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Abstract: Background: Little is known about the internal and external loads experienced during 12 
resistance exercise, or the subsequent fatigue-related response, across different age groups. 13 
Methods: This study compared the internal (heart rate, OMNI ratings of perceived exertion (RPE), 14 
session RPE) and external loads (peak velocity and power and volume load) during high volume 15 
squatting exercise (10x10 at 60% one-repetition maximum (1RM)) and the fatigue-related response 16 
(maximal voluntary contraction (MVC), voluntary activation (VA), resting doublet force, peak 17 
power and blood lactate)  in young (n=9; age 22.3±1.7 years) and middle-aged (n=9; age 39.9±6.2 18 
years) resistance-trained males. Results: All internal load variables and peak velocity illustrated 19 
unclear differences between groups during exercise. Peak power and volume load were likely higher 20 
in the young group compared to their middle-aged counterparts. The unclear differences in MVC, 21 
VA and blood lactate between groups after exercise were accompanied by very likely greater 22 
decrements in resting doublet force and peak power at 20 and 80% 1RM in the middle-aged group 23 
compared to the young group. Conclusion: These data indicate that internal load is not different 24 
between young and middle-aged resistance trained males, though certain external load measures 25 
and the fatigue response are. 26 
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 28 

1. Introduction 29 

Longitudinal resistance training induces muscle hypertrophy and increases in strength and 30 
power that are independent of age [1]. While such morphological adaptations have been noted in 31 
younger athletes [1], they have also been observed in older populations [1, 2], for whom natural age-32 
associated losses in muscle mass (sarcopenia) [3] and strength and power (dynapenia) [4] are 33 
expected. For the growing number of ‘middle-aged’ athletes (i.e. those 35 to 55 years) [4], resistance 34 
training can off-set or delay the effects of sarcopenia and dynapenia to maintain sporting 35 
performance [5].  36 

To determine the efficacy of an athlete’s resistance training a coach must quantify the stress 37 
imposed on the athlete [6]. If the training load is insufficient then adaptation might not occur, whereas 38 
excessive or sudden increases in stress might result in injury or poor performance [7]. As such, 39 
practitioners should record markers of internal (i.e. the athlete’s individual responses, such as heart 40 
rate (HR), ratings of perceived exertion (RPE)) and external (i.e. the work completed by the athlete, 41 
in terms of variables such as velocity, acceleration, and power output) loads to quantify the training 42 
stress. However, because of the numerous factors (e.g. movement velocity, rest times, relative 43 
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intensity, volume-load) that can invoke a resistance training adaptation there is no consensus 44 
regarding the best method to monitor resistance training load [6].  45 

There is evidence to indicate that internal load variables might differ between age groups when 46 
exercising at the same relative external load. For example, higher absolute heart rates [8] and blood 47 
lactate concentration [9], and lower [10], higher [11] and similar [12] RPEs have been noted in young 48 
(~21 to 28 years) compared to older (~57 to 84 years) males during resistance exercise. These findings 49 
are despite observations of no differences in absolute or relative heart rate [13] or blood lactate and 50 
RPE [14] at the point of muscular failure between young (~21 to 28 years) and older (~48 to 67 years) 51 
males. Furthermore, to the authors’ knowledge, no study has yet compared the external load between 52 
age groups during resistance training exercise despite external load being the primary driver of 53 
resistance training adaptations [15]. A limitation of focusing on external or internal load in isolation 54 
is that they might not be able to reflect the internal load for a given external load. Therefore, 55 
calculating an internal to external load ratio might negate the poor sensitivity and inter-individual 56 
variability of individual training load metrics [16]. The use of external load markers in isolation 57 
demonstrates a limited relationship with measures of endurance capacity (velocity at lactate 58 
threshold, velocity at 4 mmol·L-1 and VO2max), whereas the external to internal load ratios exhibit 59 
moderate to large correlations (r = .41 to .69) [16, 17]. These data might suggest that the integration of 60 
internal and external load is a more sensitive measure of overall training load, however the 61 
application to resistance type exercise is yet to be explored. 62 

The subsequent fatigue (i.e. inability to maintain the expected force or power output) [18] 63 
response to resistance exercise between age groups is unclear [19, 20]. Two recent meta-analyses 64 
concluded that ageing is associated with less fatigue after isometric contractions, but not dynamic 65 
contractions, when assessed in terms of force production during maximal voluntary contractions [19, 66 
20]. When velocity and power are used as markers of fatigue, older (~64 to 75 years) males experience 67 
greater fatigue than their young (~27 years) males during knee extension [21-23], but not during sit-68 
to-stand exercise [20, 23]. It has been suggested that the age-related slowing of the muscle is 69 
responsible for the greater fatigue during knee extension exercise [21, 23], whilst the group similarity 70 
in fatigue during sit-to-stand exercise was attributed to task specificity; both groups would typically 71 
perform sit-to-stand tasks but not knee extension movements [23]. However, the findings of these 72 
studies might not be applicable to the middle-aged male who regularly resistance exercises and plays 73 
sports because single-jointed knee extension and sit-to-stand movements are not applicable to the 74 
multi-jointed compound movements involved in such activities. A study that quantifies the fatigue 75 
response from an ecologically valid resistance training protocol would therefore be particularly 76 
beneficial to the resistance trained middle-aged male. 77 

Another plausible explanation for the differences in the fatigue response between age groups 78 
might be sought from the internal and external loads experienced during exercise. That is, greater 79 
fatigue might be an artefact of a higher internal or external load during exercise of the same relative 80 
load. Resistance training protocols with a large amount of work performed are subject to greater 81 
decrements in isometric force [24, 25]. However, no study has investigated the relationship between 82 
internal load and post-exercise decrements in muscle function. Moreover, despite the efforts of two 83 
studies [9, 13], the age-related research has focused solely on those aged over ~60 years, none of whom 84 
were resistance trained. Thus, the stress imposed during resistance exercise in middle-aged males, 85 
compared to younger males, is unknown. The findings from a study that quantifies the internal and 86 
external load in middle-aged (35 to 55 years) males would be particularly useful for middle-age men 87 
who seek to monitor their resistance training. Consequently, the primary aim of this study was to 88 
quantify the internal and external loads experienced in lower-limb resistance exercise in young and 89 
middle-aged males who regularly resistance train, and to determine the fatigue responses to such 90 
exercise. A further aim was to determine the relationship between internal and external load with 91 
post-exercise decrements in muscle function. 92 
  93 
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2. .Materials and Methods 94 

