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Introduction
Histological data on muscle fiber size and proportion in (very) young typically developing (TD) children is not well documented and data on capillarization and satellite cell content are also lacking.
Aims
This study investigated the microscopic properties of the medial gastrocnemius muscle in growing TD children, grouped according to age and gender to provide normal reference values in healthy children.
Methods
Microbiopsies of the medial gastrocnemius (MG) muscle were collected in 46 TD boys and girls aged 2–10 years subdivided into 4 age groups (2–4, 4–6, 6–8 and 8–10 years). Sections were immunostained to assess fiber type cross-sectional area (fCSA) and proportion, the number of satellite cells (SC), capillary to fiber ratio (C/F), capillary density for type I and II fiber (CFD), capillary domain, capillary-to-fiber perimeter exchange index (CFPE) and heterogeneity index. fCSA was normalized to fibula length2 and the coefficient of variation (CV) was calculated to reflect fCSA intrasubject variability.
Results
Absolute fCSA of all fibers increased with age (r = 0.72, p < 0.001) but more in boys (+112%, p < 0.05) than in girls (+48%, p > 0.05) Normalized fCSA, CV and fiber proportion did not differ between age groups and gender. C/F was strongly correlated with age in boys (r = 0.83, p < 0.001), and to a lesser extent in girls (r = 0.37, p = 0.115), while other capillary parameters as well as the number of SC remained stable with increasing age in boys and girls.
Discussion
This study provides reference values of histological measures in MG according to age in normally growing boys and girls. These data may be used as a reference to determine disease impact and efficacy of therapeutic approach on the muscle.
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1 INTRODUCTION
Skeletal muscles are highly plastic and can adapt their mass and fiber size in response to physiological and pathological conditions. Stimuli such as changes in neuromuscular stimulation, mechanical loading, and exercise as well as hormone levels have an effect on the architecture of skeletal muscle (Qaisar et al., 2016). An increase in muscle mass and fiber size characterizes muscle growth, also called hypertrophy. This occurs on several occasions as a natural phenomenon during the development from birth to adult, but also as an adaptation in response to overload, for example, after strength training or anabolic stimulation (Lipina and Hundal, 2017). In the same line, atrophy which is a decrease in muscle mass and fiber size is observed during aging, starvation, catabolic stimulation, bed rest and pathological stages like diabetes, cancer, and a loss of neural input (Lipina and Hundal, 2017). Importantly, muscle fiber cross-sectional area is linked to the maximum force-generating capacity of the skeletal muscle and the fiber type proportion is related with endurance and fatigue resistance. The composition of a given skeletal muscle is related to its function and is depending on its fiber type proportion with the type I fibers generating the lowest force and being fatigue resistant while the type IIx fibers produce the largest force but are fast fatigable.
Under normal conditions, satellite cells which represent the stem cells of skeletal muscles, reside in a quiescent state between the sarcolemma and the basal lamina. These cells are essential for muscle growth, especially for the post-natal development (Forcina et al., 2019). In particular, muscle growth during childhood development implies a continuous activation of the satellite cells as well as their proliferation and differentiation into new myofibers (Pallafacchina et al., 2013; Carlson, 2022). Muscle growth results from an increase in fiber cross-sectional area and length. There are currently no data on absolute numbers of satellite cells throughout childhood notably at young age or according to gender. Similarly, data on fiber cross-sectional areas in growing muscle are poorly documented.
Moreover, skeletal muscles are highly vascularized and capillaries are essential for the transport of nutrients, hormones and oxygen to the muscle and the extraction of heat, metabolites and waste (Barnouin et al., 2017). The number of capillaries is determined by the muscle fiber size and muscle fiber type and not by the muscle oxidative capacity (Wüst et al., 2009). As such, muscle growth during childhood development where fiber size increases with increasing age, is associated with concomitant increase in capillary network in order to maintain appropriate tissue supply. However, data on capillarization in skeletal muscle throughout childhood have been poorly investigated.
