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Low testosterone: Androgen deﬁciency, endurance
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Purpose: Our intent was to (a) characterize weekly changes in resting testosterone (T), cortisol (C), and the T:C ratio
in males during an intensive endurance training program, and (b) determine if clinical androgen deﬁciency (AD)
based upon T-level criteria developed. Methods: An 18-week training program in which individual training volume
(km/week) increased at 25% increments over baseline (BL) levels observed prior to the study beginning at 4-week
intervals throughout the ﬁrst 12 weeks. After 12 weeks, the volume was reduced to that of the ﬁrst 4 weeks until the
study end (week 18). Competitive performance running tests were assessed at BL and every 4 weeks, while blood T
and C were assessed weekly. Results: Performance improved from BL at weeks 4–16 (p < 0.01). T was reduced
(p < 0.01) from BL at weeks 3, and 5–18. The greatest reduction from BL was at week 13, subsequently T returned
toward BL at week 18. C was highly variable, and no signiﬁcant changes from BL were noted. The T:C ratio at weeks
5, 6, and 8–16 was signiﬁcantly less than at BL (p < 0.01), the greatest reduction at week 13. The T:C ratio values
also returned toward BL by week 18. Finally, ∼50% of the subjects reached T levels to be classiﬁed as AD.
Conclusions: Sports scientists should recognize decreases in T or T:C ratio is not always indicative of compromised
competitive performance potential. Clinicians should be aware increased training loads can lead to AD in men.
Keywords: overtraining, hormones, stress, hypogonadism, catabolic, adaptation, males

