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Abstract

Context: Intramuscular (IM) testosterone enanthate (TE) and testosterone pellets were US Food and Drug Administration approved before 1962
for pediatric use but not studied in controlled trials in adolescents.

Objective: An analysis using nonlinear mixed effect (NLME) modeling was designed to evaluate the adult pharmacokinetics (PK) of
subcutaneous (SC) and IM TE. This model was used to simulate SC and IM TE administration in adolescents of different weight groups.

Methods: Data from adult male patients in a phase 2 trial were used to characterize the PK of TE using population PK modeling for SC and IM
administration: Allometry was used to scale PK parameters from the adult model to simulate adolescent (aged 12 to < 18 years) serum
testosterone levels at body weights of 30, 40, 50, and 60 kg after weekly, every-other-week (EOW), and monthly SC and IM administration of
12.5, 25, 50, 75, and 100 mg TE regimens.

Results: The final data set included 714 samples from 15 patients receiving 100 mg SC TE and 123 samples from 10 patients receiving 200 mg
IM TE. In simulated populations, average serum concentration SC:IM ratios were 0.783, 0.776, and 0.757 at steady state for weekly, EOW, and
monthly dosing groups, respectively. Simulated regimens of 12.5 mg SC TE monthly produced serum testosterone levels representative of early
puberty and simulated pubertal stage progression following multiple subsequent testosterone dose increases.

Conclusion: SC TE administration achieved a testosterone exposure-response relationship similar to IM TE in simulated adolescent
hypogonadal males, which may reduce size of fluctuations in serum T and related symptoms.

Key Words: subcutaneous, testosterone, pharmacokinetics, hypogonadism, adolescent

Abbreviations: %RSE, percentage relative SE; BMI, body mass index; BSA, body surface area; CDGP, constitutional delay of growth and puberty; C, central
clearance; EQE, every other week; HR, heart rate; IM, intramuscular; K,, absorption rate constant; NLME, nonlinear mixed effect; PBPK, physiologically based
pharmacokinetics; PK, pharmacokinetics; SC, subcutaneous; TE, testosterone enanthate; V, volume of distribution.

Normal male pubertal maturation occurs between ages 9 and
14 years, after which puberty is considered delayed [1].
Delayed puberty affects approximately 2% of adolescents
and has been associated with considerable psychosocial dis-
tress [1, 2]. Delays in puberty due to hypogonadism or consti-
tutional delay in males may be treated with testosterone,
which is used to promote the development of secondary sexual
characteristics, growth, and normal bone and muscle mass
[3, 4]. Although many testosterone formulations are approved
for the treatment of hypogonadism in adult men, only intra-
muscular (IM) testosterone enanthate (TE) and testosterone
pellets have been approved for adolescent males. These appro-
vals were issued before the 1962 Kefauver-Harris Drug
Control Act requiring that drugs prove safe and efficacious
[5-7]. It is unclear whether there was clinical trial evidence
supporting the safety and efficacy of these drugs at the time

of their approval, and the US Food and Drug Administration
has cautioned that evidence for IM TE and testosterone pellets
may not align with current pediatric drug-approval standards
[5]. Furthermore, improper use of testosterone therapies
approved for adult males in adolescent males may lead in the
latter group to disproportionate advancements in bone matur-
ation, fusion of the epiphyseal growth centers, and early ter-
mination of linear growth [6, 7].

