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Abstract

The use of bioelectrical impedance analysis (BIA) is now well established in healthcare as an essential support

tool for patient management in various clinical settings. Its use in sports is rapidly expanding due to the

valuable insights it offers, helping to better structure athletes' diets and training programs, thereby optimizing
their performance. In the context of sport, however, there is a consensus regarding the importance of proper
interpretation of BIA-derived data, which cannot be limited to mere estimation of body composition. In this sense,
therefore, the evaluation and interpretation of raw bioelectrical parameters, including resistance, reactance, and
phase angle (PhA) is of relevant importance. The assessment of PhA is particularly significant in the context of
sports, as it is closely linked to key factors such as muscle mass, strength, and overall muscle quality. However,

the existing relationship between PhA and systemic, and loco-regional inflammation, which, in a broader sense,

is the rationale behind its use for assessing and monitoring localised muscle damage. Thus, the importance of
PhA monitoring during training becomes evident, as it plays a crucial role in assessing and potentially identifying
functional impairments, such as overtraining syndrome, as well as muscle injury and related changes in fluid
distribution, at an early stage. The aim of this review is to provide the scientific basis necessary to consider the use
of whole-body PhA as an indicator of overtraining.
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Background

The use of bioelectrical impedance analysis (BIA) in
clinical practice for the estimation of hydration status,
nutritional status (via bioelectrical impedance vector
analysis, BIVA), and prognosis is now well established,
given its advantages in terms of rapidity of execution of
the method, processing and interpretation of the infor-
mation obtained, but also for its non-invasiveness and
low cost [1, 2]. The BIA method measures the impedance
(Z) to the flow of an alternating current, which is directly
related to body’s fluid content and its distribution among
intra and extracellular spaces [1]. A low amplitude, alter-
nating electric current flows through cables connected to
electrodes or conductive surfaces placed on the skin. A
phase-sensitive device usually operating at 50 kHz mea-
sures resistance (R) and reactance (Xc), which are then
used to calculate Z and phase angle (PhA) [3]. These
measured parameters provide information on the state of
hydration (in terms of total body water [TBW], intracel-
lular water [ICW], and extracellular water [ECW]), based
on the assumption that the R opposed to an electric cur-
rent is inversely proportional to the content of TBW and
electrolytes [1, 2]. The use of predictive formulas (mul-
tiple regression models) that take into account both the
information just described and certain anthropometric
(e.g. body weight and height) and demographic param-
eters (e.g. age, gender, and ethnicity) of the subject will
make it possible to estimate body composition (BC) [1,
3,4].

Evidence emphasises the importance of monitor-
ing changes in bioelectric parameters detected by BIA,
especially in specific clinical settings, which disregards
the mere estimation of BC [5, 6]. This approach is par-
ticularly important when it is considered, first, that often
the formulas used to estimate BC may be inaccurate for
subject-specific reasons, as, for example, in the case of
subjects with morbid obesity, in which a major expansion
of body fluids is observed, as well as in certain pathologi-
cal conditions that are characterized by important states
of dehydration [7-10]. By thoroughly understanding the
biological significance of the raw BIA parameters (R, Xc,
Z, and PhA), thus, from their assessment and, above all,
monitoring over time, it is possible to obtain important
information regarding specific indicators of health status
that are independent of BC.

Beyond the clinic, sport also represents an important
field of study in which application of BIA is increasingly
prioritized [1]. Estimation of BC with BIA in sport has
been surpassed by the recognition of the importance of
monitoring variations in the athlete’s bioelectrical char-
acteristics as related to training and performance, nota-
bly PhA [11]. Reference percentiles for PhA are available
for various sports, providing valuable benchmarks for
performance and health monitoring [12]. Indeed, as
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reported in a systematic review, PhA values vary signifi-
cantly between athletes and non-athletes, being markedly
higher in the former than in the latter, likely because of
greater body cell mass (BCM) and consequently muscle
mass. Similarly, within the same sport, PhA values are
higher in athletes with a better level of performance
suggesting, therefore, the usefulness of measuring this
parameter in order to assess muscle quality and func-
tion allowing discrimination between well-trained and
untrained subjects [11]. These observations, therefore,
allow us to translate the concept of PhA into a broader
context of exercise interpretation, allowing us to posit or
hypothesize its role as a true marker of “training quality”

We describe “training quality” as a comprehensive
assessment of activity, which includes the three funda-
mental components of physical training: intensity, dura-
tion, and frequency. An imbalance in one or more of
these variables can result in an excessive (and unhealthy)
increase in training load, which, in some extreme cases,
can border on the development of overtraining syndrome
(OTS), whose negative repercussions on psycho-physical
health status are now well known [13]. Hence, we posed
the question: can PhA play a role in early identification
and monitoring of acute fatigue (overreaching)?

To answer this question and substantiate this concept
empirically observed in routine clinical practice, the
available literature was critically evaluated for a narra-
tive overview outlining the state of the art with regard to
the hypothesis of using PhA variations as indicators of
overtraining (OT) in sport and physical training. To our
knowledge, although no studies measuring directly PhA
values under OTS conditions have been conducted, accu-
mulating evidence is available regarding the physical, bio-
logical, and physiological principles that associate PhA to
this detrimental condition for the athlete. In particular,
systematic reviews, and meta-analyses have been pub-
lished on key topics such as the use of BIA in sports, the
use of PhA as an indicator of muscle characteristics or as
a marker of inflammatory status [14—18]. We utilized this
information for the theoretical basis of our hypothesis
to justify the use of PhA as an indicator of potential OT,
and a focus on a particular type of training, the resistance
training resistance (RT), was carried out, given its clearly
reported effects on muscle hypertrophy and strength, as
well as on PhA changes [14, 19]. Although many studies
on OT refer to aerobic or endurance training, resistance
exercises represent an important component that can
result in OT [13, 20, 21]. A meta-analysis that evaluated
the association between PhA and physical activity lev-
els (PAL) showed that RT represents the type of exercise
evaluated in most of the studies considered [22]. Further-
more, it appears that only one study evaluated the effect
of changes in training volume and intensity, noting that
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RT results in improved PhA [23], but leaving the question
related to the best dose-benefit ratio unresolved [22].

