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Abstract 33 

The purpose of this research was to examine the (1) reliability, (2) validity and (3) 34 

sensitivity of an individualised sub-maximal fitness test (SMFTIFT60). Nineteen elite rugby 35 

league players (22 ± 4 y) participated in the study. Part 1: players performed a one-week test-36 

retest of SMFTIFT60. Typical Errors and ICCs were: small (<3.5%) and extremely high (>0.90) 37 

for accelerometer-derived variables; moderate (<2.5% points) and moderate to very high 38 

(0.71–0.89) for all heart rate (HR) variables. Part 2: SMFTIFT60 and the 30-15 Intermittent 39 

Fitness Test (VIFT) were performed prior to and following a 10-week training period. 40 

Associations with change in VIFT were large for changes in heart rate during (HRex; r = -0.57) 41 

and following (HRR; 0.60) SMFTIFT60, and very large for changes in accelerometer measures 42 

(range: -0.71 to -0.79). Part 3: Within-player dose-response relationships between SMFTIFT60 43 

heart rate measures (dependent variables) and prior accumulated internal and external 44 

training loads (independent variables) were examined. HRex relationships with acute internal 45 

and external loads (prior 3 days) were all negative and ranged from moderate (session ratings 46 

of perceived exertion, r = -0.34), to large (high-speed running distance, r = -0.51; acceleration 47 

load, r = -0.73) and very large (HR Training Impulse, r = -0.83). All other relationships were 48 

unclear or trivial to small (r= -0.24 to 0.29). The SMFTIFT60 is reliable and valid for both 49 

physiological and accelerometer-derived measures. HRex could be the more sensitive 50 

outcome measure to acute internal and external training loads. This could therefore be useful 51 

within team sport monitoring strategies; however, a greater understanding of dose-response 52 

sensitivity and underpinning physiological mechanisms is warranted. 53 

 54 
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Introduction 57 

Team sports staff aim to optimally prepare their athletes for competition while reducing 58 

their risk of injury. Training theory suggests that the internal training response is dependent 59 

on the training dose applied and its interaction with individual characteristics, environmental 60 

and lifestyle factors (1). As such, practitioners are required to use a multidimensional 61 

approach, rather than evaluate training loads in isolation, to provide a complete picture on the 62 

adaptive response to the training undertaken. Typically, practitioners may also evaluate the 63 

development of physical capacities (i.e., maximal fitness assessments), providing insights into 64 

the response of athletes, defined as the dose–response relationship (2), whilst providing 65 

information on their current performance-state (defined here as the constant and continual 66 

interaction of an individual’s fitness–fatigue status) (3, 4). However, identifying an individual’s 67 

performance-state in team sports is limited due to: 1) the underlying complexities of the 68 

multidimensional constructs of internal load (i.e. physiological systems, biomechanical and 69 

psychological domains (1, 5, 6)); and 2) the exposure to competition and scheduling 70 

considerations, reducing the opportunity and likelihood for maximal testing in-season (7, 8). 71 

Sub-maximal fitness tests (SMFT) have become popular for practitioners aiming to 72 

evaluate the performance-state of their athletes in a non-exhaustive manner (9, 10). SMFT 73 

provide a practical and systematic method of observing the response to a standardised 74 

physical stimulus (dose), allowing information and interpretation on the individual’s 75 

performance-state (11, 12). The most appropriate protocol to evaluate this training response 76 

is not known; with studies examining stationary cycling (13), continuous running (14, 15), 77 

intermittent shuttle running (16), modified Yo-Yo tests (10, 17), incremental running protocols 78 

(18), individualised sub-maximal shuttle runs (9, 19) and short high-intensity bursts (20, 21). 79 

Identifying and utilising specific tests with improved reliability and sensitivity is vital to 80 

practitioners given the potential for noise in field conditions (22). McLaren et al. (19) reported 81 

improved heart rate (HR) reliability (% of HRmax) during SMFT when using individually 82 

prescribed sub-maximal shuttles (57–64 m, TE = 1.3 %; SMFTIFT60) versus continuous running 83 

(TE = 2.4%) and modified Yo-Yo (TE = 2.6%) protocols at absolute (athlete-independent) 84 

running velocities. Importantly, improved reliability of these measurement properties may lead 85 

to greater sensitivity when identifying the dose−response relationship between SMFT and 86 

training load, allowing for a ‘meaningful’ detection of performance-state alterations (9, 23). 87 

The validity of SMFT remains unclear, with changes in HR recorded during SMFT 88 

(HRex) and concordant changes in maximal test performance equivocal. Some studies have 89 

suggested likely associations between HRex and maximally derived cardiorespiratory function 90 

