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Abstract

Background: No previous systematic review has quantitatively compared the effects of resistance training, endur-
ance training, or concurrent training on hormonal adaptations in children and adolescents. Objective was to examine
the effects of exercise training and training type on hormonal adaptations in children and adolescents.

Methods: A systematic literature search was conducted in the following databases: PubMed, Web of Science, and
EBSCO. Eligibility criteria were: population: healthy youth population sample (mean age < 18 years); intervention:
resistance training, endurance training, or concurrent training (>4 weeks duration); comparison: control group;
outcome: pre- and post-levels of hormones and cytokines; and study design: randomized and non-randomized
controlled trials. We used a random-effect model for the meta-analysis. The raw mean difference in hormones from
baseline to post-intervention was presented alongside 95% confidence intervals (Cl). Further, the certainty of evi-
dence quality and the risk of bias were assessed.

Results: A total of 3689 records were identified, of which 14 studies were eligible for inclusion. Most studies
examined adolescents with fewer studies on children (age < 12 years, N=>5 studies) and females (N =2 studies).

Nine exercise training programs used endurance training, five studies used resistance training, and no eligible

study used concurrent training. The meta-analysis showed no significant effect of exercise training on testoster-

one (MD =0.84 nmol/L), cortisol (MD = — 17.4 nmol/L), or SHBG (MD = — 5.58 nmol/L). Subgroup analysis showed
that resistance training significantly increased testosterone levels after training (MD =3.42 nmol/L) which was not
observed after endurance training (MD=—0.01 nmol/L). No other outcome differed between training types. Exercise
training resulted in small and non-significant changes in GH (MD =0.48 ng/mL, p=0.06) and IGF-I (MD = —22.90 ng/
mL, p=0.07). GH response to endurance training may be age-dependent and evident in adolescents (MD=0.59 ng/
mL, p=0.04) but not when children and adolescents are pooled (MD =0.48 ng/mL, p=0.06). Limited evidence exists
to conclude on IL-6 and TNF-a effects of exercise training. Assessments of GRADE domains (risk of bias, consistency,
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and cytokines).

Registration: PROSPERO: CRD42021241130.

directness, or precision of the findings) revealed serious weaknesses with most of the included outcomes (hormones

Conclusions: This systematic review suggests that exercise training has small effects on hormonal concentrations in
children and adolescents. Changes in testosterone concentrations with training are evident after resistance training
but not endurance training. GH's response to training may be affected by maturation and evident in adolescents but
not children. Further high-quality, robust training studies on the effect of resistance training, endurance training, and
concurrent training are warranted to compare their training-specific effects.
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Key Points

+ The main findings of this systematic review and
meta-analysis suggest that exercise training has a
small effect on hormonal concentrations in healthy
children and adolescents (< 18 years).

+ Basal levels of GH significantly increased after endur-
ance training in adolescents, but this effect was not
significant when studies on adolescents and children
were pooled. At least for GH, hormonal adaptations
to exercise training may be affected by maturation.
None of the other outcomes were affected by age.

+ Training type may affect hormonal adaptations
to exercise training. Resistance training induced a
higher increase in testosterone concentration com-
pared to endurance training. No effect of training
mode was evident for concentrations of SHBG or
cortisol. All studies examining GH and IGF-I used
endurance training, and subgroup analysis was there-
fore not conducted.

+ Conflicting evidence exists on the effects of exercise
training on IL-6 and TNF-a.

Background

Different training types may have different effects on
muscular strength, cardiorespiratory fitness, and other
health outcomes in children and adolescents [1, 2]. Reg-
ular exercise promotes the development of musculo-
skeletal, cardiovascular, respiratory systems and affects
metabolism [3]. However, in children and adolescents,
these effects interact with the endocrine system, which
affects growth, metabolism, pubertal, and neuropsycho-
logical development [4]. It has been shown that physical
activity affects the endocrine system during acute and
prolonged exercise in adults [5, 6], children and adoles-
cents [7]. Traditionally, hormones like growth hormone
(GH), insulin-like growth factor 1 (IGF-I), and sex ster-
oids, mainly testosterone, have been studied due to their
role in tissue growth and muscle hypertrophy [5].

Hormonal and Cytokine Adaptations to Physical Training
Hormonal adaptations associated with exercise training
differ in children and adolescents compared to adults,
possibly due to differing stages of maturation [8]. The
onset of puberty corresponds to rapid physiological
changes in the secretion of sex steroids and GH-IGE-
axis hormones [3, 9-11]. During this period, the effects
of exercise training on anabolic hormones and catabolic/
inflammatory mediators are believed to be particularly
important [3, 12]. Specifically, males gain greater mus-
cular strength during puberty compared to females as a
result of a significant increase in their testosterone levels,
while there are no sex differences in muscular strength
before puberty [13]. In accordance, gains in muscular
strength after resistance training among prepubertal chil-
dren should be attributed to neural rather than morpho-
logical muscle adaptations [14—16]. However, there are
limited data on hormonal [7] and morphological adapta-
tions [8] to exercise training in children and adolescents.
Some suggest that morphological adaptations occur in
children but are possibly more subtle in children than
adults [17-19].

In pubertal males, exercise training can cause acute
responses in hormones like testosterone and cortisol,
induce chronic changes [3], and may even influence
growth and maturation. Both testosterone and cortisol
levels tend to increase following acute resistance training
in adults, but children and adolescents’ response is less
clear [7]. Some evidence suggests that exercise-induced
acute cortisol and testosterone responses to resistance
training may depend on maturation [20].

More recently, the focus has shifted toward examin-
ing the GH-IGF-I axis in pediatric exercise physiology
[21-24]. The GH-IGEF-I axis is a system of growth media-
tors (IGFs, IGF-binding proteins, and IGF receptors) that
has an essential role in normal growth, development, and
cellular differentiation [25, 26]. The link between exer-
cise training and the GH-IGF-I axis has been reported in
cross-sectional studies, with a higher GH secretion and
IGF-I concentration in fitter adults [27, 28] and adoles-
cents compared to less trained participants [29, 30]. In
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addition, both GH and IGF-I increase significantly as
a result of endurance training stimuli [28, 31-39]. The
acute GH response to an endurance-type training session
also seems to depend on maturation [5, 32, 33, 36, 40,
41], with a lower response in prepubertal compared to
pubertal children. The acute response to exercise in IGF-I
concentration is less studied in children and adolescents
but hypothesized to increase [12]. However, most stud-
ies have failed to find a significant increase in IGF-I con-
centrations after training [38, 41]. Even though IGF-I is
the downstream hormone stimulated by GH, some have
suggested that IGF-I is not necessarily dependent on GH
since IGF-I peaks earlier than GH after exercise [38, 42].