Beyond body composition estimation: the use of BIA raw
parameters in the context of sport

The physics of BIA

The BIA method is based on Ohm’s law. The potential
difference (or voltage drop) across a conductor is directly
proportional to the resistance the conductor opposes to
the flow of current. The relationship between resistance,
voltage and current intensity is given by the equation
R=V/1, where R represents resistance (Ohms), V the volt-
age (Volts) and I the current intensity (Amperes) [2, 24].
Ohm’s law also states that the R of a cylindrical conduc-
tor is directly proportional to its length (L) and inversely
proportional to the cross-sectional area (A). This means
that as the L of the conductor increases, the R will
increase, while as the A increases, the R will decrease.
This relationship can be expressed as RxL/A. By intro-
ducing a proportionality constant (p), it can obtain the
Ohm’s second law, which can be written as R=p L/A.
This law relates the R, L and A of a conductor. Ohm’s law
is fundamental to the BIA technique, as it allows BC to
be estimated by measuring the body’s electrical R and L.
In practice, it is easier to measure the height of a subject
than the length of the conductor, so body volume can
be estimated using the ratio H*2/R, where H represents
height. This empirical relationship links fat-free mass
(FFM) to the ratio H*2/R [7]. It must be emphasised,
however, that the human body cannot be regarded as a
homogenous cylinder with constant conductivity, so it
is essential to take into account specific coefficients that
consider the actual geometry, thus, depending on factors
such as the anatomy of the body segment under consid-
eration [7].

BIA raw parameters

Although BIA is commonly used in clinical practice to
estimate BC, it is important to emphasize that accurate
results can only be achieved when equations developed
using multi-component models are applied [25]. This
approach helps avoid potential errors related to hydra-
tion assumptions, as hydration levels are not always con-
sistent both within and between populations.

This suggests that the estimation of BC is less impor-
tant than the identification of biomarkers of BC changes
associated with cellular function and health status. Raw
bioelectrical measurement values can also provide mean-
ingful information parameter without the need for fur-
ther empirical transformation [8].

Some BIA devices can directly measure bioelectrical
parameters such as R and Xc, which correspond to the
resistive and capacitive properties of tissues, respectively.
R indicates how much a conductor opposes the flow of
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current, making it inversely proportional to TBW. There-
fore, a higher amount of TBW and electrolytes in the
muscles facilitates the conduction of the applied alter-
native current, and fluctuations in TBW significantly
impact the measured value of R. The Xc component, on
the other hand, reflects the delay or hindrance in current
penetration of cell membranes and interfaces of tissues
[1].

From R and Xc, another important parameter emerges:
PhA, defined by the formula PhA=arctan(R/Xc) X
(180°/m) [26], where, in the context of sports, R and Xc
are commonly measured at 50 kHz frequency [16]. Using
a phase-sensitive BIA instrument, PhA is a direct mea-
sure of the ratio of Xc to R, providing insight into the
quantity and functionality of cell membranes, reflecting
BCM as well as fluid distribution [11].

PhA parameter depends on several factors [27], such as
cell content, body fluids, and the integrity and permeabil-
ity of cell membranes [16]. In other words, the PhA, by
providing information about (i) intra- and extracellular
fluid distribution [10, 28, 29] and (ii) membrane integ-
rity and cell size [27, 30], makes it possible to identify the
possible presence of cell damage.

Given the previous premises, therefore, it is clear that
the evaluation of the raw BIA parameters (R, Xc and PhA)
can be particularly useful in specific settings, such as the
sport contexts to identify and monitor both acute and
chronic effects of physical training. After intense sport
activities, in fact, hydration status can be altered, mak-
ing accurate assessment of TBW with BIA difficult [31].
This can lead to inaccurate estimates of BC. In such situ-
ations, the use of raw BIA parameters is recommended
to quickly monitor changes in TBW, offering a viable
alternative to indirectly calculated parameters [32-35].
In this sense, studies by Mala and colleagues showed a
significant reduction in Xc and PhA in judo athletes after
rapid weight loss due to dehydration [36]. It is possible to
speculate that this reduction in PhA indicates decreased
cellular integrity, worse membrane condition and altered
fluid distribution [35].

Although, therefore, the importance of assessing the
raw BIA parameters (R, Xc, and PhA) in sport has been
clarified, in the following paragraphs, and as the focus of
this article, we will dwell on the biological significance of
PhA, understood as, in a broader sense, a ‘surrogate’ or
‘cumulative indicator’ of changes in R and Xc.

