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Resistance training-volume and ribosome biogenesis 2

Key points26

• For individuals showing suboptimal adaptations to resistance training, manipula-27

tion of training volume is a potential measure to facilitate responses. This remains28

unexplored in previous research.29

• Here, 34 untrained individuals performed contralateral resistance training with mod-30

erate and low volume for 12 weeks. Overall, moderate volume led to larger in-31

creases in muscle cross-sectional area, strength and type II fibre-type transitions.32

• These changes coincided with greater activation of signaling pathways controlling33

muscle growth and greater induction of ribosome synthesis.34

• Fifteen individuals displayed clear benefit of moderate-volume training on mus-35

cle hypertrophy. This coincided with greater total RNA accumulation in the early-36

phase of the training period, suggesting that ribosomal biogenesis regulates the37

dose-response relationship between training volume and muscle hypertrophy.38

• These results demonstrate that there is a dose-dependent relationship between train-39

ing volume and muscle hypertrophy. On the individual level, benefits of higher40

training volume was associated with increased ribosomal biogenesis.41
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Resistance training-volume and ribosome biogenesis 3

Abstract42

Resistance-exercise volume is a determinant of training outcomes. How-43

ever not all individuals respond in a dose-dependent fashion. In this study, 3444

healthy individuals (males n = 16, age 23.6 (4.1) years; females n = 18, 22.0 (1.3)45

years) performed moderate- (3 sets per exercise, MOD) and low-volume (1 set,46

LOW) resistance training contralateral fashion for 12 weeks (2-3 sessions×week−1)47

enabling intra-individual comparisons of effects of training modalities. Muscle48

cross-sectional area (CSA) and muscle strength was assessed at weeks 0 and 12,49

along with biopsy sampling (m. Vastus lateralis). Muscle biopsies were also50

sampled before and one hour after the fifth session (Week 2). MOD resulted51

in larger increases in muscle CSA (5.2 (3.8)% versus 3.7 (3.7)%, P <0.001) and52

strength (3.4-7.7% difference, all P < 0.05). In muscle, this coincided with greater53

reductions in type IIX fibres from week 0 to week 12 (MOD, -4.6 vs. LOW -54

3.2%-point), greater post-exercise (Week 2) phosphorylation of mTOR (12%), S6-55

kinase 1 (19%) and ribosomal protein S6 (28%, Week 2), greater rested-state total56

RNA (8.8%, Week 2) and greater exercise-induced elevation of c-Myc mRNA57

expression (25%, Week 2; all P < 0.05). Fifteen participants displayed robust58

benefits of MOD on muscle hypertrophy. This was associated with greater ac-59

cumulation of total RNA at Week 2 in MOD vs. LOW as every 1% difference60

increased the odds of MOD benefit by 5.4% (P = 0.010). In conclusion, MOD61

led to on average greater adaptations to resistance training and dose-dependent62

hypertrophy was associated with volume-dependent regulation of total RNA at63

week 2. This suggests that ribosomal biogenesis regulates the dose-response re-64

lationship between training volume and muscle hypertrophy.65

Keywords: Resistance-training, training-volume, ribosome biogenesis66
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Resistance training-volume and ribosome biogenesis 4

Introduction67

In humans, the biological adaptation to resistance training varies with exercise-training68

variables such as volume, intensity, rest between repetitions and sets, selection and order69

of exercises, repetition velocity and frequency of training sessions (Ratamess et al., 2009),70

as well as with genetic and epigenetic disposition and environmental factors (Timmons,71

2011; Seaborne et al., 2018; Morton et al., 2018). As time constraints often hinder participa-72

tion in exercise training-programs (Choi et al., 2017), numerous studies have searched for73

the minimally required exercise dose to promote beneficial adaptations. Within-session74

volume has received particular attention, and indeed, a handful studies have shown that75

low-volume training provides similar gains in strength and muscular mass as moderate-76

volume training (Cannon & Marino, 2010; Ostrowski et al., 1997; Mitchell et al., 2012),77

though meta-analyses conclude in favor of moderate volume protocols (Rhea et al., 2003;78

Krieger, 2009, 2010; Schoenfeld et al., 2016). This apparent failure of specific studies to dis-79

close benefits of increased training volume is likely due to a combination of small sample80

sizes and substantial variation in training responses between individuals and experimen-81

tal groups. In theory, within-participant designs should alleviate these limitations.82

Individual response patterns to resistance training, including muscle strength and83

mass, correlate closely with muscle cell characteristics, measured in both rested-state and84

acute training-phase conditions (Thalacker-Mercer et al., 2013; Stec et al., 2016; Terzis et85

al., 2008). Of particular interest is the molecular signatures conveyed by the mechanistic86

target of rapamycin complex 1 (mTORC1) and its associated downstream target S6 ki-87

nase 1 (S6K1). This pathway acts as a master signaling hub of muscle fiber hypertrophy88

by controlling protein synthesis and degradation (Laplante & Sabatini, 2012). Inhibition89

of mTORC1 signaling impairs protein synthesis in humans (Drummond et al., 2009), and90

exercise-induced activation of mTORC1 signaling correlate with increase in muscle pro-91

tein synthesis and subsequent muscle growth (Burd et al., 2010; Terzis et al., 2008). In line92
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Resistance training-volume and ribosome biogenesis 5

with this, surplus training volume leads to greater phosphorylation of S6K1 (Burd et al.,93

2010; Terzis et al., 2010; Ahtiainen et al., 2015), and increased myofibrillar protein syn-94

thesis (Burd et al., 2010), fitting the notion that increased training volume provides more95

pronounced adaptations. However, also from a cell biological perspective, present find-96

ings on effects of different training volumes are heterogeneous. For example, Mitchell et97

al. (2012) failed to show differences in S6K1 phosphorylation between volume protocols,98

corroborating with similar effects of different volumes on muscle strength and mass.99

In muscle cells, increased mTORC1 activity leads to increased translational efficiency100

through activation of 4E-BP1 and S6K1 (Laplante & Sabatini, 2012). It also leads to in-101

creased translational capacity, measured as de novo ribosomal biogenesis controlled syn-102

ergistically with mTORC1 by c-Myc activity and subsequent transcription of ribosomal103

RNA (rRNA) (Nader et al., 2005; West et al., 2016). Recent observations in humans indi-104

cate that translational capacity is a limiting factor for training-induced muscle hypertro-105

phy. First, increased abundances of rRNA in response to resistance training, measured as106

total RNA per-weight-unit muscle tissue, correlate with muscle hypertrophy (Figueiredo107

et al., 2015). In accordance with this, training-induced increases in rRNA are larger in108

high-responders than in low-responders (Stec et al., 2016; Mobley et al., 2018). Second,109

elderly typically show blunted ribosome biogenesis, coinciding with attenuated hyper-110

trophic responses (Stec et al., 2015; Brook et al., 2016). Collectively, these observations111

suggest that muscle growth depends at least in part on increased translational capacity,112

making it a prime candidate for explaining the diverse response patterns seen to resis-113

tance training with different volume in different individuals. To date, no study has in-114

vestigated the association between training volume, ribosome biogenesis and regulation,115

and gross training adaptations.116

Muscle fibre composition is another potential determinant of muscular responses to117

resistance training. Type II fibres have greater growth potential compared to type I fibres118

(Stec et al., 2016; Jespersen et al., 2011), and readily switch from IIX to IIA phenotypes in119
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Resistance training-volume and ribosome biogenesis 6

response to mechanical loading (Andersen & Gruschy-Knudsen, 2018; Widrick et al., 2002;120

