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Abstract
There are variable responses to short-term periods of increased training load in endurance athletes, whereby some athletes 
improve without deleterious effects on performance, while others show diminished exercise performance for a period of days 
to months. The time course of the decrement in performance and subsequent restoration, or super compensation, has been 
used to distinguish between the different stages of the fitness–fatigue adaptive continuum termed functional overreaching 
(FOR), non-functional overreaching (NFOR) or overtraining syndrome. The short-term transient training-induced decre-
ments in performance elicited by increases in training load (i.e. FOR) are thought be a sufficient and necessary component 
of a training program and are often deliberately induced in training to promote meaningful physiological adaptations and 
performance super-compensation. Despite the supposition that deliberately inducing FOR in athletes may be necessary to 
achieve performance super-compensation, FOR has been associated with various negative cardiovascular, hormonal and 
metabolic consequences. Furthermore, recent studies have demonstrated dampened training and performance adaptations in 
FOR athletes compared to non-overreached athletes who completed the same training program or the same relative increase 
in training load. However, this is not always the case and a number of studies have also demonstrated substantial perfor-
mance super-compensation in athletes who were classified as being FOR. It is possible that there are a number of contextual 
factors that may influence the metabolic consequences associated with FOR and classifying this training-induced state of 
fatigue based purely on a decrement in performance may be an oversimplification. Here, the most recent research on FOR 
in endurance athletes will be critically evaluated to determine (1) if there is sufficient evidence to indicate that inducing a 
state of FOR is necessary and required to induce a performance super-compensation; (2) the metabolic consequences that 
are associated with FOR; (3) strategies that may prevent the negative consequences of overreaching.
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1  Introduction

Short-term periods of increased training intensity [1, 2], 
training volume [3–5], or a combination of both [6, 7] have 
been shown to improve performance in trained endurance 
athletes. However, these increases in training load may result 
in variable responses [3–5, 7–21], whereby some athletes 
improve without deleterious effects on performance, while 
others show diminished exercise performance. Indeed, 
the transient exercise-induced decrements in performance 

elicited by increases in training load are thought to be nec-
essary to promote meaningful physiological adaptations 
and performance super-compensation following a taper 
period [14, 22–24]. The time course of the decrement in 
performance and subsequent restoration that is induced 
by increases in training load has been used to distinguish 
between the different stages of the fitness–fatigue adaptive 
continuum termed functional overreaching (FOR), non-
functional overreaching (NFOR) or overtraining syndrome 
[14, 25]. FOR is thought to result from an accumulation of 
training and/or non-training stress leading to a short-term 
decrement in performance capacity, in which restoration 
[12, 26], and sometimes super-compensation [4, 6], may 
occur following an appropriate period of recovery (~ 1 to 
3 week) [25, 27]. As such, FOR may be considered to be a 
sufficient and necessary component of a training program 
and is often deliberately induced in training to improve 
performance [14, 23]. This justification may be based on 
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Key Points 

While functional overreaching is considered a necessary 
and normal response to periods of overload training in 
trained endurance athletes, there is growing evidence to 
suggest that at least in some cases, functional overreach-
ing is associated with negative metabolic consequences 
and maladaptation to training.

In the studies that do report a performance super-com-
pensation effect following functional overreaching, the 
magnitude of performance enhancement is not greater 
when compared to non-overreached athletes who com-
pleted the same relative increase in training load without 
experiencing a performance decrement.

As a result of the large inter-individual variability in 
response to overload training, it is recommended that 
future research focuses more on the individual responses 
to overload training and the concomitant alterations in 
training stress responses, and the factors that contribute 
to these individual responses.

meta-analyses have been compiled that have assessed the 
responses to overload training [23, 32–34], none of these 
reviews have attempted to delineate specific responses in 
FOR athletes compared to non-overreached athletes who 
completed the same training program or the same relative 
increase in training load. The purpose of this review is to 
critically evaluate the most recent research on overreaching 
to determine if there is sufficient evidence to indicate that 
inducing a state of FOR is necessary and required to induce 
performance improvements in trained endurance athletes. 
Furthermore, this review will also highlight the metabolic 
consequences that are associated with FOR and identify 
strategies that may prevent the negative consequences of 
overreaching.

To do this, this review will focus on studies that have 
included an overload training period and compared the phys-
iological and psychological responses between athletes who 
have a decrement in performance (i.e. FOR) and those that 
show no decrease in performance.

2 � Classification of Overreaching

The term overreaching was first described as a period of 
short-term overtraining which sometimes results in a mild 
form of staleness [35]. The term was later defined as an 
accumulation of training and/or non-training stress result-
ing in a short-term decrement in performance capacity 
with or without related physiological and psychological 
signs and symptoms of overtraining in which restoration 
of performance capacity may take several days to several 
weeks [27]. In 2006, the European College of Sport Sci-
ence position statement was published on the prevention, 
diagnosis and treatment of the overtraining syndrome 
which described two distinct stages of overreaching as 
FOR and NFOR [25]. FOR was described as the temporary 
decrement in performance that results from a short period 
of overload training that may lead to a super-compensation 
effect following a recovery period lasting days to week 
[25]. NFOR was described as a state of extreme over-
reaching that can result from the continuation of extended 
periods of overload training which leads to a stagnation 
or decrease in performance which will not resume for sev-
eral weeks or months [25]. This overreaching classifica-
tion system is based on the duration of time required for 
performance restoration, or super-compensation, and not 
the type or duration of training stress or degree of impair-
ment in exercise performance. While NFOR is thought to 
exhibit the first signs and symptoms of prolonged mal-
adaptation such as psychological disturbance (decreased 
vigour, increased fatigue) and hormonal disturbances, 
these symptoms may also be present in athletes that are 
classified as FOR [14]. As such, changes in performance 

theoretical models [24] and field-based results [4, 28] of 
overload training and tapering suggesting that a period of 
overload training before the taper elicits greater performance 
gains in endurance athletes compared to normal training. 
Despite the supposition that deliberately inducing FOR in 
athletes may be necessary to achieve performance super-
compensation [14, 22–24], recent research suggests that 
FOR has been associated with various negative cardiovas-
cular [5, 29], hormonal [5, 30] and metabolic consequences 
[8, 9, 13] which may be associated with maladaptation to 
training. Indeed, in three recent studies, endurance athletes 
who were classified as being FOR had smaller performance 
improvements and dampened training adaptations compared 
to non-overreached athletes who completed the same relative 
increase in training load [3, 12, 17]. Furthermore, Hauss-
wirth et al. [11] demonstrated that FOR athletes experienced 
disturbed sleep and had a higher incidence of illness com-
pared with athletes who completed the same training but 
were only acutely fatigued (maintenance of performance but 
increased subjective fatigue). FOR also directly precedes the 
more severe and undesirable state of NFOR that can lead to 
a decrement in performance that may last for several weeks 
or months [14]. There is no doubt that trained endurance 
athletes are required to undergo a certain amount of train-
ing overload for physiological adaptations to manifest upon 
recovery [31]. However, whether inducing FOR is indeed 
necessary to induce the various physiological adaptations 
in response to training in trained endurance athletes is still 
a point of contention. While several excellent reviews and 
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and recovery time remain the only methods to segregate 
the two stages of overreaching. However, it is clear that 
these definitions do not clearly partition the recovery time 
course of FOR from NFOR given that the time required 
for performance restoration may take “weeks” in either 
state. In order to improve the distinction between the two 
states of overreaching given the crossover in the recovery 
time course, it has been suggested that a state of NFOR 
is classified when a performance super-compensation 
does not arise following an overload and subsequent taper 
period [14]. Furthermore, a complication that applies to 
the NFOR recovery time course is detraining. Detraining 
may reduce maximal exercise performance due to the loss 
of training adaptations that may occur after a short period 
(i.e. < 4 weeks) of rest or light training [36], which would 
make it difficult to differentiate between the persistence of 
NFOR and detraining.