The evidence below refers to whole-body BIA mea-
surements, thus to assessments of total body PhA val-
ues. It is worth emphasising, however, the importance
of evaluating and interpreting regional raw parameters
as well, which can be obtained by means of localised
phase-sensitive BIA measurements (L-BIA), capable of
providing information on muscle quality and fluid distri-
bution at the level of individual body locations or regions
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[18]. Following specific protocols for electrode place-
ment and timing of the analysis, in fact, through L-BIA
the observation of R, Xc and PhA variations allow the
identification of tissue (muscle) damage and regional
fluid disturbances. In particular, in the case of a muscle
injury, reductions in (i) R, (ii) Xc and PhA are observed
with respect to the contralateral body district, reflect-
ing, respectively, the localised accumulation of fluid
(post-traumatic oedema) and the presence of tissue/
muscle damage as a consequence of the cell membrane
disruption [18]. These changes in bioelectric parameters
were confirmed by both in in vitro experimental obser-
vations and human comparisons with diagnosis imaging
techniques [18, 37]. L-BIA, therefore, represents a valu-
able new approach for the early identification of muscle
injuries and staging of severity [18]. At the same time,
however, the monitoring of the variations of the raw
parameters at a locoregional level (e.g. at the level of the
limbs or muscular districts most involved in the athletic
gesture in the various sports disciplines) may also repre-
sent a valid tool for the identification of a sort of ‘local-
ised OR/OT’ or, at least a ‘muscular suffering; therefore,
referring to a high stress on a single district that could, if
perpetuated, more easily predispose to injuries. The use
of L-BIA, therefore, could acquire a preventive, as well as
evaluative, connotation.

Confirming the importance of evaluating BIA raw
parameters as a non-invasive tool to identify and assess
exercise-induced tissue damage, a recent study (although
not conducted with the L-BIA technique) showed that R,
Xc and PhA were lower in the limb involved in exercise

Table 1 Biological significance of BIA raw parameters.
Abbreviations: Bioelectrical impedance analysis, BIA
BIA raw

Biological significance

parameter
Resistance, It reflects the resistance opposed by a biological
R (Ohm) conductor (tissues) to an alternating current.
It is inversely proportional to total body water.
In L-BIA, its reduction (compared to the contralateral
body district) indicates localised accumulation of
fluid (localised oedema)
Reactance, It reflects the electric properties deriving from the
Xc (Ohm) capacitance of cell membranes.
In L-BIA, its reduction (with concomitant reduction
in PhA) reflects the presence of tissue damage as
consequence of cell membrane disruption.
Phase angle, It refers to the angle of impedance to an alternating
PhA (°) current.

It reflects the ability of current to flow across the

cell membranes, and the intra-/extracellular ion
distribution.

It provides information about quantity and function-
ality of cell membranes, reflecting body cell mass.

Its reduction suggests decreased cell integrity, worse
membrane condition, and altered fluid distribution,
and is associated with increased inflammation.
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(eccentric exercise under experimental conditions);
moreover, Xc values correlated negatively with urinary
titin N-terminal fragment levels [38].

An overview on the biological significance of BIA raw
parameter is reported in Table 1.

PhA for the evaluation of physical activity and fitness
Observational studies reveal that PhA is a novel indica-
tor of physical activity, training and fitness [22, 39, 40].
The biological basis for this relationship should be found
in the effects of exercise on (i) improved cell membrane
integrity and function, (ii) changes in intracellular com-
position, and (iii) increased tissue capacity [27, 41]. As
described above, PhA is an indicator of cell health, mem-
brane integrity and cell function, thus it finely describes
the effects of exercise on cell health and, consequently, on
global whole-body health [22].

Another mechanism to explain this relationship lies in
exercise-induced morphofunctional changes at the cellu-
lar level. We refer, essentially, to an increase in BCM and
muscle strength [15, 22, 42]. An increase in BCM implies
an increase in metabolically active cell mass [42], that is,
directly involved in the processes of oxygen consump-
tion, carbon dioxide production, and energy expenditure
[39, 40]. The increase in PhA, therefore, is understand-
able if its significance as, precisely, an indicator of BCM
is taken into account [43, 44]. On the other hand, the
increase in muscle mass describes an increase in tissues
that, physiologically, are characterized by an abundance
of water and electrolytes and that, therefore, represent
excellent conductors; this, from a bioimpedance point
of view, is reflected in a reduction in R [8, 45] and an
increase in Xc values [7, 45], resulting in a mathematical
increase in PhA [46].

The ability to perform exercise is defined by health-
related fitness (HRF), a theoretical construct that
summarises several key components, such as cardiorespi-
ratory and musculoskeletal fitness, flexibility, balance and
speed [47]. In this contest, therefore, the mechanisms
considered to describe the relationship between PhA and
exercise allow us to think of this BIA parameter also as an
indicator of fitness. Supporting this theoretical concept
is a systematic review demonstrating the direct associa-
tion between PhA and aerobic fitness in subjects of vari-
ous age groups, gender and health status [15]. Similarly, a
recent study demonstrates that PhA is able to predict all
measures of HRF, resulting in a valid assessment of mus-
culoskeletal fitness, which was higher in subjects falling
in the highest tertile of PhA [48]. These results, therefore,
suggest the importance of assessing PhA also for moni-
toring the effects of exercise, in all subject classes.

It is important to emphasise, however, that these con-
cepts should always be interpreted from both a quali-
tative and a quantitative point of view. Although, as
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mentioned above, physical exercise in itself brings about
changes at the cellular level that, on the whole, are
reflected in a qualitative improvement of the tissues and,
by translation, of the overall health, from a quantitative
point of view it is possible to consider a bimodal action:
an ‘inter-individual on-off’ effect describing the observ-
able differences between those who exercise regularly
and those who do not, and an ‘intra-individual’ effect
dictated by the variations observable during exercise, in
acute and chronic conditions. This dual meaning of exer-
cise can be monitored by PhA. With regard to the first
effect, in fact, some authors support the usefulness of
PhA as an indicator of PAL [49]. With regard to the sec-
ond point, on the other hand, the conclusions are largely
speculative, and supported by evidence of an initial nega-
tive effect of exercise on cellular health [50], followed by
a phase of long-term individual adaptation [51] to com-
pensate for this effect in the acute, resulting in improved
cellular health [52]. Interestingly, Nabuco et al. [53] dem-
onstrated that soccer players with lower PhA were those
who exhibited higher fatigue levels during sport-specific
tests, regardless of other body composition characteris-
tics. Supporting this, Reis et al. [54] demonstrated that
during a training macrocycle in swimmers, reductions in
PhA were recorded when training load was high, accom-
panied by decreases in performance. Subsequently, when
the training load was reduced, PhA increased beyond
baseline levels, along with improvements in performance,
measured by faster 50-meter swim times. Similar pat-
terns of change have also been reported in a longitudi-
nal study on soccer players [55], where a decrease in PhA
was observed after the preparatory phase, followed by a
subsequent increase during the mid-season competition
phase. Finally, the end of the season was marked by a
further decline in PhA. What has been reported, there-
fore, would suggest an initial reduction in PhA values
during exercise (in acute), followed by their increase (in
chronic). The theoretical and mechanistic basis of this
possible speculation, however, will be described in detail
in the following sections.