Short-term (5 weeks) endurance-type training pro-
grams in children have resulted in a catabolic rather than
an expected anabolic activation of the GH-IGF-I axis
[22]. The inhibition of the GH-IGF-I-axis has been sug-
gested to be caused by simultaneous activation of cata-
bolic proinflammatory cytokines such as interleukin 6
(IL-6) and tumor necrosis factor-a (TNF-a) [22, 43].
Previous studies have found that intense acute bouts of
sport-specific training sessions increase the inflamma-
tory cytokines in male [22] and female adolescents [23].
It has been suggested that levels of proinflammatory
cytokines will fall back to normal values after a longer
training period that improves physical performance and
thereby suppression of IGF-I diminishes [44]. A success-
ful training adaptation may decrease proinflammatory
cytokines and rebound anabolic activation of the GH-
IGF-I axis, causing IGF-I to increase above pretraining
levels [44]. The exact role of the inflammatory cytokine
activity in growth and development is still unclear and
how it changes with long-term training.

It is well documented that children, and adolescents
can increase cardiorespiratory endurance and muscular
strength [2]. Less clear is how children and adolescents,
hormonal systems adapt to long-term training [3, 7]. A
systematic review and meta-analysis showed that endur-
ance training effectively reduced fasting insulin levels
in obese children and adolescents more than resistance
training or endurance training [45]. However, obesity
in children has been demonstrated to decrease GH and
insulin response to exercise, thus affecting the hormonal
responses compared to lean children [37, 38, 46]. Accord-
ing to our knowledge, no previous systematic reviews and
meta-analyses have investigated whether training types
induce different long-term effects on other hormonal
outcomes in a healthy population. Knowledge of which
physiological mechanisms underpin children’s response
to training is essential to designing safe and effective
training programs. Therefore, this systematic review and
meta-analysis aimed to determine the effects of exer-
cise training on hormonal adaptations and cytokines in
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healthy children and adolescents. Further, we reviewed
and compared training types and their effects on hor-
mones and cytokines in children and adolescents.

Methods

The systematic review and meta-analysis were performed
in accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analysis (PRISMA) statement
[47, 48]. The protocol was specified in advance and regis-
tered in PROSPERO international prospective register of
systematic reviews (CRD42021241130).

Search Strategy

The literature search was performed on the April 15,
2021, and updated February 23, 2022, in PubMed, Web of
Science (core collection), and EBSCO (Academic Search
Premier, CINAHL, MEDLINE, SPORTDiscus). The
search strategy (Table 1) included the following Boolean
search syntax for training mode and hormonal response
(youth OR children OR adolescents OR adolescence OR
teens OR teenager OR boys OR girls OR child OR young
OR junior) AND (hormones OR endocrine OR hormonal
OR cytokine) AND (exercise OR training) AND (aerobic
OR endurance OR interval OR strength OR resistance
OR concurrent OR combined). The following database
filters were applied when available: participant age (child:
birth—18 years) and language (English).

Eligibility Criteria

The study criteria were formed according to the PICOS
(population (P), intervention (I), comparator (C), out-
comes (O), and study design (S)) guidelines [48, 49].
Participants: healthy children and adolescents (mean

Table 1 Search strategy used for each database

Database Search words
PubMed *

Web of Science **

EBSCO b

“ All fields: ("Adolescent"[Mesh] OR "Child"[Mesh] OR youth OR child* OR
adolescent* OR adolescence OR teen* OR teenager OR boy* OR girl* OR young
OR junior) AND ("Hormones"[Mesh] OR hormone* OR endocrine OR hormonal
OR "Cytokines"[Mesh] OR cytokine*) AND ("Exercise"[Mesh] OR training) AND
("physical endurance"[Mesh] OR "resistance training"[Mesh] OR aerobic OR
endurance OR interval OR strength OR resistance OR concurrent OR combined)

“"TOPIC: (youth OR children OR adolescents OR adolescence OR teens
OR teenager OR boys OR girls OR child OR young OR junior) AND TOPIC:
(hormones OR endocrine OR hormonal R cytokine) AND TOPIC: (exercise
OR training) AND TOPIC: (aerobic OR endurance OR interval OR strength
OR resistance OR concurrent OR combined)

" All fields: (youth OR children OR adolescents OR adolescence OR teens OR
teenager OR boys OR girls OR child OR young OR junior) AND (hormones OR
endocrine OR hormonal OR cytokine) AND (exercise OR training) AND (aerobic
OR endurance OR interval OR strength OR resistance OR concurrent OR
combined)
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age <18 years) were included in the analysis. Studies on
overweight or obese populations (BMI for age > 85th per-
centile) were excluded because their hormonal response
to exercise differs compared to lean participants [37, 38,
46]. Overweight or obese was defined as stated in the
original studies, typically with a BMI for age above 85th
percentile. Studies with both children and adults were
included if results were reported separately for the child
group. Intervention: resistance training, endurance train-
ing, or concurrent training with a duration of at least
four weeks were included. Comparator: only studies with
at least one control group were included. Outcome: the
study contained data on at least one proinflammatory
cytokine: TNF-a or IL-6 or at least one of the follow-
ing hormones: GH, testosterone, IGF-I, SHBG, or corti-
sol measured before and after a period of training. Only
studies examining changes in hormonal or cytokine con-
centrations pre- to post-training, termed chronic changes
(>4 weeks of training), were considered. Study design:
both randomized or non-randomized controlled trials
were included. Further, only studies published in English
and available in full-text were included.

