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New and Noteworthy 36 

Here we demonstrate that the larger muscle strength (+60%) of a long-term (4+years) 37 

resistance-trained group compared to untrained controls was due to their similarly larger muscle 38 

volume (+56%), primarily due to a larger physiological cross-sectional area and modest differences in 39 

fascicle length, as well as modest differences in maximum voluntary specific tension and patella 40 

tendon moment arm. In addition, the present study refutes the possibility of regional hypertrophy, 41 

despite large differences in muscle volume. 42 
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 104 

 105 

Abstract 106 

 107 

 The greater muscular strength of long-term resistance-trained (LTT) individuals is often 108 
attributed to hypertrophy but the role of other factors, notably maximum voluntary specific tension 109 
(ST), muscle architecture and any differences in joint mechanics (moment arm) have not been 110 
documented. The aim of the present study was to examine the musculoskeletal factors that might 111 
explain the greater Quadriceps strength and size of LTT vs untrained (UT) individuals. LTT (n = 16, age 112 
21.6 ± 2.0 years) had 4.0 ± 0.8 years of systematic knee extensor heavy-resistance training 113 
experience, whereas UT (n = 52; age 25.1 ± 2.3 years) had no lower-body resistance training 114 
experience for > 18 months. Knee extension dynamometry, T1-weighted magnetic resonance images 115 
of the thigh and knee and ultrasonography of the Quadriceps muscle group at 10 locations were 116 
used to determine Quadriceps: isometric maximal voluntary torque (MVT), muscle volume (QVOL), 117 
patella tendon moment arm (PTMA), pennation angle (QΘP) and fascicle length (QFL), physiological 118 
cross-sectional area (QPCSA) and ST. LTT had substantially greater MVT (+60% vs UT, P<0.001) and 119 
QVOL (+56%, P<0.001) and QPCSA (+41%, P<0.001) but smaller differences in ST (+9%, P<0.05) and 120 
moment arm (+4%, P<0.05), and thus muscle size was the primary explanation for the greater 121 
strength of LTT. The greater muscle size (volume) of LTT was primarily attributable to the greater 122 
QPCSA (+41%; indicating more sarcomeres in parallel) rather than the more modest difference in FL 123 
(+11%; indicating more sarcomeres in series). There was no evidence in the present study for 124 
regional hypertrophy after LTT. 125 

 126 
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 140 
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Introduction   142 

 Muscular strength is integral to athletic performance (21), helps to reduce injury risk (19) 143 

and the likelihood of developing musculoskeletal disorders such as osteoarthritis (84), and also 144 

facilitates independence  and functional mobility (18, 53) with ageing. Participation in resistance 145 

training (RT) is well known to increase strength and therefore is widely recommended on an on-146 

going/continuous (i.e. long-term) basis for individuals of all ages as well as numerous patient groups 147 

(3, 49, 51, 72). Hence long-term RT individuals are known to be substantially stronger than untrained 148 

controls (UT; (9, 56), a functional difference that is often attributed to their larger muscle size (i.e. 149 

greater volume or cross-sectional area [CSA] due to hypertrophy). However, the role of other 150 

morphological and mechanical differences that may also influence strength, notably specific tension 151 

(i.e. force per unit area), muscle architecture and joint moment arm have been poorly documented.  152 

 In fact, long-term systematic RT (i.e. multiple years) has been shown to result in substantially 153 

greater muscle size compared to untrained controls (+70-76% greater Biceps Brachii anatomical CSA 154 

[ACSA; (9, 52)]; +85% greater Quadriceps volume; (38)), but whether an increase in muscle size is 155 

accompanied by similar, smaller or no changes in maximum voluntary specific tension (ST) remains 156 

unknown. Furthermore, the extent to which increases in overall muscle size (volume) after long-157 

term RT are due to increases in either sarcomeres in parallel (i.e. increased physiological CSA; PCSA) 158 

and/or in series (i.e. fibre/fascicle length) has not been examined. Finally, the extent of region-159 

specific hypertrophy, both between constituent muscles and along their length, after long-term RT 160 

remains to be elucidated. Therefore, a rigorous assessment of muscle size (ACSA, PCSA and Volume), 161 

ST and architectural contributions to enhanced strength after long-term RT appears warranted. 162 

ST during maximum voluntary contractions (MVCs) is a widely suggested adaptation to RT 163 

(24) that encompasses the functional consequences of any changes in neuromuscular activation of 164 

the agonist muscle, as well as any changes in intrinsic contractile ST (e.g. perhaps due to a shift in 165 

fibre type composition, decreases in antagonist activation,  increase in lateral force transmission or 166 

reduced fat infiltration)(10). Whilst ST has been quantified using a relatively crude calculation of 167 

external force/torque divided by ACSA, a more valid approach involves accounting for antagonist 168 

torque and moment arm in order to calculate agonist muscle force that can be expressed in 169 

proportion to PCSA to determine the ST of the agonist muscle. This more rigorous approach has only 170 

been used over 9 weeks of RT (30) demonstrating an increase in ST of 17%, therefore the ST of 171 

individuals who have completed several years of regular systematic heavy RT, and thus the 172 

contribution of this variable to their greater strength remains unknown.  173 
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  174 

 Short-term RT (2-6 months) appears to result in non-uniform hypertrophy both along and 175 

between muscles (25, 44, 61). For example, within the Quadriceps numerous studies have found 176 

greater hypertrophy of the Rectus Femoris compared to the Vastii (26, 43, 44, 58, 61, 69, 75, 81). 177 

Short-term RT studies have also reported the greatest increases in anatomical cross-sectional area 178 

(ACSA) to occur at surprisingly diverse points along the muscle: at maximal ACSA (ACSAmax; 24, 28, 179 

30, 56), in the proximal (63) or distal (26, 35, 58), or even proximal and distal (4, 61) regions of the 180 

muscle. These diverse findings could potentially be due to the differences in the prescribed training 181 

task or be contraction mode dependent (33, 35, 68) or may in part reflect difficulties in accurately 182 

replicating measurement sites along the muscle/limb in studies that typically used a limited number 183 

of MRI slices (e.g. 3-7 slices; (43, 44, 61)) or ultrasound measures (26, 58, 67). In which case careful 184 

description of ACSA along the whole muscle in relation to definitive anatomical landmarks (i.e. the 185 

ends of the underlying bone) are required. Moreover, if region specific hypertrophy resulting from 186 