Variations of PhA values during the resistance training

The increase in muscle fibres due to training-induced
hypertrophy decreases R values, as muscle mass is an
excellent conductor [42]. Based on this observation, cer-
tain activities such as RT, a recognised method for pro-
moting muscle growth and remodelling [56], can improve
PhA values. To better understand this relationship, it is
necessary to refer to a functional response of the cellular
structure to RT, which describes a kind of variability in
fluid distribution [14], represented by an initial decrease
in ICW (in the immediate post-training phases) [57], fol-
lowed by a subsequent increase (in the recovery phases)
[58]. This phenomenon is mostly related to an increase in
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intramuscular glycogen stores, which binds water in a 1:3
ratio (grams/grams) [14, 59]. Prolonged RT sessions thus
lead not only to acute muscle changes, but also to long-
term intracellular adaptations [14].

Pioneering studies in this regard showed that PhA val-
ues were significantly higher in bodybuilders than in their
counterparts who were not regularly trained with RT [60].
Subsequent observations showed that it was RT aimed
at hypertrophy, per se, that led to significant increases
in PhA, both in elderly women [61] and in young men
and women, regardless of the participants’ gender [62].
According to the authors of these studies, changes in PhA
values should be considered in the context of a change
in hydration status. Considering, in fact, PhA as a ratio
between Xc and R, the increases observed in these stud-
ies can essentially be traced back to a reduction in R (in
the denominator, in the PhA formula), as the values of
Xc remained unchanged throughout the experimental
periods [61, 62]. Thus, RT, by inducing an increase in
muscle glycogen stores, leads to an improvement in cel-
lular hydration (increase in ICW) [1, 63], which, in turn,
justifies an increase in PhA values obtained by reducing
its resistive component (R) [61, 62]. This increase in ICW
seems to be justified by the particular sensitivity of fast-
twitch muscle fibres to osmotic changes, a characteristic
that is probably due to an increased presence of aquapo-
rin-4 transporters [64]. On the other hand, it should be
remembered that it is precisely the improvement in intra-
cellular hydration that could play a key role in muscle
hypertrophy, since it represents a stimulus for pathways
that promote protein synthesis, as well as for those that
slow down protein degradation [65, 66]; similarly, the
increase in ICW could be a determining factor in stimu-
lating the proliferation of satellite cells, facilitating their
fusion with myofibrils during hypertrophy [67], thus jus-
tifying the hypertrophic effect of RT.

In addition to the RT-induced changes in intra/extra-
cellular fluid distribution described above, a recent
study provided interesting evidence for a more complete
understanding of the biological significance of PhA, and
which can be translated into various contexts, includ-
ing sport. Huemer et al. [68] demonstrated that PhA is
independently associated with a proteomic profile, in
particular with protein markers of cell growth and mus-
cle hypertrophy. These results, therefore, underpin the
role of PhA in reflecting BCM [68]. In this context, lower
BCM levels, together with altered selective cell perme-
ability, result in lower PhA values, suggesting impaired
muscle quality, in particular lower muscle strength [14].
Interestingly, RT is considered a type of exercise that
promotes cellular adaptation, resulting in improved cell
health [14]. This reinforces the role of RT in increasing
PhA values as a consequence of qualitative and quantita-
tive improvement in muscle mass and strength.
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Another aspect to be taken into account with regard to
the observation of an increase in PhA following RT con-
cerns the change in the geometry of body districts and,
consequently, tissues. Indeed, RT, by stimulating muscle
hypertrophy, causes a change in the cross-sectional area
of this tissue which, in turn, influences the biological
current course [14], as demonstrated in a recent study
in which it was observed that increases in the cross-sec-
tional area of the thigh correlated positively with intra-
cellular R-index, Xc and PhA following a 24-week RT
programme [69].

The potential role of PhA in overreaching/overtraining
components

Overreaching and overtraining

It is well established that improvement in physical per-
formance requires the athlete to engage in a progres-
sive increase in training load. Additionally, the increase
in workload must be interspersed with an adequate rest
period to balance the training. Failure to include progres-
sive training load with adequate rest periods can result in
the conditions of overreaching (OR) and OT that may be
identified with BIA measurements.

OR and OT are conditions related to increased train-
ing load and exposure to stressors not directly related to
training. According to the European College of Sport Sci-
ence and the American College of Sports Medicine, OR
is a temporary reduction in performance, which may or
may not be accompanied by physical and psychological
signs, with recovery occurring in a few days or weeks.
OT, on the other hand, represents a more lasting condi-
tion, with recovery taking weeks or months. The time
factor is therefore central in the distinction between OR
and OT [13].

OR can be considered a normal part of the physiologi-
cal adaptation process [13], which, if it resolves in the
short term (about two weeks) and leads to improved
performance (supercompensation), is termed Functional
Overreaching (F-OR). Conversely, if it continues for a
longer period (3—4 weeks) without improvement, it is
classified as Non-Functional Overreaching (nF-OR), rep-
resenting a possible prelude to the development of OTS
[70].