Study Selection

After removing duplicates, one review author (DJ)
screened the titles and dismissed irrelevant articles. The
screening process strictly adhered to the a priori eli-
gibility criteria published in the PROSPERO protocol.
Two independent authors (D] and AT/AL) screened the
abstracts, and articles that did not meet the eligibility cri-
teria were excluded. At this stage, only the studies that
clearly did not match the eligibility criteria were excluded
(e.g., populations such as adults and individuals with
chronic diseases; study design such as cross-sectional
studies and acute studies; and types of reports such as
conference papers, and reviews). All potential articles
advanced to the next step of the screening process and
were carefully examined in full-text by two independent
authors (D] and AT/AL) and included only if they met the
inclusion criteria described above. Any disagreement was
resolved by discussing and revisiting the original paper.
After identifying relevant articles, we manually searched
their reference lists to increase sensitivity.

Data Extraction

We developed a standardized digital data extraction form
(based on Cochrane Consumers and Communication
Review Groups’ data extraction form [50]). The following
information was extracted: (1) study design; (2) charac-
teristics of participants (e.g., sex, body mass, body height,
biological and chronological age); (3) study aim; (4) inter-
vention characteristics (e.g., training type, intensity, dura-
tion, frequency); and (5) hormonal and cytokine outcome
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(e.g., pre- and post-values, blood or saliva). Two review
authors independently extracted the data from the arti-
cles. Any inconsistencies in data extraction were resolved
by discussion and revisiting the original paper. The origi-
nal study authors were contacted for clarification where
critical data were missing or not reported fully. If no
answer was obtained within two weeks, a reminder was
sent to the corresponding author and the co-authors. If
the authors did not answer our e-mails, the study was left
out of the quantitative analyses. Data presented only in
figures were extracted using a validated [51] WebPlot-
Digitizer software, version 4.5 (https://www.automeris.
io/WebPlotDigitizer/).

Risk of Bias Assessment

Two review authors (DJ and AT/AL) independently
assessed the risk of bias using the Cochrane Collabora-
tion’s Tool for Assessing Risk of Bias [50]. The two data
sets were cross-referenced for any discrepancies. A third
reviewer settled disagreements.

GRADE of Evidence

The Grading of Assessment, Development and Evaluation
(GRADE) criteria were used to interpret the findings and
summarize the level of evidence [52, 53]. Each outcome
in the study was evaluated according to the GRADE pro-
cedure. Evidence of findings was downgraded from “high
certainty” by one level for serious concerns (two levels for
very serious) for each criteria: risk of bias, indirectness
of evidence, inconsistency of findings, imprecision of
effect estimates, or publication bias across studies. Three
review authors (DJ, AT, and AL) independently assessed
each outcome according to the GRADE procedure, and
any discrepancies and disagreements were settled by
discussion.

Statistical Analysis

A meta-analysis was completed using the Review Man-
ager version 5.4.1 (Copenhagen: The Nordic Cochrane
Centre, Cochrane) software. A random-effect model was
used for the meta-analysis to calculate weighted mean
differences (MD) in hormonal outcome from baseline to
post-intervention between the groups. Only outcomes
for which data were available from three or more stud-
ies were included in the meta-analyses and otherwise
briefly described in the text. A primary meta-analysis
was performed with all training studies included per
outcome (Exercise training). The subgroup analysis was
carried out considering the training modalities (resist-
ance, endurance, or concurrent) used in the studies. Two
studies included two or more intervention groups and
one comparator group [54, 55], and results were reported
separately since they examined different biological (e.g.,
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prepubertal vs. pubertal) or chronological (11 vs. 15 years
old) age groups. One study group was reported in two
separate studies [55, 56], and therefore, only one of the
groups was included in the meta-analysis [56].

Statistical heterogeneity in the systematic review and
meta-analysis was assessed using Q and I? statistics [57].
Thresholds for I> were interpreted according to Cochrane
[57]: 0-40% might not be important. 30-60% may rep-
resent moderate heterogeneity, 50-90% may represent
substantial heterogeneity, and 75-100% considerable
heterogeneity. In addition, heterogeneity was presented
visually in forest plots with 95% confidence intervals.
We calculated the pooled mean difference between exer-
cise training and control groups for the absolute change
in hormonal levels with 95% confidence intervals (CI).
When different measures of variability were presented
(e.g., standard error) in the original article, we converted
them to SD following section 6.5.2.3 of the Cochrane
Handbook [58]. The robustness of the meta-analysis was
evaluated using sensitivity analysis for biological age, fol-
lowing the guidelines in section 2.9.97 in the Cochrane
Handbook [58]. The level of statistical significance was
set at =0.05.

Results

Description of Studies

The database search resulted in 3689 potential studies
for inclusion after duplicates had been removed (Fig. 1).
Screening of abstracts and titles resulted in 41 poten-
tially relevant studies that were carefully assessed in full-
text for eligibility. In total, 14 studies met the inclusion
criteria, and 12 were included in the meta-analysis [29,
43, 54-56, 59-67]. Details of participant characteris-
tics are presented in Table 2. The systematic review and
meta-analysis included 445 participants (347 males and
98 females) with mean ages for study populations rang-
ing between 9 and 17 years. Most of the studies exam-
ined adolescents (>12 years old) [59-63, 65, 66] with
fewer studies examining children (<12 years old) [29,
43, 56, 64, 67] and two studies included both age groups
[54, 55]. Ten studies examined untrained participants
[29, 43, 54-56, 62—-64, 66, 67], and four studies examined
trained participants [59-61, 65]. Sample sizes ranged
from 16 to 69 participants. All studies measured hormo-
nal concentration in blood, except for one that measured
in saliva [65]. Biological age was reported in the major-
ity of the studies, however, not all [59, 60, 65-67]. Five
of the included studies examined the effects of resistance
training [55, 56, 59, 61, 65], nine studies examined endur-
ance training [29, 43, 54, 60, 62—64, 66, 67], and no study
was found examining the effects of concurrent training
(Table 2). The mean training duration of the included
studies was 8 weeks (range from 5 to 24 weeks) with a
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training frequency ranging from two to five training ses-
sions per week.