Testosterone therapy in adolescent males with delayed pu-
berty starts with the administration of small doses of testoster-
one, typically IM TE, to induce puberty. In hypogonadism,
doses are gradually increased to reach adult male testosterone
replacement over a course of approximately 3 years and in a
process that mimics physiologic male pubertal progression
[1]. Intramuscular TE injections are easy to titrate, and TE giv-
en IM is the most commonly used preparation for induction
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and progression of puberty [8]. However, the injections can be
painful, may require frequent office visits if not self-
administered, and may be associated with nonphysiologic
fluctuations in serum testosterone levels [3, 7]. Many new tes-
tosterone formulations have been developed to overcome dif-
ficulties with administration and adverse events, but these are
supported only by expert opinion and are not evidence based
[3, 4]. Oral testosterone esters and transdermal testosterone
gel have been used for puberty induction. However, the use
of oral therapy has been limited by concerns about bioavail-
ability and difficulties with dose titration, while the use of
transdermal testosterone gel in pediatrics is limited by dosing
variability [1, 9]. Since there is little evidence to guide optimal
testosterone dosing in adolescent males, efficacy and safety of
testosterone administration may be supported by extrapola-
tion from adult pharmacokinetics (PK) data, which have pre-
viously been used to augment pediatric drug development
[4, 5, 10]. Extrapolation of adult data and scaling to pediatric
patients may be completed through the use of allometry,
which is the study of how the characteristics of living creatures
change with size [11]. Differences in physiology and biochem-
istry lead to different rates of metabolism and renal clearance
of drugs in different age groups of pediatric patients compared
to adults. These differences necessitate the use of allometric
modeling to scale drug clearance from adults to pediatric
patients.

The goal of the present study is to design a nonlinear mixed
effect (NLME) model to characterize the PK of IM and sub-
cutaneous (SC) TE in adult patients with hypogonadism, to
identify potential covariates affecting the PK of TE, and to
scale these data to adolescent patients. Adult models were al-
lometrically scaled to adolescent patients (aged 12 to < 18
years) at typical body weights of 30, 40, 50, and 60 kg after
weekly, every-other-week (EOW), and monthly IM and SC
administration of 12.5, 25, 50, 75, and 100 mg TE regimens
to project an optimal dose and schedule for adolescent pa-
tients with hypogonadism whose pubertal maturation is in-
duced with testosterone.

Materials and Methods

Study Design

This PK study is an analysis of data from a previously pub-
lished 3-arm, open label, multidose, parallel-group phase
2 study (NCT01887418) [12]. The phase 2 study design
was approved by the institutional review boards of partici-
pating centers and conducted in accordance with the
Declaration of Helsinki and in compliance with Good
Clinical Practice Guidelines. Informed consent was ob-
tained from all patients.

Eligible patients for the phase 2 study were 18- to
75-year-old men with a history of physician-diagnosed hypo-
gonadism of any etiology and serum testosterone less than
300 ng/dL recorded on 2 occasions at least 1 week apart.
Patients were excluded if they had testosterone levels greater
than 300 ng/dL or any clinically significant medical condition
that made the patient an unsuitable candidate. Untreated pa-
tients were randomly assigned to receive 50 or 100 mg SC TE
weekly for 6 weeks and compared to a reference group of pa-
tients already treated with IM TE at steady state who received
200 mg IM TE once on day 1. For patients receiving SC TE,
7-day PK profiles were collected at weeks 1 and 5, and full
PK profiles were generated after the sixth dose. Predose trough
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and 24-hour postdose samples were collected weekly. Patients
receiving IM TE had PK profiles collected through week 4. A
prespecified serum testosterone reference range of 300 to
1100 ng/dL was used. Testosterone was quantified using sen-
sitive and specific liquid chromatography-tandem mass spec-
trometry assays that were developed, validated, and
performed by MedPace Bioanalytical Laboratories.