However, the definition of OR and OT cannot be
reduced to the time factor alone, as the complexity of
human physiology and the individuality of athletes make
it difficult to make a clear distinction between the two
conditions. Moreover, there are no specific diagnos-
tic tests or biomarkers recognized as gold standards for
identifying OR or OT, which further complicates the
diagnosis, which is based on history, performance dec-
rement, and mood disorders, to the exclusion of other
causes [13].
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Interestingly, however, the hormonal changes underly-
ing the physical signs of OR and OT are also responsible
for alterations in hydration status and fluid distribution
[70-72]. In this context, therefore, a cross-sectional con-
sideration of the physical consequences caused by OR
and OT, and reflected in changes in the body’s bioelectri-
cal parameters is plausible, making BIA potentially valu-
able in identifying OTS.

The identification of biomarkers for OTS, thus, is cru-
cial to prevent and diagnose OTS, especially in endur-
ance sports that require a high volume of training, such
as swimming, triathlon, cycling and rowing, as well as
short-term explosive or combat sports. As well, the defi-
nition of the nature of OTS and the identification of per-
sonalised signatures for OTS are urgent and essential
field of research with significant implications for the clin-
ical management of athletes [73].

The role played by oxidative stress and inflammation

In addition to decreased performance, mood changes
and neuro-immuno-endocrinological alterations, varia-
tions in the inflammatory and oxidative states are another
aspect closely linked to OTS, necessary for monitoring
and early identification, and clearly identified by PhA
changes [16].

Free radicals are reactive molecules naturally produced
in the human body, capable of exerting both positive and
negative effects [74]. Although the well-established ben-
eficial effects of regular physical activity, there is evidence
associating chronic excessive training with elevated levels
of inflammatory markers and oxidative stress, leading to
OTS when it is combined with inadequate recovery [73].
In this sense, Reactive Oxygen Species (ROS) play a criti-
cal role in initiating exercise-induced muscle damage and
subsequent acute muscle inflammatory response [75].

Intense muscular work produces significant amounts of
ROS. To prevent oxidative stress, the body uses endog-
enous antioxidant defences that either prevent ROS for-
mation or neutralize free radicals [76]. An imbalance
between free radical production and antioxidant defences
leads to oxidative stress. Training, thus, can positively or
negatively affect oxidative stress depending on training
load, specificity, and baseline training levels. Additionally,
oxidative stress is implicated in muscular fatigue and OT
[74], and is associated with decreased physical perfor-
mance, muscle damage, and OT [76].

Similarly, during the acute training response, periph-
eral cellular mechanisms involve associated cytokine
and hormonal reactions. Glycogen deficiency is linked to
increased local cytokine expression (interleukin-6, IL-6),
decreased glucose transporter expression, increased cor-
tisol, decreased insulin secretion, and B-adrenergic stim-
ulation. Muscle damage and repair processes may involve
the expression of inflammatory cytokines (e.g., tumor
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necrosis factor-a, TNF-a) and stress proteins (e.g., heat
shock protein 72) [77, 78].

In this sense, single bouts of exercise increase oxida-
tive challenge, while regular exercise decreases it. On
the other hand, excessive exercise and OT lead to harm-
ful oxidative stress, representing the extreme end of the
hormetic response curve. Biological systems, indeed,
respond to stressors in a U-shaped curve, with physical
exercise also evoking this hormesis response. The two
endpoints of the hormesis curve, inactivity and OT, result
in decreased physiological function [79].

PhA as a surrogate biomarker of systemic inflammation and
oxidative stress

As extensively described above, OR and OT conditions
share an increase in inflammation and oxidative stress as
a cause (or consequence) of the plethora of biological and
physiological alterations underlying their characteristic
symptoms. Inflammation and oxidative stress, in fact,
are intimately interconnected, sharing specific signal-
ling pathways and, together, can cause tissue damage and
contribute to the development of several chronic diseases
[16, 80]. In this context, inflammation acts as a homeo-
static mechanism that is triggered in response to nega-
tive external (or internal) stimuli, such as damage, injury
and infection, in order to restore a state of equilibrium.
This response, triggered by the immune system, is there-
fore a defence mechanism, generally transient and mostly
related to acute conditions. When, however, the nega-
tive stimulus continues over time, inflammation becomes
chronic, causing tissue damage [16, 80, 81]. It seems clear,
therefore, that both baseline assessment and monitor-
ing of the inflammatory state over time provide valuable
information on the subject’s state of health in different
clinical settings, acquiring particular importance in sport
as well. It must be emphasised, however, that this moni-
toring is carried out by means of the dosage of specific
biomarkers of inflammation that require invasive (blood
sampling) and costly (laboratory analysis) tests that may
delay assessment, prognosis and possible treatment [16].
The use of surrogate markers that do not provide detailed
information on the levels of these markers, but rather
essential indications to monitor the inflammatory state
by following its course over time, is essential. Amongst
these, BIA has emerged as an alternative, low-cost
method capable of providing real-time results regarding
the progress of the subject’s inflammatory state [16, 82].
Plenty of evidence, in fact, has associated PhA with the
inflammatory state, observing significant correlations
between the values of this BIA parameter and the levels
of markers of inflammation (including IL-6, TNFa, and
CRP) in various clinical settings [27, 82-90], as well as
following different interventions, such as, for example,
ketogenic diet [91], recognised for its anti-inflammatory
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potential [92—-94]. In the context of this extensive litera-
ture, the first study to assess the correlation between PhA
and hsCRP values in a large number of adult subjects
(over 1800 subjects) demonstrated the existence of an
inverse relationship between these two parameters. Fur-
thermore, the researchers calculated cut-offs for PhA val-
ues capable of predicting the presence of elevated hsCRP
values that were found to be <5.5° in men and <5.4° in
women [83]. Overall, experimental findings suggest the
PhA as a valid indicator to monitor inflammatory pro-
cesses in healthy individuals and clinical patients [41, 95].