2.1. Participants  95 

Nine young (21 to 25 years) and nine middle-aged (35 to 54 years) resistance trained males were 96 
recruited for this study from the University population, local gymnasia and sports teams using 97 
convenience sampling. Thirty-five years was selected as the lower boundary for the middle-aged 98 
group because it is the entry age for ‘Masters’ athletes (see British Masters Athletic Federation and 99 
World Masters Athletics). As age-related studies typically use older groups (60 years and over), 55 100 
was selected as the upper-limit for the middle-aged group. All participants took part in sport (i.e. 101 
team sports, racket sports and endurance type sports) for a minimum of two years (4.1 ± 1.3 and 18.0 102 
± 5.6 years for the young and middle-aged groups, respectively), and had a minimum of two years’ 103 
resistance training experience and regularly used squats as part of their resistance training 104 
programmes. Participants completed a pre-test health questionnaire and provided written consent 105 
for the study, which was approved by the Ethics Committee of the Faculty of Life Sciences at the 106 
University of Chester.  107 

2.2. Design 108 

The study used a mixed factorial design that required attendance at the strength and 109 
conditioning laboratory on two separate occasions. Participants were instructed not to consume any 110 
ergogenic supplements (for example, caffeine) on each occasion and to refrain from heavy exercise 111 
between visits. On the first occasion, they provided biometric data (stature, body mass and skinfold 112 
thicknesses for the assessment of body composition), an estimate of back squat one-repetition 113 
maximum (1RM), and were habituated with the measurements of lower limb peak power, maximal 114 
voluntary contraction (MVC) and voluntary activation (VA) during isometric knee extension. 115 
Participants were considered ‘habituated’ when they could complete three consecutive repetitions 116 
that produced peak powers or torque values each within 10% [4, 26]. On returning to the laboratory 117 
2-4 days later, they provided measurements of peak power during squats at 20 and 80% 1RM, MVC, 118 
VA and blood lactate before and after an exercise bout comprising 10 x 10 squats at 60% 1RM [27]. 119 
During the exercise bout, bar peak velocity and power were recorded for each repetition, and heart 120 
rate and RPE were recorded at the end of each set. Session RPE (sRPE) was recorded 15 minutes after 121 
the squatting exercise bout. Participants were not provided with any feedback during the study that 122 
might have influenced their sRPE.  123 

 124 

Figure 1. Schematic of study design. 125 

  126 
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2.3. Procedures 127 

2.3.1. Biometric measures 128 

Body mass and stature were determined using digital scales (Seca 813, Hamburgm Germany) 129 
and a wall-mounted stadiometer (Harpenden, Holtainm Crymych, Dyfed, UK). Body composition 130 
was assessed via skinfold thickness measurements (Harpenden, British Indicators, Burgess Hill, UK) 131 
taken at the tricep, axilla, abdominal, suprailliac, chest, subscapular, and mid-thigh incorporated into 132 
the equation of Jackson and Pollock [28] for predicting body density (Db). Body fat percentage (%BF) 133 
was derived from the equation [29]: %BF = [(5.21/ Db) – 4.78] x 100. From this the quantities (kg) of 134 
fat-mass (FM) and fat-free mass (FFM) were also derived. 135 

2.3.2. Maximal strength testing 136 

To avoid the risk associated with maximal strength testing, one repetition maximum (1RM) for 137 
squat exercise was predicted using a three-repetition maximum (3RM) protocol. In brief, participants 138 
performed 8-10 repetitions with 50% of their estimated 1RM, followed by 3-5 repetitions at 85% of 139 
estimated 1RM. The load was then set at the approximate 1RM and the participants performed one 140 
repetition. The load was progressively increased until the participant could no longer perform a 141 
complete repetition. The final load lifted was used with the following equation [30] to estimate 1RM 142 
squat load:  143 

1RM = (100 x load lifted)/(48.8+ (53.8 x 2.71828-0.075 x repetitions )) (1) 

The above equation has been reported to yield accurate 1RM predictions (r = 0.969, 0.02% different 144 
from direct 1RM) [31]. 145 

2.3.3. Assessment of peak power during back squat 146 

Peak power was assessed at loads corresponding to 20 and 80% 1RM during back squat exercise 147 
using a rotary encoder (FitroDyne, Fitronic, Bratislava, Slovakia) attached via a nylon cord directly 148 
under a Smith machine bar (Perform Better, Leicester, UK). As the FitroDyne measures rate of 149 
displacement and assumes that the nylon cord is moving in a vertical plane, a Smith machine was 150 
used to prevent deviation from this plane and decrease measurement error. The FitroDyne has been 151 
shown to produce reliable intra-day measures of peak power (coefficient of variation = 3.9-4.9%) at 152 
the selected loads [26]. 153 

With the bar positioned across the shoulders, participants squatted until their hips were below 154 
the knee joint and then ascended as rapidly as possible until their knees were at full extension. A 155 
bench was employed to ensure that they attained the same depth and range of motion on each 156 
repetition. Three repetitions at each load were performed with self-selected rest intervals that ranged 157 
from 30 to 90 s [26]. Rest times were self-selected, as lighter loads (20% 1RM) did not require the same 158 
recovery time. Peak velocity was recorded from which peak power was calculated as (load x velocity 159 
x 9.8)/100. The load order was randomised for each participant to negate possible ordering effects.  160 

2.3.4. Assessment of maximal voluntary contraction and voluntary activation 161 

Before undertaking the MVC and VA assessments, participants performed a warm-up 162 
comprising five minutes of cycling at 100 W (Lode, Corival, Groningen, Netherlands). A 163 
dynamometer (Biodex, Multi-joint system 3, Biodex Medical, New York, USA) was used to measure 164 
isometric force of the participant’s dominant knee extensors at 80° knee flexion. To prevent 165 
extraneous body movements, Velcro straps were applied tightly across the chest and thigh. 166 
Participants were provided with strong verbal encouragement and real-time feedback via the PC 167 
monitor. 168 