Pharmacokinetics Analysis

Data sets for adult patients receiving 200 mg IM TE and
100 mg SC TE were formatted to work with Phoenix
NLME (v-8.1), which was used to conduct exploratory ana-
lyses. The data of adult patients receiving 50 mg SC TE were
excluded because of high variability, possibly due to postdose
endogenous testosterone production. One concentration time
point was removed from the SC data set at 9 hours post dose
as an outlier for being out of central range. Testosterone PK
data were analyzed using an NLME modeling approach,
and population PK models were developed in Phoenix
NLME. The fit of this model was assessed based on various
criteria, including successful minimization and covariance
steps, precision in parameter estimates, visual inspection of
goodness-of-fit plots, —2 log-likelihood ratio test, Akaike in-
formation criterion, and Bayesian information criterion as
well as scientific plausibility. This model was qualified using
a visual predictive check and nonparametric bootstrap ana-
lysis. Evaluation of multiple compartment models with differ-
ent error models are shown in Supplemental Tables 1 and 2 for
SC and IM models, respectively [13]. A one-compartment
model with multiplicative error was deemed best fit for both
models. Although a 2-compartment multiplicative model
showed a statistically significant lower —2 log-likelihood ratio
test value for the IM model, the difference was deemed mar-
ginal and not in line with the SC model.

Stepwise covariate modeling was used to assess age, body
weight, body mass index (BMI), and heart rate (HR) as poten-
tial covariates in this model.

After scaling and evaluation of the adult models, mean PK
parameters were allometrically scaled to simulate average se-
rum testosterone levels at steady state in adolescent (aged 12
to < 18 years) weight groups of 30, 40, 50, and 60 kg follow-
ing weekly, EOW, and monthly IM and SC administration
of 12.5, 25, 50, 75, and 100 mg TE regimens. Allometric
scaling of clearance and volume was completed according
to a standard exponent model, where Clearance,ediaeic =

L . 0.75
Pediatric Body Weight
Clearance, gue <—Adult Body Weight )

Pediatric Body Weight
Adult Body Weight /> and where mean

and Volume of

Distribution = Vdadult*(

adult body weights for SC and IM dosing groups from the
phase 2 study (93.16 and 90.35 kg, respectively) were used
[12, 14]. The standard 0.75 exponent was considered valid be-
cause the target age group was older than § years. Previous
studies have found that estimating pediatric clearance based
on body weight taken to the power of 0.75 produces accept-
able results for small molecules [14, 15]. Steady-state PK
was defined as PK following 5 model-determined half-lives
(97% of steady state achieved). Half-life was calculated
from volume of distribution and clearance as t1/, =%.
For SC TE simulations, all weight groups were found to reach
steady state by dose 3 for monthly, dose 5 for EOW, and dose
9 for weekly simulations. The output was plotted on time (h)
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vs average plasma concentration during a dosing interval
(Caves ng/dL) line graphs to show simulated PK profiles in ado-
lescent patients, which were used to evaluate possible regi-
mens for the treatment of hypogonadal adolescent males.
Evaluated PK parameters in adolescent simulations after
each dosing interval included C,y., time to C,ye (Taye), max-
imum concentration (Cpy,.x), and time to Cpax (Tmax). To de-
scribe approximate puberty status after simulated
testosterone dosing in adolescent males, the following serum
testosterone levels were used: less than 10 ng/dL, lack of pu-
berty; 10 to 149 ng/dL, early puberty; 150 to 249 ng/dL, mid-
puberty; 250 to 1200 ng/dL, advanced puberty. These puberty
ranges and their associated serum testosterone levels are based
on approximate serum testosterone in ascending Tanner geni-
tal stages [5].

Results

Patient Population

The data set included 714 samples from 15 adult patients re-
ceiving 100 mg SC TE and 123 samples from 10 adult patients
receiving 200 mg IM TE. Predose testosterone serum concen-
trations and baseline adult patient demographics were previ-
ously reported [12]. Notably, the mean predose total
testosterone (SD) serum concentrations for adult patients re-
ceiving 100 mg SC TE and 200 mg IM TE were 232.8 ng/dL
(75.61) and 642.5 ng/dL (271.80), respectively. Predose se-
rum testosterone concentrations were higher in the IM TE
group because these patients were on a steady-state TE re-
placement before PK studies.

