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ABSTRACT 

Human skeletal muscle characteristics such as fiber type composition, fiber size and 

myonuclear content are widely studied in clinical and sports related contexts. Being aware of 

the methodological and biological variability of the characteristics is a critical aspect in study 

design and outcome interpretation, but comprehensive data on the variability of 

morphological features in human skeletal muscle is currently limited. Accordingly, in the 

present study, m. vastus lateralis biopsies (10 per subject) from young and healthy 

individuals, collected in a systematic manner, were analyzed for various characteristics using 

immunohistochemistry (n=7) and SDS-PAGE (n=25). None of the analyzed parameters; fiber 

type % (FT%), type I and II CSA (fCSA), percentage fiber type area (fCSA%), myosin heavy 

chain composition (MyHC%), type IIX content, myonuclear content or myonuclear domain 

varied in a systematic manner longitudinally along the muscle or between the two legs. The 

average within subject coefficient of variation for FT%, fCSA, fCSA%, and MyHC% ranged 

between 13-18%, but was only 5% for fiber specific myonuclear content, which reduced the 

variability for myonuclear domain size to 11-12%. Pure type IIX fibers and type IIX MyHC 

were randomly distributed and present in <24% of the analyzed samples, with the average 

content being 0.1 and 1.1%, respectively. In conclusion, leg or longitudinal orientation does 

not seem to be an important aspect to consider when investigating human vastus lateralis 

characteristics. However, single muscle biopsies should preferably not be used when studying 

fiber type and fiber size related aspects given the notable sample to sample variability. 
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NEW & NOTEWORTHY 

This study provides a comprehensive analysis of the variability of key human skeletal muscle 

fiber characteristics in multiple sites along and between the m.vastus lateralis of healthy and 

active individuals. We found a notable but non-systematic variability in fiber type and size, 

while myonuclear content was distinctively less variable and prevalence of type IIX fibers 

was random and very low. These data are important to consider when designing and 

interpreting studies including m.vastus lateralis biopsies. 

1. INTRODUCTION 

Human skeletal muscle is a highly heterogeneous tissue composed of three different fiber 

types; type I, type IIA and type IIX, which are categorized according to their different 

expression of myosin heavy chain (MyHC) isoform (49). In addition, the fiber types exhibit 

different morphological, metabolic and contractile properties such as size, capillarization, 

mitochondrial content, glycolytic capacity, ATPase activity and motor unit size (16, 49). The 

fiber types are also known to respond differently to acute and chronic exercise, disuse and 

ageing (12, 16, 43, 59), as well as differ in composition between muscle groups (18) and 

between the sexes (28, 52). 

Skeletal muscle biopsies are taken in a large number of studies, e.g. in the aspect of 

health, athletic performance, and in states of disease, to study muscle characteristics as well as 

acute and long-term responses to a specific intervention. Regardless of studying fiber specific 

or mixed muscle aspects, it is critical to obtain a sample that is representative of the muscle in 

question, especially when studying changes within these parameters. The variability in fiber 

type composition (FT%) and cross-sectional area (fCSA) of the human m.vastus lateralis 

have been determined in a number of previous studies using repeated biopsies from the same 

or the opposite leg (3, 7, 8, 23, 36, 42), whereas some have used whole muscle sections from 
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autopsies (18, 29-32, 53). The coefficient of variation (CV) for FT% and fCSA has generally 

been reported to be in the range of 10-20%, and in absolute terms it is not uncommon to see 

differences of ±20% in FT% and ±2000 µm2 in fCSA within different sites of the same 

muscle (18, 30, 32). Although the variability seems to be largely non-systematic there are 

reports of a greater number of type II fibers superficially of individual fascicles as well as the 

whole muscle (29, 53). Lexell & Taylor (31) have provided perhaps the most rigorous 

examination of potential differences between the left and right leg on whole muscle sections 

obtained from six males postmortem. Individual differences in FT% and fCSA between legs 

were identified but shown to be non-systematic on a group level. Although the autopsy 

studies provide detailed data regarding the variability in a whole muscle section, they provide 

limited information of the practically relevant variability when biopsies are sampled 

repeatedly along the muscle in a similar fashion. Moreover, given that growth of specific 

fibers as well as fiber type shifting can occur during a period of training it is possible that the 

variability in FT% and fCSA is affected by the training status of the individual. 

The human skeletal muscle type IIX fibers (49, 54) are generally expressed in much 

lower degree than type I and type IIA fibers, although the exact extent could be debated and is 

influenced by analytic methodology and subject characteristics. Inactivity or muscle disuse 

generally induces a shift towards increasing number of pure IIX fibers and especially 

increases in IIA/IIX hybrid fibers (2, 12, 20). In healthy active individuals the IIX content 

seems to be very low, and analysis with single fiber SDS-PAGE or immunohistochemistry 

(IHC) using IIX-specific antibodies indicate that the prevalence of pure IIX fibers are well 

below 1% (40). In contrast, employing the previously common ATPase-staining generally 

results in notably higher estimates of IIX content (1). It should also be noted that SDS-PAGE 

on muscle homogenates cannot provide insight into the content of type IIX fibers, rather the 

total content of the MyHC IIX isoform, most of which likely originates from hybrid fibers. 
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Given the controversy regarding the abundance of type IIX fibers in healthy human skeletal 

muscle, it is highly relevant to thoroughly determine the variability in type IIX content within 

a muscle as well as between limbs. 

Skeletal muscle fibers are multinucleated cells, with a myonuclear content normally in 

the range of 2-6 nuclei per fiber cross-section (56). It has been proposed that the myonuclei 

can only exert transcriptional control over a certain amount of sarcoplasm, a relationship that 

has been termed myonuclear domain (24). Myonuclear addition during muscle hypertrophy in 

human muscle has thus been suggested to be critical in order to maintain a myonuclear 

domain that is not considerably larger than 2000 µm2 per nuclei (44). However, the necessity 

of myonuclear addition in muscle hypertrophy as well as the existence of a rigid threshold of 

the myonuclear domain is highly debated (41). Myonuclei once gained during muscular 

development have also been suggested to be preserved during atrophy (22). This nuclear 

condensation would then aid a more efficient re-growth of the muscle, a notion that has been 

termed “muscle memory” (21). However, the question of whether myonuclei are lost during 

atrophy and whether a muscle memory exist in human muscle warrants further investigation 

(5, 15, 46, 56, 57). Considering the uncertainties regarding the importance of myonuclear 

addition, the flexibility of the myonuclear domain and the existence of a human muscle 

memory it is crucial to determine the biological variability of nuclear content in human 

muscle. 

A plethora of studies annually involve muscle biopsy sampling to investigate human 

skeletal muscle characteristics, or parameters directly influenced by fiber type and 

myonuclear content. Being aware of the variability in critical factors as well as acquiring a 

representative sample are key aspects in study design and data interpretation. At present, 

extensive, systematic and practically relevant investigations of key muscle fiber 

characteristics, particularly type IIX abundance and myonuclear content, are limited. 
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118 Accordingly, the objective of the present study was to determine the variability in FT%, 

119 fCSA, MyHC composition, type IIX abundance, myonuclear content and myonuclear domain 

in five sites along the human vastus lateralis as well as between the left and right leg in 

121 training accustomed subjects. 

122 

123 2. METHODS 

124 2.1 Design and subjects 

The muscle samples analyzed in this study were collected in two separate ongoing projects 

126 with the primary objective to study acute responses to resistance exercise in a time course 

127 manner. These studies were approved by the Regional Ethical Review Board in Stockholm 

128 (2017/2496-31 and 2017-1138-31/4) and performed in accordance with the principles outlined 

129 in the Declaration of Helsinki. Informed consent was obtained from all individuals prior to 

their participation. 