Ellefsen et al., 2014b), suggesting that these fibers display greater plasticity in response to121

resistance training.122

The purpose of the present study was to evaluate the effects of single- and multiple-123

sets training protocols on strength, muscle hypertrophy and fibre-type composition using124

a within-participant design. In addition, phosphorylation of proteins in the mTORC1125

pathway as well as total and ribosomal RNA were determined.126

Methods127

Ethics statement128

All participants were informed about the potential risks and discomforts associated with129

the study and gave their informed consent prior to study enrollment. The study design130

was pre-registered (ClinicalTrials.gov Identifier: NCT02179307), approved by the local131

ethics committee at Lillehammer University College, Department of Sport Science (nr132

2013-11-22:2) and all procedures were performed in accordance with the Declaration of133

Helsinki.134

Participants and study overview135

Forty-one male and female participants were recruited to the present study with eligi-136

bility criteria’s being non-smoking and age between 18 and 40 years. Exclusion criteria137

were intolerance to local anesthetic, training history of more than one weekly resistance-138

exercise session during the last 12 months leading up to the intervention, impaired muscle139

strength due to previous or current injury, and intake of prescribed medication that could140

affect adaptations to training. During data analyses, seven participants were excluded141

due to not completing at least 85% of the scheduled training sessions with reasons be-142

ing: discomfort or pain in the lower extremities during exercise (n=5), injury not related143

to the study (n=1), failure to adhere to the study protocol (n=1). At baseline, there were144
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Resistance training-volume and ribosome biogenesis 7

no differences in maximal voluntary contraction (MVC) normalized to lean body mass145

or anthropometrics between included and excluded participants (see Table 1). Among146

the included group, one participant choose to refrain from biopsy and blood sampling at147

week 2. Additionally, blood was not collected from three of the participants at different148

time-points due to sampling difficulties.149

The intervention consisted of 12 weeks of full-body resistance training (all partici-150

pants commenced the trial during September-November). Leg-exercises were performed151

unilaterally to allow within-participant differentiation of training volume. Accordingly,152

for each participant, the two legs were randomly assigned to perform resistance exer-153

cises consisting of one set (single-sets condition) and three sets (multiple-sets condition);154

i.e. each participant performed both protocols. Muscle strength was assessed at base-155

line, during and after the training intervention. Body composition was measured before156

and after the training intervention. Muscle biopsies were sampled from both legs (vastus157

lateralis) at four time points during the intervention: at baseline (Week 0, rested state),158

before and one hour after the fifth training session (Week 2 Pre-exercise, rested; Week159

2 Post-exercise, acute-phase biopsy) and after completion of the intervention (Week 12,160

rested state). For overview of the study protocol, see Figure 1.161

Resistance-exercise training protocol162

Prior to all training-sessions, participants performed a standardized warm-up routine163

consisting of i) 5-min ergometer cycling (RPE 12-14), followed by ten repetitions each164

of bodyweight exercises (push-ups with individually adjusted leverage, sit-ups, back-165

extensions and squats), and iii) one set of ten repetitions at ∼ 50% of 1RM for each of166

the resistance exercise. Leg resistance exercises were performed in the following order:167

unilateral leg-press, leg-curl and knee-extension, performed as either one set (single-sets)168

or three sets (multiple-sets) per exercise. Single-sets were performed between the sec-169

ond and third set of the multiple-sets protocol. Following leg-exercises, participants per-170
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Resistance training-volume and ribosome biogenesis 8

formed two sets of bilateral bench-press, pull-down, and either shoulder-press or seated171

rowing (performed in alternating sessions). Rest periods between sets were 90-180 sec-172

onds. Training intensity was gradually increased throughout the intervention, starting173

with 10 repetitions maximum (10RM) the first two weeks, followed by 8RM for three174

weeks and 7RM for seven weeks (Figure 1). To better fit the training program to partici-175

pants daily schedule, some sessions were performed unsupervised. The average number176

of supervised sessions were 91% (SD = 10%, range: 67-100%) of performed sessions. From177

the ninth training session, every week (containing three training sessions) had one session178

with reduced loads, corresponding to 90% of the previous session with the same target179

number of repetitions. Training sessions with maximal effort were separated by at least180

48 h. Training sessions with submaximal efforts (90%) were separated from other sessions181

by at least 24 h. To aid immediate recovery, a standardised drink were given after each182

session containing 0.15 g × kg−1 protein, 11.2 g × kg−1 carbohydrates and 0.5 g × kg−1 fat.183

Muscle strength assessments184

Isokinetic and isometric unilateral knee-extension strength was assessed in a dynamome-185

ter (Cybex 6000, Cybex International, Medway USA). Participants were seated and se-186

cured in the dynamometer with the knee joint aligned with the rotation axis of the dy-187

namometer. Maximal isokinetic torque was assessed at three angular speeds (60○, 120○188

and 240○ × sec−1). Prior to testing, participants were familiarized with the test protocol189

by performing three submaximal efforts at each angular speed. Participants were given190

two attempts at 60○ × sec−1 and three attempts at 120 and 240○ × sec−1 performed in im-191

mediate succession. The highest value was used for statistical analyses. After isokinetic192

testing, maximal voluntary contraction torque (MVC) was assessed at a knee angle of 30○193

(full extension = 90○). Participants were instructed to push with maximal force against194

the lever for 5 sec. Participants were given two attempts, with 30 sec rest in-between. The195

highest value was used for downstream analyses.196
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Resistance training-volume and ribosome biogenesis 9

Maximal strength was assessed as one repetition-maximum (1RM) in leg-press and197

knee-extension. The test session for each exercise started with specific warm-up con-198

sisting of ten, six and three repetitions at 50, 75 and 85% of the anticipated maximum.199

Thereafter, 1RM was found by increasing the resistance progressively until the weight200

could not be lifted through the full range of motion. For each exercise, the highest load201

successfully attempted was defined as 1RM. Each participant was given four to six at-202

tempts. Prior to the intervention, 1RM was tested twice separated by at least four days203

with the maximum from the two sessions recorded as baseline 1RM. A subset of the par-204

ticipants (n=18) performed strength assessment during the course of the study (at week 5205

and 9). For the remaining participants, ordinary training sessions were prioritized when206

participants missed out on training or testing due to e.g. illness or scheduling difficulties.207

Muscle cross-sectional area (CSA) and body composition.208

Knee-extensor muscle CSA (vastus lateralis, medialis, intermedius and rectus femoris)209

was determined before and after the training intervention using magnetic resonance imag-210

ing (MRI) in accordance with manufacturer’s protocol (S-Scan, Esaote Europe B.V., Maas-211

tricht, Netherlands). Images were analyzed in a blinded fashion by the same investigator,212

using OsiriX (v.5.6, Pixmeo Sarl, Bernex, Switzerland). For each participant, CSA was de-213

termined at the same distance from the knee-joint pre- and post-intervention (mid-thigh),214

using at least four consecutive images (5 mm thickness, 10 mm separation; see Figure 2A215

for representative images). Body composition was determined before and after the inter-216

vention using dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy, GE healthcare),217

in accordance with standard protocol. Prior to MRI and DXA measurements, participants218

were asked to stay fasted for 2 h and to refrain from vigorous physical activity for 48 h.219
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Hormonal measurements220

Hormone analyses were performed on blood samples collected at five time points: along-221

side muscle biopsies (Figure 1, four sampling events) and 10 minutes after completion222

of the fifth training session. Samples were drawn from an antecubital vein into serum-223

separating tubes and kept at room temperature for 30 min before centrifugation (1500224

g, 10 min). Serum was immediately aliquoted and stored at -80○C until further process-225

ing. Serum concentrations of total testosterone, cortisol, growth hormone and insulin-like226

growth-factor 1 (IGF-1) were measured on an Immulite 1000 analyzer, using kits from227

the Immulite Immunoassay System menu (Siemens Medical Solutions Diagnostics, NY,228

USA), performed according to manufacturer’s protocols. Serum Vitamin D (S-25-OH-229

D) levels were measured in samples collected before and after the intervention using a230

electrochemiluminescence immunoassay (Roche Cobas Vitamin D total assay, Roche Di-231

agnostics GmbH., Mannheim, Germany) using automated instrumentation (Roche Cobas232

