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The phenomenon of reduced athletic performance following sustained, intense training
(Overtraining Syndrome, and OTS) was first recognized more than 90 years ago. Although
hundreds of scientific publications have focused on OTS, a definitive diagnosis, reliable
biomarkers, and effective treatments remain unknown. The present review considers
existing models of OTS, acknowledges the individualized and sport-specific nature of
signs/symptoms, describes potential interacting predisposing factors, and proposes that
OTS will be most effectively characterized and evaluated via the underlying complex
biological systems. Complex systems in nature are not aptly characterized or successfully
analyzed using the classic scientific method (i.e., simplifying complex problems into single
variables in a search for cause-and-effect) because they result from myriad (often non-
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dysfunctional, maladapted state has been given various names
(e.g., staleness, underperformance syndrome, under-recovery)
since it was first recognized. Presently, the term overtraining
syndrome (OTS) is widely recognized and accepted (Meeusen
et al., 2013).

The prevalence of OTS is alleged to be highest in endurance
sports requiring high volume and recurrent intense training such
as swimming, triathlon, road cycling, and rowing (MacKinnon,
2000). High performance athletes in these sports frequently train
for 4-6 h each day, 6 days per week, for several months without
sufficient (if any) scheduled days of appropriate recovery.
Accordingly, it is not surprising that 64% of female and 66%
of male elite distance runners reported experiencing staleness at
some point during their competitive careers (Morgan et al., 1987).

Specific contributing factors, signs/symptoms, and resulting
maladaptive mechanism of OTS are variable and unclear. Thus,
diagnosis and intervention to address OTS remain challenging
for coaches, physicians, and physiologists. Too often, a coach or
other member of the athlete support team (including parents/
guardians) navigate an inefficient process to explain and
remedy an undue performance plateau or decline. Clinical
manifestations (e.g., generalized fatigue, insomnia, change of
appetite, irritability, loss of motivation, and lack of
concentration) may be helpful in identifying OTS. Yet,
without an established effective and reliable therapy, even
with an accurate diagnosis, athletes must often simply cease
training to avoid long-term adverse impacts on their health and
sport career (Meeusen et al., 2013). Typically, there is also no
standard guidance on the recovery process and determining
readiness for return-to-play. Accordingly, there has been
considerable uncertainty and ineffectiveness in practical
prevention strategies, sensitive early detection, and timely
clinical and sport-specific management of those affected
by OTS.

Supplementary Table S1 summarizes OTS publications in
sport, medical, and applied exercise physiology journals between
the years 1923-2018 and illustrates the slow evolution of relevant
information and meaningful inherent concepts. Early anecdotal
and case reports focused narrowly on signs and symptoms,
whereas systematic studies, field research, and laboratory
testing of overtrained versus asymptomatic athletes appeared
only after 1985. Notably, before the year 2000, few of these
publications proposed a hypothetical mechanism for OTS.
However, casually employing the terms “syndrome” to address
co-occurring clinical symptoms and “multi-factorial” to describe
the general nature of OTS speak to the gaps and challenges in
understanding OTS. Accordingly, we propose a complex systems
approach to OTS that considers the co-occurrence and breadth of
multi-factorial ~ predisposing risk factors and clinical
manifestations. This scheme also respects the extent and depth
of high-order interactions among these contributing factors and
resulting outcomes that characterize a dynamic and highly
variable clinical condition within and among those affected.
Our aim is that applying this more inclusive and modern
approach will measurably help in revealing real-world practical
prevention measures and establish more effective and
individualized strategies for managing OTS.

Overtraining Syndrome: A Complex Systems Phenomenon

PREVAILING MODELS OF OTS

To clarify its nature, investigators attempted to define OTS and
theoretically distinguished it from overreaching (Figure 1),
beginning in the mid-1980s (Kuipers and Keizer, 1988;
Morgan et al, 1988; Fleck and Kraemer, 1982). OTS
accordingly was defined as an accumulation of training and/or
non-training stress and consequent strain which results in long-
term athletic performance decrements that require several weeks
or months to resolve. Estimates suggested that, at any given time,
between 7 and 20% of athletes in all sports exhibit signs and/or
symptoms of OTS (Morgan et al, 1987; Morgan et al., 1988;
Hooper et al., 1993; Raglin and Morgan, 1994). By the mid-1990s,
the term overreaching also had been popularized (Fry and
Kraemer, 1997; Snyder et al, 1993). This purported (though
somewhat arguably) discernably distinctive state was instead
defined as an accumulation of training and/or non-training
stress which results in short-term athletic performance
deterioration that necessitates days to months of reduced
training and recovery to subside (Halson and Jeukendrup,
2004; Urhausen and Kindermann, 2002; Kreider et al., 1998a).
Although both conditions involved a decline of physical
performance, the time required to restore performance (albeit
indefinite and unpredictable) was the accepted critical difference
between OTS and overreaching, not the degree of performance
impairment or the extent and severity of signs and/or symptoms
(Meeusen et al., 2013). Further, as illustrated in Figure 1, some
authors (Armstrong and VanHeest, 2002; Urhausen and
Kindermann, 2002; Halson and Jeukendrup, 2004; Meeusen
et al, 2013) subdivided overreaching into two categories:
functional (short-term) overreaching and nonfunctional (long-
term) overreaching. The former involved desirable physiological
adaptations (i.e., following intensified training with rest/recovery
lasting several days) that enabled improved performance. The
latter entailed extremely intensified training and physiological
maladaptations (i.e., of critical organs, body systems, and/or
metabolism) that prompted degraded exercise performance.
Although some authors currently propose that nonfunctional
overreaching and OTS exist on a single continuum that evolves
with increasing stress, this may be an oversimplification
(Meeusen et al, 2013). This is especially evident, given the
diversity and nonlinearity of the numerous physiological,
psychological, and physical interactions, presentation of
clinical and performance manifestations, and changing time
course of OTS among individuals. Moreover, various aspects
of improved athletic conditioning/performance sometimes
overlap with early and not readily apparent elements of undue
physiological and/or psychological strain that begin to emerge
with onset of OTS (Walsh, 1980; Halson and Jeukendrup, 2004).

A second OTS paradigm proposed two theoretical categories.
In each, a different part of the autonomic nervous system
predominates—sympathetic or parasympathetic (Fry et al,
1994; van Borselen, 1992; Lehman et al, 1993; Fry and
Kraemer, 1997). Interestingly, the sympathetic form of this
OTS model involved differentiating signs and symptoms
including restlessness, excitation, insomnia, irritability, as well
as increased heart rate, and blood pressure. The contrasting

Frontiers in Network Physiology | www.frontiersin.org

January 2022 | Volume 1 | Article 794392


https://www.frontiersin.org/journals/network-physiology
www.frontiersin.org
https://www.frontiersin.org/journals/network-physiology#articles

Armstrong et al. Overtraining Syndrome: A Complex Systems Phenomenon

Optimal
Exercise

Functional Body System Networking
Performance

Persistent Dysfunctional Networking
of Body Systems

L ——————————

via Neuroendocrine Responses

Under- Acute
Training Overload

Functional

(Temporary) Intense training stress causes

Nonfunctional

Detraining

Overreaching reversible maladaptations
(Extreme) | apg performance stagnation .
Minor/few Beneficial Optimal Recovery requires
physiological physiological physiological e DR
adaptations adaptations adaptations.
with little with improved Improved
performance exercise exercise
change. performance. performance Intense training stress causes
occurs after Overtraining | resistantmaladaptations &

days of rest.

Increasing Stress of Exercise Training (Intensity, Duration, Load).
Increasing Need to Balance Training Stress and Recovery.
Increasing Time to Restore Optimal Exercise Performance.

prolonged underperformance.
Complete recovery
may not occur.

Syndrome

I
I
I
I
I
I
I
I Overreaching
I
I
I
I
I
I
]

Meeusen et al., 2013).

FIGURE 1 | Training states that an athlete may experience throughout a competitive season. Although states and transitions are difficult to define and identify
specifically, this figure is based on well-established concepts (Kuipers and Keizer, 1988; Fry and Kraemer, 1997; Kreider et al., 1998a; Armstrong and VanHeest, 2002;

parasympathetic form was characterized by inhibition, fatigue,
depression, apathy, and low resting heart rate (Lehmann et al,
1998). Sympathetic OTS more commonly affected individuals in
anaerobic sports such as sprinting, jumping and throwing, while
the more prevalent parasympathetic OTS was more often
observed in highly trained endurance athletes involved in
long-distance running, swimming, and road cycling (Lehman
et al., 1993; Froelich and Heil, 1995). Further complicating any
practical distinction in this paradigm, OTS signs, symptoms,
performance decrements, and physiological responses among
endurance athletes may or may not be analogous to those of
resistance-trained athletes in anaerobic sports (Fry et al., 1994;
Hékkinen et al.,, 1989; Kraemer et al., 1989; Fry et al, 1991).
Moreover, the biochemical and clinical features of the
sympathetic and parasympathetic forms of OTS (Lehman
et al., 1993) have not been delineated clearly. Thus, this model
has not been helpful in clarifying the etiology or principal
mechanism(s) involved in OTS.

