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ABSTRACT 

 

INVESTIGATING AUTONOMIC NERVOUS SYSTEM REGULATION AND 
CARDIOVASCULAR FUNCTION IN RESPONSE TO OVERREACHING IN 

ENDURANCE ATHLETES 
 
 
Alexandra M. Coates                                                                                       Advisor: 
University of Guelph, 2017                                                                             Dr. Jamie F. Burr 
 
 
 

The purpose of this research was to investigate alterations to cardiovascular and autonomic 

function, and to assess typical heart rate monitoring techniques, among overreached endurance athletes. 

Twenty-six triathletes and cyclists completed either a 3-week overload (OL:n=13), or 3-week regular 

training protocol (CON:n=13), with reduced loads pre-and-post training.  Overload athletes displayed 

reduced peak power, reduced maximal heart rate, and reduced mood states following training, indicative 

of overreaching. There were no changes to resting heart rate variability (HRV) or a novel measure of 

cardiac vagal tone (CVT). However, from an autonomic perspective, OL athletes demonstrated increased 

heart rate recovery post exercise, as well as increased muscle sympathetic nerve activity in a subgroup at 

rest. From a cardiovascular perspective, OL athletes had increased arterial stiffness, which was associated 

with decreased cardiac output during exercise. Altogether these results demonstrate significant 

cardiovascular and autonomic dysregulation with overreaching, that is not reflected with standard HRV 

monitoring.
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Chapter 1 

Literature Review 

1.1 Overtraining and Overreaching 

 1.1.1 The Overtraining Spectrum 

Endurance athletes will often go through periods of increased training volume and intensity in an 

effort to improve performance (1–3). These training blocks are typically planned, and often lead to 

“super-compensation” and a net increase in performance when appropriate recovery periods are also 

implemented. However, it is not uncommon for athletes to experience periods of under-performance, 

termed overreaching (1). Functional overreaching (FOR) is defined as a decrease in performance lasting 

days to weeks, which will lead to super-compensation following recovery (1–3). This is a common 

occurrence during training camps, in which short-term (1- 4 week) large increases in volume and intensity 

are programmed with the aim of accelerated performance gains (4). Non-functional overreaching (NFOR) 

is thought to occur when athletes train through FOR, leading to a stagnation or decrease in performance 

that lasts for weeks to months (1–3). Overtraining Syndrome (OTS) is thought to occur at the far end of 

the “overtraining spectrum”, and is caused by not only overtraining and under-recovery, but also other 

external stressors (1). OTS, also termed Unexplained Underperformance Syndrome (UUPS), is the 

prolonged maladaptation of several biological, neurochemical, and hormonal regulation mechanisms, of 

which the athlete will require months to years to recover (1,5,6).  

While FOR is often seen as a necessary component to an endurance athlete’s training program, 

recent research suggests that FOR may in fact be detrimental when compared to acute fatigue that does 

not result in decreased performance (3). Aubry et al. (3) demonstrated that of the athletes subjected to the 

same overload program whom had decreased performance (FOR), 70% developed an illness compared to 

only 20% of the athletes who were acutely fatigued. Furthermore, following a recovery period, the FOR 

athletes had only moderate performance super-compensations compared to the acutely fatigued group, 



 

 

2 

who saw large to very large improvements (3). This research was the first to suggest that FOR may not, in 

fact, be functional. A similar study from the same research group demonstrated that FOR athletes have 

more disturbed sleep compared to acutely fatigued or control athletes, with concomitant increases in 

upper respiratory tract infections (7). While some overload is always required for performance gains (8), 

these findings suggest that athletes may do better to avoid FOR and the physiological disturbances that 

lead to decrements in performance. Furthermore, the development of accessible monitoring tools that can 

distinguish acute fatigue from FOR are important areas of future research for this field.  

1.1.2 Signs and Diagnosis of Functional Overreaching 

In the past, overtraining has typically been broken down into two forms considering signs and 

symptoms: a sympathetic and a parasympathetic form (9). The sympathetic form of overreaching was said 

to include symptoms such as fatigue, sleeplessness, irritability, lack of appetite, weight loss, increased 

resting heart rate (HR), slightly increased body temperature, and faster than normal breathing rate during 

exercise (5,9). The parasympathetic form was similarly characterized by fatigue, but with normal to 

increased sleep quality, decreased resting heart rate, and poor cognitive function and coordination (5,9). 

While the sympathetic form may be more in line with acute fatigue or possibly FOR, and the 

parasympathetic form may be more typical of NFOR or OTS (1), this differentiation has received little to 

no support in recent literature (4). What this determination did elucidate, however, is the consensus that 

overreaching/overtraining is likely accompanied by autonomic nervous system disturbances above that 

seen during regular training. 

Currently, there are a number of signs of FOR in addition to a decrease in performance that are 

agreed upon; namely, disturbed mood states (3,10), decreased HR at any given intensity of exercise 

including maximal heart rate (HRmax) (2,11), increased heart rate recovery (HRrec) (rate of decline in 

heart rate following exercise) (11,12), and a right shift in the lactate curve (2,11–13). Using a multivariate 

approach, Le Meur et al. determined that 89.5% of the FOR state could be explained by decreased 

exercising heart rate and lactate (2).  
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 Other signs of FOR have been observed with less unanimity. Decreased nocturnal catecholamine 

excretion has been associated with overtraining, and may be interpreted as lowered intrinsic sympathetic 

activity (14,15).  Lehmann et al. saw a decrease in nocturnal catecholamine excretion (47-53%), a 

decrease in resting cortisol and aldosterone levels, and an increase in exercising plasma catecholamine 

response following three weeks of increased volume training, and reduced performance in runners (14). 

No changes were observed to insulin, C-peptide, free testosterone, somatotropic hormone, follicle 

stimulating hormone, tro-iodothyronine or thryoxine in either the FOR or acutely fatigued groups (14). 

Similarly, following 4-weeks of increased training and FOR in swimmers, only decreased urinary 

excretion of norepinephrine distinguished FOR athletes from controls when looking at various 

hematological and immunological responses (plasma norepinephrine, cortisol, testosterone, peripheral 

leukocytes counts, neutrophil/lymphocyte ratio, CD4/CD8 cell ratio, serum ferritin and blood 

hemoglobin, erythrocyte number, hematocrit and mean red cell volume) (15). In contrast, other studies 

have reported decreased exercising, but not resting, catecholamine concentrations suggestive of a 

peripheral/adrenal insufficiency (11,16–18). Uusitalo et al. saw no change in nocturnal urine 

catecholamine concentrations in overtrained females, but did see reductions in plasma norepinephrine at 

submaximal exercise, and decreased epinephrine and cortisol during maximal exercise (17). More 

recently, Le Meur et al. also saw decreased plasma epinephrine but not norepinephrine during 80-100% 

peak power output exercise with FOR, but not at rest, and suggested that this was due to an adrenal 

insufficiency (16). This group did not assess adrencorticotropic hormone (ACTH) and therefore were 

unable to conclude if the decreased adrenal response was due to reduced pituitary secretion of ACTH 

(16).  

 Finally, psychological, sleep, and cognitive impairments may be some of the earliest signs of 

fatigue in athletes (1,19). Using the Profile of Mood State Questionnaire (POMS), there is a steady 

decline in mood states with increased training loads (10). Decreased mood states are generally required 

for a diagnosis of FOR (1), however, it may be difficult to distinguish FOR from acute fatigue using only 

mood state questionnaires (4).  
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 In summary, decreased performance, increased negative mood states, decreased HR during 

exercise, lactic acid production during exercise, and increased HRrec remain the consistent signs used in 

the diagnosis of FOR (2,11). A standardized warm-up with measurement of HR at exercise completion, 

and HRrec after 60 seconds of rest (11,12,20), as well as self-reported measures of well-being (21), may 

be the best daily monitoring tools for coaches and physiologists to assess FOR status thus far. 

Hematological, immunological, and hormonal responses are inconsistent in the literature, and may depend 

on the type of sport or training protocols (duration/intensity and length of the overload intervention) used. 

It is likely that there is a decline in catecholamine synthesis or secretion with FOR, which may only be 

expressed during intense exercise, but whether this is due to a decrease in central sympathetic activation, 

or adrenal function (reduced synthesis of cortisol/epinephrine or reduced adrenal responsiveness) (16), is 

not established.  
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1.2 Physiology Of Functional Overreaching – Autonomic Nervous System 

Perspective 

1.2.1 Autonomic Regulation  

 The sympathetic and parasympathetic nervous systems constitute the autonomic nervous system, 

which continuously acts to maintain homeostasis within the body (22,23). The autonomic nervous system 

performs a myriad of essential functions including regulating arterial pressure and blood flow, core 

temperature (22), respiration rate, and other visceral functions (22). While both parasympathetic and 

sympathetic arms are active at rest and during exercise, parasympathetic activity dominates at rest, while 

the sympathetic nervous system predominates during exercise and increases heart rate, stroke volume, and 

vasoconstriction (23).  

Parasympathetic, or vagal, regulation of the heart takes place primarily at the sinoatrial node via 

acetylcholine release (23,24), and at rest, vagal modulations predominate in order to lower the intrinsic 

spontaneous depolarization of the sinoatrial node (25). Sympathetic release of norepinephrine at the 

sinoatrial node can increase heart rate above the intrinsic rate during stressful stimuli or exercise (23). 

Heart rate and blood pressure vary with respiration and with alterations in autonomic activity via 

baroreceptors, exercise-pressor reflexes from mechano and metabo-receptors in the muscles, 

chemoreflexes during hypoxaemia and hypercapnia (26), and central command (23).  

 In diseased states such as with heart failure, myocardial infarction, and even low levels of fitness, 

sympathetic dominance occurs at the heart (27,28). This lack of dynamic flexibility between the two arms 

of the nervous system reduces the ability of the body to respond to stimuli, and can lead to exhaustion of 

various systems including the hypothalamic-pituitary-adrenal system (27,29). Further, the importance of 

cardiac vagal activity is well documented, with vagal activity acting to prevent ventricular arrhythmias, as 

well as preventing sympathetic-dominant conditions such as chronic noradrenaline exposure which can 

have cytotoxic and hypertrophic effects (28).  
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 The following section will evaluate current methods for assessing autonomic regulation, and how 

they are affected by endurance training and overtraining.  

1.2.2 Assessment of Autonomic Regulation with Fitness and Overtraining 

1.2.2.1 Heart Rate Variability 

 Heart rate variability (HRV) is the most common method of assessing cardiac autonomic 

regulation (28), and relies primarily on the magnitude of time alterations between heart beat intervals 

(28). HRV can be assessed in both time and frequency domains. Time domains, such as the standard 

deviation of normal R to R intervals (SDNN), and the root mean square of successive differences 

(RMSSD), represent primarily vagal activity (30). Frequency domains attempt to discern between both 

sympathetic and parasympathetic contributions through frequency of oscillations between consecutive 

instantaneous heart beats (24,31,32). High Frequency (HF) oscillations in the 0.15-0.45 Hz range, 

measured either as absolute power or normalized units relative to total power, are representative of the 

degree of parasympathetic modulations to the heart (24,31). Low frequency (LF) oscillations in the 0.04-

0.15 Hz, while often being interpreted as the sympathetic modulations of HR, are likely more 

representative both parasympathetic and sympathetic modulations (30,33). Breathing rate influences HRV 

indices such that low breathing rates may cause HF and LF spectrums to overlap, limiting their 

interpretations (23); however, the use of controlled breathing rates to standardize HRV measures brings 

its own set of complications. Controlled-breathing requires cortical processes to override the intrinsic 

modulation, likely influencing the sympatho-vagal balance, and also eliminates the bi-directional nature 

of breathing rate and heart rate (34). Finally, a further misconception with the use of HRV is the 

assumption that vagal indices of HRV will always increase variability and hence HRV indices; however, 

very high levels of parasympathetic activity will reduce beat-to-beat modulations, resulting in reduced 

HRV indices (35). This can occur in elite athletes who may have vagal dominance resulting in 

acetylcholine receptor saturation, and sustained vagal control of the sinus node (35).  

Regular exercise training increases tonic vagal activity and improves HRV, with athletes typically 

having increased HRV compared to sedentary subjects (31); however, there are considerable inter-
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individual differences in HRV indices with people who have the same levels of fitness (28). Further, 

endurance-training interventions do not always result in improved HRV in healthy subjects (23,36) which 

could be due to a ceiling-effect of autonomic balance in already healthy individuals (23,36), from the 

methodological issues of using HRV (32,37), or due to the non-neural contributions of HRV including 

changes to intrinsic heart rate (24) and cardiac remodeling (38).  

Autonomic regulation with overtraining and FOR has been primarily assessed through HRV, with 

inconclusive results regarding whether FOR increases vagal modulations (20,39,40), increases 

sympathetic activity (13,41), or causes no change to cardiac autonomic regulation (42,43). In support of 

increased vagal modulation with FOR, Hedelin et al. reported increased HF and total power in supine 

positions with an overtrained cross-country skier (44), Hynynen et al. saw increased supine total power 

and HF power in athletes suspected of having NFOR or OTS (40), and Le Meur et al. overtrained 

triathletes for 3 weeks and observed a progressive increase in lnHF and LnRMSSD using weekly 

averages in both supine and standing positions (20). In support of increased sympathetic activity, or 

reduced parasympathetic activity, Flatt et al. reported a reduction and greater daily fluctuations in seated 

lnRMSSD following 2 weeks of overload training in swimmers (13), and Dupuy et al. saw a decrease in 

HFnu during slow-wave-sleep following 2-weeks of overload training in mixed-endurance athletes (41). 

Finally, no changes to HRV were demonstrated in elite canoeists subjected to a single-week overload 

program (42), or following 2-weeks of overload training in endurance athletes (43). It is apparent that the 

variety of overtraining protocols and HRV measurement techniques (37), as well as the previously 

mentioned issues with interpretation, have resulted in a lack of conclusions regarding a resting autonomic 

profile of FOR. 

1.2.2.2 Cardiac Vagal Tone  

 New technologies have recently emerged with the aim of quantifying parasympathetic activity in 

order to mitigate some of the measurement and reproducibility issues of HRV, including changes to heart 

rate and breathing frequency, and to provide an index that can be compared across individuals (45). The 

Neuroscope and ProCVT (ProCVT)/Neurozoid, London, UK) are two such technologies, which quantify 
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baroreflex-driven phase shifts between consecutive heartbeats into a linear cardiac vagal tone (CVT) 

index (25,45). The index is given in arbitrary units, whereby zero is equivalent to full atropinisation of 

human subjects (45). A single study has demonstrated that subjects who participated in more physical 

activity had higher levels of CVT than those who exercises less, using Neuroscope technology (46). 

While this technology may be beneficial for assessing the autonomic response to FOR, it has not yet been 

used in this context.  

1.2.2.3 Baroreflex Sensitivity 

Arterial baroreceptors are mechanoreceptors located in the carotid sinus and in the aortic arch 

which respond to stretch, sending afferent signals to the brainstem to modulate parasympathetic and 

sympathetic activity, thereby continuously adjusting heart rate and total vascular conductance in a purely 

reflexive manner (47). Cardiopulmonary baroreceptors similarly respond to stretch in the heart, great 

veins and blood vessels of the lungs, with increased central pressure leading to elevated vagal firing and 

decreased sympathetic vasoconstrictor activity, and decreased pressure leading to increased sympathetic 

vasoconstriction (48). Arterial and cardiopulmonary baroreflexes are therefore essential in maintaining 

blood pressure homeostasis (49). Cardiac BRS is defined as the change in interbeat interval in 

milliseconds per unit change in systolic blood pressure, and is the standard measure of spontaneous 

baroreflex gain (50). Sympathetic BRS is generally quantified by plotting muscle sympathetic nerve 

activity (MSNA) with a weighted linear regression line against diastolic blood pressure, with a regression 

line of ≥ 0.5 indicative of sympathetic baroreflex gain (51,52).  

Changes to BRS with training and fitness have been investigated a number of times, with greater 

fitness generally amounting to greater BRS (28,53,54), although decreased BRS or unchanged BRS with 

increased fitness have also been reported (55). As arterial baroreceptors are located in the walls of the 

carotid sinus, and aortic arch, lower compliance of these arteries may reduce the responsiveness of the 

receptors to pressure changes (47).  Buch et al. suggest that the lack of consistency with BRS and training 

in the literature may be due to the limited research and methodological limitations when cardiac vagal 

tone is high, as with endurance athletes (28).  
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Baroreflex sensitivity and overtraining has rarely been investigated. Iellamo et al. studied an 

Italian junior national rowing team over three months of intensified training and found that in the final 

block of training at maximal load, the athletes had a decrease in HF power of HRV, increase in LF power, 

and markedly decreased cardiac BRS (56). It is unknown if the athletes in this study were displaying 

symptoms of FOR during their maximal load training block. Following a 2-week training camp which 

resulted in slightly decreased performance, Baumert et al. demonstrated endurance athletes had decreased 

cardiac BRS yet maintained blood pressure variability, and had no changes to spectral HRV (57). 

Uusitalo et al. examined BRS and other cardiovascular parameters in female endurance athletes over a 9-

week intensified training block. In those athletes who they identified as being overtrained they found no 

changes to BRS(55). Both Baumert et al. and Uusitalo et al. had inconsistencies in their methods, with a 

lack of control group and no performance criteria for overreaching respectively.  