RT does exist it would be expected to be pronounced in long-term RT individuals that exhibit 187 

substantially larger muscles, however, this has not been examined. 188 

  The structural remodelling of muscle morphology in response to RT can be observed by 189 

examining muscle architecture, specifically Pennation Angle (ΘP) and Fascicle Length (FL). Numerous 190 

studies have found ΘP to: increase after RT (1, 10, 57), and after RT interventions (12, 15, 16, 67); or 191 

be higher in resistance-trained vs. untrained individuals on a cross-sectional basis (39, 47, 70). An 192 

increase in ΘP may facilitate an increase in the contractile material attaching to the 193 

tendon/aponeurosis, independent of any change in ACSA. However, the increase ΘP also has a 194 

negative effect on force generating capacity by reducing the transmission of force between the 195 

fibres and the tendon/aponeurosis (8). These contrary effects of ΘP on the force generating capacity 196 

of the muscle are theoretically best reflected by effective PCSA (QEFFPCSA) that accounts for both the 197 

number of sarcomeres in parallel and force transmission to the aponeurosis/tendon. 198 

 199 

 The changes in FL after short-term RT remain controversial with reports of no change in FL 200 

(isometric RT: (6); or conventional isoinertial RT [lifting and lowering]: (14, 26, 29, 30, 80) and 201 

increased FL (isometric: (65); isoinertial: (7, 78). One study of long-term heavy RT individuals (RT 202 

history: 12.4 ± 5.4 yrs [mean ± SD]) observed no difference in FL compared to controls (70). The 203 

controversy surrounding the architectural changes, especially FL, after RT could in part be due to 204 

heterogenous architectural changes throughout the muscle after RT (14, 59) in a similar manner, and 205 

potentially linked to region specific hypertrophy. Therefore, comprehensive architectural 206 

measurements throughout the muscle may clarify whether FL changes after long-term RT. 207 
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 208 

 Moment arm has been found to have a weak, but significant, association with maximal 209 

torque production (17, 77) in untrained controls (74, 79). For some muscles it has been suggested 210 

that muscle growth after RT may cause an advantageous increase in the moment arm by positioning 211 

the tendon further from the joint centre (79). Although the anatomy of the patella and patella 212 

tendon wrapping around the distal femur, mean that this may be unlikely for the Quadriceps, the 213 

contribution of any differences in moment arm to the strength in long term RT individuals compared 214 

to untrained individuals is unknown.  215 

 216 

 The aim of the present study was to determine the factors that explain the greater strength 217 

and larger muscle size (volume) of long-term RT individuals (LTT) vs untrained (UT) individuals. This 218 

involved a comprehensive comparison of Quadriceps morphology and mechanics, specifically: 219 

measures of muscle size (QVOL, QACSAMAX, QPCSA, QEFFPCSA) and regional hypertrophy/muscle mass 220 

distribution (between and along the Quadriceps muscles) with MRI, agonist muscle ST (accounting 221 

for antagonist co-activation, moment arm and QEFFPCSA), muscle architecture (FL and ΘP) at 10 sites 222 

throughout the Quadriceps with ultrasound imaging, and moment arm also assessed with MRI. It 223 

was hypothesised that: (i) the anticipated greater strength of LTT vs UT would be due to both their 224 

greater muscle size (QVOL, QACSAMAX, QPCSA, QEFFPCSA ) and higher ST; (ii) the greater muscle volume 225 

of LTT would be due to higher PCSA rather than greater FL (i.e. sarcomeres in parallel not in series); 226 

and (iii) there would be marked regional hypertrophy between and along constituent Quadriceps 227 

muscles for LTT vs UT. 228 

 229 

 230 

  231 

Downloaded from www.physiology.org/journal/jappl at Loughborough Univ (131.231.070.217) on January 8, 2020.



Materials and Methods  232 

 233 

Participants and Ethical Approval 234 

 235 

 Sixty-eight young men provided written informed consent before completing this 236 

study, which was approved by the Loughborough University Ethical advisory committee and was 237 

conducted according to the principles expressed in the Declaration of Helsinki. All participants were 238 

healthy and free from musculoskeletal injury. Physical activity levels of all participants were assessed 239 

with the International Physical Activity Questionnaire [IPAQ, short format (22)]. The untrained 240 

control group (UT, n=52, age 25 ± 2 years; IPAQ: 2286 ± 1312 metabolic equivalent min/wk) had no 241 

lower-body RT experience for >18 months. The long-term resistrance trained  group (LTT, n=16, age 242 

22 ± 2 years; IPAQ: 5383 ± 1495 metabolic equivalent min/wk) reported (via a detailed questionnaire 243 

and follow-up oral discussion) systematic, progressive heavy RT of the quadriceps ~3 x/wk  for ≥3 244 

years (mean ± SD, 4 ± 1 years; range, 3-5 years), involving completion of several knee extensor 245 

exercises (e.g. squat, lunge, step-up, knee extension and leg press) within an individual session, and 246 

with the primary aim of developing maximum strength. The RT of this group had not been 247 

experimentally supervised although some of these participants had received variable coaching 248 

(technique and programming) support. Participation in weight classified or predominantly 249 

endurance sports was an exclusion criteria to avoid these potential confounders of morphological 250 

adaptation. Of the LTT group, resistance training was the only systematic physical activity of 50% 251 

(n=8), 38% (n=6) were national level rugby union players, with the remaining 12% (n=2) competing in 252 

powerlifting/body building. Use of androgenic-anabolic steroids was an exclusion criterion for all 253 

participants. Many individuals in the LTT group reported regular use of nutritional supplements (e.g. 254 

whey protein and creatine).  255 

 256 

 257 

 258 
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 259 

Experimental Design 260 

 261 

Participants completed a familiarisation session, involving practice of all voluntary 262 

contractions performed during subsequent measurement sessions, followed by two duplicate 263 

strength measurement sessions separated by 7-10 days. The duplicate strength measurement 264 

sessions were typically averaged (for 66 out of 68 participants) to enhance the reliability of criterion 265 

measurements. Due to availability or injury occurring between sessions two participants completed 266 

only one measurement session (both in the LTT group). 267 

 268 

Strength measurement sessions were performed at a consistent time of the day for each 269 

individual participant, and all sessions started between 12:00-19:00 hours. Participants were 270 

instructed not to participate in strenuous physical activity or consume alcohol for 36 hours, and 271 

refrain from caffeine consumption for 6 hours, before strength measurement sessions. These 272 

strength measurement sessions involved a series of incremental warm-up contractions followed by 273 

MVCs in order to establish maximum voluntary torque (MVT) for both the knee extensors and 274 

flexors of the dominant limb. 275 

 276 

On a separate occasion, musculoskeletal imaging measurements (B-mode ultrasonography 277 

and MRI) were performed. Magnetic resonance T1-weighted axial plane images of the thigh were 278 

acquired to measure Quadriceps muscle size (QVOL and QACSAMAX) with sagittal scans of the knee 279 

used to assess patella tendon moment arm (PTMA). Ultrasonographic images were captured at ten 280 

locations throughout the four constituent muscles of the Quadriceps (i.e. 2 or 3 locations per 281 

muscle) to comprehensively quantify FL and ΘP of the whole muscle group.  282 

 283 

 284 

Torque and Electromyographic Measurements 285 

 286 

Participants were positioned in an isometric dynamometer with knee and hip angles of 115° 287 

and 125° (180° = full extension), respectively. Adjustable straps were tightly fastened across the 288 

pelvis and shoulders to prevent extraneous movement. An ankle strap (35 mm width reinforced 289 

canvas webbing) was placed ~15% of tibial length (distance from lateral malleolus to knee joint 290 

space) above the medial malleolus and positioned perpendicular to the tibia and in series with a 291 

calibrated S-Beam strain gauge (Force Logic UK, Berkshire, UK). 292 
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 293 