131 A total of 25 men and women were included in the present investigation, with the main 

132 data being based on seven males who all had a complete set of muscle samples prepared for 

133 cryosectioning and subsequent immunohistochemistry (IHC). The other 18 participants (eight 

134 females, ten males) were included only in the analysis of myosin heavy chain composition 

(MyHC) due to lack of a complete set of biopsies prepared for IHC. Research data involving 

136 16 of the 25 subjects have recently been published in the study by Liegnell et al (33). Subjects 

137 were between 18-40 years old, and to be eligible for enrollment in the original studies the 

138 subjects were required to be free from medical conditions, injuries, drugs, and dietary 

139 supplements and to have performed resistance exercise involving the legs one to two times 

per week during a minimum of 12 months. All subjects were regarded as training-accustomed 

141 and performed four to seven training sessions per week involving both resistance and 
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142 endurance exercises and some various team sport activities. Subject characteristics are 

143 presented in Table 1. 

144 

2.2 Pre-screening 

146 All subjects visited the laboratory for preliminary screening. During this visit, the subjects 

147 went through a health screening, had their leg volume determined, performed a maximal 

148 single leg knee-extensor strength test (1-RM) for both legs, and performed a 30-s all-out 

149 cycling sprint to estimate anaerobic capacity. These procedures are described in detail in 

Liegnell et al (33). 

151 

152 2.3 Muscle biopsy sampling 

153 A total of ten skeletal muscle biopsies per subject were taken on two different occasions (five 

154 on each occasion, all in the same leg), separated by approximately a week. All samples were 

obtained after an overnight fast and the participants were instructed to refrain from alcohol, 

156 caffeine and vigorous physical exercise for at least 48 hours before sampling. 

157 On the first occasion, the first biopsy was taken at 7 AM, the second at 8.30 AM after a 

158 bout of resistance exercise, the third at 10 AM, the fourth at 12 AM and the fifth at 7 AM the 

159 next day. The resistance exercise protocol consisted seated knee extensions, 6 sets with 8-10 

repetitions at approximately 70% of their 1-RM. All biopsies during one occasion were taken 

161 from the same leg, with the first collected 10 cm proximal to the patella, and with the 

162 following four biopsies taken in a proximal manner each separated by 2 cm (Figure 1). Each 

163 biopsy was taken from a new incision with effort being made to obtain the samples at the 

164 same depth by positioning the incision in the middle portion (in medial to lateral view) of the 

muscle and keeping the angle and depth of the needle consistent. During the second occasion 
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166 five additional biopsies were taken in the same manner from the opposite leg. The leg used 

167 for sampling during each occasion (left vs. right) was randomized among subjects. 

168 Muscle biopsies were taken using a 5 mm Bergström needle (Stille, Torshälla, Sweden) 

169 with applied suction under local anesthesia (Carbocaine 20 mg ml-1, AstraZeneca AB, 

Sweden), as previously described (17). For IHC, a portion of the sampled biopsy was 

171 immediately cleared from blood and connective tissue and subsequently placed with the fibers 

172 perpendicular on a horizontal surface, embedded in O.C.T. medium (Tissue-Tek O.C.T, 

173 compound), frozen in isopentane cooled in liquid nitrogen. These samples were then stored at 

174 -80°C until sectioning commenced. For MyHC, another portion of the tissue sampled was 

immediately blotted free of blood and rapidly frozen in liquid nitrogen for storage at -80°C 

176 until further processing. 

177 

178 2.3 Immunohistochemistry 

179 Muscle biopsies were cut to 7 µm thick cross-sections using a cryostat (Leica CM1950), 

placed on microscope glass slide (VWR International), air-dried at room temperature and later 

181 stored in -80°C. All five samples from each leg were mounted together to minimize 

182 variability in staining efficiency. Immunohistochemical procedures were subsequently 

183 employed to determine fiber type composition, fiber cross-sectional area and myonuclei 

184 content. Two different staining protocols were performed to determine fiber type 

composition, one to determine type I and type II content and one to specifically determine 

186 type IIX content. 

187 Muscle fiber type composition was determined as described previously (27, 28). 

188 Briefly, unfixed slides were first blocked for 30 min (1% normal goat serum (NGS) and 1% 

189 fat-free dry milk), and then incubated overnight with a primary antibody against laminin in 

order to delineate fiber borders. All primary antibodies were from Developmental Studies 
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191 Hybridoma Bank (DSHB, University of Iowa, USA) or Sigma Aldrich (Stockholm, Sweden), 

192 and all secondary antibodies were Alexa Fluor (Invitrogen, CA, USA). The details regarding 

193 antibodies employed are presented in Table 2. 

194 The next day, after being washed in phosphate buffered saline (PBS), slides were 

incubated for 60 min with primary antibodies against MyHC isoform proteins diluted in PBS 

196 (1% NGS); either MyHC-I plus MyHC-II, or MyHC-I plus MyHC-IIX. Following PBS 

197 washes, slides were incubated with secondary antibodies for 60 min before being mounted 

198 with cover glasses using Prolong Gold Antifade Reagent (Invitrogen, USA). 

199 For identification of fiber specific myonuclei, procedures were similar to those 

described elsewhere (65). First, slides were fixed (4% paraformaldehyde) for 10 min, washed 

201 in PBS, then blocked for 30 min (1% BSA, 1% fat-free dry milk and 0.01% Triton X-100). 

202 Following blocking, slides were incubated overnight at 4° C using a cocktail of primary 

203 antibodies against dystrophin, PCM1 and MHC-I. The next day, after washes in PBS, slides 

204 were incubated with secondary mouse and rabbit antibodies for 60 min at room temperature, 

and subsequently mounted with Prolong Gold Antifade Reagent. Slides were kept dark in 

206 room temperature for 24 hours before image acquisition and then stored at -20 °C. In a subset 

207 of samples, we also performed a methodological comparison by identifying nuclei with both 

208 PCM1 and 4’,6-diamidino-2-phenylindole (DAPI). In brief, slides were incubated with 

209 antibodies against dystrophin and PCM1 overnight, followed by PBS washes, secondary 

antibody incubating and final mounting with Prolong Gold Antifade Reagent containing 

211 DAPI. 

212 

213 2.4 Image acquisition and analysis 

214 For the two sets used for fiber type composition, stained sections were captured using a 

fluorescent microscope with a 10x objective (Zeiss Axiocam 503 mono, Zeiss, Oberkochen, 
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Germany). Pictures were digitally captured in three separate excitation filters (350, 488 and 

594 nm), with each 10X section of the biopsy subsequently being automatically processed to 

a merged whole muscle section (see Figure 2). Fiber type composition was determined by 

counting the number of each fiber type on the whole muscle section and their relative 

abundance was expressed as percentage of total fiber number. This was conducted on both the 

MyHC-I/MyHC-II staining and the MyHC-I/MyHC-IIX staining, each by a different 

investigator. The MyHC-I/MyHC-II staining was carried out using the SC-71 antibody 

(MyHC-II), which shows immunoreactivity for both type II and IIX fibers in human muscle 

when applied at a high concentration (6, 40, 55). For the MyHC-I/MyHC-IIX staining, we 

applied the BA-F8 and 6H-1 antibodies, in which type I fibers were positive for BA-F8, type 

IIA fibers were left unstained and type IIX fibers displayed immunoreactivity for 6H-1. It 

should be noted that only fibers that stained strongly for the 6H-1 antibody were considered 

type IIX fibers, as described elsewhere (6), and these fibers were included in the total type II 

FT%. To further confirm the specificity of the 6H-1 antibody, we also performed an in-house 

validation using the BF-35 antibody (DSHB) (stainings not shown), which reacts with all 

MyHC-isoforms except IIX (6). The average number of fibers per biopsy included for the 

MyHC-I/MyHC-II staining was 767 ± 133, and 751 ± 149 for the MyHC-I/MyHC-IIX 

staining. Fibers expressing both MyHC-I and MyHC-II isoform protein (i.e. hybrid fibers) 

were omitted from the analysis, and if present they accounted for less than 1% of total fiber 

counts. 

