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Abstract

Background: Hormonal physiology in athletes, dysfunctional paths leading to overtraining syndrome (OTS), and
clinical and biochemical behaviors that are independently modified by the presence of OTS remain unclear.
Although multiple markers of OTS have recently been identified, the independent influence of OTS on hormones
and metabolism have not been assessed. Hence, the objective of the present study was to uncover the previously
unrecognized independent predictors of OTS and understand how OTS independently modifies the behaviors of
clinical and biochemical parameters.

Methods: In a total of 39 athletes (OTS-affected athletes (OTS) = 14 and healthy athletes (ATL) = 25), we performed
two clusters of statistical analyses using the full data of the Endocrine and Metabolic Responses on Overtraining
Syndrome (EROS) study, in a total of 117 markers. We first used logistic regression to analyze five modifiable
parameters (carbohydrate, protein, and overall caloric intake, sleep quality, and concurrent cognitive effort) as
potential additional independent risk factors for OTS, and OTS as the outcome. We then used multivariate linear
regression to analyze OTS as the independent variable and 38 dependent variables. Training patterns were found to
be similar between OTS and ATL, and therefore excessive training was not a risk, and consequently not a predictor,
for OTS.

Results: Fach of the three dietary patterns (daily carbohydrate, daily protein, and daily overall calorie intake) were
found to be the independent triggers of OTS, while sleeping, social, and training characteristics depended on other
factors to induce OTS. Once triggered, OTS independently induced multiple changes, including reductions of
cortisol, late growth hormone and adrenocorticotropic hormone responses to stimulations, testosterone-to-estradiol
ratio, neutrophils, neutrophil-to-lymphocyte ratio, vigor levels, hydration status, and muscle mass, while increase of
tension levels and visceral fat.

Conclusions: OTS can be independently triggered by eating patterns, regardless of training patterns, while the
occurrence of OTS reduced late hormonal responses and the testosterone-to-estradiol ratio, worsened mood, and
affected the immunology panel. These novel findings may explain underperformance, which is the key
characteristic of OTS.
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Introduction

Overtraining syndrome (OTS) is characterized by a pro-
longed and unexplained decrease in sports performance
usually associated with severe psychological manifesta-
tions [1]. It is caused by an imbalance among training,
social, sleep, and eating patterns, which leads to meta-
bolic, endocrine, and biochemical changes [2-7] related
to a long-term shortage of energy and mechanisms of re-
pair [1, 3, 6, 8]. Despite the name “overtraining syn-
drome”, referring to excessive exercise training, other
modifiable factors may trigger OTS [3, 4, 9]. Although
excessive training disrupts physiological processes lead-
ing to OTS, whether and how eating, social, and sleep
patterns disrupt adaptive changes in athletes remains
uncertain. Challenges and issues in the methodology
used for the assessment of OTS include the failure to
identify relevant biomarkers and pathophysiology.

Given the gap in knowledge about OTS triggers, we
conducted the Endocrine and Metabolic Responses to
Overtraining Syndrome (EROS) study [9-13], to en-
hance our understanding of the pathophysiology and
biomarkers of OTS and assessment tools for the early
recognition, and prevention of OTS. The EROS study
[9-13] compared OTS-affected athletes (OTS group),
healthy athletes (ATL group), and non-physically active
controls on 117 parameters. The identification of more
than 45 new biomarkers and mechanisms of OTS
showed that disruptions in the adaptive changes of ath-
letes led to a breakdown in multiple pathways, thereby
leading to OTS. However, despite the multiple novel
findings in OTS, we were unable to identify independent
predictors of OTS and parameters that were independ-
ently disrupted by the presence of OTS without a joint
analysis of all the results of the EROS study [9-13] the
use of more complex statistical tools.

The objective of the present study was to understand
whether and which factors independently trigger OTS,
aside from excessive training, and how OTS independ-
ently leads to changes in behaviors in multiple clinical,
metabolic, and biochemical markers. The uncovering of
these mechanisms in the present study was intended to
improve our understanding of the etiology and conse-
quences of OTS, and to develop additional tools for the
prevention and precise diagnosis of OTS.

Methods

For the present analysis, we performed a comprehensive
joint statistical analysis of data from five of the arms of
the EROS study, including four of primary findings: 1.)
the EROS-HPA axis, in which we evaluated the hypo-
thalamic-pituitary-adrenal axis hormonal responses in
athletes [9]; 2.) the EROS-STRESS, in which we evalu-
ated the prolactin and growth hormone (GH) responses
to an exercise-independent stimulation test — the insulin
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tolerance test (ITT) — as well as the glucose behavior
during this test [10]; 3.) the EROS-PROFILE, in which
we evaluated eating, psychological, sleeping, and social
patterns [11]; 4.) the EROS-BASAL, in which we evalu-
ated: basal hormones; inflammatory; immune; and mus-
cular parameters [12]; and 5.) the additional EROS-HIFT
arm, in which we evaluated specific characteristics of
healthy and OTS-affected HIFT (including CrossFit) ath-
letes [3].

Full descriptions of the materials and methods (ie,
the selection of participants and study procedures),
results of the statistical analyses of data, and their re-
spective discussions are available in these five of the
arms of the present study [9-13], as well as in a
depository (https://osf.io/bhpq9), which also has the
raw data of the results of each participant.

