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ABSTRACT 

Introduction: The aim of this study was to determine if muscle oxidative capacity is 

influenced by alterations in training volume in middle-distance runners. Methods: Twenty-

four highly-trained middle-distance runners (n=16 male; VO2peak=73.3(4.3) ml·kg·min-1; n=8 

female, VO2peak=63.2(3.4) ml·kg·min-1) completed 3 weeks of normal training (NormTr), 3 

weeks of high-volume training (HVTr; a 10, 20 and 30% increase in training volume during 

each successive week from NormTr), and a 1-week taper (TapTr; 55% exponential reduction 

in training volume from HVTr week 3). Before, and immediately after each training period, 

the rate of recovery of muscle oxygen consumption (mVO2) of the gastrocnemius medalis was 

measured using near-infrared spectroscopy, with the rate constant indicating muscle oxidative 

capacity. Time to exhaustion (TTE) and VO2peak were determined during a maximal 

incremental treadmill test. Results: Twelve subjects were classified as being functionally 

overreached (FOR) following HVTr (decreased running TTE and high perceived fatigue), 

whereas the other twelve subjects were classified as acutely fatigued (AF; no decrease in 

running TTE). The AF group demonstrated a significant increase in muscle oxidative capacity 

following HVTr (rate constant: 15.1% (SD; 9.7%) min-1; p=0.009), with no further 

improvement following TapTr, while there was no change in muscle oxidative capacity for 

FOR at any time point (p>0.05). Compared to the FOR group, the AF group had substantially 

larger improvements in TTE from pre-HVTr to post-TapTr (FOR: 8.8% (3.7%); AF: 3.2% 

(3.0%); p=0.04). Conclusion: The present study was able to demonstrate that muscle oxidative 

capacity was increased in response to a period of HVTr, but only in runners who did not 

develop FOR. Furthermore, runners who did not develop FOR had substantially larger 

performance improvements following a taper period.  
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INTRODUCTION 1 

Intensified and/or progressive increases in training load (i.e., increases in training intensity 2 

and/or volume) are considered necessary in order to induce performance improvements and 3 

physiological adaptations in trained endurance athletes (1). Of the possible training-induced 4 

muscular adaptations that relate to improvements in exercise performance, skeletal muscle 5 

oxidative capacity has been identified as one of the strongest determinants of endurance 6 

performance in highly-trained endurance athletes (2). Previous research has shown that skeletal 7 

muscle oxidative capacity and endurance performance can be improved following both 8 

intensified training (i.e., implementing a short period of high-intensity interval training) (3, 4) 9 

and by increasing training volume (5) in healthy, active men. However, these findings have not 10 

been replicated in already well-trained athletes, whereby 7 weeks of intensified training did not 11 

alter markers of mitochondrial content or pulmonary VO2 kinetics, in trained cyclists (6). 12 

Additionally, there is currently no published literature investigating the effects increasing 13 

training volume on skeletal muscle oxidative capacity in trained endurance athletes.  14 

A recent review (7) highlighted the increased emphasis on manipulating the training 15 

prescription variables to promote mitochondrial adaptations. Bishop and colleagues (7) 16 

reported the existence of a strong positive correlation (r2 = 0.80) between training volume and 17 

increases in citrate synthase activity, suggesting that increases in training volume may be an 18 

important determinant of changes in mitochondrial content. However, it is not fully understood 19 

how alterations in training volume may affect mitochondrial adaptations in trained endurance 20 

athletes. Indeed, for athletes with already high training volumes, further increases in training 21 

volume may result in acute fatigue (AF), and the development of functional overreaching 22 

(FOR) or non-functional overreaching (NFOR) (8). FOR results from an accumulation of 23 

training and/or non-training stress leading to a short-term decrement in exercise performance, 24 

in which restoration (9), and sometimes super-compensation (10), may occur following a taper 25 



period (~1–3 weeks) (8). While FOR may be considered a necessary component of the 26 

overtraining continuum (1, 8), FOR is associated with an increased incidence of illness (11), 27 

sleep disturbance (11) and precedes the more severe state of NFOR which is associated with 28 

maladaptation to training (12) and a decrease in performance that will not resume for several 29 

weeks or months (8). Indeed, it was recently demonstrated (12) that a period of intensified 30 

training attenuated the training-induced increase in citrate synthase and mitochondrial complex 31 

IV activity in the red gastrocnemius muscle of NFOR rats compared to FOR rats. Whether 32 

skeletal muscle oxidative capacity and endurance performance would be altered in response to 33 

intensified training in endurance athletes who already have substantially high training volumes, 34 

where the risk of overreaching and maladaptation to training is substantially high (8, 12), 35 

remains to be investigated. Therefore, the aim of the present study was to determine if near-36 

infrared spectroscopy (NIRS) derived measurements of skeletal muscle oxidative capacity is 37 

influenced by increases in training volume and a resultant taper period in highly-trained 38 

middle-distance runners. 39 

METHODS 40 

Participants 41 

Twenty-four highly-trained middle-distance runners participated in this study. Eight runners 42 

were female (mean ± SD: age 21.3 ± 3.2 y, stature 171.2 ± 4.9 cm, body mass 53.1 ± 6.0 kg, 43 

maximal oxygen uptake (VO2peak) 63.2 ± 3.4 ml·kg·min-1) and sixteen were male (age 21.0 ± 44 