The most common model employed in research studies 
attempting to identify the responses and subsequent recov-
ery from overreaching is the employment of an overload 
training period that typically lasts up to 4 weeks [3–5, 
7–21]. Exercise performance in a sport-specific task (i.e. 
time trial) or incremental exercise test and physiological 
and psychological variables are compared from before and 
after an overload training period, and also after a recovery 
period in most cases, within the same athlete or, between 
athletes who have a decrement in performance (i.e. over-
reached) and those that show no decrease in performance. 
In reference to the latter, athletes who complete the over-
load training period and maintain or increase their exercise 
performance despite having high perceived fatigue have 
been termed acutely fatigued (AF) in some studies [3, 5, 
10–12, 16, 17, 37]. A number of well-designed studies [4, 
5, 10–13] have also included a control group who con-
tinue their normal training as well as undertake a taper 
period alongside the experimental group who are exposed 
to the overload training period (Fig. 1). As such, these 
studies seek to compare the physiological and performance 
responses between a control group who would likely dem-
onstrate no sign of FOR during a period of normal train-
ing (i.e. control group) with an experimental group either 
demonstrating no sign of FOR (i.e. no decrease in exer-
cise performance) but high perceived fatigue (i.e. AF), or 
presenting with a decrease in exercise performance (i.e. 
FOR). While this overload training model may or may 
not reflect a typical training regimen of an endurance ath-
lete, it does permit control of confounding variables that 
may be associated with monitoring athletes throughout 
different training phases and comparing athletes showing 
symptoms of overreaching and those without.

An additional consideration for the classification of 
overreaching is what constitutes a decrement in perfor-
mance. Given that all tests of exercise performance have a 

magnitude of error associated with their measurement, the 
identification of the within-subject variation in the perfor-
mance measure is a crucial aspect of overload training stud-
ies attempting to classify overreached subjects. Studies that 
have included a control group [4, 5, 10–13] typically obtain 
the performance repeatability from this group by conducting 
exercise performance assessments before and after a normal 
training period and taper. On the basis of this analysis, a 
decrement in maximal exercise performance greater than 
the test–retest magnitude is used as the criterion to dis-
criminate the overreached subjects in the overload training 
group. An alternative design that is also effective includes 
exercise performance assessments before and after a con-
trol period that all subjects complete prior to the overload 
training intervention [3]. The coefficient of variation and 
smallest worthwhile change is computed from the variation 
in performance from before to after the control period and is 
used as an overreaching threshold. While there are some dif-
ficulties associated with using changes in performance and 
recovery time as the only methods to partition the two stages 
of overreaching, the various physiological and psychological 
disturbances resulting from overload training do not system-
atically discern between FOR and NFOR. As such, until a 
new categorisation method can be validated, the time course 
of the decrement in performance and subsequent restoration 
or super-compensation period is the only available method 
to distinguish between the different stages of overreaching. 
Furthermore, the difficulties associated with identifying an 
overreaching performance decrement threshold can be miti-
gated using established methods [38] to identify the small-
est meaningful change in exercise performance to detect an 
overreaching threshold.

3 � Consequences of Overreaching

There is no doubt that trained endurance athletes are required 
to undergo a certain amount of training overload to induce 
physiological adaptations and improve exercise performance 
[31]. Mathematical modelling simulations also suggest that 
increases in training load above habitual training levels (and 
inducing a state of FOR) prior to a taper elicits a greater 
performance super-compensation compared with a taper fol-
lowing the continuation of habitual training load [24]. As 
such, there is a supposition that inducing a state of FOR may 
be necessary to promote meaningful physiological adapta-
tions and achieve a performance super-compensation [14, 
22–24]. Interestingly, the simulations from Thomas et al. 
[24] did not provide a theoretical framework for an athlete 
who completes an overload training period without experi-
encing a decrement in performance (compared to baseline) 
prior to the taper. Experimental evidence from Aubry et al. 
[12] was the first to address this concept and showed that 
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greater gains in performance and VO2peak can be achieved 
when an overload training period is prescribed before the 
taper, but only in athletes who did not present with FOR 
(Table 1). Furthermore, given that FOR is associated with 
various negative cardiovascular [5, 29, 39, 40], hormonal [5, 
30], immunological [41–43] and metabolic consequences [8, 
9, 13], as well as impaired exercise performance [3–5, 7–21], 
its necessity could be questioned. Indeed, the impairment 
in exercise performance, disturbed sleep [11, 14, 44, 45], 
increased muscle soreness [41] and higher incidence of ill-
ness [11, 43] in FOR endurance athletes could all contribute 
to impaired training intensity and lead to suboptimal training 
adaptations [3, 12, 17].

3.1 � Cardiac Output

Recent evidence [5, 40] suggests that overload training 
resulting in FOR in endurance athletes is associated with 
reductions in stroke volume, heart rate and cardiac output 
during submaximal and maximal exercise, independent of 
alterations in blood volume [5]. It was postulated that these 
impaired cardiac responses resulted from reduced epineph-
rine excretion [5] and/or increased resting arterial stiffness 
[40]. A recent study by Bourdillon et al. [17] reported that an 
overload training period blunted the increase in barorecep-
tor sensitivity and parasympathetic activity in FOR athletes, 
while there were favourable increases in those athletes who 
completed the same relative increase in training load but 

Fig. 1   Schematic representation of independent groups featured 
in study designs that aim to identify the responses and subsequent 
recovery from an overload training period. The most common model 
employed is an overload training period that typically lasts 3–4 weeks 
which is followed and preceded by a taper and a control period [3–
5, 7–21]. A number of studies [4, 5, 10–13] have included a control 
group (a) who continue their normal training as well as undertake a 
taper period alongside the experimental group who are exposed to the 
overload training period. Exercise performance (blue trace; with the 
upper and lower limits representing the variation in performance) and 
physiological and psychological variables are compared during and/
or from before and after an overload training period, and also after 
a recovery period in most cases, within the same athlete or, between 

athletes who have a decrement in performance (i.e. overreached; c 
and d) and those that show no decrease in performance (b). In ref-
erence to the latter (b), athletes who complete the overload training 
period and maintain or increase their exercise performance despite 
having high perceived fatigue have been termed acutely fatigued (AF) 
in some studies [3, 5, 10–12, 16, 17, 37]. Some studies [3, 12, 17] 
have shown that when compared to AF athletes, short-term over-
reaching can lead to suboptimal training and/or performance adapta-
tions (d), but this is not always the case (c). By consensus statement 
definition [14], d is defined as non-functional overreaching (NFOR). 
AF acute fatigue, FOR functional overreaching, NFOR non-functional 
overreaching
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achieved a performance enhancement. These findings are 
further supported by Coates et al. [39] who also demon-
strated an absence of baroreceptor sensitivity increase fol-
lowing an overload training period in endurance athletes 
who became FOR following an overload training period 
compared to a control group who continued normal training. 
These studies [5, 17, 39, 40] suggest that a possible deter-
minant of performance impairment experienced by athletes 
who are FOR may be related to cardiac impairments during 
both submaximal and maximal exercise.

3.2 � Heart Rate Responses

Outcomes from a meta-analysis [46] demonstrated that both 
submaximal and peak heart rate is typically decreased in 
athletes that were classified as FOR. In agreement, Le Meur 
et al. [13] reported that variations in both submaximal and 
maximal heart rate (and blood lactate concentration) were 
the two most discriminating factors which identified 89.5% 
of the triathletes as overreached or not. Heart rate recovery 
has also been shown to discriminate between athletes being 
classified as FOR and those that did not have a performance 
decrement, whereby Aubry et al. [10] observed that the 
decrease in heart rate during the first minute after cessation 
of exhaustive exercise was faster in FOR athletes. Impor-
tantly, this change was reversed after a 2-week taper and a 
faster heart rate recovery has also been shown to occur fol-
lowing submaximal exercise in FOR athletes [47] increasing 
the practicality of this assessment on a more regular basis. 
However, it should also be noted that this is not always a 
universal finding whereby Bellenger et al. [19] suggested 
that heart rate recovery was only sensitive to changes in 
training status when assessed after maximal exercise. These 
authors [19] also suggested that the maximal rate of heart 
rate increase to submaximal cycling exercise provided the 
most sensitive measure for tracking performance changes 
compared with heart rate variability and heart rate recovery 
in response to an overload training period. However, despite 
substantial decreases in performance on a group level, the 
authors did not indicate how many of the twelve participants 
could be considered FOR, thus limiting the conclusions that 
can be drawn from a comparative group of athletes that did 
not develop FOR [19]. Furthermore, it remains to be deter-
mined whether alterations in the heart rate response to exer-
cise and subsequent heart rate recovery during submaximal 
and/or maximal exercise precede or occur concomitantly 
with the reductions in maximal exercise performance.