Primary Analyses: Exercise Training

Twelve out of 14 studies included in the meta-analysis
reported pre-and post-changes in hormones following
exercise training. Testosterone (n=7) followed by corti-
sol (n=5) was the most studied hormone (Table 3). The
meta-analysis showed that endurance exercise train-
ing was neither associated with a significant increase in
GH pre- to post-training (mean difference: 048 ng/mL;
[95% CI -0.02 to 0.99]; *=0%, Z=1.87, p=0.06; Fig. 2)
nor a significant decrease in IGF-I (mean difference:
—22.90 ng/mL [95% CI —47.92 to 2.12], compared to a
control condition (Z=1.79 [p=0.07]; Fig. 3). Changes in
testosterone concentration (Fig. 4) pre- to post-training
were not statistically significant (pooled exercise train-
ing; mean difference: 0.84 nmol/L [95% CI —0.22 to
1.90], Z=1.54 [p=0.12]) compared to a control group.
Between-study heterogeneity was moderate and signifi-
cant (?=60%, p=0.010). Pooled exercise training was
neither associated with any changes in SHBG concentra-
tion pre- to post-training (mean difference: — 5.58 nmol/L
[95% CI —19.39 to 8.23], Z=0.79 [p<0.43]; Fig. 5) nor
a significant decrease in cortisol, compared to a control
group (mean difference: —17.40 nmol/L [95% CI —88.50
to 53.70], Z=0.48 [p=0.63], Fig. 6).

The certainty of evidence (GRADE evaluation) was
low to very low for all included hormonal outcomes
(Table 4) because of concerns with the risk of bias (Fig. 7)
and imprecise findings due to the low total sample size.
In addition, some concerns were noted with SHBG and
IGF-I because the same research group conducted the
studies on SHBG (see [55, 56, 64]) and IGF-I (see [29, 30,
43, 63)).

Table 5 shows a sensitivity analysis of how pooled exer-
cise training affects hormonal response with and without
studies, including prepubertal participants [29, 43, 54,
56, 64]. The withdrawal of the studies with a prepubertal
group only impacted the main analysis for GH. The pri-
mary main effect for GH was not significant, but when
the prepubertal group in the Zakas et al. study [54] was
removed from the analysis, a significant main effect was
observed (p=0.04). The main analysis of IGF-I, testos-
terone, SHBG, and cortisol was not affected by the with-
drawal of the prepubertal groups.

Subgroup Analyses: Effect of Training Type

Testosterone The subgroup analysis identified a signifi-
cant difference in testosterone concentration pre- and
post-training between endurance and resistance train-
ing (»p=0.008, Fig. 4). Testosterone concentration
increased significantly after resistance training compared
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to a control group (mean difference: 3.42 nmol/L [95%
CI 092 to 592], Z=2.68, [p=0.007]) while no dif-
ference was observed after endurance training (mean
difference: —0.01 nmol/L [95% CI —0.41 to 0.39],
Z=0.03,[p=0.97]). The between-study heterogeneity for

both resistance training (I*=29%, p=0.24) and endur-
ance training (I = 0%, p =0.97) was low.

SHBG No subgroup difference was found for SHBG
(Fig. 5) concentrations between training types (p =0.59).
Resistance training did not reveal any clear effect on
SHBG (mean difference: — 10.46 nmol/L [95% CI — 36.69
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Table 3 Summary of training studies per hormone (GH, IGF-I, testosterone, SHBG, and cortisol) reported separately for sex, age, and

maturity
Hormone Sex Age Maturity
Male Female Children (<12 years) Adolescents Prepubertals  Pubertals
(>12years)

GH Total number of studies 3 1 1 3 1 3
Resistance Training (studies) 0 0 0 0 0 0
Endurance training (studies) 3 1 1 3 1 3
Age (min-max) 10-16year  15-17year  10year 13-17 year 10 year 13-17 year
Maturity reported (studies) 2/3 1/1 11 2/3

IGF-I Total number of studies 2 2 2 2 2
Resistance Training (studies) 0 0 0 0 0
Endurance training (studies) 2 2 2 2 2
Age (min-max) 9-16 year 9-17 year 9-11 year 15-17 year 9-11 year 15-17 year
Maturity reported (studies) 2/2 2/2 2/2 2/2

Testosterone  Total number of studies 7 0 4* 3 5%
Resistance Training (studies) 4 0 2 2 2%*
Endurance training (studies) 3 0 2 2% 3 1
Age (min-max) 10-17year 0O 11-12 year 13-17 year 9-11 year 12-17 year
Maturity reported (studies) 6/7 0 4/4 2/3

SHBG Total number of studies 3 0 1 2 1
Resistance Training (studies) 2 0 1 0 1
Endurance training (studies) 1 0 0 2 0
Age (min-max) 10-16year O 9-12 year 14-16 year 9-12 year 14-16 year
Maturity reported (studies) 3/3 0 2/2 11

Cortisol Total number of studies 5 0 1 4 1 1
Resistance Training (studies) 3 0 0 3 0 1
Endurance training (studies) 2 0 0 1 1 0
Age (min-max) 9-17years 0 9-10 years 14-17 years 9-10 years 14-15 years
Maturity reported (studies) 2/5 0 11 Ya

" Zakas et al. [54] study included both a prepubertal group and a pubertal group. ** Tsolakis et al. prepubertal group is reported in two separate studies[55, 56]

Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Buyukyazi et al. (60) b 1222 12 04 153 12 11.0%  -0.60[-2.13,0.93] —
Zakas et al. (54) a 0.03 1.27 10 0.001 1.26 8 18.5% 0.03 [-1.15, 1.20] -1
Zakas et al. (54) b 043 4.27 10 0.03 4.17 9 1.8% 0.40 [-3.40, 4.20]
Eliakim et al. (62) -0.2 0.82 10 -0.7 1.27 6 19.8% 0.50 [-0.64, 1.64] I
Zakas et al. (54) ¢ 0.72 4.02 9 0.06 4.03 9 1.8% 0.66 [-3.06, 4.38]
Buyukyazi et al. (60) a 0.3 1.96 12 -04 1.53 12 12.9% 0.70 [-0.71, 2.11] I
Eliakim et al. (63) -0.11 117 20 -1.09 1.51 18 34.1% 0.98 [0.11, 1.85] —
Total (95% CI) 83 74 100.0% 0.48 [-0.02, 0.99] ‘
Heterogeneity: Tau? = 0.00; Chi2 = 3.88, df = 6 (P = 0.69); I* = 0% t t f f
Test for overall effect: Z = 1.87 (P = 0.06) 4 ; 72 0 ; ; 2 ; 4
Higher in Control  Higher in Exercise
Fig. 2 Forest plot of the effects of exercise training (only endurance training studies) compared with a control group on changes in growth
hormone (GH). Cl confidence intervals; df degrees of freedom; and SD standard deviation. A b and c refer to different study groups in the same
publication

to 15.76], Z=0.78 [p=0.43]). Only one study was found
examining SHBG and endurance training.