For myonuclei, stained sections were captured using a widefield fluorescent microscope 

(Celena® S, Logos Biosystems, South Korea). Digital pictures captured at 10X magnification 

were processed using image analysis software (Celena® S Digital Imaging System, Logos 

Biosystems, South Korea) and analyses were carried out using ImageJ (National Institutes of 

Health, USA). Myonuclei content was determined separately for each fiber type (MyHC-I and 
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MyHC-II). The analysis was performed by one experienced investigator who consistently 

adhered to the criterion that each nucleus had to have more than half of its geometrical center 

residing inside the dystrophin border to be considered myonuclei. Although no assessment 

has been performed so far regarding the number of fibers included to accurately determine 

myonuclei number using the PCM1-antibody, we included 50 fibers/fiber type/biopsy as 

suggested earlier when using DAPI as marker (35). 

For the comparison of myonuclei identification with PCM1 and DAPI a total of 700 

fibers were counted (same fibers for both markers). To avoid systematic influence by order, 

the investigator assessed each picture (dystrophin+PCM1 or dystrophin+DAPI) in an 

alternating manner. First all myonuclei were assessed according to the standard criteria 

(geometrical center inside the dystrophin border), whereas in the second assessment, nuclei 

located also on the dystrophin border were counted as myonuclei. The second assessment was 

performed in order to investigate potentially falsely excluded myonuclei as noted previously 

(9, 65). Representative images of these stainings are provided in Supplementary Figure S1 

(available at https://doi.org/10.6084/m9.figshare.14472924.v1). 

From the same slides used for myonuclei, 10-14 areas from different regions of the 

biopsy, free of freezing artefacts were used for assessment of fCSA. Within each area, fCSA 

was measured by manually encircling the laminin border in a fiber type-specific manner. For 

type I fCSA 102 ± 10 fibers were included, whereas 105 ± 6 fibers were included for type II 

fCSA. These fibers were randomly selected, but fibers oriented longitudinally, or fibers 

located in the periphery of the biopsy were not considered for analysis. Mean fCSA was then 

obtained by averaging individual fiber sizes. The form factor was used to ensure fiber 

circularity in muscle cross-sections (10) and was determined to 0.82 (range 0.80 – 0.84) for 

both fiber types and did not vary across biopsy sites (average inter-individual CV was 2.3%). 

https://doi.org/10.6084/m9.figshare.14472924.v1
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After fCSA determination, myonuclei content was also expressed in relation to fiber 

266 area, i.e. myonuclear domain. In addition, the percentage fiber type area (fCSA%) was 

267 calculated as shown in the example; mean type I fiber area (µm2) multiplied by the proportion 

268 of type I fibers (%) divided by total fiber area (µm2). This measure reflects the proportion of 

269 the muscle cross-section occupied by one particular fiber type. The data obtained from the 

MyHC-I/MyHC-II staining (BA-F8 + SC-71) was used for the fCSA% calculation. 

271 Myonuclear domain and fCSA% were subsequently both assessed as separate factors of 

272 potential variability along and between the legs. Representative images from all stainings are 

273 shown in Figure 2. 

274 

2.5 Myosin heavy chain composition by SDS-PAGE 

276 The myosin heavy chain composition was analyzed in all the 250 biopsies from the 25 

277 subjects using SDS-PAGE. For this, approximately 2 mg of lyophilized and dissected muscle 

278 tissue was homogenized in ice-cold buffer (100 µl × mg-1 dry weight) consisting of 2 mM 

279 HEPES (pH 7.4), 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 50 mL β-glycerophosphate, 

1% TritonX-100, 1 mM Na3VO4, 2 mM dithiothreitol, 1% phosphatase inhibitor cocktail 

281 (Sigma P-2850), and 1% (v/v) Halt Protease Inhibitor Cocktail (Thermo Scientific, Rockford, 

282 IL, USA) using a BulletBlender™ (NextAdvance, New York, USA). Samples were 

283 subsequently rotated for 30 min, followed by centrifugation for 10 min at 10,000 g to pellet 

284 the myofibrillar proteins. Following serial washing, the protein concentration of the 

myofibrillar pellet was determined after being dissolved in 400 µl of homogenization buffer. 

286 The samples were then prepared for SDS-Page in 2x Laemmli sample buffer (Bio-Rad 

287 Laboratories, Richmond, CA, USA) and heated at 95°C for 5 min. 

288 For SDS-PAGE, 1 mm thick 6% separation and 4% stacking gels were casted in 18-well 

289 CriterionTM cassettes (Bio-Rad Laboratories), with gels being stored at 4 °C for 24-48 h prior 



                  
 

                 
 

                
 

             
 

             
 

             
 

                    
 

                   
 

                
 

                
 

                   
 

  
 

  

              

 

        
 

               
 

             
 

              
 

              
 

               
 

              
 

                
 

             
 

                
 

             
 

               

290

295

300

305

310

to loading. For electrophoresis 1 µg of protein was loaded into each well, with all 10 samples 

291 from each subject loaded onto the same gel. Electrophoresis was then performed at 100 V for 

292 approximately 18 h at 4°C, with the addition of 0.16% β-mercaptoethanol to the top running 

293 buffer. The MyHC bands were subsequently visualized using a silver staining kit 

294 (ThermoFisher Scientific, MA, USA, with images being acquired using the ChemiDoc MPTM 

imaging system (Bio-Rad). MyHC I and MyHC II were quantified using densitometry 

296 (intensity x mm2) and expressed as the % of the total amount of MyHC I+II in each biopsy. In 

297 our hands, this method has a test-re-test reliability of R=0.96 with a CV of 4.4%. For the 7 

298 subjects in the IHC-group MyHC IIX content was also determined if present, as these could 

299 be related to the 6H-1-staining using IHC. For the remaining 18 subjects MyHC II was 

determined as the sum of the IIA and IIX isoform since the vast majority of samples were null 

301 for MyHC IIX content. Representative images from two gels are shown in Figure 3. 

302 

303 2.6 Automated analysis of fCSA and myonuclei 

304 In a subset of biopsies, we compared manual assessment with automated assessment of fCSA 

and myonuclei number using the Muscle2View pipeline in CellProfiler. This pipeline has 

306 previously been validated for FT%, fCSA, capillaries and myonuclei using DAPI (48). We 

307 wanted to expand the validation of automated assessment of myonuclei, here identified with 

308 PCM1, which generally has a lower signal-to-noise ratio than the DAPI dye. For this 

309 comparison we included all 10 biopsies from a randomly chosen subject. The manual 

assessment of those biopsies included a total of 2000 fibers for fCSA, 1000 fibers for 

311 myonuclei number per fiber and 1000 fibers for myonuclear domain. The automated 

312 assessment with Muscle2View resulted in a detection of 2838 fibers with a 47% type II 

313 distribution. The data contained fCSA, myonuclear number and myonuclear domain size, all 

314 sampled for type I, type II and mixed fibers. Representative images of the automated 
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assessment are provided in Supplementary Figure S2 

316 (https://doi.org/10.6084/m9.figshare.14472924.v1). 