The knee extensors were electrically stimulated (5 s with two 100 Hz single square impulses 169 
(doublet); Digitimer, D57, Hertfordshire, UK) using two 5 x 13 cm moistened surface electrodes 170 
(Axelgaard Manufacturing Co LTD, Fallbrook, CA); one placed distally over the quadriceps and the 171 
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other proximally over the upper quadriceps. During optimisation the amplitude of a doublet was 172 
progressively increased, starting at 50 amps, until a point where no further increases in intensity 173 
resulted in an increase in resting doublet force. Initially a 230 volt electrically evoked doublet (set 174 
20% above the value required to evoke a resting muscle doublet of maximum amplitude) was applied 175 
to the resting muscle (resting doublet) at 1 s. The resting doublet was used to elucidate any peripheral 176 
alterations that might have occurred as a result of the squatting protocol. Participants then performed 177 
a 4 s MVC before a doublet which was applied at the isometric plateau (superimposed doublet). The 178 
MVC was taken as the average force over 50 ms (AcqKnowledge 3 software, Biopac Systems, 179 
Massachusetts) before the superimposed doublet was applied. VA was calculated according to the 180 
interpolated twitch ratio using the equation; 181 

VA (%) = [1- (size of interpolated doublet/ size of resting doublet)] x 100 (2) 

A similar procedure has been deemed a reliable method (coefficient of variation = 3.38%) for assessing 182 
VA [32]. 183 

2.3.5. High volume squat exercise 184 

The exercise protocol consisted of 10 sets of 10 repetitions of squat exercise at a load 185 
corresponding to 60% 1RM with 120 s rest between sets [27]. For each repetition participants 186 
descended for 3 s until their hips were below the knee joint and then ascended as rapidly as possible 187 
until their knees reached full extension. A bench was employed to standardise the depth of each 188 
repetition. The FitroDyne was used to calculate power for each repetition in the manner outlined 189 
above. Mean peak velocity and power over the sets was used to determine the relationship between 190 
external load during the exercise and alterations in the markers of fatigue. Volume load was 191 
calculated as the 60% 1RM load multiplied by 100. 192 

2.3.6. Assessment of heart rate 193 

Heart rate (HR) was recorded at rest and at the end of each set using a chest strap (Polar Electro, 194 
Polar Beat, Oy, Finland).  195 

2.3.7. Assessment of perceived exertion 196 

At the end of each set participants provided a global indication of their perceived exertion using 197 
the OMNI-RPE scale [34], which ranges from 0 to 10, 0 indicating ‘extremely easy’ and 10 198 
corresponding to ‘extremely hard’. Previously, participants were provided with detailed instructions 199 
on how to rate their exertion. The OMNI-RPE scale is deemed a valid measure of perceived exertion 200 
during resistance exercise [33]. Additionally, sRPE was recorded 15 minutes after the completion of 201 
exercise. Participants were asked “How intense was your session?” and ranked their exertion on a 1 202 
to 10 scale, where 1 indicates “really easy” and 10 indicates “maximal”. This method has been deemed 203 
a valid [34] and reliable [35] indicator of resistance exercise intensity. 204 

2.3.8. Assessment of blood lactate concentration 205 

Blood was obtained before and immediately after the exercise bout from a finger-tip capillary 206 
sample and analysed for lactate concentration using a Lactate Pro analyser (Arkray, Kyoto, Japan). 207 
The Lactate Pro has been deemed a reliable marker of blood lactate concentrations (coefficient of 208 
variation: 2.8 to 5.0%) [36]. 209 

2.3.9. External to internal load ratios 210 

External load was quantified using mean peak velocity and power over the 10 sets of exercise 211 
and total volume load. Internal load was quantified using measures of mean heart rate and OMNI-212 
RPE. External load was divided by each measurement of internal load to calculate the external to 213 
internal load ratio for the exercise protocol [16]. 214 
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2.4. Statistical analysis 215 

All data were analysed using the effect size (ES) with 90% confidence intervals (CI) [39]. 216 
Magnitude-based inferential statistics were used to provide information on the size of the differences, 217 
allowing for a more practical and meaningful explanation of the data. Such information is more useful 218 
to the coach and athlete as it provides a better understanding of the alterations that occur during and 219 
after high-volume squatting exercise. Thresholds for the magnitude of the observed change for each 220 
variable were determined as the within-participant standard deviation in that variable x 0.2, 0.6 and 221 
1.2 for a small, moderate and large effect, respectively [37]. Threshold probabilities for a meaningful 222 
effect based on the 90% CI were: <0.5% most unlikely, 0.5–5% very unlikely, 5–25% unlikely, 25–75% 223 
possibly, 75–95% likely, 95–99.5% very likely, >99.5% most likely. Effects with CI across a likely small 224 
positive or negative change were classified as unclear [38]. The rate of change of peak velocity and 225 
power, HR and OMNI-RPE during exercise was expressed as the slope of the regression line (beta 226 
coefficient) [40] of the dependent variables over the ten sets. A post hoc power calculation indicated 227 
that a sample size of 12 to 14 was needed to detect the changes in muscle function observed in the 228 
current study. All calculations were completed using predesigned spreadsheets (www.sportsci.org). 229 
Data are presented as ES, lower CI and upper CI. Pearson correlations were employed to quantify 230 
the association between the markers of internal and external load and the decrements in muscle 231 
function after squat exercise. The following scales were used to interpret the magnitude of the 232 
correlations: <0.1 trivial, 0.1-0.3 small, 0.31-0.5 moderate, 0.51-0.7 large, 0.71-0.9 very large, >0.9 nearly 233 
perfect [39]. Threshold probabilities for a meaningful effect based on the 90% CL were calculated 234 
using a predesigned spreadsheet [41].  235 

3. Results 236 

3.1. Biometric measures and training history 237 

Age and sum of skinfolds were most likely and likely higher, respectively, in the middle-aged 238 
group compared to the young group (Table 1). Differences in fat mass and body fat percentage 239 
between the young and middle-aged groups were very likely between groups while mass and squat 240 
1RM were unclear. 241 

Table 1. Biometric characteristics (mean ± SD) of the young and middle-aged groups. Qualitative 242 
descriptor, effect size and upper and lower 90% confidence intervals are noted in the effect size 243 
column. 244 