(11, 24) while others have reported non-significant correlations (25, 26). The disparity in 91 

research suggests these tests (SMFT vs. maximal testing) may evaluate different 92 
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constructs/mechanisms of the training process. Additionally, this may be reflective of the 93 

interplay between different SMFT modalities, and confounders of the multidimensional internal 94 

load construct (e.g., mood, running efficiency, surface). Hence, the identification of more 95 

sensitive measurement tools may better quantify the dose–response relationship associated 96 

with training, assisting practitioners with decision making in regard to player performance-97 

state. Whilst the enhanced test-retest reliability of the SMFTIFT60 may offer potential in this 98 

regard (19), its validity and sensitivity is unknown.  99 

Typically, studies have adopted between-athlete analyses in their examinations of 100 

SMFT convergent validity. However, this is an approach does not reflect the individualised 101 

nature of monitoring used in elite sport (i.e., monitoring within-athlete change). In addition, 102 

these studies have generally examined the internal adaptive response, with consideration for 103 

only physiological (cardiorespiratory) pathways. Recently, it was suggested that physiological 104 

and biomechanical load-adaptation pathways should be considered separately due to the 105 

stress that training elicits on both systems (6). Yet little is understood on the most appropriate 106 

way to quantify this biomechanical stress in the field. Therefore, this study had 3 aims: Part 1) 107 

to re-examine the reliability of the SMFTIFT60; Part 2) to assess the convergent validity 108 

(physiological and; mechanical, through an explorative analysis) of the SMFTIFT60; and Part 3) 109 

determine the within-individual physiological dose−response relationship between the 110 

SMFTIFT60 and measures of training load in elite rugby league players. 111 

 112 

Methods 113 

Participants 114 

Forty-one elite rugby league players competing for a single club in the Australian-115 

based National Rugby League (NRL), were initially eligible for participation in this study. Per 116 

specific inclusion–exclusion criteria (see Supplementary File 1), not all players were included 117 

in each study part. An overview of the final player samples for each part is presented in Table 118 

1. When players participated, they were cleared of injury by the club’s medical staff a priori. 119 

Throughout the testing periods, players adhered to their usual nutritional, hydration, and 120 

ergogenic aid strategies.   121 

Data were collected as part of players’ routine training assessments, per their 122 

contractual agreements, with no experimental manipulations. Informed consent for analysis of 123 

anonymised data was therefore not deemed necessary (27). Nonetheless, all data collection 124 

and handling conformed to recommendations of the Declaration of Helsinki and the General 125 

Data Protection Regulation (2018). 126 
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 127 

*** INSERT TABLE 1 ABOUT HERE *** 128 

 129 

Experimental Design 130 

All study parts followed observational, repeated-measures designs, with players tested and 131 

monitored across pre-specified periods aligned to each specific aim. All testing sessions 132 

(SMFTIFT60 and 30-15IFT) were performed on the same outdoor grass field at the same time of 133 

day (~0700–0900), with players wearing their own football boots. Due to the influence of 134 

external factors on HR response all players were advised to maintain their normal diet, 135 

including consuming breakfast, and to abstain from caffeine, alcohol and exercise in the 24-136 

hours prior to testing. In an attempt to standardise player nutritional substrate status prior to 137 

all testing periods the team dietician provided nutritional and hydration strategies to all players 138 

as per club guidelines. 139 

 140 

Part 1: Test-Retest Reliability of SMFTIFT60 Outcome Measures 141 

The SMFTIFT60 was performed one week apart at the start of the pre-season phase, occurring 142 

in the morning of the first training session preceded by 24 hours of rest. Both sessions were 143 

performed under similar environmental conditions (21-23°C). 144 

 145 

Part 2: Convergent Validity between SMFTIFT60 Outcome Measures and Maximal Test 146 

Performance 147 

At the beginning and following a 10- week pre-season training period, the SMFTIFT60 was 148 

performed with the 30-15 Intermittent Fitness Test (30-15IFT). SMFTIFT60 was performed with 149 

near complete (30-15IFT performed 48-72 hours prior) rest in the 72 hours prior to completion, 150 

at the beginning and end of pre-season, respectively. Analyses were performed to evaluate 151 

the associations with observed test outcomes and pre-post change in outcomes for both tests. 152 

All testing was performed in temperatures between 21-24°C. 153 

 154 

Part 3: Dose–Response Sensitivity of SMFTIFT60 Heart Rate Measures to Training Load. 155 

The SMFTIFT60 was completed 4 times in pre-season (~every 3 weeks) and 5 times in-season 156 

(~every 4 weeks). A schematic diagram of the testing procedures is displayed in Figure 1. 157 
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Internal and external training loads were collected between every testing session and 158 

subsequently accumulated for specifically identified training ‘dose’ time-periods.  We defined 159 

acute (accumulated from the previous 3-days) and chronic (accumulated load since the 160 

previous SMFT until the acute period) time-periods aligned to current tenets that these 161 

represent proposed determents of ‘fatigue’ and ‘fitness’ characteristics. While crude, the 162 

accumulated time windows were selected as they represent periods where many physiological 163 

processes are restored to baseline/homeostasis in rugby league (fatigue; ~72 hours) (28), as 164 

well as the suggested residual training effect for aerobic endurance (fitness; ~25–35 days) 165 