To understand the rationale behind this relationship
between PhA and the inflammatory state, it must be
remembered that during inflammation and increased
oxidative stress, the substances produced and released
(e.g. interleukins and oxidising substances) cause a dis-
ruption of cell membranes by altering the hydro-electro-
lyte balance between intra- and extracellular spaces [80].
This imbalance that is created influences both the resis-
tive component (associated with the state of hydration of
the tissue) and the capacitive component (related to the
capacity of the cell membranes) resulting in changes in
PhA. In this context, therefore, PhA is an indicator of cell
membrane integrity [27, 30] and, by translation, a sur-
rogate indicator of inflammatory and oxidative abnor-
malities [16, 82]. More specifically, during inflammation
there is, on the one hand, a decrease in Xc as a response
to reduced membrane capacity and, on the other hand,
a reduction in R as a result of an expansion of extracel-
lular fluid. This results in a reduction of PhA as a ratio of
Xc to R, due to a greater reduction of Xc than R. Hence
the inference that the reduction of PhA reflects (and is
caused by) an inflammatory state [16].

Studies correlating PhA values with levels of inflam-
matory markers directly in athletes or, at least, in the
context of regular training are limited. On the contrary,
most of the available evidence derives from observations
made on subjects with specific pathological conditions
or subjects who are healthy but, in any case, not engaged
in a training load that would allow us to consider them
athletes. However, it must be remembered that the bio-
logical mechanisms underlying the deleterious effects of
inflammation and oxidative stress on the integrity of cell
membranes, hence on that of tissues and, therefore, on
the general state of health are the same. Therefore, it is
possible the information derived from these studies can
be transferred to the sport field, suitably contextualised,
and used to understand (or, at least, hypothesise) the bio-
logical and physiological variations that may occur dur-
ing exercise.

RT-related inflammation and its potential implication on PhA
Among the various kind of sport, RT is strongly linked
to OT risk as it can cause acute fatigue due to reduced



Annunziata et al. Journal of Translational Medicine (2024) 22:1084

neuromuscular activation and sequencing, manifested as
a short-term performance decrease (seconds to hours)
due to impairment of central and/or peripheral mecha-
nisms. A single overloading RT session, however, results
in acute fatigue and a temporary performance decrease,
while short-term accumulated training above the habit-
ual level followed by recovery can lead to a supercom-
pensation (F-OR), or a diminished adaptive response and
long-term performance decrement (nF-OR). Prolonged
exposure to such training may lead to OTS [13]. Imple-
menting short-term OR is common in strength sports,
where a high-volume/high-intensity RT over a 2—4-week
period often leads to F-OR due to improved perfor-
mance. Various performance, neuroendocrine, neuro-
muscular, and biochemical markers have been proposed
to determine nF-OR/OTS in strength sports and RT, but
no single test or method has pinpointed when F-OR tran-
sitions to nF-OR or OTS. A dose-response transition
from F-OR to nF-OR might exist, identifiable through
physiological markers or performance testing, but cur-
rent literature has not identified this [20]. Evidence sug-
gests that nF-OR is a real consequence of excessive and
chronic RT without sufficient recovery, particularly in
extreme conditioning practices [20].

RT has also an effect on the inflammatory state. As
previously reported in the literature, in fact, certain peri-
ods of RT can lead to an increase in the release of pro-
inflammatory cytokines such as interleukin-6 (IL-6) by
the muscle following motor unit contractions, and this
effect would appear to be related, at least in part, to the
reduction in muscle glycogen levels [96]. This is due to
the specific characteristics of this type of training. In gen-
eral, RT consists of performing static or dynamic muscle
contractions against a resistance of different intensity.
Various types of muscle actions can be identified during
training, such as (i) isometric actions (which are charac-
terised by a variation in muscle tension, without a varia-
tion in length) [97], (ii) concentric (which occur when the
muscle tension is such that it exceeds the magnitude of
the external load, resulting in contraction and shortening
of the muscle) [98] and (iii) eccentric (which occur when
the contraction force is less than the external resistance,
resulting in lengthening of the muscle). The latter action,
during RT is responsible for muscle damage that occurs
to a greater extent than concentric [96]. The physiologi-
cal response to tissue damage is inflammation, which
manifests itself in the synthesis and release of cytokines,
and which varies depending on the type, intensity and
duration of exercise, as well as recovery time and train-
ing status [96]. Although it may appear schematic and
mechanistic, however, the intricate role played by cyto-
kines in a specific context such as RT may not be easy to
understand. It should be emphasised, in fact, that regard-
less of the pro-inflammatory nature of some cytokines
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(such as IL-1B, IL-8 and TNF-a) and the anti-inflamma-
tory nature of others (such as IL-1ra and IL-10), there
is sometimes a bi-directional relationship between one
and the other, which is established with a homeostatic
purpose as a consequence of training [96]. More specifi-
cally, it has been reported that the release of IL-6 (with
its known pro-inflammatory action) by the muscle rep-
resents a stimulus for the secretion of anti-inflammatory
cytokines, such as IL-1ra and IL-10, and, at the same
time, it inhibits the release of IL-1f and TNF-q, thus
suggesting an anti-inflammatory role of IL-6 secreted by
myocytes in response to exercise [96].