1.2.2.4 Muscle Sympathetic Nerve Activity 

Microneurography is a technique whereby a tungsten microelectrode is inserted percutaneously 

into an accessible peripheral nerve to record sympathetic outflow (in the form of sympathetic bursts) to 

the muscles and to the skin (22). MSNA is typically measured in bursts per minute (burst frequency) or 

bursts per 100 heart beats (burst incidence). The total neural activity is the sum of burst amplitudes in 1 

minute, however burst amplitude and area are determined by the number of discharging sympathetic 

fibers, and the location of the electrode towards the active efferent fibers, making total neural activity an 

inadequate measure of between visit-assessments, or between subjects (22,58). The benefits of using 

MSNA versus other indirect measures of sympathetic activity (including urine or plasma norepinephrine 

concentrations, or norepinephrine spillover techniques) are not only the direct measurement of central 

sympathetic outflow directed towards skeletal muscle vasulature, but also ability to assess real-time 

responses and sensitivity to perturbations (59). The detriments of MSNA use are that microneurography 

assesses sympathetic activity in skeletal muscle efferents, which does not always reflect cardiac 

sympathetic nerve firing or whole body sympathetic tone (54,60).  
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Resting MSNA tends to remain stable in a given individual across time, more so in men than 

women, and has a genetic component (22,54,58). Obese individuals have increased resting levels of 

MSNA, as do heart failure patients, patients with obstructive sleep apnea, hypertension, and chronic 

obstructive pulmonary disease (22,58). Age and sex are consistently predictive of resting MSNA levels, 

with lower levels seen in young healthy adults versus older adults, and with higher levels seen in men 

than women (58). In men, resting MSNA is a good indicator of the net vasoconstrictor tone and is 

correlated with pulse wave velocity (61), total arterial norepinephrine spillover, cardiac and renal 

norepinephrine spillover, and arterial plasma norepinephrine (62). Conversely, Hart et al. found no 

relationship between MSNA and vasoconstrictor tone in women (62). In men and post-menopausal 

women there is a positive correlation between MSNA and aortic blood pressure and arterial stiffness, with 

sympathetic activity having a lesser influence on aortic hemodynamics in young women (63). These 

discrepancies between men and women are thought to be due to less autonomic support of blood pressure 

with decreased α-adrenergic vascular responsiveness in women compared to men, which is possibly due 

to the vasodilator effects of estrogen (62). Further research is necessary to understand the mechanisms 

behind these discrepancies (62).  

To date there has been relatively little research on endurance training, and no research with 

overtraining, on MSNA in healthy populations. Endurance training among cardiac patients consistently 

leads to decreased sympathetic activity, increased vagal tone, and increased BRS (53,54,56,64). Sedentary 

subjects are demonstrated to have attenuated blood pressure and MSNA, with potentiated BRS, following 

10-weeks of endurance training (65). In contrast, a study looking at the effects of 8-weeks of cycling in 

untrained individuals found no changes in MSNA despite clear increases to cardiovascular fitness (66). 

Endurance trained athletes typically have increased vagal activity (28), and counter-intuitively, may have 

increased MSNA (67). This increase in MSNA is coupled with decreased blood pressure likely due to 

increased endothelium-dependent vasodilation and arterial compliance (67). Further, Notarius et al. 

demonstrated that during lower body negative pressure, MSNA and forearm vascular resistance increased 

in both sedentary and fit men as expected, yet in fit men there was no correlation between the MSNA and 
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forearm vascular resistance. The authors suggest that fitness uncouples the vasoconstrictor response to 

reflex-stimulated vasoconstriction, possibly due to enhanced nitric oxide bioavailability, arterial 

compliance, and endothelium-dependent vasodilation (67).  

During exercise, heart rate, cardiac output, peripheral vasoconstriction and blood pressure are 

increased (68,69). These responses are stimulated by central mechanisms (central command), and group 

III and IV afferent fibers in the muscles, responsive to metabolite build up and mechanical stimulation 

(68). At the beginning of static exercise, BRS is reset to allow for increased blood pressures, and MSNA 

is maintained. However, with increased metabolite build up over the span of the contraction, MSNA is 

augmented (69). The exercise pressor reflex may be exaggerated in people with cardiovascular disease 

and hypertension, independent of BRS and central command, and contributes to excessive cardiac loads 

and exercise intolerance in this population (70,71). While exercise training improves the cardiovascular 

response to exercise in clinical populations (72,73), in healthy populations it is unknown if excessive 

exercise in the form of overtraining can alter the sympathetic response to exercise.  

1.2.2.5 Heart Rate Recovery 

 Upon the completion of exercise, heart rate begins to return toward baseline due to primarily 

parasympathetic reactivation, and can be used to assess cardiovascular-parasympathetic influence (74). 

Heart rate recovery is assessed in a number of ways, but most commonly as the difference in maximal 

exercising heart rate from heart rate one minute post exercise during quiet rest (74). A delayed decrease in 

HRrec 1-min post exercise is an independent predictor of all cause mortality (75).  While the first 30sec 

of HRrec is almost exclusively driven by parasympathetic reactivation, as determined by autonomic 

blockades (76), this may not be the case following supra-maximal exercise whereby anaerobic 

contributions to exercise may contribute to persistent elevation in local metabolites and catecholamines 

(77).  

 With increased fitness and cardiovascular health, HRrec is improved such that HR returns 

towards baseline at a faster rate (76,78,79). Counter intuitively, HRrec appears to also be increased with 

FOR and overtraining (11,12,41,80). This is generally attributed to a reduced muscle chemoreflex post-



 

 

12 

exercise, because of concomitantly reduced lactate concentrations seen with FOR, or due to increased 

parasympathetic tone (11). 

1.2.3 Autonomic Nervous System Perspective Summary 

 The autonomic response to overtraining and FOR has been assessed repeatedly with indirect 

measures including HRV (13,35,39,42), and to a much lesser degree, BRS (55,57). Decreased HRmax 

and increased HRrec with FOR are suggestive of decreased sympathetic activation, or increased 

parasympathetic tone or speed of reactivation (11,20); however, studies with HRV and BRS are 

conflicting, likely due to the methodological issues surrounding heart-rate based measures (37). 

Currently, an autonomic profile of FOR does not exist. In order to understand the autonomic response to 

FOR, future research using MSNA as a direct measure of sympathetic activity with overtraining is 

required.  
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1.3 Physiology Of Functional Overreaching – Cardiovascular System 

Perspective 

 Overtraining and FOR are characterized by changes to cardiac response during exercise, either 

through decreased exercising heart rate (1,2,42) or as seen more recently, decreased cardiac output and 

stroke volume, without the presence of plasma volume alterations (16). However, the mechanisms behind 

the decreased cardiac function during exercise are not fully understood (16), and to date cardiac function 

and FOR has not been assessed with echocardiography or other imaging techniques.  

As mentioned previously, these cardiac alterations could be driven by neurally-mediated factors 

as evidenced by decreased exercising plasma catecholamine concentrations (16,17), and alterations to 

HRV (20,44), BRS (57)  and HRrec (11,12).  

1.3.1 Alterations to Cardiovascular Function from Exercise and Overtraining 

1.3.1.1 Exercise Induced Cardiac Fatigue 

While it has yet to be investigated with respect to overtraining, exercise-induced cardiac fatigue 

(EICF) is another possible mechanism for the observed reduced chronotropic and ionotropic responses 

(16). EICF is described as “an immediate depression in ventricular systolic or diastolic function” 

following prolonged strenuous exercise (81). EICF has mainly been demonstrated following prolonged 

exercise races such as long-distance triathlon (82), and marathon or ultra-marathon (83–85) races. 

However, recent research demonstrated EICF in the right ventricle following only an hour of high 

intensity cycling (86), and following 45 minutes of cycle interval training (87). This raises the question of 

whether or not FOR, characterized by decreased cardiac function, is simply persistent EICF (16).  

Mechanisms behind EICF are not entirely understood. Down-regulation or desensitization of β-

adrenergic receptors at the sinus node due to prolonged catecholamine exposure from high training loads 

is one possible mechanism (88). Hart et al. demonstrated that following 4-hours of rowing, trained males 

had reduced left ventricular systolic function with unchanged cardiac output, indicative of mild exercise 

induced cardiac fatigue (89). The athletes then underwent a vagal blockade (with glycopyrrolate), and 
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were found to have a reduced HR response and reduced pressure/volume ratio with isoproterenol 

infusion, suggestive of desensitization of β-adrenergic receptors and not increased parasympathetic tone 

(88). High levels of creatine kinase and cardiac troponin-T present with EICF suggest that the reduced 

function may be due to cardiomyocyte damage from transient exercising ischemia (86,89); although, 

reduced ventricular function has been reported in the absence of markers of myocardial necrosis (90), and 

it is unknown whether this observed increase in myocardial biomarkers relates to injury or adaptation 

(84,86,91). Finally, arterial-ventricular coupling and EICF in healthy populations is relatively un-

explored, with only Cote et al. demonstrating that increased baseline arterial stiffness was associated with 

increased EICF following high-intensity acute exercise (87); however, the association between vascular 

stiffness and heart failure is well established (92,93).  

1.3.1.2 Arterial Stiffness  

Changes to vascular structure and function have been observed with prolonged endurance 

exercise or strenuous training (94,95) in similar fashion to EICF. Stiffened arteries interrupt the 

Windkessel effect of arteries, which is the conversion of pulsatile flow to steady flow at the capillaries 

from compliant arteries that can expand and then recoil under pressure (96). The aorta provides the 

predominant cushioning reservoir for blood flow, followed by the large arteries which modify the wave 

propagation through smooth muscle tone regulation (97). Stiffened arteries require a greater amount of 

force to accommodate the blood ejected from the heart, eventually leading to left ventricular hypertrophy. 

Additionally, stiffened arteries reposition the arrival of the reflected pulse wave (96). In compliant or 

healthy arteries, the reflected pulse wave will return during diastole, however with stiffness the reflected 

waves return closer to systole, which increases systolic pressure, placing a further load on the heart (96). 

As such, increased arterial stiffness is largely seen as detrimental to long-term cardiovascular health, 

however whether transient increases in stiffness can benefit performance due to increased perfusion 

pressure at the periphery remains unknown.  

Pulse wave velocity (PWV) is the speed of pressure pulse transmission between two selected 

points on the arterial tree. Aortic (carotid-femoral) PWV is considered the gold standard for the 
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evaluation of vascular stiffness (97,98). An increased PWV occurs when there is less distensibility of the 

aorta and arteries, and hence increased stiffness (96,98). Every 1 m/s increase in PWV is associated with a 

12-14% increases in risk of cardiovascular events, and a 13-15% increase in risk of CVD mortality 

(93,99). 

Although endurance training usually improves cardiovascular function and arterial compliance 

(99), a few studies have demonstrated that high loads of endurance exercise, such as long term 

marathon/ultra-marathon training, may increase arterial stiffness (94,95). Burr et al. noted substantial 

post-race arterial stiffening in ultra-marathon races over 24 hours long and on difficult terrain, possibly 

due to exercise-induced muscle damage and inflammation (100). As inflammation requires 24-48 hours to 

manifest, the prolonged nature of the race allowed for post-race testing to be within the time frame of 

inflammatory expression (100). Vlachopoulos et al. determined that marathon runners have increased 

chronic arterial stiffness and that years of exercise were associated with increased aortic pulse pressure 

(95), and that mean pressure and intensity of exercise were independent determinants of PWV (95). Burr 

et al. also found that those who ran more per training session had increased stiffness compared to other 

ultra-marathon runners (94). Cross-sectional data has demonstrated that long-term resistance training 

increases central and peripheral arterial stiffness compared to sedentary subjects (101,102), and eccentric 

training may result in arterial stiffening that is associated with muscle damage and inflammation (103). 

Furthermore, Tomoto et al. saw increased arterial stiffness in highly trained collegiate endurance runners 

following a 1-week high-intensity training camp (104), in which athletes did not display signs of FOR 

(104).  To date, there is no literature investigating arterial stiffness with FOR or overtraining.  

 The mechanisms behind increased arterial stiffness with prolonged or intense endurance exercise 

are currently undetermined. Possible explanations include increased systemic inflammation which may 

increase stiffness (98,105), remodelling of the arteries due to chronic augmented pulse pressures (97), 

and/or increased sympathetic vasoconstrictor tone (104). In support of an inflammatory-model of 

increased stiffness, Vlachopoulos et al. demonstrated a cause-and-effect relationship of systemic 

inflammation and arterial stiffening via experimentally induced inflammation (using a Salmonella typhi 
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vaccine), and saw that this response was mitigated by aspirin pre-treatment (105). This model was 

strengthened as Burr et al. used a downhill running protocol to increase eccentrically derived 

inflammation, and saw an increase in arterial stiffness (103). Chronically, oxidative stress and 

inflammation may also increase stiffness as fragmentation of elastin, deposition of collagen, and smooth 

muscle proliferation can be the result of continuous exposure to free radicals and inflammatory cytokines 

(99).  

 Following exercise there is increased sympathetic activity, which may cause increased vasomotor 

tone, and which persists longer with increased exercise intensity (106). However, following endurance 

exercise, peripheral PWV (or distensibility of vasculature of the exercising limb) is typically reduced due 

to metabolite induced vasodilation (107,108). Importantly, peripheral vasodilation, along with post-

exercise hypotension and reductions in plasma volume (109) lead to post-exercise reductions in blood 

pressure, which can mask changes to arterial stiffness (110). In contrast to endurance exercise, 

Rakobowchuck et al. demonstrated that both single and multiple Wingate anaerobic sprint tests elicit 

increased central arterial stiffness (with concomitant decreases to peripheral stiffness of the exercising 

limbs), which lasted for 20 minutes post-exercise (107). This increase in central arterial stiffness 

following sprint exercise was thought to be due to lingering elevated circulating catecholamine levels, 

acute impairment of endothelial function, or simply due to increased mean arterial pressure (107).  

In favour of arterial remodelling with prolonged/chronic exercise, Vlachopoulos et al. and Burr et 

al. demonstrated that competitive marathon and ultra-marathon runners have increased basal arterial 

stiffness compared to healthy recreationally active controls (94,95). It was further suggested that this 

increase in arterial stiffness may be a contributing factor towards the higher prevalence of myocardial 

damage and consequently cardiac effects in normotensive runners (95). The repeated and excessive stress 

on the aorta and large arteries may cause elastic remodelling and increased collagen deposition, 

increasing stiffness as is typically seen with age (97) 
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1.3.1.3 Pulse Wave Analysis and Central Hemodynamics  

Central diastolic pressure is an important determinant of adequate myocardium perfusion, and 

hence cardiac function, during exercise. Adequate cardiac perfusion requires there to be sufficient 

duration and pressure during diastole to establish a pressure gradient (111). As mentioned above, should 

wave reflections occur earlier in the cardiac cycle due to arterial stiffness, augmented systolic pressures 

occur, which increases workload on the heart while simultaneously decreasing diastolic perfusion time 

(111). In a systematic review and meta-analysis, Vlachopoulous determined that central systolic blood 

pressure, pulse pressure, and augmentation index (AIx) (an index of wave reflection), are predictive of 

cardiovascular events in a range of populations (93).   

Aortic pulse wave analysis (PWA) can be measured with applanation tonometry in similar 

fashion to PWV, however it provides information on aortic blood pressure and aortic pressure waveforms 

rather than arterial stiffness (see figure 1.) (63). Competitive endurance training in young adults has been 

shown to reduce wave reflections and systolic loads when compared to recreationally active young adults 

(112). In an analysis of 97 male marathon runners, Pressler et al. determined runners had normal values 

for central blood pressure, intima-media thickness, AIx, and reactive hyperaemia index, with no 

associations to weekly or annual training distances, when compared to normative values (113). Knez et al. 

determined that ultra-marathon runners had similar central blood pressures, and AIx to matched controls, 

however they displayed a much greater sub-endocardial viability ratio (SEVR) (which is the ratio of 

diastolic to systolic pressure-time integrals, and hence a coronary artery perfusion), indicative of 

improved myocardial perfusion (114) despite greater ejection durations. Lastly, Vlachopolous et al. found 

that despite the baseline augmented PWV seen in marathon runners versus recreationally active controls, 

there was no difference in baseline AIx, or AIx corrected for heart rate (AIx@75). The marathon group 

did however have increased aortic and brachial blood pressures compared to the controls (95). In 

conclusion, endurance training, even chronically, appears to decrease central blood pressures and AIx, 

although due to small amounts of conflicting evidence (115), this requires further investigation.  
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Figure 1. Features of an aortic pressure wave. The first peak indicates the outgoing pressure wave. The 

second peak indicates the reflected pressure wave. The incisura indicates the closure of the aortic 

valve. The augmentation index is calculated as the augmentation pressure divided by the pulse 

pressure. Time to the incisura represents ejection duration (116).  

 

1.3.2 Cardiovascular Perspective Summary 

While arterial stiffness, central hemodynamics, and cardiac function have never been investigated 

in relation to FOR, there is evidence that prolonged or high intensity exercise can have potentially 

detrimental consequences on the structure and function of the heart and vasculature 

(88,94,95,98,100,117). Evidence of reduced cardiac output during exercise in overreached endurance 

athletes (16) suggests the possibility of cardiovascular impairments including increased arterial stiffness, 

and EICF. Further research into this area is paramount to understanding the acute and chronic 

cardiovascular effects of overtraining.   
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Chapter 2  

Significance and Purpose 

This research aimed to explicate some of the unanswered questions surrounding the mechanisms, 

the consequences, and the assessment of FOR from a cardiovascular and autonomic nervous system 

perspective. The first purpose was to determine whether same day measures of resting autonomic balance 

in the form of heart rate variability and a novel cardiac vagal tone measurement could be used in lieu of 

exercising measures such as reduced heart rate, and increased heart rate recovery with FOR (2,11), in 

order to provide accessible and valuable overtraining prevention metrics for coaches and athletes. The 

second purpose was to thoroughly investigate resting measures of autonomic regulation to assess whether 

there are indeed changes occurring either centrally or peripherally that could contribute to cardiovascular 

alterations demonstrated during exercise (13,16,20). The final purpose was to investigate whether there 

are alterations to arterial stiffness and central hemodynamics with overreaching, which could play a role 

in reduced cardiac output seen during exercise (16). This thesis project is broken into three separate 

manuscripts in order to properly address the aims of the research.  