Subject selection

We recruited participants through calls for participation in
social media and group messages, and invitations to sports
coaches. Prior to interview, each candidate self-reported
sex, age, body mass index (BMI), and whether he intended
to participate as a healthy athlete, clinically suspected for
OTS, or healthy sedentary. Aiming homogenous groups,
we specified criteria for all groups, of OTS-affected athletes
(OTS group), healthy athletes (ATL group), and non-phys-
ically active controls (NPAC group) including sex (male),
age (18-50years old), BMI (20-29.9 kg/m2 for sedentary
and 20-32.9 kg/m? for athletes), absence of known hormo-
nal, metabolic, inflammatory, or psychiatric disorders, non-
current or recent use of drugs or hormones. In order to
avoid false athletes, for the two groups of athletes we re-
quired a minimum amount of training per week (> 300 min
and > four times a week), intensity of training (at least mod-
erate-to-intense, according to their sport coaches), time
since started non-stop training (> 6 months). To avoid mis-
diagnosis of OTS, for athletes suspected of OTS, we re-
quired a sports-coach certified reduction of at least 10% of
previous performance, or a loss of >20% in time to fatigue,
increased sense of effort for a same training intensity and
volume, persistent fatigue that lasted > 2 weeks, unrespon-
sive to resting, and lack of use of confounding drugs or hor-
mones, and presence of confounding diseases. For all
candidates that fulfilled criteria for any of the two groups,
we performed hormones and basic biochemical profile and
avoided those who presented alterations in any of the tested
parameters.

Identification of independent triggers and consequences
of OTS

In the present study, we performed a joint multivariate
and logistic regression analyses for the identification of
independent triggers and consequences of OTS, among
those parameters that were suitable for the diagnosis or
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as characteristic of OTS, and significantly different be-
tween OTS and ATL. From the 117 evaluated parame-
ters in the EROS study [9-13], 31 were non-diagnostic,
not useful, or unsubstantiated; nine were qualitative (yes
vs no), three had missing data in >5% of participants,
and 27 had similar levels (Table 1). Hence, we selected
44 hormonal responses to stimulation tests, basal and
accumulated hormonal levels, social and psychological
aspects, specific eating patterns, and body metabolism
and composition parameters, among which 38 were vari-
ables dependent of five modifiable variables (eating,
sleeping, and social patterns) plus the presence of OTS
as an additional variable, in a total of 44 variables (38
dependent and 6 independent variables) with two groups
of athletes: the OTS and ATL groups (N =39; OTS =12
and ATL = 25) (Fig. 1). Additional analyses of the excluded
parameters n were also performed, but were not included
The variability of the biochemical markers measured in all
arms of the EROS study were as low as 3.5 and 3.0% for in-
ter- and intra-assay coefficients, respectively.

Statistical analysis

Of 44 markers, we used logistic regression to analyze
five independent variables and one dependent variable in
order to identify independent triggers of OTS. Five
modifiable habits, including caloric, protein, and carbo-
hydrate intake, sleep quality, and the number of hours
spent working or studying were the independent predic-
tors, and the presence of OTS was the outcome. We
used multivariate linear regression with six independent
variables, including the five modifiable variables plus the
presence of OTS (as the sixth independent variable), and
the markers among the 38 remaining variables that were
significantly different between the OTS and ATL groups,
as the dependent variables. The purpose was to elucidate
the role of OTS as an independent modifier of body
composition and metabolism, and biochemical, hormo-
nal, and psychological markers.

All statistical analyses were performed using SAS 9.4
(SAS Institute, Inc., Cary, NC). Logistic regression ana-
lyses were performed using the five independent vari-
ables and binominal codes for the presence or absence
of OTS as the dependent variable; 35.9% of the partici-
pants had OTS (p<0.05). Given the context of the
present study and its main objective, the number of par-
ticipants in the present study was found to be sufficient
for the number of variables and outcomes for the
present logistic regression analyses. We used multivari-
ate linear regression with the backward variable selection
method (removal criterion = p > 0.01) to analyze the sig-
nificance of the contributions of the 44 variables. This
process was performed until none of the predictors met
the removal criterion. The standardized residual vari-
ables of the last performed model were examined for
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normality, homoscedasticity, and multicollinearity. The
tolerance index of the remaining variables in the last
model was 20.40°, A p-value <0.05 for all analyses was
considered statistically significant.

Results

In the EROS study, from the 87 athletes suspected of
OTS and 46 healthy athletes that were initially recruited,
14 were selected for the OTS group (83.9% of the initial
candidates for OTS were excluded due to exclusion of
the actual diagnosis of OTS) and 25 for the ATL group.
The baseline characteristics of age (OTS = 30.6 years and
ATL =32.7 years) and body mass index (BMI) (OTS =
26.7 kg/m* and ATL = 24.9 kg/m?), and the training pat-
terns including training intensity (OTS = 8.79 and ATL =
8.76, on a scale from zero to ten), frequency (OTS =
5.36 days and ATL =5.46 days) and period (OTS =574.3
min and ATL =550.0min a week), and time since
started training non-stop were statistically similar be-
tween OTS and ATL. All 14 participants selected for the
OTS group had true and naturally occurring presence of
OTS, not functional or non-functional overreaching, as
all athletes had a verified decrement of > 10% of previous
sports performance and fatigue that were prolonged
(average duration of fatigue and decreased perform-
ance = 44.3 + 23.0 days), and none had fully recovered by
the time of the study. Supplementary information re-
garding the selection process and baseline characteristics
have been previously published [3-7].