(29). Consequently, SMFTIFT60 physiological (HR-derived) measures were used as measures 166 

of ’response’ to this load and compared to selected internal and external measures to evaluate 167 

their sensitivity (responsiveness). Although we examined the use of SMFTIFT60 168 

accelerometery-based measures in Part 2 as an explorative observation (convergent validity 169 

with maximal test performance, details subsequent), we opted to omit these data from dose–170 

response sensitivity analysis, given there is currently little scientific understanding and lack of 171 

a causal framework linking these SMFT outcome measures with prior accumulated training 172 

load. All testing was performed in temperatures between 18-24°C. 173 

 174 

*** INSERT FIGURE 1 ABOUT HERE *** 175 

 176 

Protocols and Outcome Measures 177 

The 30-15 Intermittent Fitness Test (30-15IFT) 178 

The 40-m version of the 30-15IFT was conducted at the beginning and end of pre-179 

season (prior to the SMFTIFT60) using previously established procedures, with the final running 180 

velocity (VIFT) used as our criterion measure of intermittent exercise capacity (30). Peak heart 181 

rate was recorded as the highest heart rate recorded during the final 30-s of the test and 182 

considered to be true maximum heart rate, and subsequently used to quantify all other study 183 

heart rate data as % points of maximum. Peak heart rate was modified for players if higher 184 

values were achieved during the post-test.  185 

 186 

30-15IFT-derived Individualised Sub-maximal Fitness Test (SMFTIFT60) 187 

The SMFTIFT60  is a 4-min continuous shuttle test, designed for players to reach a 188 

steady-state (31). Testing took place on the same grass surface at the club’s training facility, 189 

performed as the final stage of the warm-up (a standardised ~8-min block of drills, including 190 
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running movement patterns, striding and dynamic stretching) and following a day of complete 191 

rest. During the SMFTIFT60 players were required to complete 12, 20-second shuttles, 192 

performed together as a squad. The distance for each player was individualised, prescribed 193 

as 60% of the participant’s VIFT (Equation 1), with players running back and forth across their 194 

specified distance. To standardise the ‘dose’, this distance was determined at the beginning 195 

of pre-season and maintained throughout both the pre-season and competitive phases (i.e. it 196 

was not altered after 30-15IFT post-test, regardless of a different result) (19). 197 

 198 

Equation 1. 199 

SMFTIFT60 shuttle length (m) = [0.6 × (
VIFT

3.6
)] × 20 200 

Where: VIFT is divided by 3.6 as a conversion from km·h-1 to m·s-1. 201 

 202 

During the test, players were given a 10-s and 20-s auditory cue on each shuttle to 203 

ensure they maintained the prescribed sub-maximal running velocity. To determine individual 204 

heart rate recovery (HRR), players were required to stand with hands on their hips upon 205 

completing the test, without any movement or verbal communication, for two minutes. Findings 206 

from previous work (9) suggested that two-minute HRR is more reliable than one-minute HRR. 207 

 208 

Heart Rate Measures 209 

Beat-to-beat HR was recorded throughout the 30-15IFT, SMFTIFT60 and every session 210 

(training and competition) using a chest strap (Polar H1 sensor, Kempele, Finland), which 211 

transmitted to a microelectromechanical systems (MEMS) unit (EVO; GPSports, Canberra, 212 

Australia) at 5 Hz. Raw HR data (beats∙min-1) were normalised as a percentage of each 213 

player’s HRmax prior to analysis. The average HR during the final 60-s of the SMFTIFT60 (HRex) 214 

was calculated in accordance with previous studies (10, 11). HRR was calculated as the  215 

percentage decrement in HRex from the end of the test up until two-minutes post-exercise, to 216 

account for potential variability in HRex across trials (11). For training sessions and matches, 217 

Edwards Training Impulse (TRIMP; summated zones) was calculated as a measure of internal 218 

load (32). 219 

 220 

Positional and Accelerometery Measures  221 
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The MEMS unit contained a 10-Hz Global Navigation Satellite System (GNSS) and a 222 

tri-axial piezoelectric linear accelerometer (Kionix: KXP94) sampling at 100 Hz. The unit was 223 

placed in a neoprene garment supplied by the manufacturers housing the unit between the 224 

scapulae. Prior to the start of each season units were calibrated using the manufacturers jig 225 

to ensure values were within the manufacturer’s guidelines. To minimise inter-unit variability, 226 

participants were fitted with the same GPS device for the entirety of the collection period (33). 227 

During pre-season SMFTIFT60, instantaneous accelerations were recorded, and raw 228 

accelerometer data was extrapolated from the proprietary software (GPSports Console, 229 

Canberra, Australia). Vector magnitude (PL) and vertical component (PLV) accelerometery-230 

loads were calculated across each SMFTIFT60 trial (expressed in arbitrary units; AU), as per 231 

the PlayerLoad algorithm (34), using Microsoft Excel (Excel 2016, Microsoft Office, Seattle, 232 

Washington, USA). 233 

Prior to every training session and match, devices were switched on 15-mins prior to 234 

data collection to allow for the collection of erroneous data owing to poor GNSS signal quality. 235 