Muscle biopsy analysis is often used for the diagnosis of neuromuscular disorders, the follow-up of disease progression and the assessment of the response on therapeutic interventions. For that purpose, it is imperative to have knowledge on muscle features (e.g., fiber size and proportion, number of capillaries and satellite cells) in healthy individuals grouped according to age and gender. Over the last decades, extensive research has been performed in healthy adults and has shown that for a given muscle, fiber size and proportion differ between male and female as well as between upper and lower limb muscles (Jennekens et al., 1971; Simoneau and Bouchard, 1989; Staron et al., 2000). By contrast, very little is known on the muscles of healthy children (Sallum et al., 2013), although this information is highly relevant keeping in mind that the muscle fiber size increases with growth during childhood. This implies that the normal values of (very) young children differ from normal values of older children and using inappropriate age range data for comparison may lead to data misinterpretation. Additional drawbacks of the performed studies in children, for example, are 1) the age range of included subjects with scarce data on very young children (Valentine et al., 2019; Esbjörnsson et al., 2022; Hester et al., 2022), 2) the use of data from autopsy specimen (Jennekens, Tomlinson, and Walton, 1971; Johnson et al., 1973; Lexell et al., 1992), 3) from very active children (Esbjörnsson et al., 2021), 4) or from subjects who underwent surgery that limited their physical activity (Domenighetti et al., 2018), 5) the absence of data on fiber size for the leg muscle (Kriketos et al., 1997), 6) the lack of information on effect of gender if any (Lee et al., 2006; Delhaas et al., 2013) etc., … It seems that sex related differences in fiber pattern development occur during the transition from childhood to adulthood (Esbjörnsson et al., 2021), but whether sex related differences are already present at younger age is not yet known. Furthermore, while only a couple of studies have been performed on the satellite cells in healthy adults (Kadi et al., 1999; Carlson et al., 2009; Mackey et al., 2009; Mackey et al., 2010; Bankolé et al., 2013), there are almost no data on healthy young children (Saito, 1985; Maier and Bornemann, 1999; Verdijk et al., 2014; Corvelyn et al., 2020). Moreover, similarly to fiber size, data on lower leg muscles in very young children are scarce (Saito, 1985; Sallum et al., 2013). Finally, capillarization in healthy children has been poorly explored and only refers to data obtained from postmortem samples (Hepple RT, 1997; Pontén and Stål, 2007).
Up to now, comprehensively investigations of muscle characteristics (fiber cross-sectional area, fiber type proportion, number of satellite cells, capillarization) in healthy young children grouped according to age and gender are missing, although this knowledge seems warranted in order to avoid any misinterpretation due to using inappropriate control data. In this study, we aimed at investigating the microscopic muscle characteristics of the medial gastrocnemius muscle of typically developing boys and girls aged 2–10 years. Micro biopsies of the medial gastrocnemius were collected under general anesthesia and histological staining’s were performed to address: 1) fiber cross-sectional area and fiber type proportion, 2) capillarization, 3) number of satellite cells.
2 MATERIALS AND METHODS
2.1 Participants and ethics
Typically developing children (TD) with an age range from 2 till 10 years planned for elective post trauma surgery (removal of osteosynthesis material after upper limb trauma) or ear-nose-throat surgery were recruited from Traumatology Unit or the Ear-Nose-Throat Unit of the University Hospital of Leuven (Leuven, Belgium). The exclusion criteria included history of lower limb pathology or surgery, a history of neurological or musculoskeletal disorders, or the participation in sports activities for more than 3 h/week. Children were subsequently subdivided into different age groups: 2–4 years, 4–6 years, 6–8 years and 8–10 years. The study protocol was approved by the Ethical Committee of the University Hospital Leuven/KU Leuven, Belgium (S62645). Parents or legal guardians gave written consent for the participation of the child in the study prior to the biopsy collection.
2.2 Biopsy collection and storage
The muscle micro biopsies were collected when the children underwent orthopedic, trauma or Ear-Nose-Throat surgery that required general anesthesia. Percutaneous muscle micro biopsies from the muscle belly of the medial gastrocnemius (MG) were collected under ultrasound guidance using a 16-gauge micro biopsy needle (Bard® Mission™ Disposable Core Biopsy Instrument 16G x 10 cm–Semi-Automatic). For that purpose, the leg was positioned with a slightly abducted and flexed hip (knee in 60°–90° flexion and ankle in resting position resulting in average 10° of plantar flexion position). The micro biopsy samples were snap-frozen in liquid nitrogen-cooled isopentane and stored at −80°C till further use.