Introduction
Athletes must undergo large amounts of training to improve their physiological adaptation
and performance capacity. Regrettably, large volumes of training cause tremendous stress on
athletes and increase the risk of an athlete experiencing an excessive overload in their training
and as such their performance may become compromised (23). Endurance-based athletes
have a great risk of such occurrences due to the need and expectation for them to perform high
training loads involving large volumes of sporting activity (13, 21).
Athletes and coaches have searched for years to ﬁnd a sensitive and reliable biomarker
of training load that could be used to detect when athletes are undergoing too much training.
In a 2017 review article, Lee et al. (20) provided an overview of the multitude of such
biomarkers proposed by researchers and used by coaches. Speciﬁcally, as Lee et al. noted,
many researchers have proposed hormones such as testosterone, cortisol, and the testosterone–cortisol (T:C) ratio as biomarkers which are responsive to changes in training load (1, 16,
20). These speciﬁc hormones are suggested due to the critical regulatory roles they play in the
anabolic–catabolic physiological processes of the human body (1, 16, 18, 20, 33).
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Furthermore, numerous studies report reductions in testosterone and the T:C ratios – in which
both reduced testosterone and increased cortisol were present – are associated with period of
when training loads are becoming excessive (13, 19, 23, 31). The rationale given for these
reductions varies across these studies, but two of the most proposed hypotheses are that
training invokes (1) an overall catabolic state in the athlete, which is reﬂected by elevated
cortisol response, since this hormone has the capacity to increase protein breakdown and
disrupt testosterone production (both centrally and peripherally) (9, 26); and (2) a lack of
adequate energy consumption results in lowered energy stores and a “starvation” response
scenario (i.e., reduced energy availability) invoking higher brain center suppression of
elements of reproductive function and hence testosterone production (17, 24, 25). Along the
same line, a recent report by the International Olympic Committee Medical Commission
addressed the occurrence of reproductive dysfunction in male athletes that mirrors aspects of
female athletes experiencing the Female Athlete Triad, coining the phrase – Relative Energy
Deﬁciency in Sport (RED-S) to refer to the condition (24). Within male athletes, one of the
occurrences noted was the development of low-resting testosterone reﬂective of an exerciseinduced hypogonadal state (27). Medically, hormonal diagnosis of hypogonadism requires
testosterone to reach circulating levels of ≤3 ng/ml (2), what is termed a clinical state of
androgen deﬁciency. However, the prevalence and extent of exercise-induced androgen
deﬁciency associated with sports training in men has not been clearly identiﬁed or
systematically well studied.
Several studies examining training load inﬂuences on biomarkers suffer from methodology limitations that make interpretation of ﬁndings difﬁcult. For example, numerous
studies are retrospective in approach (i.e., athletes are examined and evaluated once they
display signs of excessive training loads) or have limited prior baseline (BL) evaluation to
serve as a point of reference for training-induced effects (23). Another common limitation is
these studies can also involve infrequent sampling of biological specimens to accurately
assess and proﬁle the biomarkers responses to training (15). In some cases, but not all, ethical
considerations have dictated aspects of why these limitations exist.
In light of the above, this study was undertaken to characterize changes in resting
testosterone, cortisol, and the T:C ratio on a weekly basis in runners during an 18-week
endurance training program involving incremental, intensive increases in training load
(volume) designed to be highly stressful on the athletes. A secondary intent was to see if
any reductions in testosterone occurred, whether the magnitude of decrease reached the level
of clinically deﬁned androgen deﬁciency.
Materials and Methods
Subjects
All the men (n = 15) who participated in this study gave written informed consent prior
participating in accordance with the Declaration of Helsinki. In accordance with university
policies, before the investigation began, all study procedures and protocols were reviewed
and approved by the institutional review board of local ethics review committee.
All subjects were recruited from local sports clubs and had engaged in regular aerobicbased exercise for a minimum of 12 months prior to the study. Inclusion criteria required that
the men were runners who trained 5–7 days per week and averaged 8–10 km of running per
day (i.e., weekly total 40–65 km over the past 6 months at a minimum). All subjects
participated in endurance sporting events (e.g., road races and triathlons) on a semi-regular
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basis (∼1 per month) but were not of an elite competitive level based upon their performances
(5 km run personal best times ranged from 20 to 24 min). Subjects were excluded from the
study if they had been injured during 6 months prior to the study (i.e., missed over 1 week of
training) or had a medical history including any metabolic-endocrine disorders, or such
family history (e.g., type II diabetes, Hashimoto thyroiditis, Grave’s disease, Myxedema,
Cushing’s syndrome, Addison’s disease, and Klinefelter’s syndrome). All participants had to
be medical approved by their personal physicians, who had reviewed and screened their
medical records and family histories.
Training program
Subjects were placed into an 18-week structured principally aerobic-based training program
designed by the lead researcher and their individual trainers/coaches. The intent of the
training program was to invoke a progressive overload training phenomena that would
increase their likelihood of excessive training load stress (23). To do this, individual training
volume (km/week) was increased at 25% increments over the BL levels observed prior to the
study at 4-week intervals through the ﬁrst 12 weeks. After 12 weeks of training, the exercise
volume was reduced to the level of the ﬁrst 4 weeks until the end of the study (week 18).
Table I illustrates an example of how training was typically modiﬁed. For the study, all
subjects were asked to train 6 days per week (from Monday to Saturday) at approximately the
same time of day, and to take 1 day off from training (Sunday) each week. The 6 days of
training were structured to be on a hard–easy alternating daily pattern. For the hard days, day
1 was a tempo run for 30–60 min at a rating of perceived exertion [RPE; using 20-point Borg
scale (3)] of 14–16, day 2 was an interval session [duration of work–rest intervals was
determined by individual coaches (typically 1:1) – usually consisting of 400 or 800 or
1,000 m repeat run intervals] at an RPE of ≥17, and day 3 was long continuous distance run at
12–15 RPE (∼60–90 min). The order of these three hard day activities was decided by the
individual coaches and varied across the weeks of the study for the subjects. Easy days were
all comparable and involved the subjects doing easy restful jogging to complete daily/weekly
required training volume, but involved no set RPE goal. The amount of individual daily
kilometers run was left to individual coach’s discretion, but with a goal of not exceeding the
weekly prescribed training volume (±3 km). All subjects were made familiar with the RPE
scale prior to the study beginning and how to rate themselves throughout their training
program (3). The training program took place in the late spring and early summer seasons

Table I. Sample calculations for training volume change for a representative research subject
Subject X – Prestudy training volume = 40 km/week
25% Increase
(baseline; km)

% Change from prior
week

Total weekly volume
(km/week)