The analogue force signal was amplified (x370; A50 amplifier, Force Logic UK, Berkshire, UK) 294 

and sampled at 2,000 Hz using an A/D converter (Micro 1401; CED, Cambridge, UK) and recorded 295 

with Spike 2 computer software (CED). In offline analysis, force signals were low-pass filtered at 500 296 

Hz using a fourth order zero-lag Butterworth filter (54), gravity corrected by subtracting baseline 297 

force, and multiplied by lever length, the distance from the knee joint space to the centre of the 298 

ankle strap, to calculate torque. 299 

 300 

Surface electromyography (EMG) of the hamstring muscles (Biceps Femoris Long Head and 301 

Semitendinosus) was recorded using a wireless EMG system (Trigno; Delsys Inc., Boston, MA). Skin 302 

preparation (shaving, abrading, and cleansing with 70% ethanol) was conducted before single 303 

differential Trigno Standard EMG sensors (Delsys Inc., Boston, MA; fixed 1-cm interelectrode 304 

distance) were placed on the Biceps femoris long head and Semitendinosus at 45% of thigh length 305 

above the popliteal fossa. Sensors were placed parallel to the presumed orientation of the 306 

underlying fibres. EMG signals were amplified at source (x300; 20 to 450-Hz bandwidth) before 307 

further amplification (overall effective gain, x909), and sampled at 2,000 Hz via the same A/D 308 

converter and computer software as the force signal, to enable data synchronization. In offline 309 

analysis, EMG signals were corrected for the 48-ms delay inherent to the Trigno EMG system. 310 

 311 

Knee Extension and Flexion Maximum Voluntary Contractions 312 

 313 

Following a brief warm-up (3 s contractions at 50% [x3], 75% [x3] and 90% [x1] of perceived 314 

maximum), participants performed 3-4 MVCs of the knee extensors for 3-4 s duration interspersed 315 

with ≥30 s rest and were instructed to ‘push as hard as possible’. A horizontal cursor indicating the 316 

greatest torque obtained within the session was displayed for biofeedback and verbal 317 

encouragement was provided during all MVCs. The highest instantaneous torque recorded during 318 

any MVC was defined as knee extension MVT. Tendon force was calculated as MVT divided by 319 

moment arm. 320 

 321 

 Using the same set up and warm-up protocol as for the knee extensors participants 322 

performed 3-4 knee flexion MVCs and were instructed to “pull as hard as possible” for 3-4 s and rest 323 

for ≥30 s between efforts. A torque-time curve with a horizontal cursor indicating the greatest 324 

torque obtained within that session was displayed for biofeedback and verbal encouragement was 325 
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provided during all MVCs. Knee flexion MVT was the greatest instantaneous torque achieved during 326 

any MVC during that measurement session.  327 

 328 

Hamstrings EMG amplitude during knee flexor MVCs was calculated as the root mean square 329 

(RMS) of the filtered EMG signal of the Biceps Femoris Long Head and Semitendinosus over a 500ms 330 

epoch at knee flexion MVT (250ms either side) and averaged across the two muscles to give 331 

HEMGMAX. Biceps Femoris Long Head and Semitendinosus (antagonist) EMG amplitude during a 500 332 

ms window surrounding knee extension MVT (250 ms either side) was normalized to HEMGMAX from 333 

the corresponding EMG sensor. Normalized antagonist EMG amplitude was multiplied by the knee 334 

flexor MVT to estimate antagonist knee flexor torque during the knee extension MVCs (assuming a 335 

linear relationship between EMG amplitude and torque).  336 

 337 

MRI measurements of Quadriceps muscle size and patella tendon moment arm 338 

 339 

 Participants reported to the MRI scanner (1.5 T Signa HDxt, GE) having not engaged in 340 

strenuous activity in the prior 36 hours and were instructed to arrive in a relaxed state having eaten 341 

and drunk normally and sat quietly for 15 min prior to their MRI scans. T1-weighted MR images of 342 

the dominant leg (thigh and knee) were acquired in the supine position at a knee angle of 163° (180° 343 

= full extension; due to constraints in knee coil size) and analysed using OsiriX software (Version 6.0, 344 

Pixmeo, Geneva, Switzerland). Using a receiver 8-channel whole body coil, axial images (image 345 

matrix 512 x 512, field of view 260 x 260 mm, pixel size 0.508 x 0.508mm, slice thickness 5 mm, 346 

inter-slice gap 0 mm) were acquired from the anterior superior iliac spine to the knee joint space in 347 

two overlapping blocks. Oil filled capsules placed on the lateral side of the thigh allowed alignment 348 

of the blocks during analysis.  349 

 350 

 The Quadriceps muscles (Vastus Lateralis (VL), Vastus Intermedius (VI) Vastus Medialis 351 

(VM), and Rectus Femoris (RF)) were manually outlined to determine ACSA in every third image (i.e. 352 

every 15 mm; Figure 1A) starting from the most proximal image in which each muscle appeared. This 353 

equated to the following number of slices being analysed per muscle (VM, 23-26; VI, 24-27; VL, 24-354 

27; and RF, 23-26 slices). The volume of each muscle was calculated using cubic spline interpolation 355 

of the measured ACSA values/slices (1000 interpolated points/ACSA values per muscle; GraphPad 356 

Prism 6; GraphPad Software) and expressed relative to % Femur Length. Femur Length was defined 357 

by the number of slices between the proximal greater trochanter and the knee joint space, 358 
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multiplied by the slice thickness. For muscle mass distribution, interpolated ACSA for each individual 359 

muscle at 5% intervals of femur length were used and expressed relative to ACSAMAX. Total 360 

Quadriceps volume (QVOL) was the sum of the individual muscle volumes. QACSAMAX was calculated 361 

by the summation of the maximal ACSA from each individual muscle.  Previous data from our group 362 

has demonstrated a mean within-participant coefficient of variation for repeat Quadriceps muscle 363 

volume measurements using the same protocol 12 weeks apart with a control group to be 1.7% (11). 364 

Inter- and intra-rater reliability for QVOL calculated from the repeated analysis of five MRI scans was 365 