Cortisol: Further, no difference between training types
(Fig. 6) was evident in cortisol pre- to post-training
(p=0.49, >=0%). No difference in cortisol concentration
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Exercise Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Eliakim et al. (28) -9.9 53.96 19 284 103.32 20 23.7% -38.30[-89.67, 13.07] -
Eliakim et al. (62) -67.7 135.62 10 -37.5 94.61 6  4.9% -30.20[-143.32, 82.92]
Eliakim et al. (63) -29 53.67 20 -1 59.4 18 47.9% -18.00 [-54.14, 18.14] ——
Scheett et al. (42) -29.4 72.08 12 -13.6 60.53 14 235% -15.80[-67.46, 35.86] L
Total (95% CI) 61 58 100.0% -22.90 [-47.92, 2.12] @
ity: 2= - Chiz = = = - 2= QY + t + +
Heterogeneity: Tau? = 0.00; Chi? = 0.50, df = 3 (P = 0.92); I? = 0% 200 -100 0 100 200

Test for overall effect: Z = 1.79 (P = 0.07)

Fig. 3 Forest plot of the effects of exercise training (only endurance training studies) compared with a control group on changes in insulin-like
growth factor 1 (IGF-I). C/ confidence intervals; df degrees of freedom; and SD standard deviation

Lower in Exercise Lower in Control

Control
SD Total Weight

Exercise
Study or Subgroup Mean SD Total Mean

Mean Difference
IV, Random, 95% CI

Mean Difference
IV, Random, 95% CI

1.3.1 Resistance Training

Gorostiaga et al. (61) -0.3 6.67 9 0.3 3.54 9 4.0%
Gorostiaga et al. (59) 2.18 7.53 8 0.01 5.08 11 2.8%
Tsolakis et al. (55) 4.7 3.57 13 0.1 2.66 10 11.2%
Tsolakis et al. (56) 6 5.96 9 0.5 4.25 10 4.4%
Subtotal (95% Cl) 39 40 22.5%
Heterogeneity: Tau? = 1.94; Chi? = 4.21, df =3 (P = 0.24); I = 29%

Test for overall effect: Z = 2.68 (P = 0.007)

1.3.2 Endurance Training

Eliakim et al. (63) 0.01 3.95 20 1.04 3.74 18 11.8%
Messinis et al. (64) 0.09 0.6 9 0.1 0.45 8 29.7%
Zakas et al. (54) a 0.07 0.89 10 0.07 0.63 8 27.9%
Zakas et al. (54) b 127 56 10 035 5.2 9  41%
Zakas et al. (54) ¢ 3.39 4.56 9 0.21 6.04 9  4.0%
Subtotal (95% Cl) 58 52 77.5%
Heterogeneity: Tau? = 0.00; Chi? = 2.41, df =4 (P = 0.66); I> = 0%

Test for overall effect: Z = 0.03 (P = 0.97)

Total (95% Cl) 97 92 100.0%

Heterogeneity: Tau? = 0.92; Chi? = 20.23, df = 8 (P = 0.010); I = 60%
Test for overall effect: Z = 1.54 (P = 0.12)
Test for subaroup differences: Chi? = 7.04, df = 1 (P = 0.008), 1> = 85.8%

different study groups in the same publication

Fig. 4 Forest plot of the effects of exercise training (pooled resistance and endurance training) vs. control group and resistance training vs.
endurance training on changes in testosterone. C/ confidence intervals; df degrees of freedom; and SD standard deviation. A b, and c refer to

-0.60 [-5.53, 4.33]
2.17 [-3.85, 8.19]
4.60 [2.05, 7.15]
5.50 [0.80, 10.20]
3.42[0.92, 5.92]

-1.03 [-3.48, 1.42]
-0.01[-0.51, 0.49]
0.00 [-0.70, 0.70]
0.92[-3.94, 5.78]
3.18 [-1.76, 8.12]
-0.01 [-0.41, 0.39] ¢

&
o

0.84 [-0.22, 1.90]

. Il .

B 1 } t

-5 0 5 10
Higher in Control  Higher in Exercise

was evident after either resistance training (p=0.81,
Z=0.24) or endurance training (p =0.48, Z=0.70).

GH-IGF-I: No study analyzing GH and IGF-I and resist-
ance training was found, and therefore subgroup analyses
was not conducted. Within-group analysis (Fig. 2 and
Fig. 3) showed that endurance training resulted in a small
non-significant increase in GH (mean difference: 048 ng/
mL; [95% CI —0.02 to 0.99]; *=0%, Z=1.87, p=0.06)
pre- to post-training while IGF-I decreased following
endurance training (mean difference: —22.90 ng/mL
[95% CI —47.92 to 2.12], Z=1.79 [p=0.07]). A summary
of the results is presented in Table 6.