The independent triggers of OTS are presented in
Table 2. The variables that were independently modified
by the presence of OTS, their degree of association, and
the estimation equation for each of these variables are
presented in Table 3.

When analyzed together, at least one factor between
low carbohydrate, low protein intake, low overall caloric
intake, and poor sleep quality was present in 100% of
the study’s cases of OTS. Carbohydrate intake was found
to be an independent trigger of OTS when it was ana-
lyzed together with sleep and social patterns, with an
odds ratio (OR) =1.61, [confidence limits (CL)=1.03—
2.50] for the risk of developing OTS, while its ability to
induce OTS was lost without the concurrent analysis of
sleep quality.

Conversely, protein intake was shown to independently
induce OTS without the concurrent analysis of any of the
other possible triggers in all scenarios. Likewise, overall
caloric intake independently induced OTS, irrespective of
the proportions of macronutrients, indicating that if cal-
oric intake (but no carbohydrate or protein intake), work
hours, and sleep quality had been analyzed together as the
three modifiable habits, caloric intake would have been
the only independent trigger (p = 0.004; OR=1.13 [CL =
1.04-1.23]) between these three variables. In contrast,
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Modifiable habits
as possible
independent
predictors of

oTS

Calorie intake
(g/kg/day)

Carbohydrate
intake (g/kg/day)

Protein intake
(g/kg/day) -

Self-reported
sleep quality
(0-10)

’ Overtraining
syndrome

Cognitive
activities besides
training (h/day)

Independent variables that may lead to OTS

Occurrence of OTS as
independent variable

Five independent
variables

Dependent variables (independently modified by
habits and occurrence of overtraining syndrome

(Responses to an insulin tolerance test - ITT)
Cortisol during hypoglycemia (pg/dL)
Cortisol 30 min after hypoglycemia (ug/dL)
Cortisol increase during ITT (ug/dL)
ACTH 30 min after hypoglycemia (pg/mL)
ACTH increase during ITT (pg/mL)

Basal GH (pg/L)

GH during hypoglycemia (ug/L)

GH 30 min after hypoglycemia (ug/L)

Basal prolactina (ng/mL)
Prolactin during hypoglycemia (ng/mL)
Prolactin 30 min after hypoglycemia (ng/mL)
Prolactin increase during ITT (ng/mL)

(Salivary cortisol profile)
Salivary cortisol 30 min after wakening (ng/dL)
Cortisol awakening response (CAR) (%)

(Basal hormones)
Total testosterone (ng/dL)
Estradiol (pg/mL)
Total catecholamines (ug/12h)
Dopamine (ug/12h)
Testosteron—to-oestradiol ratio

(Psychological patterns)
Profile of Mood State (POMS) questionnaire
(total score: -32 to +120
Anger subscale (0 to 48 )
Confusion subscale (0 to 28)
Depression subscale (0 to 60)
Vigour subscale (0 to 32)
Fatigue subscale (0 to 28)
Tension subscale (0 to 36)
Self-reported libido (0 to 10)

(Biochemical parameters)
Lactate (nMol/L)

OTS as na independent predictor (independente variable)

Neutrophils (*mm? )
Creatine kinase (CK) (U/L)
Neutrophil-to-lymphocyte ratio

(Body metabolism and composition)
Measured-to-predicted basal metabolic rate (BMR, %)
Percentage of fat burning compared to total BMR (%)

Body fat percentage (%)
Visceral fat (cm?)
Muscle mass weight (%)
Body water percentage (BW, %)
Extracellular water compared to total BW (%)

38 parameters included as dependent markers

44 parameters

Fig. 1 Variables included in the present analysis

excessive work and poor sleep quality, each failed to in-
duce OTS independently, regardless of the combinations
of predictors.

Among the parameters that were statistically differ-
ent between the OTS and ATL groups, the presence
of OTS independently blunted late responses of adre-
nocorticotropic hormone (ACTH), cortisol, and
growth hormone (GH) to an insulin tolerance test
(ITT). This accounted for 20, 26, and 23% of their re-
sponses, respectively, while later prolactin, and early
ACTH, cortisol, GH, and prolactin responses were
unaffected by OTS.

With respect to the basal hormones, OTS reduced the
testosterone-to-estradiol (T:E) ratio by 43%, while it did
not modulate total testosterone, estradiol, or any of the
other hormones. Conversely, the basic immunology
panel, including neutrophils, lymphocytes, and the neu-
trophil-to-lymphocyte ratio were influenced by the oc-
currence of OTS, although at lower degrees of
association, and only when combined with other
triggers.