A third approach to elucidating the nature of OTS involved a
theoretical comparison of training program variables, specifically
volume versus intensity (Lehman et al, 1993). This concept
dovetails with the dichotomy featured in the autonomic
nervous system paradigm because the sympathetic form of
OTS is supposedly associated with excessive training intensity
and the parasympathetic form of OTS results primarily from
excessive training volume. Defining OTS based on volume and
intensity is, however, notably challenging given that numerous
sports involve routinely changing disproportionate contributions
of volume and intensity during training. The resulting impacts
are further complicated by individual variable responses (Fry
et al., 2005). Thus, in myriad sports, it is not realistically feasible
to isolate volume vs intensity over variable and overlapping

periods and phases of training to correctly predict risk or
classify individuals in one of these two OTS categories.

Multiple other hypotheses have also been advanced to describe
the nature and contributing factors of OTS (e.g., glycogen
depletion, central fatigue, neuromuscular control, tissue
trauma, immune system dysregulation, and glutamine
depletion) (Fry et al., 2005; Carter et al., 2014). None of these
proposed mechanisms sufficiently or reliably characterizes OTS
in all sports. In practice, these and other OTS profile
characteristics are not exclusive to OTS and moreover, if
involved, the relationships are higher-order, complex, and
consequently not consistent or thus explainable in simple
linear terms. Thus, not surprisingly, no consistent biomarker
or reliable laboratory test related to the above or other metrics has
been identified and validated. The fact remains that 1) OTS is
extremely difficult to elicit in controlled studies (Fry and
Kraemer, 1997; Kraemer et al., 1998), 2) participants may not
have reached a true state of OTS during experimental
observations, despite intense and extensive physical training
(Hikkinen et al., 1989; Meeusen et al, 2013), and 3) the
clinical features of OTS differ from one individual to the next,
usually are nonspecific, and may be anecdotal (Kuipers and
Keizer, 1988; Morgan et al, 1988; Uusitalo et al, 1998;
Eichner, 1995).

Neuroendocrine Involvement in OTS

The hypothalamic-pituitary-adrenal (HPA) axis and the
autonomic nervous system (ANS) are the primary regulators
of human responses to stress (Figure 2). The immediate response
to acute exercise stress, for example, is dominated by rapid ANS
activation including its sympathetic-adrenal medullary (SAM)
axis and sympathetic spinal nerve branches (Terjung, 1979). The
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FIGURE 2 | The primary hormone systems that respond to external and internal stress. The hypothalamic-pituitary-adrenocortical (HPA) axis represents releasing
factors, produced by the hypothalamus (CRH in conjunction with AVP) and pituitary gland (ACTH), which lead to responses within the adrenal cortex and other peripheral
organs/tissues. The sympathetic-adrenal medullary (SAM) axis represents the sympathetic branch of the autonomic nervous system. Abbreviations: ACTH,
adrenocorticotropic hormone; CRH, corticotropin-releasing hormone; AVP, arginine vasopressin.
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adrenal release of cortisol peaks with a time lag of approximately
15 min after the encounter of a stressor. Complimentary feedback
regulation is relatively slow, and cessation of the neuroendocrine
stress response trails significantly behind the ANS (Deussing and
Chen, 2018). In response to a variety of stressors (e.g., exercise,
cold environment, hypoglycemia), a close association has been
observed between HPA and SAM outputs (Goldstein and Kopin,
2008).

The primary hormonal products of the HPA and SAM axes
(cortisol, adrenaline/epinephrine, noradrenaline/
norepinephrine) temporarily reduce immune responses and
inflammation, increase mental alertness, redistribute metabolic
fuels, and modify cardiovascular responses (Figure 2). However,
chronic stress-related adaptations (e.g., of neurotransmitter
release, receptor sensitivity, receptor binding) in higher brain
centers have a more enduring influence on numerous other
psychological and physiological functions. This is because of
the integration of numerous stressors by the hypothalamus
and broader systemic impact (Lehmann et al., 1993; Lachuer
et al., 1994).

OTS has been classically conceived by physiologists as an
unintended outcome of chronic stress. Supplementary Table
$2 presents summaries of publications spanning more than
three decades, which focused on the neuroendocrine
responses of athletes with OTS, with the majority of these
being review articles. The fewer systematic laboratory and
field studies of overtraining involved resistance training,
running, swimming, and road cycling. Although the

aggregate of these authors viewed neuroendocrine
dysfunction as part of the etiology of OTS, this extensive
body of research has failed to achieve widespread consensus
on a profile of valid determinants or accepted practical and
effective preventative measures.

An early paradigm of a multi-phasic OTS distinguishes acute
and chronic responses to training, with the emphasis on chronic
training and combined life stress effects on neuroendocrine
dysregulation. In this model, metabolic demands and strain,
combined with exercise-induced peripheral muscle damage,
are primary acute training responses, whereas changes in
central nervous system (CNS) regulatory functions are more
prominent with chronic training adaptations (Lehman et al.,
1993; Steinacker et al., 2004). This model considers reduced
exercise performance as a cumulative response to chronic
inadequacy of post-exercise recovery time and ongoing non-
exercise life stressors (Lehmann et al,, 1993; Lehmann et al,
1997). Prolonged exposure to repeated, high-intensity training
(without regular sufficient recovery) could drive decreased
sensitivity of adrenal glands and HPA-axis function,
manifesting as decreased plasma cortisol concentration
(Figure 3). It was further argued that similar responses also
might occur in all hypothalamic-pituitary-peripheral hormone
axes (e.g., SAM). However, chronic exposure to undue stress (e.g.,
excessive increase in training load) prompts a range of varying
CNS responses (ie., unchanged, increased, or decreased)
(MacKinnon, 2000; Meeusen et al., 2013). Thus, the current
data suggest that chronic stress load (exercise and non-

Frontiers in Network Physiology | www.frontiersin.org

January 2022 | Volume 1 | Article 794392


https://www.frontiersin.org/journals/network-physiology
www.frontiersin.org
https://www.frontiersin.org/journals/network-physiology#articles

Armstrong et al.

ACTH

Cortisol

Plasma Hormone Concentration

Training Overreaching  Overtraining

FIGURE 3 | Idealized representation of HPA axis responses across
months of training, as envisioned by Steinacker and colleagues in 2004
(Steinacker et al., 2004). During training with positive adaptations, ACTH and
cortisol levels increase in response to the stress of training. During
overreaching, the cortisol response is blunted whereas the ACTH response is
augmented. Overtraining is characterized by decreased ACTH and cortisol
responses. Figure modified and redrawn from (Steinacker et al., 2004). The
original data sources were (Lehmann et al., 1993; Snyder, 1995; Wittert,
1996; Urhausen et al., 1998; Lehmann et al., 1999; Steinacker et al., 2004).

exercise) is not the exclusive determinant of neuroendocrine
dysfunction in this OTS scenario.

Additional data shed light to potential contributions of other
influences, such as would be evident from detraining, in
neuroendocrine  dysregulation  associated  with ~ OTS.
Comparison of athletes with OTS to healthy athletes and
healthy-sedentary controls (Cadegiani and Kater, 2018a;
Cadegiani and Kater, 2019b; Cadegiani and Sliva, 2020)
revealed that athletes with OTS experienced deconditioning of
useful training adaptations, including select endocrine benefits
acquired by training (Cadegiani and Kater, 2018b). Loss of
training benefits among athletes with OTS may not be
inconsistent with previous multi-phasic OTS models. Rather, it
provides opportunity for new interpretation based on the
contributing complexity of influencing factors leading to OTS
and consequent changes in neuroendocrine function. Direct
comparison among different groups underscores the presence
of key measurable and differentiating neuroendocrine aspects to
OTS. Moreover, aligning inter-individual variability in
biomarkers ~ with  dynamic, intra-individual circadian
irregularity provides further potential useful perspective and
insight to additional mechanisms and their novel roles in
neuroendocrine changes with OTS.