3.6 y, stature 181.3 ± 5.1 cm, body mass 70.6 ± 7.9 kg, VO2peak 73.3 ± 4.3 ml·kg·min-1). Our 45 

inclusion criteria specified that participants were competitive middle-distance runners (800 m 46 

& 1500 m) who had a consistent training history of at least 2 years in these events and were 47 

without major injury interruption for the previous 3 months. The male runners had personnel 48 

best running times for the 800 m and 1500 m of 119.4 ± 7.8 s (range: 108.3 – 133.4 s) and 49 



238.0 ± 16.8 s (225.2 – 279.1 s), respectively, while the females had times of 135.0 ± 8.6 s 50 

(124.1 – 153.4 s) and 284.1 ± 18.8 s (257.4 – 321.4 s), respectively. In the 3 weeks preceding 51 

the study, the male runners had a mean running training volume of 73.9 ± 19.2 km·week-1, 52 

while the female runners ran 53.9 ± 16.0 km·week-1. Five of the female runners were taking 53 

oral contraception while the other three had regular menstrual cycles. The study was completed 54 

in the final months (December – February) of the preparation phase and first month of the 55 

competitive season, whereby the runners competed in some minor events/races during the study 56 

period. All runners provided written informed consent prior to participating in this study which 57 

was approved by the Griffith University Human Research Ethics Committee. 58 

General design 59 

The study period lasted a total of 7 weeks, which was divided into three distinct training phases. 60 

The runners first completed 3 weeks of normal training (NormTr) that was prescribed from 61 

their coach, 3 weeks of high-volume training (HVTr; weekly stepwise increase in training 62 

volume by 10, 20 and 30% during each successive week from NormTr), and a 1-week taper 63 

(TapTr; 55% exponential reduction in training volume from HVTr week 3). Before, and 64 

immediately after each training phase, the recovery rate of skeletal muscle oxygen consumption 65 

(mVO2) in the gastrocnemius medialis after short-duration (~10 s) plantar flexion exercise was 66 

measured using NIRS and subsequently fit to a mono-exponential curve, with the rate constant 67 

(k; min-1) being used as an index of skeletal muscle oxidative capacity. In addition, runners 68 

also performed a submaximal running test to determine running economy and a maximal 69 

incremental running test to determine the gas exchange threshold (GET), the respiratory 70 

compensation threshold (RCT), time to exhaustion (TTE), maximal heart rate (HRmax) and 71 

VO2peak. Throughout the training period runners completed a training diary, a weekly subjective 72 

fatigue questionnaire and wore a Global Positioning Systems technology equipped running 73 

watch and heart rate monitor for each running training session. Runners who had a decreased 74 



performance in the maximal incremental running test after HVTr that was greater than the test-75 

retest typical error determined from the pre- and post-NormTr  were classified as FOR, others 76 

as AF. 77 

Training 78 

The training of each participant was monitored for a period of 10 weeks in total (including the 79 

3 weeks preceding NormTr). NormTr consisted of coach-prescribed training. Following this, 80 

training volume was increased in a weekly stepwise manner by 10, 20 and 30% during each 81 

successive week while training intensity was maintained (i.e., HVTr). The increase in training 82 

volume during this 3-week period was prescribed from the initial NormTr period whereby the 83 

participants completed the same weekly distribution, type and content of running training 84 

sessions but with the prescribed increased volume. For example, in the third week of HVTr 85 

(i.e., +30% training volume) a track session which included 10 x 200 m repetitions at 800 m 86 

race pace would become 13 x 200 m repetitions at the same prescribed pace. Following HVTr, 87 

participants undertook a 1-week taper (i.e., TapTr) which reduced the training volume of each 88 

runner by 55% from week 3 HVTr in an exponential manner. Training volume was reduced 89 

each day beginning with a 20% reduction, followed by a further 15%, 10%, 10%, 10%, 5% and 90 

5% reduction for each successive day. This tapering strategy was employed because a taper of 91 

this duration, volume reduction and nature has been shown to induce a performance super 92 

compensation following an overload training period (13-16). 93 

Testing procedures 94 

Participants attended the laboratory on 5 occasions in total; twice before NormTr (one 95 

familiarisation and one performance trial), once before HVTr and TapTr and once again 96 

following TapTr. Participants arrived at the laboratory between 5:00 – 7:30 am after an 97 



overnight fast and not having undertaken strenuous exercise for at least 24 h. Laboratory 98 

temperature and humidity was consistent (22 - 23○C and 45-50% humidity) throughout all tests. 99 