Another important aspect to take into account con-
cerns the physiological response to the different timing
with which training is performed. It appears, in fact, that
RT elicits two diametrically opposed responses in acute
and chronic. In acute, RT leads to increased synthesis
and release of ROS, which is reflected in a concomitant
increase in circulating levels of pro-inflammatory cyto-
kines. On the contrary, in chronic these phenomena are
reversed, and an increase in cellular antioxidant capacity
is observed, as well as a reduction in the levels of markers
of inflammation, due to a mechanism of adaptation of the
body to training. Interestingly, these long-term effects are
observed both in response to exercise and in resting con-
ditions and are more pronounced in trained subjects than
in those who are not [96].

On the basis of what we have described so far, there-
fore, the effect of RT on oxidative state and inflammatory
response appears clear, paving the way towards possible
hypotheses and speculations regarding the use of instru-
ments and/or parameters capable of monitoring these
changes in real time, without the need for invasive, costly
or, at the least, impractical application. Among these, the
use of raw BIA parameters may appear inspiring, par-
ticularly PhA which, as extensively described in the pre-
vious section, has been validated as a surrogate marker
of systemic inflammation and oxidative stress in several
studies. Nevertheless, studies that have investigated the
possible correlation between the inflammatory state
induced by RT and related changes in PhA are limited,
particularly on athletes or, at least, regularly trained sub-
jects, probably due to the difficulty of designing ad hoc
protocols. At the moment, therefore, only speculations
on a theoretical basis are possible in sport, suggesting a
potential increase in PhA values (in chronic) that would
reflect the demonstrated anti-inflammatory effect of
training. In support of this thesis, a study evaluated, in
elderly women, the effects of a RT protocol on PhA while
monitoring markers of inflammation and oxidative stress,
observing contextual improvements in both PhA values
and marker levels of inflammation [90].

In sports, it is well understood that regular and thor-
ough assessments of an athlete’s overall health are
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essential for early detection of any alterations that could
compromise performance. Therefore, understanding
changes in raw BIA parameters is just as crucial in acute
conditions as it is in chronic ones. Therefore, some ques-
tions remain unanswered at present: conusidering the
pro-inflammatory action described in acute, how does
PhA vary following a single RT session? Does it actu-
ally decrease, which could correlate with a concomitant
increase in circulating levels of inflammatory markers,
as might be theorised? This type of information would be
particularly useful both to monitor the athlete’s health
status and to optimally target the nutritional intervention
and training scheme in order to prevent damage or nega-
tively impact performance.

Is PhA related to overtraining? Conclusions, hypothesis,
and future perspectives

This narrative review deals with an in-depth examination
of the well-established use of BIA in sport, emphasis-
ing how, beyond its mere use for the assessment of BC,
this method can provide important information capa-
ble of highlighting and describing biological variations
(physiological and otherwise) to external stimuli, such
as exercise. We are referring, in this case, to the raw BIA
parameters that describe the bioelectric properties of the
body, and which are subject to variations that reflect the
aforementioned biological responses. Of these, the focus
of this article has been placed on PhA, which has been
shown to best reflect the cellular response to training, as
well as being validated as a surrogate marker of inflam-
matory and oxidative states. In the sport context, there-
fore, a careful and periodic assessment of PhA allows
nutritionists and coaches to monitor the progress of their
respective interventions on the athlete and, if necessary,
optimise them in order to ensure performance. This con-
cept takes on further relevance when considering the
described effect of certain types of training (such as RT)
on the inflammatory response, which varies in acute and
chronic, reflecting a long-term improvement in PhA val-
ues. This (anti-inflammatory) effect of RT observed in
chronic is, inevitably, to be related to the regularity of the
training (in terms of intensity, duration and frequency),
as described by Otsuka’s observations, who reported a
significant increase in PhA after 12 weeks of moderate-
intensity RT, which, on the other hand, was not observed
in the group following low-intensity RT [69]. Exercise
intensity, therefore, as a component of training volume,
is an important determinant to take into account in the
logic of ‘regularity, which inevitably results in good ath-
letic performance.

In the context of a holistic view, therefore, the two-
way relationship between state of health and training
would seem to follow a linear trend where, as the vol-
ume of training increases, an improvement in the state
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of well-being is observed. This concept may be true to
a certain extent, as the body’s physiological response
to training also follows a homeostatic model, in which
equilibrium is achieved by the principle of regularity.
This is the case with the OTS experienced by some ath-
letes engaged in excessive training volumes. OTS mani-
fests itself with important repercussions on the state of
health, ranging from mood alterations to physiologi-
cal and biochemical ones [13]. These alterations are the
result of excessive musculoskeletal stress, associated with
an insufficient rest and recovery period that induces an
acute inflammatory response that can become chronic
over time. Thus, systemic inflammation can occur due to
the synthesis and secretion of large amounts of the pro-
inflammatory cytokines IL-1p, IL-6, and TNEF- a [99].
This concept, therefore, lays the foundations for a re-
evaluation of the relationship between health status and
training, which would appear not to be described by a
linear trend, but rather subtended by a bell-shaped curve
in which, following the hormesis model, health status
improves as the training volume increases until a thresh-
old value is reached, beyond which it tends to worsen
(Fig. 1).