3.3 � Heart Rate Variability

Heart rate variability is a non-invasive measure of cardio-
vascular autonomic regulation [48] that has been employed 
in a number of studies to detect alterations in response to It 
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overload training that has induced FOR in endurance athletes 
[4, 49–51]. Hedelin et al. [49] exposed 9 elite canoeists to a 
50% increase in training load, but found no group changes 
in high or low frequency heart rate variability at rest or fol-
lowing a tilt to a 70° upright position despite all athletes 
being classified as FOR. Similarly, Dupey et al. [50] found 
no alterations in heart rate variability in endurance athletes 
who all became FOR after a 100% increase in training load 
over a 2-week period. However, the authors of these studies 
[49, 50] only employed a single pre- and post-overload train-
ing period heart rate variability assessment and more recent 
research [52] has suggested that a minimum of three ran-
domly selected valid measurements are required each week 
due to the high day-to-day variability of heart rate variability 
measurements. Le Meur et al. [4] subjected 13 triathletes 
to a 3-week overload training period and 1-week taper and 
compared morning resting heart rate variability responses 
to a control group who continued their normal training. All 
triathletes in the overload group were classified as FOR and 
the analysis of weekly average values of heart rate variability 
in this group indicated that there was a progressive increase 
in parasympathetic modulation of heart rate during the 
overload period, which was reversed during the subsequent 
taper. In contrast, there was no clear effect of FOR when 
considering the heart rate variability values obtained once 
per week. In support of these findings, Coates et al. [51] 
found that same-day resting heart rate variability measures 
were insufficient for predicting the subsequent alterations in 
exercise performance in FOR athletes following an overload 
training period. Similar to Le Meur et al. [4], two recent 
studies [18, 19] have reported that overload training induced 
an increase in vagal-related heart rate modulation indicat-
ing an increased parasympathetic modulation both prior to 
and during exercise. Interestingly, Bellenger et al. [18] also 
reported a further increase in vagally mediated heart rate 
variability following the taper period which coincided with 
a performance super-compensation indicating that additional 
measures of training stress and knowledge of the training 
phase should be considered when interpreting changes in 
heart rate variability measures.

3.4 � Photoplethysmography

Another cardiac parameter that has recently been shown 
[16] to have promise in demonstrating the early detection 
of overreaching is the use of photoplethysmography, which 
can detect volumetric changes in blood in the microvascular 
bed of subcutaneous tissue. Bourdillon et al. [16] subjected 
15 recreational runners to a 3-week overload period (+ 45% 
training load) and 2-week recovery (− 20%) and an over-
night photoplethysmography measurement every third night 
on their non-dominant hand. When normalised to baseline, 
the diastolic time decreased, while the systolic slope was 

greater in the eight subjects who were classified as FOR 
compared to those that were not overreached. Although 
further experimental evidence is required, it could be sug-
gested that the changes in the photoplethysmography vari-
ables may have preceded changes in exercise performance 
given that these changes occurred in the first week of the 
overload period. However, not all photoplethysmography 
variables returned to baseline values following 2 weeks of 
recovery, and the error of measurement can be dependent on 
the photosensitivity of the skin [53]. Future research should 
examine whether changes in photoplethysmography vari-
ables are systematically shown to be related to changes in 
exercise performance and the onset of FOR.

3.5 � Resting Metabolic Rate

Two recent studies [8, 9] have reported a reduction in resting 
metabolic rate (RMR) in response to an increase in train-
ing load in well-trained endurance athletes. Woods et al. [9] 
reported a decrease in absolute (− 466 ± 488 kJ/day−1) and 
relative RMR [− 8.0 ± 8.1 kJ kg fat free mass (FFM)−1] in 
national-level rowers following a 4-week increase in train-
ing load which was also accompanied by reductions in body 
mass (− 1.6 ± 1.3 kg, p = 0.003) and fat mass (− 2.2 ± 1.2 kg, 
p = 0.0001). Furthermore, in trained male cyclists [8], rela-
tive RMR was reduced (~ 122 to 107 kJ kg FFM−1), con-
comitant with reductions in body mass, fat mass and FFM 
in response to a 2-week increase in training load. The 
mechanism responsible for the reduction in RMR in these 
studies [8, 9] remains somewhat elusive. It is likely that 
the increased energetic demands of training, coupled with 
insufficient energy intake, are contributing factors to these 
findings. For example, despite the 21% increase in training 
load, the rowers failed to increase their total energy intake or 
individual macronutrients which lead to reductions in body 
mass (− 1.6 ± 1.3 kg, p = 0.003) and fat mass (− 2.2 ± 1.2 kg) 
[9], while the trained cyclists had a reduction in body mass, 
fat mass and FFM [8]. Given that there was no performance 
super-compensation effect after 2 weeks of recovery in the 
trained cyclists, it is likely that a reduction in RMR is an 
undesirable consequence associated with overreaching in 
this study [8]. Furthermore, both training intensity and vol-
ume were manipulated in both studies [8, 9] and the inter-
play between alterations in training intensity and/or volume 
on the subsequent metabolic consequences requires further 
examination.

3.6 � Immunology and Illness

A recent study [11] has shown that endurance athletes pre-
senting with symptoms of FOR during a period of overload 
training have an increased illness likelihood. The increased 
illness likelihood is in accordance with several previous 
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studies reporting compromised innate and/or adaptive immu-
nity during sustained periods of heavy training [42, 54–57]. 
However, few studies have compared alterations in markers 
of immune function in FOR athletes to those without a per-
formance decrement in response to an overload period. With 
this point in consideration, Greenham et al. [32] performed 
a systematic review and meta-analysis aiming to identify 
biomarkers associated with the alteration in exercise per-
formance following an overload training period. Of the 118 
biomarkers that were evaluated, most were cellular com-
munication and immunity markers (n = 54). Importantly, the 
authors associated the directional change in biomarkers with 
the change in exercise performance which could provide 
insight into the association with FOR. The findings from 
this review [32] suggest that the markers of immunity that 
decrease when performance decreases, but remain unaltered 
when performance is maintained are CD20+ and neutrophil 
cell count. Original research studies that have induced FOR 
in endurance athletes have reported modest immunological 
changes in response to overload training [42, 58]. Halson 
et al. [58] subjected endurance-trained cyclists to a 2-week, 
twofold increase in training volume and found no evidence 
for alterations in cytokines and other immune system param-
eters, despite a reduction in maximal exercise performance. 
Furthermore, Svendsen et al. [42] reported that an 8-day 
period of overload training in highly trained cyclists induced 
modest changes in immunological cell counts and exercise 
performance (− 13 to + 4%), but these subjects were not 
individually classified as FOR or otherwise. As such, the 
current weight of evidence suggests that overload training 
may result in modest changes in immunological cell counts, 
but there is no evidence to suggest that these changes are 
further influenced by the presence of overreaching.

3.7 � Hormonal Changes

There are few studies that have identified training-state-spe-
cific (i.e. FOR) alterations in hormone levels following an 
overload training period. Indeed, hormonal alterations found 
in athletes with FOR, NFOR and/or overtraining syndrome 
athletes may result from overload training, regardless of the 
resultant performance state. For example, Hoogeveen et al. 
[59] showed that hormonal changes were similar between 
athletes with overtraining syndrome and healthy athletes, 
while Uusitalo et al. [60] reported marked individual dif-
ferences during both normal training and overload training-
induced changes in adrenaline, noradrenaline and cortisol. 
In cyclists and triathletes who were classified as being FOR, 
the concentrations of testosterone, cortisol, luteinizing hor-
mone, follicle-stimulating hormone, adrenocorticotropic 
hormone, growth hormone, and insulin were comparable 
with those measured in a non-overreached state in the same 
athletes [61]. These studies [59–61] suggest that alterations 

in hormone levels may not always differentiate between 
training states, but rather represent the general responses 
to overload training. Furthermore, it should also be noted 
that changes in particular hormone levels are not necessar-
ily detrimental (i.e. decreased testosterone:cortisol ratio) as 
Hoogeveen et al. [59] showed that decreased total testos-
terone and increased cortisol did not relate to the changes 
in incremental cycling performance in professional cyclists.

