. These data are relayed in
real time from the various health insurance schemes. An-
other database, Programme de médicalisation des systémes
d’information (PMSI), included in SNIIRAM, provides med-
ical information for all patients admitted to public and private
hospitals in France, including discharge diagnoses recorded
as International Statistical Classification of Diseases and Related
Health Problems, 10th revision codes. Demographic data
[age, sex, place of residence (département code), and affili-
ated scheme] are available from the DCIR and PMSI data-
bases. All of the data for a given patient present in the
SNIIRAM (DCIR and PMSI) can be linked through anonymous
social security identification numbers [numéro d’inscription au
repertoire (NIRs)].

The DCIR holds data for 3 years plus the current year. Data
for the years 2013, 2014, 2015, and the first 6 months of July
2016 were, therefore, available to us at the time of the study.

The National Institute of Statistics and Economic Studies
supplied population data.

Access to the SNIIRAM databases was authorized by the
Institute of Health Data (Institut des Données de Santé) and the
French data protection authority (Commission Nationale de
I'Informatique et des Libertés).

Study population

The selected study population consisted of all individuals under
the age of 18 years (age defined as the number of full years of life
completed) living in France. Incident cases of hyperthyroidism
were defined as the first reimbursement for ATDs (propylth-
iouracil, benzylthiouracil, carbimazole, and thiamazole) in 2015
recorded in the DCIR, with no reimbursement for ATDs in the
2 preceding years (2013 and 2014), to exclude the resumption of
ATD treatment after relapses. Such relapses are common in
children with hyperthyroidism, being observed in ~70% to 80%
of all cases after an initial 2-year course of ATD treatment, with
~75% of patients relapsing within 6 months of the end of
treatment and 95% relapsing within 18 months (27, 28).

We excluded three categories of patients: children under the
age of 6 months in 2015, mostly considered to correspond to
cases of neonatal transient thyrotoxicosis due to maternal GD
(29). Given the difficulties distinguishing between incident cases
and relapses, we excluded patients who had undergone surgery
(total or subtotal thyroidectomy) or radioiodine treatment in
2015 (n = 1) by linking incident cases of hyperthyroidism to
hospital stays including a medical act encoded KCFA010,
KCFA009, KCFA005, KCFA007, KCNL003, and KCNL004
(French Common Classification of Medical Procedures codes).
We ensured that only the population dwelling in France was
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targeted by excluding records for which the area of residence
(département) was not reported or for which the area of resi-
dence cited was located outside France (n = 1).

We identified the autoimmune diseases or related conditions
associated with hyperthyroidism by linking incident cases of hy-
perthyroidism with cases of type 1 diabetes mellitus (International
Statistical Classification of Diseases and Related Health Problems,
10th revision, E100 to E109), Turner syndrome (Q960 to
Q964,Q968, and Q969), Down syndrome (Q900 to Q902 and
Q909), DiGeorge syndrome (D821), celiac disease (K900),
Addison disease (E271), or idiopathic thrombocytopenic pur-
pura (D693) by cross-referencing with hospital data (PMSI).

Statistical analysis

We described the characteristics of the population and
distribution of cases by sex and age group. The sex ratio (girls vs
boys) was calculated for the total population and by age group.
We explored month-to-month variations graphically to detect a
possible seasonal influence on the disease that might be related
to environmental exposure. We focused initially on the month
of diagnosis and then on birth month.

We estimated incidence rates (IRs) and 95% Cls by Poisson
regression analysis using population size as the offset. We used
generalized linear models to take into account nonlinear rela-
tionships between IRs and the explanatory variables, age and sex.
We introduced the age variable into the model as a spline function
with three degrees of freedom to take the possibility of a nonlinear
relationship into account, and we explored the interaction between
age and sex. We assessed the validity of the model by analyzing the
distribution of the residuals, which were found to be essentially
normally distributed. No trend was seen, and the dispersion of
residual values around the mean remained constant.

We estimated IRs for the overall population aged from
6 months to 17 years and by age and sex using the number of
predicted cases in 2015 and midyear population estimates for
children in France for 2015 (14.8 million children).

For comparison of our results with published values, we
converted the age-specific IR values provided by the model into IR
values for each age group. The rates for age treated as a con-
tinuous variable were calculated from Poisson regression model
predictions. For the estimation of IRs by age group, we calculated
the weighted mean of IRs for each age in the age group. The
weighting used was the inverse of the variance of IR by age. The
age groups of interest were 6 months to 4 years, 5 to 9 years, 10 to
14 years, and 15 to 17 years. We also estimated overall IRs for
children under 15 years of age (12.3 million children).

We analyzed the spatial distribution of cases in France at the
département level (a French administrative region, equivalent
to a county), with four models of structured and unstructured
spatial heterogeneity based on Poisson regression (30).

Statistical analyses were performed with SAS Guide 7.1 (SAS
Institute, Cary, NC) and R for Poisson regression. The model
for IR estimation was developed with the generalized linear
model procedure implemented in the MGCV package (31) and
the INLA model for spatial analyses using R software (32).

Results

Study population and patient characteristics
In total, we identified 670 children newly treated for
hyperthyroidism in 2015: 157 boys (23.4%) and 513
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girls (76.6%). A female preponderance was documented
throughout childhood and adolescence, with a female-to-
male sex ratio of 3.27. The ages of the affected children
ranged from 6 months to 17 years, and mean age was
higher in girls than in boys (Table 1).

The principal ATDs used to treat hyperthyroidism in
children and adolescent in 2015 were carbimazole (63%
cases), followed by thiamazole (31%), propylthiouracil
(5%), and benzylthiouracil (1%). During the observation
period, most of the patients (n = 626; 93%) used only one
drug. However, 44 patients switched once (n = 40; 6%)
or twice (n = 4; 1%) between treatments.

Twenty patients (3%) had associated autoimmune
conditions: n = 1 in the 6 months to 4 years, n = 4 in the 5
to 9 years,n = 10 in the 10 to 14 years,and n = 5 in the 15
to 17 years age groups. Table 2 describes the types of
autoimmune disease observed by age group and sex. The
number of incident cases remained stable from month to
month, regardless of whether the analysis was based on
month of diagnosis or birth month (data not shown).

Incidence estimation

Figure 1 provides a comprehensive representation of
the model. A statistically noteworthy increase in in-
cidence with age was observed after the age of 5 years.
Indeed, the inclusion of age or the interaction between
age and sex in the Poisson regression model significantly
decreased the residual deviance. This effect was visible on
the plot, as the regression lines for girls and boys had
different slopes, particularly for teenagers.

The increase in IR was more marked from the age of
8 years in girls and 10 years in boys, with a female
preponderance observed at all ages. The CIs for IRs were
larger for the youngest children, with considerable
overlap between the sexes, making it difficult to draw any
firm conclusions.

Table 3 presents the sex-specific IRs calculated for sev-
eral age groups, based on Poisson model predictions. The
overall IR for 2015 was 4.58/100,000 person-years
(95% CI 3.00 to 6.99/100,000). It was 3.4 times higher

Table 1. Characteristics of the Subjects at the Time
of First Reimbursement for ATD Treatment of
Hyperthyroidism in Children and Adolescents in
France for 2015

Total Boys (n = 157; Girls (n = 513;

(N = 670) 23.43%) 76.57%)
Mean age, y 12.5 (4.68) 11.2 (5.36) 13.5 (4.34)
Age group
6motody 68 (10.20) 28 (17.83) 40 (7.80)
59y 75 (11.20) 24 (15.29) 51 (9.94)
10-14y 215 (32.10) 56 (35.67) 159 (30.99)
15-17y 312 (46.60) 49 (31.21) 263 (51.27)

Data are mean (SD).
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Table 2. Associated Autoimmune Diseases in
Children and Adolescents First Treated for
Hyperthyroidism in 2015 in France by Age Group
and Sex

Associated Disease

Down
T1DM Celiac Disease Syndrome
(N =13)* (N =2)? (N=7)°
Age group
6motody — — 1
59y 4 1 1
10-14y 7 — 3
1517y 2 1 2
Sex
Boys 3 0 2
Girls 10 2 5

No cases of Addison disease, idiopathic thrombocytopenic purpura,
Turner syndrome, or DiGeorge syndrome were reported.

Abbreviation: TIDM, type 1 diabetes mellitus.
?0ne patient had T1DM, celiac disease, and Down syndrome.

in girls than in boys [IRs: 7.08 (95% CI 4.85 to 10.30) vs
2.07 (95% CI 1.03 to 4.16)]. The overall IR for 2015 was
markedly lower in children under the age of 15 years at
2.91/100,000 person-years (95 % CI2.05 to 4.13/100,000)
and was 2.4 times higher in girls than in boys for this age
group [IRs: 4.11 (2.91 to 5.83) vs 1.71 (1.00 to 2.93)]. In
comparisons by age group, IRs were markedly higher in
teenage girls than in teenage boys: 3.2 times higher for the
10 to 14 years age group and 5.7 times higher for the 15 to
17 years age group.

Spatial distribution
Crude IRs by département varied from 0/100,000

person-years to 12.5/100,000 person-years. The spatial
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models used did not fit our data well, and the results
obtained were inconclusive. Some neighboring départements
had discrepant incident case numbers, making it impos-
sible to estimate IRs with the necessary level of precision
for all départements.

Discussion

In this nationwide French study, our main objective was
to improve understanding of the epidemiology of hy-
perthyroidism in children. We estimated the incidence
of this disease from an indicator based on drug re-
imbursements. In 2015, the IR of hyperthyroidism in
children was 4.58/100,000 person-years (2.91/100,000
person-years in children under 15), highlighting the rarity
of this disease in children and adolescents. We described
IR by age considered as a continuous variable using a
nonlinear model to ensure that the most complete in-
formation was retained. The IR in girls was markedly
higher than that in boys, and this difference increased
strongly with age, particularly during the teenage years.
The results of this study also extend our knowledge of the
incidence of this disease in very young children, because
~10% of the patients in this cohort began receiving
treatment before the age of 5 years.

Epidemiological data concerning childhood hyper-
thyroidism are scarce. Studies have been carried out in
Northern Europe and China. Nationwide results were
reported, except for the Chinese studies, and all of these
studies reported incidence by age and sex for children
under the age of 15 years. A Danish study based on the
Danish National Patient Registry estimated the IR of
childhood hyperthyroidism at 1.83/100,000 person-years
for 2008 to 2012 (95% CI 1.47 to 2.25/100,000), the

2.0e-04 -

1.0e-04 7

5.0e-05 o

IRs [95% CI]

2.5e-05

1.5e-05 1

1.0e-05

Age (years)

Figure 1. Predicted IRs by age and sex.
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Table 3. Sex-Specific IRs and 95% Cls in Children and Adolescents First Treated for Hyperthyroidism in 2015

by Age Group

Total Girls

2015 IR? 95% ClI IR? 95% ClI IR? 95% CI
6moto 17y 458 3.00-6.99 2.07 1.03-4.16 7.08 4.85-10.30
6 mo to 14y 2.91 2.05-4.13 1.71 1.00-2.93 4.11 2.91-5.83
6motody 1.53 1.14-2.05 1.30 1.19-1.42 1.80 1.54-2.10
59y 1.85 1.48-2.33 1.26 1.17-1.34 2.25 1.99-2.53
10-14y 5.28 452-6.15 2.48 2.32-2.65 7.89 6.90-9.02
1517y 12.03 10.06-14.38 3.78 3.49-4.10 21.53 18.96-24.45

Poisson regression analysis was used to estimate IR and Cls.
“Number of cases per 100,000 person-years.

study period closest to that for our study. The incidence
reported in the Danish study was lower than that reported
in this study by a factor of 1.6, but was calculated 5 years
ago, and the CI overlaps with that for our findings. The
Swedish studies that most closely resembled ours in those
cases were selected based on diagnosis and treatment. It
involved a retrospective analysis of medical records and
computer-based registers. The authors of the Swedish
study estimated the IR at 2.7/100,000 person-years, a
value slightly lower than that obtained in this study (2.91/
100,000), but with overlapping Cls, suggesting that it is
consistent with our results. However, the Swedish study
was performed 15 years before our study and included
children under the age of 16 years. The two studies are not,
therefore, strictly comparable. In a study performed in the
Hong Kong area from 1989 to 1998 (33), with a registry
of patients with childhood GD, the overall IR was found to
be 5.0/100,000 person-years (95% CI 2.6 to 8.8) for
children under the age of 15 years. From 1994 to 1998, the
IR was 6.5/100,000 person years (95% CI 3.7 to 10.5), a
figure much higher than that reported in this study, with
no overlap of Cls, and for an earlier period. The authors
speculated that their result might reflect high local levels of
iodine. The last study, conducted in the United Kingdom
and Ireland in 2004 to 2005 (22), considered all new cases
of thyrotoxicosis in childhood, collected prospectively
from pediatricians only. The overall IR was 0.9 per
100,000 person-years (95% CI 0.8 to 1.1), one-third
lower than reported in this study, with no overlap be-
tween the Cls of the two studies. However, case reporting
was almost certainly not exhaustive, because it depended
on the voluntary participation of pediatricians.

Overall, our results are slightly higher, but within the
range of previous results, except for those for Hong
Kong. However, all of these studies were performed
several years or even decades ago, and, to our knowledge,
no updated data are available. As previously observed in
the studies performed in Denmark, Sweden, and Hong
Kong (3, 23, 33), the results suggest that the incidence

of childhood hyperthyroidism in France may have
increased, but further data are required to confirm
this finding.

Other studies have also reported an increase in the
frequency of hyperthyroidism with age, peaking during
adolescence and affecting girls to a much greater extent
than boys. However, the IRs by age group obtained in
this study were higher than those reported in other Eu-
ropean studies, for all age groups.

In our study, the sex ratio in children under the age of
15 years (girls vs boys, 2.37) was lower than those re-
ported in Denmark (4.3) and China (9.7). A few studies
have focused on sex ratio, and, to our knowledge,
changes in sex ratio with age have never been investigated
for childhood hyperthyroidism. The reason for this sex-
related difference is unknown, but autoimmune diseases
are generally more frequent in girls, due at least partly to
the effects of estrogen (34, 35). Further studies are
warranted to explore the crucial role of estrogen, par-
ticularly at the time at which serum estrogen levels in-
crease during puberty in girls and, to a lesser extent, in
males (34, 36).

Our findings also provide precise information about
the prevalence of associated autoimmune conditions in
children with hyperthyroidism. They are consistent with
those of previous studies in children reporting an asso-
ciation of GD with type 1 diabetes, celiac disease, and
Down syndrome (2, 28, 37-39). However, the epide-
miological studies reporting these associations were
based on a very limited study population of children with
hyperthyroidism and on studies focusing mostly in adult
patients, in whom the most common coexisting auto-
immune diseases were similar to those reported in this
study (40).

The strengths of our study include its population-
based design, with a large study population including
all of the incident cases of hyperthyroidism in children
for which treatment was initiated in 2015 in France. As
this serious disease is mostly well detected and always
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managed, mostly with drugs in the first line, our indicator
provides an exhaustive reflection of the cases of child-
hood hyperthyroidism treated in France. This study
applies a nonlinear model to childhood hyperthyroidism
to ensure the retention of as complete a set of information
as possible for the explanatory variables. We were also
able to study the associated autoimmune conditions at
the time of hyperthyroidism diagnosis in the various
groups defined based on age and sex.

However, this study also presents several inherent
limitations. We cannot exclude the possibility that some
of the patients in remission experienced a relapse of
hyperthyroidism >24 months after the end of ATD
treatment, as reported in adult studies, in which a few
relapses have been reported to occur as much as 5 years
after the end of ATD treatment (41, 42), although such
late relapses are considered unlikely and have never been
described in children. It is also possible that some of our
patients with hyperthyroidism will go on to develop other
autoimmune disorders later in life.

Given the rarity of this disease in very young children,
the absolute numbers of very young patients were very
low, and this may have affected the estimation of in-
cidence. Moreover, the etiological diagnosis of hyper-
thyroidism in each individual patient was not validated
with patient charts and by differential diagnosis. Ex-
ceptional causes of nonautoimmune hyperthyroidism,
such as those related to activating mutations of the TSH
receptor gene, with severe forms in children diagnosed
early in life (43), may have led to incidence being
overestimated in very young children.

Another limitation of the indicator used in this study is
the potential existence of duplicate cases generated by
differences in the identification number (NIR) under
which the child is registered. In most cases, the NIR
assigned to each child is unique and remains associated
with them throughout their lifetime. Otherwise, children
may be recorded under several different NIRs, such as
those of their parents (both parents for example) to fa-
cilitate access to care, leading to possible duplicates and
the overestimation of cases. Duplicates undoubtedly
accounted for only a very small proportion of the pop-
ulation and are unlikely to have influenced the results. In
our study, 8% of the cases were recorded under two
different NIRs and 92% under a unique, single NIR. Of
the 8% of cases recorded under two different NIRs, 4.5%
followed treatment under both NIRs. We therefore
assessed the potential overestimation of hyperthyroidism
cases at 0.3% (0.08 X 0.04). We therefore believe that
our IR estimates are robust.

This study was also limited by the availability of data
for only a short period (3 years plus the year underway),
restricting data analyses to a single year. We were,
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therefore, unable to study temporal trends, a prerequisite
for any demonstration of an increase in incidence
in France.

We now plan to use archived data from SNIIRAM to
study cases over a 10-year period. This approach will
make it possible to analyze temporal and spatial trends
and develop hypotheses concerning possible causes (e.g.,
the role of EDC exposure).

Conclusion

In conclusion, this population-based study provides ep-
idemiological data for hyperthyroidism in children and
adolescents and the estimates of its incidence in France,
with robust results. It provides updated results and
original data for incidence by age and sex, highlighting
the increase in incidence and sex ratio in teenagers.
French IRs are slightly higher than expected from the
results published for earlier studies in Northern Euro-
pean countries, and further studies are required to de-
termine whether incidence is actually increasing in
France. If such an increase is confirmed, it will be in-
teresting to see whether it also concerns the youngest
children, as shown, over the last decade for other au-
toimmune diseases, such as type 1 diabetes (2, 44). The
association of hyperthyroidism with other autoimmune
conditions and hypotheses concerning links to environ-
mental factors should be investigated over a longer
study period.

Acknowledgments

The authors thank colleagues at Santé publique France for help
with this study: Marjorie Boussac, Edwige Bertrand, Mélina Le
Barbier, and Sébastien Denys.

Correspondence and Reprint Requests: Joélle Le Moal,
MD, MPH, Santé publique France, Environmental Health
Direction, 12 rue du Val d’Osne, Saint-Maurice 944135, France.
E-mail: joelle.lemoal@santepubliquefrance.fr.

Disclosure Summary: The authors have nothing to
disclose.

References

1. Dydensborg S, Toftedal P, Biaggi M, Lillevang ST, Hansen DG,
Husby S. Increasing prevalence of coeliac disease in Denmark:
a linkage study combining national registries. Acta Paediatr. 2012;
101(2):179-184.

2. Mayer-Davis EJ, Lawrence JM, Dabelea D, Divers J, [som S, Dolan
L, Imperatore G, Linder B, Marcovina S, Pettitt D], Pihoker C,
Saydah S, Wagenknecht L; SEARCH for Diabetes in Youth Study.
Incidence trends of type 1 and type 2 diabetes among youths, 2002-
2012. N Engl ] Med. 2017;376(15):1419-1429.

3. Havgaard Kjer R, Smedegdrd Andersen M, Hansen D. Increasing
incidence of juvenile thyrotoxicosis in Denmark: a nationwide
study, 1998-2012. Horm Res Paediatr. 2015;84(2):102-107.

6102 Arenuer zo uo Jasn A19100S auLoopug o1us|aH Aq 6£6500S/0862/8/S0 | A0BNSqe-ajonie/waol/woo dno-olwapeose//:sdiy Woil papeojumoc]


mailto:joelle.lemoal@santepubliquefrance.fr
http://dx.doi.org/10.1210/jc.2018-00273
https://academic.oup.com/jcem

2986

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Simon et al Childhood Hyperthyroidism in France

Léger J, Kaguelidou F, Alberti C, Carel JC. Graves’ disease in
children. Best Pract Res Clin Endocrinol Metab. 2014;28(2):
233-243.

. French Government. Stratégie nationale sur les perturbateurs

endocriniens. Available at: www.ecologique-solidaire.gouv.fr/
sites/default/files/Strategie Nationale Perturbateurs Endocriniens
29 avril 2014.pdf. Accessed 22 June 2018.

. Le Moal ], Sharpe RM, Jorgensen N, Levine H, Jurewicz J,

Mendiola J, Swan SH, Virtanen H, Christin-Maitre S, Cordier S,
Toppari J, Hanke W; HURGENT Network. Toward a multi-
country monitoring system of reproductive health in the context
of endocrine disrupting chemical exposure. Eur | Public Health.
2016;26(1):76-83.

. Croes K, Den Hond E, Bruckers L, Govarts E, Schoeters G, Covaci

A, Loots I, Morrens B, Nelen V, Sioen I, Van Larebeke N, Baeyens
W. Endocrine actions of pesticides measured in the Flemish envi-
ronment and health studies (FLEHS I and II). Environ Sci Pollut
Res Int. 2015;22(19):14589-14599.

. de Cock M, de Boer MR, Lamoree M, Legler ], van de Bor M.

Prenatal exposure to endocrine disrupting chemicals in relation to
thyroid hormone levels in infants - a Dutch prospective cohort
study. Environ Health 2014;13:106.

. Freire C, Koifman R], Sarcinelli P, Rosa AC, Clapauch R, Koifman

S. Long term exposure to organochlorine pesticides and thyroid
function in children from Cidade dos Meninos, Rio de Janeiro,
Brazil. Environ Res. 2012;117:68-74.

Meeker JD. Exposure to environmental endocrine disruptors and
child development. Arch Pediatr Adolesc Med. 2012;166(10):
952-958.

Kim JH, Rozek LS, Soliman AS, Sartor MA, Hablas A, Seifeldin IA,
Colacino JA, Weinhouse C, Nahar MS, Dolinoy DC. Bisphenol
A-associated epigenomic changes in prepubescent girls: a cross-
sectional study in Gharbiah, Egypt. Environ Health. 2013;12(1):33.
Zoeller RT, Bansal R, Parris C. Bisphenol-A, an environmental
contaminant that acts as a thyroid hormone receptor antagonist
in vitro, increases serum thyroxine, and alters RC3/neurogranin
expression in the developing rat brain. Endocrinology. 2005;
146(2):607-612.

Andra SS, Makris KC. Thyroid disrupting chemicals in plastic
additives and thyroid health. | Environ Sci Health C Environ
Carcinog Ecotoxicol Rev. 2012;30(2):107-151.

Turyk ME, Persky VW, Imm P, Knobeloch L, Chatterton R Jr,
Anderson HA. Hormone disruption by PBDEs in adult male sport fish
consumers. Environ Health Perspect. 2008;116(12):1635-1641.
Brent GA. Environmental exposures and autoimmune thyroid
disease. Thyroid. 2010;20(7):755-761.

Brucker-Davis F, Hiéronimus S, Fénichel P. [Thyroid and the en-
vironment]. Presse Med. 2016;45(1):78-87.

Burek CL, Talor MV. Environmental triggers of autoimmune
thyroiditis. | Autoimmun. 2009;33(3-4):183-189.

Dietert RR. Developmental immunotoxicity, perinatal program-
ming, and noncommunicable diseases: focus on human studies. Adv
Med 2014;2014:867805.

Winans B, Humble MC, Lawrence BP. Environmental toxicants
and the developing immune system: a missing link in the global
battle against infectious disease? Reprod Toxicol. 2011;31(3):
327-336.

Abraham-Nordling M, Bystrom K, Torring O, Lantz M, Berg G,
Calissendorff J, Nystrom HF, Jansson S, Jorneskog G, Karlsson FA,
Nystrom E, Ohrling H, Orn T, Hallengren B, Wallin G. Incidence
of hyperthyroidism in Sweden. Eur | Endocrinol 2011;165(6):
899-905.

Lavard L, Ranlov I, Perrild H, Andersen O, Jacobsen BB. Incidence
of juvenile thyrotoxicosis in Denmark, 1982-1988. A nationwide
study. Eur | Endocrinol 1994;130(6):565-568.

Williamson S, Greene SA. Incidence of thyrotoxicosis in childhood:
a national population based study in the UK and Ireland. Clin
Endocrinol (Oxf). 2010;72(3):358-363.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

J Clin Endocrinol Metab, August 2018, 103(8):2980-2987

Forssberg M, Arvidsson CG, Engvall ], Lindblad C, Snellman K,
Aman J. Increasing incidence of childhood thyrotoxicosis in a
population-based area of central Sweden. Acta Paediatr. 2004;
93(1):25-29.

Moulis G, Lapeyre-Mestre M, Palmaro A, Pugnet G,
Montastruc JL, Sailler L. French health insurance databases:
what interest for medical research? Rev Med Interne. 2015;36(6):
411-417.

Tuppin P, Rudant J, Constantinou P, Gastaldi-Ménager C,
Rachas A, de Roquefeuil L, Maura G, Caillol H, Tajahmady A,
Coste J, Gissot C, Weill A, Fagot-Campagna A. Value of a na-
tional administrative database to guide public decisions: From the
systéme national d’information interrégimes de I’Assurance Maladie
(SNIIRAM) to the systéme national des données de santé (SNDS)
in France. Rev Epidemiol Sante Publique. 2017;65(Suppl 4):
$149-S167.

Goldberg M. [Promoting the use of the French national health
database (SNIIRAM)]. Rev Epidemiol Sante Publique. 2017,
65(Suppl 4):5141-S143.

Léger J, Gelwane G, Kaguelidou F, Benmerad M, Alberti C; French
Childhood Graves’ Disease Study Group. Positive impact of long-
term antithyroid drug treatment on the outcome of children with
Graves’ disease: national long-term cohort study. | Clin Endocrinol
Metab. 2012;97(1):110-119.

Kaguelidou F, Alberti C, Castanet M, Guitteny MA, Czernichow P,
Léger J; French Childhood Graves’ Disease Study Group. Pre-
dictors of autoimmune hyperthyroidism relapse in children after
discontinuation of antithyroid drug treatment. | Clin Endocrinol
Metab. 2008;93(10):3817-3826.

Léger J. Management of fetal and neonatal Graves’ disease. Horm
Res Paediatr. 2017;87(1):1-6.

Besag ], York J, Mollie A. Bayesian image restoration, with two
applications in spatial statistics. Ann Inst Statist Math. 1991;43(1):
1-20.

Wood SN. Generalized Additive Models: An Introduction with R.
Boca Raton, FL: Chapman&Hall/CRC ed.; 2006.

R Core Team. R: A Language and Environmment for Statistical
Computing. Vienna, Austria: Foundation for Statistical Computing;
2014.

Wong GWK, Cheng PS. Increasing incidence of childhood Graves’
disease in Hong Kong: a follow-up study. Clin Endocrinol (Oxf).
2001;54(4):547-550.

Dragin N, Bismuth ], Cizeron-Clairac G, Biferi MG, Berthault C,
Serraf A, Nottin R, Klatzmann D, Cumano A, Barkats M, Le Panse
R, Berrih-Aknin S. Estrogen-mediated downregulation of AIRE
influences sexual dimorphism in autoimmune diseases. | Clin In-
vest. 2016;126(4):1525-1537.

Whitacre CC. Sex differences in autoimmune disease. Nat
Immunol. 2001;2(9):777-780.

Chailurkit LO, Aekplakorn W, Ongphiphadhanakul B. The re-
lationship between circulating estradiol and thyroid autoimmunity
in males. Eur | Endocrinol 2013;170(1):63-67.

De Luca F, Corrias A, Salerno M, Wasniewska M, Gastaldi R,
Cassio A, Mussa A, Aversa T, Radetti G, Arrigo T. Peculiarities of
Graves’ disease in children and adolescents with Down’s syndrome.
Eur ] Endocrinol 2010;162(3):591-595.

Lombardo F, Messina MF, Salzano G, Rabbone I, Lo Presti D,
Calcaterra V, Aversa T, De Luca F, Wasniewska M. Prevalence,
presentation and clinical evolution of Graves’ disease in children
and adolescents with type 1 diabetes mellitus. Horm Res Paediatr.
2011;76(4):221-225.

Miskiewicz P, Gos-Zajac A, Kurylowicz A, Plazinska TM,
Franaszczyk M, Bartoszewicz Z, Kondracka A, Pirko-Kotela K,
Rupinski M, Jarosz D, Regula ], Ploski R, Bednarczuk T. Hla Dq2
haplotype, early onset of Graves disease, and positive family history
of autoimmune disorders are risk factors for developing celiac
disease in patients with Graves disease. Endocr Pract. 2015;21(9):
993-1000.