317 

318 2.7 Statistical analyses 

319 The data were analyzed using TIBCO Statistica 13 for Windows (TIBCO Software Inc., Palo 

Alto, CA, USA). Descriptive statistics used are mean, standard deviation (SD) as well as 

321 range. Coefficient of variation (CV) was determined as SD/mean ×100 for all ten biopsies per 

322 individual resulting in an intra individual CV. This was subsequently expressed as average 

323 CV% for all subjects, n=7 or n=25, termed average intra individual CV. The normality of the 

324 variables was assessed by examining skewness in histograms and the Shapiro-Wilks test of 

normality prior to executing the analyses. All data sets were deemed acceptable for parametric 

326 statistical tests. 

327 Analysis of variation was determined using a two-way ANOVA, with leg and biopsy 

328 site as variables. Bonferroni correction was performed for any of these analyses if significant 

329 main effects or interaction effects appeared. As a sensitivity analysis and to determine the 

potential influence of time (hours between biopsies) may have on the variation, we performed 

331 linear mixed models in R version 4.0.4. Subjects were entered as random effects and Leg, Site 

332 and Time (hours between biopsies) as fixed effects. The linear mixed models were built using 

333 the lme4 package and performed both with and without Time as a factor. Specific multiple 

334 comparisons for Site with Bonferroni corrections were calculated using the Multcomp 

package, with Time included in the model. Including Time in the models had minimal effects 

336 on the estimates, and the statistical outcome of the linear mixed models did not differ from the 

337 two-way ANOVA. Therefore, the outcome of the statistical analysis provided in the Results 

338 are based on the two-way ANOVA. 

https://doi.org/10.6084/m9.figshare.14472924.v1


             
 

             
 

             
 

              
 

               
 

                 
 

                  
 

              
 

                  
 

                
 

  
 

  

     

 

   
 

     
 

                 
 

                
 

                  
 

                 
 

                   
 

             
 

                  
 

                   
 

                 
 

                
 

       

340

345

350

355

360

339 Correlative analysis for the two stainings used for fiber type composition, between 

fCSA% and MyHC content with SDS-PAGE and between manual and automated assessment 

341 was determined with Pearson’s product moment correlation (r). Cohen’s weighted Kappa was 

342 performed to determine the agreement between the PCM1 and DAPI staining for myonuclei. 

343 All data presented are mean ± SD unless otherwise stated. Data were considered statistically 

344 significant if p < 0.05. We refer to variability as systematic if there are significant differences 

in the analyzed parameters between sites along the leg or between the right and left leg. On 

346 the contrary we refer variability as non-systematic when there is no statistical difference 

347 between sites along the leg or between the two legs, i.e. the variability is random with no 

348 systematic pattern. The data that support the findings of this study are available from the 

349 corresponding author upon reasonable request. 

351 3. RESULTS 

352 3.1 Fiber type distribution 

353 Given the inverse relationship between type I and type II fiber distribution and in order to 

354 condensate the amount of information presented we chose to only present the type II data. 

Based on the BA-F8 + SC-71 staining, the mean type II distribution was 57 ± 7%, including 

356 both legs and all sites (Fig 4A). There were no systematic differences in type II distribution 

357 between biopsy sites along the muscle or between legs (average left 58 ± 8%, right 55 ± 8%). 

358 There was however a noticeable non-systematic within subject variability, with the average 

359 inter-individual CV, including both legs and all sites, being 18 ± 4%. With the BA-F8 + 6H-1 

stain, the mean type II distribution was 56 ± 7%, also with no differences between legs or site 

361 (Fig 4B). The average inter-individual CV with the latter staining was 17 ± 4%. The two 

362 different stainings resulted in two estimates of type II distribution with a very high agreement 

363 (R=0.99, p < 0.0001, Fig 4C). 
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3.2 Fiber type specific cross-sectional area (fCSA) 

The mean type I fCSA, including both legs and all sites, was 5600 ± 700 µm2, with no 

systematic differences between the legs or between the biopsy sites along the leg (Fig 5A). 

The left leg average was 5560 ± 670 µm2 and the right leg average 5630 ± 780 µm2. The 

variation was of non-systematic nature, with the average inter-individual CV, including both 

legs and all sites, being 13 ± 4%. The within subject difference between the largest and 

smallest type I fCSA, including all ten sites, ranged from 18-83%, meaning that out of ten 

biopsies from one subject two random biopsies could differ as much as 83% in type I fCSA. 

The largest deviation from the within subject average ranging from 11-42%, meaning that out 

of ten biopsies from a subject one random biopsy could deviate as much as 42% from that 

subject’s average type I fCSA. 

The mean type II fCSA, including both legs and all sites, was 6940 ± 1090 µm2, with 

no systematic differences between the legs. Left leg average was 6900 ± 850 µm2 and right 

leg average 6980 ± 1390 µm2. The ANOVA however revealed a significant difference 

between site 2 and site 3, which was independent of leg (Fig 5B), where type II fCSA was 

lower at site 3 compared to site 2. There were no statistical differences in type II fCSA 

between any other biopsy sites (all p > 0.32). The average inter-individual CV was 14 ± 4%. 

The within subject difference between the largest and smallest type II fCSA ranged from 26-

95%, and with the largest deviation from the within subject average ranging from 12-48%. 

The average mixed fiber fCSA, including both legs and all sites, was 6270 ± 860 µm2 

(range 5150 – 7650 µm2). As for type I and type II fCSA independently, there was no 

systematic differences between the legs or across the longitudinal sites for mixed fiber fCSA 

(data not illustrated). The average inter-individual CV was 12 ± 4%, thus being slightly lower 

than for type I and type II fCSA independently. 
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395
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389 For one randomly chosen subject type I and type II fCSA for all ten biopsies were 

determined by two fully independent raters. As above, 100 fibers per fiber type were included 

391 for each biopsy. The difference between raters for mean type I fCSA was 2.7% and 0.2% for 

392 mean type II fCSA. The interclass correlation for the raters, including both type I and type II 

393 fCSA (20 data points each), was r = 0.97. 

394 

3.3 Percentage fiber type area and MyHC composition 

396 The average type II fCSA%, including both legs and all sites, was 61 ± 6% (Fig 6A). As for 

397 fiber type distribution and fCSA there was no systematic variation between biopsy sites along 

398 the muscle or between legs (average left 63 ± 12%, right 60 ± 10%). The average inter-

399 individual CV for type II fCSA%, including both legs and all sites, was 17 ± 3%. For the 

seven subjects included in the IHC-analysis (IHC-group) the average type II MyHC%, 

401 including both legs and all sites, was 68 ± 9% (Fig 6B), with no differences between biopsy 

402 sites along the muscle or between legs. The average inter-individual CV for type II MyHC%, 

403 was 13 ± 3%. For the IHC-group there was a moderately strong, but highly significant, 

404 correlation between type II fCSA% and type II MyHC% (r=0.55, p<0.0001, Fig 6C). 