Weeks 1–4

+10

+25

50

Weeks 5–8

+10

+20

60

Weeks 9–12

+10

+17

70

Weeks 13–18

−20

−28

50
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when no competitive events were scheduled for these athletes due to their participation in this
study.
To ensure compliance with the training program recommendations, the subjects were
asked to keep a weekly training diary, which was reviewed at the end of each week by their
individual trainer/coach. Investigators check with trainer/coaches on a weekly basis (Sunday)
to review and discuss compliance issues.
On day 1 (Monday) of each week a morning resting, fasted blood sample was collected
prior to any exercise training and after 24 h rest with no exercise and consumption of ample
ﬂuids to ensure normal hydration. Also at week BL, 4, 8, 12, and 16 of the study, the subjects
were assessed for performance capacity using the Cooper 12-min run test (5, 8). Moreover,
their body mass and height were measured (only wearing running shorts) prior to the
performance run using procedures reported previously (10, 12). These performance runs were
always carried out on a 400-m outdoor track and involved other individuals running with the
subjects. For these performance testing days (Monday), the remaining daily training activities
were truncated in volume to account for the testing activities. The blood, body mass, and
performance assessments were also taken at BL prior to the study beginning, after a 48-h rest
period in which no exercise was performed. The blood BL procedure was conducted twice
under the same conditions during the weeks prior to the study beginning, to insure a stable
resting hormonal reference measurement at BL (Figs 1–3 depict the BL value that represents
the mean response of these two measurements).
Throughout the study, the subjects ate a free-living diet and consumed food ad libitum.
Investigators instructed the trainer/coaches during their regular weekly interactions with the
subjects to encourage them to keep well fed and well hydrated.
Blood specimens were obtained by a certiﬁed phlebotomist while the fasted (>8 h)
subjects were in a seated position and after a 30-min quiet rest at ∼08:00 h (±30 min).
Subjects were required to replicate their time of blood collection for each weekly session. One
10-ml SST vacutainer tube was collected to obtain sera. Specimens were allowed to clot and
then spun at 3,000 × g for 15 min, and the separated serum was placed in cyro-freeze tubes for
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Fig. 1. Testosterone
[T; mean ± 95%
conﬁdence interval
(CI)] changes
throughout the study.
TBL = baseline,
T2 = week 2,
T4 = week 4, etc.
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storage at −50 °C. Serum was later analyzed hormonally for total testosterone and
cortisol using high-speciﬁcity radioimmunoassay procedures (DPC Inc., Los Angeles,
CA, USA; assay sensitivities were 0.3 ng/ml and 0.5 μg/dl, respectively). In addition,
specimens were examined for sex-hormone binding globulin [SHBG; radioimmunoassay
provided by Diagnostic Systems Laboratories (Webster, TX, USA) (sensitivity = 1.5 nmol/L)]
and albumin. To measure albumin concentration, a bichromatic digital endpoint spectrophotometric assay (600-nm wavelength) as described by Tietz (29) was used (sensitivity = 0.3 g/L).
All serum specimens were assayed for duplicate determination per analyte assessed and
quality controls procedures utilized (between- and within-assay coefﬁcients of variation for
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assays were less than 10%) (15). Testosterone and cortisol were assessed weekly in the blood
specimens obtained, and the T:C ratio was calculated for each of these corresponding time
points (1). Due to cost considerations, SHBG and albumin were measured only in the BL,
4-, 8-, 12- and 16-week blood specimens. For these speciﬁc time points, SHBG and albumin
were used to calculate free and bioavailable testosterone levels (34).
Statistical analyses
Since the study involved repeated measures determination of assessment outcomes, an
analysis of variance (ANOVA) was used to compare mean responses. A Shapiro–Wilk’s
test for normality of data distribution was applied ﬁrst, and if data were non-normal in
distribution, it was log-transformed prior to ANOVA in accordance with recommendations
(15, 30). Post-hoc analysis consisted of Tukey’s honestly signiﬁcant difference analysis. In
addition, zero-order correlation analysis was used to examine associations between changes
in measures over the study. Signiﬁcance was set a priori at an α level of ≤0.05.