It is clear that increases in training load should be 
matched with increased energy intake to compensate for 
the increased energy expenditure [62]. Two studies have 
reported alterations in hormones relating to energy homeo-
stasis and appetite regulation during periods of overload 
training [8, 63]. These studies have shown leptin to increase 
[8] or decrease [63], while ghrelin was not affected [63] by 
the overload training period, but both studies did not dif-
ferentiate between athletes who developed FOR and those 
that did not have a performance decrement. Furthermore, a 
recent meta-analysis [32] identified that glutamine and the 
testosterone:cortisol ratio exhibited some consistent evi-
dence of changes in response to overload training, while 
other research [64] suggests that changes in thyroid hor-
mones may be related to changes in performance in endur-
ance runners [64]. However, while changes in these bio-
markers occur in response to periods of overload training, 
these changes have not been shown to differentiate between 
overreached and non-overreached athletes. A recent study 
by Poff et al. [63] suggested that growth differentiation fac-
tor 15 may be an adequate hormonal marker to assess the 
development of overreaching. In this study [63], 18 recrea-
tionally active males completed an overload training period 
with half of the subjects consuming a ketone ester drink, 
while the other half consuming an isocaloric placebo. The 
group which consumed the ketone ester drink displayed less 
severe symptoms of overreaching and experienced a blunted 
increase in growth differentiation factor 15. However, this 
study [63] did not individually classify the subjects as being 
overreached (either functional or non-functional) based on 
their change in cycling performance and resultant recovery 
timeline so further research is required to substantiate these 
conclusions.

3.8 � Sleep

Sleep is considered to be one of the primary forms of 
recovery due to its physiological and psychological restora-
tive effects [65]. However, sleep quality and quantity are 
impaired during periods of overload training [11, 14, 44, 45, 
66]; poor sleep is a common complaint among overreached 
athletes [67] and normative data on endurance athletes sug-
gest that their sleep quality is inferior to non-athlete control 
subjects [68]. Furthermore, it is unknown whether impaired 
sleep contributes to the onset of overreaching, or whether it 
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is a direct consequence of the overload training period [44]. 
Killer et al. [45] showed that a 9-day overload training period 
(2.5-fold increase in training volume and intensity) had no 
effect on actual sleep time, despite reducing the percentage 
sleep time (87.9 ± 1.5 to 82.5 ± 2.3%; p < 0.05) due to the 
increase in time in bed. In comparison, Hausswirth et al. 
[11] showed that an overload training period (3-week, 30% 
increase in training volume) reduced actual sleep time, sleep 
efficiency and immobile time in FOR triathletes compared to 
non-overreached triathletes who were exposed to the same 
overload training period. As such, disruptions in sleep may 
manifest from FOR, rather than simply be a product of an 
overload training period. Importantly, impaired sleep during 
a period of overload training has been associated with an 
increase in upper respiratory tract infections [11] which is 
supported by several previous studies demonstrating impair-
ments in both innate and adaptive immunity during sustained 
periods of overload training [54]. Of course, these findings 
are not evidence of causality—that is, that sleep disturbances 
directly result in impaired immune function during periods 
of overload training. The mechanism that may underpin the 
disturbance in sleep in FOR athletes has been postulated to 
be associated with the muscle fatigue and/or soreness result-
ing from the increase in training loads [11]. It is conceiv-
able that the reduction in sleep efficiency reported in these 
studies [11, 45, 66] resulted from the difficulty in remaining 
immobile during sleep, or from the associated disturbances 
in mood [11, 45, 66]. Future research is required to identify 
the mechanistic underpinning of the disturbances in sleep 
of FOR athletes.

The method of quantifying sleep quality and quan-
tity is also important to contextualise conclusions that 
are drawn from studies [66]. Lastella et al. [66] subjected 
twenty-one male cyclists to a simulated cycling grand tour 
(715.7–832.3 km week−1 for 3 weeks) and monitored sleep 
through subjective sleep diaries and wrist activity monitors. 
Interestingly, there were conflicting results between objec-
tive and subjective sleep assessments, whereby the quality 
of sleep as assessed via wrist activity monitors (i.e. sleep 
efficiency and mean activity score) declined during the sim-
ulated grand tour, while the cyclists concomitantly reported 
improved sleep quality throughout the same training phase. 
Previous research has also reported a disagreement between 
subjective and objective measures of sleep quality and quan-
tity [69].

3.9 � Mood and Perceptual Responses

Subjective measures of training stress have also been used 
to detect changes in mood resulting from periods of over-
load training in athletes. Questionnaires that are typically 
employed are the Daily Analysis of Life Demands for Ath-
letes (DALDA) questionnaire [70], the Profile of Mood 

States (POMS) questionnaire [71], or the Recovery-stress 
questionnaire for athletes [72]. While studies have shown 
that these questionnaire responses are consistently altered 
during periods of overload training [6, 18, 19, 26, 50, 73, 
74], a number of studies have also demonstrated that subjec-
tive questionnaire responses may be exacerbated in athletes 
who become FOR compared to those that do not follow an 
overload training period [5, 10–12]. For example, Aubry 
et al. [10] showed that all endurance athletes who completed 
an overload training period had an increase in subjective 
fatigue, but the increase from the preceding normal training 
period was likely larger in the FOR subjects (4 ± 4 vs 13 ± 5) 
compared to the subjects that did not have a performance 
decrement (4 ± 3 vs 9 ± 5). More recently, Twen Haaf [37] 
demonstrated that the combination of changes in subjective 
fatigue and readiness to train after only 3 days of a cycling 
tour correctly predicted 78% of the subjects as either FOR or 
not using simple visual analogue scales. However, this study 
[37] monitored recreational cyclists over an extreme training 
period consisting of an 8-day, 1300-km cycling event which 
may not translate to how endurance athletes may respond 
to more realistic alterations in training load. Furthermore, 
despite not being significantly different, there was still a 
large reduction in incremental exercise test peak power out-
put in the FOR group approximately 1 month following the 
cycling event which may indicate that some subjects were 
NFOR or had a detraining effect which may have influenced 
the conclusions drawn from this study [37]. As such, while 
there is some evidence [5, 10–12] that subjective question-
naires can differentiate between athletes who are FOR and 
those that are not following an overload training period, 
more research is required to see if these responses manifest 
prior to a decrement in exercise performance.

3.10 � Performance and Training Adaptations

Recent work [3] has shown that a period of overload training 
blunted the increase in muscle oxidative capacity in runners 
that were classified as FOR, while there were favourable 
increases in those runners that completed the same rela-
tive increase in training volume, but did not experience a 
performance decrement. Importantly, runners who did not 
develop FOR had substantially larger improvements in run-
ning capacity following a taper period. While there are lim-
ited studies that have assessed mitochondrial adaptations in 
athletes that develop FOR, a recent training study in rats 
[75] reported impaired training-induced alterations in citrate 
synthase activity and mitochondrial complex IV activity in 
overreached rats. One other study in humans (trained triath-
letes) has also reported greater performance improvements 
(peak incremental cycling test power output) and physiologi-
cal adaptations (VO2peak) following an overload period in 
athletes who did not develop FOR [12]. Aubry et al. [12] 
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prescribed a 3-week, 30% increase in training volume to tri-
athletes and reported that lower taper induced improvements 
in VO2peak and cycling capacity were associated with FOR 
subjects. These studies provide empirical evidence to sug-
gest that FOR, in some cases [3, 12, 17], is associated with 
impaired training adaptations and attenuated performance 
super-compensation following an overload training period. 
However, it must also be noted that a number of other studies 
[6, 26, 28] have also demonstrated a substantial performance 
super-compensation following an overload and taper period 
in athletes who were classified as being FOR. It is possible 
that there are a number of contextual factors that may influ-
ence the metabolic consequences and associated training 
adaptations with FOR and classifying this training-induced 
state of fatigue based purely on a decrement in performance 
may be an oversimplification.