Proinflammatory Cytokines

Three studies [43, 66, 67] were found examining the
effects of exercise training on IL-6 and TNF-a. The over-
all (GRADE) certainty of evidence was very low for IL-6
and TNF-a (Table 4). All studies used endurance train-
ing as a training mode, and no study was found using
resistance training. Since only two of the studies [43,
66] reported quantitative measures of pre- and post-
values of the outcomes, the results are only described.
Only one study reported changes in IL-6 [66] and TNF-a
[43] with exercise training. Rosenbaum et al. [66] exam-
ined 13 weeks of aerobic-type training in junior-high-
school students (13—14 years old) (Table 2) and found
reduced resting concentration of IL-6 but without any
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Exercise Control Mean Difference Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.4.1 Resistance Training
Tsolakis et al. (56) -17 36.98 9 9.5 2385 10 19.8% -26.50 [-54.82, 1.82] =
Tsolakis et al. (55) 0.6 20.75 13 -0.1 20.75 10 42.0% 0.70[-16.41, 17.81] J
Subtotal (95% Cl) 22 20 61.8% -10.46 [-36.69, 15.76]
Heterogeneity: Tau? = 227.42; Chiz = 2.60, df =1 (P =0.11); I?=61%
Test for overall effect: Z = 0.78 (P = 0.43)
1.4.2 Endurance Training
Messinis et al. (64) -0.89 19.96 9 075 187 8 38.2% -1.64[-20.02, 16.74] :
Subtotal (95% Cl) 9 8 38.2% -1.64[-20.02, 16.74]
Heterogeneity: Not applicable
Test for overall effect: Z = 0.17 (P = 0.86)
Total (95% CI) 31 28 100.0%  -5.58 [-19.39, 8.23] ’
Heterogeneity: Tau? = 42.02; Chi? = 2.76, df = 2 (P = 0.25); 1> = 28% t t T t y
Test for overall effect: Z = 0.79 (P = 0.43) 0 25 0. 25 %0
N i Higher in Control Higher in Exercise
Test for subaroup differences: Chi? = 0.29, df = 1 (P = 0.59), I? = 0%
Fig. 5 Forest plot of the effects of exercise training (pooled resistance and endurance training) vs. control group and resistance training vs.
endurance training on sex hormone-binding globulin (SHBG). C/ confidence intervals; df degrees of freedom; and SD standard deviation
Exercise Control Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% ClI 1V, Random, 95% CI
1.5.1 Resistance Training
Gorostiaga et al. (59) -38 121.6 8 25 122 11 15.9% -63.00[-173.90, 47.90] bl
Sarabia et al. (65) 84.4 2465 11 56.8 1414 9 10.3% 27.60 [-144.89, 200.09]
Gorostiaga et al. (61) -20 100 9 -100 145.8 9 154% 80.00 [-35.51, 195.51] =
Subtotal (95% CI) 28 29 41.6% 11.40[-81.47,104.28] -4.—-
Heterogeneity: Tau? = 2429.07; Chi?2 = 3.12, df =2 (P = 0.21); I? = 36%
Test for overall effect: Z = 0.24 (P = 0.81)
1.5.2 Endurance Training
Buyukyazietal. (60)b  135.2 105.7 12 229 707 12 20.5% -93.80[-165.75, -21.85] e E—
Buyukyazi et al. (60) a 137 1275 12 229 707 12 19.3% -92.00 [-174.49, -9.51] -
Scheett et al. (42) 6.1 109.5 12 -71.6 1195 14 18.6% 77.70[-10.37, 165.77] 0T =
Subtotal (95% Cl) 36 38 58.4% -38.00[-144.52, 68.51] ——e
Heterogeneity: Tau? = 7156.59; Chi? = 10.47, df = 2 (P = 0.005); I? = 81%
Test for overall effect: Z = 0.70 (P = 0.48)
Total (95% Cl) 64 67 100.0% -17.40 [-88.50, 53.70] ’
ity 2 — . 2 = = = S22 = 0, } t T t t
Heterogeneity: Tau? = 5060.84; Chi? = 15.19, df =5 (P = 0.010); I>=67% 200 -100 0 100 200

Test for overall effect: Z = 0.48 (P = 0.63)
Test for subaroup differences: Chiz = 0.47, df = 1 (P = 0.49), 2= 0%

groups in the same publication

Fig. 6 Forest plot of the effects of exercise training (pooled resistance and endurance training) vs. control group and resistance training vs.
endurance training on changes in cortisol. C/ confidence intervals; df degrees of freedom; and SD standard deviation. A and b refer to different study

Higher in Control  Higher in Exercise

change in TNF-a after the training period. Scheett et al.
[43] also examined the effects of endurance-type train-
ing (5 weeks) in prepubertal and early pubertal students
(Table 2). They found a significant increase in TNF-a
but no change in IL-6 after the training period. Lastly,
Andrade et al. [67] reported no effects of 6 weeks of
moderate-intensity (80% HR,,,,) endurance training on
TNF-a or IL-6 in children (age: 11-12 years).

Risk of Bias Assessments
All studies were graded according to the Cochrane risk of
bias assessments. Overall, the risk of bias scores for the

included studies were graded as moderate (Fig. 7). The
randomization process revealed concerns for one study
[65] due to lack of information. For most studies, the risk
of bias due to missing outcome data showed low concerns
except for one study [63], which showed some concerns
since results were not reported for all participants. Meas-
urements bias of the outcomes showed some concern in
one study [66] because of some concerns about whether
data collection was different between the groups. Selec-
tive reporting of the results raised some concerns in
almost all included studies due to the absence of an a
priori published study protocol or pre-specified analysis
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Study

Cochrane Collaboration, 2019)

Risk of bias domains

@ 0 0

@COOOOOOOOOOOO

00000000 OOO
0000000 OOO®
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Domains:

D1: Bias arising from the randomization process.

D2: Bias due to deviations from intended intervention.
D3: Bias due to missing outcome data.

D4: Bias in measurement of the outcome.

D5: Bias in selection of the reported result.

Judgement

- Some concerns

. Low

Fig. 7 Risk of bias summary: review authors'assessment of each domain for all included studies (generated with the Review Manager Web, The

Table 5 Sensitivity analysis per hormonal outcome with all groups or only adolescents (> 12 years old)

Outcome Study group Mean difference [95% Cl] Overall effect

GH All studies (primary main effect) 048 ng/mL (—0.02,0,99) 7=187,p=0.06
Only adolescents 0.59 ng/mL (0.03, 1.15) 7=205,p=004
(>12 years old)

IGF-I All studies (primary main effect) —229ng/mL(—47.92,2.12) Z=179,p=0.07
Only adolescents —18.11 ng/mL (—46.75,10.54) Z=124,p=022
(> 12 years old)

Testosterone All studies (primary main effect) 0.84 nmol/L (—0.22, 1.90) Z=154,p=0.12
Only adolescents 1.56 nmol/L (—0.82, 3.93) Z7=128,p=0.20
(> 12 years old)

SHBG All studies (primary main effect) —5.58 nmol/L (—19.39, 8.23) 7=079,p=043
Only adolescents 0.70 nmol/L (—16.41,17.81) Z=0.08,p=094
(>12 years old)

Cortisol All studies (primary main effect) — 1740 nmol/L (—88.50, 53.70) Z/=048,p=0.63
Only adolescents —43.32 nmol/L (— 1085, 21.89) Z=130,p=0.19

(>12 years old)




Jansson et al. Sports Medicine - Open (2022) 8:81

Table 6 Summary of changes in resting concentration of
hormones in children and adolescents following exercise training

Hormone Exercise Resistance Endurance Concurrent
training training training training

Growth hormone - ? - ?