6000’s module e601, Roche Diagnostics GmbH., Mannheim, Germany).233

Muscle tissue sampling and processing.234

Muscle biopsies were obtained bilaterally from m. vastus lateralis under local anesthesia235

(Xylocaine, 10 mg×ml−1 with adrenaline 5 µg×ml−1, AstraZeneca AS, Oslo, Norge) using236

a 12-gauge needle (Universal-plus, Medax, San Possidonio, Italy) operated with a spring237

loaded biopsy instrument (Bard Magnum, Bard, Rud, Norway). For each participant,238

resting samples were collected at the same time of day at all time-points and all sampling239

was done in the morning after a standardised breakfast. Participants were instructed to240

standardise meals during the last 24 h leading up to the sampling and to refrain from241

strenous physical activity the last 48 h.242

Samples were obtained within 10 minutes from both legs at all time-points. The first243

biopsy was sampled 1/3 of the distance from the patella to anterior superior iliac spine,244

subsequent biopsies were sampled ∼ 2 cm proximal from the previous sample. The tissue245
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Resistance training-volume and ribosome biogenesis 11

was quickly dissected free of blood and visible connective tissue in ice-cold sterile saline246

solution (0.9% NaCl). Samples for immunohistochemistry (∼ 15 mg) were transferred to a247

4% formalin solution for fixation 24-72 h, before further preparation. Samples for protein248

and RNA analyses (∼ 60 mg) were blotted dry, snap-frozen using −80○C isopentane and249

stored at −80○C until further analyses.250

Immunohistochemistry251

Formalin-fixed muscle biopsies were processed for 2.5 h using a Shandon Excelsior ES252

(Thermo Scientific, USA), paraffin-embedded and sectioned into 4 µm transverse sec-253

tions. For determination of muscle fibre types, sections were double-stained using BF-35254

(5 µg ×ml−1, Developmental Studies Hybridoma Bank, deposited by Schiaffino, S.) and255

MyHCSlow (1:4000, catalog M8421L, Sigma-Aldrich Norway AS, Oslo, Norway). The256

primary staining was visualized using BMU UltraView DAB and UltraView Red (Ven-257

tana Medical Systems, Inc. Tucson, USA). Muscle fibres were counted as either Type I258

(red), Type IIA (brown), Type IIX (unstained) or hybrid fibers Type IIA/IIX (light-brown)259

(for representative image, see Figure 5B). Fibres identified as hybrid fibers were analyzed260

as 0.5 × Type IIA and 0.5 × Type IIX.261

Protein extraction and immunoblotting262

Aliquots of muscle-tissue (approximately 25 mg wet weight) were homogenised using a263

plastic pestle in ice-cold lysis buffer (2 mM HEPES pH 7.4, 1 mM EDTA, 5 mM EGTA,264

10 mM MgCl2, 1% Triton X-100) spiked with protease and phosphatase inhibitors (Halt,265

Thermo Fischer Scientific, Life Technologies AS, Oslo Norway), incubated at 4○ for 1 hr266

and centrifuged for 10 min at 10 000 g and 4○C, after which the supernatants were col-267

lected. Total protein concentrations were determined on a 1:10 dilution (Pierce Detergent268

Compatible Bradford Assay Reagent, Thermo Fischer Scientific). The remaining super-269

natant was diluted to 1.5 µg × µl−1ˆ total protein in lysis buffer and 4X Laemmli sample270
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Resistance training-volume and ribosome biogenesis 12

buffer (Bio-Rad Laboratories AB, Oslo Norway) containing 2-Mercaptoethanol. Samples271

were heated to 95○C for 5 min and stored at -20○C until further processing. During anal-272

yses, protein samples (20 µg of total protein) were separated at 300 V for 30 min using273

4-20% gels (Criterion TGX, Bio-Rad), followed by wet transfer to PVDF membranes (0.2274

µm Immun-Blot, Bio-Rad) at 300 mA for 3 h. Gel electrophoresis and protein transfer275

were performed at 4○C. Membranes were then stained using a reversible total protein276

stain (Pierce Reversible Protein Stain, ThermoFischer Scientific) to ensure appropriate277

protein transfer. Membranes were blocked for 2 h in tris-buffered saline (TBS, 20 mM278

Tris, 150 mM NaCl) containing 3% bovine serum albumin and 0.1% Tween-20, followed279

by over-night incubation with primary antibodies targeting either the phosphorylated280

or non-phosphorylated epitope diluted in blocking buffer followed by 2 h incubation281

with secondary, horseradish peroxidase-conjugated antibodies diluted in TBS containing282

0.1% Tween-20 and 5% skimmed milk. Membranes were washed in TBS containing 0.1%283

Tween-20 for 6 × 5 min after incubation with primary antibody, and for 8 × 5 min after284

incubation with secondary antibodies. After chemiluminescent detection (SuperSignal™285

West Femto Maximum Sensitivity Substrate, ThermoFischer Scientific), membranes were286

incubated with hydrogen peroxide (15 min, 37○C) to inactivate the horseradish peroxidase287

(HRP), as described by Sennepin et al. (2009), followed by over-night incubation with pri-288

mary and secondary antibodies as described above. If the phosphorylated epitope was289

targeted during the first incubation, antibodies for the non-phosphorylated epitope was290

used in the second and vice versa. Importantly, as this technique did not involve remov-291

ing the first primary antibody, antibodies from different hosts (mouse or rabbit) were used292

for phosphorylated and non-phosphorylated epitopes respectively. HRP inactivation did293

not affect the phosphospecific to non-phosphorylated signal ratios. For phospho-specific294

S6K1, we used two antibodies. The first antibody produced bands corresponding to ∼295

80 kDa. This was slightly higher than expected (∼ 70 kDa), though within the range de-296

fined by the manufacturer. Therefore a second antibody was used validate the results.297
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This antibody produced bands at a lower molecular weight (∼ 60 kDa), corresponding298

to the predicted weight of the protein (UniProt identifier P23443-1). All incubation and299

washing steps were performed at 4○C using an automated membrane processor (Blot-300

Cycler, Precision Biosystems, Mansfield, MA, USA), except for S6K1-replication experi-301

ments, which was performed by hand in room temperature with incubations at 4○C. For302

each sample, total-protein and chemiluminescence quantification was calculated as the303

mean value of two separate experiments. Total-protein content was quantified using Im-304

ageJ (Rueden et al., 2017), and was defined as the mean gray value of the whole well with305

between-well values subtracted as background. Chemiluminescence signals were quan-306

tified using Image Studio Lite (LI-COR Biotechnology, Lincoln, Nebraska USA). Prior307

to statistical treatment, phospho-specific signals were normalized to the corresponding308

non-phosphorylated (pan-) signal from the same blot and pan-signals were normalized309

against the well total-protein content (Aldridge et al., 2008). In S6K1-replication exper-310

iment, phospho-specific signals were normalized to pan-signals using the total-protein311

stain to control for protein content between blots. Primary antibodies were purchased312

from Cell Signaling Technology (Leiden, The Netherlands): mTOR (Ser2448: #5536; pan:313

#4517), S6 kinase (Thr389 (~80 kDa): #9206; Thr389 (~60 kDa): #9234; pan: #2708), riboso-314

mal protein S6 (Ser235/236: #4858; pan: #2317).315

Total RNA extraction, quantitative real-time reverse transcription polymerase chain reaction (qPCR)316

and mRNA sequencing317

Approximately 25 mg of wet muscle-tissue was homogenized in a total volume of 1 ml318

of TRIzol reagent (Invitrogen, Life technologies AS, Oslo, Norway) using 0.5 mm RNase-319

free Zirconium Oxide beads and a bead homogenizer (Bullet Blender, Next Advanced,320