Results
Of the 15 subjects who began the study, only 9 completed all aspects through the 18th week
and only their data are included in this report. The data of the other six subjects were removed
due to non-compliance issues and, or an injury prevented them from continuing in the study.
The physical characteristics of the subjects utilized in the study are reported in Table II.
Table III reports the results of the body mass and performance testing changes of the
subjects over the study period. Body mass was signiﬁcantly reduced from BL at 4, 8, 12, and
16 weeks (p < 0.05). Body mass at week 8 was less than week 4, and week 12 less than week
8 (p < 0.05); but weeks 12 and 16 did not differ (p > 0.05). The distance run during the
performance tests was increased signiﬁcantly from BL at weeks 4, 8, 12, and 16 (p < 0.01).
Furthermore, each respective performance test was also signiﬁcantly improved from the
respective prior test session (p < 0.05).
The resting testosterone and cortisol concentration changes during the study are depicted
in Figs 1 and 2, whereas the calculated T:C ratio is shown in Fig. 3 (mean ± CI). Hormonally,
the primary focus of the study was changes relative to the BL reference measurements; hence,
statistical comments are focused on these comparisons.
Testosterone was signiﬁcantly (p < 0.01) reduced from BL at weeks 3 and 5 through 18.
The greatest reduction from BL was observed at week 13; following this time point, testosterone
concentrations gradually returned toward BL. Cortisol was highly variable throughout the study,
and no consistent or signiﬁcant changes from BL were noted. The calculated T:C ratio values at
weeks 5, 6, and 8 through 16 were signiﬁcantly less than at BL (p < 0.01). Again, the greatest
Table II. Mean (±SD) physical characteristics of the research subjects (n = 9) at baseline
Age (years)

Height (cm)

Body mass (kg)

BMI (kg/m2)

VO2max (ml/kg/min)*

27.6 ± 2.5

177.7 ± 5.1

73.9 ± 3.7

23.5 ± 1.6

50.0 ± 5.5

SD: standard deviation.
*Maximal oxygen uptake (VO2max) was calculated from the baseline Cooper 12-min run test using the formula of
Burke and Cooper (5, 8)
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Table III. Mean (±SD) body mass and performance changes over the course of the study
Measurement

Baseline

4 weeks

8 weeks

12 weeks

16 weeks

Mass (kg)

73.9 ± 3.7

71.3 ± 4.3*

70.4 ± 4.2*

69.1 ± 3.0*

70.0 ± 3.4*

Performance
(meters run)

2,742.2 ± 288.7

2,880.2 ± 300.2* 2,958.6 ± 281.1* 3,105.1 ± 251.1* 3,271.2 ± 208.1*

SD: standard deviation.
*Signiﬁcant from baseline (p < 0.05)
Table IV. Mean (±SD) blood protein levels at select time points during the study as well as corresponding calculated
free testosterone (T) values
Measurement

Baseline

4 weeks

8 weeks

12 weeks

47.5 ± 10.5

51.3 ± 8.3

45.8 ± 11.1

46.6 ± 10.9

48.7 ± 7.9

Albumin (g/L)

4.7 ± 1.0

4.5 ± 0.9

4.6 ± 1.5

4.4 ± 1.2

4.8 ± 0.8

Free T (ng/ml)

0.117 ± 0.027

0.085 ± 0.041

0.080 ± 0.025*

0.067 ± 0.023*

0.072 ± 0.018*

SHBG (nmol/L)

16 weeks

SD: standard deviation; SHBG: sex-hormone binding globulin.
*Signiﬁcant from baseline (p < 0.05)

reduction in the T:C ratio from BL was observed at week 13 and the remaining subsequent ratio
values (weeks 14–18) increased and returned toward BL levels. Table IV displays the SHBG,
albumin, and calculated free testosterone values. No signiﬁcant changes were noted for SHBG or
albumin during the entire study (p > 0.05). However, the calculated free testosterone was
signiﬁcantly reduced from BL at weeks 8, 12, and 16 (p < 0.05).
Change in body mass was calculated and expressed as delta values (BL to 4 weeks,
4–8 weeks, etc.) and correlated with respective changes in hormonal measurements
(also expressed as corresponding delta change values) at matching time points. The only
signiﬁcant relationship found was between the changes in body mass and testosterone
(r = 0.333, p = 0.047; i.e., as body mass decreased, testosterone was reduced).
Finally, during the study, speciﬁcally during weeks 13–18, 55% of the participants at
one time or another had their blood testosterone levels be at or below the criteria to be
classiﬁed as being in a state of androgen deﬁciency [≤10.4 nmol/L (≤3 ng/ml)] (2).