4 � Preventing the Negative Consequences 
of Overreaching

It is clear that endurance athletes are required to undertake 
periodised increases in training load to provide an overload 
stimulus [31] and induce physiological adaptations to train-
ing [14, 22–24]. However, there is no evidence to suggest 
that inducing a state of FOR is necessary or required to pro-
mote these adaptations and improve exercise performance. 
FOR has been associated with negative cardiovascular [5, 
29], hormonal [5, 30] and metabolic consequences [8, 9, 
13], as well as suboptimal performance improvements [3, 
12], compared to non-overreached athletes who completed 
the same relative increase in training load. However, this 
is not always the case and a number of studies have also 
demonstrated substantial performance super-compensation 
in athletes who were classified as being FOR [4, 6, 18, 76]. 
Nonetheless, strategies that can mitigate the negative conse-
quences of overreaching may be beneficial in improving the 
training process for endurance athletes. Periods of increased 
training load should be matched with increased energy 
intake to compensate for the increased energy expendi-
ture [62]. Carbohydrate (CHO) intake may play a role in 
the prevention of overreaching with some studies [76–78], 
but not all [42, 79], showing that various increases in CHO 
intake may alleviate overreaching symptoms. One study 
[78] demonstrated that a very high CHO diet [12 g kg(body 
mass) day−1] during an overload training period attenuated 
cortisol release and increased salivary secretory immuno-
globulin-A concentration compared to a lower CHO diet of 
5.9 g kg day−1. However, maximal exercise performance 
was not measured in this study so it can not be determined 
whether the subjects were FOR or not. In support, two 
other studies found that increasing CHO intake from 5.4 
to 8.5 g kg day−1 [77] and 6.4 to 9.4 g CHO kg day−1 [76] 

attenuated the decrement in exercise performance, rise in 
cortisol [76] and mood state induced by an overload train-
ing period. Interestingly, in the study by Halson et al. [76], 
exercise performance had still not returned to baseline lev-
els after a 2-week recovery period in the lower CHO con-
dition (6.4 g kg day−1), while the higher CHO condition 
(9.4 g g kg day−1) achieved a performance super-compen-
sation. These findings indicate that increasing CHO content 
may at least prevent, in part, the performance decrement 
and fatigue associated with a period of overload training and 
lead to a performance super-compensation. Svendsen et al. 
[42] reported that higher carbohydrate intake (7.2 ± 1.6 vs 
9.7 ± 1.5 g kg day−1) was not able to alleviate physiological 
and immunological disturbances associated with an over-
load training period. In this study, there was a high inter-
individual variation in the magnitude of the performance 
change following the overload period (− 13 to + 4%) across 
both trials, but these subjects were not partitioned into FOR 
or otherwise. It should also be noted that while these stud-
ies were well designed [42, 76–79], none of these studies 
compared athletes that became FOR following the overload 
training period with those that did not demonstrate a reduc-
tion in maximal exercise performance. Nonetheless, it is 
clear that CHO may play an important role for attenuating 
the severity of FOR symptoms and potentially also prevent 
the progression of FOR to NFOR.

During periods of overload training, the likelihood of 
upper respiratory tract infection is increased [11] and this 
is likely to be linked to the alterations in immune function 
during these periods of training [42, 54–56]. In addition 
to CHO which may play a preventative role in mitigating 
immunological disturbances [76, 78], increasing protein 
(PRO) intake could also alleviate these alterations [43]. 
Witard et al. [43] reported that consuming a high-PRO diet 
(3 g kg day−1) compared to an energy and CHO-matched 
control diet (1.5 g kg day−1) during an overload training 
period restored leukocyte kinetics to similar levels observed 
during a control training period and resulted in fewer upper 
respiratory tract infection symptoms. Alterations in energy 
intake may also be important for alleviating other symptoms 
of overreaching relating to the depression of RMR that was 
reported in two recent studies [8, 9]. Woods et al. [8, 9] 
demonstrated reductions in RMR in rowers [9] who failed 
to increase their total energy intake and cyclists [8] who 
were unable to maintain FFM following an overload train-
ing period. Given that FFM [80] and energy availability [81] 
are major determinants of RMR, failure to increase energy 
intake and/or preserve FFM in response to overload train-
ing may be responsible for the reductions in RMR evident 
in these studies [8, 9]. As such, increasing energy intake 
through alterations in CHO and PRO intake during periods 
of overload training may be an effective strategy in attenuat-
ing the severity of FOR symptoms.
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It is evident that sleep quality and quantity are impaired dur-
ing periods of overload training [11, 14, 44, 45]. Paradoxically, 
improving sleep quality and quantity has also been proposed 
to be the primary psychological and physiological recovery 
strategy available to athletes [82, 83]. Regardless of whether 
reductions in sleep quality or quantity predispose athletes to 
becoming overreached, or impaired sleep is a consequence 
of FOR, strategies to improve sleep may be beneficial during 
periods of overload training and effectively reduce the nega-
tive consequences of FOR. One recent study suggested that a 
sleep hygiene education session is effective in improving sleep 
quantity in elite female athletes [84]. Other strategies that may 
improve sleep related to various nutritional interventions that 
may act on the neurotransmitters in the brain that are associ-
ated with the sleep–wake cycle [82]. Future research should 
investigate the importance of these and other novel interven-
tions to enhance sleep. In addition to sleep, other forms of 
recovery, such as cold water immersion (CWI), may be ben-
eficial in reducing the negative consequences of FOR, while 
also not impeding the long-term adaptations to endurance 
training [85]. Halson et al. [85] randomised 34 endurance-
trained competitive cyclists to CWI (four times each week) or 
passive recovery (control group) for 1 week of baseline train-
ing, 3 weeks of overload training, and an 11-day taper. While 
the cyclists in this study were not individually classified as 
overreached, it was only the control group that experienced a 
decline in performance at the group level in the second 4-min 
cycling time trial during the overload training period. Further-
more, there were greater improvements in repeat high-intensity 
cycling time trial performance (2 × 4-min time trials), sprint 
performance (1-s maximum mean sprint power) and self-
selected cycling intensity during training in the CWI group 
compared to the control group. As such, the results from this 
study [85] do suggest that CWI may be an effective strategy to 
prevent FOR and possibly enhance the training-induced per-
formance improvements following an overload training period.

While nutritional and recovery strategies can be imple-
mented during overload training to mitigate the negative 
metabolic consequences associated with overreaching, train-
ing load monitoring may assist in determining whether an 
athlete is adapting to a given training period or at risk of 
maladaptation to training [22]. While there are many dif-
ferent methods available that quantify the training load of 
endurance athletes [86], these are typically categorised as 
either external or internal training load [22, 86]. The inte-
gration of different measures of training load and/or training 
intensity may be used to quantify ratios that could assist in 
identifying the presence of training induced fatigue [87]. 
Sanders et al. [87] studied the training loads of twelve pro-
fessional cyclists during a 2-week baseline training period 
and during the Giro d’Italia and Vuelta a España cycling 
grand tours which have extreme physiological demands 
[88, 89]. Compared to a normal training period, there 

were moderate to large increases in the ratios of different 
intensity measures such as the rating of perceived exertion 
(RPE):heart rate and RPE:power output as well as the ratio 
of the load measures of session RPE:training stress score 
(d = 0.79–1.79). Furthermore, there were small-to-moder-
ate week-to-week changes (d = 0.21–0.63) in measures of 
intensity such as power output:heart rate, RPE:power output, 
RPE:heart rate as well as measures of load such as training 
stress score:individualised training impulse (iTRIMP), ses-
sion RPE(sRPE):individualised TRIMP and sRPE:training 
stress score ratios during the grand tours. The findings from 
this study suggest that during cycling grand tours when elite 
cyclists are likely to be fatigued [90], increases in the ratios 
between subjective and objective methods of quantifying 
training intensity and/or load may reflect progressive fatigue 
that may not be readily detected by changes in solitary inten-
sity/load measures. However, whether these ratios are able to 
delineate between athletes that are FOR or not overreached 
remains to be determined.

5 � Limitations

One major issue pertaining to studies investigating the 
performance and training responses to periods of overload 
training lies in the difficulty of involving elite athletes in a 
scientific experiment. Given their already high physiologi-
cal capacities and training loads, introducing overload train-
ing periods into the programs of elite endurance athletes 
may not be feasible nor well accepted by these athletes or 
their coaches. As such, one model that may be appropri-
ate to study overreaching responses in elite endurance ath-
letes is the assessment of exercise performance and training 
responses throughout a competitive season without direct 
control over the training program [64, 91, 92]. The natu-
ral variation in training load and other stressors may pro-
vide enough stress to induce a state of overreaching which 
could be captured through continuous monitoring. While 
this approach has its advantages as it allows for higher level 
athletes to be studied given that there is no direct manipula-
tion of the training program, the limitations of this approach 
relate to the limited control over confounding variables such 
as illness, travel, dietary changes, competition stress and sea-
sonal variability, as well as how frequently performance can 
be assessed. The other approach to studying overreaching 
responses is the employment of an overload training period 
that typically lasts up to 4 weeks [3–5, 7–21]. Exercise per-
formance and training responses are compared from before 
and after an overload training period, and subsequent recov-
ery period, either within the same participant or between 
athletes who have a decrement in performance (i.e. over-
reached) and those that show no decrease in performance. 
While this overload training model may or may not reflect a 
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typical training regimen of an endurance athlete, it does per-
mit control of confounding variables and the physiological 
responses of overreached and non-overreached athletes can 
be contrasted during the same overload period. The limita-
tion of this method is that it may only permit the inclusion 
of recreational and well-trained athletes but not those of an 
elite standard.