It is hypothesized that changes to HRV and CVT will be associated with decreased HRrec in FOR 

athletes, demonstrating an alteration in autonomic tone at rest and during exercise. Further it is 

hypothesized that there will be an increase in vasoconstrictor sympathetic nerve activity which will be 

inversely related to decreased performance. Lastly, is hypothesized that there will be an increase in 

arterial stiffness, wave augmentation, and central pressures with FOR, that will be related to decreased 

cardiac output during exercise.  
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Chapter 3 

Study 1 

Investigating Measures of Autonomic Control for Diagnosing Functional 

Overreaching among Recreational Endurance Athletes 

 

Objectives:  

As this is the first manuscript of three, an objective of this chapter is to introduce the training protocols 

and common methodologies used in all three studies. The objectives of this particular study were to: 

1) Determine if resting measures of heart rate variability (HRV) and cardiac vagal tone (CVT) are 

predictive of autonomic alterations (HRrec) following exercise in FOR athletes, in order to 

determine their efficacy for day-to-day athlete monitoring. 

2) Determine whether a novel CVT measure is more predictive than traditional HRV in assessing 

autonomic alterations with functional overreaching. 

Hypotheses:  

Alterations to HRV or CVT will be associated with decreased HRrec in overreached athletes, and 

that changes to CVT will be associated with decreased HRrec to a greater degree than HRV.  

 

  



 

 

21 

Investigating Measures of Autonomic Control for Diagnosing Functional 

Overreaching among Recreational Endurance Athletes 

 

Alexandra M Coates1, Sarah Hammond1, Jamie F. Burr1 

 

 

 

Submission to Journal of Applied Physiology: Research Article 

 

 

 

Preferred Running title: Measures of Autonomic Control with Overreaching 

 

 

 

 

 

 

 

 

 

1The Human Performance and Health Research Laboratory, Human Health and Nutritional Sciences, 

University of Guelph, ON Canada 

Phone 519-824-4120 x 52591 

Email: burrj@uoguelph.ca



 

 

22 

3.1 Abstract 

It has been demonstrated that post-exercise heart rate decreases at a faster rate (Heart Rate 

Recovery/HRrec) in functionally overreached (FOR) athletes. This may be due to increased 

parasympathetic activity, or a faster withdrawal of sympathetic drive following exercise. The purpose of 

this research was to determine if changes to resting heart rate variability (HRV) and cardiac vagal tone 

(CVT) were associated with changes in HRrec in FOR athletes, in order to determine if resting measures 

of autonomic control can be used to predict decreased performance. A secondary purpose was to compare 

the predictive ability of CVT with the more common measure of HRV.  Twenty-six age, sex, and 

VO2max-matched triathletes/cyclists assigned to experimental/control conditions underwent a 5-week 

training protocol consisting of: 1-week of reduced training, 3-weeks of overload (OL) or regular training 

(CON), and 1 final week of recovery. Testing occurred following the reduced training week (T1), post-3 

weeks of training (T2), and following the final recovery week (T3). Measures of resting HRV/CVT were 

collected each time, followed by a maximal incremental exercise test with HRrec taken 60s post-exercise. 

HRrec was increased from T1 to T2 in the OL group vs CON (9.9±8.9bpm vs 2.3±5.25bpm, p=0.01). 

HRV and CVT did not change T1-T3 in either group. Changes in HRV did not correlate with changes in 

HRrec, while CVT and HRV measurements of parasympathetic modulation were highly correlated 

(r=0.83-0.96). Neither resting CVT nor HRV predicted changes in HRrec in FOR athletes, indicating 

insufficiency of same-day resting measures for quantifying autonomic changes during FOR.  

KEY WORDS: OVERTRAINING, HEART RATE VARIABILITY, HEART RATE RECOVERY, 

CARDIAC VAGAL TONE, ENDURANCE ATHLETES   
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3.2 New and Noteworthy 

 Functional Overreaching is often characterized by changes to cardiac autonomic regulation, both 

at rest and during exercise. This investigation indicates that while significant alterations to autonomic 

regulation are present during and following exercise with functional overreaching, same-day resting 

measures of heart rate variability and cardiac vagal tone are unchanged. This suggests resting measures 

may be insufficient for predicting performance outcomes with overreaching, thereby lowering their 

practicality in monitoring and/or preventing overtraining.  

3.3 Introduction 

Endurance sport is often characterized by periods of intensified training, which may lead to 

transient periods of overtraining and subsequent reductions in performance (1–3,13). This overtraining 

may be broken down into functional overreaching (FOR), which is defined as a decrease in performance 

lasting days to weeks, and which may lead to a net increase in performance following recovery (termed 

super-compensation), and non-functional overreaching (NFOR) which results from inadequate recovery 

and leads to a stagnation or decrease in performance lasting weeks to months (1,2,11,118). While periods 

of intensified training are an inevitable aspect of training for high performance sport, it is currently 

contested whether any form of overreaching is in fact beneficial for performance. Aubry et al. recently 

demonstrated that athletes who underwent a three-week overload protocol and did not have decreased 

performance upon completion had a larger super-compensation effect and had a lower incidence of illness 

following recovery compared to their FOR teammates (3). With this in mind and with the equivocal 

nature of FOR, it is imperative that athletes are monitored throughout particularly difficult periods of 

training or throughout racing seasons in order for super-compensation to occur, and to prevent loss of 

training due to unnecessary illness or injury (2,3,13,43).  

 While FOR and NFOR are both difficult to diagnose without performance tests at weekly 

intervals, recent literature suggests that overreaching may be characterized by changes to autonomic 

nervous system control, with a propensity toward parasympathetic hyperactivity or decreased sympathetic 

drive (2,11,20,44). Decreased heart rate and decreased lactate production at a given exercise intensity are 
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commonly used criteria for assessing overreaching, and suggest an autonomic disturbance from central 

and/or peripherally-mediated factors (2,11). Furthermore, recent research has demonstrated that post-

exercise heart rate recovers at a faster rate in FOR athletes compared to normally training or acutely 

fatigued controls (11,12,41,80,119). Heart rate recovery (HRrec) is often defined as the difference in heart 

rate from exercise completion to sixty seconds post exercise, and reflects reactivation of parasympathetic 

activity to the sinus node, and to a lesser extent, sympathetic cardiac withdrawal (11,41). Le Meur et al. 

demonstrated that increased HRrec in FOR athletes is evident following submaximal intensities as well as 

at maximal intensities, with a preceding exercise load of 60-65% of maximal aerobic speed providing the 

largest change in HRrec across individuals (12). This increase in HRrec in FOR athletes strengthens the 

hypothesis that FOR is characterized by parasympathetic hyperactivity during/following exercise. A 

decreased HR and increased HRrec at a given exercise intensity, or following a standardized warm-up, 

may thus provide valuable feedback for monitoring fatigue status in endurance athletes. 

 Heart rate variability (HRV) is a common monitoring tool for assessing fatigue and recovery 

status at rest among athletes, and is becoming increasingly accessible with emerging heart-rate 

technologies (120). Through analysis of the variation between beat-to-beat intervals, HRV can be used to 

evaluate the relative contributions of the sympathetic and parasympathetic arms of cardiac autonomic 

control (13,41). While HRV is used extensively in overtraining and fatigue research, a HRV profile of 

FOR in endurance athletes remains elusive. Dupuy et al. (41) and Flatt et al. (13) reported decreased 

parasympathetic modulation following two-weeks of overload training. In contrast, Le Meur et al. (20) 

described a progressive increase in parasympathetic modulation of HR using weekly averages following a 

3-week overtraining protocol. 

Clinical technologies including the NeuroScope and ProCVT purport to measure purely 

parasympathetic modulation, termed cardiac vagal tone (CVT), through beat-to-beat pulse-synchronized 

phase shifts in consecutive cardiac cycles (45). Importantly CVT measurements evaluate vagal tone 

independent of breathing frequency (45,121,122). While patented CVT technologies are more accurate 
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than HRV in quantifying vagal activity (25), and may be valuable in assessing fatigue or FOR/NFOR in 

athletes, this has not yet been reported in an overreaching context.  

 Although it seems logical that autonomic balance at rest may predict autonomic response during 

exercise, Esco et al. reported no relationship between resting HRV and post-exercise HRrec in 66 college-

aged men (74). This is in line with findings that HRV and HRrec are not correlated in middle-aged 

healthy individuals, nor are they predictive of aerobic endurance when subjects are matched for VO2max 

(123). In contrast, Danieli et al. reported that HRrec and HRV could be used to discriminate endurance-

trained athletes from sedentary controls, and that HRrec was correlated with some HRV parameters of 

parasympathetic modulation (HFnu, HF, and RMSSD) (124). While changes in autonomic control, or 

parasympathetic hyperactivity, have been reported both at rest (HRV) and during/following exercise 

(HRrec) in FOR athletes, the changes have rarely been investigated simultaneously with same day 

measurements. Therefore, the purpose of this research was to determine if changes to resting HRV and 

CVT were associated with changes in HRrec in FOR endurance athletes, compared to normally training 

matched controls, in order to determine if resting measures of autonomic control can be used to predict 

exercise performance. A secondary purpose was to compare the predictive ability of CVT, in the form of 

ProBiometrics(ProCVT)/Neurozoid technology, with traditional HRV measures in the assessment of 

fatigue and FOR.  

3.4 Methods 

A block-randomized, matched-control experimental design was employed to evaluate changes in 

autonomic control following FOR. All participants provided written informed consent in accordance with 

the declaration of Helsinki, and this study was approved by the University of Guelph Research Ethics 

Board.   

3.4.1 Subjects 

 Endurance athletes, aged 23-50, were recruited from local triathlon and cycling clubs. Inclusion 

criteria stipulated that subjects be healthy and free from injuries, familiar with cycle pacing, and currently 

following an endurance training program. Subjects completed a PAR-Q+ questionnaire to ensure 
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readiness for physical activity (125), and provided written informed consent. Initially, 17 subjects were 

assigned to the overload (OL) condition, with 16 age, gender, and VO2max matched controls (CON).  

3.4.2 Experimental design 

The experimental protocol is illustrated in Figure 2.1, and was modeled after a three week 

overreaching protocol first described by Le Meur et al (16).  All subjects were assigned Polar A300 

watches, HR straps, and associated online accounts (Polar Electro Oy, Kempele, Finland) to track 

workout duration and intensity for the 5-week duration of the study.  At onset, all athletes undertook a 

week of reduced training in which training volume was decreased by ~50%. The primary investigator 

worked with each athlete and if necessary, his or her coach, to ensure training volume was reduced this 

week. Athletes then completed either 3 weeks of OL training or maintained their regular training program 

(CON). The OL training consisted of three supplementary cycle training sessions per week in addition to 

the athletes’ normal training schedule. The first additional session was a high intensity interval workout 

consisting of 4x30 second Wingate anaerobic tests on an electromagnetically braked cycle ergometer 

(Racermate Velotron, Seattle, Wa), at a load of 7.5% body weight, with 4 minutes of recovery. The 

second session was a 15km virtual time trial performed on the same cycle ergometer over a standardized 

course with undulating terrain. The final session was a two-hour ride completed on their own and tracked 

using the previously described heart rate monitoring. The ride was prescribed as four blocks of ten 

minutes at a heart rate of 50-60% of VO2max, and 20 minutes at a heart rate of 66-75% of their VO2max. 

Heart rate zones for this session were calculated from the initial VO2max testing. CON athletes were 

asked to maintain their regular training program as prescribed by their coach, online program, or pre-

planned program. Testing took place following the first week of recovery (T1), following the 3 weeks of 

either OL or CON training (T2), and following the final recovery week (T3). The Profile of Mood States 

Second Edition (POMS-2) (Multi-Health Systems Inc., NY) Questionnaire was given to the athletes to 

complete at the end of each week. The Mood State questionnaire consists of 65 words or statements, 

which assess the level of Total Mood Disturbance from categories of Tension, Depression, Anger, Fatigue 

and Confusion. Statements that encompassed Vigour were subtracted from the score, leaving an overall 
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score where a positive result indicates an overall negative mood state. The POMS-2 is often used to assess 

fatigue, and while it may not discriminate between acute fatigue and FOR (4), it has a reliable dose-

response relationship with training load (1).  

 

Figure 2.1 Representation of the experimental protocol and approximate percent increase in training load 

for the overload and control groups used to examine changes in autonomic control following 

functional overreaching. T1/T2/T3 represent testing days. Stars represent weekly online mood 

state questionnaires and weekly training duration/intensity determination.  

 

3.4.3 Resting Measures 

On testing days, athletes were instructed to avoid caffeine and to keep their nutrition consistent on 

T1, T2, and T3. A food recall sheet to record the previous night’s meals, and the meals prior to testing, 

was given to each subject following the first testing visit. Athletes were told to maintain the same 

macronutrient content and to mimic the timing of meals of T1 for the future testing dates. As much as 

possible, sessions were scheduled at the same time of day across the course of the study. All testing was 

performed in a quiet laboratory in which only the participant and primary investigator were present, and 

which was maintained at 20-23°C. Baseline anthropometrics (height at T1, and weight for T1-T3) were 

taken at the beginning of each session, followed by resting supine blood pressure on the laboratory bed, 
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taken manually using a standard Sphygmomanometer (Mabis Healthcare Inc, IL,US). After ≥5 minutes of 

rest in the supine position, a 5-minute HRV recording was taken using a SphygmoCor CPVH single lead 

ECG (AtCor Medical Ltd, NSW, Australia), during which participants were allowed to breathe 

spontaneously (34).  The sampling rate of the CPVH ECG system is 1024Hz, and samples from 0.67-40 

Hz. Mean resting HR, the square root of the mean of successive differences (RMSSD), and the standard 

deviation of normal-to-normal intervals (SDNN) were chosen for time-domain measures, with SDNN 

providing an overall estimate of variability (24), and RMSSD providing an applicable measure of 

parasympathetic activity over a short time frame (35).  For frequency domain analysis, absolute high 

frequency (HFa) power in ms2 (0.15-0.4 Hz) was chosen to measure the contribution of parasympathetic 

modulation, and LF/HF was used as an indicator of sympatho-parasympathetic balance in normalized 

units, understanding that low frequency power (0.04-0.15 Hz) may not be entirely representative of 

sympathetic activity (24,126).  

Measurement of CVT was performed simultaneous to HRV recordings, for a total of 3 minutes, 

using a ProBiometrics (ProCVT)/Neurozoid (London, UK) single lead ECG with bluetooth telemetry. 

The ProCVT unit has not previously been studied in a training/overtraining context, however it has been 

researched in clinical settings under the name Neuroscope (Medifit, London, UK) (121,122). ProCVT 

algorithms are not provided, however the system relies on the consistent 240ms latency and 0.1Hz 

resonancy of the arterial baroreflex to predict the phase shifts in heart periods due to vagal innervation 

(25). The ProCVT unit converts pulse intervals into voltages, and quantifies the phase shifts into a linear 

CVT index given in arbitrary units (a.u.), in which zero represents no vagal activity (equivalent to a full 

vagal blockade in human subjects) (127). CVT values are demonstrated to range from 0.6 upwards to 43.8 

a.u. and are higher in fit subjects (46). The resting fatigue function was used to provide average CVT 

values for the 3 minute recording.  

3.4.4 Exercise Test  

 Following resting measures, subjects performed a maximal incremental exercise test on the 

Velotron cycle ergometer with oxygen consumption measured via mixing chamber using a Moxus 
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metabolic cart (Moxus, AEI Technologies, Pennsylvania, USA).  Men followed a protocol beginning at 

100W and increasing 1W every 2s, with women similarly starting at 100W, but increasing 1W every 3s. 

The test was terminated and peak watts were recorded when athletes could no longer maintain a cadence 

above 40 rpm seated or standing. HR was monitored using a Polar heart rate strap (A300) and was 

recorded at the moment of exercise termination, and following 60s of seated rest on the bike. HRrec was 

determined by subtracting the HR at 60 seconds from HR at exercise termination. Retrospective maximal 

rating of perceived exertion (RPE) on the Borg 6-20 scale was sought following 60s of rest. Lactate 

sampling was initiated at 60s, using standard finger stick sampling, with samples every 30s until values 

declined (Lactate Plus, Nova Biomedical, Waltham, MA), and maximal blood lactate concentration was 

recorded as highest observed value.  

3.4.5 Determination of FOR 

 To determine whether an athlete was FOR, a decrement in performance (decrease in peak power 

during exercise test) between T1 and T2 with concomitant decreases in mood states and maximal HR was 

initially used to individually diagnosis athletes as FOR. As the subjects were sub-elite athletes, it became 

apparent that despite high levels of subjective fatigue, decreased maximal HR, and large decreases in 

mood states using POMS-2, peak power was not always significantly lowered at T2 in all OL subjects. 

However, following a week of recovery at T3, the change in peak power was significantly greater than 

that seen in the control group, and could not have been due to an increase in fitness through training as 

training load was reduced by ~50% for the week. As such, the change in performance could only have 

been due to significant fatigue at T2. This led us to believe that while athletes may have been in a state of 

FOR, performance decrements were occasionally being masked by large increases in fitness over the 3-

week block. This was substantiated by the increase in VO2 seen in the OL group between T2 and T3, but 

not seen in the CON group (see Table 3). A formula was created to individually diagnose participants that 

encompassed the change in performance super-compensation and the change due to overtraining as: 

power (W) at [(T1-T2)+(T3-T2)]. A change in power output greater than the upper limit of the 95% 

confidence interval of this equation for the CON group was required for individual diagnosis of FOR, 
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along with decreased mood states and maximal HR. We maintain that for group means, a significant 

decrease in peak watts at T2 was required for our OL group to be considered sufficiently overreached, as 

is consistent with current definitions of FOR (1).  

3.4.6 Statistical Analysis 

Two-way ANOVAs [group (OL, CON) X time (T1, T2, T3)] with repeated measures were used 

to examine changes in training duration, training intensity, peak power, RPE, lactate, mood state, 

VO2max, HRrec, HRmax, HRrest, HRV, and CVT variables. Data was assessed for normality using the 

Shapiro-Wilk test, and non-normal data was log-transformed. When Mauchly’s test of sphericity was 

violated, Greenhouse-Geiser corrections were used. Bonferonni’s test was used for post-hoc analysis. 

Change scores were calculated for HRV, CVT and HRrec by subtracting T1 from T2, and T2 from T3. 