For the entire group of subjects (n=25) the average type II MyHC%, including both legs 

406 and all sites, was 62 ± 12% (range 24 – 85%) (Fig 6D). The average for the left leg was 62 ± 

407 15% and 62 ± 14% for the right leg, with no differences across biopsy sites in either leg. The 

408 average inter-individual CV for type II MyHC% for the entire group was 14 ± 6% (range 6-

409 32%). The average type II MyHC% was larger for the male subjects (66 ± 9%) compared to 

the female subjects (53 ± 12%; p<0.01) 

411 

412 3.4 Prevalence of type IIX fibers 



                 
 

                 
 

                  
 

                 
 

                
 

                
 

                  
 

                  
 

             
 

                 
 

               
 

                
 

  
 

  

 

 

   
 

                 
 

                   
 

                   
 

                       
 

               
 

                     
 

                
 

                
 

              

415

420
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413 The prevalence of type IIX fibers determined using IHC was altogether low, with five out of 

414 seven subjects exhibiting type IIX fibers in a few biopsies. In total, type IIX fibers were 

detected in 17 out of 70 biopsies (24%). Mean type IIX fiber content was 0.1%, with the 

416 highest percentage found in one biopsy being 1.2% (Fig 7A). The highest number of type IIX 

417 fibers detected in a single biopsy was 8 fibers out of a total of 673. 

418 As with IHC, the prevalence of MyHC IIX was also low using SDS-PAGE. Here, four 

419 out of seven subjects exhibited MyHC IIX, which was detected in 16 out of 70 biopsies (22%) 

(Fig 7B). Average MyHC IIX content was 1.1% and with the highest content noted in a single 

421 biopsy being 15%. There were no differences, or systematic variation, regarding the 

422 prevalence of MyHC IIX between legs or across the five biopsy sites for either method. There 

423 was no consistency between methods for detecting the prevalence of type IIX fibers, i.e. 

424 biopsies exhibiting type IIX fibers with IHC were mostly null for MyHC IIX with SDS-

PAGE. 

426 

427 3.5 Myonuclei 

428 The average number of myonuclei per fibre in each biopsy was 2.36 ± 0.12 (range 1.96-2.80) 

429 for type I fibers and 2.50 ± 0.19 (range 2.10-3.04) for type II fibres (Fig. 8A, 8B). The 

myonuclei content was stable across the leg as well as between the left and right leg (type I 

431 left 2.36 ± 0.16, type I right 2.37 ± 0.14, type II left 2.51 ± 0.24, type II right 2.49 ± 0.21). 

432 The average inter-individual CV for myonuclei content, including both legs and all sites, was 

433 4.7 ± 1.8% for type I fibers and 5.1 ± 1.9% for type II fibers. There was a positive relationship 

434 between type I myonuclei content and type I fCSA (r=0.43, p<0.0001) as well as between 

type II myonuclei content and type II fCSA (r=0.30, p=0.01, Fig 8C). Myonuclei content per 

436 fiber was significantly greater in type II compared to type I fibers (p<0.05). 

https://2.10-3.04
https://1.96-2.80
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450

455

460

437 The average myonuclear domain, including all sites and both legs, was 2370 ± 280 µm2 

438 for type I fibers and 2790 ± 420 µm2 for type II fibers (Fig. 8D, 8E). For both fiber types there 

439 were no differences in myonuclear domain between legs and there was no systematic 

variation between the different biopsy sites along the leg. The average inter-individual CV for 

441 myonuclear domain, including both legs and all sites, was 11 ± 3% for type I fibers and 12 ± 

442 3% for type II fibers. Moreover, the largest deviation in one sample from that within subject 

443 average ranged from 9-28% (172 – 736 µm2) for type I fiber myonuclear domain, and 16-42% 

444 (334 – 1368 µm2) for type II fiber myonuclear domain. In accordance with fCSA and 

myonuclear content, the myonuclear domain of type II fibers was significantly greater than 

446 the domain size of type I fibers (p<0.01). 

447 In the comparison of myonuclei staining performed on 700 mixed fibers, the count was 

448 2.8 ± 1.3 with PCM1 and 2.4 ± 1.2 with DAPI, when employing strict assessment criteria. 

449 Accordingly, PCM1 yielded a 19% higher myonuclei count, with a Cohen’s Kappa of 

agreement being 0.47. However, when counting was performed with less strict criteria, also 

451 including nuclei residing on the dystrophin border, both PCM1 and DAPI yielded a count of 

452 3.1 ± 1.4 myonuclei, with a Cohen’s Kappa of 0.67. A cross-tabulation of each assessment is 

453 provided as Supplemental Table T1 & T2 (https://doi.org/10.6084/m9.figshare.14472924.v1). 

454 

3.6 Comparison between manual and automated assessment of fCSA and myonuclei 

456 A summary of the comparisons; mean values, standard deviation, CV% between the 10 

457 biopsies and correlation coefficients between the two assessments is provided in Table 3. In 

458 general, the manual assessment of fCSA resulted in 8% larger fiber areas but exhibited a 

459 slightly lower variability. The automated assessment of myonuclei was markedly more 

variable (in average 3.5-fold greater) than the manual assessment, and also resulted in lower 

461 average myonuclear number. Given the large between biopsy variability in myonuclear 

https://doi.org/10.6084/m9.figshare.14472924.v1


             
 

  
 

  

      

 

   
 

                 
 

             
 

                 
 

               
 

             
 

                
 

                  
 

                
 

               
 

                 
 

              
 

                 
 

              
 

                 
 

           
 

                 
 

                 
 

                   
 

                
 

               
 

                    

465

470

475

480

485

462 number with the automated assessment, the myonuclear domain was also substantially more 

463 variable compared to the manual assessment. 

464 

4. DISCUSSION 

466 In the present study we set out to investigate the variability in FT%, fCSA, fCSA%, MyHC 

467 composition, type IIX fiber abundance, myonuclear content and myonuclear domain along as 

468 well as between legs in the human m. vastus lateralis. We observed a notable variability for 

469 FT%, fCSA, fCSA%, and MyHC composition with an average within subject CV of 13-18% 

for these measurements. The variation in these parameters was however non-systematic, with 

471 no differences noted between sites along the muscle or between limbs. Using both IHC and 

472 SDS-PAGE we noted that the abundance of pure IIX fibers and MyHC IIX was very low, on 

473 average 0.1 and 1.1%, respectively. A minority of all the sampled biopsies contained pure IIX 

474 fibers and MyHC IIX, with the occurrence being non-systematic and could be regarded as 

random. In contrast to the other parameters, myonuclei content in both type I and type II 

476 fibers exhibited quite low variability, with an average within subject CV of approximately 

477 5%, and myonuclei content did not differ between sites or the two legs. Given the large 

478 variation in fCSA, the myonuclear domain was more variable than myonuclei content and 

479 exhibited an average intra-individual CV of 11 and 12% for type I and type II fibers 

respectively, again with no systematic variability within or across legs. 

481 For type II FT% we found an average intra individual CV of 18%, where the within 

482 subject min to max difference for the ten biopsies ranged between 22 and 47%. For example, 

483 one subject with an average of 55% type II fibers, had one sample with 37% and one sample 

484 with 84%, accordingly a difference of 47 percentage points. This notable variability in FT% is 

in agreement with that noted in previous studies with duplicate biopsies or whole muscle 

486 sections from autopsies (3, 8, 18, 23, 29, 36). Our data support that this variation is to a minor 
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500
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504
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506

507

508

509

510

511

extent due to methodological aspects and is foremost biological. Using two different IHC-

protocols, assessed by two independent raters, on non-serially cut cross-sections, one where 

type II fibers were identified as SC-71 positive stained fibers and one where they identified as 

BA-F8 negative fibers, we showed an almost perfect agreement between the two approaches. 