Discussion
The main intent of this study was to characterize what effect, if any, large increases in training
load would have on resting testosterone, cortisol, and the T:C ratio using a weekly blood
sampling protocol, which is typically not seen in long-term exercise training studies. To that
end, we had hypothesized that hormonal changes would be responsive to increasing training
load as noted in the literature – decreasing testosterone and increasing cortisol, with
concurrent decreases in the T:C ratio (1, 19, 20, 31). Our detected hormonal changes for
testosterone (total and free) and T:C ratio agree with published reports, but we detected no
signiﬁcant changes in cortisol. We had also surmised that performance would stagnate or
Physiology International (Acta Physiologica Hungarica) 106, 2019

Unauthenticated | Downloaded 04/23/20 09:47 AM UTC

386

Hackney and Hooper

decline with signiﬁcant reductions in testosterone and the T:C ratio as postulated by other
researchers (19, 20, 32). To our surprise, the performance responses actually improved and
did not reﬂect a maladaptive training response to the increasingly stressful training loads.
These ﬁndings would tend to refute the argument that reductions in the circulating
testosterone and the T:C ratio are viable biomarkers for predicting potential stagnation of, or
declines in, performance capacity (1, 13, 20). Our ﬁndings are supportive of the premise that
testosterone is responsive to training load in an inverse fashion; however, our data do not
support the concept that a reduction in testosterone is viable for use as a predictive indicator
of a physiological maladaptation occurring in athletes. We speculate that not just a reduction
but some magnitude of decrease (threshold level or “cut-off point”) may be necessary in
testosterone change before it becomes indicative of training load excess and corresponds to
the onset of performance capacity problems (14). At present, no such cut-off point exists for
testosterone and thus future research needs to further examine this issue and as such
researchers should not just assume a lowering of testosterone will always correspond to
worsening performance. Interestingly though, such a cut-off point has been proposed for the
T:C ratio, that being a 30% reduction supposedly indicates insufﬁcient rest–recovery time
and a heighten risk of maladaptation to training may be developing (1, 20, 21). We observed a
maximal reduction in the T:C ratio at week 13 equivalent to −43.9% (±8.2%) and yet as
noted the performance of our subjects was not compromised. In fact, our subjects showed
∼17% improvement in their running performance over the course of the study, which agrees
with training response ﬁndings previous reported (4).
Our data also lead us to propose that the common interpretation in contemporary
literature that a lowered T:C ratio is indicative of a shift to a more catabolic status in an athlete
may be a misrepresentation of the endocrinological events occurring. That is, in this
“Catabolic > Anabolic” scenario, the assumption is that testosterone is lowered due to less
production due to steroidogenic inhibition by cortisol (9). This, in turn, shifts the body away
from protein synthesis and compromises adaptation and ultimately physical performance.
While certainly a possibility, it is equally likely that testosterone and T:C ratio reductions
represent an increased target tissue uptake and clearance from the blood of testosterone,
which would facilitate downstream events such as protein anabolism (11, 26). Without
measures of protein turnover during periods of hormonal change, it is impossible to determine
which scenario is occurring, but we suggest the assumption that these events (decreased
testosterone or T:C ratio) are always indicative of an enhanced catabolic state may be faulty
and an oversimpliﬁed interpretation. Along this line of thought, it would be interesting for
future studies to do a concurrent evaluation of estradiol levels, so the testosterone to estradiol
(T:E) ratio could also be evaluated. Perhaps, an exacerbation of the conversion of testosterone
into estradiol (e.g., peripheral aromatization) during training leads to a reduction in the T:E
ratio, and thus serves as anti-anabolic mechanism under training conditions that are unrelated
to cortisol changes (28). However, this is a hypothesis on our part, which others need to
pursue and test.
The loss in body mass during the course of the study was correlated with the reductions
observed in testosterone. The observed mass loss suggests the subjects were developing some
degree of a negative energy balance, and such a physiological state is associated with reduced
testosterone levels (25). Interestingly though, it does appear the subjects were self-regulating
in their food consumption as the magnitude of their body mass losses was quite small, and
disruptions of the hypothalamic–pituitary–gonadal axis resulting in lower hormone levels
requires sustained negative energy balances and substantial weight losses (which we did not