Averill Park, NY, USA) according to the manufacturer’s instructions. In order to enable321

analysis of target gene-expression per-unit tissue weight, an exogenous RNA control (λ322

polyA External Standard Kit, Takara Bio Inc, Shiga, Japan) was added at a fixed amount323
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(0.04 ng ×ml−1 of Trizol reagent) per extraction prior to homogenization, as previously324

described (Ellefsen et al., 2008, 2014a). Following phase-separation, 400 µl of the upper325

phase was transferred to a fresh tube and RNA was precipitated using isopropanol. The326

resulting RNA pellet was washed three times with 70% EtOH and finally eluted in TE327

buffer. RNA quantity and purity was evaluated using a spectrophotometer, all samples328

had a 260/280 nm ratio > 1.95. RNA was stored at -80○C until further processing. In the329

analysis of total RNA content per-unit tissue weight, one sample was excluded prior to330

analysis due to negative deviation from the expected value based on the relationship be-331

tween sample weight and RNA content suggesting sample loss in washing steps. RNA332

integrity was assessed by capillary electrophoresis (Experion Automated Electrophoresis333

Station using RNA StdSens Assay, Bio-Rad) with average integrity scores (RQI) 8.1 (SD =334

2.1).335

Five-hundred nanograms of RNA were reverse transcribed using anchored Oligo-dT, ran-336

dom hexamer primers (Thermo Scientific) and SuperScript IV Reverse Transcriptase (In-337

vitrogen) according to manufacturers instructions. All samples were reverse transcribed338

in duplicates and diluted 1:50 prior to real-time polymerase chain reaction (qPCR). qPCR339

reactions were run on a fast-cycling real-time detection system (Applied Biosystems 7500340

fast Real-Time PCR Systems, Life technologies AS), with a total volume of 10 µl, contain-341

ing 2 µl of cDNA, specific primers (0.5 µM final concentration) and a commercial master342

mix (2X SYBR Select Master Mix, Applied Biosystems, Life technologies AS). qPCR reac-343

tions consisted of 40 cycles (three seconds 95○C denaturing and 30 seconds 60○C anneal-344

ing). Melt-curve analyses were performed for all reactions to verify single-product ampli-345

fication. Gene-specific primers were designed for all targets using Primer-BLAST (Ye et346

al., 2012) and Primer3Plus (Untergasser et al., 2012) and ordered from Thermo Scientific,347

except for the external RNA control, for which primers were supplied with the kit. Raw348

fluorescence data was exported from the platform specific software and amplification349

curves were modelled with a best-fit sigmoidal model using the qpcR-package (Ritz &350
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Spiess, 2008) written for R (R Core Team, 2018). Threshold cycles (Ct) were estimated from351

the models by the second-derivate maximum method with technical duplicates modeled352

independently. Amplification efficiencies were estimated for every reaction (as described353

by Tichopad et al., 2003; implemented in Ritz & Spiess, 2008). For every primer pair, mean354

amplification efficiencies (E) were utilized to transform data to the linear scale using E−Ct.355

Gene expression data was log-transformed prior to statistical analysis. As Ct-values, but356

not efficiencies are related to RNA integrity (Fleige & Pfaffl, 2006), RQI scores were used357

in the statistical treatment of qPCR data to control for potential degradation effects on a358

by target basis (see below).359

Data analysis and statistics360

All descriptive data are presented as mean and standard deviation (mean (SD)) unless361

otherwise stated. To assess the effect of volume-conditions (number of sets) on mus-362

cle hypertrophy and strength, linear mixed-effects models were specified with relative363

changes from baseline as the dependent variable and number of sets as the main fixed364

effect. Baseline values were used as a co-variate together with sex. The interaction be-365

tween sex and number of sets were explored for all hypertrophy and strength outcomes.366

Training-effects on molecular characteristics (Total-RNA and western-blot data) were also367

assessed using linear mixed-effects models specified with time and the time to exercise-368

volume interaction as fixed effects. Models were specified with random intercepts for369

participants and when appropriate, random slopes for time and exercise-volume on the370

level of participants. Model simplification was performed through reduction of random-371

effects parameters based on likelihood-ratio tests. Plots of residual and fitted values were372

visually inspected to assess uniformity of variance over the fitted range. Whenever de-373

viations from these assumptions were identified, data were log-transformed and models374

were re-fitted.375

Generalized linear mixed-effects models (GLMM) were used to fit muscle fibre dis-376
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tributions and gene-family normalized myosin heavy-chain mRNA data (Ellefsen et al.,377

2014b; after transformation to transcript counts as described by Matz et al., 2013) using the378

fixed and random effects structure specified above for molecular characteristics. A bino-379

mial variance/link-function (logit-link) was used for muscle fibre distributions with the380

number of counted fibres per sample used as weights to account for sample size. A beta381

variance/link-function (logit-link) was used to model gene-family normalized myosin382

heavy-chain mRNA data. This was done in order to account for the non-normal nature383

of relative fibre-type/myosin-isoform distribution data, where specific fibres/transcripts384

are analyzed as a proportion of the total number of fibers/transcripts in each sample and385

thus bound between 0 and 1. The beta model was used for gene-family mRNA data as386

the denominator could be regarded as arbitrary. Gene-abundance data, either expressed387

as per total-RNA or per-unit muscle weight using the external reference-gene were ana-388

lyzed through modeling of gene-sets as suggested by Matz et al. (2013) using mixed linear389

models with within-model normalization through the addition of random effects of tech-390

nical replicates. To allow for gene-specific variances, variance functions were specified391

per strata (per gene) (Pinheiro & Bates, 2000). RNA integrity scores (RQI) were included392

in the model on a per target basis to control for RNA degradation.393

Tests against the null-hypotheses of no differences between volume-conditions and394

no effect of time were performed on model-parameter estimates resulting from LMM395

and GLMM. LMM were fitted using the nlme-package (Pinheiro & Bates, 2000), bino-396

mial GLMM models using the lme4-package (Bates et al., 2015) and beta GLMM using397

glmmTMB-package (Magnusson et al., 2019) written for R.398

To explore determinants of additional benefit of multiple-sets, dichotomous response399

variables were constructed from individual differences in single- and multiple-sets out-400

comes in muscle-hypertrophy (CSA), knee-extension and leg-press 1RM. When the dif-401

ference between volume-conditions in training-induced outcomes were larger than the402

estimated measurement error in the direction of multiple-sets, variables were coded as403
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additional benefit of multiple-sets. The measurement error was estimated from the base-404

line between-legs coefficient of variation (CV). The probability of additional benefit of405

multiple-sets was related to a wide range of predictors using logistic regression. Prior406

to model fitting, a-priori selection of relevant predictor variables were done, these in-407

cluded blood variables, baseline strength and muscle mass, volume-dependent molec-408

ular responses to training (i.e. total-RNA content and mTOR pathway phosphorylation409

expressed as a percentage of single-sets readouts) and baseline fibre-type composition.410

Purposeful selection of variables were done in a step-wise manner following (Hosmer et411

al., 2013), first each possible predictor was fitted in univariate models and predictors with412

P < 0.20 were kept for further considerations. All predictors from the first step was fitted413

in a preliminary model from where predictors were sequentially removed if they were not414

significant at the P < 0.1-level using Wald-based P-values or influenced other predictors415

(∆β̂ > 20%). As a last step, predictors removed in the first step was fitted to the reduced416

model and the model was reduced to the final formulation. Logistic models fitted with417

small samples has been shown to give biased estimates (Nemes et al., 2009), this was rec-418

ognized and bias-corrected estimates were reported (Kosmidis, 2019) with P-values from419

likelihood-ratio tests comparing sequentially reduced models.420

The level of statistical significance was set to α = 0.05. All data-analysis was done in R421

(R Core Team, 2018).422

Results423

Volume-dependent regulation of muscle strength, muscle mass and fiber type composition424