Moreover, we analyzed all unflawed fibers in the cross-sections, yielding an average fiber 

count of more than 750 per sample, which would reduce methodological variability to the 

largest extent possible (30). Importantly there were no systematic differences in FT% along or 

between the legs, which reinforces the view that proximal position from the patella per se, or 

choice of leg, are not critical factors to consider when sampling biopsies from the vastus 

lateralis of healthy individuals. Although we, to the best of our ability, tried to standardize the 

depth of the biopsies, this might have varied to some extent and contributed to the variability 

since the superficial parts of the vastus lateralis seem to have a slightly higher type II content 

(26, 29). However, these studies on whole muscle cross-sections (26, 29), also highlights the 

potential substantial difference in FT% between adjacent areas at the same depth, stressing 

that the muscle is highly heterogenous with regards to FT%. It must be acknowledged that 

our observation is limited by not including single muscle fiber SDS-PAGE analysis, which 

would have offered an increased resolution by precisely identifying I/IIa hybrid fibers. 

Although the content of these hybrids are subject for large potential variability (39, 59), that is 

also dependent on how one classifies them in the continuum of I/IIa hybrid variants (63). 

However all in all, our data further stresses cautious interpretation of FT% data and the notion 

that single muscle samples are likely not sufficient for accurate and representative 

determination of FT% as a characteristic (18, 30), and particularly not when studying aspects 

such as fiber type shifting (12, 64). Given the inherent difference between type I and type II 

fibers, this also stresses the necessity of fiber type specific analysis in studies utilizing vastus 

lateralis biopsies, as distribution may differ considerably from sample to sample. 
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The variability in fCSA was slightly smaller than that for FT%, with the intra subject 

CV for type I and type II fibers being 13 and 14% on average, respectively. For both fiber 

types, the ratio between the largest and smallest fCSA for one site within a subject was 1.55 

on average. This variation is in line with what has been reported previously with duplicate 

biopsies (7) and whole muscle cross sections (32). Lexell & Taylor (32) reported an average 

ratio of 1.3 (type I) and 1.5 (type II) between the largest and smallest fCSA in five sites of 

whole muscle cross sections. The slightly higher ratio noted in the present study could be due 

to the fact that ten instead of five sites were included for fCSA determination. As for FT%, 

the fCSA did not differ systematically along or between the legs, which is in accordance with 

the recent data from Nederveen et al. (42) who reported no systematic difference in mean 

fCSA for five sites along one leg, although they did not report any data for individual 

variability across the five sites. 

In comparison to FT%, the fCSA analysis offers more potential factors that could 

influence methodological variability such as handling of the biopsy during the initial freezing, 

proper orientation of the biopsy during cryosectioning as well as mounting of the cross-

sections on the glass slides. However, considering the variability in fCSA demonstrated by 

Lexell & Taylor (32) on whole vastus lateralis cross-sections, suggests that the biological 

inter-muscle variability in fCSA is much greater than the potential variability in handling by 

an experienced technician. It is also possible that the acute exercise bout performed by the 

participants could have influenced the fCSA, but we found no histological indications for this 

notion nor was it supported by our statistical analysis. Also Neederven et al (42), and others 

(58), did not detect any acute or subacute changes in fCSA following a high volume exercise 

protocols. Moreover, previous studies have suggested that 50, up to 150 fibers are sufficient 

to include for proper assessment of fCSA (37, 38, 42). Nevertheless, including 150 fibers 

instead of the 100 per fiber type in the present study would likely have a minor impact on the 
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present CV% (<1%), with the inter-individual CV still being approximately 13%. This since 

the CV for mixed fiber fCSA, which is calculated from the analysis of 200 fibers per biopsy, 

was 12.4%. Finally, the choice of which 100 fibers to include in the analysis by the rater 

could also influence the outcome, but we here illustrated that the average difference between 

two independent raters for CSA of type I and type II fibers in ten biopsies was 1.45%, and 

with similar between biopsy variability. 

In a practical essence, the present study, as well as previous studies on this topic (7, 32), 

report that an absolute difference of 2000 µm2 for type I area and 3000 µm2 for type II area 

could easily be observed between two sampled biopsies at the same occasion. These findings 

highlight the need for caution when interpreting IHC-data. For instance, it is not surprising 

that reductions in fCSA in the order of 25-50% after 12-24 weeks of structured resistance 

training have been reported in a fair number of individuals (4, 11), although a massive loss of 

muscle would certainly not be expected after such an intervention. Our data suggests that 

alternative whole muscle analyses, such as MRI, are emphasized for use when studying 

muscle hypertrophy. If fiber specific hypertrophy is of particular interest, two or more 

biopsies from different sites should preferably be analyzed and averaged, although 

recommendations of the precise site for collection cannot be made given that the variation is 

of non-systematic nature. 

MyHC composition analyzed by SDS-PAGE reflects both FT% and fCSA. 

Accordingly, MyHC composition and calculated fCSA% should in theory be highly 

correlated with each other. Indeed, Fry et al (19) reported correlation coefficients in the range 

of 0.81 – 0.95 between the two parameters with n-numbers in the range of 27-63, which 

suggests a small methodological error. We found a correlation coefficient between type II 

fCSA% and type II MyHC% of 0.55 with n = 70. An important distinction between the 

present study and that of Fry et al (19), is that they analyzed MyHC composition from cross-
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sections from the same piece of muscle that was used for histochemistry, while we used two 

different pieces taken from the same incision. As stated in the Method section the CV for 

repeated analysis of MyHC% in the same sample in our lab is 4.4%, suggesting a minor 

methodological variability. Accordingly, the greater disparity between methods in our case is 

likely largely influenced by the already noted biological between biopsy variation in FT% and 

fCSA. The calculation of fCSA% and analysis of MyHC composition did not notably reduce, 

nor increase, the between biopsy variability compared to FT% and fCSA only. Thus, in our 

hands both methods are equally suitable to determine the total contribution of each fiber type 

in a specific biopsy. Importantly, with a large data set including 25 subjects and 250 biopsies 

we show that there is no systematic difference in MHC composition along the leg as well as 

between the two legs. This reinforces the view that the vastus lateralis of an individual is 

highly heterogenous with regard to fiber composition and fiber size. Our reported within 

subject CV% for type II MyHC composition (13.5%) is in line with the 15.4% reported by 

Sahl et al (47) using three biopsies from alternating legs in 9 individuals. 

The content of pure type IIX fibers appears to be very low in healthy human m. vastus 

lateralis, but the exact content may vary due to methodological aspects such as the choice of 

single muscle fiber SDS-PAGE or IHC, as well as choice of antibodies and their dilution (40). 

We sought to further investigate the methodological aspects for assessing type IIX content by 

investigating the variability between biopsy sites. Using IHC, the average type IIX content 

was 0.1%, while the highest content noted in one biopsy was 1.2%. This very low pure type 

IIX content in a young healthy and active population is well in agreement with the recent data 

from Murach et al (40). Importantly, there was no systematic influence of biopsy site, where a 

total of 17 out of 70 biopsies were positive for type IIX fibers. These 17 biopsies were from 

five subjects and evenly dispersed over nine out of ten biopsy sites. Thus, the presence of pure 

type IIX fibers in a biopsy in this population could be regarded as mostly random. Moreover, 
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whole muscle homogenate MyHC IIX content using SDS-PAGE is expected to be higher than 

that detected using IHC since it provides a measure of the total MyHC IIX content in a 

sample, which is to a very large extent derived from IIA/IIX hybrids (40, 51). Indeed, the 

average MyHC IIX content was higher compared to the pure type IIX content noted with 

IHC, but only 16 out of 70 biopsies were positive for MyHC IIX. There was also poor 

agreement between methods, with only 3 out of 70 biopsy sites exhibiting type IIX content 

with both IHC and whole muscle SDS-PAGE. It must however be noted that two separate 

samples from the same site were used for the two different approaches. Finally, in our full 

data set of 25 subjects only two subjects had type IIX MHC present in all ten sampled 

biopsies. Taken all together the presence of type IIX MyHC, and especially pure type IIX 

fibers, in this population is very low and seems to be randomly distributed in the muscle. 