Dietary standardization 100 

In order to minimize variability in exercise metabolism attributable to dietary intake, 101 

participants were provided with a standardized dinner (~55 kJ·kg body mass-1, providing 2.0 g 102 

carbohydrate·kg body mass-1, 0.3 g fat·kg body mass-1, and 0.6 g protein·kg body mass-1) and 103 

breakfast (~40 kJ·kg body mass-1, providing 1.8 g carbohydrate·kg body mass-1, 0.2 g fat·kg 104 

body mass-1, and 0.1 g protein·kg body mass-1), which was consumed approximately 12 and 105 

1.5 h before the exercise tests. In order to support the HVTr, participants were provided with a 106 

post-training beverage to facilitate recovery which included ~1.5 g·kg body mass-1 107 

carbohydrate and ~0.2 g·kg body mass-1 whey protein isolate (Bulk Nutrients, Grove, AU) to 108 

consume within 1 h after each training session.  109 

Submaximal running test 110 

Following a warm-up (5 min at 8 – 10 km·h-1), participants completed two 4-min submaximal 111 

incremental stages on a motorised treadmill (HP cosmos Saturn, Traunstein, Germany) which 112 

was set at a speed equivalent to 100 and 120% of the GET which was determined in the 113 

familiarisation testing session. The treadmill belt was also set at 1% gradient to reflect the 114 

energetic cost of running overground at these speeds (17). The two stages were briefly 115 

interrupted by a 30-s rest period to allow earlobe blood sampling for the determination of blood 116 

lactate concentration ([La]b) with a Lactate Pro 2 device (Arkray inc. Japan). Pulmonary gas 117 

exchange was measured on a breath-by-breath basis throughout each stage using a calibrated 118 

metabolic system (Cosmed Quark b2, Rome, Italy).   119 

Calculation of running economy 120 



Oxygen uptake (VO2) during the final minute of each submaximal stage was used to determine 121 

the oxygen cost in (mL·kg·km-1) while both the VO2 and carbon dioxide output (VCO2) during 122 

the same time period were used to calculate the energy cost (kcal·kg·km-1) of exercise. Updated 123 

non-protein respiratory quotient equations (18) were used to estimate substrate utilisation 124 

(g·min-1) during the final minute. The energy derived from each substrate was then calculated 125 

by multiplying fat and carbohydrate usage by 9.75 kcal and 4.07 kcal, respectively, reflecting 126 

the mean energy content of the metabolised substrates during moderate to high-intensity 127 

exercise (19).  128 

Maximal incremental running test 129 

Following a 5-min rest period after the submaximal running test, each participant performed 130 

an incremental treadmill run to volitional exhaustion starting at 10 km·h−1 and 1% gradient, 131 

with the speed increased by 1 km·h−1 each minute until a speed of 20 km·h−1. After 1 min at 132 

20 km·h−1, the treadmill gradient was increased by 1% each minute until volitional exhaustion. 133 

Gas exchange variables (VO2, VCO2 and expired ventilation (VE)) were measured as described 134 

for the submaximal exercise test and subsequently averaged into 30-s bins. The GET was 135 

determined using the V-slope method described by Beaver et al, (20) while the RCT was 136 

determined using the VE-versus-VCO2 relationship also described by Beaver et al, (20). Two 137 

investigators performed threshold determinations independently, and a third investigator was 138 

consulted if there was disagreement between the two. Heart rate was recorded each second 139 

(H10, Polar Electro, Oy, Finland) to determine the heart rates corresponding to GET and RCT, 140 

as well as HRmax. VO2peak was determined as the average of the two highest consecutive 30-s 141 

VO2 values, while TTE was used as a measure of running capacity. [La]b was measured from 142 

the earlobe at 1, 3, 5, and 7 min after the completion of the test  with the highest [La]b value 143 

obtained at the end of exercise considered [La]bmax  144 



NIRS assessment of skeletal muscle oxidative capacity 145 

NIRS signals were obtained using a non-invasive, near-infrared spectrometer; Oxymon MKIII 146 

(Artinis Medical Systems b.v., Zetten, Netherlands) which measured the relative 147 

concentrations of deoxy-hemoglobin and deoxy-myoglobin (HHb) and oxy-hemoglobin and 148 

oxy-myoglobin (HbO2). The transmitting and receiving optodes was set to a detector distance 149 

of 40 mm, which allowed for approximately 20 mm of tissue penetration. Subcutaneous 150 

adipose thickness at the site of NIRS placement was measured with Harpenden calipers (Baty 151 