Numerous models and experimental designs from studies
that assessed neuroendocrine responses (Supplementary Table
§2) and their resulting inferences have been criticized for a
variety of significant reasons. First, athletes with OTS, healthy
athletes, and sedentary non-athlete controls are known to
exhibit different neuroendocrine responses (Cadegiani and
Kater, 2019a; Cadegiani and Kater, 2019¢), but these 3
groups have been directly compared in only a few previous

Overtraining Syndrome: A Complex Systems Phenomenon

OTS studies. Second, basal plasma stress hormone levels
(i.e., cortisol, norepinephrine, and epinephrine) likely will
not reliably distinguish athletes with OTS from healthy
individuals (Cadegiani and Kater, 2017). Thus, measuring
stress hormone levels during exercise may be a valid and
more revealing approach (Meeusen et al, 2010; Meeusen
et al,, 2013). Third, few of the neuroendocrine assessments
of athletes with OTS have involved validated and widely

recognized standardized tests that are endorsed by
professional endocrinology societies. These established
assessments (e.g., insulin tolerance test, cosyntropin

stimulation test, salivary cortisol rhythm test (Cadegiani and
Kater, 2019¢) allow valid comparisons with non-physically
active controls and across studies to better clarify persistent
neuroendocrine maladaptations due to OTS (Cadegiani and
Sliva, 2020). Fourth, because valid test participant inclusion
criteria were often not defined or applied rigorously, certain
studies may have unknowingly evaluated athletes with
nonfunctional overreaching and not OTS (Meeusen et al,
2013). Neuroendocrine data analysis in future OTS studies
will be improved by addressing these concerns and applying
methods that evaluate patterns of dynamic interaction across
multiple determining factors.

CHARACTERISTICS AND METHODS OF
COMPLEX SYSTEMS ANALYSIS

Complex systems in nature have numerous integrated and
interdependent functional components that generate variable
outputs which cannot be characterized or consistently
predicted based on discrete inputs alone (Table 1). Within
individuals, these inherent properties invariably evolve across
time and in proportionate corresponding response to relevant
stressors. Anticipating, for example, the response and degree of
influence by a complex system is challenging, given that the
higher order supporting or constraining interactions among
expected fundamental determinants (e.g., risk factors for
illness or injury risk) are frequently not readily observed and
thus not fully appreciated or remain unknown. Consequently,
their direct or secondary relationship with the outcome is
seemingly weak or considered non-existent (Freckleton and
Pizzari, 2013). An effective (albeit, not trivial) means to infer
complex system dynamics is to first map the interactions of
potential predisposing factors. Secondly, identify predominant
patterns of interaction and calculate the probability that each
pattern will result in a specific clinical condition (i.e., create a risk
profile). Finally, using the likely high-value features, develop and
validate classification models that are sensitive to higher order
relationships and interactions for predicting specific short-term
and long-term effects (Schwartz, 2020).

Previously published OTS stress studies are typically
characterized by only a few measured time points and a
limited number of physiological variables (e.g., the HPA and
SAM hormones cortisol and norepinephrine, expression of a
few genes). However, investigators increasingly have recognized
that a single or even several outcome metrics, predisposing
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TABLE 1 | General characteristics of complex systems in nature, and specific characteristics of complex brain networks.

Complex systems in nature

Many systems (i.e., medical, physiological, economic, and traffic flow patterns within cities) can only be properly characterized by multiple interdependent networks whose
normal functions depend on one another Buldyrev et al. (2010)

A complex task is one for which many factors must be considered to determine the outcome (i.e., product) of an action. The sources of complex tasks are complex systems
(i.e., systems with interdependent parts). Interdependence means that a system’s behavior/mechanism cannot be determined by considering each of the parts and
combining them. Instead, it is preferable to consider how the relationships between the parts affect the behavior of the whole Bar-Yam and Institute (2003)

In complex (versus simple) systems, each outcome can be generated in multiple diverse ways VVon Bertalanff. (1950), such that the statements X causes Y, and Z causes Y
are not mutually incompatible

Conceptual paradoxes also may coexist in complex systems (e.g., random and predictable, ordered and disordered, stable and adaptable, deterministic, and chaotic)
Bar-Yam and Institute. (2003)

Terminology: A network node is a point at which subsidiary parts originate or center (i.e., a point of connection); it has one or more physical links to other nodes. For example,
a traffic intersection is a node because multiple roads connect at that point. A module in a network is a set of nodes that have strong interactions and a common function.
Modules often are characterized by short metric distances between linked pairs of nodes. A network link is the connection between one node and another (i.e., coupling), for
the purpose of transmitting and receiving information. The arrangement of elements (links, nodes, etc.) within a communication network is known as its topology Aderem.
(2005), Sporns et al. (2004)

Nodes and links in the human body often number in the thousands or millions. Such networks are complex because of their size and because of the behavior of individual
nodes Sporns et al. (2004)

Inputs to a complex system are not necessarily proportional to its output [50]. Large changes in one node/variable do not necessarily produce a large effect on the outcome.
Conversely, small changes in one node/variable may produce large and unexpected effects on the outcome/product Holland, 1995; Coffey (1998); Higgins. (2003)
Failure or dysfunction of one or several nodes in network A can lead to failure in network B, which may cause malfunction of additional nodes in network A. Such a cascade of
failures may lead to the complete fragmentation of all or a majority of interconnected networks Buldyrev et al. (2010)

The existence of modules can contribute to both robustness of the entire system by confining damage to separable parts, and to system evolution by rewiring modules.
Further, modularity decreases the risk of failure of the system by preventing the spread of damage in one part of the network throughout the entire network (Aderem, 2005)

Complex brain networks

e Complex brain networks exhibit the characteristics of complex systems in nature (above)

The study of complex networks offers new insights into both global and integrative aspects of brain function. For example, cerebral cortical areas are neither completely
connected with each other nor randomly linked; their interconnections show a specific and intricate organization Sporns et al. (2004)

Understanding the relationship between topology and the dynamic behaviors of complex networks in the human brain is challenging. Each node (or brain locus) administers
amulticomponent system with its own regulatory mechanisms, the output of which varies across time. Further, specific neural links can be strengthened or weakened, and
network topology can evolve Bashan et al. (2012)

e Modules exist in the human brain that are characterized by surprisingly short metric distances between linked pairs of nodes, within very large networks Sporns et al. (2004)
e Published observations of human sleep stage transitions identified a robust network of interactions between physiological systems, which remained stable during a given

sleep stage. Changes of the sleep stage (i.e., and the accompanying physiological responses) led to complex network transitions within minutes. These involved (a) a
structured reorganization of connectivity and topology throughout the entire network, and (b) formation of physiological subnetworks with different topologies and behaviors
Bashan et al. (2012)

factors, or pathways of influence cannot sufficiently capture the
complexity and holistic context of the body’s numerous
simultaneous and interdependent responses to any stressor
(Schwartz, 2020; MacDougall-Shackleton et al., 2019; Dickens
and Romero, 2013; Breuner et al., 2012). The etiology of OTS is
highly complex, to-date not adequately described, and presents
with numerous/varied signs and symptoms that depend on the
type and intensity of training and inherent profile
characteristics of the affected individuals (Supplementary
Table S1). Nonetheless, we consider the expert consensus
statement, published jointly by the European College of Sport
Science and the American College of Sports Medicine, to be the
foremost current resource of information regarding OTS and
nonfunctional overreaching (Meeusen et al, 2013). This
comprehensive expert consensus recognizes that OTS
represents a complex syndrome. Deliberately using the
specific term syndrome acknowledges the multi-factorial
etiology of OTS which, in turn, supports that excessive
exercise training is not the sole causative factor (1).
Moreover, this document also notably cites evidence that
prolonged maladaptation of regulatory mechanisms occurs
concomitantly in multiple neurochemical and endocrine

systems. However, this adjectival clinical semantic and noted
multi-system responses still underrepresent the higher-order
interdependencies underlying the condition. Accordingly, a
complex systems (Table 1) approach is required to fully
appreciate, aptly analyze, and accurately reveal the intractable
complexity of OTS.

A Novel Complex Systems Model of OTS

That OTS develops when a disproportionate chronic imbalance
exists between excessive training and rest/recovery is a message
without a clearly defined etiology or consistent profile of
underlying physiological mechanism(s). It is further likely that
the distinct pattern and pace of OTS emergence, progress, and
outcomes (i.e., end phenotypes) are uniquely determined by the
individual’s inherent responses to the diverse and complex
interactions of the contributing stressors. The possible
permutations of stressors, genotype, cellular damage,
adaptations, maladaptations, inadequate repair, maturation/
aging, and environmental factors are effectively endless and
beyond one’s practical ability to consider. Thus, a complex
systems approach arguably offers the best path forward, as we
seek to clarify and appreciate the nature and individualized
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signature of OTS. The following eight tenets are offered as
evidence that OTS has the characteristics of a complex system
and thus warrants this approach.