OTS also affected tension, fatigue, and vigor levels
when evaluated through the Profile of Mood States
(POMS) questionnaire, accounting for 43, 84, and 86%
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Scenario Independent Results (* = positive for Interpretation
variables independent risk factors and
included triggers)
Scenario 1 — All modifiable  CHO, PROT, PERFECT SEPARATION Together, modifiable patterns were able to explain all cases of OTS in
variables CAL, WORK, the athletes studied.
SLEEP
Scenario 2 — All modifiable  CHO, PROT, PERFECT SEPARATION Dietary patterns together with sleep quality were also able to fully
variables, except WORK CAL, SLEEP explain all cases of OTS in the studied population of athletes.
Scenario 3 — All modifiable  CHO, PROT, CHO: p=0.036 When daily caloric intake is not accounted, not all cases of OTS may be
variables, except CAL WORK, SLEEP OR/CL=1.61 (1.03-2.50) justified. However, in this scenario both CHO and PROT were shown to
PROT: p=0.029 be independent triggers of OTS.
OR/CL=16.7 (1.34-208.1)
WORK: p=n/s
SLEEP: p=0.069
OR/CL=2.19 (0.94-5.09)
Scenario 4 — Without CAL, WORK, CAL: p=0.004 When each macronutrient intake is not specified, not all cases of OTS
specification of each SLEEP OR/CL=1.13 (1.04-1.23) may be justified. However, in this scenario CAL was enough to
macronutrient WORK: p=n/s independent etiology of OTS.
SLEEP: p=n/s
Scenario 5 — Only dietary CHO, PROT, CHO: p=n/s When only dietary patterns are evaluated, we cannot explain all cases
patterns CAL PROT: p=0.066 of OTS in the studied population. However, in this scenario, overall
OR/CL =25.85 (0.81-825.3) caloric intake, but not each macronutrient, was able to
CAL: p=0045

OR/CL=1.27 (1.01-1.61)

CHO Daily carbohydrate intake (g/kg/day), PROT Daily protein intake (g/kg/day), CAL Mean daily caloric intake (kcal/kg/day), WORK Average number of working or
studying hours a day, besides training sessions (h/day), SLEEP Self-reported sleep quality (0-10), OTS Overtraining syndrome, OR Odds ratio, CL 95% Confidence

Limits, p Level of significance, n/s non-significant (p > 0.1)

of their levels, respectively. While OTS did not affect
any aspect of body metabolism (ratio between measured
and expected basal metabolic rate (BMR) and percentage
of fat oxidation), it independently led to reductions in
muscle mass and body water content to 34 and 51%, re-
spectively, and an increase in visceral fat to 38%. While
visceral fat was increased in OTS, overall body fat was
unchanged by the presence of OTS.

Discussion

Despite the identification of multiple markers among
clinical, metabolic, and biochemical parameters in OTS
athletes in the EROS study [9-13], we were unable to
identify specific patterns or a standard group of bio-
markers for OTS, as each affected athlete exhibited a
unique combination of altered markers. In the absence
of a unique accurate biomarker for the diagnosis of
OTS, we observed that combinations of markers that
were significantly different between the OTS and ATL
groups could potentially lead to a precise diagnosis of
OTS, with an accuracy of 100% to distinguish OTS ath-
letes from healthy athletes. Despite the successful ability
to identify affected athletes, we were unable to identify
independent triggers of OTS, as our previous analyses
did not identify the influences on or causes of OTS at
the individual level. Moreover, the analyses did not en-
hance our understanding of how each of the modifiable
patterns and the occurrence of OTS independently in-
duced changes in the behaviors of multiple clinical and

biochemical markers (i.e., inherent changes caused by
each modifiable factor, and changes that were independ-
ently modified by OTS itself, not by its triggers).

The post-hoc use of multivariate linear regression and
logistic regression, which were not used in the previous
EROS studies on OTS [9-13], identified the factors that
independently led to OTS, and the parameters that were
inherently modulated by the presence of OTS. To
understand the correlations between OTS and its trig-
gers, and OTS and its consequences, we investigated
which modifiable factors could be independent causes of
OTS, (i.e., whether a specific modifiable factor was solely
responsible for the occurrence of some cases of OTS).
We also examined which parameters might be inde-
pendently modified by the presence of OTS, irrespective
of other characteristics (i.e., even with the same caloric,
protein, and carbohydrate intake, the same sleep quality
and duration, the same amount of additional sports-re-
lated activity, and the same training intensity, volume,
frequency, and duration). Our aim was to identify
whether and how the mere presence of OTS modified
the behaviors of the tested parameters. Specifically,
among the intrinsic mechanisms of OTS, which were in-
herently responsible for at least some of the dysfunc-
tional changes found in OTS, as consequences, not
causes, of OTS. The dysfunctional adaptations in the
clinical and biochemical aspects induced by the modifi-
able factors, plus the changes in these parameters were
inherently due the occurrence of OTS, which was
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Table 3 Clinical and biochemical behaviors independently modified by overtraining syndrome (OTS)

Parameters modified by the p of the Level of influence of the Other variables that Equation for the estimation of the
presence of OTS influence of presence of OTS ? may also influence parameter level in male athletes
oT1s @ (Adjusted R-Square)

Late ACTH response to an ITT 0.002 19.9% none n/a

(30'after hypoglycaemia) (pg/mL)

Late cortisol response (30'after 0.0005 26.1% none Cortisol (ug/dL) = 17.86-3.81(if OTS)

hypoglycaemia) (ug/dL)

Cortisol response to an ITT (ug/dL)  0.002 22.0% none n/a

Late GH response (30'after 0.001 23.0% none n/a

hypoglycaemia) (ug/L)

Testosterone-to-oestadiol ratio (T/E)  0.0002 30.7% none T/E=14.1+ 1209 (if OTS)

POMS vigour subscale <0.0001 83.6% Sleep quality POMS vigour subscale = 3.7 + 1.15x(sleep
quality) - 11.96(if OTS)

POMS fatigue subscale <0.0001 85.7% Sleep quality POMS fatigue subscale = 24.5-0.9 x(sleep
quality) + 15.3(f OTS)

POMS tension subscale <0.0001 42.8% none Not able to be estimated

Visceral fat (cm?) 0.002 38.2% Protein and overall Visceral fat =47.4-11.9x(protein intake) +

calorie intake 1.3x(calorie intake) + 45.1(if OTS)