1.2 and 0.4%, respectively.  366 

Sagittal plane images of the knee joint were acquired from the lateral to medial condyles of the 367 

femur using an 8-channel knee coil (image matrix 384 x 224, field of view 512 x 512 mm, slice 368 

thickness 2 mm, inter-slice gap 0 mm) in order to determine patella tendon moment arm (PTMA), 369 

defined as the perpendicular distance from the patellar tendon line of action to the tibio-femoral 370 

contact point (TFCP, the midpoint of the contact between the tibial and femoral condyles; Figure 371 

1B). For maximal voluntary specific tension measurements PTMA length for the MVT specific knee 372 

angle was estimated from previously published data fitted with a quadratic function (48) scaled to 373 

each participant’s measured moment arm length at 163° as previous (56). 374 

 375 

Muscle Architecture and calculation of PCSA/ QEFFPCSA 376 

 377 

Architecture of all four Quadriceps constituent muscles (VM, VL, VI, and RF) was examined in 378 

detail using B-mode ultrasonography (EUB-8500, Hitachi Medical Systems UK Ltd, 379 

Northamptonshire, UK) and a 92mm, 5-10 MHz linear-array transducer (EUP-L53L). The participant 380 

sat in the same isometric dynamometer used for strength measurements whilst images were 381 

captured at rest at 2-3 sites per constituent muscle, for a total of 10 Quadriceps architecture 382 

measurements sites. Specific sites were over the mid muscle belly (median longitudinal line, i.e. 50% 383 

of superficial medio-lateral width) at the following percentages of thigh length proximal to the knee 384 

joint space: VM 20% (VMDIS) and 40% (VMPRX), VL and VI at 30% (VLDIS, VIDIS), 50 (VLMID, VIMID) and 70% 385 

(VLPRX, VIPRX), RF 55% (RFMID) and 75% (RFPRX). The transducer (coated with water soluble transmission 386 

gel) was positioned parallel to the long axis of the thigh (femur), and perpendicular to the skin such 387 

that an image with the aponeuroses and the perimysium trajectory of several fascicles was clearly 388 

identifiable with no visible fascicle distortion at the edge of the image, and with minimal pressure 389 

applied on the dermal surface. Video output from the ultrasound machine was transferred to a 390 

computer (via an S-video to USB converter) and images recorded using ez-cap video capture 391 
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software. Images were later imported into public domain software (Image J, v1.48, National 392 

Institutes of Health, Bethesda, USA) for analysis. 393 

 394 

ΘP was measured as the angle of insertion of the muscle fascicles into the deep aponeurosis, 395 

taken as a mean of 3 individual fascicles per ultrasound site. Muscle fascicle length was used as an 396 

index of fibre length and sarcomeres in series, and was measured as the length of the fascicular path 397 

between the insertions into the superficial and deep aponeurosis, where the fascicular path 398 

extended beyond the acquired image the missing portion of the fascicle was estimated by 399 

extrapolating linearly the fascicular path and the aponeurosis (48). Due to the long 92 mm 400 

ultrasound probe the extrapolation typically consisted of ≤10% of FL. ΘP and FL were averaged over 401 

each individual muscle, before calculating an overall Quadriceps mean averaged over the four 402 

constituents (QΘP and QFL).  403 

  404 

PCSA (PCSA) was calculated per constituent muscle as individual Muscle Volume divided by 405 

FL (mean of sites for that constituent), then summed to give Quadriceps Physiological Cross-Sectional 406 

Area (QPCSA). Theoretically PCSA is the best index of contractile material (sarcomeres and cross-407 

bridges) arranged in parallel. In order to correct for force transmission to the tendon EFFPCSA was 408 

calculated as this theoretically the best index of muscular force/torque production. Specifically, 409 

individual muscle EFFPCSA was calculated by multiplying PCSA by Cosine of mean ΘP (28), before 410 

summing the four constituent muscles to give Quadriceps Effective PCSA (QEFFPCSA). 411 

 412 

Calculation of ST 413 

 414 

ST was determined first by the calculation of maximal tendon force, this was done by 415 

correcting knee extension MVT for antagonist torque (normalized HEMG at knee extensor MVT as a 416 

proportion of HEMGMAX [i.e. at KF MVT]) to provide torque from the knee extensors only (66). This 417 

knee extensor muscle torque was divided by corrected PTMA (see above)  and the subsequent 418 

muscle force divided by QEFFPCSA to calculate ST.  419 

 420 

Statistical Analysis 503 

 504 

Muscle strength measured during the duplicate laboratory sessions was averaged to 505 

produce criterion values for statistical analysis. An a priori significance level of P<0.05 was set for all 506 

statistical tests which were performed using SPSS Version 23.0 (IBM Corp., Armonk, NY). Descriptive 507 
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data are presented as mean ± standard deviation (SD) and percentage differences between groups 508 

calculated from group means. The influence of group (UT, LTT) on all muscle architecture and muscle 509 

size variables was examined by independent t-tests. To examine if the architectural differences 510 

between the groups varied with constituent muscle a 4 x 2 ANOVA (constituent muscle [VL, VM, VI, 511 

RF] x group [LLT, UT]) was performed, and if interaction effects were found then post-hoc analysis 512 

(pairwise ANOVA contrasting only two muscles) was also performed. Effect Size (ES) for absolute 513 

difference data was calculated as previously detailed for between-subject study designs (50) and 514 

classified as follows: <0.20 = “trivial,” 0.20–0.49= “small,” 0.50–0.79 = “moderate,” or ≥ 0.80= 515 

“large.” P values were corrected for multiple tests using the Benjamini–Hochberg procedure (13) 516 

with a false detection rate of 5%, and significance was defined as adjusted P<0.05. For the whole 517 

cohort (i.e. data pooled from both LTT and UT groups, n=68) the relationships between 518 

musculoskeletal variables and MVT were first assessed with independent Pearson's product moment 519 

correlations, and then stepwise multiple regression analysis was performed, with only the significant 520 

predictors entered into the model. 521 

 522 

Results 523 

Participant Characteristics and Strength 524 

 525 

LTT were taller and heavier than UT (183 ± 6 vs 176 ± 2 cm; 91 ± 10 vs 73 ± 10 kg; both 526 

P<0.001). MVT was 60% greater in LTT than UT (388 ± 70 vs 245 ± 43 Nm; P<0.001, ES= 2.5). 527 

 528 

Total Quadriceps and constituent muscle size, and muscle mass distribution between and along the 529 

Quadriceps muscles  530 

 531 

QVOL was 56% greater in LTT than UT (P<0.001; ES=3.7), QACSAMAX was 50% greater (P<0.001, 532 

ES=3.3) and QEFFPCSA 41% greater in LTT compared to UT (P<0.001, ES= 4.1). LTT had greater volume 533 

of all the individual constituent muscles of the Quadriceps (54-58%, P<0.001, ES=2.3-3.7; Table 1).  534 

Likewise, LTT had greater ACSAMAX, PCSA and EFFPCSA of all the individual constituent muscles of the 535 