(GH)

IGF-I - ? l ?
Testosterone ? 1 - ?

SHBG ? ? ? ?

Cortisol ? ? ? ?

1 Increase, | Decrease, ? Unclear, - no change

plan. Only one of the included studies [67] reported fol-
lowing an “a priori” published protocol.

Discussion
In this systematic review with meta-analysis, we exam-
ined if exercise training and training type influence
chronic changes in resting concentrations of hormones
(GH, IGF-], testosterone, SHBG, cortisol) and proinflam-
matory cytokines (IL-6 and TNF-a) in healthy children
and adolescents (<18 years). The analysis revealed that
exercise training generally seems to have small effects on
the resting concentrations of hormones in children and
adolescents. Resting levels of GH increased significantly
after endurance training in adolescents (MD=0.59 ng/
mL, p=0.04) but not when the analysis included chil-
dren. GH response to training may depend on maturity,
in line with studies on acute training that reported more
significant GH response in pubertal than prepubertal
children following endurance-type training [5, 32, 33, 36,
40, 41]. Previous research suggested that exercise training
has an antagonistic effect on the chronic changes in the
GH-IGF-I axis [43, 68]. We confirmed an increase in rest-
ing concentrations of GH after exercise in adolescents;
however, no significant difference was observed for IGF-
I. In addition, proinflammatory cytokines have been sug-
gested to increase after short-term training [22, 43]. We
identified few studies investigating exercise training and
the effect on resting concentrations of IL-6 and TNF-a,
and meta-analyses were therefore not possible. Based on
current evidence, data suggest unclear effects of training
on cytokines in children and adolescents. Three studies
were found [43, 66, 67], and only one study found a sig-
nificant change in TNF-a [43] and IL-6 [66]. It was not
possible to analyze the effects of training types on IL-6
or TNF-a since all studies used endurance training as a
training regime.

Furthermore, testosterone generally increased or
showed no change in resting concentration following
exercise training. Subgroup analysis revealed a significant
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increase in testosterone concentration after resistance
training (MD=3.42 nmol/L) but not after endurance
training (MD = —0.01 nmol/L). Training type may affect
adaptations to exercise training, although this may be
specific to some hormones only. It was not possible to
examine if training type is important for GH or IGF-I
since all studies used endurance training. If exercise
training and training type affect children and adolescents’
concentration of SHBG and cortisol remains unclear due
to limited evidence.

Exercise training positively affects children and ado-
lescents physical and physiological characteristics such
as muscular strength, power, and endurance [14, 69-72].
These effects become more notable upon the onset of
puberty and due to increases in the concentration of ana-
bolic hormones (e.g., testosterone) [73]. Some evidence
suggests that the magnitude of training adaptations fol-
lowing resistance training is maturity-dependent and
less effective before the growth spurt [74]. The hormonal
adaptations following exercise training are expected to
be more significant in pubertal than prepubertal children
due to their higher basal hormonal levels [75]. Biological
age is a possible confounding factor that should be exam-
ined in future analysis. Only a few studies measured or
reported biological age in this meta-analysis to conduct
a subgroup analysis. The analysis without the prepu-
bertal groups showed no change in the main effect for
the selected hormones except GH, which showed a sig-
nificant main effect when the prepubertal children were
excluded.

The study by Zakas et al. [54] was one of the few
included studies that directly compared different age
groups and concluded that maturation affects the hor-
monal responses to moderate- to high-intensity inter-
val training in males [54]. More specifically, endurance
training elevated chronic resting concentrations of serum
testosterone and GH in pubertal (13 yrs) and adolescent
(16 yrs) males but not in prepubertal males (10 yrs). The
age-related difference in hormonal concentrations should
be attributed to differences in the maturity of the exam-
ined groups [76]. However, evidence is rather scarce and
conflicting. In a study by Tsolakis et al. [55], eight weeks
of upper-body moderate-intensity resistance training
twice a week showed no significant difference in testos-
terone concentrations between prepubertal and puber-
tal males. Tsolakis et al. [55] reported a 124% increase
in testosterone pre- to post-training for the prepubertal
group (11-13 years), which was higher compared to the
32% increase observed in the pubertal group. The matu-
ration stage in the study was based on external genitals
and pubic hair development, but no evaluation of testi-
cle development was reported [55]. It is possible that the
prepubertal group in Tsolakis et al. [55] study was a mix
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of early pubertal and prepubertal, based on the high vari-
ability of participants’ anthropometrical characteristics
(height: 152+5.9 cm; weight: 43+9.5 kg). To date, no
similar study exists on females. It is not clearly under-
stood how maturation affects training-induced hor-
monal responses, but it seems that aspects like training
duration, training type, and which hormone are exam-
ined should be taken into account when addressing that
question/matter.

On a similar topic, many of the included studies in this
systematic review and meta-analysis did not include the
maturity status of the examined population [59, 60, 65—
67]. This is of particular importance since it is well known
that a physiological rise in hormonal levels occurs during
puberty, possibly affecting the adaptations to training. In
addition, there is a wide range of variability in growth as
well as the tempo of maturation between individuals of
the same chronological age group [77]. Further, research-
ers investigating endocrine adaptations to training in
pediatric populations mainly examine adolescents [9],
which is where the largest variability tends to exist. This
is especially true for adolescents around the growth spurt
[78-80]. Future research is urged to attempt to control
for maturity status.