Pharmacokinetic Parameters

Following both forward selection and backward elimination,
the stepwise covariate modeling returned with HR as a signifi-
cant covariate for the SC model and found no significant cova-
riates in the IM model. Given that HR did not show a similar
influence between the SC and IM model, and the clinical lim-
itations and applicability of HR, it was decided against includ-
ing the covariate in either model. Therefore, the inclusion of
age, body weight, or BMI covariates would not likely provide
better predictions in pediatrics.

Visual inspection of observed concentration vs individual
predicted concentration both for SC and IM (Supplementary
Figs. 1 and 2) showed good adherence to line of unity with lit-
tle bias [13]. Similarly, conditional weighted residuals vs time
for SC and IM models (Supplementary Figs. 3 and 4) generally
lies between 2 and —2 with an even distribution, indicating ac-
ceptable fit [13]. Furthermore, visual predictive check for SC
and IM models (Supplementary Figs. 5 and 6) show that
most observed data lie within the fifth and 95th percentile of
the simulated PK [13].

Percentage relative SE (%RSE) of PK parameters was found
to be generally small for the SC model, with %RSE of 25.2%,
13.0%, 8.9%, and 6.5% for absorption rate constant (K,),
volume of distribution (V), central clearance (Cl), and
residual variability, respectively, indicating good precision
(Supplementary Table 3) [13]. The IM model showed higher
variability than the SC model with values of 71.3%, 18.0%,
20.4%, and 12.6% for K,, V, Cl, and residual variability, re-
spectively, indicating reasonable precision (Supplementary
Table 3) [13]. These %RSE values along with satisfactory
goodness-of-fit plots give confidence in the fit of both the IM

and SC models. Additional results supporting model validation
including bootstrap analyses (Supplementary Tables 4 and 5)
and simulated population predictions (Supplementary Figs. 7
and 8) are reported in the supplementary materials [13].

Adult models were allometrically scaled to adolescent pa-
tients based on weight groups of 30, 40, 50, and 60 kg, and
the final population PK model fixed-effect parameter esti-
mates for SC and IM TE dosing in adolescents are available
in Table 1; K, for SC TE was estimated to be 0.09 hour .
Simulated concentrations for IM TE groups were proportion-
ally larger than SC TE, with SC TE C,,. values approximating
75% of IM TE values in adolescents. Steady-state C,,. SC:IM
ratios were 0.783, 0.776, and 0.757 for weekly, EOW, and
monthly dosing groups, respectively. SC and IM TE reached
Cmax at similar times, as steady-state Ty, SC:IM ratios
were 1.02,1.07, and 1.00 for weekly, EOW, and monthly dos-
ing groups, respectively. Steady-state C,,,,x was lower for SC
than IM TE; average C,.x SC:TE ratios were 0.782, 0.779,
and 0.766 for weekly, EOW, and monthly dosing groups,
respectively.

Simulated C,,. for weekly, EOW, and monthly regimens of
12.5,25,50, 75, and 100 mg in each of the adolescent weight
groups predicted higher serum testosterone concentrations in
lighter- compared to heavier-weight groups and reliable in-
creases in C,. (Figs. 1-5).

Simulated regimens of SC and IM TE given 12.5,25, 50, 75,
and 100 mg weekly, EOW, and monthly produced steady-
state Cpax and C,ye values indicative of early, mid-, and ad-
vanced puberty in all weight groups (Fig. 6).

Some simulated weight groups receiving regimens of SC TE
12.5 to 75 mg produced steady-state C,,. values suggestive of
mid-puberty. All weight groups receiving regimens of SC TE
12.5 mg EOW and 12.5 and 25 mg monthly produced simu-
lated steady-state C,,. values suggestive of early puberty.
For IM TE, some simulated regimens of 12.5 to 50 mg pro-
duced steady-state C,.. values suggestive of mid-puberty.
Early puberty steady-state C,,. values were reported in simu-
lations of IM TE given 12.5 mg EOW in patients 50 to 60 kg,
monthly in patients 30 to 60 kg, and 25 mg monthly in pa-
tients 40 to 60 kg. No simulations for SC or IM TE in any
weight groups receiving any dose or interval produced steady-
state C,y. values indicative of a lack of puberty.