6102 Arenuer zo uo Jasn A19100S auLoopug o1us|aH Aq 6£6500S/0862/8/S0 | A0BNSqe-ajonie/waol/woo dno-olwapeose//:sdiy Woil papeojumoc]


www.ecologique-solidaire.gouv.fr/sites/default/files/Strategie Nationale Perturbateurs Endocriniens 29 avril 2014.pdf
www.ecologique-solidaire.gouv.fr/sites/default/files/Strategie Nationale Perturbateurs Endocriniens 29 avril 2014.pdf
www.ecologique-solidaire.gouv.fr/sites/default/files/Strategie Nationale Perturbateurs Endocriniens 29 avril 2014.pdf

doi: 10.1210/jc.2018-00273

40. Boelaert K, Newby PR, Simmonds MJ, Holder RL, Carr-Smith JD,

41.

Heward JM, Manji N, Allahabadia A, Armitage M, Chatterjee KV,
Lazarus JH, Pearce SH, Vaidya B, Gough SC, Franklyn JA.
Prevalence and relative risk of other autoimmune diseases in
subjects with autoimmune thyroid disease. Am | Med. 2010;
123(2):183.¢1-9.

Benker G, Reinwein D, Kahaly G, Tegler L, Alexander WD,
Fassbinder J, Hirche H; The European Multicentre Trial Group of
the Treatment of Hyperthyroidism with Antithyroid Drugs. Is
there a methimazole dose effect on remission rate in Graves’ dis-
ease? Results from a long-term prospective study. Clin Endocrinol
(Oxf). 1998;49(4):451-457.

42.

43.

44,

https://academic.oup.com/jcem 2987

Vitti P, Rago T, Chiovato L, Pallini S, Santini F, Fiore E, Rocchi R,
Martino E, Pinchera A. Clinical features of patients with Graves’
disease undergoing remission after antithyroid drug treatment.
Thyroid. 1997;7(3):369-375.

Léger ], Carel JC. Hyperthyroidism in childhood: causes, when and
how to treat. | Clin Res Pediatr Endocrinol. 2013;5(Suppl 1):
50-56.

Bruno G, Maule M, Biggeri A, Ledda A, Mannu C, Merletti F,
Songini M; Sardinian Group for Diabetes Epidemiology. More
than 20 years of registration of type 1 diabetes in Sardinian chil-
dren: temporal variations of incidence with age, period of di-
agnosis, and year of birth. Diabetes. 2013;62(10):3542-3546.

6102 Arenuer zo uo Jasn A19100S auLoopug o1us|aH Aq 6£6500S/0862/8/S0 | A0BNSqe-ajonie/waol/woo dno-olwapeose//:sdiy Woil papeojumoc]


http://dx.doi.org/10.1210/jc.2018-00273
https://academic.oup.com/jcem

The authors’ full names, academic degrees,
and affiliations are listed in the Appendix.
Address reprint requests to Dr. Christ-Crain
at the Department of Endocrinology, Di-
abetes and Metabolism, University Hos-
pital Basel, Petersgraben 4, 4031 Basel,
Switzerland, or at mirjam.christ-crain@
unibas.ch, or to Dr. Fenske at the Depart-
ment of Endocrinology and Nephrology,
University of Leipzig, Liebigstrasse 21,
04103 Leipzig, Germany, or at wiebkekristin
fenske@medizin.uni-leipzig.de.

*Drs. Fenske and Refardt contributed
equally to this article.

N Engl ) Med 2018;379:428-39.
DOI: 10.1056/NEJM0al803760
Copyright © 2018 Massachusetts Medical Society.

428

Downloaded from negjm.org at HELLENIC ENDOCRINE SOCIETY on January 2, 2019. For personal use only. No other uses without permission.

The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE
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in the Diagnosis of Diabetes Insipidus
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ABSTRACT

BACKGROUND
The indirect water-deprivation test is the current reference standard for the diag-
nosis of diabetes insipidus. However, it is technically cuambersome to administer,
and the results are often inaccurate. The current study compared the indirect
water-deprivation test with direct detection of plasma copeptin, a precursor-
derived surrogate of arginine vasopressin.

METHODS

From 2013 to 2017, we recruited 156 patients with hypotonic polyuria at 11 med-
ical centers to undergo both water-deprivation and hypertonic saline infusion tests.
In the latter test, plasma copeptin was measured when the plasma sodium level
had increased to at least 150 mmol per liter after infusion of hypertonic saline.
The primary outcome was the overall diagnostic accuracy of each test as compared
with the final reference diagnosis, which was determined on the basis of medical
history, test results, and treatment response, with copeptin levels masked.

RESULTS

A total of 144 patients underwent both tests. The final diagnosis was primary
polydipsia in 82 patients (57%), central diabetes insipidus in 59 (41%), and nephro-
genic diabetes insipidus in 3 (2%). Overall, among the 141 patients included in the
analysis, the indirect water-deprivation test determined the correct diagnosis in 108
patients (diagnostic accuracy, 76.6%; 95% confidence interval [CI], 68.9 to 83.2),
and the hypertonic saline infusion test (with a copeptin cutoff level of >4.9 pmol
per liter) determined the correct diagnosis in 136 patients (96.5%; 95% CI, 92.1 to
98.6; P<0.001). The indirect water-deprivation test correctly distinguished primary
polydipsia from partial central diabetes insipidus in 77 of 105 patients (73.3%;
95% CI, 63.9 to 81.2), and the hypertonic saline infusion test distinguished be-
tween the two conditions in 99 of 104 patients (95.2%; 95% CI, 89.4 to 98.1; ad-
justed P<0.001). One serious adverse event (desmopressin-induced hyponatremia
that resulted in hospitalization) occurred during the water-deprivation test.

CONCLUSIONS
The direct measurement of hypertonic saline—stimulated plasma copeptin had greater
diagnostic accuracy than the water-deprivation test in patients with hypotonic
polyuria. (Funded by the Swiss National Foundation and others; ClinicalTrials.gov
number, NCT01940614.)
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HE DETERMINATION OF A SPECIFIC DI-

agnosis in patients with polyuria and low

plasma osmolality (i.e., hypotonic poly-
uria) is a frequent problem in clinical practice.
In the absence of osmotic diuresis, polyuria can
result from one of three fundamentally different
conditions’: insufficient production and secretion
of the antidiuretic hormone arginine vasopressin
(central diabetes insipidus), diminished renal
sensitivity to the antidiuretic activity of arginine
vasopressin (nephrogenic diabetes insipidus),
or primary excessive fluid intake (primary poly-
dipsia).

It is important to differentiate these entities
because treatments differ substantially, and in-
correct strategies may lead to severe complica-
tions.>® The indirect water-deprivation test mea-
sures the maximal urine concentration during
prolonged withholding of oral liquids and the
renal response to administered desmopressin.* It
is conceptually simple, but difficulties in inter-
pretation are common, mainly because any water
diuresis may compromise the renal medullary
concentration gradient*° and promote a down-
regulation of kidney aquaporin-2 water channels,
which could potentially affect the diagnostic val-
ue of these urinary measures.’ Previous attempts
to improve the diagnosis of polyuric disorders
with direct measurement of circulating arginine
vasopressin’™® failed to gain traction in clinical
practice, largely because of the technical diffi-
culties of measuring arginine vasopressin.!*

Copeptin, the C-terminal segment of the ar-
ginine vasopressin prohormone, is an arginine
vasopressin surrogate with high ex vivo stability
that is easy to measure.'>!>¢ In previous studies,
we reported outcome data that suggested that
measurement of osmotically stimulated copeptin
might be useful in differentiating the various
causes of hypotonic polyuria.>”*® The current
study assessed the diagnostic performance of a
test measuring copeptin that was osmotically
stimulated by water deprivation or by hypertonic
saline infusion as compared with the indirect
water-deprivation test.

METHODS

STUDY DESIGN AND PATIENTS
This international, multicenter, prospective study
was conducted at 11 tertiary medical centers in

Switzerland, Germany, and Brazil from July 2013
to June 2017; the 3-month follow-up visits were
completed by September 2017. We recruited 156
patients 16 years of age or older with hypotonic
polyuria (a urine output of >50 ml per kilogram
of body weight during a 24-hour period, with a
urine osmolality <800 mOsm per kilogram) or
with a confirmed diagnosis of central diabetes
insipidus. Three patients were excluded from the
analyses because they were found to have nephro-
genic diabetes insipidus, and 12 patients were
excluded for other reasons (Fig. S1 in the Supple-
mentary Appendix, available with the full text of
this article at NEJM.org).

The local ethics committees at all centers ap-
proved the study protocol (available at NEJM.org).
Written informed consent was obtained from all
patients or from a legal guardian, when appli-
cable. Laboratory measurement of copeptin was
funded by Thermo Fisher Scientific, which had no
other role in the study; there was no other com-
mercial support for the study. All the authors vouch
for the accuracy and completeness of the data
and for the fidelity of the study to the protocol.

PROCEDURES AT BASELINE

The water-deprivation and hypertonic saline in-
fusion tests were performed on separate days.
After a detailed medical history was obtained, a
standardized clinical and biochemical evaluation
was performed. Magnetic resonance imaging
(MRI) of the head was performed at the discre-
tion of the attending physician, although it was
recommended in all patients if imaging had not
been performed within 3 months before study
enrollment. Diuretic or antidiuretic medications
were discontinued for at least 24 hours before
each test, and smoking and alcohol were prohib-
ited for at least 12 hours before each test.

TEST PROTOCOLS

Indirect Water-Deprivation Test

As is standard for the water-deprivation test,*
a 17-hour fluid restriction started at midnight,
or at 6 a.m. in patients with known or suspected
complete diabetes insipidus. Every 2 hours, vital
signs and body weight were monitored and urine
was collected for measurement of volume and
osmolality. Blood samples were obtained at 8 a.m.
and immediately before the administration of
desmopressin (1 hour before the end of the test).
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For safety reasons, the water-deprivation test
was stopped early in patients who met one of the
following criteria: a decrease in body weight of
more than 3%, symptoms of orthostatic hypo-
tension with an increase in heart rate or a de-
crease in mean arterial blood pressure of more
than 15%, or an increase in plasma sodium
level of 150 mmol or more per liter. At 4 p.m.,
or when the test was stopped, each patient re-
ceived 2 ug of desmopressin intravenously, and a
final urine specimen for osmolality measurement
was obtained at least 60 minutes thereafter.

Hypertonic Saline Infusion Test

Patients underwent the hypertonic saline infusion
test between 8 a.m. and 11 a.m., as described
previously.’® An initial 250-ml bolus infusion of
3% saline was administered, and the infusion
was continued at a rate of 0.15 ml per kilogram
per minute. Blood samples for the measurement
of plasma osmolality and sodium, urea, and
glucose levels were obtained every 30 minutes,
and sodium levels were monitored by venous
blood gas analysis until the target level of at
least 150 mmol per liter was reached. Thereafter,
a final blood sample for plasma copeptin mea-
surement was obtained, and patients were given
water orally (30 ml of water per kilogram) within
30 minutes, followed by a 500-ml infusion of 5%
glucose within 40 to 60 minutes after the patients
received water. For safety reasons, the plasma
sodium level was measured again 1 hour after
the start of the glucose infusion to ensure that
the level was within the normal range before the
patient was discharged.

ADVERSE EVENTS AND SYMPTOM BURDEN

Adverse events during both tests were strictly
documented, and clinical symptoms were rated
by patients according to a visual-analogue scale
that ranged from 0 to 10, with 0 indicating no
symptoms and 10 indicating the most severe
symptoms imaginable. Additional details are
provided in the Supplementary Appendix.

TEST INTERPRETATION AND PRELIMINARY
DIAGNOSIS

After the patients had completed both tests, they
were discharged from the hospital with a pre-
liminary diagnosis and treatment recommenda-
tion that were based on best current clinical prac-

tice. A follow-up visit was scheduled for 3 months
later to assess response to treatment and clinical
outcome and to reevaluate the accuracy of the
preliminary diagnosis.

DIAGNOSTIC CRITERIA

Indirect Water-Deprivation Test

In accordance with the original description of the
indirect water-deprivation test* and the subsequent
modification,>®* complete central diabetes insipi-
dus was diagnosed in patients who had a maxi-
mum urine osmolality of less than 300 mOsm
per kilogram and an increase in urine osmolal-
ity of more than 50% after administration of
desmopressin. Partial central diabetes insipidus
was diagnosed in patients who had a maximum
urine osmolality of 300 to 800 mOsm per kilo-
gram and an increase in urine osmolality of 9 to
50% after administration of desmopressin. Pri-
mary polydipsia was diagnosed in patients who
had a maximum urine osmolality of 300 to 800
mOsm per kilogram and an increase in urine
osmolality of less than 9% after administration
of desmopressin.

Plasma Copeptin Stimulated by Water Deprivation
Previous data suggested that the diagnostic ac-
curacy of the indirect water-deprivation test could
be improved by the additional measurement of
baseline (at 8 a.m.) as well as stimulated (before
administration of desmopressin) plasma copeptin
levels.” According to those results, prespecified
cutoff levels were used: a ratio of stimulated co-
peptin (the change in copeptin level over 8 hours
during water deprivation, in picomoles per liter)
to plasma sodium (measured at the end of the
test in millimoles per liter) of 0.02 pmol or more
per liter indicated primary polydipsia, and a basal
plasma copeptin level of less than 2.6 pmol per
liter indicated complete central diabetes insipi-
dus. A ratio of less than 0.02 pmol per liter in-
dicated partial central diabetes insipidus.

Plasma Copeptin Stimulated by Hypertonic Saline
Infusion

The diagnostic criteria for hypertonic saline—
stimulated copeptin in distinguishing primary
polydipsia from central diabetes insipidus were
suggested previously by our group'® and were used
in this study. A plasma copeptin cutoff level of
4.9 pmol or less per liter indicated complete or
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partial central diabetes insipidus, and a level
greater than 4.9 pmol per liter indicated primary
polydipsia.

FINAL REFERENCE DIAGNOSIS

In the absence of a diagnostic standard, the fi-
nal reference diagnosis was determined after the
study was completed by two independent board-
certified experts in endocrinology, who were un-
aware of the copeptin levels, after careful con-
sideration of each patient’s medical history and
clinical symptoms, the results of the water-
deprivation test, the available laboratory and
imaging data, and the therapeutic response at
the 3-month follow-up. In the event of discor-
dant diagnoses (which occurred in 4 of 144 pa-
tients), a third expert was consulted, and results
were discussed until a consensus was reached.

LABORATORY MEASUREMENTS

Blood samples were obtained and processed for
measurement of plasma copeptin and for rou-
tine laboratory measurements (urine and plasma
osmolality, hematocrit, and plasma sodium, po-
tassium, creatinine, urea, calcium, albumin, glu-
cose, and hemoglobin levels). Plasma copeptin
was measured centrally in one batch with the
use of a commercial automated immunofluores-
cence assay (B.R.A.H.M.S KRYPTOR Copeptin
proAVP, Thermo Scientific Biomarkers). Details
are provided in the Supplementary Appendix.

STATISTICAL ANALYSIS

The primary end point was the overall diagnos-
tic accuracy — the percentage of correctly diag-
nosed patients — in the differentiation of cen-
tral diabetes insipidus from primary polydipsia.
Only patients with a final diagnosis were included
in the analysis; however, the three patients with
nephrogenic diabetes insipidus were only de-
scriptively assessed. Details concerning the full-
analysis population and the per-protocol popula-
tion, as well as additional statistical details, are
provided in the Supplementary Appendix.

The primary objectives were first to determine
whether the measurement of copeptin during
hypertonic saline infusion and during water de-
privation was superior to the indirect water-
deprivation test, and then to determine whether
copeptin measurement during hypertonic saline
infusion was noninferior to copeptin measure-

ment during water deprivation; the second objec-
tive would be tested only if superiority could be
shown for the first objective. The primary hypoth-
esis thus consisted of two components, with a
two-step statistical testing procedure. Sample
size was estimated for the noninferiority test:
assuming a diagnostic accuracy of 90% for water-
deprivation—stimulated copeptin® and a noninfe-
riority margin of 10%, a total of 115 patients
who could be evaluated would provide 90%
power to establish the noninferiority of hyper-
tonic saline—stimulated copeptin measurement to
water-deprivation—stimulated copeptin measure-
ment. To assess whether the diagnostic accuracy
varied depending on the severity of central dia-
betes insipidus, a prespecified subgroup analysis
was performed to assess the diagnostic accuracy
of hypertonic saline-stimulated copeptin and
water-deprivation—stimulated copeptin as com-
pared with the indirect water-deprivation test in
specifically distinguishing primary polydipsia
from partial central diabetes insipidus.

RESULTS

BASELINE CHARACTERISTICS

Of the 141 patients (66% female) included in the
analyses, 82 (58%) received a final diagnosis of
primary polydipsia after all 3-month follow-ups
were completed, and 59 (42%) received a diagno-
sis of central diabetes insipidus (Fig. S1 in the
Supplementary Appendix). Among the 59 patients
who received a diagnosis of central diabetes in-
sipidus, complete central diabetes insipidus was
diagnosed in 36 patients (61%), and partial cen-
tral diabetes insipidus in 23 (39%).

There were significant differences between the
groups in some baseline characteristics (Table 1).
Results of MRI of the head were available for 97
patients. The hyperintense signal in the posterior
region on T -weighted images, which is consid-
ered to be a physiological signal that indicates
the pituitary arginine vasopressin content,**> was
absent in 70% of the patients with central diabe-
tes insipidus, but it was also absent in 39% of
the patients with primary polydipsia (Table 1).

PRIMARY OUTCOME

The overall diagnostic accuracy of the hyper-
tonic saline infusion test was significantly high-
er than that of the indirect water-deprivation test
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A Central Diabetes Insipidus vs. Primary Polydipsia B Complete or Partial Central Diabetes Insipidus vs. Primary Polydipsia
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DI denotes diabetes insipidus.

Figure 1. Stimulated Copeptin Levels in Response to the Hypertonic Saline Infusion and Water-Deprivation Tests in Patients

Shown are stimulated copeptin levels in response to the hypertonic saline infusion test and water-deprivation test in patients with hypo-
tonic polyuria that was caused by central diabetes insipidus as compared with primary polydipsia (Panel A) and in patients with hypotonic
polyuria that was caused by complete central diabetes insipidus or partial central diabetes insipidus as compared with primary poly-
dipsia (Panel B). The horizontal line in each box represents the median, the lower and upper boundaries of the boxes the interquartile
range, the ends of the whisker lines the minimum and maximum values within 1.5 times the interquartile range, and the dots outliers.

SECONDARY OUTCOMES AND BURDEN OF TESTS
Patients rated the overall burden of the water-
deprivation test higher than that of the hyper-
tonic saline infusion test (median score on the
visual-analogue scale, 6 [interquartile range,
4 to 7] vs. 5 [interquartile range, 3 to 6]) and the
overall tolerability (i.e., convenience of the test
and patients’ comfort level during the test) lower
(38% of patients preferred the water-deprivation
test, whereas 62% preferred the hypertonic sa-
line infusion test) (Table 3). The plasma sodium
level increased to more than 155 mmol per liter
in 12 patients during hypertonic saline infusion
(in 6 patients with a final diagnosis of primary
polydipsia, 5 with complete central diabetes in-
sipidus, and 1 with partial central diabetes insipi-
dus), as compared with 2 patients during water
deprivation (both patients had complete central
diabetes insipidus). All 12 patients were female
and had baseline plasma sodium levels of 140 to
144 mmol per liter. Additional information on
the course of plasma sodium level during hyper-

N ENGLJ MED 379;5

tonic saline infusion is provided in Figure S4 in
the Supplementary Appendix.

Nine adverse events occurred during hyper-
tonic saline infusion, and seven during water de-
privation. One serious adverse event was reported:
desmopressin-induced hyponatremia after the
water-deprivation test, which resulted in hospi-
talization of the patient (Table 3).

DISCUSSION

This prospective, multicenter study showed that
measurement of hypertonic saline—stimulated co-
peptin was superior to the indirect water-depri-
vation test in distinguishing polyuria due to
primary polydipsia from polyuria due to central
diabetes insipidus. However, the postulated supe-
riority of water-deprivation—stimulated copeptin
to the indirect water-deprivation test could not
be confirmed in this study. The diagnostic ac-
curacy of the indirect water-deprivation test of
approximately 70% in our study, which is consis-
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Figure 2. Receiver-Operating-Characteristic (ROC)
Curves for the Hypertonic Saline Infusion Test
and the Indirect Water-Deprivation Test.

Shown are the ROC curves for the discriminative accu-
racy of the hypertonic saline infusion test and the in-
direct water-deprivation test. Panel A shows the dis-
criminative accuracy of hypertonic saline—stimulated
copeptin levels in differentiating primary polydipsia
from central diabetes insipidus (area under the curve
[AUC], 0.97; 95% Cl, 0.93 to 1.00). The copeptin cutoff
level of 4.9 pmol per liter (prespecified) is indicated in
red, and the cutoff of 6.5 pmol per liter (derived post
hoc) is indicated in blue. I bars in Panel A indicate 95%
confidence intervals. Panel B shows the discriminative
accuracy of the indirect water-deprivation test (which
measures the change in urine osmolality before and after
administration of desmopressin) in differentiating pri-
mary polydipsia from central diabetes insipidus (AUC,
0.65; 95% Cl, 0.56 to 0.75). I bars in Panel B indicate
the 95% confidence intervals for the sensitivity and
specificity of the indirect water-deprivation test at a 9%
cutoff for the increase in urine osmolality after adminis-
tration of desmopressin. The gray diagonal lines repre-
sent the results that would be expected by chance alone.

tent with previous findings in smaller studies,*®
resulted in approximately 30% of patients with
primary polydipsia incorrectly receiving a diag-
nosis of central diabetes insipidus. All the pa-
tients in the current study whose diagnosis was
misclassified according to the indirect water-
deprivation test received the correct diagnosis
according to the results of the hypertonic saline
infusion test with the prespecified copeptin cut-
oft of 4.9 pmol per liter.

As reported previously,>*%23% indirect mea-
sures of renal arginine vasopressin activity do
not accurately discriminate primary polydipsia
from central diabetes insipidus, which has chal-
lenged the use of the indirect water-deprivation
test as the diagnostic standard.>®*! An essential
limitation of urinary measures is the variably
reduced maximal urinary concentration capacity
inherent in all forms of chronic polyuria.® More-
over, enhanced renal sensitivity to even low levels
of circulating arginine vasopressin in patients
with central diabetes insipidus may complicate
the interpretation of indirect tests.?

Our data confirm that additional measure-
ments such as the basal plasma sodium level*>?
or the urine-to-plasma osmolality ratio after fluid
restriction® are of limited diagnostic value. In ad-
dition, in our study, the measurement of water-
deprivation—stimulated copeptin levels did not
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improve diagnostic discrimination (73% of pa-
tients did not achieve hyperosmolality after 16
hours of fluid deprivation). Finally, although
some clinical criteria (e.g., the presence of cer-
tain diseases,* additional clinical presentations,>*!
and findings on MRI of the head??*3?) are
sometimes recommended to help in making spe-
cific diagnoses in patients with polyuria,* evi-
dence to support their diagnostic value is insuf-
ficient and was not supported by our results.
Consequently, a test method that provides
high diagnostic specificity, particularly for the
critical distinction of primary polydipsia from
central diabetes insipidus, is needed. After the
early report on hypertonic saline administration
by Hickey and Hare in 1944, in which indirect
measures of renal function were used to detect
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Table 3. Adverse Effects and Events and Test Burden.*
Variable Water-Deprivation Test Hypertonic Saline Infusion Test
median VAS score median VAS score
no. (%) (IQR) no. (%) (IQR)
Adverse effects
Thirst 138 (98) 7 (5-9) 141 (100) 8 (6-9)
Vertigo 52 (39) 4 (2-5) 94 (68) 5 (3-7)
Headache 83 (63) 4(2-5) 94 (67) 4(2-6)
Nausea 47 (36) 2 (2-4) 69 (50) 4(2-7)
Malaise 78 (59) 4 (3-6) 96 (69) 5 (3-7)
Adverse events
Symptomatic overstimulation 1 (<1) 2 (<1)
of plasma sodium
Shivering 1 (<1) 3 (<1)
Headache requiring pain medication 1(<1) 0
Diarrhea 0 1(<1)
Emesis after oral water intake NA 1(<1)
Prolonged time until plasma sodium NA 2 (<1)
normalization after hypertonic
saline infusion
Hyponatremia due to excess water 4 (<1)T NA
retention after administration of
desmopressin
Test characteristicsi:
Symptom burden 6 (4-7) 5 (3-6)
Preference 49 (38) 79 (62)

* A total of 141 patients underwent both tests. Scores on the visual-analogue scale (VAS) range from 0 to 10, with 0 indi-
cating no symptoms and 10 indicating the most severe symptoms imaginable. NA denotes not applicable.

7 One event led to hospitalization.

i The mean duration of the water-deprivation test was more than 20 hours, and the mean duration of the hypertonic sa-

line infusion test was 3.1 hours.

the release of arginine vasopressin,* Zerbe and
Robertson further developed the method by in-
troducing direct measurement of plasma argi-
nine vasopressin to differentiate primary polydip-
sia from diabetes insipidus.® Given the technical
constraints of arginine vasopressin quantita-
tion>'343 and the highly variable functional
sensitivity and specificity of the few assays ap-
proved for clinical use,®3* we designed our study
to determine whether the measurement of co-
peptin is more reliable and easier to process and
whether it can be standardized as a test that
would detect the osmotic arginine vasopressin
reserve.

The copeptin assay is designed to overcome
the technical and functional caveats inherent in
the arginine vasopressin assay,®!? and it appears

to have the diagnostic potential not only to iden-
tify nephrogenic diabetes insipidus,*'** but also
to distinguish central diabetes insipidus from
primary polydipsia.’® Building on our previous
work, in which hypertonic saline infusion was
initiated after fluid deprivation,’ the current pro-
spective validation study used a simplified proto-
col®: the test started with a saline bolus, which
was followed by an infusion (at a rate according
to each patient’s body weight), thereby providing
a more potent and prompt osmotic stimulus. This
modified protocol attained a better outcome
that validated the prespecified copeptin cutoff
of 4.9 pmol per liter” and, excluding post hoc
analysis, yielded the highest diagnostic accuracy
for the entire population (96.5%), as well as for
the critical distinction between mild forms of
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arginine vasopressin deficiency and primary poly-
dipsia (95.2%).

We note caveats with respect to the use of
hypertonic saline infusion in the clinical evalua-
tion of patients with polyuria. More adverse ef-
fects were reported with the hypertonic saline
infusion test than with the water-deprivation
test. The hypertonic saline infusion test required
close monitoring of sodium levels to ascertain
a diagnostically meaningful increase in plasma
sodium within the hyperosmotic range***” while
preventing a marked increase, to which female
patients appeared more vulnerable than male
patients in this study.

Our study has limitations and strengths. One
limitation is that there is no diagnostic standard
for hypotonic polyuria. Here, we constructed
criteria for reference diagnoses that were based
on the full set of clinical data, the results of the
indirect water-deprivation test, and the response
of each patient to individual therapy at a 3-month
follow-up visit, in accordance with clinical prac-
tice.>" The simultaneous evaluation of the diag-
nostic accuracy of the indirect water-deprivation
test and the use of those results in final decision
making may have resulted in an incorporation bias.
However, if this bias happened at all, it may have
resulted in an overestimation of the diagnostic
performance of the water-deprivation test. The
strengths of the study involve the international

multicenter design, the prospective validation of
prespecified cutoff levels for hypertonic saline—
stimulated copeptin release, and a relatively large
sample size of patients with diabetes insipidus
and primary polydipsia.

In conclusion, this prospective evaluation of
patients with hypotonic polyuria validated hyper-
tonic saline—stimulated copeptin measurement as
a diagnostic method that appeared to be superior
to the indirect water-deprivation test in distin-
guishing central diabetes insipidus from primary
polydipsia.
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Diagnosis of GH Deficiency as a Late Effect of
Radiotherapy in Survivors of Childhood Cancers
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Background: Limited guidance exists for selecting a laboratory method for diagnosing GH de-
ficiency (GHD) when it occurs as a late effect of radiotherapy in childhood cancer survivors (CCSs).

Methods: We searched Medline, Embase, Cochrane Central Register of Controlled Trials and Da-
tabase of Systematic Reviews, and Scopus for studies evaluating GHD that used IGF-1 or IGF-binding
protein 3 (IGFBP-3) measurements compared with GH dynamic testing.

Results: We included 15 studies [IGF-1 (8 studies) and IGFBP-3 (7 studies)] enrolling 477 patients.
Comparator tests varied widely. Overall, both IGF-1 and IGFBP-3 had suboptimal diagnostic accuracy
but were strongly correlated. The use of both tests simultaneously in the same cohort did not
improve the diagnostic accuracy. Despite high variability in the testing protocols, dynamic tests
remained the most accurate for appropriately identifying patients with GHD. The insulin tolerance
test (ITT) appears to be the most accepted reference test when used alone or in combination with
arginine; however, standardized testing strategies among practice groups are absent. GHRH and
arginine stimulation performed almost similarly to the ITT; however, in one study GHRH with
arginine stimulation had 66% sensitivity and 88% specificity compared with the ITT. Insufficient
data were available to assess the accuracy of serial GH testing (nocturnal or over 24 hours).