Pearson’s correlations were performed to examine relationships between changes in HRV, HRrec, 

HRmax, HRrest, and changes in CVT. Data is reported as mean ± standard deviations with significance 

set a priori at p<0.05. All statistical analysis was executed using Statistical Package for the Social 

Science (SPSS, version 24; IBM, Chicago, IL, USA).  

3.5 Results 

3.5.1 Overreaching Diagnosis 

In the OL group, one athlete became ill and was unable to complete the protocol, and a further 

subject was deemed insufficiently overreached, resulting in 15 OL subjects. In the control (CON) group, 

two athletes became ill, and one athlete was injured independent of the study, resulting in 13 CON 

subjects. In order to sex-match the groups, two further female OL subjects who were the least 

overreached according to our formula (described below) were removed, resulting in 13 subjects for both 

groups. Final subject characteristics are presented in Table 1.1.   
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Based on the observed changes in power (W at [(T1-T2)+(T3-T2)]) and concomitant decreases in 

HRmax and mood states, 13 of the OL subjects were individually diagnosed as FOR. Using the derived 

equation, the mean net change in watts was 32±17W for the overload group, and -4.5±13W for the control 

group (p<0.001), with the upper limit of the 95% confidence interval of the control group being 7W.  

Only 3 OL athletes diagnosed with FOR using our formula had moderately increased peak power at T2, 

and therefore we individually assessed their changes in peak heart rate and negative mood states from T1 

to T2. The mean ΔHRmax for the 3 athletes was –9bpm, which is the same as the mean change of the 

remaining 10 athletes. The POMS-2 scores of the 3 athletes increased by 42.3units, much greater than the 

19.2 unit change of the remaining 10 athletes. In this respect, we further substantiate the use of the 

formula in this population. 

Training duration was four hours greater per week in the OL group compared to the control group 

during weeks 2-4 (p<0.001) (Table 1.2). As can be seen in Table 1.2, time spent in HR zone 1 (50-

60%HRmax) was the same between groups, and increased during the recovery week (p=0.03). Time spent 

in HR zone 2 (60-80% HRmax) increased significantly between T1 and T2 in OL (p<0.001), and 

remained higher for T3 (p=0.01 from T1 to T3), but did not change with CON across all time points. 

Time spent in Zone 3 (80-100% HRmax) was very high at T1 in the OL group, and decreased for T2 and 

Table 1.1 Descriptive characteristics of recreational cyclists and triathletes divided by group to examine 

functional overreaching and changes to autonomic control 

 Sex (n) Age (years) Height (cm) Weight (kg) Initial VO2max 

(ml/kg/min) 

Overload 
Males (8) 39.9±6.3 178±5 80.2±6.7 59.4±4.1 

 

Females (5) 33.6±9.5 170±7 62.1±7.5 49.2±6.2 

Control  
Males (8) 36.5±10.2 181±6 78.5±7.8 59.6±7.6 

 

Females (5) 34±10.9 167±4 62.9±4.1 47.1±3.5 

Values presented as mean ± standard deviation.  



 

 

32 

T3 (p<0.001 from T1 for both), while remaining the same across all time points for CON.  As per 

traditional criteria of FOR, group differences occurred over time for peak power (p<0.001) wherein 

output decreased from baseline (T1) to overload (T2) in OL, but increased in CON. Further highlighting 

successful FOR, VO2max increased from overload (T2) to recovery (T3) in the OL group, but remained 

the same in CON (p=0.03); and HRmax decreased 9bpm from T1 to T2 in OL  (p<0.001) and recovered 

by T3, but did not change in CON. Lactate did not change significantly between groups. Finally, negative 

mood scores using POMS-2 were significantly greater from T1 to T2 than CON, and recovered by T3 in 

the OL group (p=0.03). Changes across time for peak power, VO2max, RPE, mood states, HRmax, and 

max lactate are presented in Table 1.3.  

 

 

  

Table 1.2 Exercise duration and intensity for 5-weeks of training among recreational endurance athletes assigned 

to either an overload or control condition 

  Overload Group    Control Group  

Week number 1 2-4 5  1 2-4 5 

Duration (hours:min) 5:48±3:20 11:38±3:04a* 4:41±2:38b*  4:29±1:56 7:06±3:01a 4:35±2:07b 

Time in HR Zone 1 

(%)  

6.9±4.3 11.2±3.2 17.4±10.9#  13.7±9.5 13.7±6.4 15.0±9.1# 

Time in HR Zone 2 

(%)  

45.8±14.3 61.6±8.4a* 58.4±13.5a  56.4±10.9 55.4±10.0 58.2±11.3 

Time in HR Zone 3 

(%)  

47.0±15.7 27.3±8.7a* 22.8±15.1a*  29.0±13.0¶ 31.4±14.3 25.1±17.4 

Zone 1 is 50-60% of HR max, Zone 2 is 60-80% HR max, Zone 3 is 80-100% HR max. a = within group change from T1 p<0.05, a*= 

within group change from T1 p<0.001, b= within group change from T2 p<0.05, b*=within group change from T2 p<0.001. # = Time 

effect from T1 p<0.05. 
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Table 1.3 Markers of fatigue and recovery of a 5-week training protocol with recreational endurance athletes assigned to either an 

overload or control condition 

   

Overload Group 

 

Control Group 

 
T1 Baseline T2 Overload T3 Recovery 

  
T1 Baseline 

T2 

Training 
T3 Recovery 

Peak Power (W) 361.8±72.4 352.8±75.5a 375.4±79.2a*b*   351.1±76.8 359.8±81.6a 363.9±83.9a* 

   Males 

   Females 

  413.0±28.4 

  280.0±27.3 

  406.5±30 

  266.8±22.8a 

  429.6±38.4ab* 

  288.6±30.8b 

    403.4±41.4 

  267.4±21.7 

 415.5±44.6a 

  270.6±19.1 

  420.0±48a 

  273.2±19.8 

VO2 Max (L/min) 4.09±0.95 4.09±0.92 4.28±0.91ab   3.99±0.88 4.03±0.91 4.02±0.89 

   Males 

   Females 

  4.75±0.45 

  3.03±0.30 

  4.75±0.34 

  3.05±0.35 

  4.9±0.43 

  3.3±0.42ab 

    4.63±0.25 

  2.96±0.25 

  4.67±0.38 

  2.99±0.22 

  4.67±0.29 

  2.99±0.20 

RPE Max (6-20) 17.3±2.7 18.2±0.9 18.7±0.6#   17.9±0.7 18.2±1.0 18.5±1.1# 

Mood States  -15.4±14.0 9.2±25.1a* -16.4±13.5b*   -11.5±9.8 -1.2±17.9 -10.2±19.0 

HR max (bpm) 179.1±10.7 170.1±9.4a** 177.8±9.7b**   180.7±11.7 178.8±9.4 178.6±10.3 

Max Lactate (mmol/L) 13.9±3.6 11.3±3.4 12.0±2.7   13.4±2.7 13.2±2.9 13.1±2.7 

a = within group change  from T1 p<0.05, a* = within group change from T1 p<0.001, b = within group change from  T2 p<0.05, b* = within group change 

from T2 p<0.001, #= Time effect from T1 p<0.05.  

 

  



 

  

3.5.2 Heart Rate Recovery 

HRrec, RMSSD, LF/HF, HFa, and CVT violated the Shapiro-wilk test of normality, and data was 

log-transformed prior to running ANOVA. From baseline until after the intervention bout (T2), lgHRrec 

increased in OL and in CON, and did not recover by T3 (Main effect for time, p=0.001) (Figure 2.2 a). 

Examination of the change scores for HRrec (delta between tests) shows the change in HRrec from T1 to 

T2 was 9.9±8.9bpm in OL, and 2.3±5.25bpm in CON (P=0.01; Figure 2.2b).  

3.5.3 Resting Measures 

 There were no changes across time points or between groups for any of the HRV/lgHRV or 

lgCVT variables (Figure 2.2 c,e,g,k), nor were there differences in delta scores between groups for HRV 

or CVT (Figure 2.2 d,f,h,i). Heart rate at rest did not change across time nor between groups, or with 

change scores (Figure 2.2 i,j).  

3.5.4 Correlations between HRrec and HRV/CVT 

 Alterations in HRrec as a result of the increased training load were unrelated to any resting HRV 

or CVT measures at any time point. Changes to CVT were significantly related with changes in HRrest (-

0.52, P=0.02), RMSSD (r= 0.80, p<0.001), SDNN (r= 0.79, P<0.001), and HFa (r=0.49, P=0.03), but not 

LF/HF from T1 to T2 in both groups (r=0.07, P=0.75).. During the recovery period (T2-T3), correlations 

were generally stronger, with changes to CVT significantly correlated with changes in HRrest (r=-0.75, 

P<0.001), RMSSD (r=0.89, P<0.001), SDNN (r=0.62, P=0.004), and HFa (r=0.93, P<0.001), but not 

LF/HF as expected (r=-0.21, P=0.37).  
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Figure 2.2 Heart rate recovery, heart rate variability and cardiac vagal tone measurements for overload 

and control endurance athletes after a reduced training week (T1), three weeks of overload training or 

regular training (T2), and a recovery week (T3). Left column represents group Mean ± SD values at each 

time point, and right column is change scores ± SD from T1 to T2 and T2 to T3, compared between 

groups. * p<0.05, ** p<0.001. Statistics were performed on log-transformed variables for HRrec, 

RMSSD, LF/HF, HFa, and CVT. 
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3.6 Discussion 

The main finding of this study was that increases in HRrec and decreases in HRmax in FOR 

athletes are not reflected in changes to resting HRV or CVT at rest using same-day measurements. The 

important secondary finding was that while delta scores of CVT were highly correlated to delta scores in 

select HRV measures (RMSSD, SDNN, and HFa), and can likely be used interchangeably with traditional 

HRV measures of parasympathetic modulation, it is not necessarily a better predictor than HRV of 

decreased exercise performance.  

3.6.1 Overreaching Protocol 

 Following the three-week overload training, OL athletes demonstrated a reduced performance 

consisting of a mean decrease in peak power of 9W, compared to an increase in peak power seen in the 

CON group, as well as decreased HRmax and increased HRrec. As a decrease in performance is the main 

criteria for establishing FOR (1,2), we are confident that this protocol was sufficient in overreaching the 

recreational athletes. Furthermore, as this study attempted inducing FOR in recreational athletes, we were 

tasked with overcoming the aerobic fitness gains that would not typically be seen in an elite or well-

trained population. We developed a novel formula in order to individually diagnose our participants as 

FOR, and found it to be sufficient as our aggregate results clearly display performance and functional 

differences between groups. As such, contrary to the findings of Aubry et al, which suggest FOR may not 

be as beneficial as acute fatigue for performance gains, our OL group had an equal super-compensation in 

peak power (T1-T3) and a much larger increase in VO2max compared to CON, with a lower incidence of 

illness (3). Perhaps due to a much greater room for improvement, the benefits of FOR outweigh the risks 

in a sub-elite population, although whether our CON group was acutely fatigued is uncertain. We did not 

observe a significant change in lactate across groups, which could have related to our exercise test 

protocol or the timing of samples. It is worth noting that there was a clear trend towards a decrease in 

lactate in the OL group at T2, despite a lack of statistical significance. Finally our mood state 
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questionnaire reported much greater negative mood states at T2 in OL, which returned baseline 

following recovery. This is consistent with previous literature, which suggests increased negative mood 

states are the first signs of augmented training, and increase in a dose-response fashion (1). 

3.6.2 Correlations between HRV/CVT and HRrec 

 Previous overtraining literature suggests that there is an alteration in overall parasympathetic tone 

or sympathetic drive as evidenced by altered resting HRV, and decrease in HRmax, and increased HRrec 

(11,14,20,42). In the present investigation changes in resting measures of autonomic control were not 

evident from HRV or CVT despite clear alterations in exercising cardiac response,following exercise in 

OL subjects. This suggests that using resting measures to detect FOR may not be sufficient to detect the 

changes seen during exercise.  

In agreement with our findings, a lack of association between resting and exercise/post-exercise 

measures for autonomic control has previously been demonstrated by a number of research groups 

(74,128,129).  In contrast, in both trained and untrained subjects Danieli et al. (124) described correlations 

between HRrec and resting HRV measures of predominantly vagal influence (HFnu, HFa and RMSSD) 

and attributed this to a heterogeneous population in terms of age and fitness (124). Unique to our study, 

we aimed to detect whether the magnitude of individual changes in HRrec would also be associated with 

changes in resting measurements (e.g. HRV and CVT) in FOR, and did not find this to be the case. These 

results suggest that even during periods of marked fatigue and decreased exercise performance, 

autonomic modulation at rest does not reflect the responses seen following exercise.  

 Despite the intuitive nature of a relationship between resting vagal-HRV indices and 

parasympathetic reactivation post-exercise, the two methods are evaluating distinct processes. While 

HRV measures the level of (predominantly) vagal modulations, it does not provide a measure of 

autonomic tone — which, presumably, is consistent at rest and following exercise (24). Further, while 

autonomic nerve blockade experiments suggest that the initial 30 seconds of HRrec depends on vagal 
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reactivation independent of sympathetic activity (76), Buchheit et al. demonstrated that 

parasympathetic reactivation was significantly reduced following supramaximal exercise (77,79). 

Through multiple linear regression, this group determined that the anaerobic contribution to exercise was 

negatively related to post-exercise parasympathetic reactivation indexes, possibly due to increased 

sympathetic drive, and the persistent elevation of adrenergic factors and local metabolites/catecholamines 

(77). As the nature of the exercise test we used was supramaximal (subjects did not stop upon achieving a 

plateau in VO2) it is likely that HRrec may have been influenced primarily by sympathetic withdrawal and 

clearance of metabolites during the final super-maximal effort (6). As FOR athletes have been 

demonstrated to have reduced catecholamine and metabolite production during exercise (2,16), this could 

explain the changes to HRrec but not HRV following overreaching in our study. It therefore stands to 

reason that while changes to HRV at rest during FOR would be primarily driven by parasympathetic 

modulation, decreases in HRmax and increases in HRrec are due to a decreased sympathetic drive either 

from peripheral (adrenal medulla) or central origins (16), or from intrinsic non-neural cardiac alterations 

(130) .  

3.6.3 Using HRV/CVT for Athlete Monitoring 

In the present study, we did not find any changes to HRV following overreaching. While some 

groups have reported increases in sympathetic activity in HRV measures with FOR, these investigations 

lacked control groups and used a 2-week overload protocol, and may have been insufficient in eliciting or 

detecting the changes to autonomic control seen in other studies (13,41). Le Meur et al. performed a 

thorough investigation of HRV in FOR and found that while daily supine and standing measures of HRV 

were inconclusive, weekly waking averages of HRV demonstrated increased parasympathetic modulation 

(20). Plews et al. also advocate for the use of weekly averages for the detection of NFOR in elite athletes 

(35), and further suggest the use of an HRV (Ln RMSSD) to resting HR ratio in order to account for 

decreases in parasympathetic modulation due to vagal saturation(35). We did not see changes in either 
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parameter in our FOR group, which suggests either vagal saturation prior to the study (unlikely, as the 

athletes were not elites) (35) or a lack of change to parasympathetic modulation across the training 

protocol.  

CVT measurements also did not change across the overload and recovery training in the present 

investigation. While CVT measures aim to provide a more accurate assessment of cardiac vagal control, 

which should eliminate some of the confounding variables associated with single day measurements (e.g. 

breathing rate, and movement) (122), we did not find CVT to have a stronger relationship with changes in 

post-exercise measures compared with more traditional HRV measures. This once again suggests that 

same day resting values may not be an accurate prediction to decrements in performance or cardiac 

function during fatigue. CVT was, however, highly associated with most measures of parasympathetic 

control in traditional HRV measurement (RMSSD, SDNN and most HFa measures), at least suggesting 

non-inferiority in this regard. The lack of consistent associations between CVT and HFa measures were 

likely due to the increased typical error in the measurement of spectral indices in comparison with time 

domain indices of HRV (35).  

In summary, it is evident from this study and from previous research that same-day measurements 

of HRV and CVT are insufficiently sensitive to predict changes in performance due to fatigue and FOR. 

Weekly averages of HRV indices may provide insight into the fatigue status of the athlete, however, they 

will require individual attention to determine when a change in HRV is associated with a meaningful 

change in performance.   

3.6.4 Limitations and future directions 

It is possible that participants experienced some degree of anxiety during the testing sessions in 

our study and this masked changes to basal parasympathetic modulation. It is also possible that our 

mixed-sex groups caused changes in parasympathetic modulation to be masked, as it has been 

demonstrated that HRV is altered during the regular menstrual cycle (131). However, as T1 and T2 were 
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3.5-4 weeks apart, and the menstrual cycle would have been at the same phase for those two testing 

sessions. Furthermore, HRV parameters did not change when the females were analysed separately. 

While we measured HRrec following exercise, it remains unknown if CVT reflects the proposed 

parasympathetic changes underlying HRrec. Future work should monitor CVT and parasympathetic 

reactivation in the 60s post exercise to determine if the parasympathetic reactivation was strengthened 

with FOR. Lastly, while we are confident in our diagnosis of athletes with FOR using the novel formula, 

further work with other populations of differing training status is required to validate the formula.  

3.7 Conclusion 

 While changes in HRmax and HRrec are apparent in FOR recreational endurance athletes 

following a 3-week overload protocol, these changes to autonomic control are not evident using same day 

resting measures of HRV and CVT. This suggests that resting parasympathetic modulation may not be 

increased in FOR athletes, and does not reflect the autonomic response to exercise, A new CVT 

technology (ProBiometrics (ProCVT)/Neurozoid), did not provide a better indication of FOR status 

compared with traditional HRV measures, but does correlate with HRV measures of parasympathetic 

modulation and therefore may similarly perform better when used to track changes over time. A 

decreased HR and increased HRrec at a given exercise intensity, or following a standardized warm-up, 

remains the practical diagnostic tool of choice for identifying FOR in endurance athletes.   
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Chapter 4 

Study 2 

Three Weeks of Overload Training Increases Resting Muscle Sympathetic 

Activity 

Objectives: 

The second study was performed on a subgroup of athletes who participated in additional resting 

measures of muscle sympathetic nerve activity (MSNA), heart rate variability (HRV), and baroreceptor 

sensitivity (BRS), on a separate day from the exercise tests. The aim of this investigation was to 

characterize alterations to autonomic regulation with overtraining. The purpose was to:  

1) Examine the effects of overload training on autonomic regulation directly using MSNA.  