2.3 Histological and immunohistochemical analysis
The biopsies were cut in 5 μm thick cryosections with a cryostat at −20°C (CryostarTM NX 70 Thermo Fisher Scientific), and then transferred on a charged slide (Superfrost plus, VWR) and stored at −20°C.
2.3.1 Muscle fiber cross-sectional area and fiber type proportion
The slides were incubated for 1 h at room temperature with a 10% goat serum blocking solution (Thermo Fisher Scientific) followed by an overnight incubation at 4°C with a primary antibody cocktail against laminin (Abcam, ab11575), myosin heavy chain (MHC)-I (BA-F8,DSHB), MHC-IIa (SC-71, DSHB), MHC-IIx (6H1, DSHB) (adapted from Bloemberg and Quadrilatero (2012)). Hereafter, the slides were washed 3 × 5 min with 1xPBS (7011044, Thermo Fisher Scientific) and incubated with a secondary antibody cocktail (Alexa Fluor 680, 350, 488, and 555, Thermo Fisher Scientific) for 1 h at room temperature. The slides were washed 3 × 5 min in 1xPBS and mounted using ProLong® Gold antifade reagent (Molecular Probes, Thermofisher). Pictures were taken with a fluorescence microscope (20x objective, Leica DMi8). The fiber cross-sectional area (fCSA), minimal Feret diameter (MiniFeret) and proportion of the type I (%MHC-I), type IIa (%MHC-IIA) and type IIx (%MHC-IIX) fibers were determined using ImageJ. The distribution frequency of fCSA, binned in 500 μm2 intervals, was calculated and visualized as histograms.
The coefficient of variation (CV) was calculated using:
CV%=SDMean*100
and the relative contribution of each fiber type to the total surface were calculated using:
CSA MHC-I,IIa or IIx * %MHC-I,IIa or IIxCSA MHC-I * %MHC-I+CSA MHC-IIa * %MHC-IIa+CSA MHC-IIx * %MHC-IIx
A normalization technique was applied to eliminate the effect of growth on the fCSA. We selected the best normalization factor based on the smallest slope of the relation (simple linear regression line) between the normalized fCSA and age, to entirely exclude the impact of anthropometric growth. The normalization factor Fibula2 was found to be the most efficient and was therefore selected to normalize fCSA. For that purpose, the fCSA was divided by the squared fibula length to obtain normalized fCSA values.
2.3.2 Capillarization
The slides were fixed in cold acetone for 10 min at 4°C. After fixation, the slides were washed 3 × 5 min in 1xPBS (7011044, Thermo Fisher Scientific) and blocked for 1 h at room temperature with a 10% goat serum (Thermo Fisher Scientific) blocking solution. The slides were incubated overnight at 4°C with a primary antibody cocktail directed to MHC type I (BA-F8, DSHB) and capillaries (CD-31, Abcam ab28364) whereafter they were washed 3 × 5 min in 1xPBS (Thermo Fisher Scientific). The slides were incubated for 1 h at room temperature with a secondary antibody cocktail (Alexa Fluor 488 and 555, Thermo Fisher Scientific) and then washed 3 × 5 min in 1xPBS. After washing, the slides were incubated overnight at 4°C with a primary antibody against laminin (Abcam, ab11575) and washed 3 × 5 min in 1xPBS. The slides were then incubated for 1 h at room temperature with a secondary antibody Alexa 680 (Thermo Fisher Scientific). After washing 3 × 5 min in 1xPBS, the slides were incubated for 1 min with DAPI (D1306, Thermo Fisher Scientific). After the final washing step of 3 × 5 min in 1xPBS, the slides were mounted with Prolong Gold antifade reagent (Molecular Probes, Thermo Fisher Scientific). The slides were observed, and pictures were taken with a fluorescence microscope (40x objective, Leica DMi8).