Conclusion: The diagnostic accuracy of various dynamic tests for GHD in CCSs appears to follow the
same patterns as those in non-CCSs. Interpreting GHRH stimulation is a challenge given the primarily
hypothalamic dysfunction in CCSs. IGF-1 and IGFBP-3 perform poorly in this population. (J Clin
Endocrinol Metab 103: 2785-2793, 2018)

linical manifestations of GH deficiency (GHD) vary

by age and pubertal stage and can be nonspecific,
and a GHD diagnosis must be confirmed via appropri-
ate laboratory evaluation. However, hormonal testing re-
mains imprecise, with highly variable accuracy. Low serum
levels of IGF-1 or IGF-binding protein 3 (IGFBP-3) appear
to suggest the diagnosis in adults and can be used to diagnose
GHD in children with structural abnormalities, known
hypopituitarism, or underlying genetic causes (1). However,
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normal IGF-1 levels do not exclude the diagnosis and thus
mandate further investigation.

Because of the pulsatile secretion of GH, multiple
sampling is not practical in the clinical setting; dynamic
hormonal testing remains the primary modality used to
diagnose GHD. The insulin tolerance test (ITT) has been
long considered the gold standard test to diagnose GHD
in adults; however, its use has been limited because of the
associated risks, mainly hypoglycemia and seizures. GH

Abbreviations: ALL, acute lymphoblastic leukemia; CCS, childhood cancer survivor; GHD,
GH deficiency; HP, hypothalamic/pituitary; hpGRF1, human pancreatic GH-releasing
factor; IGFBP-3, IGF-binding protein 3; ITT, insulin tolerance test; TBI, total body
irradiation.
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stimulation testing with a multitude of other agents has been
evaluated in this setting. However, these tests have signifi-
cant intrinsic false-positive rates. Recent observational data
revealed that the levodopa/arginine combination and glu-
cagon stimulation testing are the most widely used in the
United States (27% and 25%, respectively) (2). The com-
bination of GHRH and arginine stimulation provided 95%
sensitivity and 91% specificity compared with the ITT in the
general population. The four other stimulation tests using
arginine alone, clonidine, levodopa, and arginine plus
levodopa in combination did not perform as well (3).
Because of the advances in care for childhood malig-
nancies, an estimated 0.2% of US adults in their second or
third decade of life are childhood cancer survivors (CCSs)
(4). Improved survival rates have increased the recognition of
late-onset complications related to cancer treatments, espe-
cially radiotherapy, commonly referred to as late effects. The
lifetime prevalence of endocrine late effects in CCSs has been
estimated at 50% (5). Hypothalamic/pituitary (HP) irradi-
ation is the primary risk factor for GHD, with a reported
prevalence of 46.5% in CCSs treated with this modality (5).
Although GHD is the most common, and often only,
endocrine late effect experienced by CCSs exposed to HP
radiotherapy, data pertaining to laboratory testing mo-
dalities for GHD in this population are scarce and provide
only limited guidance. Most of the literature on GHD di-
agnosis is derived from people who were not CCSs despite
suspected differences due to the location and nature of
radiation-induced damage (6). Therefore, an Endocrine
Society taskforce was charged to develop guidance on the
management of HP and growth disorders in CCSs. To
support this guideline, we systematically reviewed the
available evidence for GHD diagnostic testing in CCSs after
HP radiation. We specifically aimed to evaluate the utility of
IGF-1 and IGFBP-3 in this population and the relative
significances of the various dynamic GH testing methods.

Methods

We performed a systematic review of evaluating screening for
GHD by using IGF-1 or IGFBP-3 measurements compared with
GH dynamic testing and diagnosing GHD by using various GH
dynamic tests. The approach of this systematic review followed
standards set by the Cochrane Collaboration and are reported
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement (7).

Eligibility criteria

We searched for cohort studies and case series evaluating the
diagnostic accuracy of provocative, dynamic, and static testing
when compared with reference standard tests. We included studies
reporting >10 patients undergoing any kind of GH testing.

Study identification
A comprehensive search of several databases was conducted
from each database’s inception to 1 March 2016 in any language.

J Clin Endocrinol Metab, August 2018, 103(8):2785-2793

The databases included Ovid Medline In-Process & Other Non-
Indexed Citations, Ovid Medline, Ovid Embase, Ovid Cochrane
Central Register of Controlled Trials, Ovid Cochrane Database
of Systematic Reviews, and Scopus. The search strategy was
designed and conducted by a medical reference librarian with
input from the investigators. Controlled vocabulary supple-
mented with keywords was used to search for studies on GHD
diagnosis in CCSs.

Subsequently, references for the studies included in the
original search were screened by the reviewers for further in-
clusions. Finally, additional references were obtained directly
from the Endocrine Society taskforce members.

Selection of studies

Reviewers working independently and in duplicate reviewed
all the retrieved abstracts and selected full-text manuscripts for
eligibility. Disagreements regarding the full-text screening were
resolved by the consensus of two reviewers.

Data collection and management

Working independently and in duplicate, reviewers used a
standardized Web-based form to collect information from each
eligible study. We recorded the age and sex of the included pop-
ulation, the GHD testing methods, and the cutoffs used for detection
and diagnosis. The outcome of interest was the performances of the
various GH testing methods against each study’s gold standard.

Risk of bias and quality of evidence

Reviewers working independently and in duplicate used the
Quality Assessment of Diagnostic Accuracy Studies 2 tool to
assess the risk of bias for each study included (8). The quality of
evidence was evaluated via the Grades of Recommendation,
Assessment, Development and Evaluation approach (9).

Results

Search results

A total of 211 citations were retrieved. After abstract
review, 177 full-text studies were reviewed for a final in-
clusion of 15 studies. Figure 1 summarizes the flow of the
study selection and exclusion criteria.

Patient characteristics

Table 1 shows detailed characteristics of the included
patients. Overall, 477 patients, including children, ad-
olescents, and young adults with a male preponderance
(n = 266, 56%), were evaluated in 15 studies. Notably,
5 studies did not report the age at diagnosis, and 3 did not
report the age at the time of GHD evaluation; thus, a
median age for the entire population could not be ac-
curately estimated. In addition, 2 studies did not report
the sex proportions of their cohorts.

The most common childhood cancers were acute lym-
phoblastic leukemia (ALL) (n = 177) and medulloblas-
toma (n = 90). All patients received HP, cranial, or
craniospinal radiation. Some studies enrolled healthy con-
trols and performed the same index testing in both groups.
The latter group of studies did not appropriately evaluate
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through database
search strategy
(n=117)

Citations obtained Citations
fromreference obtained from
review expert panel
(n=60) (n=34)
I}

Citations underwent abstract screening

(n=211)

Citations excluded

(n=34)

Citations underwent full text screening

(n=177)

162 studies excluded:
- No population of interest
- No intervention of interest (GH

stimulation or IGF-1/IGFBP3
measurement)

- No comparator
- No outcome of interest

15 studies included in
analysis

Figure 1. Study flowchart.

the performances of the index tests because they lacked a
reference diagnostic test.

Study characteristics

Arginine stimulation and the ITT were used in 9 studies
each, mostly as comparator tests. Two studies combined
GHRH with arginine. GHRH stimulation was used in
isolation in 4 other studies, one of which used a formulation
of human pancreatic GH-releasing factor (hpGRF1). Fi-
nally, one study evaluated GH secretion after exercise.
Nonprovocative tests included IGF-1 in 10 studies, IGFBP-
3 in 9 studies, and continuous GH profiles in 3 studies
(24-hour profiling in 2 and nocturnal sampling in 1). The
individual study characteristics are listed in Table 2.

There was high variability in the confirmatory test
performed in each study and in the testing strategies. The
major analytical challenge was the lack of a gold stan-
dard to diagnose GHD. A number of studies used the ITT
as a reference, and other studies compared the perfor-
mance of multiple tests against each other.

Provocative tests
GH provocative test protocols

Insulin. After an overnight fast, insulin was injected in-
travenously at a dosage of 0.07- to 0.2 U/kg body weight,

and hypoglycemia was subsequently confirmed after serial
glucose measurements, with nadir glucose levels reported
between 30 and 50 mg/dL. Blood was drawn at 18- to
30-minute intervals after the injection for a duration of 90 to
120 minutes for GH measurements (6, 10-16). Lisset et al.
(17) reported the achievement of “satisfactory hypoglyce-
mia” but no time intervals or durations of the blood draws.

GHRH. Human recombinant GHRH was administered
intravenously at a dosage of 1 pg/kg after an overnight fast,
and GH measurements were taken every 15 to 30 minutes
for a duration of 60 to 120 minutes (6, 15, 16, 18, 19). Only
one study reported a maximal dosage of 50 pg (15).

Arginine. Arginine used in isolation or in combination with
GHRH was administered at a dosage of either 20 g/m* or
0.5 g/kg via intravenous infusion over 30 minutes, and
subsequent GH measurements were taken every 15 to
30 minutes. When used in combination with GHRH, the
infusion was started immediately after GHRH administration,
and the duration varied from 60 to 120 minutes (6, 10, 12, 16,
17). Only one study reported a maximal dosage of 30 g.

Levodopa. GH measurements after the oral adminis-
tration of levodopa at 290 mg/m?* body surface area
were performed every 30 minutes for durations of 90 to
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Table 1. Patient Characteristics
Afge at Time
of Radiation Time From
or Diagnosis Age at Time of Radiation Total Radiation
Median Study Median Median Number Site of Dose
Study Country (Range), y (Range), y Male (%)  (Range), y Type of Tumors (n) of Subjects Radiation Range (Gy)
Shalet et al. United Kingdom N/A 10 (7-14) 6 (66.67) 4y (2-10) Medulloblastoma (4) 9 Cranial or 10 to 42.5
1976 (10) Astrocytoma (2) craniospinal
Glioma pons (1)
Glioma optic nerve (1)
Ependymoma (1)
Ahmed and United Kingdom 8y (2-14) 15.5 (11-23) N/A 7 (3-18) Glioma (4) 10 Cranial or 28.5 (27-47.5)
Shalet Medulloblastoma (3) craniospinal
1984 (11) Ependymoma (2)
Pineal tumor (1)
Kirk et al. Australia N/A 11 (4-20) 25 (54.3) 5.8(3.5-9.2) ALL (46) 46 Cranial 24
1987 (12)
Moéll et al. Sweden 26(1.1-7.1)  10.5(8.4-13.4) 0 4.6 (2.9-7.3) ALL(13) 13 Cranial 20 to 24
1989 (18)
Sklar et al. USA N/A 9.4 (6.7-16) 9 (60) 2.7 (2-7) Medulloblastoma (5) 15 HP 18 to >60
1993 (22) ALL (4)
Rhabdomyosarcoma (3)
Acute myeloid leukemia (1)
Ependymoma (1)
Glioblastoma (1)
Talvensaari et al. Finland 4.0 (0.3-14.9) 18.0(10.8-26.4) 11 (44) 13.2 (8.9-18.6) Leukemia or lymphoma 25 Cranial 15 to 46
1994 (19)
Brennan et al. United Kingdom  6-9 (1.7-16) 23 (18.8-33) 16 (50) 17.8 (6.8-28.6) ALL (32) 32 Cranial 18 to 25
1998 (13)
Tillmann et al. United Kingdom N/A 7-24.3 14 (50) 0.4-14.2 Medulloblastoma (7) 28 Cranial or 14 to 55
1998 (14) Rhabdomyosarcoma (3) craniospinal
Glioma (3)
Astrocytoma (2)
Pineal teratoma (1)
ALL (12)
Cicognani et al. Italy 4.6 (2.7-10.2) 5.3(3.3-10.9) 7 (58) N/A Medulloblastoma (4) 12 Cranial 30 to 72
1999 (20) Rhabdomyosarcoma (4)
Ewing sarcoma (1)
Ependymoma (1)
Sarcoma (1)
Carcinoma (1)
Schmiegelow Denmark 6.3 (1.7-16.5) N/A 15 (79) 3.4 (1.2-6.3) Medulloblastoma (10) 19 Cranial or 30.6 to 54.0
etal Ependymoma (3) craniospinal
1999 (23) Astrocytoma (2)
Germ cell tumor (2)
Glioma (1)
Choroid plexus carcinoma (1)
Weinzimer et al. USA 9.83 = 3.1 N/A 51 (71) N/A Primitive neuroectodermal 72 Cranial N/A
1999 (21) tumor (31)
Craniopharyngioma (16)
Hypothalamic/chiasmatic
glioma (12)
Nasopharyngeal
Rhabdomyosarcoma (5)
Germinoma (3)
Cerebellar glioma (1)
Histiocytosis (1)
Pinealoma (1)
Prolactinoma (1)
Retinoblastoma (1)
Schmiegelow Denmark 8.9 (0.8-14.9) N/A 42 (68) 11 (2.0-28.0)  Astrocytoma (26) 62 Cranial or 22.4t056.2
et al. Medulloblastoma (19) craniospinal
2000 (15) Ependymoma (5)
Germ cell tumor (3)
Glioma (2)
Pinealoma (1)
Hemangiopericytoma (1)
Primitive neuroectodermal
tumor (1)
Nonhistologically verified (4)
Lissett et al. United Kingdom N/A 10 (3-16) 48 (59) 3.1(0.1-13.5) Medulloblastoma (28) 81 HP 30 (12-50)
2001 (17) ALL (27)
Astrocytoma (5)
Germinoma (5)
Ependymoma (4)
Glioma (3)
Rhabdomyosarcoma (3)
Acute myeloid leukemia (2)
Histiocytosis X (1)
Lymphosarcoma (1)
Other (2)
Bjork et al. Sweden 4.7 (1.2-18) 26 (20-33) 22 (51) 21 (8.9-28) ALL (43) 43 Cranial 18 to 30
2005 (16)
Ham et al. USA 7.5 *35 21.8 (17-24) N/A 13.8 (7.8-19.6) Medulloblastoma (10) 10 Craniospinal 23 to 36
2005 (6)

Abbreviation: N/A, not applicable.
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Table 2. Study Characteristics
Type of Dose Administered  GH Cutoff Comparator Dose Administered GH Cutoff Value
Study Study Index Test (Index) Value (Index) Test (Comparator) (Comparator)
Shalet et al. Cross- Arginine Bovril 20 g/ <6.67 pa/L ITT 0.1-0.2 Ukg IV <6.67 po/L
1976 (10) sectional stimulation 1.5 m? oral
Ahmed and Shalet Cohort hpGRF1 ITT 0.2 Ukg IV >6.67 po/L
1984 (11) Arginine stimulation 20 g/m? IV >6.67 po/L
Kirk et al. 1987 (12) Cohort Arginine <10 pg/L 24-h GH
stimulation
T <10 pglL
Exercise <10 pg/L
Moéll et al. 1989 (18)  Cross- GHRH stimulation 1 ng/kg <4.67 pa/L 24-h GH Area under the
sectional  IGF-1 curve (ng/l/24 h)
Sklar et al. 1993 (22)  Cohort IGFBP-3 Age-specific Clonidine and Clonidine 150 wg/m? oral <10 pg/L
normal levodopa
IGF-1 stimulation
Talvensaari et al. Case control  GHRH stimulation 1 wg/kg <10 pg/L Nocturnal GH <2.35 pg//h
1994 (19) IGFBP-3
Brennan et al. Case control  IGF-1 ITT and arginine Insulin 0.2 Ukg IV <3 pg/L to both
1998 (13) IGFBP-3 stimulation Arginine 20 g/m2 \Y2
Tillmann et al. Cross- IGF-1 <-2SD Arginine stimulation <7.5 pg/lL
1998 (14) sectional Glucagon stimulation
IGFBP-3 <-1.5SD ITT
Clonidine stimulation
Cicognani et al. Cohort IGF-1 <-25SD Arginine stimulation 0.5 g/kg IV <8 pg/lL
1999 (20) IGFBP-3 <-25SD Levodopa stimulation 290 mg/m? oral <8 pg/lL
Schmiegelow et al. Cohort IGFBP-3
1999 (23)
Weinzimer et al. Cohort IGF-1 <-2SD One or more GH Arginine 0.5 g/kg <7.0 mg/L
1999 (21) stimulation tests®  Clonidine 0.1 mg
IGFBP-3 <-2SD Levodopa 500 mg/1.74 m?
Propranolol/  Propranolol 40 mg
glucagon (20 mg if <20 kg
and 10 mg if
<10 kg) and
glucagon 0.5 mg
Schmiegelow et al. Cross GHRH stimulation 1 wg/kg ITT and arginine
2000 (15) sectional stimulation
Lissett et al. 2001 (17) Cross Arginine 20 wg/m? <8 pg/L ITT 0.2 Ukg IV <8 ng/L
sectional stimulation
Bjork et al. 2005 (16)  Cross- GHRH + Arginine  GHRH 1 ng/kg <9 po/L ITT 0.1-0.2 Ukg IV <3 pg/lL
sectional stimulation arginine 0.5 g/kg
Ham et al. 2005 (6) Cohort GHRH + Arginine  GHRH 1 pg/kg <9 po/L ITT 0.07-0.1 Ukg IV <3 pg/lL
stimulation arginine 0.5 g/kg
IGF-1
IGFBP-3

?Children were considered to have GHD if they met both of the following criteria: growth velocity z score <—2 or clinical deceleration of growth velocity,

plus failing one or more GH stimulation tests.

120 minutes (20, 21). One study did not report dosing,
intervals, or follow-up duration (22).

Clonidine. Clonidine was administered at a dosage of
either 150 pg/m?* or 0.1 mg orally once, and GH was
measured every 30 minutes for a duration of 120 minutes
(21, 22). Tillmann et al. (14) did not report their stim-
ulation testing strategies.

GH assays

Although most studies used the double antibody RIA
technique for the measurement of GH (10-13, 15, 17-19,
21, 22), three studies used a dissociation-enhanced lantha-
nide fluorescence immunoassay instead (16, 20, 21). How-
ever, all assays used international standard preparations as
references (International Reference Preparation 66/217
before 1990 and World Health Organization 80/505
after 1990).

Cutoff values
The various cutoff values used by the studies evaluated
ranged from 4.67 pg/L to 10 pg/L and are summarized in

Table 2. The GH values have been converted to a single
unit of pg/L for better comparison.

Performance

Because of the lack of a single comparator used in all or
most of the studies, meta-analyses of sensitivity and
specificity could not be performed for the index tests.
Despite high variability in the testing protocols, dynamic
tests remained the most accurate in appropriately identi-
fying patients with GHD, and the ITT was the most
commonly used reference test. The ability of GHRH
stimulation, with or without arginine, to diagnose GHD
across different studies was equivocal; in one study, GHRH
in combination with arginine stimulation was 66% sen-
sitive and 88% specific in comparison with the ITT (16).

IGF-1 and IGFBP-3

Overall, IGF-1 and IGFBP-3 had poor diagnostic accu-
racy (6, 14). When calculations were possible, the sensitivity
and specificity of IGF-1 varied from 47% to 66% and 77%
to 100%, respectively (14, 22). IGFBP-3 had a low sensitivity
of 20%. However, most studies showed a strong correlation
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between IGF-1 and IGFBP-3 (13, 19-23). The use of si-
multaneous testing in the same cohort did not increase the
diagnostic accuracy of either test alone (20).

GH secretion profiles

Insufficient data were available to assess the accuracy
of serial blood sampling (collected both nocturnally and
over a 24-hour period) for the determination of GH.

Risk of bias (methodological quality) and quality
of evidence

The methodological quality of the included studies was
moderate overall. However, the cohorts could not be com-
bined, and the index tests could not be compared given the
high interstudy variability in the testing strategies, cutoff levels,
and, most importantly, comparator tests. The quality of ev-
idence (certainty in diagnostic estimates) was moderate be-
cause of the small sample size and inability to aggregate data.

Discussion

Although a rare disorder (estimated prevalence of 1 in 4000
adults), GHD is the most common endocrinopathy in sur-
vivors of childhood central nervous system tumors and in
those exposed to HP radiation. The latter includes survivors of
childhood ALL exposed to prophylactic or therapeutic central
nervous system radiotherapy, patients receiving conditioning
total body irradiation (TBI) before stem cell transplantation,
and patients with non-HP intracranial solid tumors, such as
nasopharyngeal carcinoma and retinoblastoma. The avail-
ability of recombinant human GH and its beneficial effects on
adult height prospects highlight the importance of diagnosing
GHD in these patients. Minimizing false-positive tests for
GHD is also important given the safety concerns surrounding
the use of GH in CCSs due to its known promitogenic and
proliferative properties i vitro (5, 24).

The risk of GHD increases in a time-dependent fashion in
relation to radiotherapy, and its prevalence thus increases
with longer follow-up durations. GHD is also radiation
dose-dependent, with the highest risk after HP radiation
with =30 Gy; however, risks also occur after 18 to 30 Gy,
after TBI with =10 Gy in one fraction, and after TBI
with =12 Gy in multiple fractions. Additional risk factors
include HP tumor involvement, young age at diagnosis, and
use of tyrosine kinase inhibitors or anti-CTLA4 monoclonal
antibodies (5, 25). In fact, the increasing use of immune
checkpoint inhibitors to treat malignancies such as malignant
melanoma has shed light on the increased incidence of
immune-mediated endocrine disorders, such as hypophysitis,
thyroiditis, and autoimmune diabetes mellitus.

GHD diagnosis in both adult and pediatric general pop-
ulations is challenging, mostly because of the lack of stan-
dardization of diagnostic tests, their respective cutoff values,
and assay variability. Similarly, a consensus on the optimal
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testing method to diagnose GHD in CCSs is lacking. GHD
typically presents with a decreased growth velocity compared
with sex- and age-adjusted reference values (less than —2 SD
over 1 year or — 1.5 SD over 2 years). However, confirmatory
testing is essential but requires a good understanding of the
technical considerations and challenges of these tests.

GH provocative tests

GH stimulation tests aim to demonstrate inappropriately
low peak levels of GH after physical or chemical stimulation.
Physical stimulation has long been eliminated from routine
use because of its lack of precision. Pharmacological stim-
ulation uses GHRH, arginine, clonidine, glucagon, insulin,
or levodopa. Kirk ef al. (12) used exercise stimulation in
parallel with other provocative tests, but this study is listed
in our evaluation for completeness. Similarly, a study by
Ahmed et al. (11) is included despite its lacking the modern
use of hpGRF1 stimulation.

The ITT has traditionally been used as the gold standard,
and most index tests evaluated were compared with some
version of the ITT. GHRH stimulation, with or without
arginine, had substantial clinical use before November
2008, when it became no longer commercially available in
the United States. Glucagon stimulation has since increased
in popularity for use in patients with contraindications to the
ITT but was used in only one CCS study.

Provocative test protocols

Opverall, homogeneity was observed regarding the pro-
tocols used to stimulate GH responses in dynamic tests,
which was most notable in terms of dosing regimens and
administration route. Differences were related mostly to the
time of follow-up to detect peak GH responses, varying from
60 to 180 minutes. There were also some differences in
the blood sampling intervals, which varied from 15 to
30 minutes. Notably, two studies measured the baseline GH
twice, both at 15 to 30 minutes before the initiation of
dynamic testing and at the start of the test, whereas all other
protocols used only the measurement at time zero.

Sex steroid priming

The current guidelines for GHD testing in children and
adolescents recommend priming prepubertal children of
pubertal age with sex steroids before provocative GH testing
to better differentiate GHD from constitutional delay (26);
this recommendation is based largely on observational data
in boys. There has been no evaluation of sex steroid priming
in CCSs, a population that is enriched for delayed puberty
due to hypogonadotropic hypogonadism and primary go-
nadal insufficiency, and none of the studies evaluated used
such a protocol before GH stimulation.

GH assays
A multitude of test methods are currently used for GH
measurement. Interassay variability was reported at 25% in
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an audit of 96 UK clinical laboratories. In Germany, a
comparative study determined that a GHD diagnosis de-
pends on the assay used in ~30% of children undergoing
GH stimulation. Most of this variability results from the
presence of multiple GH variants in serum, including
polymeric and fragmented forms, which are differentially
detected in various assays (24). As with all hormones,
protein-bound and free forms of GH can also affect test-
ing results. Mass spectrometry has been suggested to
overcome a proportion of this variability, but the most
recent consensus statements and guidelines highlight the
importance of using a single reference material across
laboratories to harmonize GH measurements (27).

The studies we evaluated spanned three decades. During
this time, shifts from polyclonal to monoclonal antibody use
in the RIA and from purified human GH reference solutions
to recombinant solutions occurred, leading to higher spec-
ificity in the currently used assays. These differences affect the
comparative interpretations of the tests and the cutoffs used
for diagnosis, although they do not influence the evaluation
of individual tests in individual studies.

Cutoff levels

Controversies remain regarding the optimal GH cutoff
levels for GHD diagnosis via a specific provocative test and
the point at which GH replacement is indicated. Historically, a
cutoff value of 5 pg/L correlated with GHD phenotypes,
particularly pertaining to height velocity and adult height (24).
Allowing for assay differences, including the introduction of
mass spectrometry, a recent study from Germany ascertained
a total GH of 7 ng/L as the diagnostic cutoff. A 2016 survey of
48 pediatric departments and 57 biochemistry departments in
the UK found that the cutoff values used to diagnose GHD in
children ranged from 5 to 10 pg/L, with the overwhelming
majority using a cutoff of <7 pg/L (28). A similar pattern was
seen in our review of published studies on CCSs.

Response to GH stimulation is also affected by body mass
index, as determined by blunted responses in obese and
overweight patients. In adults, this difference is reflected by
the reliance on IGF-1 for diagnosis. Multiple provocative
studies in children use differential cutoffs based on body
weight or body mass index, but none of these studies include
CCSs. Thus, using similar adjustments in this population
could be accomplished only by extrapolation and would not
account for the overall metabolic effects of HP dysfunction
as opposed to isolated GHD or GHD due to other etiologies.
Furthermore, GHD due to hypothalamic dysfunction can be
missed by provocative testing that includes GHRH stimu-
lation, because these patients can have false-negative re-
sponses, particularly early in the disease process.

Test performance
In addition to the aforementioned assay variability and
test interpretations, the lack of a reference comparative test
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has led to variability in the reported reproducibilities and
accuracies of the various provocative tests. The ITT has
largely been considered the gold standard, and other pro-
vocative tests are recommended only when contraindications
to the ITT occur (i.e., seizure disorders and cardiovascular
disease). The false-positive rates of the various dynamic tests
range from 8.9% to 49% (29). False-negatives are also
common, with glucagon stimulation testing being reported
to miss =58% of patients with GHD diagnosed based on
both the ITT and arginine stimulation tests (30).

Based on data gathered from our evaluation of various
studies, the diagnostic accuracy patterns of all the index tests
appear to mimic those seen in the general population. Ar-
ginine used in isolation has had poor reproducibility, with up
to two-thirds of patients having different diagnostic outcomes
upon retesting with the same stimulation test (31). In the
general population, both the same test in the same child and
two different tests in the same child have poor reproducibility.
Retrospectively, in a large French cohort study, the ITT was
the only test whose confidence interval, albeit very wide,
crossed the satisfactory threshold value when performed in
duplicate (32). None of the provocative tests evaluated in our
report were tested for reproducibility over time.

GH secretion profiles

Pituitary GH secretion is pulsatile, with most pulses
occurring overnight and thus limiting the utility of random
GH sampling. Obtaining 12- or 24-hour GH profiles has
previously been used but has very limited clinical use today
given the frequent sampling necessary and the need for
hospital admission. Furthermore, both the sensitivity and
specificity of this protocol have been questioned, because
overlap in secretory profiles occurs between healthy in-
dividuals and those with GHD (33, 34).

IGF-1 and IGFBP-3

Under the control of GH, the liver produces circulating
IGF-1 bound to numerous binding proteins, including
IGFBP-3. Both IGF-1 and IGFBP-3 exist in a steady state at
constant concentrations and thus offer the advantage of
random serum sampling for measurement. However, nor-
mative values need to be adjusted not only for chronological
age but also for pubertal age and Tanner stage. Similar to
GH, assay variability and standardization problems also
exist for World Health Organization solutions (27). In the
general population, IGF-1 is known to have a high speci-
ficity (=95%); however, a normal level does not exclude
GHD but rather warrants additional testing based on
clinical suspicion. IGFBP-3 performance has been similar
and does not add value to the IGF-1 measurement (35). In
CCSs, however, the use of either of these markers does not
appear promising, because their diagnostic accuracies are
quite poor even when used in combination.
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Diagnosis

The availability of recombinant GH treatment has
made establishing a diagnosis crucial to appropriately
identifying patients who would benefit from such ther-
apy. Given the lack of strong evidence supporting
treatment in patients with isolated GHD or idiopathic
short stature, guidelines have recommended the use of
two provocative tests to establish the diagnosis in chil-
dren. However, CCSs have established cranial patholo-
gies or have been subjected to HP radiation and thus
need a lower testing threshold based on these guidelines.
Subsequently, a failure to stimulate GH in any one pro-
vocative test is sufficient to establish the diagnosis due to
high pretest diagnostic suspicion, especially in the presence
of other HP deficits, with the caveat that a poor growth
rate may be caused by skeletal growth impairment in-
dependent of GHD after treatment with agents such as
TBI, imatinib mesylate, and cis-retinoic acid (36—40).