Muscle mass (%) 0.028 33.7% Protein intake Muscle mass =47.84 + 1.42x(protein intake)
- 347(if OTS)

Body water (%) 0.001 50.5% Protein and overall Body water =60.75 + 1.69x(protein intake) —

calorie intake 0.12x(calorie intake) - 5.77(if OTS)

Neutrophils (/mm?) 0.015 13.8% Calorie intake Neutrophils = 4210-60.7x(calorie intake) +
154 4x(CHO intake) -1724(if OTS)

Neutrophil-to-lymphocyte ratio 0.015 13.6% none Ratio = 2.00-1.32(if OTS)

CHO Carbohydrate, ITT Insulin tolerant test, POMS Profile of mood states, BMR Basal metabolic rate, T/E Testosterone-to-oestradiol, OTS Overtraining syndrome’, n/a

non applicables (non-normal distribution)

Calorie intake = kcal/kg/day, CHO intake = g(CHO)/kg/day; protein intake = g(protein)/kg/day; extra activities = working and/or studying hours besides training,

sleep quality = self-reported sleep quality (0 to 10)
#Other minor influences may also reflect the p-value and the level of influence

triggered by the same modifiable factors that also led to
changes in the behaviors of multiple parameters. In a
negative synergistic process, in which dysfunctions were
enhanced by the concurrent insufficient carbohydrate,
protein, and/or caloric intake, or poor sleep quality, and
the presence of OTS, they were also induced by these
factors, whereby both changeable factors and the pres-
ence of OTS increased the dysfunctions induced by both
factors. This vicious cycle probably plays an important
role in the challenging recovery process of OTS, as these
factors can have a “snowball effect,” which precludes the
healing process.

The use of both healthy and OTS-affected athletes for
the logistic regression analyses was important to predict
behavior patterns prior to OTS, as the development of
OTS may be understood as a process on a continuum
(i.e., the end of an unresolved mixture of attempts to
adapt to chronic energy depletion and the mechanisms
underlying a recovery-deprived environment) [1-3, 8, 9,
14, 15]. The significant differences in clinical, hormonal,
metabolic, psychological, and biochemical behaviors be-
tween the ATL and OTS groups, when all variables were
perfectly adjusted for baseline characteristics, and train-
ing, eating, social, and sleep patterns, supported the

conclusion that these changes in behaviors were inher-
ently due to the presence of OTS, as the occurrence of
OTS was shown to independently increase tension levels
and blunt vigor levels, while may independently enhance
fatigue, as a sort of a vicious cycle, since fatigue is also
one of the features of OTS. Given the data generated in
the present study, the relationship between physiological
and pathological behavior patterns suggest these are
early signs of future dysfunction (OTS), and therefore,
should be used as a warning signal in clinical practice.
These differentiations and the pathophysiological paths
have provided us with a more comprehensive under-
standing of OTS.

Independent triggers of overtraining syndrome: beyond
excessive training

Excessive training has traditionally been viewed as the
major cause of unexplained reductions in sports per-
formance, and therefore, referred to as “overtraining
syndrome.” However, given advances in knowledge
about the importance of periodized training, excessive
training is now considered a minor factor in the de-
velopment of OTS.
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Unexpectedly, the incidence of OTS did not decrease
with the improvements in training patterns, nor did it
show a paradoxical increase; perhaps this finding is due
to the growing number of athletes. Given this context,
despite the clear existence of OTS triggers other than
excessive training, these findings had not been reported
prior to the EROS study.

As all the training patterns were similar between the
healthy and OTS-affected athletes in the EROS study,
excessive training was not found to be a trigger for all of
the affected athletes, which allowed us to identify novel
etiologies of OTS. In the EROS-PROFILE arm [11], diet-
ary (i.e., carbohydrate, protein, and total caloric intake),
social (i.e., the number of hours spent working or study-
ing), and sleep (e.g., sleep quality) patterns were found
to have a role in the development of OTS, as these pa-
rameters were significantly different between OTS and
ATL group. However, whether any of these triggers were
independent or dependent upon a combination of trig-
gers was not examined in this arm of the EROS study.

The combination of OTS triggers identified in the EROS
study using logistic regression explained all cases of OTS
among the participants (i.e., the combination was shown
to be “the perfect predictor”). Even without the independ-
ent variable of number of hours worked, the combination
of dietary and sleep patterns was still found in all of the
OTS cases. Conversely, dietary patterns alone, or the com-
bination of two of the three dietary characteristics with
other factors did not explain OTS in any of the affected
athletes. Therefore, all dietary patterns plus sleep quality
need to be assessed in order to identify athletes at risk for
OTS. However, not all possible triggers are needed to de-
velop OTS. In addition, it is important to mention that a
very high odds ratio is likely to be a statistical overesti-
mation of an association of different variables when one
variable is the sole predictor of an outcome (in this case,
OTS) without controlling for other variables.

Carbohydrate, protein, or overall caloric intake may
each, independently disrupt physiological responses to a
sport; hence, OTS can be induced without the presence of
any of the other risk factors. Noteworthy, OTS is more
likely to occur after changes in eating, sleeping and/or so-
cial patterns. In clinical practice, dietary characteristics
should be assessed prior to other triggers, and whenever
they do not indicate the presence of OTS, sleep and social
patterns should be investigated. However, there is not a
specific threshold for each activity or habit, as each the in-
fluence of them will highly depend on the combination
with other potential triggers of OTS.