Some simulated steady-state C,,, concentrations were indi-
cative of patients in mid-puberty both for SC and IM TE regi-
mens of 12.5 and 25 mg. For SC TE, simulated early puberty
steady-state C,,, values resulted from 12.5 mg EOW in 50 to
60 kg patients and 12.5 mg monthly in 40 to 60 kg patients.
Only 12.5 mg monthly in patients 50 to 60 kg produced
steady-state C,,,« values indicative of early puberty in IM
TE simulations.

Table 1. Population pharmacokinetics fixed-effect parameter estimates
for subcutaneous and intramuscular testosterone enanthate in aduilts

SC TE (97.5% CI) IM TE (97.5% CI)

K., h™! 0.09 (0.0457 to 0.135)
V,L 23800 (17 800 to 29 900)
Cl, L/h 60.8 (50.3 to 71.3)

0.08 (=0.0342 to 0.201)
13 800 (8840 to 18 700)
50.6 (30.1 to 71.0)

Abbreviations: Cl, central clearance; IM, intramuscular; K, absorption rate
constant; SC, subcutaneous; TE, testosterone enanthate; V, volume of
distribution.
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Figure 1. 12.5 mg subcutaneous (SC) testosterone enanthate (TE). A, 12.5 mg SC TE weekly. B, 12.5 mg SC TE every other week. C, 12.56 mg SC and
intramuscular (IM) TE monthly. Modeled dose, formulation, and interval are shown with mean testosterone concentration cut-off at steady state.
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Figure 2. 25 mg subcutaneous (SC) testosterone enanthate (TE). A, 256 mg SC TE weekly. B, 25 mg SC TE every other week. C, 25 mg SC and
intramuscular (IM) TE monthly. Modeled dose, formulation, and interval are shown with mean testosterone concentration cut-off at steady state.

Taken together, these simulated results suggest that SCTE ~ producing values indicative of advanced puberty. C,,. and
regimens of 12.5,25, 50, 75, and 100 mg given weekly, EOW, Cmax concentrations corresponding to early puberty were
or monthly can generate C,,. and C,,,x concentrations that reached by the SC and IM TE regimen of 12.5 mg monthly
may mimic early to advanced puberty, with most simulations ~ and the SC TE regimen of 12.5 mg EOW.
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Figure 3. 50 mg subcutaneous (SC) and intramuscular (IM) testosterone enanthate (TE). A, 50 mg SC TE weekly. B, 50 mg SC TE every other week. C,
50 mg SC TE and IM TE monthly. Modeled dose, formulation, and interval are shown with mean testosterone concentration cut-off at steady state.

Discussion

PK results from adult male patients receiving SC or IM TE in a
phase 2 study were characterized and modeled, resulting in a
one-compartment model with first-order absorption and elimin-
ation kinetics. The model was used to identify significant

covariates that affect testosterone PK, and despite finding HR
to be a significant covariate in the SC TE model, no covariates
were included during PK modeling. This was due to limited clin-
ical applicability and a lack of consistent influence of HR on SC
and IM TE PK parameters. The model was then allometrically
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Figure 4. 75 mg subcutaneous (SC) and intramuscular (IM) testosterone enanthate (TE). A, 75 mg SC TE weekly. B, 75 mg SC TE every other week. C,
75 mg SC TE and IM TE monthly. Modeled dose, formulation, and interval are shown with mean testosterone concentration cut-off at steady state.