The literature containing data on female groups (chil-
dren and adolescents) is substantially smaller than for
its male counterparts [81]. Only two studies [26, 61], out
of the 14 included in this review, examined females, and
both used endurance training as the training type. No eli-
gible study was found examining the effects of resistance
training on hormones or cytokines in healthy females,
which is a limitation that future research should address.
Further, two eligible studies included in the systematic
review used a mixed population sample [66, 67], mak-
ing interpretation difficult. Females enter puberty on
average two years earlier than males and have different
physiology with a higher level of sex steroids and GH/
IGF-I, which may have a different hormonal response to
the training process [82]. Currently, there is not enough
evidence to meta-analyze sex-specific differences in hor-
monal response to training. Data from meta-analysis
examining strength gains after resistance training have
reported a greater effect size in children and adolescent
males [83] than females [81]. Sex differences are attrib-
uted to females’ lower increase in testosterone [82] along
with increases in circulating estrogens that result in lower
muscle mass and promote fat distribution [84].

None of the studies included in the meta-analysis
examined the effects of concurrent training on hormo-
nal or cytokine responses in healthy children and ado-
lescents. Other studies on overweight and obese children
and adolescents have used concurrent training [45, 85]
to examine its effects on insulin and glucose. Concurrent
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training has been gaining interest in exercise science
mainly because of the interference effect, stating that the
mix of both endurance and resistance training together
in the same training session might be less effective than
single-mode training [86]. The interference effect has
sometimes been evident [86], but research on children
and adolescents is scarce. Children using concurrent
training do not seem to experience an interference effect
as seen in adult studies. In contrast, concurrent train-
ing for children and adolescents seems more effective
than endurance training or resistance training separately
[2]. In a recent systematic review, concurrent training in
youth had similar and even better training effects in some
selected measures of physical fitness compared to only
resistance or endurance training separately [2]. Concur-
rent training was more effective than resistance train-
ing to develop muscular power and more effective than
endurance training on developing athletic performance,
endurance, and work economy [2]. It has been suggested
that the concurrent training-related interference effect is
age-dependent and present in adolescents (13-18 yrs.)
but not in children (6-12 yrs.) [2]. In adults, acute hor-
monal response to concurrent training in the same train-
ing session can be metabolically demanding, increasing
cortisol concentration and potentially suppressing testos-
terone post-loading [87]. Moreover, the order of exercise
also seems to play a role in exercise-induced hormonal
responses. Goto et al. [88] showed that endurance exer-
cise conducted before strength training might suppress
the hormonal release of GH. A possible explanation
might be the accumulation of fatty acids. Others have
shown that endurance training conducted before resist-
ance training elevates testosterone concentration but not
when resistance training was conducted first [89]. Taken
together, there is a knowledge gap in how children and
adolescents’ hormonal responses adapt to concurrent
training.

The main strength of this systematic review and meta-
analysis is that we conducted a comprehensive systematic
search with broad inclusion of several training-related
hormones and cytokines and their response to exercise
training and training type in children and adolescents.
By summarizing and integrating results from a number
of individual, typically small sample-sized studies, we
could increase precision in estimating the effects of exer-
cise training on hormones. However, the analysis has
some limitations that need to be interpreted with some
caution. Only one investigator screened the titles which
in best practice is done by two independent investiga-
tors. In order to decrease the risk of missing studies, we
manually searched all included studies’ reference lists
but did not find any eligible studies. In general, the meta-
analysis had low-to-moderate heterogeneity, similar to
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other meta-analyses examining hormonal adaptations
in children and adolescents [45]. The moderate-to-high
risk of bias in the included studies might partially explain
the results. The risk of bias is partly difficult to assess
in training studies since blinding study participants is
not practically feasible, resulting in lower scores [90]. In
addition, previous systematic reviews [91, 92] of train-
ing studies report that the studies usually are of low to
medium quality evidence. Other challenges that we faced
during the data analysis were that most of the studies
included small sample sizes had an inadequate descrip-
tion of training variables, and their training duration was
typically short. The large variation of training protocols
within each training type is likely to contribute to the
observed heterogeneity in the meta-analysis. Other stud-
ies have suggested that both intensity and training vol-
ume are likely important confounders when examining
training effects on hormones [5]. In this study, we showed
that training type (endurance vs. resistance training) has
a training-specific impact on some important hormones.
It is important to note that training type could not be
compared for all outcomes due to a lack of studies (e.g.,
GH-IGF-I axis only examined following endurance train-
ing), which should be addressed in future research. More
surprising is the lack of studies using concurrent training
as a training type. Concurrent training, in theory, might
have the combined effect of both endurance training and
resistance training and resemble real-life situations for
children’s and adolescents’ weekly training. Since WHO
guidelines [1] for physical activity in children and adoles-
cents include endurance and muscular strength training,
there is a need to examine concurrent training’s effect on
hormones and cytokines. Hence, we suggest future stud-
ies to explore the effects of the more complex training
type, concurrent training, on hormonal and proinflam-
matory cytokine responses.

Conclusions

Based on the overall findings of this systematic review
with meta-analysis, we conclude that short-term exer-
cise training has small effects on resting hormonal con-
centrations in healthy children and adolescents. GH
response to training may be affected by maturation
since GH increases after training only in adolescents
but not in children. Based on our results, the type of
exercise training affects exercise-induced hormonal
adaptations, at least resting testosterone concentra-
tions. Resistance training increases testosterone con-
centrations, while endurance training has a limited
effect. However, significant limitations exist in the
current literature, mainly due to few randomized con-
trolled trials examining pediatric hormonal adaptations
to exercise training. Our results demonstrated a low
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certainty in current evidence for the effects of exercise
training on hormonal and cytokine outcomes.

Further high-quality, robust training studies inves-
tigating the effects of resistance training, endurance
training, and concurrent training on both hormones
and cytokines are needed to elucidate training’s specific
effects. There is a knowledge gap in pediatric research
examining the effects of concurrent training on chronic
hormonal response in healthy children and adolescents.
From a health perspective, this should be of interest
since many public health recommendations for chil-
dren and adolescents include endurance and resistance
training conducted weekly. Future research is urged to
continue investigating the effects of exercise training
on chronic adaptations in hormones and cytokines by
using different training modalities, controlling for mat-
uration, and targeting female populations in both child
and adolescent age groups.
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