Overtraining syndrome as an independent predictor of
clinical, metabolic, and biochemical behaviors

Our findings help provide novel tools to identify athletes
at risk for developing OTS and for its prevention; this

(2019) 11:21 Page 10 of 13

approach is more efficient than the management of the
challenges associated with recovery from OTS. Specific
outcomes related to these findings are described below.

Although early hormonal responses to the ITT were
predicted independently and positively by carbohydrate
intake, the presence of OTS predicted their late responses
(except for prolactin). Indeed, the commencement of a
physical activity at maximum capacity for a short period,
which is represented by early responses to stimulation and
unaffected by OTS, is not typically observed in athletes
with OTS. Conversely, reduced time-to-fatigue, a hallmark
of OTS, can be explained by the blunted late hormonal re-
sponses independently predicted by the presence of OTS.
This indicates an inability to maintain hormonal responses
for longer periods in the presence of OTS, which probably
explains the reduced pace and impaired performance of
athletes during training sessions and competitions.

Among the basal hormones, the T:E ratio [12], but not
any single hormone, was disrupted by the presence of
OTS. The T:E ratio was found to be a better predictor of
metabolic and psychological parameters than testoster-
one or estradiol alone [12, 16—22], as the benefits of in-
creased estradiol in males were apparent only with a
concurrent increase in testosterone [18, 19, 22]. Testos-
terone alone did not have the same benefits as the sim-
ultaneous increase of both testosterone and estradiol
[16—18]. The benefits of an increase in estradiol accom-
panied by an increase in testosterone contrasted with
the harmful effects of increased estradiol without an in-
crease in testosterone, which is explained by whether the
underlying mechanisms that raise estradiol levels are
physiological or pathological. Estradiol physiologically
increases in response to increased testosterone, and
therefore, both levels are higher; however, a rise in estra-
diol may be a pathological increase due to an exacerba-
tion of aromatase activity, which is present in metabolic
and inflammatory dysfunctions, such as obesity and dia-
betes. The best way to discern whether an estradiol in-
crease has a physiological or pathological cause, using a
single marker, is through the T:E ratio, which is un-
affected by physiological situations and reduced by aro-
matase exacerbations, as in the case of an estradiol
increase, leading to a testosterone decrease. A reduced
T:E ratio might be additional evidence that OTS, regard-
less of its triggers, induces an anti-anabolic, dysfunc-
tional, and energy-saving environment to reduce
testosterone as a protective mechanism against energy
expenditure and anabolic activity by its conversion into
estradiol by the enzyme aromatase. However, the under-
lying mechanisms that lead to a reduced T:E ratio in
OTS are unknown. The EROS study showed that a T:E
ratio should be greater than 13.7:1.0 (for total testoster-
one and estradiol are expressed in ng/mL and pg/dL,
respectively) [12].
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g

In athletes that are currently training, particularly
during programs or protocols of progressive
increasing of training intensity and volume

P
Insufficient
Independent
- carbohydrate
predictor .
intake
Independent Insufficient

predictor protein intake

Insufficient
caloric intake

Independent
predictor

Combinations of OTS triggers

Bad
sleep quality

Never present Excessive

Prolonged decrement on sports performed >
10% (verified by a sport coach)

Increased sense of effort

Decreased time for fatigue > 20%
(verified by a sport coach)

Independent disruptions
caused by OTS, that may lead to
clinical characteristics of OTS

Prolonged fatigue (> two weeks)
unresponsive to resting

Impaired GH, cortisol, and ACTH
responses to stimulations

Overtraining

syndrome

Reduced
testosterone-to-estradiol ratio

Compromised immunologic panel

Reduced muscle mass

| Increased hot or cold sensibility

| Easier infections

Relative dehydration

Unexplained by infections, inflammations,
metabolic, hormonal, or psychiatric
dysfunctions

Decreased vigor and tension

alone. Not concurrent
necessarily physical and
[Pl cognitive efforts

—

Fig. 2 Summary of the predictions of Overtraining syndrome (OTS) and its implications

The basic immunology panel was also independently
affected by the presence of OTS, which supports the the-
ory of involvement of the immune system in the patho-
physiology of OTS. Although altered immunology panels
(i.e., altered when compared with healthy athletes, but
similar to those of non-athletes) may be linked to
blunted hormonal responses to stress [23, 24], the im-
munology panel and the hormonal responses to stimula-
tion did not exhibit linear correlations or predictions, at
least for the immunologic markers analyzed in the
present study: neutrophils, lymphocytes, and the neutro-
phil-to-lymphocyte ratio. Other mechanisms, such as an
environment with chronic stressors leading to OTS may
directly predict leukocyte composition [25].

The relative dehydration, the decrease in muscle
mass, and the increase in visceral fat, which were in-
dependently induced by OTS, may have been caused
by the multiple dysfunctions associated with this syn-
drome. The highly oxidative and inflammatory envir-
onment that occurs in OTS might have caused
increased visceral fat without a concurrent increase in
overall body fat.

The impaired mood induced by OTS may contribute
to the severe psychological effects of OTS, which are
sometimes not fully recoverable. Interestingly, although
depression has been reported to be one of the outcomes
of OTS [1, 3, 6], this parameter was not predicted by
OTS. The harmful changes in both body composition
and mood also may have roles in previously unexplained

decreases in performance, which is the key and sine-
quo-non characteristic of OTS.