Other than a decline of exercise performance, no single
biomarker or host characteristic definitively distinguishes
athletes with OTS from healthy athletes or validly predicts
risk or the onset of OTS (Meeusen et al., 2013; Cadegiani
and Kater, 2018a; Cadegiani and Kater, 2019b; Cadegiani
and Kater, 2019¢; Cadegiani and Sliva, 2020).

The search for a single supporting physiological mechanism
(e.g., impaired immune response) has been unproductive
because OTS stems from unique interactions of the host
genome combined with the select interplay of multiple risk
factors and chronic stressors that lead to marked
dysfunction (Meeusen et al, 2013; Bittencourt et al,
2016; Cadegiani and Kater, 2019b).

Athletes respond to excessive training loads in highly
individualized ways (MacKinnon, 2000), and the signs
and symptoms of OTS (eg, performance decline,
psychological ~ strain,  immunological,  biochemical
responses) are diverse (Hackney and Lane, 2015).

An athlete’s genome and training/workload history
(i.e., recent and chronic physiological demands and
adaptations across multiple years) influence the variable
training intensity-volume threshold at which OTS begins
to appear (i.e., initial evidence of an undue decline of
performance, mood changes, and/or poor quality of sleep).
Attempting to identify a single causative etiological factor
for OTS (e.g., training intensity or volume, skeletal muscle
microtrauma) has been ineffective because athletes
dynamically adapt or maladapt each day to the varying
stresses of training and competition (Figure 1
(MacKinnon, 2000)); accordingly, their physiological
and mental responses are constantly in transition. For
this reason, an athlete’s training and related health
status can only be approximated at the time s/he is
observed by a sports medicine physician, exercise
physiologist, or coach (Meeusen et al., 2013).

The duration of OTS is indefinite and its prognosis is
undefined and uncertain.

The endocrine (i.e., cortisol, adrenocorticotropic
hormone, epinephrine, norepinephrine, insulin,
glucagon, growth hormone, testosterone), nervous
(i.e., sympathetic-parasympathetic balance), muscular
(i.e., hypertrophy, fiber type), circulatory (i.e., cardiac
output, vascular tone), and metabolic (i.e., glycolysis,
Krebs cycle, beta-oxidation) responses are specific to
the predominant activity performed (e.g., endurance
versus resistance training stresses) (Hackney and Lane,
2015). Further complicating these numerous interactions,
many sports and sport-specific training methods possess
a combination of high-force and high-endurance
characteristics (Hooper et al., 2020).

During the development of OTS, non-exercise life stressors
such as inadequate nutrition (i.e., total energy intake,
percent carbohydrate), psychosocial difficulties (e.g., team,
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Identification of factor
interaction patterns.
Calculation of the probability
that each pattern will
result in OTS (risk profile).

Asterisks represent
different interventions for
two athletes (A & B) who
have the same phenotype

(OTS) but different

predominating risk

factors.

FIGURE 4 | Proposed complex systems assessment of the Overtraining
Syndrome (OTS). The classic scientific method of reductionist analysis is
ineffective when studying OTS because multiple factors interact
simultaneously. Potential predisposing factors for OTS (illustrated here

as multicolored nodes) are linked to each other in a non-linear web (lower left
quadrant). The nodes of this web may be host characteristics (e.g., hereditary
capabilities, training adaptations) or may arise from the environment (e.g.,
training intensity/volume, nutrition, and non-exercise life stressors). A complex
systems analytical approach explores and reveals the inherent interaction
patterns of predisposing factors (upper left quadrant) in athletes who exhibit
QOTS. By calculating the probability that each interaction pattern will result in
QOTS, a risk profile is developed for each athlete (upper right quadrant); this
profile is applied by modifying high-risk factors (e.g., reduced training load,
increased rest/recovery, increased dietary carbohydrate). Varying node sizes
and intensity of connecting lines between nodes represent variability in the
impact of factors (nodes) and strength of interactions (bold lines). The cyclical
nature of this method accommodates both positive adaptations (e.g.,
improved strength and endurance) and counterproductive maladaptations
(e.g., OTS); it also implies that athletes should be reevaluated regularly
throughout a training cycle or season to update the risk profile.

coach, and family), disrupted sleep, and occupational
cognitive demands add to the physical and mental
stresses of strenuous training and sport competition
(Meeusen et al., 2013; Cadegiani and Kater, 2018a).

To summarize these tenets: highly individualized signs and
symptoms are observed among athletes with OTS, physiological
and mental states are constantly transitioning in response to daily
training and competition stresses, the clinical diagnosis of OTS is
by exclusion, no single biomarker is known, the predominant
physiological mechanism has not been identified, the duration of
OTS is indefinite and highly individually variable, and life
stressors unrelated to exercise add to the stresses of excessive
training and competition load and thus also affect OTS risk. In
total, these characteristics underscore the fundamental and
remarkable complexity of OTS and explain why reductionist
scientific approaches (i.e., seeking discrete cause-and-effect)
previously have been ineffective. Thus, the inherent challenges
warrant support for a complex systems approach to evaluate,
establish a new paradigm for, and reveal the underlying nature
and signature of OTS.
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To uncover and clarify the behavior of a complex system and
more precisely differentiate the scenarios and contributing
features that most influence and determine classification of
linked effects, it is necessary to apply non-linear computation
methods. These analytic strategies more closely parallel how
complex systems can simultaneously facilitate and constrain
affected outcomes in a non-linear way, where small changes in
just a few determinants can lead to large and sometimes
unexpected advantages or consequences. Accordingly, the
behavior of a complex system can best be revealed by pursuit
of prediction, not causality. Moreover, practical prevention is best
achieved by clear and valid prediction. Thus, we recommend that
statistical models be adopted in OTS studies to investigate
dynamic interactions among many different predictors, with
the final goal of identifying patterns/outcomes that have a
high probability of occurring—that is, pose the greatest
modifiable threat/risk to athletes.

Figure 4 presents our proposed approach to the evaluation of
OTS. A dynamic web of potential predisposing factors for OTS
evolves as the body experiences recurring high volume-intensity
training and other contributing stresses. The complex ongoing
interactions of these factors eventually enable the formation of
regularities which emerge as individualized characteristic

patterns of positive adaptation or undesirable and
counterproductive maladaptation (e.g., OTS). Instead of
focusing on discrete relationships among individual

components of this intricate biopsychosocial web, a complex
systems analysis initially explores and reveals the inherent
patterns of interaction among the wide array of potential
interrelated predisposing factors. These patterns can then
inform the appropriate categorical classification approach.
Their selected utility in the model (based on probability,
Figure 4) are thus integral to accurately predicting OTS.
Including a wider range of high-probability patterns
(interactions of predisposing factors) enables a greater degree
of risk stratification precision, across more diverse profiles of
individuals and groups of athletes. This could not be as practically
applied and clearly revealed by focusing on selected discrete
measure cause-and-effect. Within a group of athletes, for
example, a few may exhibit the same phenotype (OTS) but
possess different predominant risk factors. Thus, the benefits
of employing high-performing models will be realized by 1) more
readily enabling prompt individualized interventions for those at
greatest risk or beginning to experience OTS signs and symptoms,
and 2) reducing the time to achieve significant and meaningful
athlete performance improvements.

Notably, Figure 4 generates uncertainties regarding current
terminology and the very nature of OTS. The two athletes (A and
B) are initially diagnosed/classified with the same phenotype
(i.e, OTS) because their performance decreased following
sustained intense training. However, a complex systems
assessment (i.e., producing an individualized risk profile and
signature) may reveal that different predisposing factors
predominate in athletes A and B and thus different
interventions are required. If a more clear delineation of
multiple interactive determinants and a corresponding variable
hierarchy of high-risk predisposing factors can be identified

Overtraining Syndrome: A Complex Systems Phenomenon

(Figure 4), it is then plausible that OTS has multiple subtypes
(e.g., predominantly characterized by HPA axis dysfunction, low
energy availability, or impaired immune function). Alternatively,
the syndrome currently defined as OTS could represent multiple
separate clinical conditions that require distinct specific
interventions (i.e., athletes A and B with OTS in Figure 4 do
not share an identical phenotype). These uncertainties are worthy
of future research, as clarification would practically impact
prevention strategies and clinical case management.