This caveat highlights the importance of testing re-
producibility and accuracy in this population. The ITT,
GHRH (with or without arginine), and glucagon have
been recommended by the Endocrine Society, in this
order, for the diagnosis of GHD in adults. In CCSs,
however, the use of GHRH is not recommended for the
reasons discussed earlier. Glucagon stimulation has not
been investigated enough in this population, and the ITT
thus remains the only reliable dynamic test even though
its performance is based largely on the general population
and historical experience.

Finally, reliance on nonprovocative tests in this pop-
ulation is not recommended. GH profiling has been replaced
by less labor-intensive and more cost-efficient testing; IGF-1
and IGFBP-3 performed poorly in this population, in con-
trast to the general pediatric and adult populations tested for
GHD, and thus cannot be used to establish diagnosis.

Limitations

The studies included in this report span four decades and
represent an array of testing and clinical consensuses, which
has led to variability in reporting results and outcomes.
Thus, calculating the diagnostic accuracies of the various
tests evaluated based on the available primary data was not
possible. Additionally, there is no gold standard for di-
agnosing GHD to which to compare any of these tests.

Conclusion

Evaluating the GH axis in CCSs is an opportunity to treat
these patients with available and effective replacement
therapy. The controversy regarding the benefit-to-risk
ratios of such therapies highlights the importance of
appropriate patient selection and accuracy of testing for
GHD. Based on this systematic review, dynamic testing
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remains the cornerstone for GHD diagnosis. Additional
research on this population is needed to establish the best
possible test. In the meantime, however, reliance on the [TT
(as the gold standard) appears to be appropriate, with
recognition that this test is not feasible at many institutions.
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DICER1 Mutations Are Frequent in Adolescent-Onset
Papillary Thyroid Carcinoma
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Context: Papillary thyroid carcinoma (PTC) is a common malignancy in adolescence and is molec-
ularly and clinically distinct from adult PTC. Mutations in the DICERT gene are associated with
thyroid abnormalities, including multinodular goiter and differentiated thyroid carcinoma.

Obijective: In this study, we sought to characterize the prevalence of DICER1 variants in pediatric PTC,
specifically in tumors without conventional PTC oncogenic alterations.

Patients: Patients (N = 40) who underwent partial or total thyroidectomy and who were <18 years of
age at the time of surgery were selected.

Design: The 40 consecutive thyroidectomy specimens (30 malignant, 10 benign) underwent ge-
notyping for 17 PTC-associated variants, as well as full sequencing of the exons and exon-intron
boundaries of DICERT.

Results: Conventional alterations were found in 12 of 30 (40%) PTCs (five BRAFY®°%F, three RET/IPTCT,
four RET/PTC3). Pathogenic DICER1T variants were identified in 3 of 30 (10%) PTCs and in 2 of 10
(20%) benign nodules, all of which lacked conventional alterations and did not recur during follow-
up. DICERT1 alterations thus constituted 3 of 18 (16.7%) PTCs without conventional alterations. The
three DICERT-mutated carcinomas each had two somatic DICERT alterations, whereas two follicular-
nodular lesions arose in those with germline DICERT mutations and harbored characteristic second
somatic RNase lllb “hotspot” mutations.

Conclusions: DICERT is a driver of pediatric thyroid nodules, and DICER7T-mutated PTC may
represent a distinct class of low-risk malignancies. Given the prevalence of variants in children, we
advocate for inclusion of DICERT sequencing and gene dosage determination in molecular analysis
of pediatric thyroid specimens. (J Clin Endocrinol Metab 103: 2009-2015, 2018)

Thyroid carcinoma is the most common malignancy in
adolescent and young adult women, and incidence is
increasing across all age groups (1, 2). Nodular thyroid
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disease is also common in adolescence, and increasing
access to cervical ultrasound has exposed high rates of
previously subclinical thyroid nodules.

*These authors contributed equally to this study.
Abbreviations: miRNA, microRNA; PCR, polymerase chain reaction; PTC, papillary thyroid
carcinoma.
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Thyroid carcinoma in children and adolescents
presents with several distinct clinical features when
compared with adults. First, there is a substantially
higher rate of regional and distally metastatic disease. In
addition, recurrence rates are higher in this age group
(3). Paradoxically, despite higher initial burden of
disease, outcomes in children and adolescents are ex-
cellent (4). Certain histologic variants, including the
diffuse sclerosing and solid variants of papillary thyroid
carcinoma (PTC) are identified more commonly in
children and adolescents (5, 6). Biologic and molecular
mechanisms explaining differing clinical behavior of
pediatric and adult PTC have thus far been elusive. A
discrete set of conventional somatic variants in BRAF,
HRAS, NRAS, and KRAS or gene fusions involving
RET or PAXS8 are identified in up to 80% of adult
thyroid carcinomas (7, 8). However, several recent
studies assessing these variants in children have
suggested a lower frequency of variants in these genes
than in adults, resulting in a higher proportion of pe-
diatric tumors lacking common oncogenic variants, so
called “dark-matter” cases (Supplemental Table 1). The
oncogenic drivers in this “dark-matter” subset remain
unidentified.

Aberrant regulation of microRNA (miRNA) pro-
cessing has been associated with multiple human
malignancies (9-11), including differentiated and
anaplastic thyroid carcinomas (12-15). The DICER1
gene product, DICER1, is an endoribonuclease re-
sponsible for processing RNA into small interfering RNA
and miRNA, which subsequently posttranscriptionally
downregulate messenger RNAs. Pathogenic, typically
truncating germline variants in DICER1 cause DICER1
syndrome [Online Mendelian Inheritance in Man
(OMIM) 601200], characterized by a spectrum of benign
and malignant tumors of mainly pediatric onset. These
include pleuropulmonary blastoma, ovarian Sertoli-
Leydig cell tumor, cystic nephroma, pituitary blastoma,
and multinodular goiter. Truncating DICER1 mutations
are accompanied by characteristic somatic missense

DICERT Mutations in Adolescent-Onset PTC
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mutations affecting highly specific metal ion-binding
residues within the RNase IIIb domain in syndrome-
related tumors (16).

In this study, we sought to define the prevalence of
DICERI1 variants in 40 (30 malignant and 10 benign)
consecutive pediatric thyroidectomy specimens (Table 1;
Supplemental Table 2).

Materials and Methods

Patients and samples

This study was approved by the Hospital for Sick Children
Research Ethics Board (project number 1000039078) and the
institutional review board of the Research Institute of the McGill
University Health Centre (project number MP-37-2017-2949).
Patients undergoing partial or total thyroidectomy who
were <18 years of age at the time of surgery were identified, and
informed consent for participation in this study was obtained.
All patients were assessed for a personal or family history of
syndromic cancers. Patients were excluded if the indication for
thyroidectomy was Graves disease without focal lesion or if
consent was declined. Forty consecutive pediatric thyroidectomy
specimens were obtained (30 malignant, 10 benign) from patients
without a personal or family history of syndromic cancers
(Table 1). Patients 3 and 6 had prior exposure to therapeutic
ionizing radiation. No other patients had a history of radiation
exposure or iodine deficiency, and no patients received thyroid
hormone treatment prior to thyroidectomy.

Patients were followed postoperatively for a median of
22.4 months (range: 0.3 to 94.4 months). Carriers of DICER1-
variant tumors were followed for a median of 21 months (6.3
to 94.4 months), whereas those with conventional-variant
tumors were followed for 34.4 months (3.6 to 93.3 months)
(Supplemental Table 3). The duration of follow-up was not
statistically different for these two groups (P = 0.27). Patients
were considered to have no evidence of disease at follow-up if
there was no structural disease identified on ultrasound or
radioactive iodine scan, and thyroglobulin was less than
0.5 pg/L with levothyroxine-suppressed thyroid-stimulating
hormone. Elevated thyroglobulin without structural correlate
was considered biochemically persistent disease, and evidence
of persistent malignancy based on imaging was classified as
structurally persistent disease. There were no patients who
achieved no evidence of disease who subsequently demon-
strated disease recurrence.
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Table 1. Baseline Characteristics of the Cases Studied
PTC Classic PTC Follicular PTC Diffuse PTC Solid Benign
Variant Variant Sclerosing Variant Variant Lesions

Number of cases (N = 40) 17 6 1 10
Sex

Female 8 5 4 1 10

Male 9 1 2 0 0
Mean age, y (range) 12.9 (5-17) 15.1 (11-17) 10.6 (8-13) 15 14.4 (11-18)
Size of dominant nodule, mm (range) 28.5 (9-60) 29 (7-40)
Nodal metastases present, n (%) 10 (59%) 0 (0%) 6 (100%) 0 (0%) NA
Persistent/recurrent disease, n (%) 7 (41%) 0 (0%) 2 33%) 0 (0%) NA

Abbreviations: NA, not applicable.
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Samples were snap-frozen in liquid nitrogen within
30 minutes of excision. DNA was extracted from tissue using
the AllPrep DNA/RNA/miRNA Universal Kit (QIAGEN,
Germantown, MD). Constitutional DNA was extracted
from peripheral blood mononuclear cells using the Gentra
Puregene Blood Kit (QIAGEN) in the Clinical Laboratory
Improvement Amendments-College of American Pathologists
molecular diagnostic laboratories at The Hospital for
Sick Children.

Pathology review

Hematoxylin and eosin-stained pathology specimens were
reviewed by two pathologists (O.M. and R.C.) and reported
according to a standardized approach. In the case of discrep-
ancy between reviewers, cases were discussed until consensus
was achieved. One specimen (case 8) was unavailable for re-
view, and the original pathologists’ interpretation was used for
the purposes of this study.

Genotyping of conventional
PTC-associated alterations

Genotyping for the 17 most common thyroid carci-
noma associated genetic alterations in BRAF, HRAS, KRAS,
NRAS, RET, and PAX8 (17) was performed by allele-specific
quantitative polymerase chain reaction (PCR)/quantitative re-
verse transcription-PCR using the Thyroid Cancer Mutation
Detection Kit and the Thyroid Cancer Fusion Detection Kit
(Entrogen Inc., Woodland Hills, CA). Equivocal results were
obtained for seven samples that underwent gene fusion analysis.
These results were validated using a Digital Droplet PCR assay
on a QX200 Digital Droplet PCR System (Bio-Rad, Hercules,

https://academic.oup.com/jcem 2011

CA) utilizing the same oligonucleotides used for the Thyroid
Cancer Fusion Detection Kit assay (Entrogen Inc.). Variants
screened for are detailed in the Supplemental Methods.

DICER1 sequencing

The full coding region and exon-intron boundaries of
DICER1 (NM_177438.2) were sequenced using a custom-
designed Fluidigm Access Array (Fluidigm, Markham,
Ontario, Canada) (18). Variants were called using FreeBayes
version 0.4.1 via the Galaxy toolshed (www.usegalaxy.org/),
and annotation of functional consequences was performed
using WANNOVAR (http://wannovar.wglab.org/). Integrative
Genomics Viewer (http:/software.broadinstitute.org/software/igv)
was used to manually visualize variants, which were then validated
by Sanger sequencing. Matched-normal DNA was used to de-
termine whether mutations were germline or somatic in origin.

Copy number variation analyses

CytoScanHD Array (Affymetrix, Santa Clara, CA) analysis
was performed on 36 tumor samples to screen for genome-wide
copy number alterations. DNA was hybridized on a CytoScanHD
Array (Affymetrix), and normalization and analysis were per-
formed using the Chromosome Analysis Suite (version 3.2.0.1252;
r10346). In addition, CytoScanHD (Affymetrix) was performed in
the same manner on peripheral blood mononuclear cell-derived
DNA from two patients (patients 2 and 3) whose tumors were
found to harbor copy number losses involving the DICER1 locus
to determine whether the identified changes were germline or
somatic in origin.

Table 2. Cases With Conventional Somatic PTC-Associated Variants

Current
Size of Status
Dominant [Follow-Up
Age at Histologic Tumor Anti-Tg Nodule Duration
Case Dx(y) Sex Gene Variant Variant  Classification (kIU/L) (mm) ATA Risk (mo)]

9 15 Female BRAF p.V600E Classic Malignant <20 21 Low BPD (36)

10 17 Male  BRAF p.V600E Classic Malignant <20 47 Intermediate  NED (19)

11 10 Male  BRAF p.V600E Classic Malignant 54 Diffuse High SPD (90)

12 16 Male  BRAF p.V600E Classic Malignant <20 11 Intermediate  NED (11)

13 14 Male  BRAF p.V600E Classic Malignant <20 32 High NED (6)

14 15  Female RET/ Rearrangement  Classic Malignant 120 50 High SPD (32)
PTCT

15 17 Female RET/ Rearrangement  Follicular Malignant NA 9 Low NED (5)
PTCT

16 10 Male  RET/ Rearrangement  Classic Malignant 2233 35 High SPD (62)
PTCT

17 12 Female RET/ Rearrangement  Classic Malignant 3348 55 High NED (24)
PTC3

18 8 Female RET/ Rearrangement DSV Malignant <20 Diffuse High SPD (25)
PTC3

19 10 Female RET/ Rearrangement DSV Malignant <20 152 High NED (33)
PTC3

20 11 Male  RET/ Rearrangement DSV Malignant <10 Diffuse High SPD (19)
PTC3

Abbreviations: ATA, American Thyroid Association; BPD, biochemically persistent disease; Dx, diagnosis; DSV, diffuse sclerosing variant; NA, not available;

NED, no evidence of disease; SPD, structurally persistent disease; Tg, thyroglobulin.

9A discrete nodule was present with diffuse infiltration of the surrounding parenchyma by malignant cells.
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Table 3. Characteristics of DICER1-Mutated Cases

DICER1 Screening Result

Germline vs
Age at Predicted Somatic
Case Dx(y) Sex Variant(s) Consequence Origin ExXAC MAF PMH
1 16.5 Female c.2875A>T, p.K959* Deleterious Somatic N/A 0
¢.5125G>A, p.D1709N Deleterious Somatic N/A
2 14 Female c.5428G>T, p.D1810Y Deleterious Somatic N/A 0
LOH of DICER1 (del chr14:94,043,795- Deleterious Somatic N/A

104,822,229)
€.1124C>G, p.P375R (rs148758903)

Likely benign ~ Germline®  0.0003545

3 11.7 Female ¢.5439G>C, p.E1813D Deleterious Somatic N/A ALL,TBI, HSCT
LOH of DICER1 (del chr14:78,529,021- Deleterious Somatic N/A
100,616,514)
4 10 Male ¢.4260_4262delGGA, p.E1420del Likely benign  Not known  0.001588 0
(rs544960260)°
5 15 Female ¢.2997T>G, p.L999L (rs12018992) Silent Germline 0.005387 0
6 17.4  Female c.20A>G, p.Q7R (rs117358479) Likely benign  Not known 0.00181 ALL, TBI
7 12 Female ¢.2535_2539delinsAATCAACTTCAAGCATT,  Deleterious Germline  Not in ExAC 0
p.T847delinsNFKHS?
€.5438A>G, p.E1813G Deleterious Somatic N/A
8 16 Female ¢.84dupT, p.G29Wfs*11 Deleterious Germline  Not in ExAc 0
¢.5125G>A, p.D1709N Deleterious Somatic N/A
(Continued)

Results

Conventional PTC-associated alterations were identi-
fiedin 12 of 30 (40% ) malignant lesions: five cases with
BRAFV®°%F three with RET/PTCI, and four with
RET/PTC3 (Table 2), consistent with published re-
sults (Supplemental Table 1). Sequencing of DICER1
identified pathogenic mutationsin 3 of 30 (10%) PTCs,
all of which lacked conventional alterations, thus ac-
counting for 16.7% (3 of 18) of “dark-matter” cases. Two
of 10 (20%) benign lesions were also found to be DICER1
mutated (Table 3; Fig. 1; Supplemental Table 2; Supple-
mental Figs. 1-4). The three malignant lesions each har-
bored two somatically acquired DICERI alterations,
whereas the patients with DICER1-mutated benign nod-
ules each carried a germline truncating mutation and an
additional somatic RNase IlIb “hotspot” mutation in the
nodule, as has been observed previously (19-22). One
additional tumor (case 5) carried a synonymous DICER1
variant, and two others (cases 4 and 6) each harbored a
polymorphism classified as likely benign according to
ClinVar (www.ncbi.nlm.nih.gov/clinvar/; variation IDs:
133971 and 133962, respectively). Neither case showed
evidence of a second hit within the DICER1 locus.

Discussion

The prevalence of pathogenic DICER1 variants in this
series of pediatric thyroid tumors was determined to be
12.5% (5 of 40) (Supplemental Table 3). Two large

¢ v, TR oo @ oo B
Figure 1. Representative DICERT-mutated thyroid neoplasms are
illustrated. (A) Case 2: Encapsulated follicular-variant papillary
carcinoma with minimal capsular invasion. The nontumorous thyroid
parenchyma showed variable involutional changes characterized by
dilated colloid containing follicles and slightly flattened epithelium.
(B) Case 7: Multiple follicular nodular disease. The nonlesional
thyroid parenchyma exhibited variable involutional changes. These
findings are reminiscent of functional nodules despite a normal
preoperative thyroid-stimulating hormone (0.64 miU/L).
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Table 3. Continued
Tumor Pathology, Staging, and Risk
Current
Pre-Op TSH Size of Status
(mIU/L)/Free Anti-Tg Tumor Dominant AJCC ATA [Duration
FH T4 (pmol/L) (k1U/L) Histologic Variant Classification Nodule (mm) Stage Risk (mo)]
0 0.81/13.8 <20 Encapsulated classical PTC Malignant 60 TsNoMg Low  NED (62)
0 1.84/16.0 <20 Minimally invasive, Malignant 37 ToNgM, Low  NED (41)
encapsulated FV PTC
0 1.41/11.0 <10 Infiltrative classical PTC Malignant 25 ToNoM, Low  NED (22)
0 Normal© <10 Classical PTC with focal Malignant 35 ToNoMgy Low  NED (94)
hobnail and tall cell change
MNG 0.96/13.0 <20 Minimally invasive solid- Malignant 13 TiuNxMy Low  NED (38)
variant PTC
0 2.05/10.8 Not done (1) Minimally invasive FV PTC Malignant 12 T1oNgM, Low  NED (9)
(2) Classical-variant papillary 3
microcarcinoma
MNG 0.64/11.9 Not done  Multifocal FND with papillary Benign 28 N/A —  NED (64)
growth
0 1.28/21 Not done  FND Benign 20 N/A — NED (61)

Abbreviations: ALL, acute lymphoblastic leukemia; AJCC, American Joint Committee on Cancer; ATA, American Thyroid Association; Dx, diagnosis;
EXAC, Exome Aggregation Consortium; FH, family history; FND, follicular nodular disease; FV, follicular variant; HSCT, hematopoietic stem cell
transplantation; LOH, loss of heterozygosity; MAF, minor allele frequency; MNG, multinodular goiter; N/A, not applicable; NED, no evidence of
disease; PMH, personal medical history; TBI, total body irradiation; Tg, thyroglobulin; TSH, thyroid-stimulating hormone.

?The germline variant is encompassed by the deletion in the tumor and is therefore in trans with the p.D1810Y mutation.

bn silico predictions for variant rs544960260 (case 4): tolerated by Sorting Intolerant From Tolerant (SIFT) (score 0.11), benign by PolyPhen-2 (score 0),
Combined Annotation Dependent Depletion (CADD)-scaled C-score: 3.877 (consistent with benign), and Rare Exome Variant Ensemble Learner (REVEL)

score: 0.048 (consistent with benign).

“TSH was performed at a referring facility and was reported only as “normal.” It was not repeated preoperatively.

9Functional analyses determined that this in-frame DICERT variant impedes processing of miRNAs (see Supplemental Fig. 4 for details).

genome-wide analyses have identified low rates of
pathogenic DICER1 variants in adult thyroid tumors.
The Cancer Genome Atlas project identified pathogenic
somatic DICER1 variants in 2 of 401 (0.5%) PTCs
(Supplemental Table 4) (7), whereas a subsequent study
identified no DICER1-variant tumors among 125 PTC,
and two tumors with DICER1 variants in each of 30
minimally invasive follicular thyroid cancers and 25
follicular adenomas (8). DICER1-mutated PTCs are
thus more frequent in the pediatric (3 of 30) than in the
adult setting (2 of 526; P = 0.0013, two-sided Fisher
exact test).

Although capsular or parenchymal invasion was
observed among all DICER1-mutated thyroid carci-
nomas in our series, angioinvasion was only identified
in one (case 3). None were associated with local or
regional lymph node or distal metastases, and all are
thus classified as low risk for persistent/recurrent
disease according to the recent American Thyroid
Association pediatric management guidelines (3). In
contrast, four of five (80%) BRAFY®°°F tumors and six

of seven (86%) RET/PTC tumors were associated with
nodal metastases. Antithyroglobulin titers were un-
detectable in all individuals with DICER1 tumors and
were present in 7 of 27 (26%) of the remaining in-
dividuals with PTC, a proportion concordant with recent
studies (23). Patients with DICERI1-mutated tumors
remained disease-free at a median of 21 months follow-up
(range: 9.9 to 37.4 months) (Supplemental Table 3). None
of the DICER1 tumors had a chronic lymphocytic in-
filtrate, and four cases exhibited focal nonspecific thy-
roiditis. Lastly, in six of seven DICER 1-mutated available
specimens reviewed, the background thyroid parenchyma
showed variable involutional changes similar to alter-
ations associated with exposure to elevated thyroid hor-
mone concentrations (Table 3; Fig. 1; Supplemental
Fig. 1).

DICERT1 alterations impact several miRNA species in
thyroid lesions (24). Although multiple studies have dem-
onstrated alterations in miRNA sequence and expression in
thyroid malignancies (7, 25-27), their mechanistic impli-
cations and role in thyroid tumorigenesis remain to be fully
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elucidated. It also remains to be seen whether alterations in
other components of the miRNA processing machinery
(DROSHA, DGCRS8, AGO2, eic.) are altered in thyroid
carcinoma.

Conclusion

DICER1 mutations in pediatric PTC are present at a
frequency nearly 30 times that seen in adult PTC.
DICER1 malignancies comprised 16.7% of dark-matter
tumors in this pediatric series and were not associated
with thyroid autoimmunity. These data establish DICER1
as a common oncogenic driver in American Thyroid
Association pediatric low-risk PTC and broaden our
understanding of the molecular pathogenesis of pedi-
atric PTCs. Further delineation of the role of miRNA
processing and aberrations in thyroid carcinogenesis
may expand our insight into prognosis and potentially
therapeutic approaches.
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GH Therapy in Childhood Cancer Survivors:
A Systematic Review and Meta-Analysis
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Background: GH deficiency (GHD) is common among childhood cancer survivors (CCSs) with history
of tumors, surgery, and/or radiotherapy involving the hypothalamus-pituitary region. We aimed to
evaluate the effects of GH therapy (GHT) in CCSs on adult height, risk of diabetes mellitus, abnormal
lipids, metabolic syndrome, quality of life, secondary tumors, and disease recurrence.

Methods: We searched multiple databases for randomized and observational studies. Pairs of
reviewers independently selected studies and collected data. Random effects meta-analysis was
used to pool outcomes across the studies.

Results: We included 29 observational studies at moderate to high risk of bias. Sixteen studies
compared CCSs on GHT with those not on GHT (512 patients, GH dose: 0.3 to 0.9 1U/kg/week). GHT
was significantly associated with height gain [standard deviation score, 0.61; 95% Cl, 0.08 to 1.13]
and was not significantly associated with the occurrence of secondary tumors [odds ratio (OR), 1.10;
95% Cl, 0.72 to 1.67] or tumor recurrence (OR, 0.57; 95% Cl, 0.31 to 1.02). Thirteen studies compared
CCSs on GHT with normal age- or sex-matched controls or controls with idiopathic GHD or short
stature. GHT was associated with either improved or unchanged risk of diabetes, lipid profiles, and
metabolic syndrome. GHT was associated with improvements in quality of life.

Conclusion: CCSs treated with GHT gain height compared with the untreated controls. GHT may
improve lipid profiles and quality of life and does not appear to increase the risk of diabetes or the
development of secondary tumors, although close monitoring for such complications remains
warranted due to uncertainty in the current evidence. (J Clin Endocrinol Metab 103: 2794-2801,
2018)

he survival rates of children treated for cancer have
Timproved significantly over the years. GH deficiency
(GHD) is common among these children, especially
among childhood cancer survivors (CCSs) with tumors/
surgery in the hypothalamic-pituitary (HP) region,
CCSs exposed to HP radiation or CCSs exposed
to cranial (CIR), craniospinal (CSI), or total body
irradiation.
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GHD is one of the most common endocrinopathies
observed in CCSs with a history of central nervous
system tumors. Studies have shown that cancer and its
treatments negatively affect adult height and that CCSs
may not fully recover their growth potential even after
growth hormone therapy (GHT) (1). In addition to its
impact on linear growth, GHD has been shown to in-
crease cardiovascular risk and impair quality of life

Abbreviations: CCS, childhood cancer survivor; CIR, cranial radiation; GHD, GH defi-
ciency; GHT, GH therapy; HP, hypothalamic-pituitary; QOL, quality of life; r-hGH,
recombinant hGH.

doi: 10.1210/jc.2018-01205
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(QOL); however, no studies assessing such outcomes have
been conducted specifically in CCSs (2, 3). Given the
toxicity of cancer treatments, the contribution of GHD to
poor health outcomes in CCSs is debatable, and whether
GHT reverses these findings is unknown. Pituitary-derived
human GH was used between 1958 and 1984 to treat
GHD. Recombinant hGH (r-hGH) was approved for
clinical use in the United States in 1985 (4) and has been
used to treat GHD in CCSs. There have been continued
concerns that GHT may increase the risk of tumor re-
currence, secondary tumors, and other adverse effects.

To support the Endocrine Society guidelines on the
management of CCSs, we conducted this systematic
review and meta-analysis to evaluate the effects of GHT
in CCSs with tumors/surgery in the HP region and on
CCSs subjected to CIR, CSI, or total body irradiation
at a young age on adult height, risk of diabetes mellitus,
lipid abnormalities, metabolic syndrome, QOL, sec-
ondary tumors, and disease recurrence.

Methods

The protocol for this systematic review was developed in collab-
oration with members of a taskforce from the Endocrine society.
This report follows the standards set in the Preferred Reporting
Items for Systematic Reviews and Meta-analysis statement (3).

Eligibility criteria

We searched for cohort studies, case series, randomized
clinical trials, and meta-analysis evaluating outcomes related to
adult height, risk of diabetes mellitus, abnormal lipids, meta-
bolic syndrome, QOL, secondary tumors, and disease re-
currence in CCSs receiving GHT compared with those not
receiving GHT. There was no language restriction, and we
excluded studies with missing data despite author contact.
Because we anticipated the number of eligible studies to be
small, we also sought additional studies that reported the
outcomes of interest in CCSs receiving GHT if they had other
control groups. We summarized such studies narratively and
considered them as indirect supporting evidence.

Study identification

A comprehensive search that included the Ovid Medline In-
Process & Other Non-Indexed Citations, Ovid EMBASE, Web of
Science, and Scopus databases was conducted beginning from
each database’s inception to January 2016. The search strategy
was designed by a medical reference librarian with input from the
study investigators. Controlled vocabulary supplemented with
keywords was used to search for studies evaluating the selected
outcomes in CCSs. We consulted experts in the field, references
from primary studies, and Google Scholar to identify studies
missed by our search strategy. Studies that were referred by the
expert panel through May 2017 were also assessed.

Selection of studies
Reviewers working independently and in duplicate reviewed
all abstracts and selected full-text manuscripts for eligibility.
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Disagreements during the full-text screening were resolved
by consensus.

Data collection and management

Working independently and in duplicate, reviewers used a
standardized Web-based form to collect information from each
eligible study. For each study, the baseline clinical features of the
included population, such as age, type of tumor, radiation details,
serum GH levels, GH dose, and duration of GHT, were recorded.
The outcomes of interest were focused on adult height, risk of
diabetes mellitus, abnormal lipids, metabolic syndrome, QOL,
secondary tumors, disease recurrence, and mortality.