scaled to adolescent male patients in weight groups of 30, 40,
50, and 60 kg, and used to simulate SC and IM TE dosing fol-
lowing 12.5, 25, 50, 75, and 100 mg administered weekly,
EOW, and monthly. The results of these simulated SC and IM
TE regimens in adolescent patients were found to predict higher
mean testosterone concentrations in lighter- compared to

heavier-weight groups and reliable increases in C,,. following
increasing testosterone doses (Figs. 1-5). Simulated PK parame-
ters for adolescent males using the adult model predicted that
12.5, 25, 50, 75, and 100 mg SC TE dosed weekly, EOW, or
monthly could produce testosterone levels consistent with early,
mid-, and advanced puberty, although more research on specific
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Figure 5. 100 mg subcutaneous (SC) and intramuscular (IM) testosterone enanthate (TE). A, 100 mg SC TE weekly. B, 100 mg SC TE every other week.
C, 100 mg SC TE and IM TE monthly. Modeled dose, formulation, and interval are shown with mean testosterone concentration cut-off at steady state.

regimens is necessary to determine the utility of concentration- convenient treatment option for adolescent males with hypo-
guided testosterone dosing in pediatric patients. Therefore, SC ~ gonadism, which could reduce fluctuations in serum testoster-
TE administered to adolescents may represent an effective and ~ one and related symptoms.
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10-149 ng/dL Early puberty
150-249 ng/dL Mid-puberty
250-1200 ng/dL | Advanced puberty
Upper Limit of
Normal
Dose (mg)
12.5 25 50 75 100
SC IM SC IM IM SC IM N M
Administration | Cmax | Cave | Cmax | Cave | Cmax | Cave | Cmax | Cave | Cmax Cove ] T T T T
30kg | 350 288 449 370 699 576 898 740 1147
Weekly 40kg | 276 | 230 | 354 | 295 | 552 | 461 | 707 | 590 | 1096 | 917
50kg | 230 193 294 248 459 387 588 495 912 770
60kg | 198 168 253 214 395 335 505 429 785 667
30kg | 225 146 290 189 451 291 580 377 893 580
EOW 40kg | 176 117 226 151 352 233 452 301 697 464 i 696
50kg | 145 98 186 127 290 196 373 253 576 390 738 502 585
60kg | 124 85 159 110 248 170 318 219 492 339 630 435 508
30kg | 172 69 224 92 344 139 448 184 680 276 887 364 : 415
40kg | 132 56 173 74 264 111 345 148 523 222 682 292 i 333
Monthly 50 kg | 108 47 141 62 216 94 282 124 426 187 557 247 i 280
60 kg 91 41 119 54 183 82 239 108 361 162 472 214 542 243

Figure 6. C,,,, and C,,. at steady state for weekly, EOW, and monthly SC and IM simulations. C,e, Average plasma concentration during a dosing

interval; Crhax, Mmaximum concentration for a dosing interval; EOW, every other week; IM, intramuscular; SC, subcutaneous.

Extrapolation of adult data is an important component of
pediatric drug-development, but extrapolation procedures
vary widely for different drug dose assessments [10, 16].
Originally, a physiologically based PK (PBPK) model was con-
sidered, as a mechanistic model would not have the model-
related limitations when simulating adolescent populations.
While PBPK modeling can provide accurate predictions in
pediatric patients when the mechanisms involved with PK
are well characterized, there are insufficient testosterone
data in adolescents to derive a PBPK model, and in vitro ex-
perimentation and model building can be costly.
Considering the abundance of observed adult PK data, the
more simplistic and generalized method was to produce an
adult population PK model allometrically scaled to adolescent
weight groups to gain insight into adolescent PK parameters
and serum testosterone following simulated SC and IM TE
regimens. Allometric scaling cannot be reliably used in all
cases, such as where relevant metabolizing enzymes have not
fully matured. However, allometric scaling has been found
to reasonably estimate pediatric PK parameters in small mol-
ecules when there is an abundance of adult PK data and mech-
anistic approaches are not feasible [14]. The allometric power
function we use is the industry standard method for most
small molecule drugs [14]. Caution is advised for allometric
scaling when dealing with very young age groups (< 2 years,
and less so < 5 years); however, given that the target groups
are all adolescents, we felt that allometry was appropriate.