While single muscle fiber SDS-PAGE analysis clearly is beneficial when evaluating MyHC-

IIX due to its sensitive capacity to detect a continuum of IIA/IIX hybrids, our data still 

advocate that the presence of MyHC-IIX is infrequent. Therefore, care should be taken when 

evaluating type IIX content from a single biopsy in an active population, irrespective of the 

methodology of choice. 

In contrast to FT%, fCSA and MyHC composition, we found that myonuclear content is 

substantially less variable between biopsy sites, with an average inter-individual CV of ~5%. 

The reason for this lower variability is however not obvious, especially when considering the 

variability in fCSA and the proposed importance of the myonuclear domain. Since 

myonuclear content has been demonstrated to vary between 2-6 myonuclei per fiber for a 

given fCSA (56), it also argues for a potential variation in the range of 300%. Two 

methodological aspects that offer potential variability is the staining protocol and rating of the 

myonuclei. A fair number of nuclei present in muscle tissue are not myonuclei (14, 50, 61), 

and the detection of myonuclei by labelling of DNA, with e.g. DAPI, could result in a certain 
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degree of false labelling of non-myonuclei and thus enhance methodological variability. We 

therefore labeled myonuclei with PCM1, which recently has been shown to be specific for 

myonuclei and used previously in human skeletal muscle (5, 65), an aspect that could have 

contributed to the low variability seen here. However, our PCM1 vs. DAPI comparison does 

not support this notion, and on reflection, the unspecific nuclei identification with DAPI has 

little practical relevance on cross-sections since nuclei identified centrally or outside the 

dystrophin border would never be regarded as a myonuclei by a rater. The higher myonuclei 

count with PCM1 using strict assessment criteria in our comparison was likely due to a more 

condense staining pattern with the antibody compared to the DAPI dye, making the 

myonuclei more likely to be viewed as inside and not on the dystrophin border. This 

reasoning is supported by our observation that PCM1 and DAPI results in an equal myonuclei 

count when also nuclei on the dystrophin border were included. The false exclusion of 

myonuclei with non-confocal imaging was highlighted by Winje et al (65) and stresses that 

multiple focal plane imaging enhances the validity especially when employing DAPI staining. 

Regarding the rating, Liu et al (34) presented an average 27% variation between two raters. 

Accordingly, myonuclei counting by one rater in the present study strengthen the importance 

of this aspect to maintain a low methodological variability. We also compared manual and 

automatic assessment of myonuclei identified with PCM1 and found a substantially larger 

variability with the automated assessment, as well as a poor agreement with the manual. 

Previous studies on automated assessment of myonuclei stained with DAPI have shown good 

agreement with the manual rating (48, 62), and we suggest that the lower signal-to-noise ratio 

obtained with the antibody towards PCM1 impairs the automated assessment. Since staining 

quality is critical with automated analysis, the potent DAPI dye seems to be preferable in this 

aspect if not substantial care is taken to obtain an impeccable PCM1 staining. To summarize, 

to reduce the analytical variability for myonuclei, we suggest that imaging is performed with 
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multiple focal planes, and that PCM1 and DAPI are equally suitable with manual assessment. 

If automated assessment is to be considered, a high signal-to-noise ratio is critical for the 

myonuclei stain. 

The myonuclear domains for type I (2370 µm2) and type II fibers (2785 µm2) in the 

present study are both well above the previously suggested myonuclear domain “ceiling” of 

2000-2250 µm2 (44, 45). This supports that the myonuclear domain is flexible and that larger 

fibers have larger myonuclear domains, two aspects that have been recently highlighted (13, 

25, 56). It also argues for that the absolute myonuclear domain number is laboratory (protocol 

and rater) dependent. Indeed, a rigid threshold of the myonuclear domain, especially for type 

II fibers, has been questioned (28, 41). We also suggest that the absolute number of the 

myonuclear domain is of low relevance, particularly when comparing between laboratories. 

According to data from others (56), the present fCSA would be expected to be associated with 

a myonuclei count slightly over three per fiber. The use of PCM1 has likely, as stated above, 

resulted in a lower number of false positive myonuclei, which together with non-confocal 

imaging (65) and strict assessment has yielded lower number of myonuclei per fiber than 

what would have been expected according to previous studies. 

The myonuclear domain for both fiber types varied in all subjects with +/- 200-300 µm2 

from the individual mean in at least one of the ten biopsy sites. Given the rather low inter-

individual variability in myonuclear content, the inconsistency of the myonuclear domain was 

largely attributed to the within subject variability in fCSA. This notion further questions the 

relevance of a certain myonuclear domain when it is based on a single biopsy sample. 

In accordance with the majority of previous studies in this area we found a significant positive 

relationship between myonuclear content and fCSA (28, 56, 60). Our data however indicates 

that the strength of this relationship, as well as the between site variation in myonuclear 

domain, is mostly sensitive to the rather large inter-subject variability in fCSA. Care must 
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therefore be taken to the myonuclear staining protocol as well as to the biological and 

methodological variability of fCSA when evaluating the myonuclear domain. 

In conclusion, in ten biopsies taken from five sites along both legs, in a young active 

population, we found that the average within subject CV for FT%, fCSA and MHC 

composition was 13-18%, importantly with no systematic difference within or between legs. 

For these measurements analytical error seems to be minor, but with a large within muscle 

heterogeneity. For muscle size, non-invasive whole muscle analysis, such as MRI, seems to 

be more suitable. If fiber type specific size or fiber type composition is of interest with the 

present methodology, at least two biopsies is highly preferred to be sampled at a given 

occasion, but recommendations for standardization of site on the vastus lateralis and choice 

of leg cannot be made due to the very large non-systematic variation. We also emphasize the 

need to carefully consider the large biological variability when designing and evaluating 

studies relating to fiber type and fiber size. MyHC composition of whole muscle homogenates 

or calculation of fCSA% from IHC seem to be equally suitable methodological approaches 

for determining total MyHC specific abundance in a given sample, with likely a greater 

biological heterogeneity than analytical variability. The content of type IIX fibers and type 

IIX MyHC in the vastus lateralis of healthy young individuals is very low, and the presence 

in a given sample seems to be mostly random in this population. Myonuclear content exhibits 

a low and non-systematic between sample variability, with fCSA being the greatest 

contributor to the within subject inconsistencies in myonuclear domain. The absolute size of 

the myonuclear domain should be interpreted with care considering the risk of differences in 

absolute myonuclei count between laboratories as well as the sample to sample variability in 

domain size. 
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890 

891 FIGURE LEGENDS 

892 Figure 1. Illustration of the location of the ten biopsy sites in the m. vastus lateralis. The 

893 enumeration represents the order of the biopsies. The leg used for the first biopsy was 

894 randomized between subjects (left leg for 13 subjects, right leg for 12 subjects). 