Quadriceps (ACSAMAX, 46-52%, all P<0.001, ES=1.9 to 2.9; PCSA, +39-45%, all P<0.001, ES=1.9-2.6; 536 

EFFPCSA, +38-44%, all P<0.001, ES=2.2 to 2.7) than UT. However, the proportional volume, and 537 

ACSAMAX, of the individual constituent muscles (to total Quadriceps muscle volume and QACSAMAX, 538 

respectively) were similar for LTT and UT (P=0.56-0.94; Volume data shown in Table 1) and the 539 

percentage of femur length where ACSAMAX of each constituent muscle occurred was also similar for 540 

both groups (VM: 28% vs 29%; VI: 58% vs. 58%; VL: 57% vs. 56% and RF: 68% vs 68% Femur Length 541 
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for UT and LTT respectively; P=0.26-0.80; Figure 3). To further assess regional hypertrophy, the 542 

relative distribution of muscle mass along the thigh was examined by plotting relative ACSA 543 

(%ACSAMAX) against femur length for each constituent muscle (Figure 3). No differences in relative 544 

ACSA were observed between UT and LTT at any position along the femur for any of the constituent 545 

muscles (adjusted P>0.21).  546 

 547 

Muscle Architecture 548 

 549 

QFL, based on the mean of 10 sites, was 11% greater in LTT than UT (P<0.001, ES= 1.2; Table 550 

2), and mean FL of each individual muscle was longer (VM: +12%, ES=0.7; VL: +13%, ES=1.0; and RF: 551 

+12%, ES=0.8; all P<0.05) or showed a tendency to be longer (VI: +7%; P=0.06, ES=0.8) for LTT than 552 

UT. The outcome of the ANOVA revealed a constituent muscle (VL, VM, VI, RF) x group (LTT, UT) 553 

interaction effect (i.e. bigger differences between groups for some muscles than others; P=0.03), 554 

and post-hoc analysis showed larger differences between UT and LTT in the VM, VL and RF 555 

compared to VI (pairwise ANOVA with only two muscles; group x muscle interaction; All P≤0.008). 556 

Considering the specific measurement sites, 6 out of 10 sites showed greater FL of LTT vs UT (VMPRX, 557 

VIPRX, VIMID, RFMID, VLDIS and VLPRX sites; all P<0.001), with a tendency to be longer for RFPRX (P=0.06) 558 

and no differences at the remaining 3 measurement sites (all P>0.15; Figure 4A). 559 

 560 

QΘP was 13% greater in LTT than UT (P<0.001, ES=0.7; Table 2), and reflected a greater 561 

mean ΘP in the VL (15%, P=0.02, ES=0.8) and RF (15.5%, P=0.01, ES=0.9) but not the VM (9%, P=0.21, 562 

ES=0.4) or VI (13%, P=0.07, ES=0.7). There were no group x constituent muscle interactions 563 

(P=0.826). LTT had greater ΘP than UT at 3 out of 10 sites (VMPRX, VIPRX, VLDIS; P<0.05), with a 564 

tendency to be greater observed at four further sites (VLPRX, VLMID and both RF sites; adjusted 0.05≤” 565 

P≤”0.07).  566 

 567 

 568 

Patella Tendon Moment Arm (PTMA) and Maximum Voluntary Specific Tension (ST) 569 

 570 

LTT had a 4% greater PTMA than UT (4.17 ± 0.28 cm vs 4.33 ± 0.24 cm; P=0.03; ES=0.6: 571 

Figure 5A). However, when normalized to participant’s height, there was no difference in PTMA 572 

between groups (PTMA/Height ratio: UT, 0.0237 ± 0.0017 vs. LTT, 0.0236 ± 0.0009; P=0.92; ES=0.2). 573 

Tendon force was 54% greater in LTT than UT (5576 ± 905 N vs 8564 ± 1410 N; P<0.001, ES= 2.6). 574 

There was 8% greater ST of the Quadriceps in LTT than UT (33.3 ± 4.5 N.cm2 vs 36.1 ± 5.3 N.cm2; 575 
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P=0.04, ES=0.6; Figure 2) when accounting for antagonist co-activation, corrected PTMA and 576 

QEFFPCSA.  577 

 578 

Factors that explain the greater strength and muscle mass (volume) of Long-term RT individuals. 579 

 580 

 The difference in strength between LTT and UT (+60%) in comparison to the differences 581 

between the groups in a range of underpinning musculoskeletal variables, specifically those 582 

variables that were each significantly greater in LTT than UT, are shown in Figure 5. Of the 583 

musculoskeletal variables, the largest differences were in the muscle size indices (QVOL +56%; 584 

QACSAMAX +50%) which therefore provide the primary explanation for the greater strength of LTT. 585 

This greater muscle size of LTT in combination with a more modest difference in QΘP (+12%) resulted 586 

in a difference in QEFFPCSA (+40%), which alongside other smaller contributions from ST (+8%) and 587 

moment arm (+4%) appears to explain the strength difference.  The greater muscle volume of LTT vs 588 

UT (QVOL +56%) appeared to be primarily due to increased QPCSA (+41%) with a much smaller 589 

contribution of QFL (+11%; Figure 5). Bivariate correlations for the whole cohort (i.e. both groups, 590 

n=68) were found between all musculoskeletal variables and MVT (QVOL r= 0.90 (Figure 6); QACSAMAX 591 

r= 0.87; QEFFPCSA r=0.87; QΘP r= 0.47; QFL r= 0.61; ST r= 0.56; PTMA r=0.41; all P<0.01). Stepwise 592 

multiple regression analysis revealed that the only variable to contribute to the explained variance in 593 

MVT was  QVOL (R2=0.81; P<0.001). 594 

 595 

 596 

Discussion 597 

  598 

The aim of the present study was to determine the musculoskeletal factors that explain the 599 

greater strength and larger muscle size (volume) of long-term RT individual’s vs untrained 600 

individuals. Previous RT studies have typically been short-duration interventions or examined a 601 

limited range of musculoskeletal factors, and thus our knowledge of the adaptations to prolonged RT 602 

have been limited. In accordance with our first hypothesis the greater muscle strength of LTT (+60%) 603 

was accompanied by both a greater quantity of skeletal muscle and higher ST. However, the 604 

differences between LTT vs UT for the indices of muscle size (e.g. ranging from volume +56% to 605 