Characteristic Young (n = 9) Middle-aged (n = 9) Effect size 

Age (y) 22.3 ± 1.7 39.9 ± 6.2 

Most likely ↑ 

3.70 (2.87, 4.53) 

Mass (kg) 82.0 ± 9.0 79.1 ± 10.3 

Unclear 

0.29 (-1.10, 0.52) 

Fat-free mass (kg) 71.4 ± 7.9 63.9 ± 6.5 

Very likely ↓ 

-1.02 (-1.83, -0.22) 

Fat-mass (kg) 10.5 ± 4.5 15.2 ± 5.7 

Likely ↑ 

0.89 (0.09, 1.70) 

Body fat (%) 12.8 ± 4.7 18.8 ± 5.8 

Very likely ↑ 

1.13 (0.32, 1.94) 

Sum of skinfolds (mm) 82.3 ± 24.6 102.4 ± 31.9 

Likely ↑ 

0.69 (-0.12, 1.50) 

Squat 1RM (kg) 130.8 ± 26.8 109.3 ± 22.5 

Unclear  

-0.85 (-1.65, -0.04) 

3.2. Internal load measures 245 

Differences in heart rate (Figure 2) and OMNI-RPE (Figure 3) were unclear between the young 246 
and middle-aged groups over the sets. Differences in mean sRPE (7.7 ± 1.2 and 7.8 ± 1.3 for the young 247 
and middle-aged groups, respectively) were also unclear (ES 0.09, CI -0.72, 0.89). The rate of change 248 
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for HR over the sets was unclear (ES 0.17, CI -0.63, 0.98) between young (b = 1.72 ± 0.96) and middle-249 
aged (b = 1.91 ± 1.13) groups, as was the beta coefficient (b = 0.36 ± 0.09 and 0.34 ± 0.17, respectively) 250 
for OMNI-RPE (ES 0.17, CI-0.98, 0.65). 251 

 252 

Figure 2. Absolute heart rate scores (mean ± SD) across each set for young and middle-aged groups. 253 
Qualitative descriptor, effect size and upper and lower 90% confidence intervals are noted above. 254 

 255 

Figure 3. OMNI-RPE scores (mean ± SD) across each set for young and middle-aged groups. 256 
Qualitative descriptor, effect size and upper and lower 90% confidence intervals are noted above. 257 

3.3. External load measures 258 

Differences in peak velocity over the sets between the young and middle-aged groups were 259 
unclear (Figure 4). Differences in peak power over the sets were likely moderate (Figure 5) between the 260 
groups, except for set 9 where differences were unclear. The unclear (ES -0.12, CI -0.92, 0.69) differences 261 
in mean peak velocity for the young (97.9 ± 24.9 cm/s) and middle-aged (95.2 ± 19.7 cm/s) groups over 262 
the sets was accompanied by likely moderate differences in mean peak power (ES -0.71, CI -1.53, 0.10; 263 
770.4 ± 278.0 and 603.2 ± 162.6 W for the young and middle-aged groups, respectively). Moreover, 264 
there was a likely moderate (ES -0.90, CI -1.70, -0.09) higher volume load in young (7898.2 ± 1560.0 kg) 265 
group compared to the middle-aged (6556.9 ± 1349.1 kg) group. Differences in mean beta coefficients 266 
for velocity and power across the sets were unclear (ES 0.31, CI -0.50, 1.11 and ES 0.31, CI -0.51, 1.10, 267 



J. Funct. Morphol. Kinesiol. 2018, 3, x FOR PEER REVIEW  8 of 15 

respectively) between young (b = -1.7 ± 2.8 and -11.8 ± 20.5, respectively) and middle-aged (b = -0.9 ± 268 
2.6 and -5.9 ± 18.2, respectively) groups.  269 

3.4. External to internal load ratios 270 

Differences in the external to internal load ratios between the groups were all unclear (Table 2). 271 

Table 2. The external to internal load ratio during the exercise protocol in the young and middle-aged 272 
groups. Qualitative descriptor, effect size and upper and lower 90% confidence intervals are noted in 273 
the effect size column. 274 

Load Ratio Young Middle-aged Effect size 

HR: peak velocity 0.7 ± 0.2 0.7 ± 0.2 

Unclear  

0.10 (-0.71, 0.90) 

HR:peak power 5.2 ± 2.0 4.3 ± 1.3 

Unclear  

-0.51 (-1.32, 0.30) 

HR:volume load 52.2 ± 11.8 47.0 ± 13.0 

Unclear  

-0.41 (-1.22, 0.39) 

OMNI-RPE: peak velocity 12.6 ± 3.3 13.3 ± 2.7 

Unclear  

0.21 (-0.60, 1.01) 

OMNI-RPE: peak power 99.5 ± 36.6 84.8 ± 23.1 

Unclear  

-0.47 (-1.28, 0.34) 

OMNI-RPE: volume load 1030.2 ± 244.6 968.5 ± 451.2 

Unclear  

-0.14 (-0.95, 0.68) 

 275 

Figure 4. Peak velocity (mean ± SD) across each set in young and middle-aged groups. Qualitative 276 
descriptor, effect size and upper and lower 90% confidence intervals are noted above. 277 
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 278 

Figure 5. Peak power (mean ± SD) across each set in young and middle-aged groups. Qualitative 279 
descriptor, effect size and upper and lower 90% confidence intervals are noted above. 280 

3.5. Markers of fatigue after squatting exercise 281 

At Pre, the likely moderate differences in MVC (ES -0.80, CI -1.61, 0.01) and resting doublet force 282 
(ES -0.96 CI -1.77, 0.14) between the groups were accompanied by very likely moderate differences in 283 
20 (ES -1.03, CI -1.84, -0.22) and 80% (ES -1.03, CI -1.84, -0.21) 1RM peak power. Differences in VA (ES 284 
0.03, CI -0.77, 0.84) and blood lactate (ES -0.53, CI -1.34, 0.28) were unclear between the groups at Pre. 285 
The high volume squatting exercise was effective in causing decreases in markers of fatigue that were 286 
very likely for MVC (ES -0.96, CI -1.52, -0.39) and VA (ES -1.06, CI -1.63, -0.48), most likely for resting 287 
doublet force (ES -1.35, CI -1.92, -0.79) and likely for 80% 1RM peak power (ES -0.57, CI -1.13, 0.00). 288 
Alterations in 20% 1RM peak power were unclear compared to Pre (ES -0.24, CI -0.80, 0.33). Blood 289 
lactate concentration had most likely (ES 2.38, CI 1.82, 2.95) increases after the squatting exercise. After 290 
the squatting exercise the middle-aged group showed very likely greater decrements in resting doublet 291 
force and peak power at 20 and 80% 1RM than the young group (Table 3). Between-group differences 292 
after the exercise protocol were unclear for MVC, VA and blood lactate. 293 