The samples were quantified with the applications Btablet and Anatis (BaLoH Software, NL). The following parameters were determined: 1) the capillary fiber density (CFD) calculated as the capillaries per mm2 muscle tissue for type I and type II fibers, 2) the capillary to fiber ratio (C/F), 3) the capillary domain which is the region with an equal distance between two nearby capillaries, 5) the heterogeneity index (LogSD) for the distribution of the capillaries, 6) the Capillary-to fiber Perimeter Exchange (CFPE) index by dividing the CF of an individual fiber with its perimeter (Hepple RT, 1997; Pontén and Stål, 2007; Ballak et al., 2016).
2.3.3 Number of satellite cells
The slides were fixed in cold acetone for 10 min at 4°C. After fixation, they were washed 3 × 5 min in 1xPBS (Thermo Fisher Scientific) and blocked for 1 h at room temperature with a 10% goat serum (Thermo Fisher Scientific) blocking solution. The slides were incubated overnight at 4°C with a primary antibody cocktail against laminin (Abcam, ab11575), MHC-I (BA-F8, DSHB) and Pax7 (DSHB), thereafter they were washed 3 × 5 min in 1xPBS (7011044, Thermo Fisher Scientific). They were then incubated for 1 h at room temperature with a secondary antibody cocktail (Alexa Fluor 680,350 and 488, Thermo Fisher Scientific) and then washed 3 × 5 min in 1x PBS. Following washing, the slides were incubated for 1 min at room temperature with DAPI (D1306, Thermo Fisher Scientific), and washed 3 × 5 min with 1xPBS. Finally, the slides were mounted with Prolong Gold antifade reagent (Molecular Probes, Thermo Fisher Scientific). The slides were observed, and pictures were taken with a fluorescence microscope (40x objective, Leica Dmi8). The samples were quantified with ImageJ by counting the number of SC, MHC type I fibers and MHC type II fibers. The identification of the SC was done by the co-localization of Pax7 and DAPI. ImageJ provided information about the number of satellite cells/100 fibers for MHC type I and MHC type II.
2.4 Statistical analysis
Normality was tested by a Shapiro wilk test. For normally distributed data an one-way ANVOVA was used, followed by a multiple comparison test to compare different age groups. For not normally distributed data, a Kruskal Wallis test was used, followed by a pairwise comparison using Dunn’s (1964) to compare different age groups. To assess the differences between boys and girls in a certain age group, a Mann-Whitney test was performed. When the data was normally distributed a Pearson correlation test was used to address correlations between the different age groups. While a Spearman test for was used to address correlation of not normally distributed data between the different parameters. Frequency distribution differences between groups were tested with a chi-square test. Moreover, for all data a Bonferroni correction was applied to correct for multiple testing. The data are presented as mean and standard deviation for normally distributed data and as median and interquartile range for not normally distributed data. Statistical analysis was performed with the statistical software package SPSS software platform (Version 28.0.1.1, IBM, Armonk, NY, United States). Graphs were created with Graphpad prism (software version 9.2.0, San Diego, CA, United States).
3 RESULTS
3.1 Population characteristics
The study sample included 46 TD children aged 6.5 ± 2 years (range 2.1–9.8 years, 22 girls and 24 boys), with a body weight and body height of 22.0 ± 5.6 kg and 120 ± 15 cm and a tibia and fibula length of 27.9 ± 4.6 cm and 25.7 ± 4.3 cm, respectively. There were no differences between boys and girls concerning age (6.3 ± 2.1 and 6.6 ± 1.8 years, respectively), body height (119 ± 16 and 121 ± 13 cm, respectively), body weight (21.6 ± 6.1 and 22.1 ± 5.2 kg, respectively), tibia length (27.6 ± 5 and 28.3 ± 4.5 cm, respectively) and -fibula length (25.6 ± 4.6 and 25.8 ± 4.2 cm, respectively). The participant characteristics are summarized in Table 1.