International, RH15 9LB United Kingdom) to ensure that skeletal muscle was being 152 

interrogated. NIRS-derived assessment of muscle oxidative capacity was performed according 153 

to the protocol described in detail by Ryan et al. (21), which has been validated against 154 

phosphorus magnetic resonance spectroscopy (22) and in vitro measurements of high‐155 

resolution respirometry in pearmealized muscle fibres (23). Each participant laid in a supine 156 

position with both legs extended while their right foot was placed into a custom-built plantar-157 

flexion exercise device. The foot of the participant was strapped firmly to the device using non-158 

elastic Velcro straps. The NIRS optodes was placed at the level of the largest circumference of 159 

the triceps surae, over the medial head of the gastrocnemius muscle, and secured with 160 

biadhesive tape and covered with a non-stick opaque crepe bandage. A blood pressure cuff 161 

(Hokanson SC12D, Bellevue, WA), which was attached to a rapid-inflation system (Hokanson 162 

E20, Bellevue, WA), was placed proximal to the NIRS optodes and above the knee joint. The 163 

test protocol consisted of the measurements of resting mVO2 by way of inflation of the pressure 164 

cuff (~300 mmHg) to arrest blood flow for two 30-s periods. Following this, an 165 

ischemia/hyperemia calibration was performed to normalize the NIRS signals. To do this, each 166 

participant performed ~10 s of voluntary plantar flexion exercise against manual resistance, 167 

followed by inflation of the pressure cuff for ~5 minutes, until the NIRS signals plateaued. 168 

Upon release of the cuff, a 1-3 minute period of hyperaemia occurred. This calibration was 169 



used to scale the NIRS signals to this range (i.e., minimum value of the plateau and maximum 170 

value of the hyperaemia). Following this, a brief exercise protocol was employed to increase 171 

mVO2 followed by a series of 15 intermittent cuff inflations (arterial occlusions) to quantify 172 

mVO2 recovery by assessing the change in the slope of the HbO2 signal. The exercise protocol 173 

consisted of ~15 s of plantar flexion exercise (2 contractions·s-1) against manual resistance in 174 

order to desaturate the muscle to reach a target of 50% of the calibrated NIRS signal range (21, 175 

24). The duty cycle of the subsequent arterial occlusions were as follows: cycle 1–5: 5 s on/5 s 176 

off; cycle 6–10: 5 s on/10 s off; cycle 11–15: 10 s on/20 s off). After 2 minutes, the exercise 177 

protocol was repeated, with the mean of the paired ensemble slopes being used when curve-178 

fitting. We also corrected NIRS signals for changes in blood volume, as previously described 179 

(21). For each intermittent arterial occlusion, the slope of the blood volume corrected HbO2 180 

signal (%·s-1) was used to express mVO2. The mVO2 exponential recovery rate constant (k, 181 

min−1) was estimated using non-linear least-squares regression and used as an index of skeletal 182 

muscle oxidative capacity (22, 23).   183 

Training-load monitoring 184 

In order to monitor training volume and intensity, each participant wore either an M430 GPS 185 

running watch (n=14; Polar, Kempele, Finland) or a Garmin Forerunner 235 (n=8; Canton of 186 

Schaffhausen, Switzerland) during every running session. Training intensity distribution was 187 

quantified from running speed using the total time-in-zone approach quantified by a training 188 

analysis software (TrainingPeaks WEEKO+, Boulder, CO, USA). From this, the percentage of 189 

training time spent with a running speed in each of the three training zones was quantified for 190 

each individual training session. The relative training time in each zone for all sessions was 191 

then determined. The three training zones according to the reference running speed values that 192 

corresponded to physiological thresholds obtained during the maximal running assessment 193 

were used: zone I (<GET), zone II (between GET and the RCT) and zone III (>RCT). 194 



Participants were also provided with a training diary which instructed them to rate the global 195 

intensity, distance and duration of all training sessions and races using a modified category 196 

ratio scale ranging from 0 to 10 (25). In addition, at the end of each week, participants were 197 

also asked to rate their levels of perceptual fatigue on a Likert scale questionnaire consisting 198 

of a 100 mm long printed black line with 0 at the left end and the words “extremely fresh” and 199 

a 10 at the right end of the scale with the words “extremely tired”. The subjects were instructed 200 

to place a mark on the line corresponding to the severity of fatigue they were experiencing. 201 

Assessment of overreaching 202 

In line with previous research (9, 10), the smallest worthwhile change (SWC) was used as a 203 

FOR threshold. The SWC was calculated as 0.5 × the coefficient of variation (CV) of TTE 204 

from the incremental running tests performed before and after NormTr. To be diagnosed as 205 

FOR following HVTr, participants had to report an elevated subjective fatigue rating following 206 

HVTr and had to show an individual performance (i.e., TTE) decrement larger than the SWC. 207 

The remaining participants who maintained or improved their performance but also showed an 208 

elevated subjective fatigue rating following HVTr, were considered to be AF. 209 

Statistical analysis 210 

Results are expressed as mean ± SD unless stated otherwise. A two-way repeated measures 211 

analysis of variance (group [i.e., FOR] x timepoint [i.e., pre-NormTr]) was used  with 212 