Allometric body scaling from adults to pediatric patients
was completed using body weight, rather than body surface
area (BSA) or BMI, for several reasons. BSA is mathematically
derived from body weight and is most often calculated using
the Du Bois and Du Bois formula. However, other equations
that produce differing values are often used to determine BSA,
making this a less attractive option for modeling [17].
Furthermore, BSA can be approximated using body weight*7,
which already takes the form of an allometric equation [18].
Historically, body weight®®” had been used because of its rela-
tionship with surface area until research showed that using a
fixed exponent of 0.75 better represented the basal metabolic

rate of patients. In pediatric patients older than 5 years, the use
of 0.75 produced similar results to other exponents, with 81%
of pediatric patients receiving a prediction error of less than
50% [15]. Little research has been completed on BMI in allomet-
ric equations for pediatric scaling. However, as BMI is a measure
of body shape and not body size, it would likely be unsuitable as
a parameter for allometric scaling. Considering the reported re-
sults, if BMI had a significant effect on the clearance of testoster-
one, it would have been determined as a significant covariate
during the stepwise covariate search while building the adult
model.

Serum testosterone monitoring is not typically performed in
adolescents receiving testosterone, making it difficult to com-
pare these results to current and relevant clinical work [1, 19].
To address this concern, one mini-review on testosterone
therapy in adolescents proposed concentration-guided
testosterone replacement therapy for achieving physiologic
testosterone levels for the induction the of puberty in pa-
tients with constitutional delay of growth and puberty
(CDGP): Tanner II (60-150 ng/dL), Tanner III (150-250 ng/
dL), Tanner IV (250-500 ng/dL), Tanner V (500-750 ng/
dL) [19]. Modeling indicates that some of the simulated SC
and IM TE regimens reported here may produce physiologic
levels of testosterone typical of Tanner IV to V and therefore
induce puberty in these patients, although more research on
specific testosterone regimens is necessary to determine the
effect of concentration-guided testosterone dosing on pediat-
ric patient Tanner stages.

Another mini-review identified and summarized studies on
testosterone therapy in adolescent males with CDGP and
hypogonadism [4]. There were 2 prospective controlled trials
and 4 uncontrolled or retrospective studies that evaluated IM
TE regimens in adolescents for puberty induction. Evaluated
IM TE regimens in these studies included 200 mg every 3
weeks for 4 doses, 100 mg monthly for 6 months, 125 mg
every 6 weeks for 3 doses, 33 to 50 mg monthly for 20
months, and 50 mg monthly for approximately 1 year
[20-25]. Together, these results indicated that differing IM
TE regimens would induce puberty in adolescent males with
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CDGP or hypogonadism. Although linear growth increased in
the patients studied, the variability in testosterone regimens
and the short duration of administration does not allow us
to reach any conclusions about a disproportionate advance-
ment in bone maturation and early termination of linear
growth.