TABLE 1 | Population characteristics of boys (upper) and girls (lower) according to age groups. Individual data as well as means and standard deviation are depicted.	Age group (yr)	Boys	Age (years)	Ethnicity	Body weight (kg)	Body length (cm)	Tibia length (cm)	Fibula length (cm)
	2–4	1	2.10	Caucasian	12.0	83	18.0	17.0
	2	2.83	Caucasian	14.0	92	20.5	19.0
	3	3.35	Latin American	15.0	100	21.5	19.5
	4	3.49	Caucasian	16.5	103	23.0	20.8
	5	3.87	Caucasian	14.0	103	23.5	22.0
	4–6	6	4.64	Caucasian	16.3	106	23.5	21.0
	7	4.93	Caucasian	17.8	110	25.0	24.0
	8	5.21	Asian	17.3	113	23.5	22.0
	9	5.61	Caucasian	20.7	115	28.5	26.0
	10	5.67	African	21.0	115	27.5	25.5
	6–8	11	6.10	Caucasian	22.0	127	26.0	24.5
	12	6.43	Caucasian	18.0	125	NA	NA
	13	6.66	North African	25.0	127	28.6	27.0
	14	6.77	Caucasian	25.0	125	30.0	27.0
	15	7.06	Caucasian	23.9	127	28.0	26.0
	16	7.29	Caucasian	25.0	122	30.0	26.5
	17	7.77	Caucasian	21.0	125	28.5	26.0
	8–10	18	8.00	Caucasian	23.8	128	29.0	27.5
	19	8.63	Caucasian	23.0	145	29.5	27.5
	20	8.70	Caucasian	32.0	140	36.0	33.0
	21	8.87	Caucasian	31.1	140	32.0	29.7
	22	9.10	Caucasian	29.0	140	35.1	33.0
	23	9.55	Caucasian	33.0	130	34.0	32.2
	24	9.80	Caucasian	30.0	138	34.0	32.5
		Mean ± SD	6.31 ± 2.10	—	21.6 ± 6.1	119 ± 16	27.6 ± 4.8	25.6 ± 4.6


	Age group (yr)	Girls	Age (years)	Ethnicity	Body weight (kg)	Body length (cm)	Tibia length (cm)	Fibula length (cm)
	2–4 	1	3.34	Caucasian	14.0	98	21.0	18.5
	2	3.52	Caucasian	15.0	102	22.4	20.8
	4–6 	3	4.16	Caucasian	14.0	104	25.6	23.2
	4	4.51	Caucasian	16.0	104	21.0	19.5
	5	4.77	Caucasian	19.5	107	24.8	23.0
	6	5.04	Caucasian	18.0	108	25.0	23.0
	7	5.58	Caucasian	20.0	120	25.5	22.0
	8	5.94	Caucasian	18.0	116	26.0	24.0
	6–8 	9	6.25	Caucasian	20.0	117	26.0	24.5
	10	6.43	Caucasian	24.0	122	28.0	25.0
	11	7.01	Caucasian	24.9	124	29.0	26.0
	12	7.10	Caucasian	27.0	127	NA	NA
	13	7.12	Caucasian	20.3	126	29.0	26.0
	14	7.36	Caucasian	22.4	125	29.0	27.0
	15	7.47	Caucasian	23.5	134	31.0	28.5
	16	7.51	Caucasian	24.0	123	27.5	25.0
	17	7.73	Caucasian	30.0	135	33.0	30.5
	8–10 	18	8.02	Caucasian	25.0	135	33.2	31.0
	19	8.23	Caucasian	25.5	NA	35.0	32.5
	20	9.30	Caucasian	23.4	132	31.0	28.0
	21	9.39	Caucasian	30.5	138	34.5	30.5
	22	9.43	Caucasian	32.0	145	36.0	33.5
		Mean ± SD	6.60 ± 1.82	—	22.1 ± 5.2	121 ± 13	28.3 ± 4.5	25.8 ± 4.2


NA, not applicable.
The subdivision into age group resulted in a group of 7 participants for the age group 2–4 years (5 boys, 2 girls), 11 participants for the age group 4–6 years (5 boys, 6 girls), 16 participants for the age group 6–8 years (7 boys, 9 girls) and 12 participants for the age group 8–10 years (7 boys, 5 girls). There were no differences in age, body height, body weight, tibia and fibula length between boys and girls within each age group.