Bonferroni post-hoc comparisons to identify differences in performance and physiological 213 

variables between FOR and AF groups. The effect size (d) statistic with upper and lower 95% 214 

confidence intervals (CI) were also calculated to assess the magnitude of difference between 215 

groups. The magnitude of difference was classified as small 0.2 to 0.6, moderate 0.6 to 1.2, 216 

large 1.2 to 2.0, and very large 2.0 to 4.0. All statistical analyses were performed using SPSS 217 

25.0 (SPSS Inc, Chicago, IL, USA), with statistical significance accepted as p<0.05. Test-retest 218 



reliability of running TTE, VO2peak and k values for skeletal muscle oxidative capacity were 219 

analysed using the CV and intraclass correlation coefficients (ICC).  220 

RESULTS: 221 

Incidence of overreaching and subjective fatigue 222 

Following HVTr, twelve participants developed signs of FOR (8 male, 4 female), while twelve 223 

others showed AF (8 male, 4 female). On a group level, subjective fatigue scores were 224 

significantly higher each week during HVTr compared to both NormTr and TapTr (figure 1). 225 

While there was no significant between group differences at any time point (group x time 226 

interaction: p = 0.13), in comparison to the 3-wk mean of NormTr the FOR group had 227 

moderately higher effect size differences (d [95%CI]) in subjective fatigue ratings following 228 

the first (0.67 [-0.20 – 1.54]) and second week of HVTr (0.70 [-0.21 – 1.61]). These effect size 229 

differences were unclear following the third week of HVTr  (0.14 [-0.64 – 0.92]) and following 230 

TapTr (0.22 [-0.61 – 1.05]).   231 

Training volume 232 

Adherence to the specific training content in each training session and compliance with the 233 

program were 99%, as inferred from the training analysis software, training diaries and verbal 234 

communication with the participants. Figure 2 shows the mean training volume completed by 235 

the participants during the study. There were no between or within group differences in the 236 

mean 3-week training volume completed prior to the beginning of the study (mean ± SD: 67.1 237 

± 20.4 km) and during NormTr (69.7 ± 20.8 km; +3.9%; p = 0.56). Training volume was 238 

increased from NormTr throughout HVTr week 1 (76.6 ± 21.6; +9.9%), week 2 (85.2 ± 23.6; 239 

+22.3%), and week 3 (91.8 ± 25.0 km; +31.8%; all p<0.01), and was reduced during TapTr 240 

(42.6 ± 11.6 km; -38.9% compared to NormTr; -53.6% compared to HVTr; p<0.01). The 241 

training intensity distribution, quantified as the percentage of total time spent in each of the 242 



three training zones based on running speed, did not change throughout the study period when 243 

comparing the pre-study period (zone 1: 80.2 ± 8.3%; zone 2: 4.1 ± 2.1%; zone 3: 15.7 ± 7.4%), 244 

NormTr (81.2 ± 9.1%; 4.5 ± 1.4%; 14.3 ± 7.9%), HVTr (81.8 ± 9.0%; 4.2 ± 0.9%; 14.0 ± 8.4%) 245 

and TapTr (80.0 ± 9.4%; 3.6 ± 1.2%; 16.4 ± 9.6%). Furthermore, there were no differences in 246 

training volume (group x time: p = 0.89) or training intensity distribution (p = 0.79) between 247 

AF and FOR groups at any time point. There was no difference in the number of resistance 248 

training sessions performed between AF (0.7 ± 0.8 sessions·week-1) and FOR groups (0.8 ± 249 

0.7 sessions·week-1) throughout the study. 250 

Running performance 251 

The CV (expressed as a CV% between the pre- and post-NormTr maximal incremental running 252 

test) for incremental running TTE (s) and absolute (L·min-1) and relative VO2peak (mL·kg·min-253 

1) was 6.3, 3.0 and 2.8%, respectively. Figure 3 and 4 show the percentage change in TTE and 254 

VO2peak (mL·kg·min-1) relative to pre-NormTr. While there was no change in TTE or VO2peak 255 

in the AF group following HVTr, there was a significant increase following TapTr (40 ± 25 s; 256 

p > 0.01; 0.11 ± 0.08 L·min-1; p = 0.01, 1.88 ± 1.0 mL·kg·min-1; p = 0.008). The FOR group 257 

had a decrease in TTE (-49 ± 14 s; p<0.001) and VO2peak (-2.33 ± 2.0 mL·kg·min-1, p = 0.04) 258 

following HVTr which was reversed following TapTr (67 ± 22 s; p<0.001; 5.11 ± 2.50 259 

mL·kg·min-1; p = 0.006). Compared to the FOR group, the AF group had substantially larger 260 

improvements in TTE from pre-HVTr to post-TapTr (absolute difference score: 37 ± 31 s; p = 261 