2) Determine whether changes to MSNA were related to decreased performance following overload. 

Hypotheses:  

1) MSNA will be increased following three weeks of overload training. 

2) Alterations to MSNA will be inversely related to changes in performance.  
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4.1 Abstract 

Purpose: Overload training is hypothesized to alter autonomic regulation, though interpretations using 

indirect measures of heart rate variability are conflicting. The aim of the present study was to examine the 

effects of overload training on muscle sympathetic nerve activity (MSNA), a direct measure of central 

sympathetic outflow, in recreational endurance athletes.  

Methods: Measurements of heart rate variability, cardiac baroreflex sensitivity (BRS), MSNA 

(microneurography), and sympathetic BRS were obtained in seventeen healthy triathletes and cyclists 

after 1-week of reduced training (baseline) and following 3-weeks of either regular (CON, n=7) or 

overload (OL, n=10) training.  

Results: Following training, the changes (∆) in peak power output (10 ± 10 vs. -12 ± 9 W, P = 0.0003), 

maximal heart rate (-2 ± 4 vs. -8 ± 3 bpm, P = 0.006), heart rate variability (standard deviations of 

normal-to-normal intervals: 27 ± 31 vs. -3 ± 25 ms, P = 0.04), and cardiac BRS (7 ± 6 vs. -2 ± 8 

ms/mmHg, P = 0.02) differed between CON and OL groups. The change in MSNA burst frequency (-1 ± 

2 vs 4 ± 5 bursts/minute, P = 0.03) differed between groups, without any between-group differences in 

sympathetic BRS (P > 0.05). Across all participants, the changes in MSNA and peak power output were 

correlated negatively (r = -0.51, P = 0.04). No differences in resting heart rate or blood pressure were 

observed (All P > 0.05).  

Conclusions: Overload training increased MSNA and attenuated increases in cardiac BRS and heart rate 

variability observed with regular training. These results support neural adaptations following overload 

training and suggest that peripheral vasoconstrictor drive may be linked with changes in exercise 

performance.  

Keywords: MUSCLE SYMPATHETIC NERVE ACTIVITY, ENDURANCE TRAINING, TRAINING, 

OVERLOAD, OVERTRAINING, AUTONOMIC NERVOUS SYSTEM 
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4.2 Introduction 

 Endurance athletes often experience periods of under-performance following intensified training; 

a phenomenon termed functional overreaching or overtraining syndrome depending on recovery duration 

and severity of physiological perturbations (1,16). These conditions are defined by decreases in power 

output and time trial performance (1), but are also accompanied by other physiological disturbances, 

including decreased submaximal and maximal heart rate (HR) during exercise, disturbed mood states, a 

rightward shift in the blood lactate curve (15–17), an increase in heart rate recovery following exercise 

(11), and decreased cardiac output and stroke volume during exercise (16). Unfortunately, the 

mechanisms responsible for these responses, and whether they exert a causal relationship to the observed 

decrements in performance, remain unclear. Given the consistently observed changes in exercising HR, it 

has been hypothesized that overload training may alter the regulation of the autonomic nervous system 

(1,13,20).   

 Neural mechanisms for blunting submaximal and maximal HR could result from either decreased 

cardiac sympathetic activity or heightened parasympathetic activity (14,20). However, whether overload 

training produces changes in cardiac autonomic modulation is unclear (13,20,44,128). Non-invasive 

assessments of time- and frequency domain heart rate variability measures related to resting tonic cardiac 

parasympathetic activity have been shown to both increase (20,44) and decrease (13,41). Other studies 

have demonstrated that heart rate variability remains unchanged (42) or is not adequate for monitoring 

overload training status (31,128). Similarly, measurement of arterial baroreflex control of HR, a reflexive 

measure of cardiovagal modulation which quantifies the sensitivity (or gain) of changes in HR for a given 

change in systolic blood pressure (49), has demonstrated either no change (55) or a reduction (57)  in 

cardiac baroreflex sensitivity (BRS) following overload training.  

 A number of studies have also measured plasma or urinary catecholamine concentrations to 

estimate sympathetic outflow (14–17). These results suggest that overload training has either no impact 
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(16) or reduces (14,15) norepinephrine or epinephrine levels at rest, though more consistent reductions 

in catecholamine levels are found during exercise (16,17). Plasma or urinary measurements of 

norepinephrine provide little insight into which target organ may have altered sympathetic outflow (e.g. 

heart, kidneys, muscle). In contrast, microneurographic recordings of muscle sympathetic nerve activity 

(MSNA) are considered a gold-standard method to examine central sympathetic outflow directed towards 

skeletal muscle vasculature (132) and exhibit excellent short- and long-term reproducibility (132,133). 

Prior work has shown an inverse relationship between resting MSNA and treadmill running time to 

exhaustion in young healthy male athletes (134), however, to our knowledge the effects of overload 

training on regional peripheral sympathetic outflow has not been studied. 

 Therefore, the aim of this study was to characterize the effects of overload training on autonomic 

function in recreational endurance athletes, with sympathetic outflow directed towards skeletal muscle 

(MSNA) as the primary variable of interest. Given that MSNA is not altered following aerobic exercise 

training in healthy adults (135), we hypothesized that three weeks of overload training would 1) increase 

direct measures of resting peripheral vasoconstrictor activity (MSNA); and 2) that the change in MSNA 

would relate inversely to the decrement in exercise performance.  

4.3 Methods 

4.3.1 Participants 

 Twenty-one healthy men and women (11 male; 36 ± 10 years [mean ± SD]), representing a subset 

of participants involved in a larger study on overload training, were recruited to participate in the study. 

All subjects, recruited from local clubs, were sub-elite cyclists or triathletes who had self-reported 7±4 

years of endurance sport training. Inclusion criteria included that subjects be between 18-50 years of age, 

free from injury, familiar with cycle pacing, and currently following a structured endurance-training 

program. Subjects were randomized by enrolment order to either the regularly training control group 

(CON, n=9) or the overload training group (OL, n=12) in a block-randomized format. 
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All subjects were required to complete a PAR-Q+ questionnaire to ensure readiness for physical 

activity (125) and abstain from alcohol, drugs, caffeine, and intensive exercise for 24 hours prior to 

laboratory testing. All participants provided written informed consent in accordance with the declaration 

of Helsinki, and this study was approved by the University of Guelph Research Ethics Board.   

4.3.2 Experimental Protocol 

The experimental protocol consisted of one week of reduced training in which training volume 

was decreased by ~50%, followed by three weeks of either regular-training control (CON) or overload 

(OL) training. This protocol was modeled after a three-week overreaching protocol used previously by Le 

Meur et al (16). To track exercise duration and intensity over the duration of the study, all subjects were 

provided a Polar A300 watch, heart rate strap, and associated online account (Polar Electro Oy, Kempele, 

Finland). Exercise performance and autonomic testing took place over two visits separated by 24-48 

hours following both the first week of reduced training and three weeks of CON or OL training.  

4.3.3 Exercise Testing 

Subjects performed a maximal incremental exercise test on an electromagnetically braked cycle 

ergometer (Racermate Velotron, Seattle, Wa). Oxygen consumption was measured using a metabolic cart 

with a mixing chamber (Moxus, AEI Technologies, Pennsylvania, USA) in standardized laboratory 

conditions. A true ramp protocol was used to increase the load on the cycler ergometer, with a slight 

variation between sexes to ensure the test was of sufficient duration. Men followed a protocol beginning 

at 100W and increasing 1W every 2s, while women started similarly at 100W but increased 1W every 3s. 

The test was terminated and peak watts recorded when subjects could no longer maintain a seated or 

standing cadence above 40 revolutions per minute. HR was monitored (Polar A300) and recorded at the 

moment of exercise termination. Lactate sampling using standard finger stick sampling was initiated 60s 

post-exercise with samples every 30s until values declined (Lactate Plus, Nova Biomedical, Waltham, 

MA). Maximal blood lactate concentration was recorded as the highest observed value.  
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4.3.4 Training Protocols 

Subjects in the CON group were instructed to continue with their regular training schedule for the 

three-week duration of the training block, but not to increase their load above what was prescribed by 

either their coach, online training program, or self-planned program. The maintenance of training in the 

control was important to ensure they did not initiate de-training by ceasing to follow their normal 

program.  

The OL training protocol consisted of three supplementary high-load cycle training sessions per 

week in addition to the subjects’ normal training schedule. The first weekly session was a high-intensity 

interval workout consisting of four 30-second Wingate anaerobic tests on an electromagnetically braked 

cycle ergometer (Racermate Velotron, Seattle, Wa), at a load of 7.5% body weight, with each test 

separated by 4 minutes of recovery. The second session was a 15 km virtual time trial performed on the 

same cycle ergometer over a standardised course with undulating terrain. The first two supplemental 

sessions were completed in the lab under standardized conditions. The final session was a two-hour ride 

completed on the subject’s own time, and tracked using heart rate monitoring. The ride was prescribed as 

four blocks, with each block consisting of ten minutes at a heart rate of 50-60% of VO2max followed by 

20 minutes at a heart rate of 66-75% of their VO2max, based on calculation from their initial VO2max at 

baseline.  

4.3.5 Cardiovascular and Autonomic Testing 

All testing was completed in a light and temperature controlled laboratory. Subjects underwent 

instrumentation (~1 hr) followed by a 10-minute rest period before continuous measures of heart rate, 

blood pressure, and MSNA were collected over a subsequent 10-minute baseline for analysis of resting 

autonomic function. Following the resting collection, a 2 minute static handgrip contraction at 30% of 

maximal voluntary contraction was completed in the left hand (Model 78010, Hand Dynamometer, 

Lafayette Instrument, Lafayette, LA). All recordings were collected in the supine position following 
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voiding. Heart rate was collected using single-lead electrocardiography, while beat-to-beat blood 

pressure was recorded from the right middle finger using photoelectric plethysmography (Finometer 

MIDI, Finapres Inc, Netherlands). Microneurographic recordings of multi-unit MSNA were obtained 

from the right fibular nerve using a low-impedance 2 MΩ tungsten microelectrode (Frederick Haer, 

Brunswick, ME), as described previously (52,133,136). The neural signal was amplified, band-pass 

filtered (0.7-2.0 kHz), rectified, and integrated to obtain the mean voltage neurogram (Nerve Traffic 

Analyzer, Model 662C-4; Absolute Design and Manufacturing Services, Salon, IA). Confirmation of 

muscle sympathetic activity was made by testing signal responsiveness to unexpected noise and end-

expiratory breath holds. All continuous data was digitized and stored with LabChart (PowerLab, 

ADInstruments, Colorado Springs, CO). Heart rate, blood pressure, and the integrated multi-unit MSNA 

signal were recorded at a sampling frequency of 1000 Hz. 

4.3.6 Data Analysis  

All resting cardiovascular variables and measures of autonomic function were assessed from the 

10-minute baseline period. The reactivity to static handgrip was calculated as the change (∆) from 

baseline to the second minute of exercise. Measures of heart rate variability were determined using 

Kubios HRV Analysis Software 2.2 (Biosignal Analysis and Medical Imaging Group, Department of 

Applied Physics, University of Eastern Finland, Kuopio, Finland). Time-domain variables included the 

standard deviation of normal R-R intervals (SDNN) and the root mean square of successive R-R interval 

differences (RMSSD). Frequency-domain variables included low frequency (LF) power (0.04-0.15 Hz), 

high frequency (HF) power (0.15-0.4 Hz), and the LF/HF ratio. The power spectra of the LF and HF 

bands are presented in natural logarithm transforms (ln ms2) and normalized units (nu). Spontaneous 

cardiac BRS was quantified at rest using the sequence technique (51). We identified sequences of three or 

more consecutive increases or decreases in systolic blood pressure and R-R interval using established 

threshold for changes of 1 mmHg and 6 msec, respectively (51). Systolic blood pressure and R-R 
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intervals were obtained from the same cardiac cycle (i.e. no time lag) as heart rates were below <75 

bpm in all participants (51). BRS was quantified by plotting R-R interval over systolic blood pressure for 

each identified series with an r value ≥ 0.8, and averaging the slope of all up-sequences and down-

sequences. 

MSNA was analyzed using a custom LabView (National Instruments, Austin, Texas, USA) semi-

automated program (52,133,136). MSNA was quantified as burst frequency (bursts/min) and burst 

incidence (bursts/100 heartbeats). Spontaneous sympathetic BRS was calculated by examining the 

weighted linear regression line between 2 mmHg bins of diastolic blood pressure and MSNA burst 

occurrence (52). The slope of the line was taken as sympathetic BRS if the regression possessed an r 

value ≥ 0.5.  

4.3.7 Statistical Analysis 

 Baseline subject characteristics and training durations and intensities were compared with 

unpaired t-tests. Changes in training outcomes, MSNA, cardiac and sympathetic BRS, and HRV were 

examined using two-way repeated measures ANOVAs with Bonferonni procedures for post-hoc testing. 

To highlight directional changes with CON and OL training, change from baseline was also calculated 

and compared using unpaired t-tests to assess group differences. Similarly, unpaired t-tests were used to 

test group differences in HR, blood pressure, and MSNA reactivity to static handgrip. Linear regression 

analysis was used to examine the relationship between changes in MSNA burst frequency and peak power 

output. Data is reported as mean ± standard deviations with significance set a priori at p<0.05. Statistical 

analysis was executed using Statistical Package for the Social Science (SPSS, version 24; IBM, Chicago, 

IL, USA). 

4.4 Results 

 We recruited twenty-one participants, however, three participants did not complete the study. In 

the CON group, two subjects were unable to return for post-testing, while in the OL group, we were 
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unable to locate a microneurographic recording site at baseline in one participant. Additionally, one 

participant in the OL group failed to adhere to the three-week protocol and was excluded from analysis. 

Therefore, the results are presented for seventeen participants (CON, n=7; OL, n=10). All baseline 

participant characteristics were similar between groups (Table 2.1) 

Table 2.1 Baseline characteristics. 

Variable                       CON (n=7)         OL (n=10) 

Sex (male/female)                         4/3                                   4/6 

Age (years)                           32 ± 11                            36 ± 10 

Weight (kg)                                                                    69 ± 5                              73 ± 11 

Body mass index (kg/m2)                                               24 ± 1                              24 ± 3 

Training duration (years)                                               6.4 ± 4.0                          7.9 ± 4.0  

Baseline VO2max (ml/kg/min)                                      57.4±9.6                          52.6±7.2 

Mean ± SD. 

 

 Exercise volume was similar between the CON and OL groups during the one week of reduced 

training (6.1 ± 1.0 vs. 6.4 ± 3.2 hours/week, P = 0.84), however, as expected, exercise volume was higher 

in the OL group during the three weeks of training (8.8 ± 3.0 vs. 12.1 ± 2.6 hours/week, P = 0.04). 

Intensity, represented as time spent in specific heart rate zones divided by overall training time, did not 

differ between groups or across time during the training periods (All P > 0.05, data not shown).  

4.4.1 Maximal Exercise Performance 

Exercise testing outcomes are presented in Figure 3.1. Following training, peak power output 

increased in CON (345 ± 78 vs. 355 ± 77W, P = 0.03) and decreased in OL (335 ± 71 vs. 323 ± 71W, P = 

0.002) groups, with the change in peak power output differing between groups (P = 0.0003). Maximal HR 

was unchanged in CON (182 ± 14 vs. 180 ± 11 bpm, P = 0.18) and decreased in OL (179 ± 11 vs. 172 ± 

10 bpm, P < 0.0001), with a similar between group difference in the change over time (P = 0.006). 
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Maximal blood lactate and VO2max (data not shown) did not change over time or between groups (All 

P > 0.05).   
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Figure 3.1 Effects of three weeks of regular (CON) or overload (OL) training on peak power output (A), 

maximal heart rate (B), and maximal blood lactate (C). Results presented as group x time differences (left 

side) and change from baseline (right side). *, p<0.05; **, p<0.001; ****, p<0.0001 vs. baseline. Mean ± 

SEM. 

 

Pre Post
0

275

300

325

350

375

400

425

Pe
ak

 P
ow

er
(w

at
ts

)

Group: p=0.57
Time: p=0.59
Interaction: p<0.001

CON
OL

A

*

**

CON OL
-20

-10

0

10

20

Δ
 P

ea
k 

Po
w

er
(w

at
ts

)

p=0.0003B

Pre Post
0

9

12

15

18

Pe
ak

 [L
ac

ta
te

]
(m

m
ol

/L
)

Group: p=0.45
Time: p=0.11
Interaction: p=0.21

CON
OL

C

CON OL
-6

-4

-2

0

2

4

6

Δ
 P

ea
k 

[L
ac

ta
te

]
(m

m
ol

/L
)

p=0.21B

Pre Post
0

160

170

180

190

200

M
ax

im
al

 H
ea

rt 
R

at
e

(b
pm

)

Group: p=0.36
Time: p<0.0001
Interaction: p<0.01

CON
OL

B

****

CON OL
-10

-5

0

5

10

Δ
 M

ax
im

al
 H

ea
rt 

R
at

e 
(b

pm
)

p=0.006B



 

 

54 

 

4.4.2 Heart rate and Blood Pressure 

 The effects of exercise training HR and blood pressure are presented in Table 2.2. HR and blood 

pressure were not altered over time or between groups at rest or in response to static handgrip exercise 

(All P > 0.05).  

Table 2. 2 Heart rate and blood pressure at rest and in response to static handgrip exercise before and 

after three weeks of regular (CON) or overload (OL) exercise training.  