Overall, the findings of the various arms of the
EROS study led to a new understanding of the under-
lying mechanisms, risk factors, and diagnosis of OTS,
including its pathophysiology, as a mix of failures in
the conditioning processes that are typically observed
in athletes. Our findings also showed that excessive
training results from a combination of different trig-
gers, including insufficient caloric intake, excessive
physical and concurrent cognitive effort, and poor
sleep quality, instead of the traditional theory cen-
tered on overtraining.

We hypothesized that any type of disruption in eating,
sleep, social, or training patterns could lead to a spread
of dysfunctional reactions through multiple pathways, as
a “domino effect,” leading to aberrant changes in hormo-
nal, muscular, immunologic, metabolic, and/or physical
behaviors, and ultimately, leading to OTS, if not
promptly addressed. Although not demonstrated herein,
psychological dysfunctions could also play a role in the
pathogenesis of OTS. The key premise of this hypothesis
is that any imbalance among psychological, sleep, eating,
training, or social characteristics (not only excessive
training) may lead to OTS; this has been reported exten-
sively in the different arms of the EROS study [9-13].

Usually, a complex and unique combination of differ-
ent types of dysfunctions lead to OTS, suggesting that
each affected athlete should have an individual
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combination of parameters that are positive for OTS.
Hence, OTS can be diagnosed only by using multiple in-
dices, which was supported by all the study’s cases of
OTS, which may be explained only if all possible triggers
are assessed, as performed in this study using logistic re-
gression. We suggest that further studies on OTS should
always assess at least eating, training, psychological, and
social patterns. Although we did not evaluate different
sports, the importance of each aspect as part of the
pathophysiology of OTS may vary according to the type
of sport practiced. However, regardless of the type of
sport, the most important aspects of OTS impairment
are the rapid reduction in pace during long training ses-
sions and reduced time-to-fatigue, which are both typic-
ally found in athletes with OTS. The failure to achieve
prolonged optimization of hormonal responses in OTS
is likely responsible for athletes’ decreased performance
and reduced pace.

The summary of the independent predictors of OTS
and its disruptions on clinical and biochemical behaviors
is illustrated in Fig. 2.

Limitations

The EROS study only evaluated male athletes that prac-
ticed either both endurance and strength modalities, or
sports that demand both endurance and strength efforts.
As the present study did not analyze athletes of endur-
ance, strength, or explosive (“stop-and-go” sports, such
as ball games) modalities, it is uncertain whether the
findings on OTS can be replicated to these athletes, as
well as female athletes. Further studies with larger sam-
ples of athletes are crucial to confirm whether our data
are reproducible; longitudinal studies are needed because
the present study’s design precludes drawing conclusions
from the sequence of events in response to interventions
in modifiable patterns, including training, eating, and so-
cial aspects.

Conclusions

We identified that insufficient protein, carbohydrate, or
overall caloric intake may trigger OTS without the pres-
ence of other triggers, while the combination of dietary
patterns and sleep quality may explain all cases of OTS.
Once triggered, OTS leads to a failure to achieve
optimization of prolonged hormonal responses, which
may explain reduced time-to-fatigue and decreased per-
formance in long-duration sports. It also causes a reduc-
tion of the T/E ratio, paradoxical worsened of body
composition and metabolism, failure to benefit from im-
munologic adaptations observed in healthy athletes,
worsening vigor, fatigue, and tension, and decreased
muscle mass and hydration. Worse body composition
and impaired mood may also have roles in the deterior-
ation of athletes’” performance, the hallmark of OTS.

(2019) 11:21 Page 12 of 13

Abbreviations

ACTH: Adrenocorticotropic hormone; ATL: Healthy athletes; CL: Confidence
limits; EROS: Endocrine and Metabolic Responses on Overtraining Syndrome;
GH: Growth hormone; ITT: Insulin tolerance test; OR: Odds ratio;

QOTS: Overtraining syndrome; POMS: Profile of Mood States; T:E: testosterone-
to-estradiol

Acknowledgements
We acknowledge the Medical School of the Federal University of Sao Paulo,
DASA Laboratérios da América, and Corpometria Insitute.

Authors’ contributions

FAC and CEK developed the central idea of the EROS study. FAC performed
the tests of the EROS study, compilated the data, and analyzed the results.
FAC and CEK actively participated in the discussion, supervised, and
reviewed the results. FAC wrote the primary version of the present
manuscript. CEK helped with the final version of the manuscript, and gave
the last word before its submission. All authors read and approved the final
manuscript.

Funding
No funding was obtained for this study.

Availability of data and materials
The raw data of the present study is available at https://osf.io/bhpg9/.

Ethics approval and consent to participate

This study included was approved by the ethical committee of the Federal
University of Sdo Paulo, under the approval number 1093965). All
participants gave written consent to participate.

Consent for publication
No individual information was used. All authors approved the submitted
version of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 16 April 2019 Accepted: 22 August 2019
Published online: 18 September 2019

References

1. Meeusen R, Duclos M, Foster C, et al. European College of Sport Science;
American College of Sports Medicine. Prevention, diagnosis, and treatment
of the overtraining syndrome: joint consensus statement of the European
College of Sport Science and the American College of Sports Medicine.
Med Sci Sports Exerc. 2013;45(1):186-205.