OTS Research: New Analytical Methods and

Technologies
Current approaches to improve predictive capabilities via
complex systems analysis aim to identify stable interactions
among predisposing factors by employing a variety of pattern
recognition techniques. Contemporary examples of these
techniques include Self-Organizing Feature Maps (based on
unsupervised machine learning) that predict athletic talent,
complex system analysis in weather forecasting, physiological
and behavioral biometrics recognition using unsupervised and
supervised machine learning, regression trees, random forests,
and artificial neural networks in medicine and medical imaging,
and agent-based modeling in epidemiology (Meeuwisse et al.,
2007; Bittencourt et al., 2016; Ortiz et al., 2018). Iterative machine
learning (statistical learning) techniques also have been applied to
enhance predictive capability in the evaluation of numerous other
complex systems. Notably, the power of these resulting practical
and high-value predictive models could not have been emulated
solely by basic traditional statistical methods (i.e., experimentally
analyzing only single or few variables to confirm/refute cause-
and-effect hypotheses) (Hastie et al., 2001; Andrés-Rodriguez
et al., 2019). Machine learning approaches are also being
increasingly utilized in sports medicine and other aspects of
healthcare. For example, a comparison of 10 classification
models developed with machine learning demonstrated
practical application in predicting the resolution time of
concussion-related symptoms that were incurred in high
school sport participation (Bergeron et al., 2019). This modern
classification approach was similarly effective in developing a 28-
variable based model that exhibited 81% accuracy in
discriminating severely ill patients with COVID-19 from those
with only mild symptoms (Yao et al, 2020). And despite the
inherent challenges in detecting mild dehydration, predictive
models developed with machine learning performed well in
stratification of hydration status prompted by autonomic
nervous system responses to cognitive stress (Posada-Quintero
et al., 2019). Whereas there was not a clear advantage in using
machine learning over traditional statistics in these examples, it’s
notable that more researchers are learning and applying these
modern methods that are becoming more conventional. This will
likely pay practical dividends with analyzing complex systems
and datasets characterized by greater dimensionality and higher-
order non-linear inter-relationships among variables, as
with OTS.

A traditional statistical approach to studying OTS via its
underlying complex biological systems was employed by
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Cadegiani and colleagues (Cadegiani and Kater, 2020). Their
procedures began with 67 metabolic, hormonal, biochemical,
anthropomorphic, and clinical variables, measured in 51 male
athletes (14 with OTS, 25 healthy athletes with no signs or
symptoms of OTS, 12 sedentary control subjects). Athletes
with OTS were selected based on verified underperformance
(e.g., coach’s assessment), persistent fatigue, >300 min/wk of
moderate-to-vigorous intensity exercise, and continuous
training for at least 6months. Utilizing probability
calculations, their results suggested that OTS resulted from
training stress combined with unanticipated, non-exercise risk
factors and behaviors, including insufficient caloric, protein or
carbohydrate intake, poor sleep quality, and excessive cognitive
effort outside of the training environment (Cadegiani and Kater,
2019b; Cadegiani and Kater, 2019¢; Cadegiani and Sliva, 2020).
Although the authors concluded that this statistical approach
successfully distinguished athletes with OTS from healthy
athletes and sedentary controls, it would have been interesting
to determine whether a statistical learning approach might have
provided greater predictive classification performance. As with
classifying sport-related injury and other profiles of disease/
illness risk, prevention strategies and clinical management of
OTS would benefit from more precise discriminant stratification
(beyond simple dichotomous classification) of individuals and
potential effective interventions and therapies. With larger and
higher-dimensional datasets, more robust machine learning
models and application of deep learning ensemble methods
are more likely to achieve this aim.

Physiologists, analyzing the human body as a complex system
that responsively and promptly adapts to internal and external
stressors, have employed novel statistical and mathematical tools
to model selected inherent dynamic, nonlinear responses. For
example, Ivanov and colleagues (Ivanov et al., 2014) successfully
integrated physiological outcomes with innovative statistical
techniques to identify an interactive network of 10 variables
from six physiological systems (i.e., heart rate, respiration,
electroencephalographic activity, chin muscle tone, leg and eye
movements) during evolving stages of sleep. Changes of sleep
stage led to complex network transitions within minutes,
including formation of physiological subnetworks with
different topologies and behaviors (Bashan et al, 2012).
Relevant to the present review, similar approaches have been
proposed for the assessment of training stress, overreaching, and
OTS (Balagué et al., 2020).

Technological developments during the 1980s permitted
potential determinants of specific diseases and cellular
functions to be analyzed from a Big Data perspective—that is,
concomitantly utilizing massive available data inputs from the
entire relevant ecosystem. Automated DNA instrumentation
enabled the sequencing of genomes and identification of
individual polymorphisms, microarray analysis permitted
global transcriptional profiling, and advances in mass
spectrometry led to large-scale analyses of the primary
derivatives and byproducts of protein synthesis and
metabolism. Armed with terabytes of data generated by high-
throughput laboratory capabilities, an exponential growth in the
study of complex systems rapidly followed (Aderem, 2005). For
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the future study of OTS, these analytical methods will provide
unparalleled insight and discovery that will reveal yet-to-be-
established behaviors of complex human systems rather than
simply accumulate data about them. We anticipate that these
methods will lead to an enhanced capacity to describe key
relationships, help in recognizing and appreciating the
purported relevance of genotypes to function, and assist in
practically anticipating and distinguishing presumed dynamic
responses (Bar-Yam and Institute, 2003) and patterns among
athletes with OTS, healthy athletes, and sedentary controls.

Fortunately, for today’s researchers, there are numerous no- or
low-cost, popular, and readily accessible programming languages
and dedicated platforms to support statistics, data science, and
machine learning (e.g., Python/scikit-learn, R, and Weka).
Moreover, rapidly evolving new technologies designed for
direct user interface may prove to provide revealing novel
insights that will reinforce and complement the evolution and
practical utility of future innovative models applied to complex
human systems. However, the demonstrated validation,
reliability, integration, and practical application/value of the
broad category of these consumer technologies composed of
smart watches (integrated aggregation of metrics and bi-
directional communication with the user and the cloud),
strap/band/patch devices (direct collection and measurement
of physiological metrics such as glucose, sodium, oxygen
saturation), garments with embedded sensors, and task-based
computer software/mobile applications will be essential before
these technologies should be considered acceptable for local or
remote screening, profiling, differentiating, tracking, and
mitigating risk of OTS in athletes.

Analysis of OTS Complexity Using
Trans-omic Methods

Biochemical pathways and networks have traditionally been
identified by accumulating information about specific
molecules. These analyses are represented in column 2 of
Figure 5. Subsequently, specific levels of cellular complexity
were defined and categorized according to the basic building
blocks of the cell, including DNA, RNA, protein, and the products
of metabolism. Each of these molecular hierarchical levels has
internally consistent chemical properties and is named an
“-omic” layer (e.g., genome, epigenome, transcriptome,
proteome, and metabolome) (Ivanov et al., 2014). The
addition of the suffix omic to a cellular term implies a
comprehensive/global assessment of a set of molecules
(Balagué et al, 2020). Five -omic levels are illustrated and
defined in Figure 5 as horizontal rows. Complex biological
organization and processes can be studied in terms of
molecular constituents, within and across -omic levels.

The behaviors of single -omic layers and networks within each
-omic layer have been identified (see column 3 in Figure 5) using
state-of-the-art measurement technologies. The epigenome is
particularly relevant to the study of OTS because epigenetic
modification of molecular processes provides a response
memory (i.e., of a previous encounter) that primes cells and
tissues for future encounters with the same stress/stimulus. This
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FIGURE 5 | Trans-omics analyses improve the precision of detecting individual responses in complex systems. Single or panel biomarker analyses are limited in
their ability to predict outcomes associated with complex systems that contain redundant, multi-functional variables. Trans-omics (integrative-omics) analysis permits a
broad landscape view of thousands of contributing factors and patterns that lead to global outcomes (e.g., phenotype A vs. phenotype B) which otherwise would be

Phenotype B

memory is evidence that information is retained for later
experiences and suggests neural plasticity and programmability
(Sharples et al., 2016). For example, epigenetic modifications of
gene expression following a single bout of exercise may involve
restructuring skeletal muscle and tendons to better handle
mechanical strain, or the responsive adaptations may involve
altered metabolism that is specific to the intensity, duration, and
mode of exercise (Saghiv and Sagiv, 2020). Accordingly, during
prolonged periods of intense training, the adaptive responses of
each exercise bout are integrated and interdependent (i.e., via
numerous epigenetic modifications of gene expression). The
result is gradually improving or degrading performance over
time (Rasmussen et al, 2014) that is also subject to
environmental influences other than excessive training,
including diet, stress, infections, and disease (Alegria-Torres
et al, 2011; Pareja-Galeano et al., 2014; Hackney and Lane,
2015; Widmann et al.,, 2019).