          CON            OL    

Variable Pre Post Pre Post ΔCON  ΔOL P 

Rest        

Heart rate (bpm)  57 ± 6  54 ± 3 54 ± 6  52 ± 5 -3 ± 6  -2 ± 5  0.79 

Systolic BP (mmHg) 102 ± 7 102 ± 6 106 ± 5  105 ± 6  1 ± 6 -1 ± 6 0.50 

Diastolic BP (mmHg)  65 ± 9  65 ± 7 69 ± 9  68 ± 4  1 ± 7 -2 ± 8 0.57 

Static Handgrip        

Δ Heart rate (bpm)  14 ± 8  17 ± 7 7 ± 6   9 ± 4  3 ± 7  2 ± 5 0.64 

Δ Systolic BP (mmHg)  19 ± 9  18 ± 11 14 ± 9   13 ± 7  0 ± 4 -1 ± 10 0.79 

Δ Diastolic BP (mmHg)  14 ± 4  15 ± 5 9 ± 5 10 ± 4  1 ± 3  1 ± 6 0.95 

Mean ± SD. BP, blood pressure.  

 

4.4.3 Autonomic function 

Complete resting heart rate variability results are shown in Table 2.3. Following training, SDNN 

was increased in CON (P = 0.049) but unchanged in OL (P = 0.40), with a between group difference in 

the change over time (P = 0.04). All other time- and frequency-domain measures were unchanged over 

time or between groups (All P > 0.05). Cardiac BRS increased following training in CON (23 ± 11 vs. 30 

± 14 ms/mmHg, P = 0.04) but was unchanged in OL (23 ± 10 vs. 22 ± 6 ms/mmHg, P = 0.77), with a 

significant between group difference in the change over time (P = 0.02) (Figure 3.2a).  
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Table 2.3 Resting heart rate variability before and after three weeks of regular (CON) or overload (OL) exercise 

training.  

 CON OL    

Variable Pre Post Pre Post Δ CON Δ OL P 

R-R interval (ms) 1078±107 1138± 65 1172±129 1178±123 59±119 6±91 0.31 

SDNN (ms) 93±55 120±62* 82±35 79±33 27±31 -3±25 0.04 

RMSSD (ms) 98±86 126±106 72±35 74±34 28±39 2±28 0.13 

LF (ln ms2) 7.1±0.9 7.6±1.0 7.2±0.9 7.1±1.0 0.6±0.7 -0.1±0.7 0.09 

LF (nu) 45±24 45±23 51±17 48±17 0±10 -3±8 0.46 

HF (ln ms2) 7.4±1.8 7.9±1.7 7.1±1.2 7.2±1.0 0.6±0.6 0.1±0.6 0.13 

HF (nu) 55±24 55±23 49±17 52±17 0±10 3±8 0.46 

LF/HF ratio 1.3±1.4 1.1±1.0 1.7±2.6 1.3±1.2 0.5±1.4 -0.1±0.5 0.52 

SDNN: standard deviation of normal-to-normal R-R intervals; RMSSD: root mean square of the successive 

differences; LF: low frequency; HF: high frequency; nu: normalized units. *p<0.05 vs. baseline. Mean ± SD. 

 

MSNA burst frequency was unchanged in CON (17 ± 3 vs. 15 ± 4 bursts/minute, P = 0.65) and 

increased in OL (20 ± 7 vs. 24 ± 5 bursts/minute, P = 0.01) following training, with a between-group 

difference in the change over time (P = 0.03) (Figure 3.2b). Similarly, MSNA burst incidence was 

unchanged in CON (30 ± 8 vs. 30 ± 10 bursts/100heartbeats, P > 0.99) and increased in OL (40 ± 14 vs. 

48 ± 12 bursts/100heartbeats, P = 0.04), with a trend for a between-group difference in the change over 

time (P = 0.09) (Figure 3.2 c). MSNA burst frequency responses to static handgrip were unchanged in 

CON (∆9 ± 8 vs. 11 ± 6 bursts/minute) and OL (∆6 ± 5 vs. 7 ± 5 bursts/minute) groups, with no time or 

between-group differences (All P > 0.05). Similar results were found for MSNA burst incidence (data not 

shown). Resting sensitivity of the sympathetic baroreflex was unaltered following training in CON (-4.6 ± 

1.2 vs. -3.9 ± 1.7 bursts/100 heartbeats/mmHg, P = 0.46) and OL (-4.2 ± 0.8 vs. -5.1 ± 1.3 bursts/100 

heartbeats/mmHg, P = 0.15) groups with no between group differences detected (All P > 0.05).  



 

 

56 

 

Figure 3.2 Effects of three weeks of regular (CON) or overload (OL) training on cardiac baroreflex 

sensitivity (A), muscle sympathetic nerve activity burst frequency (B) and burst incidence (C). Results 

presented as group x time differences (left side) and change from baseline (right side). *, p<0.05 vs. 

baseline; ††, p<0.01 vs. CON. Mean ± SD. 
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Examining the study cohort as a continuous variable, training-mediated changes in resting 

MSNA burst frequency were negatively associated with alterations in peak power output (r = -0.51, P = 

0.04; Figure 3.3).  

 

4.5 Discussion 

 The purpose of this study was to characterize comprehensively the effects of overload training on 

resting autonomic function in healthy recreational endurance athletes. In agreement with prior studies 

(11,16), our model of three week overload training led to reductions in peak power output and maximal 

HR compared to regular training controls. The primary novel observation was that overload training, but 

not regular training, increased the resting set point for central sympathetic outflow to skeletal muscle 

(MSNA) without altering the reflexive response to static handgrip. The observed changes in resting 

vasoconstrictor drive in the OL group were independent of changes in sympathetic baroreflex sensitivity, 
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arguing against a peripheral afferent mechanism for sympathoexcitation. Across the entire cohort, the 

changes in MSNA correlated with those in peak power output suggesting that neurogenic vasoconstriction 

may contribute to the decrements in exercise performance observed in overreaching or overtraining states. 

Extending prior observations, overload training blunted increases in cardiac BRS and heart rate variability 

(HRV) observed following regular training. Altogether, this data provides evidence that overload training 

perturbs the autonomic nervous system at rest and these neural responses may be related to 

underperformance.   

4.5.1 Heart Rate Variability and Cardiac Baroreflex Sensitivity 

 The majority of studies probing the neural effects of overload training have utilized non-invasive 

measures of tonic cardiac autonomic activity (13,20,41,42,44,57). Highlighting the considerable between-

study variability, prior studies assessing heart rate variability have reported decreases (13,41), increases 

(20,44), or no change (42) in cardiac parasympathetic modulation following overload training. In addition 

to concerns about study design (e.g. small sample sizes, lack of a control group), measures of heart rate 

variability assess changes in sinus node firing which can involve both neural and non-neural mechanisms 

(24). For example, interpreting changes in heart rate variability with overload training may be difficult 

due to inter-individual differences in parasympathetic saturation, observed in some athletes (35); changes 

in intrinsic heart rate control (130); desensitization of beta-adrenergic receptors (88); or stretch of the 

sinoatrial node (38) through atrial enlargement or expansion of plasma volume. 

  To date, only two studies have assessed the reflex control of cardiac parasympathetic modulation 

using measures of cardiac BRS (55,57). Baumert et al. (57) reported that spontaneous cardiac BRS 

decreased in 10 athletes following a 2-week training camp, though this study lacked a control group for 

comparison. In contrast, Uusitalo et al. (55) observed no change in cardiac BRS, assessed 

pharmacologically in response to phenylephrine administration, following 6-9 weeks of increased training 
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in 9 female athletes; however, only 5 participants were diagnosed as being overtrained and no sub-

analysis of cardiac BRS was performed in this group. 

In our cohort, SDNN, a time domain measure of parasympathetic modulation (30), and cardiac 

BRS were both increased in the regular training CON group but unchanged following OL training; with 

lower responses of both measures in the OL group after training. Prospective trials have also shown 

increased heart rate variability and cardiac BRS with endurance training (65) but results are not consistent 

between individual studies with training protocols of varying types and intensities and with differing 

subject fitness levels (36,55,137). The observation that peak power output increased following regular 

training provides further evidence that the CON group underwent conventional adaptations to endurance 

exercise training. Although these responses were not expected, it is important to consider that our subjects 

were not elite athletes, allowing them to benefit from a monitored training program. These results 

highlight further the critical need for randomized control groups within overtraining studies. 

4.5.2 Peripheral Sympathetic Outflow 

Aerobic exercise training does not alter resting MSNA in healthy adults, as opposed to reducing 

peripheral vasoconstrictor drive observed in diseased populations (e.g. heart failure, hypertension, sleep 

apnea), despite increasing cardiorespiratory fitness (135). To our knowledge the present study represents 

the first examination of overload training on MSNA. In agreement with our hypothesis, three weeks of 

overload training increased modestly the set point of resting MSNA burst frequency by ~20% without 

impacting the reflexive responses to static handgrip exercise. Our observations are in line with cross-

sectional data which demonstrate higher resting MSNA in healthy middle-aged and older athletes 

(67,138). However, it should be noted that in these prior studies, athletes demonstrated lower resting heart 

rate and blood pressure raising the possibility that elevated levels of MSNA were secondary to arterial 

baroreflex-mediated reflex sympathetic activation to maintain appropriate perfusion pressure. In the 

present series, no such differences in HR or blood pressure were observed between groups before or after 
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the training protocols. Arguing further against a peripheral afferent mechanism, overload training had 

no impact on the sensitivity of arterial baroreflex control of MSNA. Although speculative, a number of 

studies have now reported overtraining to be associated with increases in oxidative stress (139), which are 

also linked to central sympathetic activation (140). The mechanisms responsible for increased peripheral 

sympathetic outflow following overload training warrant further study. 

It is important to consider that sympathetic outflow can be regulated differentially to distinct 

target organs such that changes in peripheral vasoconstrictor responses to skeletal muscle may not reflect 

alterations in cardiac sympathetic activity (141). However, peripheral sympathetic outflow is involved in 

the regulation of skeletal muscle blood flow as a result of the critical importance for maintaining 

perfusion pressure (142). Prior studies have shown that resting MSNA is inversely associated with 

exercise tolerance in young healthy male athletes (134), while measurements of MSNA during dynamic 

exercise exhibit a similar negative correlation with peak oxygen consumption in older healthy and 

diseased adults (136). From our cohort, the change in MSNA was inversely correlated with changes in 

peak power output following training. All told, these results suggest that inter-individual differences in 

peripheral vasoconstrictor outflow may contribute to variability in maximal exercise performance.  

4.5.3 Limitations 

We acknowledge several considerations for the application of our findings. First, the modest 

sample size precluded investigation into whether autonomic responses to overload training exhibit sex 

differences. It has been demonstrated routinely that women have lower resting MSNA compared to men 

and lower autonomic support of blood pressure (143). Second, we did not study women at one particular 

phase of their menstrual cycle. However, although fluctuations in sex hormones can alter resting 

autonomic function (143), we tested participants 4 weeks apart ensuring a similar within-subject phase of 

the their menstrual cycle for pre-post testing. Third, the inclusion of daily-waking weekly averages for 

HRV may have provided a more thorough assessment of cardiac autonomic balance, rather than singular 
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resting measurements (20). Finally, our sample consisted of young to middle-aged recreational 

endurance athletes and may not be generalizable to other populations including older or elite athletes. 

4.6 Conclusions 

The effects of overload training on the autonomic nervous system have been largely investigated 

using indirect, non-invasive methods, with mixed results. We demonstrate using direct microneurographic 

recordings that three weeks of overload training increases resting peripheral sympathetic outflow to 

skeletal muscle independent of a change in sympathetic baroreflex sensitivity in recreational endurance 

athletes. An inverse relationship between the changes in MSNA and peak power output suggest that 

alterations in peripheral vasoconstrictor drive may be involved in underperformance of athletes suffering 

from overtraining.  
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Chapter 5 

Study 3 

Changes to Arterial Stiffness and Central Hemodynamics with Overreaching 

among Endurance Athletes 

Objective: 

The third study sought to examine cardiovascular alterations with overreaching, as it has been 

previously demonstrated that FOR athletes have decreased cardiac output during exercise. The specific 

purpose was to:  

1) Examine whether functional overreaching causes arterial stiffening, increased central 

pressures, increased augmentation pressure, and decreased cardiac work to perfusion ratio, 

with concomitant decreased exercising cardiac output.   

Hypothesis:  

1) Following three weeks of overload training, FOR athletes will display increased arterial 

stiffness, increased central pressures and reflected wave augmentation, with a decreased 

cardiac work to perfusion ratio, and decreased cardiac output during exercise.  

 

 

 

 

 

 

 

  



 

 

63 

Changes to Arterial Stiffness and Central Hemodynamics with 

Overreaching among Endurance Athletes 
 

Alexandra M. Coates1, Philip J. Millar2,3, and Jamie F. Burr1* 

 

 

1The Human Performance and Health Research Laboratory, Department of Human Health and Nutritional 

Sciences, University of Guelph, Guelph, ON, Canada 

2 Department of Human Health and Nutritional Sciences, University of Guelph, Guelph, ON, Canada  

3 Toronto General Research Institute, Toronto General Hospital, Toronto, ON, Canada 

 

 

Submission: Original Investigation 

Preferred Running title: Arterial Stiffness and Central Hemodynamics with Overreaching 

 

 

 

 

 

Address for Correspondence 
Jamie F. Burr 
Animal Science and Nutrition, 50 Stone Road E.  
University of Guelph 
Guelph, ON, Canada 
N1G 2W1 
Phone 519-824-4120 x 52591 
Email: burrj@uoguelph.ca 
  



 

 

64 

5.1 Abstract 

Overreaching (OR), a mild form of overtraining, is characterized by decreased exercising heart rate (HR) 

and recently, decreased cardiac output (Q̇). The aim of this study was to determine if endurance athletes 

in a state of OR develop increased arterial stiffness, and increased aortic pressures, with concomitant 

decreased Q̇ during exercise. Twenty-six cyclists and triathletes completed a week of reduced training 

(~50% regular load), followed by 3-weeks of either 100% regular training load (CON:n=13), or 150% 

overload training (OL:n=13). Testing took place after the reduced training week (PRE), following regular 

or overload training (POST), and following a period of recovery.  Resting measures included brachial 

blood pressure, HR, carotid-femoral pulse wave velocity to assess arterial stiffness, and carotid pulse 

wave analysis to assess wave reflections and central hemodynamics. An incremental maximal cycle test 

was used to assess peak power, maximal HR, and maximal lactate. Cardiac function (Q̇, stroke volume 

(SV), and HR was assessed with cardiac impedance.  Peak power was increased in CON and decreased 

with OL (P<0.001) from PRE to POST, indicating successful OR.  Arterial stiffness did not change in 

CON, and increased with OL following the 3-weeks of training (CON -0.1±0.6m/s versus OL 

+0.5±0.8m/s, p=0.04). Brachial blood pressure and central hemodynamics including aortic pressures, 

augmentation index and sub-endocardial viability ratio, did not change with training. Maximal SV 

(P=0.04), HR (P<0.001) and Q̇ (P=0.01) decreased with OL from PRE to POST, but were unchanged 

with CON. A significant inverse relationship existed between changes in PWV and changes in maximal Q̇ 

(r=-0.44, P=0.04), changes in PWV and changes in peak power (r=-0.48, P= 0.01). Multiple linear 

regression suggested ΔHRmax was independently predictive of changes in peak power (r=0.63, r2=0.39, 

P=0.002). Functional overreaching results in increased arterial stiffness and reduced Q̇ during exercise, 

with no changes to central hemodynamics. This suggests a cardiovascular impairment that likely drives 

reduced performance, with yet unknown long-term effects. 
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5.2 Introduction 

 Endurance athletes train for the primary purpose of improving performance, and as such are 

required to undergo a certain amount of training overload in order for physiological adaptations to 

manifest upon recovery (8). Mild forms of overtraining, termed overreaching (OR), are regularly 

experienced by athletes as a consequence of hard training blocks or training camps (1). Overreaching is 

characterized by a decrease in performance (1), accompanied by other physiological perturbations 

including decreased exercising heart rate (2,11), decreased lactic acid production (2,12), increased heart 

rate recovery (11,12,80), and an increased incidence of illness (3). More recently, Le Meur et al. 

demonstrated a reduction in exercising stroke volume (SV) and cardiac output (Q̇) with OR (16), 

indicative of an ionotropic impairment in addition to the established chronotropic impairment. While 

previous research has assessed cardiovascular alterations following prolonged endurance exercise 

(81,98,100,117), or as a consequence of chronic endurance training (144–147), cardiovascular function 

has not been assessed further with FOR.  Additional research into the cardiovascular perturbations that 

occur with overtraining and OR is required to better understand the mechanisms behind under-

performance, and to begin to assess the consequences of overtraining.  

 Arterial compliance and distensability is hallmark of a healthy cardiovascular system, as 

compliant arteries promote the conversion of pulsatile flow to steady flow at the capillaries, and attenuate 

cardiac loads (96). When arteries stiffen with age, hypertension, inflammation, and atherosclerosis 

(148,149), the heart requires more force upon ejection, promoting pathological left ventricular 

hypertrophy (96) — an independent predictor of cardiovascular death (150). Further exacerbating the 

situation, pulse waves are reflected earlier in the cardiac cycle, returning to the heart during systole and 

thereby further increasing central systolic pressures (96) and decreasing the available time necessary for 

cardiac perfusion (151). Stiffened arteries are recognized as risk factors for heart disease in the general 

population (149), and when assessed via current gold standard method of pulse wave velocity (PWV), a 
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1m/s increase in PWV has been demonstrated to be associated with 12-14% increased risk of 

cardiovascular events and a 13-15% risk of CVD mortality (93,99).   