895 

896 Figure 2. Representative images from the different stainings used for immunohistochemistry. 

897 A: merged image of MHC type I (green), MHC type II (red) and laminin (blue) used for fiber 

898 type composition. B: merged image of MHC type I (blue), MHC type IIX (green) and laminin 

899 (red) used for the assessment of type IIX content and fiber type composition. For illustration 

900 purposes, this cross-section was from an elderly healthy male known to have high type IIX 

901 content. C: merged image of MHC type I (blue) and dystrophin (green) used for 

902 measurements of fCSA. D: merged image of a whole muscle sample cross-section with MHC 



                  
 

              
 

  
 

  

              

 

             
 

             
 

                
 

                
 

                   
 

  
 

  

   

 

                   
 

                   
 

               
 

                 
 

  
 

  

        

 

                      
 

      

                       

                  
 

 
 

 

  

 

                   
 

                 

905

910

915

920

925

903 type I (blue) and laminin (red). E: merged image of MHC type I (blue), PCM1 (red) and 

904 dystrophin (green) used for the assessment of myonuclear content. F: single channel PCM1 

(red). G: merged image of dystrophin (green) and PCM1 (red) captured at 40X magnification. 

906 

907 Figure 3. Representative images from two different gels obtained through silver staining 

908 following MHC separation by SDS-PAGE. The numbers represent the ten different biopsy 

909 sites within one subject. The upper gel illustrates a subject negative for IIX content, together 

with a control sample from an individual from another project exhibiting ~25% pure type IIX 

911 fibers with IHC. The lower gel illustrates one of the subjects with type IIX MHC present in all 

912 ten biopsy samples. 

913 

914 Figure 4. Type II fiber composition at the different sites in the left and the right leg obtained 

by the BA-F8 + SC-71 stain (A) and the BA-F8 + 6H-1 stain (B). Black dots represents one 

916 biopsy sample connected with dotted lines for one subject. Circles connected with a line 

917 represents the mean value (n = 7). (C) The correlation with Pearson’s r for the two 

918 methodological approaches (n = 70 for each stain). 

919 

Figure 5. Type I (A) and type II (B) fCSA at the different sites in the left and the right leg. 

921 Black dots represent one biopsy sample connected with dotted lines for one subject. Circles 

922 filled with gray connected with a line represents the mean value (n = 7). * = p < 0.05 for Site 2 

923 compared to Site 3 according to the post-hoc test following a significant main effect of Site in 

924 the ANOVA. 

926 Figure 6. Type II MHC composition (A) and type II fCSA% (B) at the different sites in the 

927 left and the right leg. Black dots represent one biopsy sample connected with dotted lines for 



                  
 

                 
 

                 
 

  
 

  

               

 

                  
 

                
 

  
 

  

     

 

                    
 

                 
 

                
 

                    
 

                     
 

                 
 

               

928 one subject. Circles filled with gray connected with a line represents the mean value (n = 7). 

929 (C) The correlation with Pearson’s r for the two methodological approaches (n = 70 for each 

930 method). (D) Type II MHC composition at the different sites for the entire group of subjects 

931 (n = 25). Gray circles represent the left leg and blank circles the right leg. 

932 

933 Figure 7. Type IIX fiber content (A) and IIX MHC composition (B) at the different sites in 

934 the left and the right leg obtained by IHC and SDS-PAGE, respectively. Each unique circle 

935 represents one individual subject (n=7). 

936 

937 Figure 8. Type I (A) and type II (B) fiber myonuclear content at the different sites in the left 

938 and the right leg. Black dots represent one biopsy sample connected with dotted lines for one 

939 subject. Black circles connected with a line represents the mean value (n = 7). Correlation 

940 between myonuclei per fiber and fCSA in type I (C) and type II (D) fibers with Pearson’s r (n 

941 = 70). Type I (A) and type II (B) fiber myonuclear domain size at the different sites in the left 

942 and the right leg. Black dots represent one biopsy sample connected with dotted lines for one 

943 subject. Black circles connected with a line represents the mean value (n = 7) 
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Table 1. Subject characteristics as mean ± SE 

IHC-group MHC-only MHC-only 
♂ n = 7 ♀ n = 8 ♂ n = 10 

Age (yrs) 29 ± 5 28 ± 4 28 ± 7 
183 ± 8 165 ± 5 182 ± 5 
86 ± 9 61 ± 5 79 ± 8 

118 ± 12 71 ± 10 104 ± 11 
117 ± 12 72 ± 8 104 ± 12 
12 ± 2 9 ± 1 12 ± 1 
8 ± 1 6 ± 1 8 ± 1 

10810 ± 1330 6430 ± 1160 8750 ± 1640 
10800 ± 1260 6500 ± 1150 8830 ± 1720 

Height (cm) 
Weight (kg) 

Knee extensor 1-RM left (kg) 
Knee extensor 1-RM right (kg) 
Peak anaerobic power (W/kg) 

Mean anaerobic power (W/kg) 

Leg volume left (cm3) 
Leg volume right (cm3) 



         
 

        

     

              

              

            

     

              

              

            

    

             

            

              

Table 2. Antibodies and dilutions used for immunofluorescent staining 

Reactivity Primary Species Manufacturer Concentration Dilution Secondary Dilution 

Type I, Type II, Laminin 

MHC Type I BA-F8 Mouse DSHB 48 µg/ml 1/500 488 G A-M IgG2B 1/500 

MHC Type II SC-71 Mouse DSHB 40 µg/ml 1/250 594 G A-M IgG1 1/500 

Laminin D18 Mouse DSHB 14 µg/ml 1/50 350 G A-M IgG2A 1/100 

Type I, Type IIX, Laminin 

MHC Type I BA-F8 Mouse DSHB 48 µg/ml 1/100 350 G A-M IgG2B 1/100 

MHC Type IIX 6H-1 Mouse DSHB 21 µg/ml 1/50 488 G A-M IgM 1/250 

Laminin D18 Mouse DSHB 14 µg/ml 1/50 594 G A-M IgG2A 1/250 

Myonuclei, Type I, Dystrophin 

Myonuclei PCM1 Rabbit Sigma Aldrich 0.4 µg/ml 1/500 594 G A-R IgG 1/500 

Dystrophin MANDYS1 Mouse DSHB 36 µg/ml 1/100 488 G A-M IgG2A 1/300 

MHC Type I BA-F8 Mouse DSHB 48 µg/ml 1/250 350 G A-M IgG2B 1/200 



 
 
 

    

                         

                          

                

 
 

                        

                  
 

                   

                   

                   

          

 

Table 3. Comparison between manual assessment and automated analysis with Muscle2View for determination of fCSA and myonuclear 

number. The values provided for fCSA are given in µm2, Nuclei in number per fiber and Domain in µm2 per nuclei. The comparison was made 

on 10 biopsies from a randomly chosen subject, and the mean, SD, CV% and r is accordingly calculated on n=10. The r given is the Pearson’s 

product moment correlation between the two different assessments. The * represents a statistically significant correlation (p<0.05) 

fCSA type I fCSA type II fCSA mixed Nuclei type I Nuclei type II Nuclei mixed Domain type I Domain type II Domain mixed 

Man. Auto. Man. Auto. Man. Auto. Man. Auto. Man. Auto. Man. Auto. Man. Auto. Man. Auto. Man. Auto. 

Mean 6715 6228 8594 7967 7654 7025 2.4 1.9 2.6 2.8 2.5 2.3 2822 3336 3341 2932 3090 3059 

SD 720 770 1264 1352 928 901 0.11 0.48 0.19 0.57 0.14 0.35 215 503 373 543 257 460 

CV% 10.7 12.4 14.7 17.0 12.1 12.8 4.6 25.1 7.4 20.3 5.5 15.1 7.6 15.1 11.2 18.5 8.3 15.0 

r 0.92* 0.98* 0.97* 0.56 0.24 0.44 0.06 0.40 0.44 
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