2. Kreher JB, Schwartz JB. Overtrining syndrome: a practical guide. Sports
Health. 2012;4(2):128-38.

3. Nederhof E, Zwerver J, Brink M, Meeusen R, Lemmink K. Different diagnostic
tools in nonfunctional overreaching. Int J Sports Med. 2008;29(7):590-7.

4. Lehmann M, Foster C, Keul J. Overtraining in endurance athletes: a brief
review. Med Sci Sports Exerc. 1993,25(7):854-62.

5. Rietjens GJ, Kuipers H, Adam JJ, et al. Physiological, biochemical and
psychological markers of strenuous training-induced fatigue. Int J Sports
Med. 2005;26(1):16-26.

6. Smit PJ. Sports medicine and 'overtraining'. S Afr Med J. 1978,54(1):4.

7. McTernan EJ, Leiken AM. A pyramid model of health manpower in the
1980s. J Health Polit Policy Law. 1982,6(4):739-51.

8. Slivka DR, Hailes WS, Cuddy JS, Ruby BC. Effects of 21 days of
intensified training on markers of overtraining. J Strength Cond Res.
2010;24(10):2604-12.

9. Cadegiani FA, Kater CE. Body composition, metabolism, sleep, psychological
and eating patterns of overtraining syndrome: results of the EROS study
(EROS-PROFILE). J Sports Sci. 2018;36(16):1902-10.

10. Cadegiani FA, Kater CE. Hypothalamic-pituitary-adrenal (HPA) axis
functioning in overtraining syndrome: findings from endocrine and
metabolic responses on overtraining syndrome (EROS) - EROS-HPA axis.
Sports Med Open. 2017;3(1):45.

11. Cadegiani FA, Kater CE. Growth hormone (GH) and prolactin responses to a
non-exercise stress test in athletes with overtraining syndrome: results from


https://osf.io/bhpq9/

Cadegiani and Kater BMC Sports Science, Medicine and Rehabilitation

20.

22.

23.

24.

25.

the endocrine and metabolic responses on overtraining syndrome (EROS) -
EROS-STRESS. J Sci Med Sport. 2018;21(7):648-53.

Cadegiani FA, Kater CE. Basal Hormones and Biochemical Markers as
Predictors of Overtraining Syndrome in Male Athletes: The EROS-BASAL
Study. J Athl Train. 2019.

Cadegiani FA, Kater CE, Gazola M. Clinical and biochemical characteristics of
high-intensity functional training (HIFT) and overtraining syndrome: findings
from the EROS study (the EROS-HIFT). J Sports Sci. 2019;20:1-12.

Angeli A, Minetto M, Dovio A, Paccotti P. The overtraining syndrome in
athletes: a stress-related disorder. J Endocrinol Invest. 2004;27(6):603-12.
Budgett R. Fatigue and underperformance in athletes: the overtraining
syndrome. Br J Sports Med. 1998;32:107-10.

van Koeverden ID, de Bakker M, Haitjema S, et al. Testosterone to oestradiol
ratio reflects systemic and plague inflammation and predicts future
cardiovascular events in men with severe atherosclerosis. Cardiovasc Res.
2019;115(2):453-62.

Chan YX, Knuiman MW, Hung J, et al. Testosterone, dihydrotestosterone
and estradiol are differentially associated with carotid intima-media
thickness and the presence of carotid plague in men with and without
coronary artery disease. Endocr J. 2015,62(9):777-86.

Colleluori G, Aguirre LE, Qualls C et al. Adipocytes ESRT expression, Body Fat
and Response to Testosterone Therapy in Hypogonadal Men Vary
According to Estradiol Levels. Nutrients. 2018;10(9).

Aguirre LE, Colleluori G, Fowler KE, et al. High aromatase activity in hypogonadal
men is associated with higher spine bone mineral density, increased truncal fat
and reduced lean mass. Eur J Endocrinol. 2015;173(2):167-74.

Xu X, Wang L, Luo D, et al. Effect of testosterone synthesis and
conversion on serum testosterone levels in obese men. Horm Metab
Res. 2018;50(9):661-70.

Xu X, Sun M, Ye J, et al. The effect of aromatase on the reproductive
function of obese males. Horm Metab Res. 2017;49(8):572-9.

Rubinow KB. Estrogens and body weight regulation in men. Adv Exp Med
Biol. 2017;1043:285-313.

Farhat K, Bodart G, Charlet-Renard C, et al. Growth hormone (GH)
deficient mice with GHRH gene ablation are severely deficient in

vaccine and immune responses against Streptococcus pneumoniae. Front

Immunol. 2018;9:2175.

Bodart G, Farhat K, Renard-Charlet C, et al. The Severe Deficiency of the
Somatotrope GH-Releasing Hormone/Growth Hormone/Insulin-Like Growth
Factor 1 Axis of Ghrh ™~ Mice Is Associated With an Important Splenic Atrophy
and Relative B Lymphopenia. Front Endocrinol (Lausanne). 2018,9:296.

Penz M, Kirschbaum C, Buske-Kirschbaum A, Wekenborg MK, Miller R.
Stressful life events predict one-year change of leukocyte composition in
peripheral blood. Psychoneuroendocrinol. 2018,94:17-24.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

(2019) 11:21

Page 13 of 13

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Subject selection
	Identification of independent triggers and consequences of OTS
	Statistical analysis

	Results
	Discussion
	Independent triggers of overtraining syndrome: beyond excessive training
	Overtraining syndrome as an independent predictor of clinical, metabolic, and biochemical behaviors
	Limitations

	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	References
	Publisher’s Note