The interplay between periods of increased training 
intensity and/or volume and the subsequent metabolic con-
sequences that may arise have not been fully elucidated. 
Previous studies have typically increased training volume 
[3, 10–12, 47] or training volume and intensity [8, 9, 26] to 
overload training, while the exact nature of the increase in 
training load in other studies is not well described. As such, 
it is difficult to propose whether the nature of the increase 
in training load (i.e. volume, intensity or a combination of 
both) may influence the onset of overreaching or the subse-
quent metabolic consequences.

There is a large inter-individual variation in the devel-
opment of overreaching in athletes in response to overload 
training (i.e. increases of 30–40% of training volume for 
3–4 weeks) with studies reporting 69% [4], 50% [11], 33% 
[93] and 48% [12] of athletes being diagnosed as FOR fol-
lowing increases of this magnitude in training volume. There 
is currently no evidence that clearly demonstrates the reason 
why some athletes respond optimally to increases in training 
volume whilst others display signs and symptoms of fatigue 
and overreaching. Gaining a better understanding of the indi-
vidual athlete characteristics that may predispose athletes to 
overreaching is required.

6 � Conclusions

Recent research has shown that FOR may be associated 
with various negative cardiovascular, hormonal, and meta-
bolic consequences and dampened training adaptations in 
FOR athletes compared to non-overreached athletes who 
completed the same training program or the same relative 
increase in training load. However, this is not always the 
case and a number of studies have demonstrated substantial 
performance super-compensation effects in athletes who 
were classified as being FOR. Importantly, in the studies that 
do report a performance super-compensation effect follow-
ing FOR, the magnitude of performance enhancement is no 
greater than that of athletes who completed the same relative 
increase in training load without experiencing a performance 
decrement. As such, there does not seem to be evidence 
to suggest that FOR is necessary to induce performance 
improvements in trained endurance athletes. The various 
physiological and psychological disturbances resulting from 
overload training do not systematically discern between FOR 

and NFOR, but classifying these training-induced states of 
fatigue based purely on a decrement in performance may be 
an oversimplification. Increasing energy intake through the 
consumption of larger amounts of CHO and PRO, as well 
as incorporating recovery strategies and training monitor-
ing systems seem to be important contextual factors that 
may influence the metabolic consequences associated with 
overreaching.

Compliance with Ethical Standards 

Funding  No sources of funding were used to assist in the preparation 
of this article.

Conflict of interest  Phillip Bellinger declares he has no conflicts of 
interest relevant to the content of this review.

References

	 1.	 Skovgaard C, Almquist NW, Bangsbo J. Effect of increased 
and maintained frequency of speed endurance training on per-
formance and muscle adaptations in runners. J Appl Physiol. 
2017;122(1):48–59.

	 2.	 Laursen PB, Shing CM, Peake JM, Coombes JS, Jenkins DG. 
Interval training program optimization in highly trained endurance 
cyclists. Med Sci Sport Exerc. 2002;34(11):1801–7.

	 3.	 Bellinger P, Sabapathy S, Craven J, Arnold B, Minahan C. Over-
reaching attenuates training-induced improvements in muscle 
oxidative capacity. Med Sci Sports Exerc. 2019. https​://doi.
org/10.1249/mss.00000​00000​00209​5 (Epub ahead of print).

	 4.	 Le Meur Y, Pichon A, Schaal K, Schmitt L, Louis J, Guen-
eron J, et  al. Evidence of parasympathetic hyperactivity in 
functionally overreached athletes. Med Sci Sports Exerc. 
2013;45(11):2061–71.

	 5.	 Le Meur Y, Louis J, Aubry A, Guéneron J, Pichon A, Schaal K, 
et al. Maximal exercise limitation in functionally overreached 
triathletes: role of cardiac adrenergic stimulation. J Appl Phys-
iol. 2014;117(3):214–22.

	 6.	 Coutts AJ, Wallace LK, Slattery KM. Monitoring changes in 
performance, physiology, biochemistry, and psychology dur-
ing overreaching and recovery in triathletes. Int J Sports Med. 
2007;28(02):125–34.

	 7.	 Clark B, Costa VP, O’Brien BJ, Guglielmo LG, Paton CD. 
Effects of a seven day overload-period of high-intensity training 
on performance and physiology of competitive cyclists. PLoS 
One. 2014;9(12):e115308.

	 8.	 Woods AL, Rice AJ, Garvican-Lewis LA, Wallett AM, Lundy 
B, Rogers MA, et al. The effects of intensified training on rest-
ing metabolic rate (RMR), body composition and performance 
in trained cyclists. PLoS One. 2018;13(2):e0191644.

	 9.	 Woods AL, Garvican-Lewis LA, Lundy B, Rice AJ, Thomp-
son KG. New approaches to determine fatigue in elite athletes 
during intensified training: resting metabolic rate and pacing 
profile. PLoS One. 2017;12(3):e0173807.

	10.	 Aubry A, Hausswirth C, Louis J, Coutts AJ, Buchheit M, Le 
Meur Y. The development of functional overreaching is asso-
ciated with a faster heart rate recovery in endurance athletes. 
PLoS One. 2015;10(10):e0139754.

	11.	 Hausswirth C, Louis J, Aubry A, Bonnet G, Duffield R, Le Muer 
Y. Evidence of disturbed sleep patterns and increased illness in 

https://doi.org/10.1249/mss.0000000000002095
https://doi.org/10.1249/mss.0000000000002095


Functional Overreaching in Endurance Athletes

functionally overreached endurance athletes. Med Sci Sports 
Exerc. 2014;46(5):1036–45.

	12.	 Aubry A, Hausswirth C, Louis J, Coutts AJ, Le Meur Y. Func-
tional overreaching: the key to peak performance during the 
taper? Med Sci Sport Exerc. 2014;46(9):1769–77.

	13.	 Le Meur Y, Hausswirth C, Natta F, Couturier A, Bignet F, Vidal 
PP. A multidisciplinary approach to overreaching detection in 
endurance trained athletes. J Appl Physiol. 2013;114(3):411–20.

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

	15.	 Nelson MJ, Bellenger CR, Thomson RL, Robertson EY, Davi-
son K, Olstad DS, et al. Maximal rate of heart rate increase 
correlates with fatigue/recovery status in female cyclists. Eur J 
Appl Physiol. 2017;117(12):2425–31.

	16.	 Bourdillon N, Nilchian M, Millet GP. Photoplethysmog-
raphy detection of overreaching. Med Sci Sports Exerc. 
2019;51(4):701–7.

	17.	 Bourdillon N, Yazdani S, Nilchian M, Mariano A, Vesin J-M, 
Millet GP. Overload blunts baroreflex only in overreached ath-
letes. J Sci Med Sport. 2018;21(9):941–9.

	18.	 Bellenger CR, Karavirta L, Thomson RL, Robertson EY, Davi-
son K, Buckley JD. Contextualizing parasympathetic hyperac-
tivity in functionally overreached athletes with perceptions of 
training tolerance. Int J Sports Physiol Perf. 2016;11(5):685–92.

	19.	 Bellenger CR, Thomson RL, Robertson EY, Davison K, Nelson 
MJ, Karavirta L, et al. The effect of functional overreaching 
on parameters of autonomic heart rate regulation. Eur J Appl 
Physiol. 2017;117(3):541–50.

	20.	 Fuller JT, Bellenger CR, Thewlis D, Arnold J, Thomson RL, 
Tsiros MD, et al. Tracking performance changes with running-
stride variability when athletes are functionally overreached. Int 
J Sports Physiol. 2017;12(3):357–63.

	21.	 Thomson RL, Bellenger CR, Howe PR, Karavirta L, Buckley JD. 
Improved heart rate recovery despite reduced exercise perfor-
mance following heavy training: a within-subject analysis. J Sci 
Med Sport. 2016;19(3):255–9.