Considering the results of this PK analysis, one may propose
the use of SC TE 12.5 mg monthly as appropriate for puberty
initiation as both C,,. and C,,., values correspond to those
seen in early puberty. While dosing regimens modeled for
monthly and EOW administration produced unphysiological
testosterone concentrations, these regimens were used as a
starting point to understand adolescent testosterone PK.
These dosing regimens are used by pediatric endocrinologists
initiating testosterone therapy in adolescents and are in-
creased to adult dosing regimens of weekly or biweekly ad-
ministration as adolescents go through pubertal maturation
[1]. The results of these dosing regimens provide important
context for IM and SC dosing, as adolescent patients tend to
prefer nondaily testosterone formulations such as IM and
SC, which produce variable and unphysiological testosterone
PK in adolescents. While transdermal testosterone may be
more physiological, it does not show individual pulsations
or diurnal variation. Despite this, all forms of testosterone
are unphysiological, and many have been used for testoster-
one therapy in hypogonadal men and boys. The use of IM
TE at 12.5 mg monthly, as well as the SC and IM TE regimen
of 25 mg monthly, may result in C,,. values that reach
mid- and advanced puberty, especially in the lighter-weight
adolescents, a fact that may lead to undesirable rapid skeletal
maturation during puberty induction. As the simulated
adolescent C,, and C,,. values for SC TE were found to be
approximately 75% of the respective IM TE values, the use
of SC TE may assist with a more gradual and physiologic ad-
vancement of pubertal development compared to IM TE. The
use of average testosterone exposures over a dosing interval
may be limited in clinical applicability, but these methods
were necessary to determine total exposure and provide prac-
tical context for IM and SC dosing in adolescent patients.

This paucity of data, coupled with a lack of evidence-based
guidelines for the treatment of hypogonadism in adolescents,
suggest that additional clinical trials are required to explore
treatment regimens for adolescents requiring testosterone
therapy [4]. Furthermore, individual patient factors and treat-
ment goals must be considered when selecting testosterone
therapy in adolescents [1].

As a model created to provide simulated SC and IM TE reg-
imens in adolescents, our findings have several limitations that
should be carefully considered when addressing clinical ap-
plicability. This model was generated from men with
physician-diagnosed hypogonadism of any etiology and not
organic testosterone deficiency, which may explain the high
variability in PK data for patients receiving 50 mg SC TE,
who may have experienced postdose endogenous testosterone
production. Endogenous testosterone production in adult pa-
tients forming the basis of this model confounds extrapolation
to adolescents with delayed puberty, where there is decreased
endogenous testosterone production. Subsequent pediatric
clinical trial data would provide more valuable insight as to
the applicability of concentration-guided testosterone dosing
in pediatric patients with delayed puberty. Despite adolescent
simulations predicting higher serum testosterone concentra-
tions in lighter- compared to heavier-weight groups with
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reliable increases in C,,., interpretations about the testoster-
one exposure-response relationship cannot be determined.
This relationship is a function of the allometric equations
used during modeling, as smaller-weight groups will have
lower clearance and volume of distribution, and thus a higher
concentration. Also, the adult model did not find weight to be
a significant covariate on PK parameters, further limiting in-
terpretation of exposure-response results. Finally, the lowest
monthly dose evaluated in this PK analysis may not prove to
be appropriate in the smallest and least mature patients, but
for a majority of adolescent patients being treated for hypo-
gonadism, this dosing is predicted to produce typical C,,. ex-
posures and permit dose progression to foster growth and
maturation [5, 19].

Conclusion

Testosterone PK following SC and IM administration of TE is
best described by one-compartment models with first-order
absorption and elimination kinetics in adult males. Because
there are insufficient data in adolescents to derive a PK model,
this male model was allometrically scaled to adolescents based
on weight groups of 30 to 60 kg. For simulations in 30- to
60-kg adolescent males, SC TE C,,. values approximated
75% of IM TE C,,. values following regimens of 12.5, 25,
50,75, and 100 mg TE administered weekly, EOW, or month-
ly. Therefore, SC TE administration achieved a testosterone
exposure-response relationship similar to IM TE in this popu-
lation of simulated adolescent hypogonadal males. This simu-
lation provides valuable PK data for adolescents of varying
weight groups following SC TE administration that may be
used alongside future studies to support the use of SC TE in
adolescent patients with hypogonadism. Scaling the adult
model to adolescents predicted that 12.5 SC TE monthly
could produce serum testosterone levels indicative of early pu-
berty and showed pubertal stage progression following mul-
tiple subsequent testosterone doses. Therefore, SC TE may
represent an effective and convenient treatment option for
male adolescents with hypogonadism.
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