The body height, body weight, tibia length and fibula length with respect to age are represented in Figure 1 for boys and girls. Data showed that body height and body weight progressively increased with age to the same extent in both boys and girls as did tibia and fibula length (Figure 1).
[image: ]FIGURE 1 | The growth of typically developing children with respect to age. Body height (A), body weight (B), tibia length (C) and fibula length (D). n (2–4 years) = 7; n (4–6 years) = 11; n (6–8 years) = 16; n (8–10 years) = 12. Symbols: circles = boys; squares = girls. Each symbol represents individual value.3.2 Muscle fiber type cross-sectional area and fiber type proportion
Representative examples of MHC staining showing the different fiber types in the MG are depicted in Figure 2A for boys and girls according to age range. For the assessment of the fiber type CSA and proportion, we counted on average 325 ± 200 fibers (for boys: 371 ± 233 fibers and for girls: 277 ± 149 fibers). The number of counted fibers ranged from 148–1,022 for boys, and from 147–769 for girls.
[image: ]FIGURE 2 | (A) Representative examples of fiber type staining in the medial gastrocnemius muscle of boys (upper panels) and girls (lower panels) according to age groups. Children aged 3 years, 5 years, 7 years and 8 years. Type I fibers are in blue (I), type IIa fibers are in green (IIa), type IIx fibers are in orange (IIx), and laminin surrounds the cells in red. Scale represents 100 µm. (B) Correlation between absolute fiber cross-sectional area of the medial gastrocnemius muscle in the total population (left panels), the boys (middle panels), and the girls (right panels) for all fiber types, the type I fibers, the type IIa and the type IIx fibers according to age. n (2–4 years) = 7; n (4–6 years) = 10; n (6–8 years) = 15; n (8–10 years) = 11. symbols: circles = boys; squares = girls. Each symbol represents individual value.3.2.1 Fiber type cross sectional area and coefficient of variation
For the total population, the absolute fCSA of all fibers significantly increased with increasing age (r = 0.72, p < 0.001), with larger fibers in the 6–8 age group and 8–10 age group compared to the 2–4 age groups (+86%, p < 0.005) and larger fibers in the 8–10 age group compared to the 4–6 age group (+45%, p < 0.05) (Table 2)).
TABLE 2 | Absolute and normalized fiber cross-sectional area, minimal ferret diameter, fiber type proportion, fiber size coefficient of variation, and relative contribution of the medial gastrocnemius muscle for the total population, boys and girls according to age groups.		Total population	Boys	Girls
	n	2–4 years	4–6 years	6–8 years	8–10 years	2–4 years	4–6 years	6–8 years	8–10 years	2–4 years	4–6 years	6–8 years	8–10 years