Overall, 12 weeks of resistance training led to 46% (95% CI: [39, 53], P<0.001) increase in425

muscle strength (1RM) and 4.4% ([3.2, 5.6], P<0.001) and increase in muscle mass when426

averaged over volume-conditions. Adherence to the protocol was 96 (5)% of the precribed427

31 sessions (range 81-100%), which gives an efficiency for developing muscle strength and428

mass equivalent to 1.60 (0.64)% and 0.15 (0.12)% per session, being within the expected429
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range of training-induced changes (Ahtiainen et al., 2016).430

Training had no effect on serum levels of cortisol and testosterone (Table 2). IGF-1431

decreased ∼ 5.4 % from Week 0 to Week 2, and increased ∼ 3.6 % from pre- to post-exercise432

in Week 2. Growth hormone concentrations increased in response to acute exercise, with433

patterns differing between sexes (Table 2). Vitamin D levels were different at baseline434

between males (76.6 (16.4) nmol × L−1) and females (100.0 (33.4) nmol × L−1, P = 0.006) and435

were similarly reduced from Week 0 to Week 12 in both sexes (63.1 (19.8) and 91.4 (31.7)436

nmol × L−1 for males and females respectively, time-effect P <0.001).437

The difference in number of sets per exercise between multiple- and single-set condi-438

tions resulted in a ratio of performed work (number of repetitions × external resistance)439

between legs corresponding to 2.9 (0.3) in knee extension and 3.0 (0.5) in leg press. This440

was accompanied by higher ratings of perceived exertion in response to multiple sets than441

single sets (7.09 (1.95) vs. 6.22 (1.82), P<0.001). Concomitantly, multiple-set resistance-442

training led to greater increases in muscle strength over the course of the intervention443

than single-set training (all variables P < 0.05, Figure 2C). This difference appeared late in444

the intervention for both leg press (1RM, after nine weeks) and leg extension (1RM, after445

twelve weeks, Figure 2D). In line with this, multiple-sets training led to greater increases446

in knee extensor CSA (mean percentage-point difference 1.62, [0.75, 2.50], P <0.001, Figure447

2B). There was no difference between sexes in relative muscle strength and mass gains,448

and sex did not interact with responses to different volume conditions. There was a strong449

correlation between responses to multiple-sets and single-set conditions with respect to450

both 1RM strength gains (knee-extension, r = 0.88, [0.77, 0.94], P <0.001; leg-press, r = 0.91,451

[0.82, 0.96], P <0.001, Figure 6A) and muscle mass (r = 0.75, [0.55, 0.87], P <0.001, Figure452

6B). Increases in muscle 1RM strength correlated with increases in mass (r = 0.39, [0.06,453

0.64], P = 0.023, Figure 2E) assessed as averaged effects of the two volume conditions.454

In muscle tissue, multiple-sets training led to more pronounced conversion of Type455

IIX fibres into Type IIA fibres from Week 0 to Week 12 than single-set training, measured456
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as both cell counts using immunohistochemistry (OR: 0.53, [0.30, 0.92], Figure 5B) and457

mRNA abundance using gene-family profiling (OR: 0.76, [0.63, 0.92], Figure 5B). Surpris-458

ingly, at week 2, the relationship between training volume and fiber conversion was the459

opposite, with single-set legs showing greater IIX to IIA transition (OR: 1.60, [1.04, 2.48].460

Notably, from baseline to week 2, a pronounced decrease was seen in MYH1 gene expres-461

sion (coding for the Type IIX myosin-heavy chain transcript) and more so in response to462

multiple-sets training than to single-set training. This change that was partly reversed in463

week 12 (Figure 5C).464

Volume-dependent regulation of mTOR-signaling and ribosomal biogenesis465

Multiple-sets training led to greater phosphorylation of mTOR, S6K1 and rpS6 than single-466

sets training (Figure 3A), measured in muscle biopsies sampled after the fifth training ses-467

sion (mean %-difference from single-sets with [95% CI]: phospho-mTOR, 11.8 [2.5, 22.1],468

phospho-S6K1, 19.1 [0.3, 41.4]; phospho-rpS6, 28.4 [4.7, 57.4]). For S6K1, this was con-469

firmed using a separate antibody aimed at the same phosphorylation-site but producing470

quantifiable bands at a slightly lower molecular weight (∼ 60 vs. ∼ 80 kDa) (58.8 [13.7,471

121.9]%, Figure 3C-E). Together this suggests volume-dependent regulation of the mTOR-472

pathway. Compared to baseline, non-phosphorylated (pan-) levels of mTOR (pan-mTOR)473

increased at all time-points (Week 2 Pre-ex, 9.4 [3.9, 15.1]; Week 2 Post-ex, 11.5 [5.5, 17.8];474

Week 12, 6.0 [0.2, 12.1]), pan-levels of rpS6 increased at all rested-state biopsy time-points475

(Week 2 Pre-ex, 22.0 [8.0, 37.9]; Week 2 Post-ex, -18.3 [-29.6, -5.2]; Week 12, 14.7 [1.4, 29.8]),476

and pan-levels of S6K1 remained unchanged at all rested-state biopsy time-points. There477

were no effects of training volume on non-phosphorylated protein abundances.478

In line with these data, multiple-sets training resulted in 8.8 [1.5, 16.6]% greater to-479

tal RNA abundance per-weight-unit muscle tissue at Week 2 than single-set training.480

This difference was also evident at Week 12, albeit less extensive (5.9 [-1.0, 13.3]%, Fig-481

ure 4A). Accordingly, the multiple-sets leg showed greater abundances of mature rRNA482
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transcripts at Week 2, particularly rRNA 18S (18S, 19.4 [0.8, 41.4]%; 28S, 14.5 [-1.8, 33.6]%;483

5.8S 14.7 [-1.20, 33.18]%). The abundances of these rRNA subspecies remained elevated484

at week 12, though without clear differences between volume conditions (Figure 4B). The485

rRNA precursor transcript 45S, measured per-unit total-RNA, did not increase from base-486

line to week 2, but increased by 48.8 [3.6, 113.6]% in the single-sets condition at week487

12, with multiple sets remaining near baseline levels (-28.8 [-50.4, 2.1]% of single sets).488

Overall, these data suggest that resistance training-induced increases in ribosomal con-489

tent depend on training volume. Further supporting this view, mRNA expression of the490

transcription factor c-Myc, which is important for initiating rRNA transcription (Riggelen491

et al., 2010), increased 1.58 [1.14-2.17]-fold more in response to multiple-sets training than492

to single-set training (Figure 4C, measured before and after the fifth training session).493

Determinants of additional benefit of multiple-sets training494

Fifteen participants showed a robust benefit of multiple-sets over single-sets for increases495

in CSA, determined as differences in training-induced changes greater than the average496

baseline between-leg variation in favour of multiple-sets (2.4% between leg variation at497

baseline, Figure 5A). To identify determinants of multiple-set benefits, we performed lo-498

gistic regression analyses with purposeful selection of variables. Variables initially se-499

lected for modelling are listed in Table 3. After variable selection, total RNA content500

per-unit tissue weight measured at rest in Week 2 remained as the single predictor (Table501

4), with total RNA content being greater in the group having robust benefits of multiple502

sets (Figure 5C). For every percentage-point increase in total-RNA in the multiple-sets503

leg (compared to the single-set leg), the odds of multiple-sets benefit increased by 1.05504

[1.00, 1.11] (Table 4). In all models, sex was included as a calibrating variable to account505

for potential predictors with sex-dependent regulation (e.g. blood variables). However,506

excluding sex and apparent sex-dependent variables from the variable selection, did not507

affect the conclusion. As for muscle strength, 18 and 15 participants showed benefits of508
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multiple sets for increases in 1RM knee-extension and leg-press (defined as a difference in509

training-induced changes in favour of multiple-sets greater than the baseline between-leg510

variation, 2.9 and 4.0% for the knee-extension and leg-press 1RM respectively). Variable511

selection-analyses did not reveal significant determinants for this phenomenon.512