Table 3. Markers of fatigue (mean ± SD) in after squatting exercise in young and middle-aged males. 294 
Qualitative descriptor, effect size and upper and lower 90% confidence intervals are noted in the effect 295 
size column. 296 

Fatigue Indicators  Group Pre Post Comparison 

MVC (N/m) Young 265.7 ± 95.8 179.2 ± 60.7 Unclear 

-0.56 (-1.37, 0.25) Middle-aged 199.1 ± 63.3 144.9 ± 55.4 

VA (%) Young 93.4 ± 5.8 85.3 ± 9.4 Unclear 

-0.20 (-1.00, 0.61) Middle-aged 93.6 ± 5.6 82.9 ± 12.9 

Resting doublet (N/m) Young 85.1 ± 10.4 64.2 ± 10.4 Very likely ↓ 

-1.53 (-2.34, -0.71) Middle-aged 69.2 ± 21.1 48.3 ± 9.3 

20% 1RM peak power (W) Young 507.9 ± 134.6 486.6 ± 112.7 Very likely ↓ 

-1.21 (-2.03, -0.39) Middle-aged 387.4 ± 87.9 357.6 ± 86.2 

80% 1RM peak power (W) Young 1295.3 ± 369.1 1098.5 ± 307.1 Very likely ↓ 

-0.94 (-1.76, -0.12) Middle-aged 977.1 ± 211.1 831.9 ± 215.2 

Blood lactate (mmol·L-1) Young 1.9 ± 0.7 9.8 ± 2.9 Unclear 

-0.39 (-1.18, 0.40) Middle-aged 1.6 ± 0.4 8.1 ± 5.2 
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3.6. Relationship between internal and external load markers with fatigue 297 

Only mean HR and OMNI-RPE were related to the muscle function markers for the internal load 298 
variables (Table 4). That is, mean HR was likely (r = .45, CI .06, .72) and very likely (r = .50, CI .13, .75) 299 
correlated with decrements in MVC and peak power at 80% 1RM, respectively, while OMNI-RPE 300 
was likely correlated with alterations in peak power at 20 (r = .36, CI -.05, .66) and 80% 1RM (r = .32, 301 
CI -.09, .64). For external markers of load, changes in mean peak power were likely correlated (r = .35 302 
to .43) with all decrements in muscle function. Similarly, a higher volume load during the protocol 303 
was very likely related to changes in the muscle function markers (r = .50 to .59).  304 
  305 
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Table 4. Relationships (qualitative descriptor, upper and lower 90% confidence intervals) of internal 306 
and external load markers with fatigue. 307 

  
 Load markers 

        Peak power 
 Load MVC 20% 1RM 80% 1RM 

Internal   

 Heart rate 
Likely Unclear Very likely 
.45 (.06, .72) .28 (-.14, .61) .50 (.13, .75) 

Mean OMNI-RPE 
Unclear Likely Likely 
-.06 (-.45, .35) .36 (-.05, .66) .32 (-.09, .64) 

sRPE 
Unclear Unclear Unclear 
.07 (-.34, .46) .18 (-.24, .54) .29 (-.13, .62) 

BLA increase 
Unclear Unclear Unclear 
.22 (-.57, 0.2 -.20 (-.55, .22) -.19 (-.55, .23) 

External  

Mean peak velocity 
Unclear Unclear Unclear 
-.05 (-.44, .36) .04 (-.37, .43) .02 (-.38, .42) 

Mean peak power 
Likely Likely Likely 
.38 (-.03, .68) .43 (.03, .71) .35 (-.06, .66) 

Volume load 
Very likely Very likely Very likely 
.59 (.24, .80) .55 (.19, .78) .50 (.13, .75) 

4. Discussion 308 

To our knowledge this is the first study to compare internal and external load variables, and 309 
fatigue response from squatting exercise, in resistance trained young and middle-aged males. These 310 
data indicate that the internal load during squatting exercise at the same relative intensity is not 311 
different in these groups, though certain measures of external load (i.e. volume load and peak power) 312 
are. Moreover, when compared to younger males, middle-aged males can expect greater decrements 313 
in peak power after squatting exercise, which appear to be related to certain internal (HR and OMNI-314 
RPE) and external (peak power and volume load) load measures. 315 

This study recorded unclear differences in HR and the HR rate of change during the resistance 316 
exercise between the two age groups. These data contrast to previously observed differences in HR 317 
between young and older physically active men during isometric knee extension exercise [8], but 318 
reaffirm no difference in HR between younger and older males during leg press exercise [13]. 319 
Similarly, the unclear differences observed in OMNI-RPE and the OMNI-RPE rate of change over the 320 
resistance exercise protocol are supported by previous data [14], but oppose previous findings in 321 
young and older males [10, 11]. The similar internal responses between groups in the current study 322 
might reflect similar alterations in vagal tone and motor command [8, 41] during resistance exercise 323 
in young and middle-aged males who regularly resistance train. sRPE demonstrated no differences 324 
between groups after the exercise, which is surprising given that sRPE is related to the volume load 325 
[42] that was moderately higher in the young group. sRPE appears to monitor the participant’s 326 
perception of the exercise in the context of the physical and psychological state [43], which indicates 327 
that, holistically, the resistance trained young and middle-aged males perceived the exercise 328 
similarly. For blood lactate concentrations, unclear differences between groups after resistance 329 
exercise emerged. Though higher blood lactate concentrations have been observed in younger 330 
compared to older males [9], the similarities in the current study might suggest a similar reliance on 331 
glycolytic pathways during the squatting exercise in the two groups. The current study also observed 332 
no differences in any external to internal load ratios, which would indicate that the internal response 333 
for a given external load is similar between young and middle-aged males during squatting exercise. 334 
Collectively, these data suggest that internal load markers in young and middle-aged resistance 335 
trained males are similar during high volume squatting exercise at the same relative load. 336 