0.04), while the improvements in VO2peak were similar between groups (AF: 3.52 ± 1.40 262 

mL·kg·min-1; FOR: 2.78 ± 1.80 mL·kg·min-1; p = 0.45).  263 

The FOR group had a significant reduction in peak HR and [La]bmax following HVTr (-4 ± 3 264 

BPM; p = 0.02; -4.30 ± 1.80 mmol·L -1; p = 0.01), with both parameters returning to pre-265 

NormTr values following TapTr, while there was no change at any time point for the AF group 266 



(table 1). There was no change in running economy (oxygen cost nor energy cost) or the 267 

ventilatory thresholds at any time point for either group. 268 

Skeletal muscle oxidative capacity (mVO2 k) 269 

Figure 5 shows the mVO2 k of both AF and FOR groups for the gastrocnemius medialis before 270 

and after NormTr, and after HVTr and TapTr. The test-retest values for repeat measurements 271 

performed pre-NormTr without movement of the NIRS probe for k was (CV = 9.6%, ICC = 272 

0.90), while the measurements performed pre- and post-NormTr were (CV = 13.1%, ICC = 273 

0.82). The r2 value was >0.95 for all measurements at pre-NormTr, (mean, range; r2 = 0.981, 274 

0.954 – 0.997), post-NormTr (r2 = 0.980, 0.959 – 0.996), post-HVTr (r2 = 0.984, 0.952 – 0.995) 275 

and post-TapTr (r2 = 0.984, 0.957 – 0.996). The AF group demonstrated an increase in skeletal 276 

muscle oxidative capacity following HVTr (0.39 ± 0.25 min-1; 15.1% ± 9.7%; p = 0.009), with 277 

no further improvement following TapTr (p = 0.89). For the FOR group, there was no change 278 

in skeletal muscle oxidative capacity at any time point (p > 0.05). Furthermore, the change in 279 

mVO2 k from pre-HVTr to post-HVTr was significantly greater in the AF group compared to 280 

the FOR group (0.40 ± 0.35 min-1; p = 0.03).  281 

DISCUSSION: 282 

The purpose of this study was to determine if skeletal muscle oxidative capacity is influenced 283 

by increases in training volume and a resultant taper period in highly-trained middle-distance 284 

runners. The results from this study indicate three key points; 1) skeletal muscle oxidative 285 

capacity is increased in response to HVTr in runners who do not develop FOR but is unchanged 286 

in those who do; 2) despite improvements in running TTE and VO2peak following a taper period, 287 

there is not a concomitant increase in skeletal muscle oxidative capacity and; 3) runners who 288 

did not develop FOR had substantially larger improvements in running capacity following a 289 

taper period.  290 



In the present study, 12 of the 24 middle-distance runners were classified as FOR following 291 

HVTr on the basis of an increased subjective fatigue rating and performance decrement 292 

(running TTE) larger than the SWC following HVTr. The remaining subjects (AF) either 293 

maintained or improved their performance. Runners who were classified as AF following 294 

HVTr demonstrated improvements in skeletal muscle oxidative capacity which remained 295 

elevated following TapTr, while there was no change in FOR at any time point. These findings 296 

indicate that runners who developed FOR had impaired training adaptations relating to 297 

improvements in skeletal muscle oxidative capacity. While no previous study has assessed 298 

mitochondrial adaptations in athletes that develop FOR, a recent training study in rats (12) 299 

reported impaired training-induced alterations in citrate synthase activity and mitochondrial 300 

complex IV activity in NFOR rats. However, it must be noted that the classification of FOR 301 

and NFOR rats in this study (12) is not consistent with the consensus statement defining FOR 302 

(8) or the classification of FOR that is typically employed in human studies (9-11, 26), 303 

including the present study. Ferraresso et al. (12) classified all rats who experienced a 304 

performance decline as NFOR, while rats who had a performance increase were classified as 305 

FOR. From this classification system, NFOR rats may well have been FOR, which suggests 306 

that this training state was associated with blunted training-induced mitochondrial adaptations. 307 

This revised classification lends supporting evidence to the findings from the present study but 308 

this needs further experimental confirmation in human studies. One hypothesis that may 309 

explain the attenuated training adaptations in the FOR group in the present study relates to the 310 

reduction in [La]bmax following HVTr. Lactate has been identified as an important signalling 311 

molecule that can mediate exercise-induced adaptations relating to mitochondrial biogenesis 312 