The mean (± SD) number of satellites and horizontal dilution of precision during the data 236 

collection period were 12.9 ± 2.8 and 0.9 ± 0.1 respectively. Data from GPS were downloaded 237 

following the completion of each training session using proprietary software (GPSports 238 

Console, Canberra, Australia) and trimmed to include only active drill or match-play time. 239 

Acceleration load (AccLoad) (35) and relative high speed running distance (HSRD) (36) were 240 

retained for analysis, as per the selection criteria (and justification) in Supplementary File 1. 241 

Briefly, HSRD was calculated on an athlete dependent basis (VT2IFT; 87% VIFT = 16.7 ± 0.7 242 

km∙h-1 or 4.6 ± 0.2 m∙s-1) and updated following each 30-15IFT assessment, as previously 243 

described (37). 244 

 245 

Session Ratings of Perceived Exertion 246 

Session ratings of perceived exertion (sRPE) were collected in isolation ~15–30 247 

minutes after each training session or match. Here, numerically-blinded sRPE (using the 248 

‘centiMax’ category-ratio scale; CR100) were collected using a customized application 249 

(Smartabase, Fusion, Australia) on a 7-inch tablet, as per methods previously described (32). 250 

The numeric rating was then multiplied by the duration of the session to calculate sRPE 251 

training load (sRPE-TL; AU) and retained for analysis (38). 252 

 253 

Statistical Analysis 254 
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All raw data were approximately normally distributed and are therefore presented as 255 

the mean ± standard deviation (SD). For reliability analysis, a custom-made spreadsheet (39) 256 

was used to estimate the test-retest typical error (TE), coefficient of variation (CV; where 257 

appropriate) and intraclass correlation coefficients (2-way mixed-effects model; ICC3,1) of each 258 

SMFT outcome measure. Additionally, the pure between-subject SD (between-player SD less 259 

the TE) was estimated (40). All estimates of reliability and variability are accompanied by the 260 

appropriate 90% confidence (compatibility) limits (CL) (40). Because TEs presented as 261 

intervals (i.e., ±) their value must be doubled to assess the entire magnitude of the limits. We 262 

performed against usual standardized thresholds for small, moderate and large effects (the 263 

pure between-subject SD multiplied by 0.2, 0.6 and 1.2, respectively) (41, 42). Intraclass 264 

correlation coefficients magnitudes were evaluated using the following thresholds: >0.99, 265 

extremely high; 0.99–0.90, very high; 0.75–0.90, high; 0.50–0.75, moderate; 0.20–0.50, low; 266 

<0.20, very low (43).  267 

To examine convergent validity, general linear models (GLM) were used to examine 268 

the degree of association between 1) observed SMFT outcome measures and observed 269 

performance in the 30-15IFT during pre-season, and 2) changes in SMFT outcome variables 270 

and changes in 30-15IFT performance across pre-season. In the former analysis, the mean of 271 

pre- and post-test scores were used in replacement of the original data (44) and in the latter 272 

analysis, the paired pre–post change scores were used. Models were ran via the stats 273 

package in the statistical computing software R (Version 3.6.2; R Core Team, 2019). 274 

Magnitudes of Pearson’s product moment correlation coefficients (r) were assessed, against 275 

small, moderate, large and very large thresholds (± 0.1, 0.3, 0.5 and 0.7, respectively). If the 276 

90% CL overlapped positive and negative values, the association was interpreted as unclear 277 

(45). When associations were clear, the relationship was further described using estimates of 278 

the coefficient of determination (R2), standard error of the estimate (SEE), intercept and slope. 279 

Finally, for analysis of dose−response sensitivity, within-player GLMs were used to 280 

determine if changes in selected training load variables were associated with changes in 281 

SMFTIFT60 HRex and HRR. The observed HR measures were separate dependent variables 282 

and independent variables were either acute or chronic accumulated training loads (modelled 283 

univariately due to limited degrees of freedom). The within-player correlation coefficients were 284 

calculated as per Bland & Altman (46), using the rmcorr package (47), with 90% CL’s 285 

constructed using a bias corrected accelerated bootstrapping technique of 2000 samples with 286 

replacement from the original data. Correlation magnitudes were interpreted as previously 287 

described. 288 
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Results 289 

Reliability 290 

Descriptive and inferential statistics for reliability are shown in Table 2. The magnitude of 291 

TEs were small for PL and PLv, and moderate for all other variables. ICC magnitudes were 292 

high for all measures of HR and very high for PL and PLV. 293 

 294 

*** INSERT TABLE 2 ABOUT HERE *** 295 

 296 

Convergent Validity 297 

The associations between VIFT and SMFT outcome measures are displayed in Figure 2.  The 298 

relationships between observed test performances were all unclear, with estimated r values 299 

being trivial to small (Figure 2; bottom panel). The associations between changes in VIFT and 300 

changes in HR measures were large (negative for HRex, positive for HRR120). Very large 301 