Discussion513

In the present study, multiple-set resistance training led to greater increases in muscle514

strength and mass than single-set training. This is in agreement with results from meta-515

analyses concluding in favor of moderate- compared to low-volume training (Krieger,516

2009, 2010; Schoenfeld et al., 2016). The greater effect of multiple-sets training coincided517

with greater responses in muscle biological traits indicative of hypertrophic response (An-518

dersen & Aagaard, 2000; Goodman et al., 2011; Terzis et al., 2008; Luo et al., 2019; Stec et519

al., 2016), including greater transition from Type IIX to IIA muscle fibres, greater post-520

exercise phosphorylation of mTOR, S6-kinase and ribosomal protein S6, greater post-521

exercise expression of c-Myc and greater rested-state levels of total RNA and ribosomal522

RNA. While most of these variables are already assumed to be volume sensitive, such523

as muscle mass and strength (Krieger, 2009, 2010; Schoenfeld et al., 2016) and mTOR-524

signaling (Burd et al., 2010; Terzis et al., 2010), this is the first study to suggest that the IIX525

→ IIA fiber switch is also volume sensituive. Importantly, this adaptation is a hallmark526

of resistance training adaptations (Andersen & Aagaard, 2000). This study also suggests527

that the volume-sensitive increase in ribosomal content is essential for beneficial effects528

of increases in training volume on muscle growth, as shown by fifteen of the partici-529

pants. Arguably, the biological resolution of the present data was high due to the use of530

a within-participant training model, facilitating disclosure of volume-dependent effects.531

Indeed, previous studies have typically used between-participants models to assess the532

volume-dependency of muscle development (e.g. Starkey et al., 1996; Ronnestad et al.,533

2007; Rhea et al., 2002) or have failed to account for the within-participant perspective in534
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their analyses (Mitchell et al., 2012). This makes their interpretations prone to the large535

individual-to-individual variation in exercise adaptability (seen in e.g. Ahtiainen et al.,536

2016), which has been linked to variation in genetic and epigenetic predisposition (Tim-537

mons, 2011; Seaborne et al., 2018), and may potentially explain the long-standing lack of538

consensus (Carpinelli & Otto, 1998; Krieger, 2010).539

In the present study, a large span of inter-individual variation in training responses540

was evident for both gains in muscle strength and muscle mass. The observed varia-541

tion in muscle hypertrophy (SD of average %∆ CSA ∼ 4%) was comparable to that seen542

in larger cohorts (Ahtiainen et al., 2016). The strong correlation between responses to543

the two volume-conditions (see Figure 6A) further highlights the importance of within-544

participant analyses: if responses to one training protocol were strong, responses to the545

other protocol were also strong. Consequently, our contralateral protocol resulted in546

lower estimates of differences between volume-conditions on the population level, ex-547

pressed as relative gains in muscle mass per week, compared to a previous meta-analysis548

(∼ 1.6 vs. ∼ 2.5% estimated from Table 3 in Schoenfeld et al., 2016). Notably, in the present549

study, this comparison was prone to systemic contralateral adaptions to training, which550

would diminish differences between volume conditions. However, this effect is likely551

negligible as non-trained limbs typically do not show increased protein synthesis, hyper-552

trophy or muscle fibre type transitions (Brook et al., 2016; Wilkinson et al., 2006). Instead,553

it is plausible that the overall effect of added training-volume reported in (Schoenfeld et554

al., 2016) is overestimated due to small sample sizes, a known weakness in meta analyses555

(Nüesch et al., 2010). Thus, contralateral designs arguably provide more accurate com-556

parisons of responses to different training volumes on the population level, accounting557

for inter-individual differences in responses.558

In our search for determinants that could explain the variation in muscle growth pat-559

terns to the two volume protocols, potential explanatory factors included baseline char-560

acteristics, blood variables, indices of mTOR-signaling and ribosome biogenesis as well561
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as training charactersitics. Following variable selection, the only variable that could ex-562

plain additional benefits of multiple- over single-set training was levels of total RNA at563

week 2 in the multiple-sets leg. As total RNA is a valid proxy marker of rRNA abundance564

(Zak et al., 1967; Chaillou et al., 2014), this suggests that early-phase, volume-dependent565

ribosomal accumulation is a determinant of dose-response relationships between training566

volume and muscle hypertrophy. In other words, the ability to induce superior increases567

in ribosomal content in response to higher training volume is necessary to induce sub-568

sequent superiority in growth, probably acting by increasing protein synthesis capacity.569

This fits well with the overall impression conveyed by the data set, wherein multiple-sets570

training resulted in larger increases in total RNA and mature rRNA species (rRNA 18S,571

28S and 5.8S). In untrained participants, early accumulation of ribosomal content seems572

to be a generic response to training (Brook et al., 2016; Stec et al., 2016). This accumu-573

lation follows a progressive nature during the first three weeks of training (Brook et al.,574

2016) whereupon total RNA remains at elevated levels for at least 12 weeks (Figueiredo575

et al., 2015; Mobley et al., 2018, 2018), assumingly preceded by increased expression of576

the 45S pre-rRNA. The latter was not evident in the present data, suggesting that timing577

of muscle biopsy-sampling was not suited for investigating de novo synthesis of rRNA.578

The potential link between ribosomal content in muscle and trainability is not surpris-579

ing. Several studies have shown that ribosomal biogenesis measured as total RNA per580

tissue weight is positively associated with training induced muscle hypertrophy (Stec et581

al., 2016; Figueiredo et al., 2015; Mobley et al., 2018) in addition to early observations of a582

relationship between RNA content and rate of protein synthesis(Millward et al., 1973).583

Variable selection did not identify other variables that could explain benefits of mod-584

erate training volume, discarding biological traits such as sex, baseline values of lean585

mass and muscle fiber composition. Variable selection also discarded phosphorylation586

of mTOR, along with phosphorylation of its downstream targets. This seems somewhat587

counterintuitive, as these signaling cues are regulators of ribosomal biogenesis and func-588
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tion (Nader et al., 2005; Riggelen et al., 2010; West et al., 2016) , giving them potential roles589

in accumulation of rRNA and total RNA and moderate-volume beneficence. However,590

these signaling cues are acute-phase responders to resistance training that show phasic591

and time-dependent regulation. This means that the measured change in for example592

mTOR phosphorylation depends on factors such as timing of biopsy sampling, giving it593

low resolution power and making it less suited for explanatory analyses. In accordance594

with this, the association between acute mTOR signaling and hypertrophy in humans is595

ambiguous in the literature, with some studies showing correlations with degrees of mus-596

cle hypertrophy (Terzis et al., 2008; Mitchell et al., 2013) while others do not (Mitchell et597

al., 2012; Phillips et al., 2017). Obviously, this does not mean that the volume-dependent598

phosphorylation of mTOR and its targets was without a role in the observed RNA re-599

sponse patterns. It simply means that we were not able to detect any such association.600

Whereas training-induced mTORC1 activity is transitory, its effects are long lasting, lead-601

ing to chronic adaptations such as accumulation of ribosomal RNA, which are easily de-602

tected in rested muscle. Targeting such rested-state muscle characteristics obviates issues603

such as biopsy-sampling timing, making them better suited as biomarkers. In addition,604

the role of mTORC1 in ribosomal biogenesis is likely synergistic and includes parallel605

pathways such as induction of c-Myc and its downstream targets (West et al., 2016)606

Initially, we hypothesized that participants with lower proportions of Type IIX muscle607

fibers would benefit more from moderate volume training (and vice versa) than subjects608

with higher proportions of IIX, as outlined in the pre-study clinical trials registration.609