However, a single -omic level analysis alone does not directly
identify interactions across multiple -omic levels. To overcome
this information gap, an approach for reconstructing molecular
networks by connecting multiple -omic data has been developed
and named trans-omics (Yugi et al., 2016) or integrative-omics.
Cellular functions are orchestrated by global networks that
transect multiple -omic layers and these chains of direct
mechanistic molecular interactions are the essence of trans-
omic analyses. Two trans-omic pathways are illustrated in
column 4 of Figure 5 as vertical green and red dashed arrows.

Each results in a unique phenotype. Notably, many avenues of
higher-level, more integrative -omics fields may be added to
complement this model that would extend the functional
schematic and representative impact (e.g, organomics,
physiomics, and environmentalomics). Examining any aspect
of this trans-omic system, such as in translating cellular and
tissue level -omics analyses to organismal function while
interacting with the environment, is more aptly pursued with
deep (machine) learning and artificial neural networks that more
suitably represent the inherent complex network physiology.

Investigators who specialize in human stress responses
recognize that measuring a single variable or considering only
one -omic layer is not sufficient to fully characterize or interpret
the intrinsic complexity and context of the stimuli-response
pathway(s). This underscores why a universal single endocrine
profile has not been identified and validated for chronic stress
(Schwartz, 2020; MacDougall-Shackleton et al., 2019; Dickens
and Romero, 2013; Breuner et al., 2012), a perspective that
fittingly applies to OTS. Accordingly, we propose trans-omic
research to fully characterize the nature and the complex web of
interrelated predisposing factors of OTS (lower left quadrant of
Figure 4). Such an exploratory approach should include rapid
quantification of molecular-level phenomena that spans the
entire cell or tissue, in contrast to more traditional molecular-
scale measurements (Robinson and Nielsen, 2016).

Specific to OTS research, trans-omic methods have great
potential to 1) indicate if an individual or sub-population is
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(and/or has been) under stress, 2) differentiate contributing
stressor types, 3) distinguish patterns and phases of an
integrated stress response, 4) discern how acute and chronic
stressors may impact health and performance differently, and 5)
identify alternative genetic mechanisms for a given response to a
stressor (Schwartz, 2020). Also with OTS, application of trans-
omic data may well enhance our understanding of the molecular
dynamics underlying its pathophysiology, identify longitudinal
effects during the emergence of OTS (Ritchie et al.,, 2015), and
lead to novel validated strategies for early detection, prevention,
and treatment (Civelek and Lusis, 2014; Sun and Hu, 2016;
Angione, 2019).

POTENTIAL AREAS FOR FUTURE
RESEARCH

In the following paragraphs, we propose specific areas for future
research that are viable in clarifying the nature and complex
etiology of OTS. Based on evidence from the open scientific/
clinical literature, these areas are likely candidates for inclusion
within the dynamic web of predisposing factors illustrated in the
lower left quadrant of Figure 4. As investigators consider
including any of these areas in experimental designs, future
technological advances will continue to evolve, inform new
approaches, advance discovery, and bolster the validity of OTS
paradigms. These proposed areas are highlighted because all have
been explored as complex systems and published using machine
learning and other higher order analytics and modeling on high-
dimensional data. Moreover, each topic represents a highly viable
principle component in the web of predisposing factors for OTS
(Figure 4).

Brain Neural Networks and Machine

Learning

Neuroscience is experiencing an ongoing rapid expansion of the
scope and complexity of data collection/management/analysis
with contemporary studies often collecting large volumes of
data from networks that link multiple brain loci and cross
multiple levels of organization and function (neurons,
circuits, systems, and whole brain). The size and complexity
of these data (i.e., in space and time) require sophisticated
strategies for statistical inference and present important
challenges for computing, data harmonization and sharing,
and reproducibility.

Allen and colleagues (Allen et al., 2019) explored the nature of
mouse brain activations in 2019, using implanted microelectrode
arrays. Their research team recorded activations of >20,000
individual neurons, located at 34 rodent brain loci, during
several hundred tasks. These procedures revealed a complex
global system of neural networks and waves of activations
across the brain (i.e., indicating the flow of information) that
meet the criteria for a complex system (Table 1). Although
generalizing the findings of rodent studies to humans must be
done cautiously (Walsh, 1980), human brain researchers today
acknowledge the existence of aggregates of networks that work
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across and within many levels of complexity and function. These
experts envision that sensations, moods and behaviors are
associated with hemispheric waves of neuronal activations that
move in milliseconds (Armstrong and Kavouras, 2019),
throughout a sprawling mass of 100 billion neurons which
have at least 100 trillion connecting synapses (Bertolero and
Bassett, 2019).

Investigators will need to take advantage of modern methods
to analyze high-dimensional data, calculating probabilities and
using pattern-searching algorithms that have been developed via
advanced statistics and machine learning (Sejnowski et al., 2014).
Notably, with advances in deep (machine) learning facilitated by
artificial neural networks comprising ensembles of algorithms
and models with brain-like logical structure and function,
detailed characterization of the brain-wide neural activations/
networks that are aligned with positive physiological adaptations
to exercise training, as well as the maladaptations of
nonfunctional overreaching and OTS, are likely on the near
horizon.

HPA Axis Dysfunction: Clues From Major

Depression

The HPA and SAM axes are the primary regulators of human
responses to virtually all life stresses (Figure 2). Both cortisol
(HPA axis) and the catecholamines norepinephrine and
epinephrine (SAM axis) are integrally involved in the
responses to acute and chronic training stresses (see above
section titled, Neuroendocrine Involvement in OTS). However,
studies of neuroendocrine involvement in OTS are far from
unanimous (Meeusen et al., 2013). This presently leads
investigators to conclude that 1) measuring individual
neuroendocrine variables cannot sufficiently capture the
complexity of the body’s numerous simultaneous responses to
any stressor (Schwartz, 2020), and 2) measuring a single or few
variable(s) likely will not definitively identify athletes who are at
risk or who exhibit OTS (Hooper et al., 2020).

The exact means by or degree to which neurotransmitters,
neuromodulators and receptors contribute to or are affected by
OTS remain unclear (Meeusen et al., 1999; Meeusen et al., 2013).
However, numerous studies have focused on the roles of brain
neurotransmitters and neuroendocrine responses in major
depression (Schatzberg, 1998; Zunszain et al, 2011; Solomon
et al,, 2012; Nedic Erjavec et al., 2021). A 2017 study of major
depressive disorder in a chronic-stress, depressive symptom
murine model (Hervé et al, 2017) utilized integrated brain
region-targeted transcriptomics, tissue-level global expression
profiles, applied aspects of mice with symptoms, and
pharmacological treatment or control conditions. Complex
data analysis methods were employed to identify revealing
signatures of complex system patterns distinguishing diseased,
control, and effectively treated animals. Using similar
approaches, this area of research offers useful insights into the
nature of OTS because OTS and major depression exhibit similar
signs and symptoms (Armstrong and VanHeest, 2002),
suggesting a possible common etiology. For example, a
considerable body of evidence shows that patients with major
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TABLE 2 | Characteristics that have been associated with both the Overtraining Syndrome (OTS) and Major Depression (MD). Modified and updated from (Armstrong and

VanHeest, 2002).

Characteristics

A substantial variety of signs and symptoms are
observed, with obvious inter-individual differences (OTS
and MD). Signs and symptoms include general fatigue/
malaise, insomnia, change of appetite, loss of
motivation, reduced mental concentration,
restlessness, loss of interest or pleasure in activities
previously enjoyed, irritability (OTS and MD)

Clinical characteristics vary among individuals (OTS and
MD) and exercise training regimens (OTS). Signs and
symptoms are nonspecific and numerous (OTS

and MD)

Mental and physical performance are impaired (OTS
and MD)

Epigenetic changes are associated with this disorder
(MD), exercise training (OTS), and with genes that
regulate HPA axis function during stress (OTS)
Dysfunction of the HPA axis is involved, including altered
glucocorticoid receptor sensitivity in the brain, reduced
adrenal sensitivity to ACTH, and intensity/duration of
neurotransmitter release (OTS and MD)?

Chronic stress, acting via the HPA axis, is an important
etiologic factor (OTS and MD)?