Given that young resistance trained males can produce higher velocities than middle-aged males 337 
[4] it is perhaps surprising that differences in the peak velocity between groups during the exercise 338 
protocol were unclear. However, differences in velocity during exercise between age groups might 339 
only be present during less familiar movements, albeit 60% 1RM for squat demonstrated the lowest 340 
differences between groups (ES = 1.0) [4]. Also, the repeated squatting in this study, compared to 341 
single repetitions performed previous [4], might have been subject to pacing in order to prevent 342 
premature fatigue. A further explanation for the differences in velocity during exercise between age 343 
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groups might come from the participants’ familiarity with the movement. For example, Petrella and 344 
colleagues [23] noted greater fatigability and lower velocity in older adults (~64 years) compared to 345 
their young (~27 years) counterparts during knee extension exercise, but no differences were present 346 
during explosive sit-to-stand exercise. No difference in sit-to-stand exercise was attributed to 347 
familiarity with that movement in both groups, i.e. they would perform sit-to-stand movements in 348 
their daily routines whereas the older group were not familiar with knee extension exercise [23]. 349 
Given that all participants regularly squatted as part of their resistance programmes, this would 350 
explain no difference in peak velocity between groups in the current study. Over the exercise 351 
protocol, peak power was moderately higher in the young group compared to the middle-aged group 352 
while the rate of change in peak power was unclear between groups. This supports previous 353 
observations of lower power output and similar fatigability during explosive sit-to-stand exercise 354 
[23]. Interestingly, Petrella and colleagues [23] noted that differences in power between ages were 355 
driven by differences in velocity during exercise, yet the current study observed no differences in 356 
velocity. That power is the product of the velocity and force (i.e. the load) would indicate that the 357 
differences in peak power in the current study are due to the higher volume load performed by the 358 
young males. That is, the differences in power between young and middle-aged resistance trained 359 
males during the exercise are a consequence of differences in force (i.e. the volume load) and not 360 
velocity as suggested by Petrella et al. [23] in young and old males. Accordingly, this study indicates 361 
that peak power, but not peak velocity, is higher in young compared to middle-aged resistance 362 
trained males during high volume squatting exercise. 363 

Reductions in muscle function immediately after the squatting exercise are indicative of fatigue 364 
(i.e. inability to maintain the expected force or power output) [18]. Lower VA after the squatting 365 
exercise suggests that impairments in force and peak power were influenced by a reduction in drive 366 
to the muscle caused by neural impairments and a reduction in excitability to the alpha motor-neuron 367 
[33, 44, 45]. In addition, the lower resting doublet after exercise indicates peripheral alterations, that 368 
is, a disruption of sarcomeres and impaired excitation-contraction coupling and the accumulation of 369 
fatigue-related metabolites [46, 47] might have also contributed to the reductions in MVC and peak 370 
power at 80% 1RM after the squatting. After exercise, resting doublet force and peak power at 20 and 371 
80% 1RM had very likely greater decrements in the middle-aged group compared to the young group, 372 
where differences in MVC and VA were unclear. Greater fatigue in older populations after isoinertial 373 
compared to isometric actions are well supported [19, 20] and may reflect an elevated energy cost of 374 
contraction [48] and impairments in cross-bridge cycling [21] with age. The greater decrements in 375 
resting doublet force in the middle-aged males contrast to the similar reductions between age groups 376 
after knee extension exercise reported by Dalton and colleagues [21] and are indicative of greater 377 
peripheral alterations (i.e. disruption of sarcomeres and impaired excitation-contraction coupling) 378 
[46, 47] after high volume exercise. The unclear differences between groups in VA are similar to those 379 
previously reported by Dalton and colleagues [21] and suggest comparable central alterations after 380 
high volume exercise. As such, middle-aged trained males can expect a similar isometric, but not 381 
peak power, fatigue response after high volume squatting exercise. 382 

Mean HR during exercise was moderately correlated with decrements in MVC and 80% 1RM 383 
peak power (r = .45 and .50, respectively). It is unknown why a greater cardiovascular load during 384 
squatting exercise might result in larger impairments in MVC and peak power at high external loads. 385 
Previous work by Rezk and colleagues [49] noted that elevated HR, albeit after resistance exercise, 386 
was associated with a cardiac sympathetic activation and parasympathetic deactivation. Like Rezk et 387 
al. [49], the higher HR in the current study are likely to driven by alterations in cardiac sympathetic 388 
and parasympathetic activity, which aim to increase oxygen delivery to the working musculature. 389 
OMNI-RPE was moderately associated with decrements in peak power at both 20 and 80% 1RM (r = 390 
.36 and .32, respectively). It is suggested that perception of effort reflects central motor command to 391 
the muscles [41]. Moreover, an increase in central motor command might seek to augment muscle 392 
activation in order to lift the load when the muscle is fatiguing [41]. Thus, it is understandable that 393 
an elevated OMNI-RPE would be associated with reductions in post-exercise fatigue markers. These 394 
data indicate a dose-response relationship between HR and OMNI-RPE during high volume 395 
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resistance exercise and post-exercise decrements in muscle functional markers. Practitioners should 396 
be cognisant of the relationship between higher HRs and OMNI-RPEs with post-exercise decrements 397 
in muscle function. This study also reported those with a higher volume load were subject to greater 398 
impairments in MVC and peak power at 20 and 80% 1RM (r = .59, .55 and .50, respectively). These 399 
data are similar to previous observations of greater reductions in MVC after lower-limb resistance 400 
protocols with a higher amount of work performed [24, 25]. The moderate correlations with average 401 
peak power during exercise and post-exercise reductions in MVC and peak power at 20 and 80% 402 
1RM are the first of their kind. Like the suggestions of Brandon et al. [24] and Howatson et al. [25], 403 
these reductions in MVC might be owing to metabolic (i.e. increased use of the glycolytic pathway, 404 
which is indirectly supported by the higher post-exercise blood lactate) and peripheral alterations 405 
(i.e. impaired excitation-contraction coupling, demonstrated by the reduction in resting doublet 406 
scores after exercise). The relationships between external load (volume load and mean peak power) 407 
with post-exercise decrements in peak power during back squat are novel and indicate that a dose-408 
response relationship exists between these variables. Importantly, these data suggest that the applied 409 
practitioner can monitor volume-load and mean peak power during resistance exercise should they 410 
need to be cognisant of the post-exercise impairments in muscle function after lower-limb exercise. 411 