 Typically, endurance exercise improves cardiovascular function and increases arterial compliance 

(99,152); however, research suggests that prolonged strenuous activity or highly-inflammatory activities 

such as ultra-marathon races (100), eccentric resistance training (153), or downhill running (103) may 

increase arterial stiffness. Burr et al. demonstrated a significant increase in augmentation index (AIx), a 

measure of arterial wave reflections, over an 8-week progressive increase in triathlon training volume, 

compared to no change in regularly exercising matched-controls (154).  Following a 1-week training 

camp with collegiate runners, Tomoto et al. demonstrated athletes had increased PWV and decreased left 

ventricular contractile function, although performance measures to assess overreaching status were not 

included (104). Further, Cote et al. demonstrated that baseline arterial stiffness prior to high-intensity 

exercise was associated with increased cardiac fatigue as evidenced by decreased left ventricular tissue 

velocities and strain post-exercise (155). Altogether these findings suggest that increased arterial stiffness, 

arterial-ventricular coupling, and cardiac fatigue could explain the decrease in cardiac function seen with 

overreaching, although this has not been investigated. 

 The purpose of this investigation was to assess arterial stiffness and central hemodynamics 

following overreaching in relation to cardiac output during exercise in recreational endurance athletes. It 

is hypothesized that athletes who undergo overload training and see a decrease in performance will have 

decreased cardiac output during exercise as previously demonstrated (16). Further, we expect decreased 

cardiac output during exercise will be accompanied by increases in arterial stiffness, increased aortic 

blood pressure, increased wave reflections, and decreased cardiac work to perfusion ratios.  

5.3 Methods 

A block-randomized, matched-control experimental design was employed to evaluate changes in 

cardiovascular and hemodynamic function following OR. This study was performed as a part of a greater 
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study on autonomic and cardiovascular responses to overload training. All participants provided written 

informed consent in accordance with the declaration of Helsinki, and this study was approved by the 

University of Guelph Research Ethics Board.   

5.3.1 Participants 

 Thirty-three recreational triathletes and cyclists were recruited from local triathlon and cycling 

clubs. Seventeen subjects were initially assigned to the overload experimental condition (OL), and 16 age, 

and gender-matched subjects were assigned to the control condition (CON). Inclusion criteria stipulated 

athletes must be 18-50 years old, currently following a planned endurance training program, familiar with 

cycle pacing, and be free from disease, illness, or injury. All participants completed a PAR-Q+ 

questionnaire to ensure readiness for physical activity (125), and provided written informed consent in 

accordance with the declaration of Helsinki.  

5.3.2 Experimental Protocol 

 The experimental protocol is previously described (156) and depicted in Figure 4.1. Briefly, 

subjects were required to complete a 5-week training protocol, with the first week’s training performed at 

a ~50% reduction in their regular training volume, and then three following weeks performed at either 

100% of their regular training volume (CON), or ~150% (OL). An additional post-training recovery week 

at ~50% of regular training volume was included to assess if OR subjects would revert to baseline values 

when the additional overload stimulus was removed. All subjects were given Polar A300 watches and 

heart straps (Polar Electro Oy, Kempele, Finland), as well as online Polar Flow accounts in order to track 

their training volumes and intensities, and to monitor adherence.    
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Figure 4.1 Experimental Protocol for assessment of cardiovascular function following regular (CON) or 

overload (OL) training among recreational endurance cyclists or triathletes. Pre, Post, and Rec represents 

cardiovascular and exercise testing days.  

  

In order to achieve OR status in this population, and to achieve ~150% of their training volume, 

OL athletes were required to complete their regular training, and to perform 3 additional cycle training 

sessions (156). Two of the additional sessions were high intensity and performed under supervision in the 

laboratory using highly standardized conditions, and the third was performed on the subject’s own time as 

prolonged sub-threshold work. As mentioned, CON athletes were asked to complete their previously 

programmed workouts, and all sessions were tracked via their Polar Flow accounts, for the 3-week 

duration.  

 Primary testing sessions took place following the initial reduced week of training (PRE), 

following the 3 weeks of either OL or CON training (POST), with a confirmatory recovery follow-up 

after the final week of recovery to assess return to baseline. Testing days were held at the same time of 

day for each subject and athletes were instructed to keep their nutrition consistent across days. Athletes 

were given log sheets to record their meals from the night prior, and the day of, the first testing session 

(PRE), and were asked to replicate the meals and timing for the subsequent testing days. Subjects were 

told to abstain from alcohol, smoking, and drugs for 24 hours prior to testing, and to avoid caffeine for 3 

hours prior, as per arterial stiffness Task Force guidelines (157). While caffeine use was not completely 

banned for practical and recruitment reasons, it was stipulated that consumption and timing must be 

Week	1:	50%	
reduction	in	
training	volume 

Weeks	2-4:	Overload	(OL):	150%	training	volume 
																					Control	(CON):	100%	training	volume 
			 

Week	5:	50%	
reduction	in	
training	volume 

   

Pre Post Rec 

Testing Testing Testing 
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consistent across testing days, and participants were asked about this prior to testing sessions. Lastly, 

subjects were asked to complete the Profile of Mood States Second Edition (POMS-2) (Multi-Health 

Systems Inc, NY) to assess mood states across the training protocols. The POMS-2 has a dose-response 

relationship with training load, with increased load equating to increased negative mood scores (1).  

5.3.3 Cardiovascular Assessment 

 On testing days, basic anthropometrics (height at baseline, weight) were assessed, followed by a 

resting supine blood pressure measurement on a laboratory examination table, taken manually using a 

standard Sphygmomanometer (Mabis Healthcare Inc, IL,US). Subjects then rested quietly for a minimum 

of 10min in standardized laboratory conditions maintained at 20-23°C.  

 Carotid-Femoral (cf) PWV was assessed non-invasively using the gold standard Sphygmocor 

CPVH (AtCor Medical Ltd, NSW, Australia), whereby PWV = distance (m)/ transit time (sec). The 

strongest carotid and femoral arterial pulse points were located using manual palpation, and the distances 

from the suprasternal notch to the carotid and femoral arteries were measured with a standard tape 

measure to the nearest millimeter. A correction factor was applied to the overall distance to subtract 

carotid-sternal distance (158). Consecutive measures were taken first at the carotid then the femoral artery 

using a high-fidelity Millar tonometer, with 10 seconds of consistent waveforms recorded at each site. 

Transit time was calculated automatically from the ECG-gated pulse waveforms (159).  A minimum of 

two cfPWV measures were collected and used for analysis unless the difference was greater than 0.5m/s, 

in which case a third measure was taken and the median was calculated (157). Measurement of cfPWV 

using SphygmoCor technology is reproducible with a within-observer variability of 0.07±1.17 m/s (159).  

In order to assess the aortic pressure waveform,  pulse wave analysis (PWA) was performed on 

the carotid PWV recordings using a generalized transfer function (160). Central pressures were calibrated 

using brachial mean arterial pressure and diastolic blood pressures. Measures recorded from the 

waveform analysis included: Aortic blood pressure (aortic systolic, aortic diastolic, aortic mean arterial, 
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and aortic pulse pressures), augmentation index (AIx) of pressure waves, ejection duration, and 

Buckberg’s subendocardial viability ratio (SEVR) to assess cardiac perfusion to work ratio (161). 

 Following resting measures, subjects were equipped with an impedance cardiography device to 

measure heart rate (HR), stroke volume (SV), and cardiac output (Q̇) during exercise (Physioflow Enduro, 

Manatec Bio-medical, Macheren, France), which was calibrated prior to each test. The device has been 

previously validated against the direct Fick method at rest (162) and during exercise (163).  

5.3.4 Exercise Testing  

 Subjects performed a maximal incremental exercise test on the Velotron cycle ergometer 

(Racermate Velotron, Seattle, Wa ) with oxygen consumption measured via mixing chamber using a 

Moxus metabolic cart (Moxus, AEI Technologies, Pennsylvania, USA).  Men followed a protocol starting 

at 100W and increasing 1W every 2s, with women similarly starting at 100W, but increasing 1W every 

3s. Subjects were not told to stop upon reaching a plateau in oxygen consumption, and instead the test 

was terminated when they could no longer maintain a cadence above 40 rpm seated or standing. Maximal 

HR, Q̇, and SV were recorded, and finger stick lactate sampling (Lactate Plus, Nova Biomedical, 

Waltham, MA) was initiated at 60sec post-test with samples taken every 30sec until a peak was observed.  

5.3.5 Determination of Functional Overreaching 

 Individual diagnosis of OR was established previously (156) using a novel formula (W = [(T1-

T2)+(T3-T2)]), such that a change in power output (W) above the upper limit of the 95% confidence 

interval of the CON group was required for FOR diagnosis. T1, T2, and T3 represent the peak power 

output at Pre, POST, and recovery time points.  Further, a significantly decreased HRmax (2) with 

concomitant increases in POMS-2 negative mood state scores were also required for a diagnosis of OR.  

5.3.6 Statistical Analysis  

 Descriptive participant characteristics were assessed between groups with un-paired Student’s t-

tests. Training outcomes (peak power, HRmax, maximal lactate, and mood scores), resting cardiovascular 
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measures (PWV, blood pressures, AIx, AIx@75, ejection duration, and SEVR), and exercising cardiac 

parameters (Q̇max, SVmax) were examined using two way repeated measures ANOVA with Bonferonni 

corrections for post-hoc testing. Change scores (Δ) used for linear regression analysis were performed by 

subtracting baseline values (PRE) from post-training values (POST). Linear regression analysis was used 

to examine relationships between ΔPWV and ΔQ̇max, ΔPWV and Δpeak power, and stepwise linear 

regression to assess ΔPWV, ΔQ̇max and ΔHRmax with Δpeak power. Data is reported as mean ± 

standard deviations with significance set a priori at p<0.05. Statistical analysis was performed using 

Statistical Package for the Social Science (SPSS, version 24; IBM, Chicago, IL, USA). 

5.4 Results 

 In the OL group, one subject was insufficiently overreached, and a second subject became ill, 

resulting in 15 OL subjects. In the CON group one subject was injured outside of the study and two 

subjects became ill, resulting in 13 CON subjects. As matched groups were required in order to properly 

assess cardiovascular variables that have sex differences (155,164), two further female subjects with 

incomplete cardiovascular data were removed from our cohort, resulting in a total of 26 subjects (13 OL: 

13 CON) for analysis. Subject characteristics are presented in table 3.1.  
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Table	3.1	Descriptive	characteristics	of	recreational	endurance	athletes	who	performed	3-weeks	

of	either	regular	training	or	overload	training	

	 Overload	(n=13)	 Control	(n=13)	

	 Males	 Females	 Males	 Females	

Sex	(n)	 8	 5	 8	 5	

Age	(years)	 40±6	 34±10	 37±10	 34±11	

Height	(cm)	 178±5	 170±7	 181±6	 167±4	

Weight	(kg)	 80.2±6.7	 62.1±7.5	 78.5±7.8	 62.9±4.1	

Baseline	VO2max	(ml/kg/min)	 59.4±4.1	 49.2±6.2	 59.6±7.6	 47.1±3.5	

Data	presented	as	Mean±SD	

5.4.1 Training Outcomes 

  Performance (peak power) was significantly increased from PRE to POST in the CON group, 

compared to a decrease in performance in the OL group as per OR criteria (CON 9±11W vs -9± 13W, 

P<0.001). Following recovery, there was a small increase in performance in the CON group, and a very 

large super-compensation in the OL group (CON 4±7W vs OL 23±10W, P<0.001). HRmax did not 

significantly change with CON following training, but decreased with OL (CON -2±4bpm vs OL -

9±3bpm, P<0.001), and returned to baseline values following recovery in both groups (P>0.05). Maximal 

lactate was unchanged in CON, and decreased non-significantly from PRE to POST with OL (CON -

0.1±2.0mmol/L vs -2.0±3.0 mmol/L, P=0.09).  Lastly, POMS-2 negative mood states were increased 

from PRE in both groups (main effect for time, P<0.001), but to a greater degree with OL (CON 10±15 to 

vs OL 25±23, P=0.07), and were not significantly different from PRE following recovery (P>0.05).  

5.4.2 Resting Cardiovascular Measures 

 Brachial blood pressure, PWV, PWA, central blood pressures, and estimates of myocardial work 

and perfusion (SEVR) from PRE to POST training are presented in Table 3.2.  Pulse wave velocity did 

not change in CON and was significantly increased at POST with OL training (P=0.04). Resting HR 

decreased in both groups from T1 to T2 (P=0.03). There were no significant changes across the five-week 
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training block between groups for any of the other resting cardiovascular measures. All measures 

recovered to PRE values following recovery (all P>0.05) other than resting HR, which remained at POST 

levels.  

Table	3.2.	Assessment	of	arterial	stiffness,	and	indices	of	central	hemodynamics	in	recreational	

endurance	athletes	following	3-weeks	of	either	regular	training	or	overload	training	

	 												Control	 	 									Overload	

	 PRE	 POST	 	 PRE	 POST	

cfPWV	(m/s)	 6.1±0.9	 6.0±0.6	 5.7±0.7	 6.2±0.9*	

Resting	HR	(bpm)	 60±7	 57±7#	 58±8	 56±8#	

Brachial	SBP	(mmHg)	 118±10	 114±9	 113±7	 112±15	

Brachial	DBP	(mmHg)	 73±6	 74±7	 73±5	 72±8	

Aortic	SBP	(mmHg)	 109±10	 107±10	 105±6	 105±14	

Aortic	DBP	(mmHg)	 73±6	 74±7	 73±5	 72±8	

Aortic	MAP	(mmHg)	 87±7	 87±6	 86±5	 85±10	

Aortic	PP	(mmHg)	 37±6	 34±11	 32±6	 34±8	

AIx	(%)	 11±13	 10±12	 16±11	 12±15	

AIx@75	(%)	 1±11	 1±12	 7±9	 2±13	

Ejection	Duration	(ms)	 326±15	 330±19	 329±14	 331±15	

SEVR(%)	 196±45	 209±35	 205±37	 218±47	

Data	presented	as	Mean±SD,	*Interaction	P<0.05,	#Main	effect	of	time	P<0.05	

 

5.4.3 Exercising Cardiac Parameters  

 There was a significant decrease in SVmax from PRE to POST with OL, which did not occur 

with CON (P=0.04), as well as with HRmax as previously mentioned (P<0.001), and Q̇max (P=0.01). 

PRE to POST data is presented in Figure 4.2. All exercising cardiac variables returned to baseline with 

recovery (all P>0.05).  
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Figure 4.2 Maximal stroke volume (a), and cardiac output (b) responses to regular (CON) or overload 

(OL) training among recreational endurance cyclists and triathletes. Data is represented as Mean ± SD. 

*P<0.05, **P<0.001 

 

Changes to PWV were inversely correlated to changes in Q̇max from PRE to POST (r=-0.44, 

P=0.04). Changes to PWV were also inversely related to changes in peak power (r=-0.48, P=0.01) (see 

Figure 4.3). Decreased Q̇max and SVmax were not related to decreased peak power (r=0.33, P=0.14; 

r=0.169, P=0.45 respectively).  

 

Figure 4.3 Relationships between individual changes in pulse wave velocity and maximal cardiac output, 

and pulse wave velocity and peak power output following three weeks of regular or overload training. 
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5.5 Discussion 

 This investigation was the first to assess arterial stiffness, wave reflections, and estimates of 

cardiac load and perfusion with overreaching. As hypothesized, there was a significant decrease in 

SVmax, HRmax, and Q̇max with OR which did not occur in the regularly training CON group, consistent 

with findings from Le Meur et al (16). Further, there was a moderate but significant increase in PWV in 

the OL group as hypothesized; however, there were no changes to resting blood pressure, indices of 

augmented wave reflection (AIx and corrected for HR: AIx@75), ejection duration, or cardiac perfusion 

to work ratio. Lastly, moderately increased PWV was associated with greater decrements in Q̇max and 

performance following training. These results indicate that cardiovascular function is altered following 

OR, and that arterial stiffness is related to the decrements in cardiac function experienced by overreached 

athletes during exercise.  

5.5.1 Arterial Stiffness  

 While arterial stiffness has never been assessed in the context of overtraining or overreaching 

with endurance athletes, there is a body of research that suggests increased stiffness may occur acutely 

with prolonged exercise. Burr et al. demonstrated ultra-marathon runners had acute reductions in large 

artery compliance following a 120-195km mountainous trail race (155). In contrast, Phillips et al. did not 

see changes to cfPWV following an ultramarathon (98), and Vlachopolous et al. did not see changes to 

cfPWV, and saw a decrease in AIx and normalized AIx (AIx@75 bpm), following a marathon (95). 

Importantly, in all of the studies performed following prolonged races (95,98,100), blood pressure was 

significantly reduced post-race — likely due to post exercise hypotension (109), reductions in plasma 

volume, and peripheral-distribution of blood flow (109) — reducing PWV and masking functional or 

structural changes (110). In the current investigation, we performed PWV and PWA measures pre-

exercise to avoid these complications and demonstrate more than the acute effect. 
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 From a training perspective, following 8-weeks of augmented training for long-distance 

triathlon, endurance athletes demonstrated a plateau in performance and increased AIx, with no changes 

in central blood pressure (154), and Tomoto et al. demonstrated increased arterial stiffness following a 

week of increased running distance (44%) and intensity in collegiate endurance runners (104). 

Chronically, marathon (95) and ultra-marathon runners have been demonstrated to have increased PWV 

compared to recreational active controls (94), with typical running distance per training session related to 

stiffness (94). Our present investigation indicates that acute overload training leads to increased arterial 

stiffness, independent of changes to blood pressure, with unknown long-term adaptations.  

 There are a number of proposed mechanisms behind increased arterial stiffness with prolonged 

exercise, including inflammation (103,105), arterial remodeling (95,97,165), and increased 

vasoconstrictive tone (106). Vlachopoulos et al. demonstrated an acute cause-and-effect of inflammation 

on arterial stiffness, through experimentally-induced inflammation (105), Barnes et al. demonstrated 

increased arterial stiffness and inflammatory markers following eccentric resistance exercise, and more 

specifically, Burr et al. demonstrated increased arterial stiffness following an eccentric downhill running 

protocol (103). Increased inflammation is certainly plausible with overreaching as increased markers of 

inflammation are typically seen following running overload programs (166), and increased reactive 

oxygen species have been seen in alpine ski racers classified as having impaired World Cup performances 

(167). Our overload protocol was achieved by increasing cycling volume and maintaining running and 

other training volumes over the 3-week period; however, as we did not assess inflammatory markers, we 

cannot specifically comment on the possibility of a causative relationship between inflammation and 

increased stiffness during OR.  