This hypothesis was rooted in prevailing training guidelines, advocating higher training610

volume for individuals with lesser training experience (and thus likely lower proportions611

of IIX fibres) (Ratamess et al., 2009). Indeed, during variable selection, baseline IIX fibre612

proportions were selected as one potential explanatory factors behind volume benefits on613

hypertrophy (Table 3). However, contrary to our hypothesis, higher levels of IIX tended614

to explain beneficial effects of multiple sets. Although this trait was discarded from the615
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final model, the tendency towards a positive effect of higher IIX levels could be ascribed616

to their greater growth potential (Stec et al., 2016; Jespersen et al., 2011), with these fibres617

having been in a state of disuse prior to the intervention. This implies a relatively rapid618

transition of type IIX fibres into IIA fibres, which indeed was present in the data already619

after two weeks of training at both protein and RNA levels. Correlation analyses revealed620

that this transition was more pronounced in individuals with higher baseline levels of IIX,621

with an r-value > 0.95 (data not shown), far exceeding the bias expected from regression-622

towards-the-mean.623

To our knowledge, this is the first study to show that muscle fibre transitions from624

Type IIX to IIA depend on resistance training volume. Moderate volume resulted in625

1.5%-point greater reductions in Type IIX fibre expression from baseline to post inter-626

vention compared low volume, presumably driven by more pronounced reductions in627

mRNA expression of the MYH1 (Myosin heavy chain IIX) gene (-61% vs. -31%). Previous628

studies have not compared this transition directly between volume protocols. However,629

Pareja-Blanco et al. (2017) observed blunted IIX → IIA transitions in response to non-630

exhaustive high-load resistance training compared to load-matched training to volatile631

failure. Together with our data, this makes exercise volume and subsequent metabolic632

stress and dosage of neuromuscular activity plausible candidates for regulation of IIX →633

IIA reprogramming, as opposed to mechanical stimuli. Indeed, in rodents, mechanical634

load does not affect fibre-type transitions (Eftestol et al., 2016), which is instead linked to635

neural activation. Interestingly, after 2 weeks of training, the volume effect on IIX → IIA636

transitions was opposite to our main finding after 12 weeks, with low-volume resistance637

training resulting in more pronounced decreases on the cell level. This was not evident638

at the mRNA level, as moderate volume showed distinct benefits also at this time point,639

with heavily suppressed levels of MYH1 mRNA. Whether these discrepancies are due640

to increased need for tissue-repair in the moderate-volume leg at two weeks (Kim et al.,641

2005; Damas et al., 2016) or other causalities, rather than myofibril-specific adaptations642
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remain unclear. Regardless of causality, these data underline the importance of optimiz-643

ing exercise volume to achieve optimal training progression, such as by making use of644

progressive volume protocols. Such protocols remain largely unexplored, but it seems645

evident that in the untrained, too large or too small training volumes in the first phase of646

a training intervention may lead to suboptimal adaptations.647

In conclusion, resistance training with higher volume led to surplus increases in mus-648

cle CSA, muscle strength and fibre-type transitions, as well as greater responses in molec-649

ular hypertrophy signaling and effectors. Beneficial effects of multiple-sets over single-650

set training on muscle hypertrophy coincided with higher total RNA levels at week 2,651

suggesting that volume-dependent early-phase regulation of ribosomal biogenesis deter-652

mines the dose-response relationship between training volume and muscle hypertrophy.653
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Figure 1: Study overview. Bars represent weekly training frequency with training intensity ex-
pressed as repetition maximum (RM). * indicates that one session per week was performed at 90%
of prescribed RM intensities. ↓ indicates muscle biopsy: Before (Week 0, n=34) and after the 12-wk
intervention (Week 12, n=34), as well as before and after (1h) the fifth exercise session (Week 2 Pre-
Ex and Post-Ex, n=33). ⊕ indicates strength test: before the intervention (Week 0, n=34) , after 5
and 9 weeks of training (n=18), and after finalization of the intervention (Week 12, n=34). Baseline
strength was determined as the highest value obtained during two test sessions performed prior
to the intervention. Body composition was measured prior to the intervention (Week 0) and after
its finalization (Week 12, n=34) using full-body DXA and knee-extensor muscle MRI (S).
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Figure 2: Volume-dependent effects on muscle mass and strength. Training volume-dependent
changes in muscle mass and strength after 12 weeks of resistance training, evident as larger in-
creases in knee-extensor muscle CSA measured using MRI (A and B) and larger increases in one-
repetition maximum (1RM) knee-extension and leg-press and isometric isokinetic knee-extension
strength (C). Time course of changes in 1RM strength (n=18), showing that the difference between
volumes occurred towards the end of the training intervention (D). Values are means in B, mean
± 95% CI in C and mean ± 95% CI in D. * represents significant effect of volume-condition * - * *
for P<0.05 - P<0.01.
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Figure 3: Western-blot analysis of the mTOR-signaling pathway. Training-volume dependent
phosphorylation of mTOR, S6K1 and rp-S6 proteins in m. Vastus lateralis measured after single
bouts of multiple- (M) and single-set (S) resistance training at Week 2 (A). Representative blots and
total-protein stains are shown in B and D. Phospho-S6K1 were measured using two antibodies (A,
original analysis; C-D, supplementary analysis; see Methods), with multiple- vs single-set signal
ratios correlating between the two (E, Spearman’s ρ = 0.40, P = 0.001). Values are mean values ±
95% CI. Points represents log-ratios of volume-conditions (E). † represents difference from Week
0 †-†††† for P < 0.05 - P < 0.0001; * represents differences between volume conditions, * - * * for
P < 0.05 - P < 0.01.
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Figure 4: Total-RNA and ribosomal RNA.. Training-volume dependent changes in total RNA in
m. Vastus lateralis after 2 weeks of resistance training (measured per-unit muscle weight, Week
2, A), c-Myc mRNA measured 1h after a training session at Week 2 (B) and ribosomal RNA 18S
at Week 2 (D). Other mature ribosomal RNA species exhibited similar expression patterns with-
out reaching statistical significance (D). Ribosomal pre-RNA 45S expressed relative to total RNA
showed greater relative abundances at Week 12 than Week 0 in the single-set leg (C). Values are
estimated means ± 95% CI. * represents difference between volume conditions for P < 0.05. †
represents difference from Week 0, †-†††† for P < 0.05 - P < 0.0001.
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Figure 5: Fiber-type distributions. Volume-dependent changes in muscle fibre-type distribution
in m. Vastus lateralis after 2 and 12 weeks of multiple and single-set resistance training, mea-
sured as relative cell counts using immunohistochemistry (A and B) and gene family profiling
(GeneFam)-normalized myosin heavy-chain mRNA expression (C). The volume-dependency was
evident as surplus reductions in Type IIX mRNA abundance at all time points (MYH1, D). Values
are mean ± 10 − 90th percentile in B and mean ± 95% CI in C. † represent difference from Week
0, †-†††† for P < 0.05 - P < 0.0001; * represent differences between sets * - * * * * for P < 0.05 -
P < 0.0001.
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Figure 6: Strength (A) and Hypertrophy (B) responses and total RNA grouped according to
benefits of multiple sets. Participants that showed additional benefit of multiple-sets on training-
induced muscle hypertrophy (B) displayed higher total RNA content in m. Vastus lateralis after
two weeks of training (C) (interaction Benefit × Sets P = 0.015). Strength and hypertrophy re-
sponses to multiple- and single-set training showed large correlation (knee-extension, r = 0.88
95% CI: [0.77, 0.94], P<0.001; leg-press, r = 0.91 [0.82, 0.96] , P<0.001, A; and muscle mass, r =

0.75 [0.55, 0.87], P<0.001, B. Dashed lines in A and B is the identity line (y = x), the distance from
dashed to solid lines represent the baseline between-leg variation. Horizontal lines in C represents
group means, connected points represents individual values.
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Table 1: Participant characteristics.