QEFFPCSA 41%) were substantially larger than was the case for ST (+8%), or in fact PTMA (+4%), and 606 

thus muscle size was the primary explanation for the greater strength of LTT. For the second 607 

hypothesis the greater QVOL (+56%) of LTT was due primarily to enhanced QPCSA (41%), indicating 608 

more sarcomeres in parallel, although we also found convincing evidence for greater QFL (+11%), 609 
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indicating a modest difference in sarcomeres in series. Finally, despite the large differences in QVOL, 610 

and contrary to our third hypothesis, we found no evidence for regional hypertrophy / muscle mass 611 

distribution between or along the constituent Quadriceps muscles. 612 

 613 

 The difference in MVT of LTT vs UT in the current study was substantial (+60%), but 614 

somewhat lower than observed in one previous study (+77%: (70)). The greater MVT of LTT was 615 

accompanied by both a greater quantity of skeletal muscle and higher specific tension, although it 616 

was clear from the magnitude of the differences that the indices of muscle size (e.g. volume +56%, 617 

QEFFPCSA +41%) were substantially larger than was the case for ST  (+8%), or in fact PTMA (+4%), and 618 

thus muscle size was the primary explanation for the greater strength of LTT. The importance of 619 

muscle volume for strength was reinforced by our regression analysis of the whole cohort that found 620 

muscle volume was the only determinant of MVT, alone explaining 81% of the variance in strength. 621 

Several other studies have found substantially greater muscle size of long-term resistance-trained 622 

participants (70% to 86% (9,37,46,49), but none have previously examined maximum voluntary 623 

specific tension to investigate the contribution of force per unit area to the enhanced strength of 624 

LTT.  625 

 626 

 We found modest differences in specific tension (+8%), even after the average 4 years of 627 

regular, heavy RT of LTT. Whilst no previous studies have examined the specific tension of LTT 628 

individuals, after short-term (9 weeks) RT maximum voluntary specific tension has been reported to 629 

increase by 20% (30), which is clearly somewhat contrary to the more modest 8% difference we have 630 

found for LTT vs UT. However, it is notable that Erskine et al., (30) reported average isometric 631 

strength gains ~2-fold greater than we have found (31% vs 11.5-18.2%, (31, 32)) with almost 632 

identical training regimes and the same number of training sessions, and this discrepancy likely 633 

explains the large increase in specific tension they have reported. Nonetheless, numerous short-634 

term RT studies have shown greater increases in strength/force than cross-sectional area, indicating 635 

an increase in the specific tension (23, 27, 29, 42, 45, 61, 69, 83). Increased specific tension could be 636 

attributable to changes in neuromuscular activation (e.g. increased agonist activation (10, 60)) or an 637 

increase in the intrinsic contractile specific tension, perhaps due to a shift in muscle fibre phenotype 638 

(20) or alterations in muscle architecture (24). Moreover, the modest difference we have found in 639 

specific tension after LTT suggests that increases in specific tension that occur with RT may be 640 

relatively limited, and thus the underpinning mechanisms for increased maximum voluntary specific 641 

tension (i.e. increased agonist neuromuscular activation or intrinsic contractile specific tension) are 642 

also relatively small.   643 
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 644 

 The larger volume of muscle of LTT was primarily due to their greater PCSA (+41%; i.e. 645 

sarcomeres in parallel) rather than QFL (+11%; i.e. sarcomeres in series). To our knowledge this is the 646 

first report to quantify the contribution of these different aspects of muscle morphology to the 647 

enhanced muscle mass of substantially hypertrophied human muscle, and it is clear that muscle 648 

growth primarily occurs due to an increase in the contractile material arranged in parallel with a 649 

smaller contribution from increased sarcomeres in series. To provide a comprehensive assessment 650 

of Quadriceps muscle architecture we measured ΘP and FL at 10 sites within the Quadriceps, which 651 

revealed LTT to have a greater QΘP (+13%) and QFL (11%) than UT. A greater QΘP facilitates the 652 

attachment of more contractile material, and thus the application of more force, to the 653 

tendon/aponeurosis (i.e. as reflected by PCSA; (40, 45, 47, 61)), independently from any increase in 654 

muscle ACSA or volume, although force transmission to the tendon is increasingly compromised 655 

(according to the cosine of ΘP). Overall a greater QΘP is thought to be beneficial for isometric force 656 

production up to an optimum angle of 45° (8). Resistance-trained individuals/bodybuilders have 657 

previously been found to have much higher ΘP in both the triceps brachii (33o vs 15o; +120%; (47), 658 

mid-point Vastus Lateralis (20.4o vs 15.5o; +31%; (39)) and Medial Gastrocnemius (24.6o vs 18.4o; 659 

+34%: (39)), which are clearly a larger difference than we found in the present study (QΘP: +11%). 660 

This contrast may indicate an anatomical specificity to muscle architectural changes after RT or site-661 

specific differences. Furthermore, the findings of the present study are surprisingly similar to the 662 

increases in ΘP observed following short-term lower body RT (2, 10, 26, 35); perhaps suggesting that 663 

changes in lower body ΘP may not continue to adapt with prolonged RT and could predominantly 664 

occur in the early phase of a training program (i.e. first 3 months).  665 

 666 

 The possibility of FL increases after RT, largely based on short-term RT studies, has been 667 

controversial (7, 16, 26, 29, 30, 64, 78, 82). Using architecture measurements at 10 sites throughout 668 

the Quadriceps we found the LTT group to have an 11% greater QFL compared to UT. One previous 669 

study of LTT vs UT reported no differences between their groups (39), however they assessed FL at 670 

only one site, equivalent  to the VLMID site of our experiment, where we also observed no differences 671 

between LTT and UT (Figure 4A). In contrast, we found a clear difference for 3 out of 4 of the 672 

individual muscles (VM, VL, and RF) a tendency for a difference in the fourth (VI), and over the whole 673 

muscle group QFL showed a highly significant difference with a large effect size (+11%, P<0.01 ES 674 

1.2). We also found quantitative evidence for a training group (LTT vs UT) by constituent muscle 675 

interaction for FL, demonstrating inhomogeneous adaptations to LTT. Thus, it seems likely that the 676 

regional variability in FL changes, the error associated with a single measurement site, the 677 
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differences in the mode of resistance training used and the short duration of previous reports 678 

contribute to the equivocal findings in the literature (34). The current study using a comprehensive 679 

assessment at 10 sites throughout the Quadriceps muscle group indicates that QFL does increase 680 

with prolonged RT. Interestingly, based on geometric modelling it has recently been argued that 681 

relatively modest changes in FL can have disproportionately large effects on  ACSA  and muscle 682 

volume (46). In essence, longer (extended) fascicles due to the addition of sarcomeres in parallel 683 

appears to result in a disproportionately larger increases of sarcomeres in parallel and therefore 684 

could be a key explanation for the differences in muscle size (ACSA, PCSA and volume) we have 685 

observed.  686 

 Whilst ΘP did not show such strong evidence for inhomogeneous adaptations to LTT (no 687 

training group x muscle interaction effect) there were a range of differences when comparing the 688 

four constituent muscles (ΘP 8-15%; FL 6-13%). Therefore,  this study further highlights the need for 689 

multiple sites to comprehensively quantify architectural differences or changes after training as 690 

single sites may be difficult to replicate (36) and as seen in the present study and others, a single site 691 

measurement similar to VLMID is not reflective of overall architecture  differences across the 692 