Risk of bias and quality of evidence

The risk of bias was assessed by reviewers working in-
dependently and in duplicate using a modified Newcastle-Ottawa
scale (6) for observational studies. Disagreements were resolved
by consensus. The quality of evidence (certainty in the estimate)
was graded using the Grading of Recommendation, Assessment,
Development, and Evaluation approach (7).

Summary measures and synthesis of results

We performed a meta-analysis of each of the outcomes of
interest using a random effects model (8). The adjusted relative
risks were used preferentially if available in the studies. We used
the I? statistic to assess heterogeneity across individual studies,
and I > 50% indicated a large inconsistency across studies not
explained by chance. Statistical analysis was performed using
STATA, version 13.1 (StataCorp LP, College Station, TX).

Results

Search results

We included 29 observational studies (Fig. 1). Sixteen
studies at moderate-to-high risk of bias (Supplemental
Table 3) contributed data to the meta-analysis and had a
control group of CCSs not treated with GHT. The char-
acteristics of the studies and descriptions of the patients are
included in Supplemental Tables 1 and 2, respectively.
Thirteen additional studies on GHT in CCSs (Supplemental
Table 3) were not included in the meta-analysis because
they did not have the control group of interest (CCSs not
treated with GHT) but rather had one of the following
control groups: (1) idiopathic GHD, (2) non-GH-related
short stature, (3) pituitary cause of GHD and GHT, or (4)
normal age- or sex-matched general population.

Meta-analysis

The analysis included 512 patients who received an
average GH dose of 0.3 to 0.9 IU/kg/week; using the
conversion formula of 3.0 IU per 1 mg for r-hGH where
applicable, the average dose received was 0.1 to 0.3 mg/kg/
week (9). CCSs who were treated with GHT had significant
height gains compared with those not treated with GHT
[weighted mean difference, 0.61;95% CI,0.08 to 1.13;n=6
studies; Fig. 2]. There was no statistically significant dif-
ference in the occurrence of secondary tumors with GHT
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search strategy

[ 341 citations obtained by J
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:{

114 citations excluded by
screening titles/abstracts

227 articles retrieved for
full text screening

4

39 articles met the
inclusion criteria

ﬁ 88 articles excluded

Study design

<10 total patients

No population of our interest
GH treatment not used

No comparator of interest
Outcome of interest not studied
Full text not available even after
author contact

29 Studies included in
Meta-analysis
13 Control group CCS
16 Control group not CCS

- 10 articles excluded after data
extraction

Incomplete data for analysis

Figure 1. Study selection process.

(odds ratio, 1.10; 95% CI, 0.72 to 1.67; 5 studies; Fig. 3)
and no increased risk of disease/tumor recurrence (odds
ratio, 0.57; 95% CI, 0.31 to 1.02; 8 studies; Fig. 4).

Heterogeneity was substantial for height analysis (I* >
90%) and, to a lesser extent, tumor recurrence analysis
(I* > 60%). The analysis of secondary tumors was ho-
mogeneous (* = 0%).

Studies comparing CCSs on GHT with
other populations
Summary of the outcomes related to adult height, di-
abetes mellitus, lipid profile abnormalities, metabolic syn-
drome, QOL, secondary tumors, disease recurrence, and
mortality are provided in Supplemental Tables 2.1 to 2.8.
The studies showed either an improvement or no dif-
ference in the risk of diabetes, lipid profile abnormalities,
metabolic syndrome, and QOL in CCSs compared with the
control groups.

Effect modifiers of height outcome

Adult height was positively correlated with the age at
tumor therapy completion (10), height at the start of GHT
(10, 11), height standard deviation score gain after the first

year of GHT (10), age at diagnosis (1), age at irradiation (1,
12), target height (1, 13), dose of GHT (13), lower dose of
radiation (14), and cotreatment with a GnRH agonist (12).
Adult height was negatively correlated with CSI (10), spinal
radiation (12) and dose (13), chemotherapy (12), and the
presence of other endocrinopathies (13).

Methodological quality of studies and overall
quality of evidence

The included studies had overall moderate risks of bias
that were primarily related to the inability to control the
analysis for confounders, making the pooled estimates un-
adjusted (Supplemental Table 3). The quality of evidence
(i.e., certainty in these estimates) was low because of the
observational nature of the evidence, moderate risk of bias,
and imprecision (small number of events).

Discussion

Main findings

GHT in CCSs is associated with a statistically sig-
nificant gain in height and no apparent increases in the
occurrence of secondary tumors or recurrence. There was

6102 Arenuer zo uo Jasn A19100S auLoopug o1us|aH Aq 0259v0S/v6.22/8/S0 L A0BNsqe-ajonie/weol/woo dno-olwapeose//:sdiy Woil papeojumoc]



doi: 10.1210/jc.2018-01205

https://academic.oup.com/jcem 2797

author year WMD (95% CI) Weight
;
1
Adan 1996 —— : 0.00 (-0.18, 0.18) 21.06
1
.
: N\
Xu 2003 : + 7 1.37 (-0.13, 2.87) 7.85
;
1
:
Chemaitilly 2007 | —— 0.90 (0.67, 1.13) 20.74
1
|
Ciaccio 2010 : —_—— 1.28 (0.79,1.77) 18.18
;
1
:
Muller 2010 —— : 0.00 (-0.43, 0.43) 1891
:
:
1
Brignardello 2014 ——'OI-— 0.60 (-0.30, 1.50) 13.26
1
Overall (I-squared = 90.9%, p = 0.000) @ 0.61(0.08, 1.13) 100.00
1
i
1
NOTE: Weights are from random effects analysis 1
i
T T T T
-1 0 2 4 6

Figure 2. CCSs treated with GHT had a statistically significant gain in height compared with that in untreated survivors. If this estimate was
expressed as a standardized mean difference (i.e., in SD units), the results will be 0.95; 95% Cl, 0.18, 1.72. WMD, weighted mean difference.

either an improvement or no difference in the risk of
diabetes, lipid fractions, metabolic syndrome, and QOL.
The effect of GHT on height was heterogeneous as
demonstrated by statistical measures of heterogeneity. One
study (10) showed that GHT failed to restore adult height
to the midparental height in nearly one-half of CCSs with
radiation-induced GHD, especially in those irradiated at a
young age or were short at the start of GHT. None of the
patients in another study achieved his or her genetic po-
tential height (15). The growth increment varied inversely
to spontaneous GH secretion in one study (16). Another
study noted that height velocity improved with GHT, with
better results obtained in those who received CIR vs
craniospinal radiation (17), likely because of a direct
growth plate injury affecting the vertebral growth plates
(18). Compared with patients with idiopathic GHD
treated with GHT in the studies evaluated, CCSs treated
with GHT (11, 16) showed either lower height gain or
comparable growth velocity (19). In patients with me-
dulloblastoma, adult heights but not sitting heights were
improved with GHT (14, 20). Therefore, CCSs obviously
gain variable improvements in height based on other
factors, such as spinal injury (radiotherapy, scoliosis).
There is limited literature on the cardiovascular and
metabolic effects of GHT in CCSs. Murray (21) showed

that CCS patients with GHD had adverse lipid profiles, with
significantly higher total cholesterol, low-density lipoprotein
cholesterol, and triglyceride levels; however, after 12 months
of GHT, there was no significant difference in the HbAlc
and serum lipid values in these patients compared with those
in the controls. However, small (but important) improve-
ments were observed in body composition in the male
subgroup and total cholesterol and triglyceride levels in the
female subgroup. In another study on survivors of acute
lymphoblastic leukemia (22), 5 years of GHT improved the
plasma glucose levels, high-density lipoprotein cholesterol
levels, ApoB/ApoAl ratio, and prevalence of metabolic
syndrome (compared with an untreated control group).

The QOL in CCSs on GHT improved dramatically
by 3 months; this improvement was maintained at 12 months
(21). Similar improvements across QOL domains were ob-
served in CCSs on GHT compared with those in CCSs not
treated with GHT at early (6 to 13 months) and long-term
(24 to 77 months) follow-ups (23). The study on survivors
of acute lymphoblastic leukemia (22), however, showed
no substantial difference in QOL.

The risk of secondary tumors associated with GHT in
CCSs was not statistically increased across all studies;
however, considering the imprecision of the estimates, the CI
did exclude an important increase in risk. Most of these
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%

author year OR (95% CI) Weight
Leung 2002 1.47 (0.33, 6.58) 6.26
Ergun 2006 E— 1.39 (0.88, 2.21) 67.05
Mackenzie 2011 2.78(0.51,15.21) 4.88
Woodmansee 2013 2.25(0.13, 38.55) 1.75
Woodmansee 2013 - 0.82 (0.18, 3.80) 6.03
Brignardello 2014 —_— 0.98 (0.36, 2.67) 14.03
i
Overall (I-squared = 0.0%, p = 0.896) <® 1.34 (0.92, 1.96) 100.00

NOTE: Weights are from random effects analysis

Figure 3. The occurrence of secondary tumors in CCSs treated with GHT was not significantly different from that in untreated survivors.

tumors were meningiomas (24, 25). The risk of secondary
neoplasms in CCSs treated with GHT was lower after an
extended follow-up (26) and became nonsignificant after
adjusting for sex, age at primary diagnosis, CIR dose/time,
and treatment type in a more recent report from the same
cohort (27). Factors associated with meningioma develop-
ment included female sex, young age at primary cancer
diagnosis, and long periods since CIR (gliomas were asso-
ciated with short periods since CIR). A report from the
Pediatric Endocrine Society Drug and Therapeutic Com-
mittee suggested that GHT may increase the risk of sub-
sequent neoplasms (28).

In the aforementioned Pediatric Endocrine Society report,
there was also no substantial difference in the risk of re-
currence in CCSs treated with GHT vs that in the controls.
The outcomes of many individual studies (17, 24, 26,29-31)
have shown that the risk of recurrence in CCSs treated with
GHT is not significantly different than that in CCSs not
treated with GHT. Similar outcomes have been seen in
medulloblastoma (32), craniopharyngioma (33), and acute
lymphoblastic leukemia survivors (34). Two studies (26, 35)
showed that the risk of recurrence after GHT was decreased
compared with that in untreated patients. In these studies,
however, the potential for bias in selecting patients with
better prognosis for GHT and use of the last clinical contact

as the date of exit from the study must be considered. The
dose of GH and treatment modalities did not differ signif-
icantly between patients with and without recurrence (31),
and there were no apparent increased risk of recurrence with
the cumulative time that GHT was administered or the time
elapsed since the treatment started (35). There have been no
definitive studies on how long to wait after the completion of
cancer therapy to start GHT; the Pediatric Endocrine Society
guidelines suggest waiting for 12 months (9).

One study suggested a lower mortality for GH-treated
patients compared with that for untreated patients,
adjusting for potentially confounding prognostic variables
(35). Mortality increased significantly with the time since the
first GH treatment, and GH treatment had no effect on 3-
year event-free survival rates. Increased mortality from
cancer following GHT was reported in a recent report from
the Safety and Appropriateness of Growth Hormone
Treatments in Europe cohort; this increase was largely at-
tributed to mortality from second cancers in CCSs (36). The
study also reported that cancer mortality rates increased
with increasing mean daily r-hGH doses, specifically in
CCSs; these data, however, should be interpreted with
caution because the cohort did not include CCSs who were
not treated with GH and was not designed to specifically
assess the risk of secondary neoplasia in CCSs.
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%

author year OR (95% CI) Weight
i

Arslanian 1985 A E— 1.17 (0.24, 5.76) 8.88
1

Ogilvy-Stuart 1992 —0—5— 0.33 (0.12, 0.90) 14.69
1

Corrias 1997 —i—--— 0.87 (0.27, 2.84) 12.50

Swerdlow 2000 - i 0.26 (0.18, 0.39) 22.49
1

Sklar 2002 —— 0.72 (0.37, 1.40) 18.92

Leung 2002 o 0.66 (0.04, 11.69) 3.65

Mackenzie 2011

Child 2015

Overall (I-squared =62.1%, p = 0.010)

O

NOTE: Weights are from random effects analysis

0.10(0.01, 1.98) 347
1.39 (0.55, 3.54) 15.41

0.57 (0.31, 1.02) 100.00

L
Al A

)] — I
-

Figure 4. Disease/tumor recurrence in CCSs treated with GHT was not significantly different from that in untreated survivors.

Limitations and strengths

The strengths of this review relate to the compre-
hensive literature search, an a priori—established protocol
and the duplicate process of study selection and ap-
praisal. However, the available studies were observa-
tional with inherent limitations. Most studies assessing
GHT have a relatively short follow-up duration (17, 30,
37-40), which can affect the outcome assessment dealing
with the risk of recurrence and the incidence of secondary
neoplasms. In the study by Swerdlow (36), however,
there was no indication of increased cancer risk with
longer follow-up durations. Furthermore, the relation-
ship between the dose and duration response of GHT and
cancer risks has been clearly evaluated in only a few
studies (36, 41), which did not note increased cancer
risks. The meta-analysis for outcomes related to height
and recurrence risks has moderate to high heterogeneity.

Conclusion

GHT is effective in increasing height in CCSs with GHD.
From the limited data available, no increased cardio-
vascular or metabolic risks were obviously associated
with GHT, but short follow-up time must be considered a
limitation. Although this meta-analysis did not show

increased risks of recurrence or secondary neoplasms,
additional studies on these risks are necessary.
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Objective: To formulate clinical practice guidelines for the endocrine treatment of hypothalamic—
pituitary and growth disorders in survivors of childhood cancer.

Participants: An Endocrine Society—appointed guideline writing committee of six medical experts
and a methodologist.

Conclusions: Due to remarkable improvements in childhood cancer treatment and supportive
care during the past several decades, 5-year survival rates for childhood cancer currently
are >80%. However, by virtue of their disease and its treatments, childhood cancer survivors are
at increased risk for a wide range of serious health conditions, including disorders of the en-
docrine system. Recent data indicate that 40% to 50% of survivors will develop an endocrine
disorder during their lifetime. Risk factors for endocrine complications include both host (e.g.,
age, sex) and treatment factors (e.g., radiation). Radiation exposure to key endocrine organs
(e.g., hypothalamus, pituitary, thyroid, and gonads) places cancer survivors at the highest risk of
developing an endocrine abnormality over time; these endocrinopathies can develop de-
cades following cancer treatment, underscoring the importance of lifelong surveillance. The
following guideline addresses the diagnosis and treatment of hypothalamic—pituitary and
growth disorders commonly encountered in childhood cancer survivors. (J Clin Endocrinol Metab
103: 2761-2784, 2018)
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List of Recommendations

Short stature/impaired linear growth in childhood
cancer survivors

Diagnosis and monitoring of short stature/impaired
linear growth in childhood cancer survivors

1.1

1.2

We recommend prospective follow-up of linear
growth for childhood cancer survivors at high
risk for short adult height, namely those exposed
to cranial radiation therapy, craniospinal irradi-
ation, or total body irradiation at a young age and
those with a history of inadequate weight gain or
prolonged steroid requirement. (1|®&640)

We recommend measuring standing height and
sitting height in childhood cancer survivors treated
with radiation that included the spine (i.e., total
body irradiation, craniospinal irradiation, as well
as radiation to the chest, abdomen, or pelvis).
(1/@®00)

Technical remark: Sitting height is measured directly
using a sitting height stadiometer, and the lower
segment can be determined by subtracting sitting
height from standing height. Alternatively, the lower
segment can be determined by measuring from the
pubic symphysis to the floor, and the upper segment
can be determined by subtracting leg length from
height. The upper to lower segment ratio can then be
calculated but differs depending on the method used
and ethnicity. In situations where clinicians are
unable to measure sitting height, measuring arm
span and comparing it to standing height will
provide an estimate of spinal foreshortening due to
prior spinal radiation.

Treatment of short stature/impaired linear growth
in childhood cancer survivors

1.3

1.4

We suggest against using growth hormone in cancer
survivors who do not have growth hormone de-
ficiency to treat for short stature and/or poor linear
growth following spinal irradiation. (2|&0O00)
We suggest against treatment with growth hor-
mone in children with short stature and/or im-
paired linear growth who are being treated with
tyrosine kinase inhibitors. (2|@0O00)

Growth hormone deficiency in childhood
cancer survivors

Diagnosis of growth hormone deficiency in
childhood cancer survivors

2.1

We recommend lifelong periodic clinical assess-
ment for growth hormone deficiency in survivors

2.2

2.3

2.4

2.5

2.6

2.7

J Clin Endocrinol Metab, August 2018, 103(8):2761-2784

treated for tumors in the region of the hypothalamic—
pituitary axis and in those exposed to hypothalamic—
pituitary axis radiation treatment =18 Gy (e.g.,
various brain tumors, nasopharyngeal carci-
noma, acute lymphoblastic leukemia, lymphoma).
(lje®@0)

Technical remark: The consensus of the writing
committee is to assess height in children every 6 to
12 months.

We recommend against relying solely on serum
insulin-like growth factor-1 levels in childhood
cancer survivors exposed to hypothalamic—pituitary
axis radiotherapy to make the diagnosis of growth
hormone deficiency. (1|&90O0)

We advise using the same provocative testing to
diagnose growth hormone deficiency in child-
hood cancer survivors as are used for di-
agnosing growth hormone deficiency in the
noncancer population. (Ungraded Good Prac-
tice Statement)

We recommend against the use of growth hormone—
releasing hormone alone or in combination with
arginine in childhood cancer survivors to diagnose
growth hormone deficiency after hypothalamic—
pituitary axis radiation. (1|@®0O0)

We suggest against using spontaneous growth
hormone secretion (e.g., 12-hour overnight
sampling) as a diagnostic test in determining
GH deficiency in childhood cancer survivors.
(2]2000)

We recommend that formal testing to establish a
diagnosis of growth hormone deficiency is not re-
quired in childhood cancer survivors with three
other confirmed anterior pituitary hormone deficits.
(1]e®00)

We recommend retesting adult cancer survi-
vors exposed to hypothalamic—pituitary axis
radiation treatment and with a diagnosis of
isolated growth hormone deficiency in child-

hood. (1|®@®00)

Treatment of growth hormone deficiency in
childhood cancer survivors

2.8 We recommend offering growth hormone treat-

ment in childhood cancer survivors with con-
firmed growth hormone deficiency based on the
safety and efficacy demonstrated in that pop-
ulation. (1|&®00)

2.9 We suggest waiting until the patient has been

1 year disease-free, following completion of ther-
apy for malignant disease, before initiating growth
hormone treatment. (2|&000)
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2.10 In childhood cancer survivors who have chronic
stable disease and thus may not ever be “disease-
free” (particularly survivors treated for optic
pathway tumors), we advise discussing the ap-
propriateness of growth hormone treatment and
its timing with their oncologist. (Ungraded Good
Practice Statement)

2.11 We advise treating growth hormone-deficient
childhood cancer survivors with similar growth
hormone treatment regimens as are appropriate
for individuals with growth hormone deficiency
from the noncancer population. (Ungraded Good
Practice Statement)

Central precocious puberty in childhood
cancer survivors

Diagnosis of central precocious puberty in childhood
cancer survivors

3.1 We recommend periodically assessing childhood
cancer survivors for evidence of central precocious
puberty if they have a history of hydrocephalus,
tumors developing in or near the hypothalamic

https://academic.oup.com/jcem 2763

noncancer population. (Ungraded Good Practice
Statement)

Hypogonadotropic hypogonadism in childhood
cancer survivors

Diagnosis of luteinizing hormone/follicle-
stimulating hormone deficiency in childhood
cancer survivors

4.1 We recommend screening for luteinizing hormone/

follicle-stimulating hormone deficiency in child-
hood cancer survivors exposed to hypothalamic—
pituitary axis radiation at doses =30 Gy and in
those with a history of tumors or surgery af-
fecting the hypothalamic—pituitary axis region.
(1|ee®0)

4.2 We advise using the same strategies to diagnose

luteinizing hormone/follicle-stimulating hormone
deficiency in childhood cancer survivors as are
used in the noncancer population. (Ungraded
Good Practice Statement)

region, and/or have been exposed to hypothalamic—
pituitary radiation. (1|&&$0)

3.2 We recommend against using testicular volume as

the primary or sole indicator of degree of sexual

Treatment of luteinizing hormone/follicle-
stimulating hormone deficiency in childhood
cancer survivors

4.3 We adpvise following the same treatment approach

development in male childhood cancer survivors
previously treated with gonadotoxic agents, such
as alkylating agents or testicular radiotherapy.
(1|e@a®0)

3.3 We recommend measuring serum  testosterone,
preferably using liquid chromatography—tandem

to luteinizing hormone/follicle-stimulating hormone
deficiency in childhood cancer survivors as is ap-
propriate in the noncancer population. (Ungraded
Good Practice Statement)

mass spectroscopy, and luteinizing hormone levels
prior to 10:00 AM to complement the clinical as-
sessment of male childhood cancer survivors who
are suspected of or are at risk for developing central
precocious puberty and were exposed to gonado-
toxic treatments. (1|@E00)

Central hypothyroidism-thyroid-stimulating

hormone deficiency in childhood cancer survivors

Diagnosis of central hypothyroidism in childhood

cancer survivors

5.1 We recommend lifelong annual screening for thyroid-

Technical remark: Clinicians need to interpret plasma
LH levels in patients exposed to gonadotoxic
treatments in the context of their medical history
and physical examination. Elevated LH levels in
such patients may be due to primary gonadal
injury rather than to the onset of central puberty.

Treatment of central precocious puberty in
childhood cancer survivors

3.4 We advise that the indications and the type of
treatment regimens for central precocious puberty
in childhood cancer survivors should be similar to
those used for central precocious puberty in the

stimulating hormone deficiency in childhood cancer
survivors treated for tumors in the region of the
hypothalamic—pituitary axis and those exposed to
=30 Gy hypothalamic—pituitary radiation. (1|&&$0)

5.2 We advise using the same biochemical tests to

screen for thyroid-stimulating hormone defi-
ciency in childhood cancer survivors as are used
in the noncancer population. (Ungraded Good
Practice Statement)

5.3 We recommend against using serum triiodo-

thyronine, thyroid-stimulating hormone surge anal-
ysis, or thyrotropin-releasing hormone stimulation
to diagnose thyroid-stimulating hormone deficiency.
(1|e®00)
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Treatment of thyroid-stimulating hormone
deficiency in childhood cancer survivors

5.4 We advise using the same approach to treat
thyroid-stimulating hormone deficiency in child-
hood cancer survivors as is used in the noncancer
population. (Ungraded Good Practice Statement)

Adrenocorticotropic hormone deficiency in
childhood cancer survivors

Diagnosing adrenocorticotropic hormone deficiency
in childhood cancer survivors

6.1 We recommend lifelong annual screening for ad-
renocorticotropic hormone deficiency in child-
hood cancer survivors treated for tumors in the
hypothalamic—pituitary region and in those ex-
posed to =30 Gy hypothalamic—pituitary radia-
tion. (1|®®®0)

6.2 We suggest screening for adrenocorticotropic
hormone deficiency in childhood cancer survi-
vors exposed to between =24 Gy and 30 Gy
hypothalamic—pituitary radiation who are >10 years
postradiation or develop clinical symptoms sug-
gestive of adrenocorticotropic hormone deficiency.
(2|®000)

6.3 We advise using the same screening and dynamic

testing procedures to diagnose adrenocortico-
tropic hormone deficiency in childhood cancer
survivors as are used in the noncancer population.
(Ungraded Good Practice Statement)
Technical remark: Clinicians should consider the
influence of oral estrogen on total cortisol levels,
as it can increase cortisol-binding globulin raising
total, but not free, cortisol levels.

Treating adrenocorticotropic hormone deficiency in
childhood cancer survivors

6.4 We advise that clinicians use the same gluco-
corticoid regimens as replacement therapy in
childhood cancer survivors with adrenocortico-
tropic hormone deficiency as are used in the
noncancer population with adrenocorticotropic
hormone deficiency. (Ungraded Good Practice
Statement)

6.5 We recommend that clinicians instruct all pa-
tients with adrenocorticotropic hormone de-
ficiency regarding stress dose and emergency
glucocorticoid administration and instruct them
to obtain an emergency card/bracelet/necklace
regarding adrenal insufficiency and an emer-
gency kit containing injectable high-dose glu-
cocorticoid. (1|®®®0)
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Commissioned Systematic Review

The Guideline Writing Committee commissioned two
systematic reviews to support this guideline. The first
systematic review aimed to evaluate the effect of GH
treatment (GHT) in childhood cancer survivors on adult
height (AH), risk of type 2 diabetes mellitus (T2DM),
abnormal lipids, metabolic syndrome, quality of life,
secondary tumors, and disease recurrence. Studies
showed that GHT vs no GHT in this patient group
was associated with a significant gain in AH and no
significant association with the occurrence of secondary
tumors or tumor recurrence. Studies that compared
childhood cancer survivors receiving GHT to normal
age- or sex-matched controls or controls with idiopathic
GH deficiency (GHD) or short stature showed that
GHT was associated with either improved or unchanged
risk of T2DM, lipid profile, or metabolic syndrome.
GHT was also associated with improvement in quality
of life.

The second systematic review aimed to determine the
best screening and diagnostic tests for GHD in childhood
cancer survivors exposed to hypothalamic—pituitary ra-
diation. The major challenge in this review was the lack
of a “gold” standard to diagnose GHD. There was high
variability in the confirmatory testing each study used.
The insulin tolerance test (ITT) seems to be the most
accepted reference test in the reviewed studies, either
alone or in combination with arginine; although stan-
dardization of the testing dose and strategy among dif-
ferent practice groups is lacking. Studies included in this
report spanned 4 decades; therefore, changes in clinical
practice and assay methods can account for some of this
variability. IGF-I and IGF-binding protein 3 had a sub-
optimal diagnostic accuracy, and their results were
correlated. The patterns of diagnostic accuracy of all the
tests evaluated suggested a similar pattern to what we see
in patients who are not childhood cancer survivors.

Introduction

Cancers are relatively rare in the pediatric age group and
account for only ~1% of the cancer burden in the entire
population (1). Due to improvements in treatment and
supportive care, current 5-year survival rates are >80%
overall (2). The number of childhood cancers survivors is
ever increasing and by the year 2020, it is estimated that
there will be half a million survivors of childhood cancer
residing in the United States. As the number of survivors
has increased, there has been a growing awareness that
survivors are at far greater risk of developing serious
medical complications compared with noncancer con-
trols (3). In particular, endocrine disorders are highly
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prevalent among cancer survivors; recent data indicate
that 40% to 50% of survivors will develop at least one
endocrinopathy over the course of their lifetime (4, 5).
Risk of developing endocrine disorders is dependent on a
wide range of variables, including host (e.g., age, sex,
genetic background), disease (e.g., diagnosis, tumor lo-
cation), and treatment (e.g., surgery, chemotherapy,
radiation) factors. Radiation exposure to key endocrine
organs (e.g., hypothalamus, pituitary, thyroid and go-
nads) is the single most important risk factor and puts
survivors at extremely high risk of developing an endo-
crine abnormality over time. Importantly, radiation-induced
abnormalities are, in general, both dose- and time-dependent
such that the higher the dose and the longer the interval
following treatment, the greater the risk. Thus, endocrine
disorders may not develop for decades after completion of
cancer treatment, underscoring the critical importance of
lifelong surveillance for those at risk (4, 5).

The current guideline focuses on the diagnosis and
treatment of abnormalities of the hypothalamic—pituitary
(HP) (Fig. 1) and management of growth disorders
commonly encountered in childhood cancer survivors.
Impaired linear growth and short AH can be due to both
endocrine [e.g., central precocious puberty (CPP), GHD]
and nonendocrine (e.g., medications, poor nutrition,
radiation to the spine) factors. Not surprisingly, those
diagnosed and treated for cancer at the youngest ages are
the most affected. Currently, the only proven therapies
for short stature are confined to the treatment of CPP and
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GHD, which follow the same general principles used in
children without a cancer history.

Abnormalities of the HP are observed in survivors
with tumors in the region of the HP, following surgery in
the region of the HP, or, most commonly, following
radiation to the HP (Fig. 1). Although HP dysfunction is
generally observed acutely in individuals with tumors
and/or surgery in the region of the HP, HP dysfunction is
usually not observed for months to years following
HP radiation. Whereas CPP and GHD occur follow-
ing relatively low doses of HP radiation [e.g., =18 Gy
following standard fractionation, =12 Gy following
hyperfractionation in the setting of total body irradiation
(TBI)], deficits of the other anterior pituitary hormones
[LH/ESH, thyroid-stimulating hormone (TSH), adreno-
corticotropic hormone (ACTH)] develop almost exclusively
in survivors previously exposed to HP doses =30 Gy. For
the most part, the diagnosis and treatment of anterior pi-
tuitary deficits in cancer survivors follow the same general
principles as are used in the noncancer population.