5. Conclusion 412 

This study examined the load (internal and external) and fatigue response in young and middle-413 
aged males after high volume squatting exercise. These data indicate that internal load is not different 414 
between young and middle-aged resistance trained males during squatting exercise, though certain 415 
external load measures (peak power and volume-load) are. Practically, these findings suggest that 416 
internal, but not external, load can be used to monitor high volume resistance training in a like 417 
manner between these age groups. Moreover, high volume squatting exercise impairs peak power at 418 
low and high external loads to a greater extent than isometric force in middle-aged males compared 419 
to their young counterparts. The applied practitioner should be mindful of these reductions in peak 420 
power in middle-aged males and programme lower-body resistance training accordingly. The 421 
correlations observed in this study indicate that certain internal (HR and OMNI-RPE) and external 422 
(mean peak power and volume-load) load are positively related to the post-exercise decrements in 423 
muscle function. As such, it is suggested that applied practitioners monitor these variables when 424 
post-exercise decrements in muscle-function are undesirable. 425 

References 426 

1. Newton, RU, Hakkinen, K, Hakkinen, A, McCormick, M, Volek, J, Kraemer, WJ. Mixed-427 
methods resistance training increases power and strength of young and older men. Med Sci 428 
Sports Ex. 2002, 34, 1367-1375. 429 

2. Kosek, DJ, Kim, JS, Petrella, JK, Cross, JM, Bamman, MM. Efficacy of 3 days/wk resistance 430 
training on myofiber hypertrophy and myogenic mechanisms in young vs. older adults. J 431 
App Physiol. 2006, 101, 531-544. 432 

3. Narici MV, Reeves ND, Morse CI, Maganaris CN. Muscular adaptations to resistance 433 
exercise in the elderly. J Musculoskelet Neuronal Interact. 2004, 4, 161-164. 434 

4. Fernandes JFT, Lamb KL, Twist C. A comparison of load-velocity and load-power 435 
relationships between well-trained young and middle-aged males during three popular 436 
resistance exercises. J Strength Cond Res. 2018, 32, 1440–1447. 437 

5. Pantoja PD, De Villarreal ES, Brisswalter J, Peyré-Tartaruga LA, Morin JB. Sprint 438 
acceleration mechanics in master athletes. Med Sci Sports Ex. 2016, 48, 2469-2476. 439 

6. Scott BR, Duthie GM, Thornton HR, Dascombe BJ. Training monitoring for resistance 440 
exercise: Theory and applications. Sports Med. 2016, 46, 687-698. 441 

7. Halson SL. Monitoring training load to understand fatigue in athletes. Sports Med. 2014, 44, 442 
139-147. 443 



J. Funct. Morphol. Kinesiol. 2018, 3, x FOR PEER REVIEW  14 of 15 

8. Smolander J, Aminoff T, Korhonen I, Tervo M, Shen N, Korhonen O, Louhevaara V. Heart 444 
rate and blood pressure responses to isometric exercise in young and older men. Euro J App 445 
Physiol Occup Physiol. 1998, 77, 439-444. 446 

9. Smilios I, Pilianidis T, Karamouzis M, Parlavantzas A, Tokmakidis SP. Hormonal responses 447 
after a strength endurance resistance exercise protocol in young and elderly males. Int J 448 
Sports Med. 2007, 28, 401-406. 449 

10. Justice JN, Mani D, Pierpoint LA, Enoka RM. Fatigability of the dorsiflexors and associations 450 
among multiple domains of motor function in young and old adults. Exp Gerontol. 2014, 55, 451 
92-101. 452 

11. Pincivero DM. Older adults underestimate RPE and knee extensor torque as compared with 453 
young adults. Med Sci Sports Ex. 2011, 43, 171-180. 454 

12. Pincivero DM, Timmons MK, Elsing D. RPE angle effects in young and middle-aged adults. 455 
Int J Sports Med. 2010, 31, 257-260. 456 

13. Kawano H, Tanimoto M, Yamamoto K, Sanada K, Gando Y, Tabata I. et al. Resistance 457 
training in men is associated with increased arterial stiffness and blood pressure but does 458 
not adversely affect endothelial function as measured by arterial reactivity to the cold 459 
pressor test. Exp Physiol. 2008, 93, 296-302. 460 

14. Manini TM, Yarrow JF, Buford TW, Clark BC, Conover CF, Borst SE. Growth hormone 461 
responses to acute resistance exercise with vascular restriction in young and old men. Growth 462 
Horm IGF Res. 2012, 22, 167-172. 463 

15. Schoenfeld BJ. The mechanisms of muscle hypertrophy and their application to resistance 464 
training. J Strength Cond Res. 2010, 24, 2857-2872. 465 

16. Akubat I, Barrett S, Abt G. Integrating the internal and external training loads in soccer. Int 466 
J Sports Physiol Perf. 2014, 9, 457-462. 467 

17. Malone S, Doran D, Akubat I, Collins K. The integration of internal and external training 468 
load metrics in hurling. J Hum Kinet. 2016, 53, 211-221. 469 

18. Edwards RHT. Human muscle function and fatigue. Ciba Found Sympo 1981, 82, 1-18. 470 
19. Avin KG, Frey Law LA. Age-related differences in muscle fatigue vary by contraction type: 471 

A meta-analysis. Phys Ther. 2011, 91, 1153-1165. 472 
20. Christie A, Snook EM, Kent-Braun JA. Systematic review and meta-analysis of skeletal 473 

muscle fatigue in old age. Med Sci Sports Ex. 2011, 43, 568-577. 474 
21. Dalton BH, Power GA, Vandervoort AA, Rice CL. The age-related slowing of voluntary 475 

shortening velocity exacerbates power loss during repeated fast knee extensions. Exp 476 
Gerontol. 2012, 47, 85-92. 477 