	22.	 Halson SL. Monitoring training load to understand fatigue in ath-
letes. Sports Med. 2014;44(2):139–47.

	23.	 Halson SL, Jeukendrup AE. Does overtraining exist? Sports Med. 
2004;34(14):967–81.

	24.	 Thomas L, Busso T. A theoretical study of taper charac-
teristics to optimize performance. Med Sci Sports Exerc. 
2005;37(9):1615–21.

	25.	 Meeusen R, Duclos M, Gleeson M, Rietjens G, Steinacker J, 
Urhausen A. Prevention, diagnosis and treatment of the overtrain-
ing syndrome. Eur J Sport Sci. 2006;6(1):1–14.

	26.	 Halson SL, Bridge MW, Meeusen R, Busschaert B, Gleeson M, 
Jones DA, et al. Time course of performance changes and fatigue 
markers during intensified training in trained cyclists. J Appl 
Physiol. 2002;93(3):947–56.

	27.	 Kreider R, Fry A, O’Toole M. Overtraining in sport: terms, defini-
tions, and prevalence. Overtraining in sport. Champaign: Human 
Kinetics; 1998. p. vii–ix.

	28.	 Coutts AJ, Slattery KM, Wallace LK. Practical tests for monitor-
ing performance, fatigue and recovery in triathletes. J Sci Med 
Sport. 2007;10(6):372–81.

	29.	 Uusitalo ALT, Uusitalo AJ, Rusko HK. Heart rate and blood 
pressure variability during heavy training and overtraining in the 
female athlete. Int J Sports Med. 2000;21(01):45–53.

	30.	 Faude O, Meyer T, Urhausen A, Kindermann W. Recovery train-
ing in cyclists: ergometric, hormonal and psychometric findings. 
Scand J Med Sci Sports. 2009;19(3):433–41.

	31.	 Hawley AJ, Myburgh KH, Noakes TD, Dennis SC. Training 
techniques to improve fatigue resistance and enhance endurance 
performance. J Sports Sci. 1997;15(3):325–33.

	32.	 Greenham G, Buckley JD, Garrett J, Eston R, Norton K. Bio-
markers of physiological responses to periods of intensified, 
non-resistance-based exercise training in well-trained male 
athletes: a systematic review and meta-analysis. Sports Med. 
2018;48(11):2517–48.

	33.	 Cadegiani FA, Kater CE. Hormonal aspects of overtraining 
syndrome: a systematic review. BMC Sports Sci Med Rehabil. 
2017;9(1):1–15.

	34.	 Urhausen A, Gabriel H, Kindermann W. Blood hormones 
as markers of training stress and overtraining. Sports Med. 
1995;20(4):251–76.

	35.	 Kuipers H, Keizer HA. Overtraining in elite athletes. Sports Med. 
1988;6(2):79–92.

	36.	 Mujika I, Padilla S. Detraining: loss of training-induced physi-
ological and performance adaptations. Part I. Sports Med. 
2000;30(2):79–87.

	37.	 Haaf TT, Staveren SV, Oudenhoven E, Piacentini MF, Meeusen R, 
Roelands B, et al. Prediction of functional overreaching from sub-
jective fatigue and readiness to train after only 3 days of cycling. 
Int J Sports Physiol Perf. 2017;12(Suppl 2):S2-87–94.

	38.	 Currell K, Jeukendrup AE. Validity, reliability and sensi-
tivity of measures of sporting performance. Sports Med. 
2008;38(4):297–316.

	39.	 Coates AM, Incognito AV, Seed JD, Doherty CJ, Millar PJ, Burr 
JF. Three weeks of overload training increases resting muscle 
sympathetic activity. Med Sci Sport Exerc. 2017;50(5):928–37.

	40.	 Coates AM, Millar PJ, Burr JF. Blunted cardiac output from over-
training is related to increased arterial stiffness. Med Sci Sport 
Exerc. 2018;50(12):2459–64.

	41.	 Nieman DC, Luo B, Dréau D, Henson DA, Shanely RA, Dew 
D, et al. Immune and inflammation responses to a 3-day period 
of intensified running versus cycling. Brain Behav Immun. 
2014;39:180–5.

	42.	 Svendsen IS, Killer SC, Carter JM, Randell RK, Jeukendrup 
AE, Gleeson M. Impact of intensified training and carbohydrate 
supplementation on immunity and markers of overreaching in 
highly trained cyclists. Eur J Appl Physiol. 2016;116(5):867–77.

	43.	 Witard OC, Turner JE, Jackman SR, Kies AK, Jeukendrup AE, 
Bosch JA, et al. High dietary protein restores overreaching 
induced impairments in leukocyte trafficking and reduces the 
incidence of upper respiratory tract infection in elite cyclists. 
Brain Behav Immun. 2014;39:211–9.

	44.	 Lastella M, Vincent GE, Duffield R, Roach GD, Halson SL, 
Heales LJ, et al. Can sleep be used as an indicator of overreach-
ing and overtraining in athletes? Front Physiol. 2018;9:436.

	45.	 Killer SC, Svendsen IS, Jeukendrup AE, Gleeson M. Evi-
dence of disturbed sleep and mood state in well-trained ath-
letes during short-term intensified training with and without 
a high carbohydrate nutritional intervention. J Sports Sci. 
2017;35(14):1402–10.

	46.	 Bosquet L, Merkari S, Arvisais D, Aubert AE. Is heart rate a 
convenient tool to monitor over-reaching? A systematic review 
of the literature. Br J Sports Med. 2008;42(9):709–14.

	47.	 Le Meur Y, Buchheit M, Aubry A, Coutts AJ, Hausswirth C. 
Assessing overreaching with heart-rate recovery: what is the 
minimal exercise intensity required? Int J Sports Physiol Perf. 
2017;12(4):569–73.

	48.	 Freeman R. Assessment of cardiovascular autonomic function. 
Clin Neurophysiol. 2006;117(4):716–30.

	49.	 Hedelin R, Kenttä G, Wiklund U, Bjerle P, Henriksson-Larsén 
K. Short-term overtraining: effects on performance, circulatory 
responses, and heart rate variability. Med Sci Sports Exerc. 
2000;32(8):1480–4.



	 P. Bellinger 

	50.	 Dupuy O, Lussier M, Fraser S, Bherer L, Audiffren M, Bos-
quet L. Effect of overreaching on cognitive performance and 
related cardiac autonomic control. Scand J Med Sci Sports. 
2014;24(1):234–42.

	51.	 Coates AM, Hammond S, Burr JF. Investigating the use of 
pre-training measures of autonomic regulation for assessing 
functional overreaching in endurance athletes. Eur J Sport Sci. 
2018;18(7):965–74.

	52.	 Plews DJ, Laursen PB, Le Meur Y, Hausswirth C, Kilding AE, 
Buchheit M. Monitoring training with heart-rate variability: 
how much compliance is needed for valid assessment? Int J 
Sports Physiol Perf. 2014;9(5):783–90.

	53.	 Schäfer A, Vagedes J. How accurate is pulse rate variability 
as an estimate of heart rate variability?: a review on studies 
comparing photoplethysmographic technology with an electro-
cardiogram. Int J Cardiol. 2013;166(1):15–29.

	54.	 Walsh NP, Gleeson M, Pyne DB, Nieman DC, Dhabhar FS, 
Shephard RJ, et al. Position statement part two: maintaining 
immune health. Exerc Immunol Rev. 2011;17:64–103.

	55.	 Robson-Ansley PJ, Blannin A, Gleeson M. Elevated plasma 
interleukin-6 levels in trained male triathletes following an 
acute period of intense interval training. Eur J Appl Physiol. 
2007;99(4):353–60.

	56.	 Meyer T, Faude O, Urhausen A, Scharhag J, Kindermann 
W. Different effects of two regeneration regimens on immu-
nological parameters in cyclists. Med Sci Sports Exerc. 
2004;36(10):1743–9.

	57.	 Fry RW, Morton AR, Garcia-Webb P, Crawford GPM, Keast D. 
Biological responses to overload training in endurance sports. 
Eur J Appl Physiol Occup Physiol. 1992;64(4):335–44.

	58.	 Halson SL, Lancaster GI, Jeukendrup AE, Gleeson M. Immu-
nological responses to overreaching in cyclists. Med Sci Sports 
Exerc. 2003;35(5):854–61.