Although there have been a large number of excellent
studies assessing disordered growth and HP abnormal-
ities in this population that have informed this guideline,
limitations exist. The focus of most studies has been on
understanding prevalence and risk factors for the various
outcomes, with fewer studies addressing diagnosis and
management. Most of the data are descriptive and often
limited to relatively small case series. Furthermore, much
of the data relate to survivors treated in prior decades

Hypothalamic / Pituitary Radiotherapy Dose

fp—

> 10 Gy Single Fraction Total Body

> 12 Gy Fractionated Total Body

> 18 Gy and < 30 Gy Cranial

2 30 Gy Cranial

Growth Hormone Deficiency

Growth Hormone Deficiency
Central Precocious Puberty

Growth Hormone Deficiency
Central Precocious Puberty
LH/FSH Deficiencyt
TSH Deficiencyt
ACTH Deficiencyt

Tumor Growth and /or Surgery Near the Hypothalamus / Pituitary*

FDeficiencies in LH/FSH, TSH and / or ACTH may appear after treatment with lower doses of radiotherapy with longer follow-up.
*Tumor and surgery —induced damage may acutely cause multiple hypothalamic-pituitary deficits in addition to central diabetes insipidus.

Figure 1. Common hypothalamic pituitary late effects in survivors of childhood cancer.
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with therapies that may have been abandoned [e.g.,
prophylactic cranial radiation therapy (CRT) for acute
lymphoblastic leukemia] or modified in the current era
[e.g., reduced dose craniospinal irradiation (CSI) for
medulloblastoma]. Data on the late effects of newer
treatments such as targeted biologicals, immune modu-
lators, and conformal radiation with protons are ex-
tremely limited. Additional areas requiring further research
include: management of impaired growth following spinal
radiation and in those receiving long-term therapy with
tyrosine kinases such as imatinib; optimal frequency and
duration of screening studies following HP radiation;
and risks and benefits of GHT in adult survivors of
childhood cancer.

1. Short Stature/Impaired Linear Growth in
Childhood Cancer Survivors

Epidemiology, morbidity, and mortality

Impaired growth is defined by a loss in height SD over
time and may be transient or progressive. Short stature is
characterized by a standing AH of >2 SD below the
mean for age and sex. Growth impairment and short
stature in childhood cancer survivors may result from:
alterations in HP hormone secretion due to tumors in the
suprasellar/optic pathway region, surgery or CRT in-
volving the HP axis, primary hypothyroidism (resulting
from thyroidal radiation or high-dose alkylating agent
chemotherapy) (6, 7), and radiation-induced impairment
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of spinal growth. The effects of both cranial and spinal
radiation are dose- and time-dependent. Additional causes
of growth impairment may include a malnourished state,
growth suppressive effects of medications (e.g., gluco-
corticoids, tyrosine kinase inhibitors [TKIs]), and medi-
cations associated with accelerated epiphyseal/physeal
closure, such as retinoids.

The prevalence of adult short stature ranges from
~9% in studies of childhood acute leukemia survivors
(8-10) to as high as 40% among survivors of childhood
brain tumors (11).

Etiology and clinical manifestations

The major risk factors for impaired growth and short
stature in cancer survivors are CRT, CSI, TBI, and
younger age at the time of treatment (Table 1). Exposure
to 18 to 30 Gy CRT may result in GHD and precocious
puberty, whereas doses >30 Gy may result in multiple
pituitary hormone deficiencies (12, 13). Exposure to
CRT can also result in an earlier onset or altered tempo of
puberty, including onset of breast development between
ages 8 and 9 years, peak height velocity at age =10 years,
and early menarche (14-18). Importantly, children who
have both GHD and concomitant early or precocious
puberty may not demonstrate a significant growth de-
celeration due to the stimulatory effects of sex hormones
on linear growth, and the treating endocrinologist might
miss a diagnosis of GHD unless he/she is knowledgeable
in this regard.

Table 1.

Established Risk Factors of Short Stature and HP Dysfunction in Childhood Cancer Survivors

Complication Host Factors

High Risk Treatment Exposures

Short AH or e Younger age at cancer/tumor treatment e Radiation fields involving the HP region?
impaired e Precocious puberty e Spinal irradiation®
linear e Genetic syndromes (such as neurofibromatosis type 1) e TBI
growth e Fanconi anemia e Glucocorticoids
e TKis
e Retinoic acid
GHD e Younger age at cancer/tumor treatment e Tumor or surgery involving the HP region
o Greater elapsed time since cancer/tumor treatment e HP radiation =18 Gy
e TBI =10 Gy in single fraction
e TBI =12 Gy fractionated
CPP e Younger age at cancer/tumor treatment e Tumor or surgery involving HP region or optic pathways
e Female sex e Hydrocephalus
e Increased body mass index e HP radiotherapy =18 Gy
¢ Neurofibromatosis type 1
LH/FSHD e Greater elapsed time since cancer/tumor treatment e Tumor or surgery involving the HP region
e Presence of other HP deficits e HP radiation =30 Gy
TSHD e Greater elapsed time since cancer/tumor treatment e Tumor or surgery involving the HP region
e Presence of other HP deficits ¢ HP radiation =30 Gy
ACTHD e Greater elapsed time since cancer/tumor treatment e Tumor or surgery involving the HP region

e Presence of other HP deficits

e HP radiation =30 Gy

?Cranial, infratemporal (ear), nasopharyngeal, orbital (eye), and Waldeyer’s ring.

bAlso includes fields involving the abdomen, chest, mediastinum, and pelvis.
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Boney structures previously exposed to radiation may
be at risk for poor growth; this effect is potentially greater
with higher radiation doses and younger age at exposure.
Exposure to spinal radiation can result in dispropor-
tionate short stature due to impaired spinal growth,
which helps differentiate spinal radiation—related growth
impairment from the symmetrical impairment caused by
other etiologies, such as GHD.

Systemic therapy with retinoic acid and its derivatives is
associated with premature epiphyseal closure in both an-
imal models and human studies of noncancer populations
(19). Studies of survivors of high-risk neuroblastoma
reveal a significantly greater incidence of advanced bone
ages in those treated with cis-retinoic acid (20, 21). This
premature advancement and earlier closure of growth
plates may explain, at least in part, the short AH seen in
survivors treated with multimodality therapy that includes
systemic cis-retinoic acid.

TKIs are targeted cancer therapies designed to disrupt
specific signaling pathways involved in cellular growth
and proliferation. Despite their intended specificity,
nonselective, off-target effects on various protein kinases
involved in chondrocyte accrual, as well as the GH/IGF-I
signaling pathway, may result in growth deceleration and
the potential for subsequent short AH (22).

Diagnosis and monitoring of short stature/impaired
linear growth in childhood cancer survivors

1.1 We recommend prospective follow-up of linear
growth for childhood cancer survivors at high
risk for short AH, namely those exposed to CRT,
CSIL, or TBI at a young age and those with a
history of inadequate weight gain or prolonged
steroid requirement. (1|®&®®0)

1.2 We recommend measuring standing height and

sitting height in childhood cancer survivors
treated with radiation that included the spine (i.e.,
TBI, CSI, as well as radiation to the chest, ab-
domen, or pelvis). (1|&$00)
Technical remark: Sitting height is measured directly
using a sitting height stadiometer, and the lower
segment can be determined by subtracting sitting
height from standing height. Alternatively, the lower
segment can be determined by measuring from the
pubic symphysis to the floor, and the upper segment
can be determined by subtracting leg length from
height. The upper to lower segment ratio can then
be calculated but differs depending on the method
used and ethnicity. In situations where clinicians
are unable to measure sitting height, measuring
arm span and comparing it to standing height will
provide an estimate of spinal foreshortening due to
prior spinal radiation.
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Evidence

The risk of growth impairment and adult short
stature (height SD < —2 SD) in survivors of childhood
leukemia is significantly higher among survivors
treated before puberty, at younger ages, and at CRT
doses >20 Gy (10, 23, 24). Among studies of survivors
of leukemia, lymphoma, and a broad group of pediatric
cancers (e.g., osteosarcoma, Wilms’ tumor, neuro-
blastoma, and soft tissue tumors of the head and neck),
younger age at diagnosis and higher doses of CRT
remained significant risk factors for adult short stature
(9, 18). In a large study of 921 brain tumor survivors
exposed to high-dose CRT, Gurney et al. (11) found
that a significant number of adults diagnosed at
younger ages had an AH <10th percentile, including
53% of those diagnosed before age 5 years, 46% of
those diagnosed between 5 and 9 years, and 26% of
those diagnosed between 10 and 20 years. Independent
of age, those exposed to higher doses of CRT were
more likely to have adult short stature than those not
treated with CRT, with a threefold increased risk
among those treated with >20 Gy and a fivefold in-
creased risk among those treated with >60 Gy. These
findings may be due to the development of multiple
hormone aberrations, as detailed in subsequent sections
of these guidelines.

Spinal radiation is an independent risk factor for short
AH (10) and is associated with progressive growth im-
pairment (25, 26). Survivors treated with higher doses of
spinal radiation (>20 Gy) at younger ages, and to a
larger volume of the spine, are at increased risk of short
AH (11, 27). Compared with the proportionate short
stature seen in GHD children resulting from CRT only,
short AH associated with spinal irradiation results in
disproportionate short stature, which is evident in the
greater loss of spinal height SD relative to lower leg
length SD (28-30). This disproportionate growth may be
evident as early as 1 year following spinal radiation and
becomes progressively more evident during puberty (26).
Survivors treated with high-dose CSI (e.g., >30 Gy for
medulloblastoma) demonstrate the most significant losses
in seated and standing AH (17, 25, 31).

Treatment of short stature/impaired linear growth
in childhood cancer survivors

1.3 We suggest against using GH in cancer survivors
who do not have GHD to treat for short stature
and/or poor linear growth following spinal irra-
diation. (2|®000)

1.4 We suggest against treatment with GH in children
with short stature and/or impaired linear growth
who are being treated with TKIs. (2|&O00)
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Evidence

Studies on using GH to treat cancer survivors who do
not have GHD are limited to a few small case series. In a
study of 13 survivors of acute leukemia treated with
cyclophosphamide and TBI, three of whom were not GH
deficient, there was a progressive decline in height SD and
impaired spine and leg growth despite GHT during a
3-year period (32). In a report of 51 high-risk neu-
roblastoma survivors treated with multimodal therapy
(including TBI), Cohen et al. (33) described GHT in
seven of these survivors. One had GHD, and six were
initially thought to have GH neurosecretory dysfunction.
Although short-term response to GH was good, the long-
term response was not; of the two that achieved AH,
even the patient with GHD remained >2 SD below
midparental height.

Studies of GHD childhood cancer survivors treated
with GH who were exposed to spinal irradiation also
suggest a reduced benefit of GHT after spinal irradiation.
Ciaccio et al. (34) found that among GH-deficient me-
dulloblastoma survivors treated with 26 to 38 Gy CSI,
the mean adult standing height decreased from —1.38 SD
to —1.9 SD at AH in those treated with GH, whereas the
standing height of those not treated with GH decreased
from —1.55 SD to —3.4 SD. However, spinal heights in
both groups were similar at AH, that is, —4.56 SD
and —4.85 SD, respectively. In another study of 100
survivors with GHD treated with GH, those exposed to
CSI had significantly lower growth responses to GHT
(4.2 cm/y vs 6.7 cm/y) and significantly greater height loss
from time of radiation to AH (—3.6 SD vs —1.6 SD) than
those not exposed to spinal radiation (35). Any benefit to
AH of GHT may be at the expense of further dispro-
portionate growth (17, 31). Thus, full disclosure of this
risk should be made and individual preferences consid-
ered when counseling survivors and their families about
GHT in patients who have received spinal radiation
treatment (RT).

Childhood cancer survivors exposed to TBI are also at
risk for reduced spinal height, with the greatest risk
among those treated at a younger age and with
unfractionated TBI (29, 36, 37). Members of this patient
subgroup who receive GHT for GHD may improve AH
by preventing further height loss (38, 39); however, they
may experience a worsening disproportion due to lack of
spinal height gain (37, 40).

TKIs (such as imatinib and dasatinib) are mainstay
treatments for chronic myelogenous leukemia and other
malignancies that possess the BCR-ABL1 fusion protein;
patients generally are treated with them for the long term
to maintain molecular remission (41). Most studies re-
port decreased growth in children who are using TKIs,
with greater effects observed in prepubertal children and
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conflicting evidence of catch-up growth in pubertal
children (42-44). Although the precise mechanisms un-
derlying the growth deceleration associated with TKI
therapy are unknown, reports of low serum IGF-I levels
in children on TKI therapy suggest a possible disruption
of the tyrosine kinases involved in the GH signaling
cascade (44). Additional proposed mechanisms for
growth failure include disrupted platelet-derived growth
factor receptor-B, leading to altered recruitment and
activity of chondrocytes.

We consider patients on continuous TKI therapy as
having an active malignancy, as many will develop
molecular evidence of persistent disease when TKI
therapy is discontinued. Data on the safety and efficacy of
GH use in these patients are quite limited (41); therefore,
we cannot generally recommend GHT in this setting.

2. GHD in Childhood Cancer Survivors

GHD is characterized by inadequate GH secretion from
the pituitary and is defined using different diagnostic
tests. GHD can result from damage to the HP area due to
tumors, surgery, and/or HP axis RT (8, 45-47). Addi-
tionally, researchers have described a few cases of GHD
associated with the TKI imatinib (48, 49), and the immune
modulator ipilimumab can cause hypophysitis (50).

GHD is the most common endocrine late effect in
childhood cancer survivors treated with CRT (46, 51,
52). The prevalence of GHD varies depending on the type
of tumor and treatment and is most frequent in survivors
of suprasellar tumors and after high-dose HP axis RT
(45-47). Adults with hypopituitarism on conventional
hormone therapy that does not include GHT have an
increased cardiovascular mortality in comparison with
the general population (53, 54).

Clinical manifestations

GHD that develops in childhood usually affects linear
growth (8, 55, 56). GHD in the cancer population has
similar symptoms as we see in the noncancer population
and may be associated (particularly in adults) with re-
duced lean body mass and increased fat mass, an adverse
lipid profile, increased cardiovascular morbidity, im-
paired bone mineral density, impaired quality of life, and
psychosocial problems (57-61). In a large cohort of 695
survivors of childhood cancer enrolled in the St. Jude
Lifetime Cohort study, survivors with untreated GHD
were more likely to have an increased weight-to-height
ratio, decreased lean muscle mass, low energy expendi-
ture, muscle weakness, and poor exercise tolerance
compared with individuals without GHD (47).
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Diagnosis of GHD in childhood cancer survivors

2.1 We recommend lifelong periodic clinical assess-
ment for GHD in survivors treated for tumors in
the region of the HP axis and in those exposed to
HP axis RT =18 Gy (e.g., various brain tumors,
nasopharyngeal carcinoma, acute lymphoblastic
leukemia, lymphoma). (1|&®$0)

Technical remark: The consensus of the writing
committee is to assess height in children every 6 to
12 months.

2.2 We recommend against relying solely on serum
IGF-I levels in childhood cancer survivors ex-
posed to HP axis radiotherapy to make the di-
agnosis of GHD. (1|9#400)

2.3 We advise using the same provocative testing to
diagnose GHD in childhood cancer survivors as
are used for diagnosing GHD in the noncancer
population (Table 2). (Ungraded Good Practice
Statement)
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2.4 We recommend against the use of GHRH alone
or in combination with arginine in childhood
cancer survivors to diagnose GHD after HP axis
radiation. (1|®&$00)

2.5 We suggest against using spontaneous GH se-
cretion (e.g., 12-hour overnight sampling) as a
diagnostic test in determining GHD in childhood
cancer survivors. (2|&000)

2.6 We recommend against formal testing to establish
a diagnosis of GHD in childhood cancer survivors
with three other confirmed anterior pituitary
hormone deficits (Table 2). (1|&600)

2.7 We recommend retesting adult cancer survivors
exposed to HP axis RT and with a diagnosis of
isolated GHD in childhood (Table 2). (1|¢400)

Evidence
HP axis radiation is a potent cause of GHD and the
risk is directly related to the total dose delivered, the dose

Table 2. Related Guidelines Content

Recommendation Number

Guideline Title

Organization Publication Year

Guidelines relevant to the diagnosis content of this guideline
2.3,26,2.7

Guidelines for Growth Hormone and Insulin-Like

Pediatric Endocrine Society 2017

Growth Factor-l Treatment in Children and
Adolescents: Growth Hormone Deficiency,
Idiopathic Short Stature, and Primary Insulin-Like

Growth Factor-I Deficiency
42,52,63

Hormonal Replacement in Hypopituitarism in

Endocrine Society 2016

Adults: An Endocrine Society Clinical Practice

Guideline
Guidelines relevant to the treatment content of this guideline

2.1 Evaluation and Treatment of Adult Growth

Endocrine Society 2011

Hormone Deficiency: An Endocrine Society

Clinical Practice Guideline

Hormonal Replacement in Hypopituitarism in

Endocrine Society 2016

Adults: An Endocrine Society Clinical Practice

Guideline

Guidelines for Growth Hormone and Insulin-Like

Pediatric Endocrine Society 2017

Growth Factor-l Treatment in Children and
Adolescents: Growth Hormone Deficiency,
Idiopathic Short Stature, and Primary Insulin-Like

Growth Factor-I Deficiency

4.3 Testosterone Therapy in Men with Hypogonadism:

Endocrine Society 2018

An Endocrine Society Clinical Practice Guideline

Treatment of Symptoms of the Menopause: An

Endocrine Society 2015

Endocrine Society Clinical Practice Guideline

Hormonal Replacement in Hypopituitarism in

Endocrine Society 2016

Adults: An Endocrine Society Clinical Practice

Guideline

5.4 Hormonal Replacement in Hypopituitarism in

Endocrine Society 2016

Adults: An Endocrine Society Clinical Practice

Guideline

6.4 Hormonal Replacement in Hypopituitarism in

Endocrine Society 2016

Adults: An Endocrine Society Clinical Practice

Guideline

Diagnosis and Treatment of Primary Adrenal

Endocrine Society 2016

Insufficiency: An Endocrine Society Clinical

Practice Guideline
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per fraction, and the time interval postirradiation
(62—64). HP axis RT in children frequently causes ab-
normal HP function later in life (65). HP axis RT initially
affects the hypothalamus, which is more sensitive to ir-
radiation than is the anterior pituitary, based on responses
to anterior pituitary—releasing hormone stimulation in
patients with anterior pituitary hormone deficiencies (635,
66). GHD is usually the first established endocrine sequela
of HP axis RT (51, 63). The prevalence varies depending
on the population studied, follow-up time, type of stim-
ulation test used, and peak GH cut-off levels (67).

GHD is a frequent consequence in childhood cancer
survivors treated for tumors in the region of the HP (45,
68) and in brain tumor and nasopharyngeal carcinoma
survivors exposed to HP axis radiotherapy =30 Gy (47,
62, 69). Furthermore, GHD is also reported in some
acute lymphoblastic leukemia and lymphoma survivors
exposed to 18 to 24 Gy to the HP axis (23, 70-72). In the
even lower doses used for hematopoietic stem cell trans-
plantation, GHD may occur after a single TBI dose of 10 Gy
or fractionated doses of 12 Gy (73); however, with repeated
assessments over time, there can be recovery (40).

In children, auxologic data collected every 6 to
12 months should be considered as the initial screen for
GHD. Clinicians should further investigate for GHD
when there is either linear growth deceleration or no
linear growth acceleration during puberty and when they
have ruled out other potential etiologies of growth failure
(e.g., undernutrition, spinal compromise, hypothyroid-
ism, hypogonadism). Age-adjusted IGF-I levels measured
in an accredited laboratory may be useful in screening for
severe GHD but have limited utility when using a cut-off
of =2 SD (52, 59, 74, 75). For example, Weinzimer et al.
(74) found a sensitivity of 73% for IGF-I for the pre-
diction of GHD in children with brain tumors. Addi-
tionally, clinicians need to interpret IGF-I levels in the
context of sex steroid exposure (precocious puberty and
hypogonadism). In adults, symptoms of GHD are non-
specific. GH testing should be considered in at-risk in-
dividuals with fatigue, increased abdominal fat mass,
weight gain, low energy level, or hyperlipidemia. As for
children, IGF-I levels may be useful in screening for
severe GHD.

Clinicians who suspect GHD in childhood cancer
survivors should perform provocative testing unless there
are three other pituitary hormone deficiencies (76). In the
general population, GHD is established via stimulation
testing using the ITT, glucagon, arginine, levodopa,
clonidine, or GHRH-arginine (if available) (77-79).
Clinicians should not administer GHRH alone when the
damage is primarily hypothalamic, as after radiation
therapy, because it may give false-negative results (i.e.,
normal GH responses despite true GHD). Likewise, the
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GHRH-arginine test can give a falsely normal GH re-
sponse (71, 78, 80). Both ITT and glucagon testing allow
evaluation of the complete hypothalamic—somatotroph
axis (81). Based on a recent meta-analysis, the ability to
diagnose GHD by different provocative tests after CRT is
similar to the general population, with the ITT being
most reliable; however, data are limited (82).

The same GH cut-off levels to stimuli are used in
childhood cancer survivors as in the general population.
Comparing studies to assess prevalence or incidence of
GHD is problematic due to the use of different GH
antibodies, GH standards, and GH assays (83), as well as
the poor reproducibility of these tests (84). Data in
noncancer pediatric populations suggest that clinicians
often misdiagnose children as having GHD, especially
when using peak GH values of 5 to 10 pg/L (83).

Older studies suggested that some children have
GH neurosecretory dysfunction after cranial radiation,
especially after low doses, where there is subnormal
spontaneous GH secretion despite normal GH responses
to stimulation testing (85). However, Darzy et al. (86)
demonstrated normal physiologic GH secretion in adults
who received cranial radiation in childhood, suggesting
that this particular entity (radiation-induced GH neu-
rosecretory dysfunction) either does not exist or is very
rare. Additionally, due to the poor reproducibility of
12-hour overnight GH sampling and the overlap of
responses in normal children and nonchildhood cancer
survivors with GHD (76), as well as the impracticality
of this test in clinical practice, we suggest against using
spontaneous GH sampling, for example, 12-hour over-
night sampling, as a diagnostic test in determining GHD in
the childhood cancer survivors. In adults, the peak GH
cut-off levels to diagnose GHD range from 3 to 5 pg/L for
ITT and 3 pg/L for glucagon (52, 87, 88). Obesity, sex-
steroid deficiency, and hypothyroidism can blunt GH
secretion and yield a false-positive result (e.g., falsely
low GH levels) (83); for example, in an obese individual,
the cut-off of 1 pg/L is used for glucagon (89, 90).

Treatment of GHD in childhood cancer survivors

2.8 We recommend offering GHT in childhood
cancer survivors with confirmed GHD based on
the safety and efficacy demonstrated in that
population. (1|&£00)

2.9 In childhood cancer survivors, we suggest
waiting until the patient has been 1 year
disease-free following completion of therapy
for malignant disease, before initiating GHT.
(2|@000)

2.10 In childhood cancer survivors who have chronic
stable disease and thus may not ever be “disease-
free” (particularly survivors treated for optic
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pathway tumors), we advise discussing the ap-
propriateness of GHT and its timing with their
oncologist. (Ungraded Good Practice Statement)

2.11 We advise treating GH-deficient childhood
cancer survivors with similar GHT regimens as
are appropriate for individuals with GHD from
the noncancer population (Table 2). (Ungraded
Good Practice Statement)

Evidence

GHT is approved for both children and adults with
confirmed GHD. GH dosing guidelines in the transition
period after growth cessation are not well established.
However, as GH secretion and IGF-I levels peak in pu-
berty and decline overtime thereafter (91, 92), the ef-
fective GH dose needs to be higher in the transition
period after growth cessation than in adulthood.

Childhood cancer survivors with GHD who receive
GHT have a significant gain in height as compared with
those who are not treated [see accompanying meta-
analysis (82)]. However, those childhood cancer survi-
vors with GHD who were also treated with CSI or TBI
may have impaired spinal growth and not achieve target
height. Higher spine radiation doses and radiation at a
younger age are associated with impaired spinal growth
(see section 1. “Short Stature/Impaired Linear Growth in
Childhood Cancer Survivors”). GHT results in either an
improvement or no difference in the risk of T2DM,
dyslipidemia, and metabolic syndrome [see accompa-
nying meta-analysis (82)]. The discrepant results between
studies may be due to metabolic improvements being
offset by the effect of GH on increasing insulin resistance.
Likewise, quality of life after GHT is either improved or
unchanged (58, 60, 93).

Concerns have been raised regarding the long-term
safety of GHT in childhood cancer survivors, as GH and
the target hormone, IGF-1, have in vitro proliferative
effects, and IGF-I also has proangiogenic and anti-
apoptotic properties (94). Available data on the safety of
GH in childhood cancer survivors are based on obser-
vational studies with selection bias and a lack of ran-
domized placebo-controlled studies. Childhood cancer
survivors have an increased risk of developing menin-
gioma and glioma due to radiation exposure (95, 96);
they also are at risk for GHD and will be potential
candidates for GHT (67). Previous data on GH-treated
childhood cancer survivors indicated that GHT might
potentially induce a small increase in the relative risk of
developing second neoplasms compared with survivors
not receiving GHT (97, 98), with research indicating that
meningiomas are the most common second neoplasm
(97). However, the elevated risk decreased over time (99).
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Although the reason for this decrease is unknown, it has
been speculated that GH-treated individuals may have
been subjected to earlier and increased surveillance (100).
Recent studies have shown no significant association
between GHT and the development of a second neoplasm
of the central nervous system (CNS) in childhood can-
cer survivors (100-102). In the systematic review and
meta-analysis conducted for this guideline, there was no
statistically significant difference in the occurrence of
secondary tumors in survivors treated with GH com-
pared with those not treated (OR, 1.34; 95% CI, 0.92 to
1.96). Similarly, studies show no significant change in the
risk of tumor recurrence in survivors treated with GH,
compared with those not treated (overall OR, 0.57; 95%
CI, 0.31 to 1.02) [see accompanying meta-analysis (82)].
At a recent workshop, the Growth Hormone Research
Society concluded that there are no indications of an
increased risk of recurrence of primary cancers after
GHT in children, and the association between GHT and
risk of second tumors is insufficient to make recom-
mendations against GHT (103).

However, few data are available to provide recom-
mendations when to initiate GHT after cancer treatment
(103). Traditionally, clinicians start GHT for survivors of
malignant tumors at least 1 year after a childhood cancer
survivor is disease-free; thus, the safety of GHT prior to
that time is not clear. An exception is craniophar-
yngiomas (which are considered benign tumors); in these
cases, GHT has been safely initiated earlier (as early as
0.7 year from diagnosis) (104). Additionally, there are
patients who may have stable disease, rather than being
disease-free. This is often the case in subjects with optic
pathway gliomas (low-grade tumors frequently found
in association with neurofibromatosis type 1). In these
cases, disease can remain stable for prolonged pe-
riods, despite radiation and/or chemotherapy treat-
ments (105). For these patients, clinicians should
discuss whether to initiate GHT and its timing with the
patient’s oncologist.

It is important to note that GHT in children with GHD
who had been treated with CSI and TBI may result in
improvement in leg length but not spinal height (see
section 1. “Short Stature/Impaired Linear Growth in
Childhood Cancer Survivors”). Additionally, GHT may
exacerbate an existing scoliosis, a condition not un-
common following either spinal surgery and/or spinal
RT. GHT in the noncancer population is associated
with an increased incidence of slipped capital femoral
epiphysis (SCFE) (76). GHT in the noncancer pop-
ulation also commonly results in a decrease in insu-
lin sensitivity and a compensatory increase in insulin
secretion (76). As childhood cancer survivors are at
increased risk for both SCFE (106) and metabolic
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syndrome (107, 108) (particularly after TBI), the po-
tential risk for SCFE and T2DM should be a factor when
clinicians consider GHT in survivors. Therefore, when
considering GHT, clinicians need to carefully weigh the
potential risks against the potential benefits. Similar to
the Pediatric Endocrine Society’s recommendations for
the noncancer population (76), we recommend that
clinicians monitor serum IGF-I concentrations in pa-
tients on GHT and ensure they are kept within the
normal range for sex, age, and pubertal status.

3. Central Precocious Puberty in Childhood
Cancer Survivors

Epidemiology, morbidity, and mortality

The prevalence of CPP in childhood cancer survivors is
estimated at 11.9% to 15.2% (109, 110). CPP in the
context of a CNS insult may be associated with the
accelerated fusion of the growth plates and potentially
significant losses in AH (109, 111). Early sexual devel-
opment may also result in challenges regarding the
psychosocial adjustment of patients (112).

Etiology and clinical manifestations

CPP is defined by the onset of pubertal development
before the age of 8 years in girls and 9 years in boys as a
result of the premature activation of the HP gonadal axis
(109, 113). Table 1 summarizes the risk factors of CPP in
childhood cancer survivors.