 Increased PWV with OR due to increased vasomotor constrictive tone is a likely mechanism, as 

in a separate study (168), we assessed autonomic function of a subset of participants, and found OR 

athletes to have increased muscle sympathetic nerve activity compared to baseline and to CON subjects 
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((168). While we didn’t perform PWV and MSNA congruently, it is possible that the increase in 

vasoconstrictive tone led to increased PWV in this population.   

 Vascular remodeling including increased collagen deposition and degeneration of the central 

media occurs naturally with age, and is attributed to repeated stress cycles placed on the aorta and central 

vessels (97). Such stress cycles occur to a greater degree with endurance exercise (169), although 

endothelial function and structural adaptations are generally thought to be beneficial (170). The concept 

of potentially detrimental vascular adaptations in elite or long-term athletes are only beginning to be 

addressed in the literature (144,171). Similarly, increased arrhythmia susceptibility due to cardiac fibrosis 

may occur with chronic endurance training (172,173).  

5.5.2 Cardiac Function  

 In contrast to our hypothesis, we did not find alterations to resting wave augmentation, central 

pressures, ejection duration, or SEVR, despite increased PWV, and decreased Q̇ with exercise. Arterial-

ventricular coupling is well established such that alterations to vascular compliance are accompanied by 

increased left ventricle end-systolic stiffness (169). However, exercise induced cardiac fatigue, which is 

characterized by decreased ventricular systolic or diastolic function following prolonged or high intensity 

exercise (81,86) is rarely assessed simultaneously with vascular function. We sought to assess cardiac 

function at rest using indirect measures including SEVR, and cardiac impedance during exercise. SEVR 

represents cardiac perfusion, and is the ratio of time spent in diastolic (perfusion) versus systolic time-

pressure integrals in the aortic waveform (114). Typically, resting cardiac function would be assessed 

using echocardiography (81) both pre-and-post exercise, to determine whether true exercise induced 

cardiac fatigue is occurring with OR. Using direct measurement with echocardiography, Cote et al. 

demonstrated that athletes with increased baseline arterial compliance assessed through PWV were better 

able to augment cardiac twist during exercise (87). Despite the lack of significant alterations to aortic 
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wave-form pressures or SEVR in our study, changes to pulse wave velocity were inversely related to 

changes in cardiac output during exercise, corroborating Cote et al.’s findings.   

 The only other study to assess cardiac function during exercise with functional OR was 

performed by Le Meur et al., who found that OR athletes had reduced Q̇ during exercise when assessed 

with cardiac impedance, as well as decreased epinephrine excretion during exercise, and suggested that 

reduced catecholamines could explain the reduced cardiac response (16). Following high-intensity 

interval exercise, Cote et al. found that changes in plasma catecholamines were not associated with 

alterations in cardiac function following exercise, although athletes were not overreached (87).  While we 

did not assess catecholamine concentrations, we acknowledge their potential relevance, and propose that 

alterations to vascular compliance occurs with OR likely due to increased vasoconstrictive tone, which 

led to increased cardiac loads and reduced cardiac function during exercise.  

5.5.3 Limitations 

 In this study we did not assess cardiac function using echocardiography, which would provide us 

with visual evidence of decreased cardiac function following exercise in OR athletes. However, unlike 

echocardiography, cardiac impedance can indirectly assess select cardiac function measures during 

maximal exercise (163), providing a functional assessment in athletes. Our PWA was performed using 

carotid artery waveforms, which is not often performed in the literature due to higher measurement 

difficulty; however, it is closer to the aorta and therefore the waveform is more similar than using radial 

waveforms (110). Lastly, it is recognized that there are sex differences in cardiovascular function that 

could be influenced by menstrual cycles (155,174), and our small sample sized did not allow for between-

sex analysis. As our groups were sex and age-matched, and as PRE-POST testing took place one month a 

part, it is assumed our subjects would be in similar phases of their menstrual cycle. Further research is 

needed to determine between sex-differences in physiological responses to OR.   
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5.4 Conclusions 

 This was the first study to assess arterial stiffness, and central hemodynamics following overload 

training and OR in endurance athletes. With OR it was determined that there is a moderate increase in 

arterial stiffness, with no changes to wave reflections, central pressures or estimates of cardiac perfusion. 

Further, increases in arterial stiffness are related to decrements to cardiac function (Q̇) and performance 

during exercise in OR athletes. This research provides evidence that decreased cardiovascular function 

may be driving underperformance during periods of overtraining. Further research into the chronic 

cardiovascular effects of OR is warranted.  

  



 

 

80 

Chapter 6  

Summary and Conclusions 

 Endurance athletes are required to undergo a certain amount of overload during training in order 

for physiological adaptations, and super-compensations, to occur (8). It is not uncommon for 

overreaching to result from overload training protocols, and we demonstrated that an additional three 

workouts per week, for three weeks, is sufficient to provoke this fatigued state. While FOR is 

characterized by decreased performance, decreased exercising heart rate, decreased mood states, and 

decrease lactic acid production during exercise (1,2,11), the mechanisms behind these alterations are not 

fully understood. 

The purpose of this research was three-fold: 1) to determine if resting HRV and a novel CVT 

measurement could be used to predict decreased HRrec in FOR athletes in order to evaluate the practical 

use of HRV or CVT for athlete monitoring, 2) to determine whether overreached athletes have altered 

MSNA in order to directly assess the autonomic response to overload training and 3) to determine 

whether overreaching increases arterial stiffness and central hemodynamics in relation to reduced 

exercising cardiac output. The main novel findings were that same-day measures of HRV and CVT were 

unaltered in FOR athletes, despite increased HRrec and decreased HRmax. This was supported by a 

moderate increase in sympathetic nerve activity with unchanged HRV following training in a subgroup of 

athletes in the OL group, which did not occur in the subgroup of CON athletes. While the CON subgroup 

displayed increased BRS and HRV, indicative of a beneficial training effect, the OL group did not have 

alterations to either. Further, changes to MSNA were inversely related to performance, demonstrating the 

autonomic alterations were associated with reduced peak power. Lastly, arterial stiffness was moderately 

increased in the OL group and remained unchanged in the CON group following training, and the 

increase in PWV was inversely related to changes in Q̇ and peak power during exercise. Altogether, these 
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results provide evidence for significant cardiovascular and autonomic perturbations, which occurred 

following only 3-weeks of overload training, and typical resting measures that primarily assess 

parasympathetic activity (30) (HRV/HRrest/CVT) were unchanged. 

From an autonomic perspective, indirect assessments of autonomic perturbation with FOR using 

HRV and BRS have presented conflicting results (20,55,57,175). This was the first investigation to assess 

sympathetic activity using MSNA, and parasympathetic tone using CVT. In contrast to previous work 

suggesting an increase in parasympathetic activity with OR (20,44), our results demonstrate a clear 

increase in sympathetic activity at rest through direct measurement, with unchanged vagal measures. 

Further, as resting HR, BP, and sympathetic BRS were unchanged in the OL group, the increase in 

sympathetic activity was likely due to increased central sympathetic drive, rather than peripherally driven 

via arterial baroreflexes (51).  

Increased vasoconstrictor tone may be related to increased arterial stiffness (61,176), and 

although we did not perform PWV and MSNA concurrently, we did demonstrate an increase in arterial 

stiffness following OL training, which did not occur following regular training (CON). The increase in 

arterial stiffness, while not being accompanied by increased central pressures or indices of decreased 

cardiac perfusion, did have a significant relationship with the decreased Q̇ during exercise. Whether 

increased resting vascular stiffness drove the decreased Q̇ during exercise is uncertain, however, previous 

work has demonstrated that increased baseline PWV is associated with cardiac fatigue following exercise 

(87).  

While this investigation successfully highlighted a number of important occurrences with FOR; 

namely, increased resting sympathetic vasoconstrictor tone and increased arterial stiffness, future research 

is required to fully understand the physiology of underperformance. Assessing autonomic and 

cardiovascular function during exercise with FOR is required. Previous investigations have demonstrated 
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reduced exercising epinephrine concentrations, suggestive of an adrenal insufficiency (16). As we did 

not assess plasma epinephrine during exercise, we cannot exclude this possibility. Future work should 

include assessment of resting and exercising ephinephrine and norepinephrine, as well as inflammatory 

markers which could play a role in the increased sympathetic activation (140) and arterial stiffening (105) 

demonstrated in this investigation. Using the ProCVT device, CVT can be assessed during exercise with 

less influence of variables such as heart rate and breathing rate which are known to affect HRV indices 

(177). Future work can assess whether parasympathetic activity has an increased role during exercise with 

FOR, and whether reduced maximal catecholamines or increased vagal reactivation are responsible for 

the increased HRrec demonstrated with FOR (11). Lastly, The chronic cardiovascular effects of 

overtraining and overreaching warrants further investigation, as does other diagnostic tools for the early 

identification of reduced performance. 

Exercise induced cardiac fatigue, which has only recently been demonstrated to occur following 

short (60min) high intensity exercise (86), as well as altered arterial-ventricular coupling during exercise 

due to increased vascular stiffness (87), are two further mechanism that require additional research. Using 

echocardiography, it is hypothesized that FOR athletes will have reduced ventricular strain compared to 

regularly training controls.  

While specific limitations to each study have been previously addressed, limitations of the entire 

thesis are also apparent. Firstly, the subjects in the present investigation were middle-aged recreational 

triathletes and cyclists. As most studies on overreaching use well-trained or elite subjects, they usually do 

not display such large fitness improvements. This made individual determination of FOR difficult, as we 

believe that performance decrements following OL were occasionally masked by physiological 

improvements over the 3-week overload period. The creation of our novel formula allowed us to 

discriminate between OL and CON groups, and all participants diagnosed with FOR had accompanying 

signs of FOR including decreased HRmax, and decreased mood states. However, we acknowledge that 
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further work is necessary to determine if this formula can be used with other populations of differing 

fitness. Secondly, it is possible that elite athletes would not have the same cardiovascular and autonomic 

perturbations to OL training. Along this line, EICF is demonstrated to occur to a greater degree in less 

trained individuals (117), which suggests that an elite group may not have displayed the exercising 

cardiovascular impairments seen in our study. Lastly, as female and male subjects are known to have 

differing mechanisms of blood pressure regulation and neurovascular coupling at rest (62,164), and 

ventricular function following exercise (82,155), it is possible that we would have found differing 

outcomes had we been able to separate the groups by sex.  

In summary, the current investigation demonstrated that a significant decrease in exercise 

performance was coupled with increased sympathetic vasoconstrictor tone, unchanged parasympathetic 

tone or BRS, unchanged resting HR or central hemodynamics, and increased arterial stiffness. During 

exercise there was decreased Q̇max, SVmax, and HRmax as expected, with increased rate of HRrec at 

60sec post exercise. Increased MSNA was significantly associated with decreased peak power output. 

However, when changes to PWV, Q̇, and HRmax were included in a multiple linear regression, only 

decreased HRmax was predictive of decreased performance. It is therefore important that coaches, 

athletes and physiologists use HR following standardized warm-ups to assess FOR status. Lastly, it is 

important to recognize that while endurance exercise is typically beneficial to cardiovascular health, this 

research highlights the acute and potentially detrimental cardiovascular and autonomic effects of overload 

training. Further research is required to determine whether repeated overload training will have chronic 

effects.  
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1. Do you have Arthritis, Osteoporosis, or Back Problems?

1a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? 
 (Answer NO if you are not currently taking medications or other treatments)

1b. Do you have joint problems causing pain, a recent fracture or fracture caused by osteoporosis or cancer, 
 displaced vertebra (e.g., spondylolisthesis), and/or spondylolysis/pars defect (a crack in the bony ring on the   
 back of the spinal column)? 

1c. Have you had steroid injections or taken steroid tablets regularly for more than 3 months? 

If the above condition(s) is/are present, answer questions 1a-1c If NO   go to question 2

2. Do you have Cancer of any kind?
If the above condition(s) is/are present, answer questions 2a-2b

3. Do you have a Heart or Cardiovascular Condition? This includes Coronary Artery Disease, Heart Failure, 
 Diagnosed Abnormality of Heart Rhythm

If the above condition(s) is/are present, answer questions 3a-3d

If the above condition(s) is/are present, answer questions 5a-5e
5. Do you have any Metabolic Conditions? This includes Type 1 Diabetes, Type 2 Diabetes, Pre-Diabetes

If NO   go to question 3

If NO   go to question 4

If NO   go to question 6

4. Do you have High Blood Pressure? 
If the above condition(s) is/are present, answer questions 4a-4b

4a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? 
 (Answer NO if you are not currently taking medications or other treatments)

4b.  Do you have a resting blood pressure equal to or greater than 160/90 mmHg with or without medication?
 (Answer YES if you do not know your resting blood pressure)

If NO   go to question 5

2a. Does your cancer diagnosis include any of the following types: lung/bronchogenic, multiple myeloma (cancer of  
 plasma cells), head, and neck?

2b. Are you currently receiving cancer therapy (such as chemotheraphy or radiotherapy)?

3a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? 
 (Answer NO if you are not currently taking medications or other treatments)

3b. Do you have an irregular heart beat that requires medical management?
 (e.g., atrial fibrillation, premature ventricular contraction)

3c. Do you have chronic heart failure?

3d. Do you have diagnosed coronary artery (cardiovascular) disease and have not participated in regular physical   
 activity in the last 2 months?

5a. Do you often have difficulty controlling your blood sugar levels with foods, medications, or other physician-
 prescribed therapies?

5b. Do you often suffer from signs and symptoms of low blood sugar (hypoglycemia) following exercise and/or 
 during activities of daily living? Signs of hypoglycemia may include shakiness, nervousness, unusual irritability,
 abnormal sweating, dizziness or light-headedness, mental confusion, difficulty speaking, weakness, or sleepiness.

5c.  Do you have any signs or symptoms of diabetes complications such as heart or vascular disease and/or 
 complications affecting your eyes, kidneys, OR the sensation in your toes and feet?

5d. Do you have other metabolic conditions (such as current pregnancy-related diabetes, chronic kidney disease, or
 liver problems)?

5e. Are you planning to engage in what for you is unusually high (or vigorous) intensity exercise in the near future?

2015 PAR-Q+
YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

FOLLOW-UP QUESTIONS ABOUT YOUR MEDICAL CONDITION(S)

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

Copyright © 2015 PAR-Q+ Collaboration 2 / 4
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If the above condition(s) is/are present, answer questions 7a-7d

If the above condition(s) is/are present, answer questions 8a-8c

If the above condition(s) is/are present, answer questions 9a-9c

If you have other medical conditions, answer questions 10a-10c

If NO   go to question 8

If NO   go to question 9

If NO   go to question 10

If NO   read the Page 4 recommendations

2015 PAR-Q+

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

YES NO

Copyright © 2015 PAR-Q+ Collaboration 3 / 4

GO to Page 4 for recommendations about your current 
medical condition(s) and sign the PARTICIPANT DECLARATION.

7. Do you have a Respiratory Disease? This includes Chronic Obstructive Pulmonary Disease, Asthma, Pulmonary High  
 Blood Pressure

7a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? 
 (Answer NO if you are not currently taking medications or other treatments)

7b. Has your doctor ever said your blood oxygen level is low at rest or during exercise and/or that you require   
 supplemental oxygen therapy?

7c. If asthmatic, do you currently have symptoms of chest tightness, wheezing, laboured breathing, consistent cough  
 (more than 2 days/week), or have you used your rescue medication more than twice in the last week?

7d. Has your doctor ever said you have high blood pressure in the blood vessels of your lungs? 

8. Do you have a Spinal Cord Injury? This includes Tetraplegia and Paraplegia

8a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? 
 (Answer NO if you are not currently taking medications or other treatments)

8b. Do you commonly exhibit low resting blood pressure significant enough to cause dizziness, light-headedness,   
 and/or fainting?

8c. Has your physician indicated that you exhibit sudden bouts of high blood pressure (known as Autonomic 
 Dysreflexia)? 

9. Have you had a Stroke? This includes Transient Ischemic Attack (TIA) or Cerebrovascular Event

9a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? 
 (Answer NO if you are not currently taking medications or other treatments)

9b. Do you have any impairment in walking or mobility?

9c. Have you experienced a stroke or impairment in nerves or muscles in the past 6 months? 

10. Do you have any other medical condition not listed above or do you have two or more medical conditions? 

10a. Have you experienced a blackout, fainted, or lost consciousness as a result of a head injury within the last 12   
 months OR have you had a diagnosed concussion within the last 12 months?

10b. Do you have a medical condition that is not listed (such as epilepsy, neurological conditions, kidney problems)?

10c. Do you currently live with two or more medical conditions?
 
 PLEASE LIST YOUR MEDICAL CONDITION(S) 
 AND ANY RELATED MEDICATIONS HERE:  

01-01-2015

6. Do you have any Mental Health Problems or Learning Difficulties? This includes Alzheimer’s, Dementia, 
 Depression, Anxiety Disorder, Eating Disorder, Psychotic Disorder, Intellectual Disability, Down Syndrome

If the above condition(s) is/are present, answer questions 6a-6b If NO   go to question 7

6a. Do you have difficulty controlling your condition with medications or other physician-prescribed therapies? 
 (Answer NO if you are not currently taking medications or other treatments)

6b. Do you ALSO have back problems affecting nerves or muscles?

YES NO

YES NO
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Food Log  
ID: 

Date:  

 

1. Dinner	and	Snacks	from	last	evening:	

 

2. Food	and	beverages	ingested	this	morning	(prior	to	testing):	

Time: 

Food: 

 

 

 

 

 

 

 

 

Time: 

Food: 
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Appendix Figure 1. Velotron Cycler Ergometer 
(Racermate Inc, Seattle, WA) 

Appendix Figure 2. 15km time trial on 
simulated hilly terrain 
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Appedix Figure 3. Neurozoid/ProBiometrics  
CVT device (ProCVT, London, UK) 
 

  