	59.	 Hloogeveen AR, Zonderland ML. Relationships between testoster-
one, cortisol and performance in professional cyclists. Int J Sports 
Med. 1996;17(06):423–8.

	60.	 Uusitalo ALT, Huttunen P, Hanin Y, Uusitalo AJ, Rusko HK. 
Hormonal responses to endurance training and overtraining in 
female athletes. Clin J Sport Med. 1998;8(3):178–86.

	61.	 Urhausen A, Gabriel HH, Kindermann W. Impaired pituitary hor-
monal response to exhaustive exercise in overtrained endurance 
athletes. Med Sci Sports Exerc. 1998;30(3):407–14.

	62.	 Burke LM, Hawley JA, Wong SHS, Jeukendrup AE. Car-
bohydrates for training and competition. J Sports Sci. 
2011;29(sup1):S17–27.

	63.	 Poffé C, Ramaekers M, Van Thienen R, Hespel P. Ketone ester 
supplementation blunts overreaching symptoms during endurance 
training overload. J Physiol. 2019;597(12):3009–27.

	64.	 Nicoll JX, Hatfield DL, Melanson KJ, Nasin CS. Thyroid 
hormones and commonly cited symptoms of overtraining 
in collegiate female endurance runners. Eur J Appl Physiol. 
2018;118(1):65–73.

	65.	 Samuels C. Sleep, recovery, and performance: the new frontier in 
high-performance athletics. Neurol Clin. 2008;26(1):169–80.

	66.	 Lastella M, Roach GD, Halson SL, Martin DT, West NP, Sargent 
C. The impact of a simulated grand tour on sleep, mood, and 
well-being of competitive cyclists. J Sports Med Phys Fitness. 
2015;55(12):1555–64.

	67.	 Wall SP, Mattacola CG, Swanik CB, Levenstein S. Sleep efficiency 
and overreaching in swimmers. J Sport Rehabil. 2003;12(1):1–12.

	68.	 Leeder J, Glaister M, Pizzoferro K, Dawson J, Pedlar C. Sleep 
duration and quality in elite athletes measured using wristwatch 
actigraphy. J Sports Sci. 2012;30(6):541–5.

	69.	 Caia J, Thornton HR, Kelly VG, Scott TJ, Halson SL, Cupples 
B, et al. Does self-perceived sleep reflect sleep estimated via 

activity monitors in professional rugby league athletes? J Sports 
Sci. 2018;36(13):1492–6.

	70.	 Rushall BS. A tool for measuring stress tolerance in elite athletes. 
J Appl Sport Psychol. 1990;2(1):51–66.

	71.	 Shacham S. A shortened version of the profile of mood states. J 
Pers Assess. 1983;47(3):305–6.

	72.	 Kellmann M, Kallus KW. Recovery-stress questionnaire for ath-
letes: User manual. Champaign: Human Kinetics; 2001.

	73.	 Siegl A, Kösel ME, Tam N, Koschnick S, Langerak NG, Skor-
ski S, et  al. Submaximal markers of fatigue and overreach-
ing; implications for monitoring athletes. Int J Sports Med. 
2017;38(09):675–82.

	74.	 Fuller JT, Bellenger CR, Thewlis D, Arnold J, Thomson RL, Tsi-
ros MD, et al. Tracking performance changes with running-stride 
variability when athletes are functionally overreached. Int J Sports 
Physiol Perf. 2017;12(3):357–63.

	75.	 Ferraresso RLP, Buscariolli de Oliveira R, Macedo DV, Alessan-
dro Soares Nunes L, Brenzikofer R, Damas D, et al. Interaction 
between overtraining and the interindividual variability may (not) 
trigger muscle oxidative stress and cardiomyocyte apoptosis in 
rats. Oxid Med Cell Longev. 2012; 935483.

	76.	 Halson SL, Lancaster GI, Achten J, Gleeson M, Jeukendrup AE. 
Effects of carbohydrate supplementation on performance and 
carbohydrate oxidation after intensified cycling training. J Appl 
Physiol. 2004;97(4):1245–53.

	77.	 Achten J, Halson SL, Moseley L, Rayson MP, Casey A, Jeuken-
drup AE. Higher dietary carbohydrate content during intensified 
running training results in better maintenance of performance and 
mood state. J Appl Physiol. 2004;96(4):1331–40.

	78.	 Costa RJS, Jones GE, Lamb KL, Coleman R, Williams JHH. 
The effects of a high carbohydrate diet on cortisol and salivary 
immunoglobulin A (s-IgA) during a period of increase exercise 
workload amongst olympic and ironman triathletes. Int J Sports 
Med. 2005;26(10):880–5.

	79.	 Snyder AC, Kuipers H, Cheng B, Servais R, Fransen E. Overtrain-
ing following intensified training with normal muscle glycogen. 
Med Sci Sports Exerc. 1995;27(7):1063–70.

	80.	 Speakman JR, Selman C. Physical activity and resting metabolic 
rate. Proc Nutr Soc. 2003;62(3):621–34.

	81.	 Melin A, Tornberg ÅB, Skouby S, Møller SS, Sundgot-Bor-
gen J, Faber J, et al. Energy availability and the female ath-
lete triad in elite endurance athletes. Scand J Med Sci Sports. 
2015;25(5):610–22.

	82.	 Halson SL. Sleep in elite athletes and nutritional interventions to 
enhance sleep. Sports Med. 2014;44(1):13–23.

	83.	 Simpson N, Gibbs E, Matheson G. Optimizing sleep to maximize 
performance: implications and recommendations for elite athletes. 
Scand J Med Sci Sports. 2017;27(3):266–74.

	84.	 O’Donnell S, Driller MW. Sleep-hygiene education improves sleep 
indices in elite female athletes. Int J Exerc Sci. 2017;10(4):522.

	85.	 Halson S, Bartram J, West N, Stephens J, Argus C, Driller M, 
et al. Does hydrotherapy help or hinder adaptation to training in 
competitive cyclists? Med Sci Sport Exerc. 2014;46(8):1631–9.

	86.	 Borresen J, Lambert MI. The quantification of training load, the 
training response and the effect on performance. Sports Med. 
2009;39(9):779–95.

	87.	 Sanders D, Heijboer M, Hesselink MKC, Myers T, Akubat I. Ana-
lysing a cycling grand tour: can we monitor fatigue with intensity 
or load ratios? J Sports Sci. 2018;36(12):1385–91.

	88.	 Lucia A, Hoyos J, Santalla A, Earnest C, Chicharro J. Tour de 
France versus Vuelta a Espana: which is harder? Med Sci Sport 
Exerc. 2003;35(5):872–8.

	89.	 Lucía A, Díaz B, Hoyos J, Fernández C, Villa G, Bandrés F, et al. 
Hormone levels of world class cyclists during the Tour of Spain 
stage race. Br J Sports Med. 2001;35(6):424–30.



Functional Overreaching in Endurance Athletes

	90.	 Rodríguez-Marroyo JA, Villa JG, Pernía R, Foster C. Decrement 
in professional cyclists’ performance after a grand tour. Int J 
Sports Physiol Perform. 2017;12(10):1348–55.

	91.	 Bonifazi M, Sardella F, Lupo C. Preparatory versus main competi-
tions: differences in performances, lactate responses and pre-com-
petition plasma cortisol concentrations in elite male swimmers. 
Eur J Appl Physiol. 2000;82(5):368–73.

	92.	 Smith DJ, Norris SR. Changes in glutamine and glutamate con-
centrations for tracking training tolerance. Med Sci Sports Exerc. 
2000;32(3):684–9.

	93.	 Mackinnon LT, Hooper SL, Jones S, Gordon RD, Bachmann 
AW. Hormonal, immunological, and hematological responses 
to intensified training in elite swimmers. Med Sci Sports Exerc. 
1997;29(12):1637–45.


	Functional Overreaching in Endurance Athletes: A Necessity or Cause for Concern?
	Abstract
	1 Introduction
	2 Classification of Overreaching
	3 Consequences of Overreaching
	3.1 Cardiac Output
	3.2 Heart Rate Responses
	3.3 Heart Rate Variability
	3.4 Photoplethysmography
	3.5 Resting Metabolic Rate
	3.6 Immunology and Illness
	3.7 Hormonal Changes
	3.8 Sleep
	3.9 Mood and Perceptual Responses
	3.10 Performance and Training Adaptations

	4 Preventing the Negative Consequences of Overreaching
	5 Limitations
	6 Conclusions
	References