Resolution requires weeks or months of rest (OTS and
MD) or active rest (OTS)

Immune system activation, cytokine release, and
inflammation are involved (OTS and MD)

Abnormalities of brain serotonergic function is an
etiological factor (MD), and is theoretically related to
fatigue (OTS)
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(2007); Zunszain et al. (2011); Solomon et al. (2012);
Hughes et al. (2016); Camara and Brandao. (2020);
Nedic Erjavec et al. (2021)

(Epstein, 1997; Leonard, 2006; Zunszain et al., 2011;
Hughes et al., 2016)

Services. (1993); Epstein. (1997); Ghosal et al. (2014);
Jacobson. (2014); Mountjoy. (2014); Herman. (2016)
Fent and Zbinden, (1987); Meijer et al. (1988); Irwin et al.
(1990); Maes. (1993); Maes et al. (1997); Maier and
Watkins. (1998); Reichenberg et al. (2001); Anisman.
(2002); Leonard. (2006); Zunszain et al. (2011); Garate.
(2013); Kelly et al. (2015); Nedic Erjavec et al. (2021)
Meltzer. (1990); Azmitia and Whitaker-Azmitia. (1991);
Jacobs and Azmitia. (1992); Dey. (1994); Maier and
Watkins. (1998); Park et al. (2019)

4chronic stress may result in increased glucocorticoid secretion at rest, delayed reduction/termination of the stress response, facilitated or sensitized responses to novel stressors, or
hyporesponsiveness in extreme cases (Siever et al., 1986; Herman, 2013; Jacobson, 2014). Abbreviations, HPA, hypothalamic-pituitary-adrenal axis; SAM, sympathetic-adrenal-
medullary axis; ACTH, adrenocorticotrophic hormone

(IM) is believed to exert measurable effects on metabolism
(e.g., appetite control, energy balance (Huang et al., 2016), and
diseases (e.g., obesity, diabetes, inflammatory bowel disease,
neurological disorders, allergies, cancers, and cardiovascular
diseases (Eckburg et al., 2005; Lozupone et al., 2012; Salonen
and de Vos, 2014; Huang et al, 2016). In contrast, multiple
positive health effects are imparted by the collective genome of
the IM ecosystem (Wu et al, 2011; Ridaura et al., 2013), and
specific microbe classes are considered especially important in
human health and longevity (Wilmanski et al., 2021), owing to
their effects on resilience to infection/inflammation, resistance to
autoimmunity, and endocrine signaling; these classes include
Bacteroides, Bifidobacterium, Eubacterium, Faecalibacterium,
Lactobacillus, and Roseburia (Le Chatelier et al., 2013).

Two considerations regarding the composition/ratio of these
IM bacterial classes are relevant to this review article. First,
modifying one’s diet shifts the composition of the microbial
ecosystem (Turnbaugh et al, 2007; Turnbaugh et al, 2009;
David et al.,, 2014; Levy and Borenstein, 2014) and influences

depression experience dysfunction of the HPA axis (Lechin et al.,
1995; Maier and Watkins, 1998), as do athletes who exhibit OTS
(Zautra and Reich, 1983; Barron et al., 1985; Fellmann et al., 1992;
Urhausen et al., 1995; Keizer et al., 1998; Urhausen et al., 1998).
Table 2 summarizes the similarities of signs, symptoms, and
selected characteristics in OTS and major depression. Because
these many similarities suggest a common etiology, we encourage
investigators who design future OTS investigations to consider
published research regarding the nature of major depression.

The Intestinal Microbiota

The healthy human gut very likely contains more than 1,000
microorganism species (Hollister et al., 2014), each producing its
own metabolites that interact with the intestinal ultrastructure,
physiological functions, endocrine system, and the immune
system (Armstrong et al, 2018). Although the totality of this
widespread influence is unknown, primarily because the
intestinal ecosystem remains incompletely characterized and
its diversity poorly defined, the human intestinal microbiota
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gut health (Slyepchenko et al,, 2017). This effect was observed
within 24 h, during a controlled feeding study of adults who
consumed either a high-fat/low-fiber or a low-fat/high-fiber diet
(Wu et al., 2011). Diet quality also influences immune function,
systemic inflammation, and antioxidant capacity (for reviews of
this topic see (Berk et al.,, 2013; Moylan et al., 2014). Second,
individuals with a greater IM species diversity have a greater
repertoire of microbial metabolic functions, as well as an IM
population which is more functionally robust and theoretically
enables and reinforces coping with homeostatic disruptions more
effectively than individuals with less IM species diversity (Le
Chatelier et al., 2013; Hollister et al., 2014). Thus, it is generally
agreed that the characteristics of a healthy microbiota include
community stability and increased species diversity (Campbell
and Wisniewski, 2017; Armstrong et al., 2018).

Numerous studies have demonstrated that both acute and
chronic diseases are associated with altered IM composition,
reduced  biodiversity, loss of commensal bacteria
(i.e, accompanied by loss of beneficial metabolic activities
such as nutrient bioavailability), and/or overgrowth of
opportunistic pathogens (Ticinesi et al., 2019; Schmidt et al,
2018; Mosca et al., 2016; McKenzie et al., 2017; Marchesi et al.,
20165 Levy et al., 2017; Kriss et al., 2018). Fortunately, a mild-to-
moderate exercise training load serves as a potent intervention for
the diversification of the gut IM independent of diet (Campbell
and Wisniewski, 2017). Further, multiple human studies have
assessed the effects of single bouts of exercise, or acute exercise
periods spanning a few days (ie., some of these employed
metabolomic analyses, see Figure 5), on the composition of
the IM (Clarke et al., 2014; Hold, 2014; Lambert et al., 2015;
Mach and Fuster-Botella, 2017; O’Sullivan et al., 2015; Hsu et al.,
2015; Clark and Mach, 2016; Bycura et al,, 2021; Aya et al., 2021).
Several studies have observed the acute effects of excessive
exercise on the IM of mice (Allen et al, 2015; Yuan et al,
2018). Even the morbidity and mortality of exertional
heatstroke are likely influenced by the IM, when strenuous
exercise generates internal organ hyperthermia >40°C
concurrent with endotoxemia (i.e., due to commensal Gram-
negative bacteria or their byproducts translocating from the
intestinal lumen into blood), hypotension, coma, and possible
death (Armstrong et al, 2018). However, to our knowledge,
longitudinal relationships between any aspect of the IM
ecosystem and OTS or nonfunctional overreaching (Clark and
Mach, 2016; Campbell and Wisniewski, 2017) have to-date not
been published. Recent advances in complex wet-bench
technology, biometrics, and data science have supported a
robust evolution of the IM field, although the potential
predisposing or consequent involvement with OTS remains
unclear.

Immune System Responses to Strenuous
Training

Currently, the most compelling and relevant OTS theory related
to the immune system (Smith, 2000) proposes that skeletal
muscle, connective tissue, and joint microtrauma are
compounded by inadequate rest and recovery, resulting in

Overtraining Syndrome: A Complex Systems Phenomenon

inflammation (Hackney and Lane, 2015). Proinflammatory
cytokines (i.e., signaling molecules that mediate immune
responses and inflammation; examples include interleukin-6 in
certain scenarios, interleukin-1f, tumor necrosis factor-a), which
are secreted by immune cells such as macrophages and T helper
cells) act at multiple sites within the HPA axis, suggesting that
cytokine release may underlie the neuroendocrine changes
observed in OTS (MacKinnon, 2000). This theory states that,
when microtrauma is chronic and excessive, the negative
characteristics of OTS intensify and the athlete becomes
physiologically and psychologically compromised (Meeusen
et al,, 2013; Hackney and Lane, 2015).

Because of insufficient and inconclusive scientific data, it is not
known whether immune function is impaired in athletes who
experience OTS. Although it is widely accepted that the immune
system is sensitive to stress and that periods of intense training
result in depressed immune cell function, these changes do not
definitively distinguish athletes who successfully adapt to
nonfunctional overreaching from those who maladapt and
develop signs and symptoms of OTS (Meeusen et al., 2013).
Similarly, Campbell and Turner (Campbell and Turner, 2018;
Campbell and Turner, 2019) concluded that it is an
oversimplification to conclude that acute exercise (e.g., a single
bout of moderate-to-vigorous intensity endurance exercise)
suppresses immune cell function and impairs overall immune
competency.

We believe that immunological research to this date has been
inconclusive because OTS is a complex clinical condition (Tables
1, 2) that 1) involves unique interactions of the host genome,
multiple risk factors, and chronic stressors (Dhabhar and
McEwen, 1997; Meeusen et al, 2013), 2) encompasses
communication among cells of the immune system, brain, and
skeletal muscle (Parry-Billings et al., 1990; Maier and Watkins,
1998), 3) produces highly individualized dysfunctional outcomes
(MacKinnon, 2000; Bittencourt et al., 2016; Cadegiani and Kater,
2019b), and 4) has been studied using research designs which
focus on one or a few variables. Thus, we propose that a complex
systems approach (Figure 4) offers the best possibility of
clarifying immune system roles and responses in athletes
with OTS.