(negative) correlations were witnessed between changes in VIFT and accelerometer measures 302 

(Figure 2; top panel). Standard errors of the estimate for these relationships were all < 0.5 303 

km∙h-1, with coefficients of determination being 0.30–0.33 for HR measures and 0.50–0.60 for 304 

accelerometer measures (Table 3). 305 

 306 

*** INSERT FIGURE 2 ABOUT HERE *** 307 

 308 

*** INSERT TABLE 3 ABOUT HERE *** 309 

 310 

Sensitivity 311 

The within-player dose−response associations of acute and chronic training loads with SMFT 312 

heart rate outcomes are presented through Figures 3–6. HRex is presented in Figures 3 and 313 

4, respectively. HRex relationships with acute loads were all negative and very large for 314 

TRIMP and AccLoad, large for HSRD and moderate with sRPE-TL (Figure 3). For chronic 315 

loads, all relationships with HRex were unclear, with estimated r values being trivial to small 316 

(Figure 4). 317 

 318 

*** INSERT FIGURE 3 ABOUT HERE *** 319 



 11 

*** INSERT FIGURE 4 ABOUT HERE *** 320 

All HRR relationships with acute loads were unclear, with estimated r values being trivial 321 

(Figure 5). For chronic loads, HRR relationships were small and positive, with the exception 322 

of HSRD which was unclear (Figure 6). 323 

 324 

*** INSERT FIGURE 5 ABOUT HERE *** 325 

*** INSERT FIGURE 6 ABOUT HERE *** 326 

 327 

Discussion 328 

The purpose of this study was to examine the reliability, convergent validity and 329 

sensitivity of an individualised SMFT. Our findings demonstrate that both physiological and 330 

mechanical measures produced from SMFTIFT60 have high levels of reliability and are related 331 

to changes in maximal running performance. Specifically, our findings suggest improved HRR 332 

along with decreases in HRex and accelerometry-loads are associated with improvements in 333 

maximal running performance. We also report acute and longitudinal dose−response 334 

relationships between training load measures and SMFT. Here, our results suggest that a 335 

decrease in HRex is associated to greater exposure to acute training loads, while training 336 

loads across chronic time periods present unclear to small associations; somewhat 337 

contradicting available conceptual frameworks (12). 338 

Due to the underlying complexities of the training process and associated outcomes 339 

(1), monitoring systems that predominantly focus on the internal and external training load 340 

interaction may be limited in their evaluation of the fitness−fatigue status of athletes. In 341 

extension of previous observations (HRex TE: 1.3%; (19)), our results demonstrate that the 342 

SMFTIFT60 has high levels of reliability across physiological measures, reinforcing the potential 343 

benefit of an individualised approach to SMFT in team sport athletes (9, 19). Moreover, the 344 

strong reliability of accelerometer-derived variables observed herein may provide practitioners 345 

with additional insights. Given the potential for extraneous noise in field conditions (22), 346 

limiting test protocol variability is vital in order to improve the sensitivity (the ability to detect 347 

small, but important changes in performance; signal > noise) of the measure. Building on past 348 

research (9, 12), our reliability data can be used to identify true within-player changes in  349 

SMFTIFT60 by accounting for both the threshold for practical significance (e.g., 1% for HRex) 350 

and the test TE (e.g., 1.4% for HRex), rather than inappropriately interpreting the observed 351 

difference with no regard for signal or noise (48). For example, an acute, within-player change 352 
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in HRex of -3.6 percentage points results in an 80% confidence interval for the true change 353 

falling entirely outside the -1% threshold, which may be considered a conservative approach 354 

to determining a ‘real’ and practically important change in elite rugby league players.  355 

Both physiological and mechanical changes in SMFTIFT60 related to changes in 356 

maximal running performance in the current study showing large negative associations like 357 

previous research (10, 24, 49). This is not surprising given HRex is theoretically associated 358 

with oxygen uptake (12). However, the strength of this relationship (r = -0.55; -0.82 to -0.07) 359 

offers more evidence that SMFT provides information on similar, yet divergent, constructs on 360 

the training outcome. In agreement with some endurance (50, 51) and team sport literature 361 

(10, 52), but in contrast to others (11, 49, 53), we observed a large positive relationship 362 

between HRR and changes in 30-15IFT performance. HRR is characterised by 363 

parasympathetic reactivation and sympathetic withdrawal made in response to the cessation 364 

of exercise (54), reflective of the hemodynamic adjustments made in relation to body position 365 

(12, 50). Therefore, improvements in HRR are thought to represent improved parasympathetic 366 

activation. We offer practitioners a novel tool to practically evaluate changes in SMFT outcome 367 

measures and changes in maximal running performance (Table 3). For example, a change in 368 

HRex of -5.6% was associated with a minimally important change in 30-15IFT performance (0.5 369 

km∙h-1; one stage). This, along with the other measures assessed, may provide practitioners 370 

with a method to describe the ‘fitness’ component of one’s performance-state using SMFT. 371 