(27). Indeed, one recent study (28) demonstrated that decreased lactate accumulation in 313 

response to chronic dichloroacetate administration reduced the mitochondrial adaptations to 314 

high-intensity interval training in mice. Translating these findings to the present study, the 315 



reduction in [La]bmax in the FOR group may have been indicative of reduced [La]b 316 

accumulation during HVTr and lead to an attenuation in mitochondrial adaptations, although 317 

this hypothesis required further clarification. Furthermore, it is difficult to speculate as to the 318 

nature of the mitochondrial adaptations which would explain the improvements in skeletal 319 

muscle oxidative capacity in the present study. Given that improvements in skeletal muscle 320 

oxidative capacity may result from alterations in mitochondrial biogenesis, and while there is 321 

contention as to what defines mitochondrial biogenesis (29), this may arise from changes 322 

mitochondrial content, structure, quality, and/or respiratory function (7, 29).  323 

In the present study, the AF group demonstrated significant improvements in skeletal muscle 324 

oxidative capacity following HVTr which were maintained, but not further improved following 325 

TapTr, despite further improvements in running capacity (i.e, running TTE) and VO2peak. This 326 

agrees with most (30-32), but not all reports (33) that have assessed changes in markers of 327 

skeletal muscle oxidative capacity and performance before and after a taper period in well-328 

trained endurance athletes. In support of the findings of the present study, Neary et al  (30) 329 

reported substantial improvements in oxidative enzyme activity (cytochrome oxidase and 330 

citrate synthase) following a progressive overload training programme, but there were no 331 

further improvements following a 4- and 8-d taper protocol despite further improvements in 332 

the power output at the ventilation threshold in well-trained cyclists. Skovgard et al (32) 333 

reported that 10 and 18 days of tapering following a period of intensified training resulted in 334 

improvements in short-duration running capacity, but this was not accompanied by any changes 335 

in muscle oxidative enzyme (citrate synthase and 3-hydroxyacyl-CoA dehydrogenase) activity. 336 

Similarly, Luden et al (31) found no change in gastrocnemius lateralis citrate synthase activity 337 

following a 3-week volume reduced taper in collegiate distance runners despite improvements 338 

(3 ± 1%) in 8-km cross-country race performance. Collectively, the findings from these studies 339 

(30-32), in conjunction with those of the present, indicate that a taper period may not induce 340 



further improvements in skeletal muscle oxidative capacity but exercise performance is 341 

typically improved following an appropriate taper period. Interestingly, a later study by Neary 342 

et al, (33) reported that there were fibre-type specific increases in markers of skeletal muscle 343 

oxidative capacity (cytochrome oxidase, succinate dehydrogenase and 3-hydroxyacyl-CoA 344 

dehydrogenase) that were only evident in type II muscle fibres following a progressive 345 

overload program and subsequent taper period. This may indicate that studies quantifying 346 

changes in mitochondrial enzymes in mixed fibre muscle samples following a taper period may 347 

be masking potential fibre-type specific adaptations that could only be revealed in single 348 

muscle fibre analyses. Indeed, while the NIRS derived measure of skeletal muscle oxidative 349 

capacity employed in the current study has its advantages compared to invasive and costly 350 

muscle biopsies (34), this approach is unable to detect fibre-type specific changes in skeletal 351 

muscle oxidative capacity. 352 

In agreement with other studies in runners (31, 35, 36), we found that running economy and 353 

physiological threshold speeds (GET and RCT) were unchanged following the increase in 354 

training volume and resultant taper period. In contrast, there was a significant decrease in 355 

running TTE (–7.4%) and VO2peak (–3.4%) in the FOR group following HVTr, while there was 356 

a non-significant change in running TTE (+2.5%) and VO2peak (+2.4%) during this same period 357 

for the AF group. Importantly, the performance super compensation (change in performance 358 

from pre-HVTr to post-TapTr) was substantially larger in the AF group (absolute difference 359 

score: 37 ± 31 s; p = 0.04), while the changes in VO2peak during this period were similar. When 360 

this is coupled with the absence of improvements in skeletal muscle oxidative capacity in the 361 

FOR group, these findings are suggestive of impaired physiological and performance 362 

adaptations in response to an increase in training volume in highly-trained middle-distance 363 

runners who develop FOR. This notion is supported by the findings of one previous study that 364 

reported greater performance improvements (peak incremental cycling test power output) and 365 



physiological adaptations (VO2peak) following an overload period in triathletes who did not 366 

develop FOR (9). Aubrey et al. (9) prescribed a 3-week, 30% increase in training volume to 367 

triathletes and reported that lower taper induced improvements in VO2peak and cycling capacity 368 

were associated with FOR subjects. The results of the present study provide empirical evidence 369 

to further support this notion and suggest that impaired adaptations in skeletal muscle oxidative 370 

capacity may be one contributing factor to the attenuated performance super-compensation in 371 