Quadriceps muscle group following RT (26, 35). 693 

 694 

 Despite the 56% greater muscle volume of LTT vs UT we found no evidence for regional 695 

hypertrophy either between the constituent Quadriceps muscles or along their length. Previous 696 

short-term RT studies, documenting relatively limited hypertrophy, have however, repeatedly 697 

reported non-uniform regional hypertrophy, both between and along the individual Quadriceps 698 

muscles, although curiously the pattern of regional hypertrophy has been surprisingly diverse (i.e. 699 

which muscles and locations had the greatest hypertrophy (26, 35, 76, 37, 43, 44, 57, 58, 61, 69, 700 

75)). In the current study, we scanned the entire length of the thigh to accurately identify the ends 701 

of the bone and subsequently define the precise position of each of a large number of axial images 702 

(slices per muscle: VM, 23-26; VI, 24-27; VL, 24-27; RF, 23-26) relative to those absolute landmarks in 703 

order to carefully quantify regional differences in muscle size. In addition, we recently found a mean 704 

within-participant coefficient of variation for repeat Quadriceps muscle volume measurements using 705 

the same protocol 12 weeks apart with a control group to be 1.7%, indicating the reliability of our 706 

measurements (11). In contrast, previous studies typically used a small number of slices and 707 

positioned slices based on relatively imprecise surface anatomical measurements. Therefore, 708 

previous reports of regional hypertrophy may have been confounded by the inconsistent location of 709 

the images. Alternatively, as the LTT individuals in the current study had been doing a range of 710 

different training practices it is conceivable that this may have resulted in diverse individual 711 
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hypertrophic responses that cumulatively cancelled out and led to no overall regional hypertrophy. 712 

However, inspection of the variability (between participant standard deviation) indicates that the 713 

proportional size of the individual Quadriceps’ muscles (Table 2) and distribution of muscle mass 714 

along the femur (Figure 3) were no more variable for LTT than UNT groups. In summary, given the 715 

careful methods and large difference in muscle volume in the current study without any evidence for 716 

regional hypertrophy it seems likely that this phenomenon may have been overestimated by 717 

previous studies. 718 

 In addition to morphological changes in the muscle, joint mechanical properties such as 719 

PTMA may make a small contribution to maximal torque production (17, 77). In the present study, 720 

PTMA was 5% greater in LTT compared to UT. In other muscle groups it has been suggested that 721 

muscle hypertrophy may result in biomechanically advantageous increases in leverage of muscular 722 

force application (5, 73, 74, 79). However, for the Quadriceps the anatomy of the patella and patella 723 

tendon wrapping around the distal femur, mean that this is unlikely to be the case. In addition, when 724 

PTMA was normalized to height there was no difference between the groups indicating that the 4% 725 

greater height of LTT group was in large part responsible for their greater PTMA.  726 

 727 

 There are a number of limitations within the current study that should be recognized. Whilst 728 

the current cross-sectional study design provided a pragmatic approach to examining the substantial 729 

adaptations that occur after LTT. However,  due to the cross-sectional nature of the current study 730 

and the extensive, retrospective RT background (mean 4 years RT) of these participants  we have 731 

relatively limited information regarding their exact training (e.g. precise loads, types of contractions, 732 

periodization). Nonetheless these participants all had the primary goal of increasing maximum 733 

strength, were demonstrably stronger than controls (+60%) and we excluded participants involved in 734 

activities (e.g. weight category and endurance sports)  that might compromise morphological 735 

adaptations to RT.     A repeated measurement design on the same participants before, potentially 736 

during, and after a prolonged period of RT is clearly a stronger design. Although this approach would 737 

be practically challenging, there are very few supervised RT studies of ≥6 months duration, it would 738 

facilitate an in-depth examination of the time course of adaptations to prolonged RT and could be 739 

informative for a number of the measures investigated in the current experiment (e.g. specific 740 

tension, architecture, regional hypertrophy). The acquisition of clear T1 MR images along the whole 741 

thigh (~25 minutes) is not compatible with measurements during contraction, and in our experience, 742 

it is also challenging to record clear ultrasound images of all the constituent muscles during MVCs 743 

(55). Thus, the imaging measurements of muscle size, architecture, and moment arm within the 744 

current experiment were made at rest in order to facilitate precise measurements. In addition, due 745 
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to the constraints of the bore within the MRI scanner, muscle size and moment arm measurements 746 

were also taken at a different knee joint angle to the strength measurements. These discrepancies 747 

could potentially confound the comparison of strength and morphological variables. For example, 748 

Quadriceps femoris CSAs and architecture are known to change substantially between rest and 749 

maximum contraction (55). Whilst we have recently found LTT to have a stiffer patella tendon 750 

compared to UT, the greater strength of this group appears to produce similar muscle shortening, 751 

and thus presumably architectural changes, at MVC (56). Therefore, we are not aware of any 752 

systematic effects that might interact with these potential confounders and influence the 753 

comparison of LTT and UT groups within the current study.  754 

Finally, the use of B-mode ultrasound presents a number of methodological issues when 755 

quantifying muscle architecture in vivo (For a review see (36)). In the present study by using a 756 

relatively long probe (92 mm vs commonly used 40-60 mm) we were able to minimize the need for 757 

extrapolation of fascicle trajectory beyond the recorded image (typically <10% of the measured FL 758 

was extrapolated).  Architecture measurements were also performed in the knee isometric 759 

dynamometer with a knee angle of 115O (i.e. the same knee joint angle as the strength 760 

measurements), and this longer muscle length relative to rest explains why FL was longer in the 761 

present study than in some previous reports (35, 71). However, we are conscious that ultrasound 762 

images are a 2-D representation of a complex 3-D structure and recommend that future work utilize 763 

more sophisticated 3-D techniques (e.g. diffusion tensor MRI).   764 

 765 

In conclusion, the present study demonstrates that the larger Quadriceps strength of LTT 766 

individuals was primarily due to greater muscle size with smaller differences in specific tension and 767 

moment arm, and thus muscle size was the primary explanation for the greater strength of LTT. The 768 

greater muscle volume (+56%) of LTT was due primarily to enhanced PCSA (41%), indicating more 769 

sarcomeres in parallel, although we also found convincing evidence for greater QFL (+11%), 770 

indicating a modest difference in sarcomeres in series. Finally, there was no evidence for regional 771 

hypertrophy either between or along the Quadriceps muscles after long-term RT. 772 

 773 

 774 

 775 
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Tables and Figures 1012 

 1013 

Table 1- Quadriceps muscle size indices, individual constituent muscle volumes and proportional 1014 

volumes of untrained (UT) and long-term resistance-trained (LTT) men. 1015 

Muscle and Size Variable UT (n=52) LTT (n=16) 
  % 

Difference
Effect
Size     

 
Quadriceps 

    