A reduction in PL and PLV during SMFTIFT60 was strongly associated with an 372 

improvement in maximal running performance. While interpretation of such measures are not 373 

yet well understood, a reduction in accelerometry-loads may be due to reduced leg stiffness 374 

(typically a measure of fatigue) (20, 55, 56), morphological adaptations (e.g. muscle 375 

architecture) (57, 58),  and/or improved gait (muscle) coordination (i.e. movement efficiency) 376 

and running economy (59); aside from the former, these adaptations appear beneficial to 377 

shuttle running performance. For example, excessive changes in momentum (and increases 378 

in net and total vertical impulse) may be considered wasteful motions, requiring greater 379 

metabolic demands (59). Yet due to the complex interaction between kinetic and kinematic 380 

performance in the field (57), coupled with the lack of concurrent measures of neuromuscular 381 

performance and/or criterion measures of morphological and biomechanical functions, 382 

drawing definite conclusions may be difficult in this study. Additionally, it has been suggested 383 

that the placement of the device (between the scapulae) may be inappropriate to precisely 384 

capture true lower limb stiffness and movement given its distal location from the ground (60). 385 

As such, further research maybe warranted to identify if changes in mechanical properties 386 

(e.g., lower-limb (tendon) stiffness, ground reaction forces, running kinematics) assessed 387 

during SMFT can assist in our understanding on the performance-state of individuals. 388 
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To date, research in team sports examining the dose−response relationship between 389 

training load and SMFT response measures has primarily been conducted in training-camp 390 

environments (7-14 days) (52, 53). These studies have used between-individual analysis 391 

methods (52, 53), which differ from routine industry practice where performance staff use 392 

individual data to drive player management strategies (61). Despite these differences, the 393 

findings are concordant; observing a reduction in HRex and strong negative associations 394 

between HRex and training load (sRPE-TL; r = -0.85 (52), r = -0.80 (53)). On an individual 395 

level, our findings suggest an increased training load undertaken in the acute period (72 hours) 396 

prior to testing had similar moderate to strong negative associations with HRex. Contrasting 397 

previous studies (52, 53), sRPE-TL showed the poorest association (r = -0.34) with HRex, 398 

instead measures of TRIMP (r = -0.83) and external load (HSRD: r = -0.51; AccLoad: r = -399 

0.73) revealed stronger relationships. Schneider and colleagues (62) observed similar, 400 

reporting HRex reduced when elite badminton players were in a strained state (following four 401 

days of training), before increasing again following two days of recovery (62). Whilst 402 

speculative, there are a few physiological mechanisms that may describe the acute changes 403 

in HRex. For example, a reduction in HRex may be associated with diminished sympathetic 404 

or increased parasympathetic nervous system activity (63, 64), decreased sensitivity to 405 

catecholamine and/or fluctuations in adrenergic receptor activity (62, 63, 65), or exercise-406 

induced plasma expansion (53). Indeed, these acute changes in plasma volume expansion 407 

appear well associated with cardiac parasympathetic function (66). However, any proposal of 408 

the specific mechanisms that underpin the current findings are outside the scope of the current 409 

study.  410 

It is notable that these findings are somewhat paradoxical to those observed in Part 2, 411 

which established large associations between decreased HRex and improved fitness. Given 412 

that this study identified decreased HRex is related to both improved fitness as well as greater 413 

acute training loads (fatigue), drawing definitive inferences may be somewhat challenging. 414 

Indeed, it appears the underpinning mechanisms related to HRex may interact across varying 415 

time scales, limiting interpretation of the outcome variable. An important note is that the current 416 

study (Part 2) methodology included either complete or near-complete prescribed rest in the 417 

72-hour period prior to the criterion test measures (i.e., start and end of pre-season). As such, 418 

we may assume that the decreased HRex witnessed (in Part 2) is related to chronic positive 419 

adaptations in the performance-state (improved physiological function; fitness status) (10, 24, 420 

49), rather than acute physiological impairment (fatigue status). However, in field-based 421 

settings such rest intervals may not be practical during the in-season (as in the case of Part 422 

3). If this is the case, practitioners might consider the scheduling of SMFT given the potential 423 
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impact that acute training loads may have on SMFT outcome variables, and aim to limit 424 

physical activity in the proceeding 72 hours (if feasible). 425 

Contrary to others (52), HRR demonstrated no considerable dose−response 426 

relationship with training load measures. HRR has been suggested to improve with positive 427 

changes in high-intensity exercise performance (a notion supported by our findings in Part 2) 428 

(12), whilst remaining stable or decreasing with maintained or negative alterations in one’s 429 

physical performance (fitness) (50). However, HRR is influenced by fatigue (and overreaching) 430 