22. Dalton BH, Power GA, Paturel JR, Rice CL. Older men are more fatigable than young when 478 
matched for maximal power and knee extension angular velocity is unconstrained. Age. 479 
2015, 37, 1-16. 480 

23. Petrella JK, Kim JS, Tuggle SC, Hall SR, Bamman MM. Age differences in knee extension 481 
power, contractile velocity, and fatigability. J App Physiol. 2005, 98, 211-220. 482 

24. Brandon R, Howatson G, Strachan F, Hunter AM. Neuromuscular response differences to 483 
power vs strength back squat exercise in elite athletes. Scand J Med Sci Sports. 2015, 25, 630-484 
639. 485 

25. Howatson G, Brandon R, Hunter AM. The response to and recovery from maximum-486 
strength and-power training in elite track and field athletes. Int J Sports Physiol Perf. 2016, 11, 487 
356-362. 488 

26. Fernandes JFT, Lamb LK, Twist C. The intra- and inter-day reproducibility of the FitroDyne 489 
as a measure of multi-jointed muscle function. Isokin Ex Sci. 2016, 24, 39-49.   490 

27. MacDonald GZ, Button DC, Drinkwater EJ, Behm DG. Foam rolling as a recovery tool after 491 
an intense bout of physical activity. Med Sci Sports Ex. 2014, 46, 131-142. 492 

28. Jackson A, Pollock M. Generalized equations for predicting body density of men. Brit J Nutri. 493 
1978, 40, 497-504. 494 



J. Funct. Morphol. Kinesiol. 2018, 3, x FOR PEER REVIEW  15 of 15 

29. Heyward VH, Wagner DH. Applied body composition assessment. Champaign, IL, Human 495 
Kinetics; 2004. 496 

30. Wathen D. Load assignment. Essentials of strength training and conditioning, 1994: 435-446. 497 
31. LeSuer DA, McCormick JH, Mayhew JL, Wasserstein RL, Arnold MD. The accuracy of 498 

prediction equations for estimating 1-RM Perf in the bench press, squat, and deadlift. J 499 
Strength Cond Res. 1997, 11, 211-213. 500 

32. Morton JP, Atkinson G, MacLaren DP, Cable NT, Gilbert G, Broome C, et al. Reliability of 501 
maximal muscle force and voluntary activation as markers of exercise-induced muscle 502 
damage. Euro J App Physiol. 2005, 94, 541-548. 503 

33. Robertson RJ, Goss FL, Rutkowski J, Lenz B, Dixon C, Timmer J et al. Concurrent validation 504 
of the OMNI perceived exertion scale for resistance exercise. Med Sci Sports Ex. 2003, 35, 333-505 
341. 506 

34. Sweet TW, Foster C, McGuigan MR, Brice G. Quantitation of resistance training using the 507 
session rating of perceived exertion method. J Strength Cond Res. 2004, 18, 796-802. 508 

35. Day ML, McGuigan MR, Brice G, Foster C. Monitoring exercise intensity during resistance 509 
training using the session RPE scale. J Strength Cond Res. 2004, 18, 353-358. 510 

36. Baldari C, Bonavolontà V, Emerenziani GP, Gallotta MC, Silva AJ, Guidetti L. Accuracy, 511 
reliability, linearity of Accutrend and Lactate Pro versus EBIO plus analyzer. Euro J App 512 
Physiol. 2009, 107, 105-111. 513 

37. Cohen J. Statistical power analysis for the behavioral sciences. Hillsdale, NJ: Lawrence Earlbaum 514 
Associates, 1988. 515 

38. Hopkins WG, Marshall S, Batterham A, Hanin J. Progressive statistics for studies in sports 516 
medicine and exercise science. Med Sci Sports Ex. 2009, 41, 3-12. 517 

39. Hopkins WG. A spreadsheet for deriving a confidence interval, mechanistic inference and 518 
clinical inference from a p value. Sportscience. 2007, 11, 16-20. 519 

40. Twist C, Eston R. The effects of exercise-induced muscle damage on maximal intensity 520 
intermittent exercise performance. Euro J App Physiol. 2005, 94, 652-658. 521 

41. DeMorree HM, Klein C, Marcora SM. Perception of effort reflects central motor command 522 
during movement execution. Psychophysiology. 2012, 49, 1242-1253. 523 

42. Genner KM, Weston M. A comparison of workload quantification methods in relation to 524 
physiological responses to resistance exercise. J Strength Cond Res. 2014, 28, 2621-2627. 525 

43. Impellizzeri FM, Rampinini E, Coutts AJ, Sassi A, Marcora SM. Use of RPE-based training 526 
load in soccer. Med Sci Sports Ex. 2004, 36, 1042-1047. 527 

44. Avela J, Kyröläinen H, Komi PV, Rama D. Reduced reflex sensitivity persists several days 528 
after long-lasting stretch-shortening cycle exercise. J App Physiol.1999, 86, 1292-1300. 529 

45. Horita T, Komi PV, Nicol C, Kyröläinen H. Effect of exhausting stretch-shortening cycle 530 
exercise on the time course of mechanical behaviour in the drop jump: Possible role of 531 
muscle damage. Euro J App Physiol Occup Physiol. 1999, 79, 160-167. 532 

46. Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue: Cellular mechanisms. Physiol 533 
Rev 2008, 88, 287-332. 534 

47. Doguet V, Jubeau M, Dorel S, Couturier A, Lacourpaille L, Guével A, Guilhem G. Time-535 
course of neuromuscular changes during and after maximal eccentric contractions. Front 536 
Physiol, 2016, 7, 1-8.  537 

48. Layec G, Trinity J, Hart C, Kim S, Groot H, Le Fur Y, et al. In vivo evidence of an age-related 538 
increase in ATP cost of contraction in the plantar flexor muscles. Clin Sci 2014, 126, 581-592. 539 

49. Rezk CC, Marrache RCB, Tinucci T, Mion D, Forjaz CLM. Post-resistance exercise 540 
hypotension, hemodynamics, and heart rate variability: Influence of exercise intensity. Euro 541 
J App Physiol 2006, 98, 105-112. 542 

 543 
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 544 
article distributed under the terms and conditions of the Creative Commons Attribution 545 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 546 