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observe) (25). Furthermore, dietary energy intake restrictions typically result in signiﬁcant
hepatic–plasma protein changes, which we also did not ﬁnd (Table IV) (7, 22). Nonetheless,
the ﬁnding of an association between mass loss and testosterone reduction adds some support
to the proposed issue that the reduced resting testosterone levels reported in endurancetrained men are a caloric energy availability-related issue (i.e., low energy availability as
termed in the RED-S condition) (16, 17, 24). Pragmatically, it is important to note the ad
libitum dietary practices of our subjects were not enough to prevent the changes in body mass
observed and athletes/coaches need to be mindful of this occurrence, especially since undue
restriction of caloric intake could exacerbate some dysfunctional changes in response to
exercise training loads (24, 25).
Slightly more than 50% of our subjects displayed testosterone levels at or below the
criteria for an androgen-deﬁciency classiﬁcation during some point in the study (2). This is a
much higher prevalence than would be expected for men of this age range (2). Most certainly
for clinicians working in male reproductive health, this could be a troubling outcome.
Notably, this occurrence seems however to be of a transient nature as by the 18th week of the
study after the training load was reduced, no subject was below the androgen-deﬁciency
criteria levels (≤3 ng/ml).
It is recognized that our research sample was one of convenience and self-selected.
Furthermore, the sample size was small and our subjects were of a moderately trained
background and certainly not elite. Elite athletes were our preferred target population, but
discussions with such athletes prior to the study lead us to conclude they would not comply
with the experimental constraints of the study design. The aforementioned factors do limit the
generalizability of our ﬁndings. Yet, to our knowledge, this is one of the few studies to
systematically track testosterone, cortisol, and the T:C ratio changes over this length of time
with frequent assessments while endurance training was being controlled and manipulated
extensively. Dietary evaluations as well as body composition monitoring would have
provided greater insight into the role these factors may have played in the hormonal changes
found. However, issues of subject burden relative to research obligations and this being an
unfunded pilot study with limited ﬁnancial resources prevented us from pursing these
additional measures. We also acknowledge that the competitive performance testing was
less frequent than the hormonal analysis and we perhaps “missed the window” of any
performance decline and training load induced compromise. Notwithstanding, to this last
point, the week 12 testosterone concentration as well as T:C ratio was the second lowest
observed (and at a comparable level to the lowest values at week 13) and yet the week 12
performance was signiﬁcantly improved. And, importantly, performance decrement with
excessive training loads is typically reported to be more persistent and not just a transit
phenomenon changing in the course of just a few days (21, 23).
In conclusion, we found an endurance training program involving incremental, intensive
increases in training load (volume) produced reductions in resting testosterone and the T:C
ratio in a progressive incremental fashion. These reductions did not correspond to the
subject’s development of performance decrement as their 12-min run distances continued to
improve, even though testosterone and the T:C ratio were signiﬁcantly decreased. The current
ﬁndings call into question the utility of sports scientist using testosterone or the T:C ratio
changes as biomarkers indicative of excessive training load in endurance sports. Testosterone
(total and free) changes responded and reﬂected the increasing training load, but in our
opinion, before such hormones can be accurately used as an biomarker indicative of training
load (stress), it is necessary to determine a “cut-off point” level or a “magnitude of reduction”
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associated with the onset of a maladaptation status in athletes. Since no such cut point exists
for testosterone, we recommend sports scientists should pursue this line of investigation. An
additional line of future research should examine whether the use of existing clinical male
testosterone reference ranges (based on healthy, but sedentary men) is appropriate for
athletic-exercise-trained men. Perhaps, as alluded to by recent research ﬁndings, application
of traditional biomarker reference values need to be adjusted to be more population-speciﬁc
relative to exercise training status (6). Nevertheless, reproductive health clinicians working
with athletes must be aware that increases in intensive exercise training loads can lead to
testosterone levels below the current accepted criteria for classifying men as being androgen
deﬁciency; however, this occurrence seems to be of a transient nature and abates after training
loads are reduced.
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