(52), which may partly explain the null findings in the current study. As SMFTIFT60 was 431 

performed throughout the pre-season and in-season phases, large variations in training loads 432 

existed. Indeed, our results demonstrate that while HRR may be used to describe positive 433 

chronic alterations in individual’s performance state, it may not be sensitive enough to 434 

determine week-to-week dose-response relationships, where high variability in training loads 435 

may occur. Additionally, it could be that the defined time periods (acute and chronic) of this 436 

study dampened some of the signal of SMFTIFT60 outcome measures. Indeed, we witnessed 437 

no substantial dose−response relationship with any SMFTIFT60 and training load measure over 438 

the chronic period. Such findings challenge the current conceptual paradigm on changes in 439 

training load, fitness characteristics and SMFT. These largely unclear findings may also be 440 

distorted by the varying time windows (14-35 days) comprising the chronic period. This study 441 

employed a threshold of time that is suggested to be representative of the residual training 442 

effect for aerobic endurance (29), whilst ensuring no mathematical coupling occurred between 443 

the acute and chronic periods. Despite these attempts, the uncertainty associated with these 444 

(and any) chronic periods may limit current, and future, insights on individual’s performance-445 

state.  446 

Given the exploratory nature of our study, it is important not to over-interpret the 447 

findings and acknowledge the following limitations. Firstly, the sample-sizes across the study 448 

(Part 2 and 3) delivers less confidence around point estimates. Here we traded statistical 449 

power for analysis integrity, with the application of robust exclusion criteria resulting in large 450 

amounts data loss (Supplementary File 1). The circumstances for data loss (Supplementary 451 

File 1) are the result of policies employed by the club, and therefore, likely reflect the limitations 452 

faced in the ‘real’ applied environment where SMFT practice may be implemented. The 453 

implementation of PL as a measure used to interpret changes in specific neuromuscular 454 

and/or musculoskeletal function also yields caution; with little evidence to suggest it has direct 455 

relations with these functions (67). Further, the time frames used to capture the acute phase 456 

(fatigue; 72 hours) and the chronic phase (fitness; day 14–35 depending on when testing 457 

occur) are arbitrary. Lastly, while strategies were employed to minimise the impact of 458 

contextual factors throughout the study period (e.g., nutrition/hydration status, ground surface, 459 
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environmental conditions), the true extent of their influence in unknown. Further, some 460 

contextual factors (e.g., ground hardness, heat index) were not quantified. While we 461 

acknowledge this as a limitation of the current study, we believe our study design is 462 

representative of ecological valid conditions, allowing practitioners to interpret these findings 463 

as they would in an applied environment. 464 

 465 

Conclusion 466 

Our results demonstrate that the SMFTIFT60 exhibits high levels of reliability and validity 467 

for both physiological and mechanical measures; providing information on similar, yet 468 

divergent, constructs on the training outcome as maximal fitness tests. Collectively, our 469 

findings suggest that HRex may provide a more sensitive dose−response outcome measure 470 

to monitor in team sports (particularly in an acute time period). Yet, as HRex and HRR evaluate 471 

different aspects of cardiac function (12), combined with the strong relationships witnessed 472 

between HRR and maximal running performance (fitness), we advise practitioners to monitor 473 

both. Our results also raise questions about the direct physiological mechanisms that underpin 474 

these physiological and mechanical variables. It is apparent that our conceptual understanding 475 

(12) on the function of these cardiac measures and their response to team sport training is not 476 

particularly clear. Indeed, the somewhat contrasting findings presented in Part 2 and Part 3 477 

provide question over the inferences able to be made from these HR indices. As such, while 478 

we advocate the inclusion of SMFT within monitoring strategies, we suggest it is part of a 479 

multivariate approach; including multiple HR and mechanical indices from SMFT with other 480 

training load data, to assist decision-making strategies. Further, we recommend (where 481 

feasible) a standardised approach in the 72 hours prior to implementing SMFT, whereby 482 

practitioners may aim to minimise the volume and variability of training loads exposed to 483 

players.  484 
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TABLES 670 

 671 

Table 1. Study inclusion criteria, sample size and player characteristics. 672 

Study Part Analysis Inclusion Criteria Final 
sample 

Player Characteristics (mean ± SD) 

Age (y) Stature 
(cm) 

Body Mass 
(kg) 

Part 1 

(Reliability) 

Completed SMFTIFT60 at both the 
test- and re-test time points; 

No erroneous test data 

19 22 ± 4 184.2 ± 6.1 102.4 ± 
10.9 

Part 2 

(Validity) 

Completed SMFTIFT60 and 30-
15IFT at both the pre- and post- 
testing time points; 

No erroneous test data 

12 24 ± 4 185.2 ± 6.7 103.9 ± 
11.8 

Part 3 

(Sensitivity) 

A minimum of 4 SMFTIFT60 
completed throughout the 
season, At least 14 and no more 
than 35 days between tests; 

No erroneous test or training load 
data 

10 23 ± 3 183.9 ± 6.4 98.3 ± 10.3 

673 
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Table 2. Descriptive statistics (group mean ± SD) and inferential statistics (90% confidence limits) for reliability of an individualised sub-

maximal fitness test in elite rugby league players. 

 

 

 

 

 

 

 

 

 

All heart rate variables are expressed as a percentage of maximum heart rate. 