Considering that, as widely discussed, health sta-
tus and inflammation are associated with PhA values,
with regard to training, we ask the following question:
although a chronic anti-inflammatory effect has been
described, which coincides with an increase in PhA levels,
what happens when the intensity or, at least, the volume
of training exceeds a certain threshold of individual tol-
erance of the organism, thus pushing towards OR or OT?
The assumptions in this paper would suggest a predict-
able reduction in PhA values, which would justify an
increased inflammatory response. But would these pos-
sible reductions be due to changes in its resistive (R) or
capacitive (Xc) component? To answer these questions, at
least in part, it is possible to refer to the hormetic prin-
ciple that would describe the risk of developing OTS.
From an integrated perspective based on the rational
use of BIA in sport, PhA can share with health status
the positioning on the y-axis of this hypothetical curve
(Fig. 1). This would be justified by the previously reported
observations concerning changes in PhA as a function of
both training intensity and inflammation marker values.
From analysis and interpretation of this graphic repre-
sentation, therefore, we propose (at least on a theoretical
basis) the possible use of PhA as a prognostic marker of
OTS risk. According to our theory, then, the observation
of a reduction in PhA values, in the absence of abnormal
changes in hydration status but in the presence of altera-
tions in intra-/extracellular fluid distribution described
by significant increases in R and/or reductions in Xc,
could be indicative of impaired cellular integrity due
to maximal stress and training overload, as previously
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reviewed [42]. Therefore, on this basis, a sudden reduc-
tion in PhA during training (particularly if preceded over
time by increases in its value) could indicate the exceed-
ing of the hormetic threshold, thus, the possible estab-
lishment of an OTS.

As described in the previous sections, the currently
available literature dictates the possibility of purely spec-
ulative conclusions, given the absence of specific stud-
ies. In particular, the gaps in the literature in this regard
relate to (i) specificity of the population (which must be
represented by athletes), (ii) identification of OR (both
F-OR and nF-OR), OT, and OTS both under experi-
mental conditions or in the real-setting of the competi-
tive season, and (iii) use of validated instrumentation
and protocols. The existence of these gaps, therefore,
implies the need for future longitudinal studies. Specifi-
cally, there is an undeniable need for targeted studies to
confirm or challenge our theory, which would provide
valuable insights not only for early detection of OTS risk
but also for guiding appropriate adjustments in nutri-
tion (including diet and potentially supplementation)
and training. Such research would enable the adoption of
personalized strategies to manage existing or emerging
biological alterations. These studies could be designed to
determine the optimal magnitude of PhA’s change nec-
essary to induce adaptations in body composition and
performance without allowing acute fatigue to progress
into chronic fatigue. Moreover, changes in PhA during
acute fatigue should be studied in relation to their poten-
tial dependence on both central and peripheral factors.
Therefore, the primary aim could be to evaluate the asso-
ciation between changes in PhA and inflammatory mark-
ers typically linked to fatigue. Additionally, longitudinal
studies could incorporate performance measures (such
as sprints or jumps) to assess how their decline during
phases of acute fatigue is associated with changes in PhA.

If PhA’s role as a potential biomarker for monitoring
fatigue and preventing OR from developing into OT is
confirmed, the possible applications could be numerous.
For example, in sports that involve a preparatory phase,
it could be used to manage training load by identifying
the optimal percentage of PhA decrease that triggers sub-
sequent adaptations aimed at improving performance. In
this case, internal load could be monitored through PhA,
allowing external load to be adjusted accordingly, both
at a group and individual level. Interestingly, a state of
inflammation, typical of fatigue or certain types of inju-
ries, can lead to extracellular fluid accumulation (hyper-
hydration), which can be detected through reductions
in Z as well as in PhA. Consequently, by combining PhA
with vector length assessment within the R-Xc graph,
specific zones of vector displacement could be identified
for each sport during these phases. These zones would
help pinpoint risky areas where the vector’s position
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could indicate chronic fatigue, characteristic of OT. On
the contrary, defining optimal patterns of change could
guide the staff toward selecting ideal training loads. This
approach, not explored in depth in this narrative review,
is known as BIVA and could be incorporated into the
proposed investigations. Alternatively, during competi-
tion, PhA monitoring could help plan recovery phases
after training sessions or events, depending on the extent
of its decrease. Lastly, in RT, assessing changes in PhA
could provide valuable insights into the supercompensa-
tion process, thereby helping to manage the scheduling of
future training sessions, as well as supplementation and
nutrition during recovery.

As a corollary to what has been described and hypoth-
esized so far, it should be emphasized that although PhA
can be a valuable tool for early identification of OTS, its
integration with other parameters and/or techniques can
allow for more in-depth monitoring of the athlete. This
concept is not new. In fact, already in other clinical set-
tings, the use of PhA in combination with other tech-
niques (including tissue ultrasound) or parameters (such
as hand grip strength, HGS) is suggested for a compre-
hensive and functional assessment of the subject [100].
This multifactorial and multidisciplinary view is sup-
ported by evidence of correlations between PhA and such
parameters [101], particularly HGS [17], also reported in
athletes [102], which allows consolidation of the concept
of PhA as a marker of muscle quality. At the same time,
however, this evidence suggests the importance of inte-
grating these parameters into the overall assessment of
the athlete, considering that the observation of negative
changes in PhA contextual to those in HSG may allow
for more accurate indications of a possible onset of OTS.
Again, however, longitudinal studies on the athletic pop-
ulation, appropriately designed, are necessary in order
to obtain both information about physiological (or non-
physiological) changes in these parameters at various
stages of athletic training, but also to identify new indices
given by the combination of BIA parameters and other
techniques, such as ultrasonography and dynamometry.

Abbreviations

BIA Bioelectrical impedance analysis

BIVA Bioelectrical impedance vector analysis
z Impedance

R Resistance

Xc Reactance

PhA Phase angle

TBW Total body water

ICW Intracellular body water
ECW Extracellular body water
BC Body composition

BCM Body cell mass
[N Overtraining Syndrome

or Overtraining

OR Overreaching

RT Resistance training
PAL Physical activity levels
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FFM Fat-free mass

L-BIA Localised phase-sensitive BIA
HRF Health-related fitness

F-OR Functional overreaching
nF-OR  Non-functional overreaching
ROS Reactive oxygen species
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