FOR runners. There are some notable differences between the current study and that of Aubrey 372 

et al. (9) who recruited triathletes that undertook a graded cycling test to exhaustion which was 373 

assessed each week during a 4-week, 40% step taper whereby 83% and 73% of peak 374 

performance super-compensation occurred within the first two weeks of the taper period in AF 375 

and FOR triathletes, respectively. While we employed a 1 week exponential decay taper model 376 

consisting of a 55% reduction in training volume with maintained training intensity and 377 

frequency, we acknowledge that an optimal taper period may be individualised for each athlete 378 

and it has been suggested that longer taper periods may be required following an overload 379 

training period due to greater stress and fatigue (37). However, contrary to this supposition, the 380 

taper characteristics in the present study are in line with recommendations based on a meta-381 

analysis (13), modelling (14) and experimental studies (16) suggesting that a ~50% reduction 382 

in training volume in an exponential decay fashion over a period of 1 – 2 week can elicit peak 383 

performance improvements in endurance athletes. In addition, there was no differences in 384 

subjective fatigue scores between the FOR and AF groups following the taper period in the 385 

current study suggesting that both groups perceived their recovery to be of a similar magnitude. 386 

In the present study, 12 of the 24 middle-distance runners were classified as FOR following 387 

HVTr which agrees with the incidence of overreaching reported in other studies employing 388 

similar overload periods (i.e., increases of 30-40% of training volume for 3-4 weeks) with these 389 

studies reporting 69% (10), 50% (11), 33% (26) and 48% (9) of endurance athletes being 390 



diagnosed as FOR following increases of this magnitude in training volume. There is currently 391 

no evidence that clearly demonstrates the reason why there is a large between-athlete variability 392 

in response to increases in training volume whilst others display signs and symptoms of fatigue 393 

and overreaching. It could be postulated that gender, training status or habitual training volume, 394 

among other factors, may all influence the likelihood of developing FOR. In the present study, 395 

gender did not seem to influence the incidence of overreaching as half of the male and female 396 

runners were diagnosed as FOR. Furthermore, there was no difference in VO2peak or training 397 

volume between FOR and AF groups at any time point. Given that FOR precedes the more 398 

severe and persistent states of the overtraining continuum such as NFOR and overtraining (8), 399 

future studies should aim to gain a better understanding of the individual athlete characteristics 400 

that may predispose athletes to developing FOR. It should also be noted that subgroup analysis 401 

is a topical issue in relation to longitudinal intervention-based research (38). It has been 402 

suggested that dividing the participant group of a study into smaller subgroups (i.e., FOR and 403 

AF) leads to overstated or misleading results (39). However, in this instance, the subgroup 404 

analysis of FOR and AF groups helps to provide insight on the complex issue of the individual 405 

responses to exercise training. 406 

The present study was able to demonstrate that skeletal muscle oxidative capacity was 407 

increased in response to a short period of increased training volume, but only in runners who 408 

did not develop FOR. However, there was not a compensatory increase following the taper 409 

period in either group, despite improvements in running capacity. Other findings from the 410 

present study indicate that runners who did not develop FOR had substantially larger 411 

performance improvements following a taper period. Collectively, the results from this study 412 

maintain that training volume is an important training program variable to consider when 413 

periodising and planning an endurance training program for middle-distance runners. 414 
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LIST OF FIGURES 

Figure 1 – Subjective fatigue rating (mean ± SD) of both AF and FOR groups for the 3 weeks 
throughout normal training (NormTr), 3 weeks throughout high-volume training (HVTr) and 
taper training (TapTr). 

a Significantly different from NormTr 

 

Figure 2 – Mean training volume (distance run (km); mean ± SD) during the 3 weeks prior to 
the study and for each week during normal training (NormTr), high-volume training (HVTr) 
and during the 1-week taper (TapTr) for the AF and FOR groups.  

a Significantly higher than pre-study, NormTr and TapTr 

b Significant lower than all other weeks 

Figure 3 – Percentage change in TTE (s) relative to pre-NormTr (percent change ± 95% CI) 
during the maximal incremental running test after normal training (post-NormTr), after high-
volume training (post-HVTr) and after taper training (post-TapTr) for the AF group (squares), 
and the FOR group (circles). Shaded area represents the smallest worthwhile change (0.5 X 
CV). 

a Significantly different from pre- and post-NormTr 

b Significant between group difference 

Figure 4 – Percentage change in relative VO2peak (mL·min·kg-1) relative to pre-NormTr 
(percent change ± 95% CI) during the maximal incremental running test after normal training 
(post-NormTr), after high-volume training (post-HVTr) and after taper training (post-TapTr) 
for the AF group (squares), and the FOR group (circles). Shaded area represents the smallest 
worthwhile change (0.5 X CV).  

a Significantly different from pre- and post-NormTr 

b Significant between group difference 

 

Figure 5 – Skeletal muscle oxidative capacity (mean ± 95% CI) of both AF and FOR groups 
for gastrocnemius medialis before (pre-NormTr) and after (post-NormTr) normal training, and 
after high-volume training (post-HVTr) and taper training (post-TapTr). Data are expressed as 
rate constants for the post-exercise recovery of mVO2. 

a Significantly different from pre- and post-NormTr 

 

 