Diet, Macronutrients, and Energy

Availability

Few of the OTS studies in Supplementary Table S1 controlled
athlete diets or measured habitual food and fluid intakes. To
rectify this situation, as cited earlier, researchers evaluated 67
metabolic, dietary, hormonal, biochemical, anthropomorphic,
and clinical variables in 51 men (aged 18-50 years; 14 athletes
with OTS, 25 healthy athletes, and 12 healthy controls). Athletes
with OTS were selected based on specific inclusion criteria,
including verified underperformance. Statistically significant
associations were identified between OTS and previously
undiscovered dietary factors. Specifically, OTS was not a
simple consequence of excessive training stress. However, it
resulted from a combination of multiple risk factors and
behaviors, including insufficient caloric, protein, and
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carbohydrate intake (Cadegiani and Kater, 2019b; Cadegiani and
Kater, 2019¢; Cadegiani and Sliva, 2020).

The 2013 joint consensus statement of the European College of
Nutrition and the American College of Sports Medicine (Meeusen
et al, 2013) noted that the fatigue and underperformance
associated with nonfunctional overreaching (Figure 1) can be
attributed, at least in part, to a low muscle glycogen
concentration. This document also noted that 1) chronic energy
deficiency and glycogen depletion amplify stress hormone
(cortisol, norepinephrine/noradrenaline, epinephrine/adrenaline;
Figure 2) and cytokine responses to exercise and may be
determinants of emerging OTS, and 2) dietary carbohydrate
supplementation may reverse the symptoms of nonfunctional
overreaching (Meeusen et al, 2010). These two theoretical
concepts were supported by research that reported reduced
signs, symptoms, and performance decrements in runners who
consumed a higher amount of carbohydrate for 7 days
(5.4-8.5 g/kg body mass) during two iterations of strenuous
training (Achten et al.,, 2004). Similarly, cyclists who undertook
8 days of intensive training twice, with a 2-weeks washout period
between moderate and high carbohydrate diets, experienced
smaller performance decrements, hormonal disturbances, altered
moods, and number of days to recover from intensified training,
when consuming a high carbohydrate diet (Halson et al., 1985).

Recently, an international team of physiologists and sport
nutritionists published a narrative review paper that focused on
the association between training overload and relative energy
deficiency in sport (RED-S) (Stellingwerff, 2021). First introduced
by the International Olympic Committee in 2014 (Mountjoy,
2014), RED-S is a complex syndrome caused by low energy
availability that results in impaired physiological function and
negative health/performance consequences. This team of experts
summarized 21 training overload studies that measured energy
intake and/or macronutrients (Stellingwerff, 2021). Most of these
studies (86%) involved either decreased energy availability
(i.e, intake minus expenditure), decreased carbohydrate
availability, or a statistically significant difference between two
cohorts. The authors 1) concluded that OTS and RED-S share
many overlapping symptoms, 2) proposed that training-
overload/OTS studies may be confounded by unrecognized
inadequate energy intake (e.g., low dietary carbohydrates)
coupled with high training loads, 3) cautioned that low energy
availability leading to RED-S may be misdiagnosed as OTS, and
4) recommended that RED-S be evaluated and excluded before a
diagnosis of OTS is given.

Nevertheless, not all athletes who undergo training overload
experience decreased energy availability or reduced carbohydrate
availability concurrent with RED-S symptoms (Lehmann, 1992a;
Ramson, 2012). We interpret this observation to be the result of

complex interactions of numerous predisposing factors
(ie, exercise mode, intensity, volume) in OTS
(Supplementary Table S2, Figures 4, 5). Exploiting

advancements in wet-bench high-throughput experimental
approaches and computation and mathematical complex
modeling and methods enables revisiting what is currently an
ambiguous and at times contradictory body of understanding
about diet, relative energy deficiency, and OTS. This will facilitate

Overtraining Syndrome: A Complex Systems Phenomenon

achieving clarity regarding the contributions of diet to OTS, the
corresponding effect of OTS on subsequent eating behaviors, and
the optimal nutrient and caloric intake to expedite recovery.

Optimal Recovery From OTS

Just as determining the existence and severity of OTS is a complex
process, so is developing an effective recovery plan for an affected
athlete. Accordingly, novel, effective, and practical treatments for
OTS are needed and thus are worthy of future study. Presently, the
established and most successful treatment is rest with optimal
nutrition, allowing the body to recover with the hope that
performance competencies can be regained (Halson and
Jeukendrup, 2004). However, a unique, need-based plan
(ie., especially one that individualizes the resumption of
training and its frequency, duration, and intensity) is
recommended for each athlete to optimize recovery and
establish readiness to return to sport. Regular physical
examinations by a physician, including laboratory tests, may
identify upper respiratory tract infections or unresolved viral
illnesses (Meeusen et al., 2013). A sport dietitian can assess an
athlete’s energy and macronutrient deficiencies, and recommend
changes of total caloric, carbohydrate, or protein intake (Lehmann
et al,, 1993; Lehmann et al, 1997; Cadegiani and Sliva, 2020;
Stellingwerff, 2021). Even small within-day energy deficiencies
(300-400 kcal/d), which usually do not impact immediate health
outcomes, can become clinically significant when multiplied across
months (Stellingwerff, 2021). If an athlete experiences (especially
recurring and worsening) negative emotional or psychological
changes during intense training overload, mental health can be
monitored by a sports psychologist via communication,
counseling, or mood questionnaires (Morgan et al, 1988).
These requirements warrant the formation of a multi-
disciplinary practitioner support team that holistically monitors
health, performs scheduled multi-domain evaluations, diagnoses
notable changes and concerns, and intervenes and treats early in
response to signs and symptoms of emerging OTS (Meeusen et al,
2013;  Stellingwerff, 2021). This integrated systems and
multidisciplinary team approach is entirely consistent with the
concept that OTS is a complex, multi-domain clinical condition
(Supplementary Table S2, Figures 4, 5).

A Go-Forward Guiding and Supporting

Challenge
Each of the above domains (neural networks to recovery),
accompanying rationales, and guiding approaches and

principles for research, viably support and can measurably
contribute to clarifying the nature and complex etiology of
OTS. Moreover, researchers and clinicians are encouraged to
shift from existing paradigms and limited experimental studies to
confirm or refute specific reductionist hypotheses that foster
single or only a few indicators to classify risk or confirm
diagnosis of OTS. The challenging, though more rewarding,
pursuit would be to embrace and utilize the advantages
provided by the more revealing explanatory power of higher
order and inclusive predictive models that more closely reflect the
complex, dynamic, and integrated biological human systems,

Frontiers in Network Physiology | www.frontiersin.org

January 2022 | Volume 1 | Article 794392


https://www.frontiersin.org/journals/network-physiology
www.frontiersin.org
https://www.frontiersin.org/journals/network-physiology#articles

Armstrong et al.

networks, and contributing factors underlying and that are
fundamental to OTS.

CONCLUSION

The definitive diagnosis and effective treatment of OTS remain
elusive owing to its characteristic complexity, decidedly
individualized phenotype, and inherent determinant interactions
of numerous predisposing factors (e.g., the athlete’s genome,
intense exercise training, and energy availability). As such, we
recommend that future investigations employ methods
appropriate to the analysis of complex, multi-domain, dynamic
biological systems. Instead of looking for discrete or simply
correlated individual determinants, a complex systems analysis
enables exploring intrinsic (often non-linear) patterns of
interaction among numerous potential predisposing factors.
Once revealed, the probability of each pattern contributing to
OTS (i.e., predict) is computed and accordingly ranked as features
within the high-performing model(s). Consideration and selection
of all high-probability features (adding great value to the OTS
model) then allows a risk profile to be developed for an individual
or a group of athletes. Instead of seeking cause-and-effect, this
approach seeks the probability (i.e., risk) of OTS.

It is relevant to the present review paper that researchers in the
specialty fields of Network Physiology and Complex Systems
Science (Balagué et al, 2020) have proposed a new field of
study (i.e., Network Physiology of Exercise) that focuses on the
coordinated integration of physiological systems, subsystems, and
network organization and topology to reveal how physiological
adaptations and maladaptations emerge. These investigators also
have proposed developing and applying new research
methodologies, to quantify nonlinear dynamic connections
among diverse systems, and establish basic principles of
network organization and coordination among physiological
systems. In concert with these approaches, the present review
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