*between-player 

HRex: mean exercising heart rate recorded in the final 60 seconds of the test; HRR60: 60-second heart rate recovery, expressed in percentage points as the difference between 60-second post-

exercise heart rate and HRex, HRR120: 120-second heart rate recovery, expressed in percentage points as the difference between 120-second post-exercise heart rate and HRex, PL: Total 

PlayerLoadTM; PLV: Vertical PlayerLoadTM; ICC: Intraclass correlation coefficient; SD: standard deviation; TE: typical error. 

 

 

Testing variable 
Subjects 

(n) 
Trial 1 Trial 2 

Mean 
Change 

ICC3,1 TE CV (%) Pure SD* 

Exercise HRex 17 85.6 ± 3.6 84.2 ± 4.2 -1.38 0.89 (0.75 – 0.95) 1.4 (1.0 – 2.0)  3.9 (2.3 – 5.6) 

Recovery HRR60 17 22.0 ± 4.9 21.9 ± 5.0 -0.13 0.71 (0.44 – 0.87) 2.8 (2.2 – 3.9)  4.9 (2.8 – 6.9) 

 HRR120 17 33.4 ± 5.4 36.9 ± 6.0 3.45 0.83 (0.63 – 0.92) 2.5 (2.0 – 3.6)  5.9 (3.4 – 8.4) 

PlayerLoadTM PL 19 97.7 ± 12.1 95.4 ± 11.7 -2.26 0.93 (0.86 – 0.97) 3.2 (2.0 – 3.6) 3.3 11.8 (7.1 – 16.5) 

 PLV 19 71.5 ± 10.3 71.1 ± 10.1 -0.34 0.94 (0.87 – 0.97) 2.6 (2.1 – 3.6) 3.5 10.0 (6.0 – 14.0) 
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Table 3. General linear models describing the associations between changes in SMFT 

outcome measures and the change in 30-15IFT performance across the pre-season training 

phase. 

 

 

 

 

 

 

 

  

SMFTIFT60 
Outcome 
Measure 

R2 
Intercept 
(km∙h-1) 

Slope 
km∙h-1) 

SEE 
(km∙h-1) 

ΔHRex 0.30 
0.13 

(-0.28 to 0.53) 
-0.09 

(-0.17 to -0.01) 
0.46 

ΔHRR120 0.36 
0.48 

(0.25 to 0.71) 
0.06 

(0.01 to 0.12) 
0.44 

ΔPLVM 0.50 
0.24 

(0.01 to 0.49) 
-0.06 

(-0.09 to -0.02) 
0.43 

ΔPLV 0.62 
0.22 

(0.02 to 0.42) 
-0.09 

(-0.13 to -0.05) 
0.38 
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FIGURE LEGEND 

 

Figure 1. A schematic diagram of the testing procedures implemented by this study.  

: 30-15 Intermittent Fitness Test; : Sub-maximal Fitness Test (SMFTIFT60); : Global positioning 

system and heart rate monitoring (collected throughout both phases); : Rating of Perceived Exertion 
monitoring (CR100; collected throughout both phases). 

 

Figure 2. Pearson’s correlation coefficients for changes in 30-15IFT performance and changes 

in heart rate and PlayerLoadTM measures, as well as raw 30-15IFT test performance and raw 

measures of heart rate and PlayerLoadTM measures with individual depiction of data. HRex: mean 

exercising heart rate recorded in the final 60 seconds of the test; HRR120: 120-second heart rate recovery, expressed in 

percentage points as the difference between 120-second post-exercise heart rate and HRex, PL: Total PlayerLoadTM; PLV: Vertical 

PlayerLoadTM 

 

Figure 3. Acute (≤ 3 days) within-subject dose-response relationships between exercise heart 
rate (HRex) during the sub-maximal intermittent running (SMFTIFT60) and measures of internal 
(a: Edwards TRIMP; and b: Session RPE-Training load) and external (c: High Speed Running 
Distance; and d: Acceleration Load) training load. 

 

Figure 4. Chronic (between acute period and last test) within-subject dose-response 

relationships between exercise heart rate (HRex) during the sub-maximal intermittent running 

(SMFTIFT60) and measures of internal (a: Edwards TRIMP; and b: Session RPE-Training load) 

and external (c: High Speed Running Distance; and d: Acceleration Load) training load. 

 

Figure 5. Acute (≤ 3 days) within-subject dose-response relationships between two-minute 
heart rate recovery (HRR) during the sub-maximal intermittent running (SMFTIFT60) and 
measures of internal (a: Edwards TRIMP; and b: Session RPE-Training load) and external (c: 
High Speed Running Distance; and d: Acceleration Load) training load. 

 

Figure 6. Chronic (between acute period and last test) within-subject dose-response 
relationships between two-minute heart rate recovery (HRR) during the sub-maximal 
intermittent running (SMFTIFT60) and measures of internal (a: Edwards TRIMP; and b: Session 
RPE-Training load) and external (c: High Speed Running Distance; and d: Acceleration Load) 
training load. 

 