Diagnosis of central precocious puberty in childhood
cancer survivors

3.1 We recommend periodically assessing childhood
cancer survivors for evidence of CPP if they have a
history of hydrocephalus, tumors developing in or
near the hypothalamic region, and/or have been
exposed to HP radiation. (1|©@®0)

3.2 We recommend against using testicular volume as
the primary or sole indicator of degree of sexual
development in male childhood cancer survivors
previously treated with gonadotoxic agents, such
as alkylating agents or testicular radiotherapy.
(1|e®@0)

3.3 We recommend measuring serum testosterone,
preferably using liquid chromatography-tandem
mass spectroscopy, and LH levels prior to 10:00 AM
to complement the clinical assessment of male
childhood cancer survivors who are suspected of or
are at risk for developing CPP and were exposed to
gonadotoxic treatments. (1/&6£00)

Technical remark: Clinicians need to interpret
plasma LH levels in patients exposed to gona-
dotoxic treatments in the context of their medical
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history and physical examination. Elevated LH
levels in such patients may be due to primary
gonadal injury rather than to the onset of central
puberty.

Evidence

CPP is among the most common endocrine compli-
cations in children with tumors arising near the hypo-
thalamus or optic pathways (such as low-grade gliomas),
and it is often associated with neurofibromatosis type 1
(109, 111, 113-115). The prevalence of CPP in patients
with these tumors is between 26% and 39% (109, 111,
115). Exposure to HP axis radiation at a wide range of
doses (20 to 50 Gy) has also been associated with CPP,
albeit with a lower frequency (6.6%) (109). Additional
risk factors for CPP include hydrocephalus (113), young
age at HP axis RT, and (in patients exposed to HP
axis RT) female sex and increased body mass index
(110, 116).

The clinical diagnosis of pubertal onset in female
childhood cancer survivors primarily relies on the ob-
servation of breast development (as in the noncancer
population). The diagnosis of pubertal onset in male
childhood cancer survivors previously exposed to gona-
dotoxic treatments (e.g., alkylating agents, testicular
radiation) requires a different approach than in males in
the noncancer population, in whom increasing testicular
volume is an early clinical indicator of the onset of
puberty. Testicular volume is known to be affected by
gonadotoxic cancer treatments because of germ cell and
Sertoli cell injury (117-119). Research has indicated that
testicular size plots below the 10th percentile for chro-
nologic age in up to 50% of male survivors of acute
lymphoblastic leukemia treated with CRT and extended
abdominal radiotherapy (117), and it averages —2.0 SD
in pediatric hematopoietic stem cell transplant recipients
exposed to TBI (119). Studies have shown that the testes
of adult childhood cancer survivors are significantly
smaller than controls (118) and correlate with impaired
germ cell function (120).

Given the limited reliability of testicular volume as a
means of pubertal staging in male childhood cancer
survivors treated with gonadotoxic modalities, labora-
tory markers such as AM serum testosterone and LH
plasma levels may allow an earlier and more accurate
assessment in this subset of patients whose Leydig cell
function is less frequently affected than their germ cell
function (117, 119). Liquid chromatography-tandem
mass spectroscopy should preferably be used to measure
serum testosterone levels (79). Medical providers should
be aware that serum LH elevations could be due to
primary gonadal injury rather than to the central onset of
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puberty in patients exposed to gonadotoxic treatments,
and clinicians should interpret laboratory data in the
context of the patient’s cancer history and clinical pre-
sentation (121). Measuring serum testosterone is espe-
cially helpful in boys exposed to gonadotoxic therapies
and who are at risk for CPP given the challenges in the
interpretation of clinical parameters (e.g., testicular
volume) and LH values. In girls with elevated gonado-
tropins, the assessment of pubertal progression based on
Tanner staging (breast development), the measurement
of estradiol levels, and the assessment of uterine length
and shape via ultrasound can help distinguish between
CPP and primary gonadal insufficiency (122).

As discussed in section 1 (“Short Stature/Impaired
Linear Growth in Childhood Cancer Survivors™), the
interpretation of growth velocity in childhood cancer
survivors should be based not only on chronological age,
but also on pubertal stage because of the frequent as-
sociation between CPP and GHD (109, 111). Patients
with genetic syndromes (such as neurofibromatosis type
1) and those exposed to craniospinal radiotherapy may
also experience CPP (26, 123). GHD may compromise a
patient’s ability to experience linear growth acceleration
during puberty in general and CPP in particular. Oth-
erwise, the diagnostic work-up of childhood cancer
survivors suspected of CPP follows the general steps
followed in the general pediatric population (Table 2)
(121, 124-126).

Treatment of central precocious puberty in
childhood cancer survivors

3.4 We advise that the indications and the type of
treatment regimens for CPP in childhood cancer
survivors should be similar to those used for CPP
in the noncancer population (Table 2). (Ungraded
Good Practice Statement)

Evidence

Historical data on patients with tumor-related CPP
who were not treated with pubertal suppression are
scarce but suggest poor AH outcomes; although these
patients may not have received treatment for other
complications, including GHD (127). Studies have
shown that pubertal suppression with gonadotropin-
releasing hormone agonist (GnRHa) improves the AH
of patients with CPP (not necessarily childhood cancer
survivors) in comparison with their predicted AH at
baseline (128-131). One study compared a cohort of
26 patients with CPP (31% related to a CNS insult)
diagnosed at a young age (median 5 years) and treated
with GnRHa to historical controls matched for de-
mographic factors and etiology (131). The report
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showed a significant improvement in final or near AH
in the treated group (—0.9 = 0.3 SD in females, —1.7 =
1.6 in males) in comparison with nontreated his-
torical controls (—=1.9 = 0.2 in females, —3.2 =+
6.4 SD in males; P = 0.01 for both) (131). These data
allow speculation that childhood cancer survivors with
CPP most likely benefit from pubertal suppression
with GnRHa (109, 113). Available AH data have
nevertheless indicated that patients may not experi-
ence a complete recovery of their growth, and patients
and families should be informed of the multifactorial
nature of growth impairment in childhood cancer
survivors (109, 129). Children with a history of hy-
drocephalus, HP tumors, and/or radiotherapy may
experience nonprecocious but early onset puberty (8 to
9 years in girls or 9 to 10 years in boys) or rapid tempo
of puberty (132, 133). Data are limited regarding the
benefits of treatment with GnRHa on these forms of
puberty in childhood cancer survivors, except in pa-
tients who also have GHD and in whom pubertal
suppression, in association with GH therapy, seems to
result in improved height outcomes (17, 132). There
are no data supporting the use of GnRHa to augment
the AH prospects of childhood cancer survivors ex-
periencing normal pubertal development. The overall
course of treatment of CPP in childhood cancer sur-
vivors can follow the advice in place for noncancer
populations (121, 134).

4. Hypogonadotropic Hypogonadism in
Childhood Cancer Survivors

Epidemiology, morbidity, and mortality

The estimated prevalence of LH/FSH deficiency (LH/
FSHD) in childhood cancer survivors is 10.8% (47).
Depending on the age of onset, LH/FSHD may manifest
as delayed puberty (absence of signs of puberty after the
ages of 13 years in girls and 14 years in boys) (135) or
interrupted puberty, or LH/FSHD may manifest during
adulthood as amenorrhea (females) or symptoms related
to low testosterone (males). Untreated LH/FSHD in older
childhood cancer survivors may be associated with ad-
verse cardiovascular and bone health outcomes (47).
Confounders related to the interpretation of low tes-
tosterone levels in obese men have complicated the un-
derstanding of the true impact of this problem (47, 136).

Etiology

LH/FSHD may occur within the context of pan-
hypopituitarism following the direct anatomical injury of
the HP area due to tumor growth or surgery. LH/FSHD
may also occur as a late effect of HP axis radiation,
especially at doses =30 Gy (47, 65, 137).

6102 Arenuer zo uo Jasn A19100S auLoopug o1us|aH Aq Z259v0S/19/22/8/S0 L AoeNsqe-ajonie/weol/woo dno-olwapese//:sdiy Woil papeojumoc]


http://dx.doi.org/10.1210/jc.2018-01175
https://academic.oup.com/jcem

2774 Sklar et al Endocrine Consequences of Childhood Cancer

Diagnosis of LH/FSHD in childhood cancer survivors

4.1 We recommend screening for LH/FSHD in child-
hood cancer survivors exposed to HP axis radiation
at doses =30 Gy and in those with a history of
tumors or surgery affecting the HP axis region.
(llees0)

4.2 We advise using the same strategies to diagnose
LH/FSHD in childhood cancer survivors as are
used in the noncancer population (Table 2).
(Ungraded Good Practice Statement)

Evidence

Childhood cancer survivors who are at risk for de-
veloping LH/FSHD because of their tumor or treatment
history require periodic evaluation of their HP gonadal
function (47, 65, 137-139). These assessments are im-
portant given the potential occurrence of LH/FSHD as
a late effect and the rather nonspecific symptoms associated
with this deficiency, especially in males (47, 79, 136).

The diagnosis of LH/FSHD in the general pediatric and
adolescent population is complicated by the high prevalence
of constitutional delay of growth in boys and by the
presence of several congenital causes for LH/FSHD such as
Kallmann syndrome, pituitary stalk interruption, and
midline defects (140). Although such considerations may
pertain to childhood cancer survivors experiencing
pubertal delay, exposure to HP axis radiation and the
presence of other pituitary deficiencies are generally
robust indicators of LH/FSHD (1335). Undetectable,
low, or declining serum testosterone levels (males) or
undetectable or low estradiol levels (females) in the
setting of low or inappropriately normal levels of go-
nadotropins past 13 years of age in girls and 14 years of
age in boys are suggestive of LH/FSHD during ado-
lescence (135, 140). The diagnosis of LH/FSHD in adult
childhood cancer survivors follows the same steps as
those outlined by the Endocrine Society for the general
population (79). Medical providers should cautiously
interpret gonadotropin and sex hormone levels in obese
or underweight individuals. It is important to note that
childhood cancer survivors exposed to high-dose HP
axis radiation, especially in the range =50 Gy, are at
risk for developing hyperprolactinemia (65), which may
also occur as a side effect of various drugs, especially
antipsychotics. Hyperprolactinemia should be ruled out
in patients with suspected LH/FSHD, as is the case in the
general population (79).

Treatment of LH/FSHD in childhood cancer survivors

4.3 We advise following the same treatment approach
to LH/FSHD in childhood cancer survivors as is
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appropriate in the noncancer population (Table 2).
(Ungraded Good Practice Statement)

Evidence

Pubertal induction in adolescent female childhood
cancer survivors with LH/FSHD can follow guidelines
available for the general pediatric population (135, 140).
The use of testosterone to induce puberty in boys during
adolescence does not seem to adversely impact future
fertility prospects in patients with LH/FSHD (141);
however, data specific to childhood cancer survivors are
limited (142).

Clinicians can use the same guidelines for the di-
agnosis and management of LH/FSHD in adult child-
hood cancer survivors as they do for adults with LH/
FSHD (Table 2). Other measures potentially improving
bone health, such as adequate dietary calcium intake and
vitamin D supplementation, should be offered, along
with sex hormone replacement (79). The benefits of es-
trogen replacement have been deemed to outweigh the
risk of breast cancer in women 40 to 49 years in the
general population (79). There are no data to support
the need for a different approach in female childhood
cancer survivors requiring estrogen/progesterone re-
placement for LH/FSHD. Preliminary studies do not
support an increased risk of secondary breast cancer fol-
lowing spinal radiotherapy (143). In a recent study of
hormone replacement therapy in women with premature
ovarian insufficiency and a history of exposure to chest RT,
the risk of breast cancer remained significantly lower than
in childhood cancer survivors who retained normal ovarian
function (144). Those with premature ovarian insufficiency
who received hormone replacement therapy had a modestly
increased risk of breast cancer, but not to the same degree as
those with endogenous hormone production.

Medical providers should be aware of known drug
interactions between antiepileptic medications and es-
trogen replacement, with potential repercussions on the
efficacy of either treatment when the other is added or
doses are changed (79). Antiepileptic drugs with enzyme-
inducing properties (such as carbamazepine, oxcarba-
zepine, phenobarbital, phenytoin, and topiramate) may
decrease the efficacy of sex hormones by interfering with
their metabolism or by increasing the secretion of sex
hormone-binding globulin. Other, nonenzyme-inducing,
antiepileptic drugs such as lamotrigine, valproate, and
levetiracetam have been shown to cause changes in
plasma sex hormone concentrations but the mechanisms
are unknown. Conversely, estrogen replacement may
increase seizure risk in patients treated for epilepsy be-
cause of increased neuron excitability and/or interfer-
ence with drug metabolism (as with lamotrigine) (145).
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Estrogen replacement therapy increases the production of
thyroid-binding globulin and may decrease the pro-
duction of IGF-I; these interactions may require in-
creasing the doses of levothyroxine and human recombinant
GH in patients on treatment of hypothyroidism and GHD,
respectively (79). The effect of estrogen replacement on
circulating IGF-I may be avoided if transdermal formula-
tions are used in lieu of oral forms (79). Clinicians should
discuss the risks and benefits of estrogen replacement with
patients and base treatment decisions on relevant guidelines
and patient preferences.

5. Central Hypothyroidism-TSH Deficiency
in Childhood Cancer Survivors

Epidemiology, Morbidity, and Mortality

The diagnosis of central hypothyroidism or TSH de-
ficiency (TSHD) is complicated, and there is no uniform
definition by which to make the diagnosis. Most endocri-
nologists diagnose TSHD in a patient recognized to be at risk
for hypothalamic damage based on a low-normal or below-
normal free T4 (fT4) level with a TSH level in the normal,
below normal, or mildly elevated range (146). The diagnosis
is more likely when based on progressively declining fT4
levels over time (147, 148). In the context of this broad
definition, studies have reported that the prevalence of
TSHD in childhood cancer survivors who have CNS tumors
or were treated with HP axis RT is 2.6% to 14.9% (47,111,
149-157). Symptoms are subtle, often delaying diagnosis.

Etiology

TSHD and ACTH deficiency (ACTHD) are among the
least common anterior pituitary hormone deficits. TSHD
is most often present after high-dose HP RT (47, 151);
however, neither TSHD nor ACTHD is commonly
present with doses <24 Gy or after TBI. A study of adult
survivors of childhood cancer reported TSHD in 7.5% of
participants with HP RT dose =30 Gy as an independent
risk factor (47). Clinicians should evaluate patients with
tumors in the HP region for TSHD if they have had
suprasellar surgery or other hypothalamic deficiencies.

Factors associated with TSHD include hypothalamic
involvement, radiation site and dose, and time elapsed
since radiation exposure (111, 150, 152, 156). In general,
chemotherapeutic agents have not been associated with
TSHD (150, 155).

Diagnosis of central hypothyroidism in childhood
cancer survivors

5.1 We recommend lifelong annual screening for
TSHD in childhood cancer survivors treated for
tumors in the region of the HP axis and those
exposed to =30 Gy HP radiation. (1|¢9a0)
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5.2 We advise using the same biochemical tests to
screen for TSHD in childhood cancer survivors as
are used in the noncancer population (Table 2).
(Ungraded Good Practice Statement)

5.3 We recommend against using serum triiodothyro-
nine, TSH surge analysis, or thyrotropin-releasing
hormone stimulation to diagnose TSHD. (1|&600)

Evidence

Clinicians should obtain fT4 and TSH levels at least
annually (47, 147, 149, 151, 152). An fT4 level at the lower
limits of normal or below the reference range in conjunction
with a low, normal, or mildly elevated TSH level that does
not appear appropriate for the fT4 level in the setting of
disruption to the hypothalamus or pituitary is evidence of
TSHD. The case for TSHD is made stronger with pro-
gressively decreasing fT4 levels (148). TSHD can develop
many years after radiation exposure, and for this reason we
recommend lifelong surveillance (158).

Previous data indicated that hidden central hypothy-
roidism was an early, subtle hypothalamic abnormality that
clinicians could detect via the TSH surge pattern or TSH
response to stimulation testing (159). Subsequent research
indicated that the abnormalities of TSH dynamics un-
covered by TSH surge analysis and thyrotropin-releasing
hormone stimulation testing represent subtle variations that
are not indicative or predictive of TSHD (160).

Treatment of TSHD in childhood cancer survivors

5.4 We advise using the same approach to treat
TSHD in childhood cancer survivors as is used in
the noncancer population (Table 2). (Ungraded
Good Practice Statement)

Evidence

The treatment of central hypothyroidism in childhood
cancer survivors is no different than in other children/
adolescents with TSHD. The thyroid axis is one of the
more resilient axes, and there is an increased risk of
damage to other HP endocrine axes, which should be
addressed. Clinicians should therefore perform regular,
careful surveillance for GHD, full and partial ACTHD,
and abnormalities of LH/FSH secretion in childhood
cancer survivors who had RT, tumors, or surgery in the
area around the hypothalamus and pituitary and who are
diagnosed with TSHD (13, 147, 149). Clinicians should
confirm the existence of an intact adrenal axis before
beginning thyroid hormone replacement, recheck fT4
levels 4 to 6 weeks after dose adjustment or starting GH
replacement, and maintain fT4 levels in the middle to
upper half of the normal range. TSH levels are not useful
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in monitoring the adequacy of thyroid hormone re-
placement in subjects with TSHD (79, 161). Many
survivors at risk for TSHD are also at risk for seizures,
and treatment with antiepileptic medications such as
phenytoin, carbamazepine, oxcarbazepine, and top-
iramate can accelerate the metabolism of thyroid hor-
mones. Consequently, clinicians should monitor thyroid
hormone levels after starting or changing the dose of
antiepileptics (145, 162). Commonly used fT4 assays,
which use competitive binding methods, may give arti-
factually low fT4 levels in patients who are treated with
antiepileptics (e.g., phenytoin, carbamazepine, oxcar-
bazepine) due to displacement of thyroid hormone from
binding proteins (163). Confirmation of the low fT4 level
by a direct method, such as equilibrium dialysis or ul-
trafiltration, may be indicated in these patients.

6. ACTHD in Childhood Cancer Survivors

Epidemiology, morbidity, and mortality

ACTHD is characterized by inadequate cortisol secre-
tion due to impaired production/secretion of ACTH. It can
result from damage to the hypothalamus and/or pituitary
gland due to tumors and/or surgery in the HP region (e.g.,
craniopharyngiomas, suprasellar germinomas, optic path-
way gliomas) (45, 164, 165) or to HP injury following high-
dose (>30 Gy) HP radiation (47).

The prevalence of ACTHD (excluding exogenous ste-
roid use) varies by tumor type and treatment (164-166).
ACTHD has been associated with increased morbidity
and mortality in pediatric survivors (167, 168).

Etiology and clinical manifestations

We list the major risk factors for ACTHD in Table 1.
Although transient ACTHD secondary to exogenous
glucocorticoids is very common in this population,
particularly during active cancer treatment, this guideline
focuses on permanent forms of ACTHD. The clinical
symptoms most commonly associated with ACTHD in
cancer survivors are similar to those described in the
noncancer population (79). Given the nonspecific nature
of these symptoms, it may be very difficult to distinguish
between symptoms related to the underlying cancer,
comorbidities from the disease and its treatment, or the
presence of ACTHD. Partial ACTHD may be asymp-
tomatic; thus, clinicians might not diagnose it unless they
have a high degree of suspicion.

Diagnosing ACTHD in childhood cancer survivors

6.1 We recommend lifelong annual screening for
ACTHD in childhood cancer survivors treated for
tumors in the HP region and in those exposed
to =30 Gy HP radiation. (1|&&60)
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6.2 We suggest screening for ACTHD in childhood
cancer survivors exposed to between =24 Gy and
30 Gy HP radiation who are >10 years post-
radiation or develop clinical symptoms suggestive
of ACTHD. (2|5000)

6.3 We advise using the same screening and dynamic

testing procedures to diagnose ACTHD in child-
hood cancer survivors as are used in the noncancer
population (Table 2). (Ungraded Good Practice
Statement)
Technical remark: Clinicians should consider the
influence of oral estrogen on total cortisol levels, as
it can increase cortisol-binding globulin raising
total, but not free, cortisol levels.

Evidence

Radiation-induced ACTHD is known to be both time-
and dose-dependent (169). Following HP radiation,
ACTHD appears to occur less commonly than GH and
LH/FSH deficiencies and is present primarily in child-
hood cancer survivors treated with doses of HP radiation
>30 Gy (47, 151, 166, 170, 171), although the precise
prevalence varies depending on the population studied,
length of follow-up, and the type of biochemical testing
used (4% to 43%). The two largest studies to assess
ACTHD risk following HP radiation reported most cases
of ACTHD in survivors exposed to >30 to 40 Gy HP
radiation (47, 166). Although ACTHD is uncommon in
subjects treated with HP doses =24 Gy (47, 166, 170,
172), a recent study of adult survivors of acute leukemia
followed for >10 years reported biochemical evidence of
ACTHD in more than a third of survivors exposed to a
mean HP dose of 24 Gy (173). Data indicate that new
cases of ACTHD emerge as late as 25 or more years after
HP radiation (47).

A variety of tests are available for diagnosing ACTHD,
including the ITT, standard- and low-dose ACTH
stimulation test, glucagon stimulation test, and the
overnight oral metyrapone test. Controversy exists as to
which modality is the most reliable in establishing a
diagnosis of ACTHD, irrespective of the underlying
cause (90, 166, 169, 174, 175). Additionally, several
factors can affect the determination of cortisol levels in
plasma, including changes in cortisol-binding globulin.
Of note, females taking oral contraceptives have ele-
vated cortisol-binding globulin levels, which can make
the interpretation of cortisol levels difficult (174). Al-
though many view the ITT as the “gold standard” to
diagnose ACTHD, most clinicians use the ACTH
stimulation test due to its convenience and safety profile
(174). The Endocrine Society’s guideline on hormonal
replacement in hypopituitarism in adults (79) includes
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recommendations for testing for ACTHD. Two re-
cently published systematic reviews and meta-analyses
on ACTH stimulation tests for diagnosing adrenal
insufficiency—one performed by the Endocrine Society
in both adults and children (176) and one confined only
to ACTHD in children (177)—concluded that the
standard- and low-dose ACTH stimulation tests had
similar accuracy for diagnosing ACTHD. Moreover, the
study by Ospina et al. (176) concluded that both
standard- and low-dose ACTH stimulation tests
are adequate to rule in, but not rule out, ACTHD.
Depending on the dilution method used when per-
forming the low-dose ACTH stimulation test, there may
be considerable variation in the actual dose delivered,
raising the risk of inaccurate dosing and invalid re-
sults (178). Appreciation of the pretest probability of
ACTHD and the limitations of the assays for cortisol (as
well as the limitations of the various dynamic tests) are
critical in establishing a diagnosis of ACTHD.

Treating ACTHD in childhood cancer survivors

6.4 We advise that clinicians use the same gluco-
corticoid regimens as replacement therapy in
childhood cancer survivors with ACTHD as are
used in the noncancer population with ACTHD
(Table 2). (Ungraded Good Practice Statement)

6.5 We recommend that clinicians instruct all patients
with ACTHD regarding stress dose and emer-
gency glucocorticoid administration and instruct
them to obtain an emergency card/bracelet/necklace
regarding adrenal insufficiency and an emergency
kit containing injectable high-dose glucocorticoid.
(1|@®a0)

Evidence

The Endocrine Society’s guidelines on primary adrenal
insufficiency (179) and treating ACTHD in adults (79)
include recommendations for physiologic daily re-
placement and for treating suspected adrenal crisis.
Separate studies exist for treating ACTHD during
childhood and adolescence (174). However, there are
no specific studies addressing the treatment of ACTHD
in childhood cancer survivors. Glucocorticoid defi-
ciency has been shown to impair free water clearance,
which can mask the symptoms of polyuria in subjects
with central diabetes insipidus (180). Thus, when ini-
tiating glucocorticoid replacement therapy, clini-
cians should monitor for the development of diabetes
insipidus in at-risk patients and the exacerbation of
symptoms in those with pre-existing partial diabetes
insipidus. Some antiepileptics enhance hepatic CYP450
isoenzyme activity (e.g., phenytoin, carbamazepine,
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oxcarbazepine, and topiramate), which can affect the
metabolism of glucocorticoids, especially dexamethasone.
A recent guideline reviews the management of glu-
cocorticoids in subjects taking enzyme-inducing
antiepileptics (79).

Method of Development of
Evidence-Based Clinical Practice Guidelines

GRADE approach

The guideline writing committee followed the ap-
proach recommended by the Grading of Recommen-
dations, Assessment, Development, and Evaluation
Group, an international group with expertise in the
development and implementation of evidence-based
guidelines (181). A detailed description of the grading
scheme has been published elsewhere (182). The
writing committee used the best available research
evidence to develop the recommendations. The writing
committee also used consistent language and graphical
descriptions of both the strength of a recommendation
and the quality of evidence. In terms of the strength
of a recommendation, strong recommendations use
the phrase “we recommend” and the number 1, and
conditional recommendations use the phrase “we
suggest” and the number 2. Cross-filled circles in-
dicate the quality of the evidence, such that #O00
denotes very low—quality evidence; ©®00, low
quality; @®®0, moderate quality; and ®®®®, high
quality. The writing committee has confidence that
persons who receive care according to the strong
recommendations will derive, on average, more ben-
efit than harm. Conditional recommendations require
more careful consideration of the person’s circum-
stances, values, and preferences to determine the best
course of action. Linked to each recommendation is a
description of the evidence and the values that the
writing committee considered in making the recom-
mendation. In some instances, there are remarks in
which the writing committee offers technical sugges-
tions for testing conditions, dosing, and monitoring.
These technical comments reflect the best available
evidence applied to a typical person being treated.
Often this evidence comes from the unsystematic obser-
vations of the writing committee and their preferences;
therefore, one should consider these remarks as suggestions.

In this guideline, the writing committee made several
statements to emphasize the importance of shared decision-
making, general preventive care measures, and basic
principles of treatment of hypothalamic—pituitary and
growth disorders in childhood cancer survivors. They la-
beled these “Ungraded Good Practice Statement.” Direct
evidence for these statements was either unavailable or not
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systematically appraised and considered out of the scope of
this guideline. The intention of these statements is to draw
attention to these principles.
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Context: Thyroid nodules are increasingly recognized in children and are associated with a greater
risk for thyroid cancer compared with adults. Thyroid ultrasound is the favored tool for evaluation of
thyroid nodules; however, there are limited data regarding the accuracy of thyroid ultrasound to
confirm features associated with a low risk of thyroid cancer in children.

Objectives: We examined whether thyroid ultrasound is capable of accurately identifying thyroid
nodules at a low risk of malignancy in children.

Design and Setting: Using a retrospective cohort study design, we identified children age =18 years
with thyroid nodules and adequate follow-up. Ultrasound images were reviewed independently by
two blinded expert radiologists, and ultrasound characteristics were analyzed to determine optimal
predictive value and reliability.

Patients and Results: A total of 417 subjects were found to have thyroid nodules, and 152 subjects
had adequate follow-up; 59 (38.8%) of these were diagnosed with thyroid cancer. We evaluated 236
individual nodules. Features most consistent with benign nodules included small size, isoechoic
echogenicity, partially cystic structure, sharp or noninfiltrative margins, absent Doppler flow, and
absent calcifications. Significant variability was found between expert interpretations of ultrasound
features. Thyroid nodule composition appears to be the most sensitive and reliable feature for
stratifying the risk of thyroid cancer. Ultrasound accurately identified benign thyroid nodules in
80.9% of subjects (95% confidence interval, 74-86.6).

Conclusions: Ultrasonography is useful for the evaluation of thyroid nodules, but we found no
combination of ultrasound features sufficient to exclude thyroid cancer without a biopsy.
(J Clin Endocrinol Metab 103: 1958-1965, 2018)

he incidence of thyroid nodules and cancers in chil-
dren and adolescents has increased over the past 30
years (1-3). The annual incidence of thyroid cancer has
increased by 3.74% per year in all children, with the
majority of cases being identified in adolescent female
patients (4). Although thyroid nodules are generally
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associated with a low risk of malignancy in adults (~5%
to 10%), the risk of malignancy is significantly higher in
children (22% to 26%) (5, 6). Nonetheless, most thyroid
nodules in children are benign.

Thyroid ultrasound is the principal tool for risk
stratification of thyroid nodules. Although ultrasound

Abbreviations: ATA, American Thyroid Association; Cl, confidence interval; OR, odds ratio.
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features that suggest malignancy are well recognized,
there are sparse data to confirm which nodules have a low
risk of representing thyroid cancer for which biopsy and
surgery could be reasonably avoided. Large studies in
adults have demonstrated a low risk for thyroid cancer in
nodules with partially cystic composition and isoechoic
echogenicity combined with the absence of high-risk
features (e.g., calcifications, infiltrative borders, taller-
than-wide shape, and extrathyroidal extension). The
American Thyroid Association (ATA) guidelines for
evaluation of thyroid nodules in adults recognize combi-
nations of ultrasound features associated with low (<10%)
risk of thyroid cancer and support withholding thyroid
nodule biopsy until the nodule exceeds 1.5 cm in maximal
dimension (7, 8). No such risk stratification strategy has
been identified in children, so fine needle aspiration (FNA)
biopsy is routinely recommended for children with solid or
partially cystic thyroid nodules =1 ¢cm in maximal diameter
or any size nodule with any suspicious features (1).