Female Male

Included Excluded Included Excluded

N 18 4 16 3
Age (y) 22.0 (1.3) 22.9 (1.6) 23.6 (4.1) 24.3 (1.5)
Weight (kg) 64.4 (10.4) 64.6 (9.7) 75.8 (10.7) 88.2 (22.4)
Stature (cm) 168 (7) 166 (8) 183 (6) 189 (5)
Body fat (%) 34.1 (5.6) 28.8 (8.7) 20.4 (6.0) 24.3 (15.3)

MVC (Nm×LBM−1) 4.9 (0.7) 5.3 (0.4) 4.7 (0.8) 5.0 (0.2)
Data are means and (SD)

Table 2: Hormone measurements

Week 2 (Fifth session)

Week 0 Pre exercise
Post exercise

(10 min)
Post exercise

(60 min) Week 12

M (SD) n M (SD) n M (SD) n M (SD) n M (SD) n

Cortisol [nmol × L−1]
Female 584 (217) 17 586 (166) 18 541 (201) 18 521 (195) 18 580 (177) 17
Male 412 (71)* 16 406 (127) 14 451 (135) 15 384 (105) 15 355 (95) 16

Growth hormone [µg × L−1]
Female 1.40 (2.21) 17 1.17 (1.70) 18 7.27 (3.46)‡ 18 0.94 (0.76)‡ 18 1.83 (3.02) 17
Male 0.08 (0.02)* 6 0.11 (0.07) 6 2.75 (2.49) 15 1.76 (3.82)¥ 12 0.08 (0.03) 7

IGF-1 [nmol × L−1]
Female 19.9 (6.0) 17 18.7 (6.0)† 18 19.3 (6.1)‡ 18 18.8 (5.8) 18 19.4 (6.2) 17
Male 21.0 (4.0) 16 19.6 (4.7) 14 20.1 (4.8) 15 19.1 (4.3) 15 19.9 (3.9) 16

Testosterone [nmol × L−1]
Female 0.9 (0.2) 5 1.4 (0.4) 2 1.8 (2.5) 8 1.1 (0.1) 3 1.2 (0.2) 5
Male 14.0 (3.4) 16 13.7 (2.5) 14 13.8 (4.2) 15 13.6 (4.6) 14 14.8 (3.9) 16

Differences between resting samples (Week 0, Week 2 Pre-exercise and Week 12), between rest and
post acute-exercise in Week 2 and between males and females were tested in mixed-effects models
where * denotes significant main effect of sex; †, resting samples different from Week 0; ‡ acute sam-
ples different from Week 2 Pre-exercise; ¥, change from Week 2 Pre-exercise different between men
and women, all P < 0.05. Missing values in Growth hormone and testosterone are measurements be-
low the detection limit (0.05 µg × L−1 and 0.69 nmol × L−1 for Growth hormone and testosterone re-
spectively). Due to small number of detectable testosterone samples in females, statistical tests were
carried out in males only.
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Table 3: Logistic regression coefficients for additional benefit of Multiple-sets on training-induced hypertrophy

Mean (SD)a Logistic regression-coefficientsb

Variable ♀ ♂ Odds-ratio 95% CI Deviance P-valuec

Ribosome biogenesis
Total-RNA Week 2 (% of single-sets) 15 (22) 3.3 (14) 1.05 [1.00, 1.11] 6.70 0.010
Total-RNA Week 12 (% of single-sets) 3.8 (18) 12 (20) 1.01 [0.97, 1.04] 0.11 0.735

mTOR signaling
mTORSer2448 (% of single-sets) 14 (25) 25 (68) 1.00 [0.98, 1.01] 0.21 0.647
S6K1Thr389 (% of single-sets) 42 (62) 29 (79) 1.00 [0.99, 1.01] 0.17 0.678
rpS6Ser235/236 (% of single-sets) 78 (123) 26 (47) 1.00 [0.99, 1.01] 0.02 0.879

Blood parameters
Vitamin D (Week 0) 100 (33) 77 (16) 0.99 [0.96, 1.01] 1.38 0.241
Testosteorone (Mean Week 0-2)d 0.70 (1.0) 14 (2.9) 0.73 [0.48, 1.11] 3.81 0.051
IGF-1 (Mean Week 0-2) 19 (5.5) 20 (4.2) 1.04 [0.90, 1.20] 0.38 0.540
Cortisol (Mean Week 0-2) 570 (164) 419 (71) 1.00 [1.00, 1.01] 0.28 0.595
Growth hormone (Week 2 Post-ex) 7.3 (3.5) 2.7 (2.5) 1.02 [0.81, 1.29] 0.04 0.838

Muscle fibre-typese

Type 2A (% of total MHC) 49 (6.0) 51 (9.4) 0.99 [0.91, 1.08] 0.05 0.827
Type 2X (% of total MHC) 5.0 (6.1) 4.0 (2.4) 1.18 [0.97, 1.44] 4.98 0.026
Type 1 (% of total MHC) 46 (9.4) 45 (9.4) 0.97 [0.90, 1.05] 0.82 0.365

Baseline characteristics
Baseline Leg extension 1RM (kg−1) 0.78 (0.15) 0.99 (0.09) 1.99 [0.031, 126] 0.13 0.721
Baseline Leg press 1RM (kg−1) 2.4 (0.58) 2.8 (0.76) 0.62 [0.273, 1.40] 1.73 0.188
Baseline lean mass (%) 65 (5.9) 80 (5.8) 1.09 [0.96, 1.23] 2.11 0.147

Training characteristics
Total number of sessions 30 (1.7) 30 (1.5) 0.96 [0.63, 1.46] 0.05 0.824
Supervised sessions 92 (8.3) 90 (11) 0.96 [0.89, 1.04] 1.22 0.269

a Descriptive statistics are grouped by sex; b, Sex was kept as a covariate in all models to account for sex-differences
in independent variables; c, P-values are derived from likelihood-ratio tests; d testosterone measurements below de-
tection limit coded as 0; e, baseline average of both legs.
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Table 4: Multiple logistic regression models on additional benefit of multiple-sets on training-induced hypertrophy.

Variable Estimatea SE Z-value Wald P-value LRTb P-value

Model 1
Intercept -8.43 5.53 -1.53 0.127
Sex (Male) 1.26 3.07 0.41 0.682
Total-RNA Week 2 (% of single-sets) 0.05 0.03 1.47 0.140
Testosteorone (Mean Week 0-2) -0.14 0.21 -0.67 0.502
Type 2X (% of total MHC) 0.12 0.10 1.23 0.219
Baseline lean mass (%) 0.10 0.08 1.27 0.202

Model 2
Intercept -8.48 5.39 -1.57 0.116
Sex (Male) -0.56 1.40 -0.40 0.688
Total-RNA Week 2 (% of single-sets) 0.05 0.03 1.56 0.118
Type 2X (% of total MHC) 0.13 0.10 1.33 0.184
Baseline lean mass (%) 0.10 0.08 1.28 0.202

Model 1 vs 2 P = 0.381

Model 3
Intercept -1.84 0.81 -2.28 0.023
Sex (Male) 0.89 0.85 1.05 0.294
Total-RNA Week 2 (% of single-sets) 0.05 0.03 1.73 0.083
Type 2X (% of total MHC) 0.13 0.10 1.30 0.192

Model 2 vs. 3 P = 0.144

Model 4
Intercept -1.23 0.64 -1.91 0.056
Sex (Male) 0.76 0.82 0.92 0.357
Total-RNA Week 2 (% of single-sets) 0.05 0.03 1.91 0.057

Model 3 vs. 4 P = 0.078

Model 5
Intercept -0.43 0.48 -0.89 0.375
Sex (Male) 0.16 0.72 0.22 0.826 Model 4 vs. 5 P = 0.010

a, Estimates are log-odds ratios; b, P-values derived from Likelihood ratio test were used for inference
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