    QVOL (cm3) 1838.2 ± 262.9   2881.9 ± 308.1 * 56 3.7 
    QACSAMAX (cm2) 86.2 ± 11.2   135.0 ± 15.0 * 50 3.3 
    QPCSA (cm2) 174.4 ± 19.8 245.7 ± 16.8 * 41 3.9
    QEFFPCSA (cm2) 167.7 ± 18.8 236.8 ± 15.1 * 41 4.1
                
Individual Muscle Volume (cm3)                    
     VM 441.4 ± 67.8   691.2 ± 87.0 * 57 3.2 
     VI 546.9 ± 104   846.4 ± 124.0 * 55 2.6 
     VL 609.8 ± 98.4   964.3 ± 90.6 * 58 3.8 
     RF 240.2 ± 46.7 374.6 ± 72.0 * 56 2.3

      
Proportional Muscle Volume (%QVOL)
     VM 24.0 ± 1.7 24.1 ± 1.9   0 0.0
     VI 29.7 ± 2.8   29.3 ± 1.6   1 -0.2 
     VL 33.2 ± 2.6   33.6 ± 2.3   1 0.2 
     RF 13.1 ± 1.8   13.0 ± 1.8   1 -0.1 
Data are mean ± SD, QVOL= Quadriceps volume; QACSAMAX = sum of maximal anatomical cross-1016 

sectional areas from individual muscles; QPCSA = Quadriceps Physiological cross-sectional area; 1017 

QEFFPCSA = Effective physiological cross-sectional area; VM= Vastus Medialis; VI= Vastus Intermedius; 1018 

VL= Vastus Lateralis; RF= Rectus Femoris; * indicates adjusted P<0.01  1019 

 1020 
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 1024 
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 1036 

 1037 

 1038 

Table 2: Muscle architecture variables, Fascicle Length (FL) and Angle of Pennation (ΘP), for 1039 

untrained (UT) and long-term resistance-trained (LTT) men. Quadriceps and individual constituent 1040 

muscle values are based on the mean of ten or two/three sites respectively.  1041 

 1042 
 1043 

Data are mean ± SD, Q= Mean Quadriceps, VM= Vastus Medialis, VI= Vastus Intermedius, VL= Vastus 1044 

Lateralis, RF= Rectus Femoris, ΘP = Angle of Pennation, FL = Fascicle Length. Adjusted P values are 1045 

indicated by: * p<0.01; † p<0.05; # tendency P=0.05-0.07. 1046 

 1047 
 1048 
 1049 
 1050 
 1051 
 1052 
 1053 
 1054 
 1055 
 1056 
 1057 
 1058 
 1059 
 1060 

Variable Muscle  
Sites 

measured UT (n=52) LTT (n=16) 
 
 

 

% Difference Effect 
Size 

 
FL (mm) 

                       

  Q  10 106.4 ± 9.0 118.0 ± 10.0 * 11 1.2
  VM  2 104.6 ± 16.4  117.1 ± 17.4 † 12 0.7 
  VI  3 100.9 ± 8.1  107.5 ± 7.8 # 7 0.8 
  VL 3 111.1 ± 11.5  125.7 ± 16.8 † 13 1.0 
  RF 2 109.0 ± 14.8  121.6 ± 17.8 † 12 0.8 
       
ΘP (mm)                       
  Q  10 15.4 ± 2.9 17.3 ± 2.0 * 13 0.7
  VM  2 19.2 ± 3.9  20.8 ± 3.4   8 0.4 
  VI  3 12.9 ± 2.6  14.5 ± 2.2 # 13 0.7 
  VL 3 15.9 ± 2.6  18.2 ± 3.3 † 15 0.8 
  RF  2 13.5 ± 2.5 15.6 ± 2.4 † 16 0.9
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 1061 

Figure Legends  1062 

 1063 

Figure 1. Representative Axial MR image of the thigh (A); Sagittal MRI image of the knee joint (B) and 1064 

Muscle Architecture (C): Patellar tendon (PT) moment arm was defined as the perpendicular 1065 

distance between the tendon line of action and the tibio-femoral contact point (TFCP). (C) 1066 

demonstrates muscle architecture measurements of Pennation Angle (ΘP) and fascicle length (QFL) 1067 

from the vastus lateralis. 1068 

 1069 
 1070 
Figure 2. Maximal Voluntary Specific Tension (ST) (A) and Patella tendon moment arm (PTMA) (B) in 1071 

untrained (UT;     , n=52) and long-term resistance trained (LTT;      , n=16) individuals, † Adjusted 1072 

P<0.05. 1073 

 1074 

Figure 3. Muscle mass distribution (% of ACSAmax) along the femur (at 5% increments from proximal 1075 

(0%) to Distal (100%)) in untrained men (UT, ; n=52) and long-term resistance-trained men (LTT,  ; 1076 

n=16)  for the constituent Quadriceps muscles: (A) Vastus Medialis, (B) Vastus Intermedius, (C) 1077 

Vastus Lateralis and (D) Rectus Femoris. Data are mean ± SD. There were no differences between 1078 

groups for muscle mass distribution (% of ACSAmax) for any muscle or 5% increment along the 1079 

femur (all adjusted P≥0.21). 1080 

 1081 

Figure 4. Differences in (A) Fascicle Length and (B) Pennation Angle between untrained (UT) men   1082 

(    ;n=52) and Long-term resistance trained (LTT     ;n=16) at two or three sites of each of the 1083 

constituent Quadriceps muscle. Data are mean ± SD. Symbols indicate adjusted P values: * P<0.01, † 1084 

P<0.05, # tendency for a difference P=0.05-0.07. 1085 

 1086 

Figure 5. Musculoskeletal variables that appear to contribute to the greater strength and larger 1087 

muscle volume of long-term resistance-trained (LTT) compared to untrained (UT) men. Data are 1088 

percentage differences in group mean values for maximal voluntary torque (MVT), Quadriceps 1089 

volume (QVOL), sum of maximal anatomical cross-sectional area (QACSAMAX), Quadriceps physiological 1090 

cross-sectional area (QPCSA); quadriceps effective physiological cross-sectional area (QEFFPCSA), 1091 

mean Quadriceps angle of pennation (QΘP), mean Quadriceps fascicle length (QFL); maximum 1092 

voluntary specific tension (ST) and patella tendon moment arm (PTMA) between untrained and long-1093 

term resistance-trained participants.  1094 
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Figure 6. Scatterplot of the relationship between maximal voluntary torque (MVT; Nm) and 1095 

Quadriceps volume (QVOL; cm3) in untrained (UT; n=52: Triangles) and long-term resistance-trained 1096 

(LTT;n=16: Squares) individual. Regression line is for all participants(r=0.90; P<0.01) 1097 

 1098 
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All: r=0.904; P<0.01
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