Current data regarding ultrasound evaluation of
thyroid nodules in children are limited by small numbers,
variability in ultrasound protocols and technologies,
referral bias, potential bias from nonblinded evaluation
of ultrasounds, and a lack of assessment of reliability of
ultrasound interpretation between radiologists (5, 9-14).
These limitations undermine confidence in the predictive
ability of thyroid ultrasonography in children.

This study was designed to examine the diagnostic
accuracy of thyroid ultrasonography with color flow
Doppler in a large cohort of children analyzed by ex-
perienced radiologists blinded to the subjects’ clinical
information. Qur primary objective was to determine
whether any ultrasound features alone or in combination
could be associated with a low enough risk of malignancy
(<10% risk) to allow for the same conservative approach
currently practiced in adults. Additionally, we sought to
determine the reliability of thyroid ultrasound features
between expert radiologists.

Materials and Methods

We performed a retrospective cohort study including all chil-
dren (defined as age =18 years) diagnosed with a thyroid nodule
in the Children’s Hospital of Philadelphia medical system be-
tween January 2009 and March 2013 who underwent adequate
clinical follow-up to determine whether the nodule was ma-
lignant. The protocol was reviewed and approved by the
Children’s Hospital of Philadelphia institutional review board.

Subjects were identified through a system-wide search based
on completion of a neck ultrasound (CPT 76536) for any reason
and were considered for inclusion if chart review confirmed the
presence of a thyroid nodule. Review of the ultrasound images
and medical record was performed to confirm that subjects
had a thyroid nodule =0.5 cm. Clinical follow-up was con-
sidered adequate if any of the following were achieved: (1)
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surgical pathology; (2) FNA biopsy consistent with a benign
lesion plus follow-up including ultrasound imaging without
evidence of substantial growth (>20% increase in maximal
dimension) or new suspicious features for =12 months; or (3)
clinical follow-up including ultrasound imaging without evi-
dence of substantial growth (>20% increase in maximal di-
mension), no new suspicious sonographic features, and no
clinical suspicion of malignancy for =12 months.

Study data were collected and managed using REDCap
electronic capture tools hosted at the University of Pennsylva-
nia. Ultrasound image sets (including dynamic images when
available) were manually extracted and coded (ShowCase 5.0;
Trilium Technology, Inc., Ann Arbor, MI) to remove identifiers.
Two blinded radiologists with expertise in adult and pediatric
thyroid ultrasonography evaluated the image sets indepen-
dently. One radiologist reviewed all images for the study, and
the acquired data were used for the primary analysis. Reliability
of ultrasound interpretation was determined by duplicating a
random selection of images (30%) for review by the primary
radiologist and the second radiologist. Consistent with real-
world experience, disagreements between reports were not
reconciled.

Statistical analysis

Data analysis was performed using Stata 12.1 (Stata-
Corp, College Station, TX). A P value of <0.05 was
considered statistically significant, and two-sided tests
were used. Group differences in subjects with thyroid
carcinoma and subjects with benign lesions were de-
termined using Wilcoxon rank sum or Kruskall-Wallis as
indicated. Differences in proportions were assessed using
Fisher’s exact test or x> test as indicated. Reliability was
assessed through use of Cohen’s k. Based on our power
calculations and on the expectation of a prevalence of
malignancy of 30%, 149 subjects would be required to
provide 90% power to detect an inferior negative pre-
dictive value of 90% with o = 0.05.

Data were analyzed in a bivariate logistic regression
model with adjustment for clustering within individuals.
Variables that were clinically important or found to be
statistically significant in bivariate modeling were in-
cluded in a multivariable logistic regression model with
adjustment for clustering; backward deletion was used
to determine the variables that affected the final model.
The final model was validated by a sensitivity analy-
sis. Variables were further analyzed in isolation and in
combination to determine their sensitivity, specificity,
negative predictive value, and positive predictive value
with 95% confidence intervals (CIs). Predictive modeling
was accomplished with multivariable logistic regression
modeling and receiver operator curve analysis.

Results

A total of 3069 children received neck ultrasounds during
the study period. The most common indications were
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cervical lymphadenopathy, cellulitis, salivary gland en-
largement, vascular imaging, and neck masses. A total of
417 (13.6%) subjects were reported to have thyroid
nodules, and 152 subjects with 241 unique thyroid
nodules met criteria for inclusion in the study (Fig. 1). Of
these subjects, 93 (61.2%) were diagnosed with benign
thyroid nodules, and 59 (38.8%) were diagnosed with
thyroid cancer (Table 1). Eighty-five subjects (55.9%)
were diagnosed with a thyroid nodule in our hospital
system, and the remainder of subjects were referred ex-
ternally. The median age was 14.2 + 3.8 years, and 121
(79%) were female. The majority (72.7%) of subjects
were white and were asymptomatic at the time of di-
agnosis. Seventeen subjects (11.3%) had a history of
cancer, and 16 (10.5%) had received total body irradi-
ation or craniospinal or mediastinal radiation therapy
prior to being diagnosed with thyroid nodules; no in-
creased prevalence of thyroid cancer was seen in these
subjects. Two subjects had received radioactive iodine
ablation therapy for hyperthyroidism, and neither had
thyroid cancer. The majority (59.2%) of subjects had a
positive family history of thyroid disease, 18 (12.8%)
had a positive family history of thyroid cancer, and 55
(39.3%) had a positive family history of nonthyroidal

3069 subjects completed neck
ultrasound

417 subjects reported to have
thyroid nodules

Subjects Excluded:
—| 7 with inadequate data

22 > 18 years old

38 with pseudonodules

93 with inadequate follow up
105 with nodules <5 mm

152 subjects included

110 subjects received
thyroid surgery

42 subjects followed
clinically

Figure 1. Consort diagram for subject selection and inclusion into
the study.

Ultrasound Accuracy in Pediatric Thyroid Nodules

J Clin Endocrinol Metab, May 2018, 103(5):1958-1965

cancer; none of these historical features was significantly
associated with final diagnosis of thyroid cancer in
the subjects.

Thyroid nodules were most commonly (64.5%)
identified on palpation by the physician, a family
member, or the subject; the remainder (35.5%) were
found incidentally during unrelated imaging studies.
Physical examination by a physician in our center
identified a palpable nodule in 91 subjects (59.9%) and
palpable cervical lymphadenopathy in 31 subjects
(20.3%). The median thyroid-stimulating hormone value
was 1.25 mlIU/L (interquartile range, 1.55), and 36
subjects (35.3%) had positive antithyroid autoanti-
bodies. There were no significant baseline differences in
the characteristics between patients with benign and
malignant thyroid nodules except for the distribution of
race (P = 0.04) and the presence of palpable cervical
lymphadenopathy (P = 0.01).

The endpoint of the study was achieved based on
surgical pathology in 110 (72.4%) of subjects, by FNA
biopsy followed by observation in 28 (12.3%) of subjects,
and by observation without biopsy in 24 (15.3%) subjects.

Ultrasound findings

Ultrasound images identified 241 unique thyroid
nodules. Data were complete for 236 nodules; 80
(33.8%) of these nodules were confirmed to be thyroid
cancer (Table 2). A single nodule was identified in 94
(61.8%) subjects, 27 (17.8%) subjects had two nodules,
and 31 (20.4%) subjects had three or more nodules.
There was no association between the number of nodules
and the risk of malignancy. The median maximal di-
mension of thyroid nodules was 1.6 = 1.7 cm; benign
thyroid nodules were smaller (1.5 = 1.4 ¢cm) than ma-
lignant thyroid nodules (2.0 = 1.7 cm). Thyroid nodule
size =1 cm was associated with an increased odds ratio
(OR) for thyroid cancer (OR, 1.78; 95% CI, 1.15
to 2.75).

Thyroid nodule composition was =<25% cystic in 152
(64%) nodules, and 68 (44.7%) of these nodules were
malignant. Conversely, >25% cystic composition was
observed in 84 nodules, and 12 (14.3%) of these nodules
were malignant. Thyroid nodules with =25% cystic
composition were found to harbor 91.4% of observa-
tions of nonisoechoic echogenicity, 96.7% of observa-
tions of infiltrative/microlobulated margins, and 91.5%
of observations of calcifications in the population.
Altogether, =25% cystic composition identified 85% of
thyroid cancer cases in the study and was associated
with a significant increase in the OR for thyroid cancer
(OR, 3.46; 95% CI, 1.96 to 6.09).

Thyroid nodule echogenicity was isoechoic in 93
(39.4%) nodules, and 13 (13.9%) of these nodules were
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Table 1. Baseline Characteristics of Subjects at Time of Diagnosis of a Thyroid Nodule
All Subjects Benign Nodules Malignant Nodules
Feature (n = 152) (n =93) (n =59) P Value?
Historical findings
Age, y (SD) 14.2 (3.8) 14.1 (3.8) 14.4 (4.1) 0.52
Female 121 (79.6) 74 (79.6) 47 (79.7) 0.99
White 104 (72.7) 70 (78.7) 34 (62.9) 0.04
Prepubertal 12 (9.2) 10 (12.5) 2 (3.9 0.10
Incidental finding 54 (35. 36 (38.7) 18 (30.5) 0.30
Symptoms of tracheoesophageal pressure® 12 (7.9) 7(11.9) 5(5.38) 0.15
History of malignancy 17 (11. 12 (12.9) 5 (8.6) 0.59
History of radiation therapy® 16 (10. 11 (11.8) 5 (8.5) 0.60
Family history of thyroid disease? 84 (59. 52 (60.5) 32 (57.1) 0.70
Family history of thyroid nodules or thyroid cancer 45 (32. 29 (34.1) 15 (29.1)
Family history of thyroid cancer 18 (12. 11(12.9) 7 (12.5)
Family history of nonthyroid malignancy 55 (39. 34 (40) 21 (38.2) 0.83
Clinical findings
Diffuse goiter 60 (39.2 35 (37.6) 25 (42.4) 0.56
Palpable nodule 91 (59.9 50 (53.8) 41 (69.5) 0.05
Palpable cervical lymphadenopathy 31 (20.3 13 (14) 18 (30.5) 0.01
TSH, mIU/L (SD) 1.25 (1.55) 1.14 (1.49) 1.31(1.71) 0.30
Positive antithyroid antibodies 36 (35.3) 20 (32.3) 16 (40) 0.42

Values are n (%) unless noted otherwise.

Abbreviations: SD, standard deviation; TSH, thyroid-stimulating hormone.

2P values refer to statistical significance of the difference between subjects with benign and malignant nodules.

bSymptoms of dysphagia, dysphonia, or globus.

“Radiation therapy included total body, craniospinal, and/or mediastinal radiation therapy.

9Any disease causing abnormal thyroid function or thyroid injury, including thyroiditis, Graves disease, hypothyroidism, and hyperthyroidism.

malignant. Hypoechoic echogenicity was observed in 87
(36.9%) nodules, and 40 (45.9 %) of these were malignant.
Thirty-five nodules demonstrated hyperechoic echoge-
nicity, and 16 nodules demonstrated mixed hypoechoic/
hyperechoic echogenicity; 16 (45.7%) and 10 (62.5%) of
these nodules, respectively, were malignant. The major-
ity of high-risk ultrasound features were seen in nod-
ules with nonisoechoic echogenicity, including 94.9% of
infiltrative/microlobulated margin observations, 94.1%
of extrathyroidal extension observations, and 84.5% of
calcification observations. The presence of nonisoechoic
echogenicity identified 83.8% of thyroid cancer cases in
the study and was associated with a significantly increased
OR for thyroid cancer (OR, 3.91; 95% CI, 2.18 to 7.01).

Thyroid nodule margins were sharply defined or
noninfiltrative in 177 (75%) nodules, and 38 (21.4%) of
these nodules were malignant. Infiltrative or micro-
lobulated margins were seen in 58 (24.7%) nodules, and
41 (70.7%) of these were malignant. The presence of
infiltrative or microlobulated margins was associated
with a significantly increased OR for malignancy (OR,
5.58;95% CI, 2.79 to 11.18).

Taller-than-wide structure on transverse imaging was
seen in 33 (13.9%) nodules, and 16 (51.5%) of these
nodules were malignant. Calcifications were present in 70
(29.8%) nodules, and 48 (68.6%) of these nodules were

malignant. Extrathyroidal extension was described in 16
(6.8%) nodules, and 13 (81.3%) of these nodules were
malignant. Each of these features was associated with a
marked increase in OR for thyroid carcinoma (Table 2).

Intrarater reliability was found to be excellent for
thyroid nodule size (x = 1.0; P < 0.001), nodule com-
position (k = 0.8; P < 0.001), and calcifications (k = 0.86;
P < 0.001), whereas it was moderate for nodule echo-
genicity (k = 0.57; P < 0.001), nodule margins (k = 0.57;
P < 0.001), and Doppler flow (k = 0.58; P < 0.001).
Interrater reliability was variable, with excellent agree-
ment for nodule size (x = 0.96; P < 0.001), good
agreement for nodule composition (k = 0.79; P < 0.001)
and Doppler flow (k = 0.77; P < 0.001), moderate
agreement for extrathyroidal extension (k = 0.4, P <
0.001), fair agreement for nodule margins (k = 0.34; P <
0.001) and calcifications (k = 0.39; P = 0.002), and poor
agreement for nodule echogenicity (k = 0.19; P = 0.003).

Using a multivariable logistic regression model in-
cluding all ultrasound features and accounting for clus-
tering within subjects and statistical interaction between
calcifications and Doppler flow patterns, we found that
nonisoechoic echogenicity (P = 0.019) and extrathyroidal
extension (P = 0.01) remained statistically significant
predictors of thyroid cancer in children. A prespecified
sensitivity analysis revealed that these features were
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Table 2. Bivariable Logistic Regression Analysis of the Odds of Thyroid Cancer and Reliability of
Ultrasound Features
Benign Malignant OR for Thyroid Intrarater Interrater
All Nodules  Nodules Nodules Cancer Diagnosis Variability, Variability,
(n = 236) (n = 156) (n =80) (95% Cl) k (P Value) k (P Value)
No. of nodules
One 94 57 37 0.77 (0.53-1.13)
Two 54 37 17
Three 88 62 26
Size (greatest dimension), cm
<1 65 50 15 1.78 (1.15-2.75) 1.0 (<0.001)  0.96(<0.001)
1-4 155 97 58
>4 16 9 7
Nodule composition
>25% cystic 84 72 12 3.46 (1.96-6.09) 0.8 (<0.001)  0.79(<0.001)
=25% cystic 152 84 68
Echogenicity
Isoechoic 93 80 13 1.0 0.57(<0.001)  0.19 (0.003)
Hypoechoic 87 47 40 3.69 (1.97-6.93)
Hyperechoic 35 19 16 3.99 (1.79-8.86)
Mixed hypoechoic and 16 6 10 491 (1.98-12.18)
hyperechoic
Margins
Sharply defined/ 177 139 38 5.58 (2.79-11.18)  0.57(<0.001) 0.34 (0.001)
noninfiltrative
Infiltrative/microlobular 58 17 41
Calcifications
Absent 165 133 32 6.85(3.47-13.49)  0.86(<0.001)  0.39 (0.002)
Present 70 22 48
Doppler flow
Absent 45 38 7 3.52 (1.24-10.01)  0.58(<0.001) 0.77(<0.001)
Increased 179 109 70
Taller than wide
Absent 203 140 63 2.22(1.27-3.88)  0.58(<0.001)  0.39(0.002)
Present 33 16 17
Extrathyroidal extension
Absent 220 153 67 6.15 (2.39-15.86) —0.03(0.61) 0.4 (<0.001)
Present 16 3 13

Logistic regression was performed with adjustment for clustering of features within individuals.

affected by clinical features such as subject age, pubertal
status, and race/ethnicity but not by personal history of
cancer or radiation exposure.

Receiver operator curve analysis

The clinical utility of ultrasound features for prediction
of thyroid cancer was evaluated in bivariable and multi-
variable models (Figure 2; Table 3). Numerous patterns of
features were observed in the sample, and this significantly
affected the predictive value of each feature. Optimal sen-
sitivity was found in =25% cystic thyroid nodule com-
position (85%; 95% CI, 75.3 to 92), increased Doppler
flow (90.9%; 95% CI, 82.2 to 96.3), and nonisoechoic
echogenicity (83.5%; 95% CI, 73.5 to 90.9). Optimal
specificity was found in extrathyroidal extension (98.1%;
94.5 t0 99.6), taller-than-wide shape (89.7%; 95% CI, 83.9
to 94), and infiltrative/microlobulated margins (89.1%;
95% CI, 83.1 to 93.5). The most powerful predictive values
for thyroid cancer were extrathyroidal extension (81.2%;

95% CI, 54.4 to 96), infiltrative/microlobulated margins
(70.7%3 95% CI, 57.3 to 81.9), and calcifications (68.6%;
95% CI, 56.4 to 79.1). The most powerful predictive values

0.50 0.75 1.00
L L L

Sensitivity

0.25
L

0.00

0.00 0.25 0.50 0.75 1.00
1 - Specificity

Figure 2. Receiver operator curve for performance of ultrasound
features in correctly diagnosing thyroid cancer in children.
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Table 3. Analysis of Predictive Statistics and Receiver Operator Curve for Ultrasound Features for Thyroid

Carcinoma in Children

Variable

Sensitivity (95% Cl) Specificity (95% Cl)

PPV (95% ClI) NPV (95% CI) ROC (95% CI)

Nodule size >1 cm
=25% solid nodule
composition
Nonisoechoic
echogenicity
Taller-than-wide

Increased Doppler flow
Presence of calcifications
Infiltrative/microlobular

81% (71-89.1)
85% (75.3-92)

83.5% (73.5-90.9)

21.2% (12.9-31.8)
90.9% (82.2-96.3)
60% (48.4-70.8)
51.9% (40.4-63.3)

32.1% (24.8-40)
46.2% (38.2-54.3)

52.6% (44.4-60.8)

89.7% (83.9-94.0)
25.9% (19-33.7)
85.8% (79.3-90.9)
89.1% (83.1-93.5)

38% (30.7-45.7)
44.7% (36.7-53)

47.8% (39.3-56.5)

51.5% (33.5-69.2)
39.1% (31.9-46.7)
68.6% (56.4-79.1)
70.7% (57.3-81.9)

76.9% (64.8-86.5) 0.57 (0.51-0.62)
85.7% (76.4-92.4) 0.66 (0.6-0.71)
86% (77.3-92.3) 0.68 (0.62-0.74)
69% (62.1-75.3)
84.4% (70.5-93.5) 0.58 (0.54-0.63)

(
80.6% (73.7-86.3) 0.73 (0.67-0.79)
78.5% (71.7-84.3) 0.71 (0.64-0.77)

0.56 (0.5-0.61)

margin
Extrathyroidal extension
All features combined

16.2% (8.9-26.2)
58.7% (46.7-69.9)

98.1% (94.5-99.6)
91.6% (85.8-95.6)

81.2% (54.4-96.0) 69.5% (63.0-75.6) 0.57 (0.53-0.61)
78.6% (65.6-88.4) 80.9% (74-86.6) 0.8449

Abbreviations: NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operator curve.

for benign thyroid nodules were isoechoic echogenicity
(86%; 95% CI, 77.3 to 92.3), >25% cystic composition
(85.7%; 95% CI, 76.4 to 92.4), and absence of Doppler
flow (84.4%; 95% CI, 70.5 to 93.5).

Multivariable analyses of these ultrasound features
in combination demonstrated combined sensitivity of
58.7% (95% CI, 46.7 to 69.9), specificity of 91.6%
(95% CI, 85.8 to 95.6), positive predictive value of
78.6% (95% CI, 65.6 to 88.4), and negative predictive
value of 80.9% (95% CI, 74 to 86.6) for thyroid cancer.

Discussion

The diagnostic evaluation of thyroid nodules in children
has thus far been limited to cohorts of children at in-
creased risk of thyroid cancer due to exposure to radi-
ation (10) or associated with referral to tertiary care
centers for care (5, 9). Analysis of these data has been
limited by small numbers of observations, a lack of a
rigorous review of primary imaging data (9), a lack of
assessment of reliability of radiology interpretation (5),
and reconciliation of disagreements between radiologists
(13, 14). This study was designed to address these lim-
itations, and the principle question we sought to answer
was whether thyroid ultrasound could reliably identify
thyroid nodules in children associated with a low
(<10%) risk of thyroid cancer so that biopsy may
be avoided.

This study contains the largest and most rigorous
primary evaluation of thyroid nodules in children thus far
reported. By using a broad case-finding strategy, we
recruited most of our subjects from the local population
of the tertiary care center, and the majority of subjects had
no known risk factors for thyroid nodules or thyroid
cancer. We believe that this strategy was effective because
of the diversity of subjects recruited and because the study
met the prespecified recruitment goal by evaluating images

obtained over the course of 4.25 years, compared
with >10 years required by other large pediatric studies (35,
9). This short recruitment phase also allowed for greater
consistency in ultrasound protocol and technology.

Once children were identified to have thyroid nodules,
they received further evaluation at the direction of a
dedicated pediatric thyroid center within the hospital
system, which included either observation or diagnostic
procedures. Although this was considered a strength
during the design of the study, it introduced an important
limitation in that children with low-risk ultrasound
features were given appropriate reassurance and were less
likely to complete follow-up, making them ineligible for
inclusion in this study. Conversely, children with more
concerning ultrasound features were more likely to
complete the recommended follow-up and could be in-
cluded in the study. This ascertainment bias resulted in a
relatively high prevalence of thyroid cancer in our pop-
ulation, although the prevalence is similar to what has
been reported by other groups (1, 5, 10, 15).

The greatest strength of this study is the rigorous
evaluation of ultrasound image data in every subject.
Although ultrasound features were evaluated by two
expert radiologists, the analysis was based on features
reported by a single radiologist, as would occur in a
practical clinical setting. This strategy prevented a bias
toward overestimation of the reliability and accuracy of
the ultrasound when taken out of the research environ-
ment. Consistent with the findings of other groups, we
observed substantial variation in the interpretation of
ultrasound features between reviewers (6, 12, 13). In
particular, we found fair-to-poor agreement in features
such as nodule echogenicity, nodule margins, taller-than-
wide shape, calcifications, and extrathyroidal extension.
The reliability of imaging reporting was not assessed in
other large studies of pediatric thyroid nodules, and this
represents a practical challenge when relying on written
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thyroid ultrasound reports for research or patient care.
These challenges are further compounded considering the
variation in the completeness of thyroid and neck ul-
trasound image acquisition and reports that are produced
outside of dedicated thyroid centers.

Ultrasound findings such as infiltrative/microlobulated
margins, calcifications, taller-than-wide appearance, and
extrathyroidal extension were highly predictive of thyroid
cancer, as has been reported (5, 6, 10, 11, 13). Although these
features were quite specific for thyroid cancer, their utility
was limited by a low number of observations and resultant
poor sensitivity. Conversely, nodule size =1 cm, =25%
cystic composition, nonisoechoic echogenicity, and increased
Doppler flow were very sensitive for thyroid cancer but were
also nonspecific.

Evaluation of combinations of features in a multi-
variable logistic regression model confirmed that all of
the ultrasound features were important. However, we
also found that the high degree of correlation between
ultrasound features limited the predictive value of indi-
vidual features. Combinations of ultrasound features,
however, were quite useful in stratifying the odds of
thyroid cancer in children. Thyroid nodule composition
and echogenicity were closely associated with the pres-
ence of high-risk ultrasound features and were found to
be favorable targets for risk stratification.

Thyroid nodule composition has been shown to be
closely associated with risk of malignancy in adults (16,
17), but most studies in children have not explored this.
Gupta et al. (5) reported an increased prevalence of
thyroid cancer in thyroid nodules with entirely solid
composition and <25% cystic composition (57% and
21%, respectively). In their study, =25% cystic com-
position identified 89.3% of thyroid cancers; this is in
agreement with our findings. Thyroid nodule echoge-
nicity has been closely associated with the risk of thyroid
cancer in adults, but this pattern has not been consistently
observed in pediatric studies. Lyshchik et al. (10) reported
the prevalence of thyroid cancer to be 21% in children
with isoechoic nodules, whereas the prevalence was 35%
in children with nonisoechoic nodules. However, Mussa
et al. (9) reported a 19% prevalence of thyroid cancer in
nodules with isoechoic echogenicity, compared with
18.9% prevalence in nodules with nonisoechoic echo-
genicity. Our findings are in agreement with those of
Lyshchik et al. (10), and it is unclear why the findings of
Mussa et al. (9) differ, although we speculate that the lack
of primary ultrasound image review in the study by
Mussa et al. could limit the reliability of their findings.

Although we found that both thyroid nodule com-
position and nonisoechoic echogenicity were associated
with thyroid cancer, we found that radiologist report
of thyroid nodule composition was substantially more

Ultrasound Accuracy in Pediatric Thyroid Nodules
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reliable than echogenicity; this finding was recently
corroborated (12). Therefore, we conclude that thyroid
nodule composition is the most important feature for
initial risk stratification for a thyroid nodule in children.

The ATA guideline for evaluation of thyroid nodules
in children recommends biopsy for thyroid nodules of
any size with high-risk ultrasound features and in any
solid or partially cystic thyroid nodule =1 cm in maximal
dimension (1). This strategy is quite different from the
ATA guideline for adults, which establishes size thresh-
olds for biopsy based on the ultrasound features with an
emphasis on three major components: the presence of
high-risk ultrasound features (e.g., irregular margins,
microcalcifications, taller-than-wide shape, and evidence
of extrathyroidal extension), thyroid nodule composi-
tion, and echogenicity (8). With this approach, nodules
are assigned an estimated risk of malignancy, and those
with lower risk would not undergo biopsy. Even nod-
ules with high-risk features (>70% to 90% estimated
risk of malignancy) would not undergo biopsy until the
lesion was =1 c¢m in maximal dimension. Solid nod-
ules with hypoechoic echogenicity (10% to 20% esti-
mated risk of malignancy) would receive biopsy if they
are =1 cm, whereas solid or partially cystic nodules of
nonhypoechoic echogenicity (5% to 10% estimated risk
of malignancy) would receive FNA biopsy if the nodule
is =1.5 cm. Spongiform nodules and those with minimal
solid content (<3% estimated risk of malignancy) could
be monitored without biopsy. Comparison of our data with
the ATA adult algorithm yields very different estimates of
risk for thyroid cancer in children: 50% to 88% for high-
suspicion patterns, 44.7% for solid or partially cystic
hypoechoic nodules, 14% to 22% for isoechoic or
hyperechoic nodules, and 14% for >25% cystic nodules.
No ultrasound features alone or in combination were as-
sociated with a <10% risk for thyroid cancer in children.

This study was designed to evaluate the accuracy of
thyroid ultrasound in discerning benign from malignant
thyroid nodules in children. The relatively high preva-
lence of thyroid cancer that we identified in our study
made this very difficult, even though the study was
powered to withstand this. The low prevalence of low-
risk features (e.g., an entirely cystic structure) in our
sample limit our ability to draw conclusions about their
effectiveness in excluding thyroid cancer. Further pro-
spective studies are needed to confirm the true risk as-
sociated with these findings.

Limitations

This study was limited by referral bias, which was
minimized by our inclusive case-finding approach as
described above. There was no significant difference
between the prevalence of thyroid cancer between
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children referred internally or externally (P = 0.66). We
also performed sensitivity analyses for each statistical
model, and there was no significant difference in findings
based on the source of referral. Ascertainment bias also
heavily affected our findings, resulting in a higher overall
estimate of the prevalence of thyroid cancer, as discussed
above. Additionally, the diagnosis of a benign thyroid
nodule without surgical pathology is not conclusive, and
it is possible that an indolent thyroid cancer may have
been misclassified as benign.

Conclusion

Thyroid ultrasound is a powerful and important tool
for the evaluation of thyroid nodules, but our analysis was
unable to identify any combination of features associated
with a “low suspicion” (<10% risk) of thyroid cancer in
children. The lowest risk group for thyroid cancer appears
to be children with thyroid nodules with >25% cystic
composition, but even this group has a higher prevalence
of malignancy than is observed in adults. This limitation is
underscored by significant intra- and interobserver vari-
ability that can be expected even in expert hands. Current
pediatric guidelines recommend biopsy of all solid or
predominantly solid thyroid nodules =1 c¢m in diameter
and nodules of any size with high-risk features; we were
unable to identify any group for which reliance on ul-
trasound features alone was reliable to avoid biopsy.
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