	7	10	15	11	5	5	6	6	2	5	9	5
	All fibers
	fCSA mean ± SD (µm2)	1,006 ± 432	1,316 ± 377	1,793 ± 370**	1,907 ± 311***#	887 ± 426	1,130 ± 252	1,574 ± 367	1,881 ± 209**#	1,305 ± 377	1,502 ± 413	1,938 ± 309	1,937 ± 430
	fCSA median (IQR) (µm2)	1,039 (927)	1,190 (497)	1,967 (589)	1,824 (546)	658 (739)	1,118 (379)	1,552 (666)	1,883 (301)	1,305 (NA)	1,272 (781)	1,986 (404)	1,824 (826)
	miniFeret mean ± SD (µm)	28.8 ± 6.0	35.9 ± 7.2	39.0 ± 4.9**	40.1 ± 3.1**	26.7 ± 5.19*	34.6 ± 7.3	36.0 ± 5.4	39.6 ± 2.0*	34.3 ± 5.1	37.2 ± 7.8	41 ± 3.5	40.7 ± 4.3
	miniFeret median (IQR) (µm)	30.3 (11.3)	34.2 (11.5)	40.1 (5.2)	40.3 (4.0)	24.2 (9.6)	35.0 (12.2)	37.2 (8.6)	40.4 (3.8)	34.3 (NA)	33.4 (14.2)	40.8 (5.5)	40.1 (8.3)
	CSA norm median (IQR)	2.8 (1.8)	2.3 (1.1)	2.7 (0.7)	1.9 (0.6)	1.8 (1.7)	2.0 (0.6)	2.7 (0.7)	2.0 (0.6)	3.3 (NA)	2.9 (1.2)	2.7 (0.4)	1.7 (0.10)
	CV (%) median (IQR)	25.0 (6.0)	28.5 (3.8)	25.0 (3.0)	31.0 (11.0)	25.0 (5.5)	29.0 (4.0)	26.5 (16.8)	33.0 (16.3)	23.5 (NA)	27.0 (4.0)	25.0 (2.0)	29.0 (10.0)
	Type I
	fCSA mean ± SD (µm2)	1,025 ± 454	1,410 ± 368	1,878 ± 348***	2,091 ± 331***###	916 ± 465	1,241 ± 278	1,745 ± 398	2,132 ± 322**#	1,297 ± 406	1,579 ± 436	1,967 ± 302	2,042 ± 372
	fCSA median (IQR) (µm)	1,010 (956)	1,310 (454)	2,011 (420)	2,083 (207)	676 (802)	1,275 (434)	1,828 (657)	2,025 (373)	1,297 (NA)	1,398 (845)	2,083 (396)	2,111 (574)
	miniFeret mean ± SD (µm)	29.2 ± 6.2	36.6 ± 7.3	40.1 ± 4.8**	42.6 ± 3.1**	27.2 ± 5.6	34.7 ± 6.9	37.9 ± 5.9	43.0 ± 2.2*	34.3 ± 5.5	38.4 ± 7.9	41.5 ± 3.5	42.1 ± 4.1
	miniFeret median (IQR)	30.3 (12.1)	34.2 (10.8)	41.0 (5.9)	42.7 (2.6)	24.3 (10.4)	34.6 (10.9)	39.7 (8.5)	42.3 (3.4)	34.3 (NA)	33.8 (14.0)	41.7 (5.1)	42.7 (6.5)
	CSA norm median (IQR)	2.9 (1.9)	2.5 (1.0)	2.8 (0.6)	2.2 (0.8)	1.9 (1.8)	2.3 (0.7)	3.0 (0.6)	2.2 (0.9)	3.3 (NA)	3.0 (1.2)	2.8 (0.8)	2.2 (0.7)
	CV median (IQR) (%)	27.0 (6.0)	24.5 (6.5)	25.0 (5.0)	25.0 (11.0)	27.0 (5.5)	24.0 (7.0)	24.0 (10.5)	24.5 (9.0)	24.0 (NA)	25.0 (6.5)	25.0 (2.5)	25.0 (9.5)
	Proportion mean ± SD (%)	66 ± 10	65 ± 6	70 ± 11	59 ± 13	61 ± 8	64 ± 7	64 ± 15	58 ± 9	77 ± 5	67 ± 4	74 ± 5	60 ± 18
	Relative contribution mean ± SD (%)	67 ± 8	70 ± 6	73 ± 9	63 ± 11	64 ± 6	70 ± 6	70 ± 13	63 ± 9	76 ± 7	70 ± 6	75 ± 5	62 ± 13
	Type IIa
	fCSA mean ± SD (µm2)	984 ± 409	1,132 ± 361	1,645 ± 448	1,829 ± 656*	849 ± 389	938 ± 218	1,313 ± 355	1,659 ± 341*	1,322 ± 283	1,326 ± 389	1,866 ± 367	2,034 ± 913
	fCSA median (IQR) (µm2)	1,024 (857)	984 (538)	1,726 (670)	1,606 (761)	642 (676)	865 (328)	1,219 (652)	1,707 (703)	1,322 (NA)	1,184 (755)	1,849 (550)	1,568 (1,553)
	miniFeret mean ± SD (µm)	28.4 ± 5.7	32.6 ± 7.6	36.3 ± 5.5	38.0 ± 6.5	26.1 ± 4.7	31.3 ± 8.7	31.9 ± 4.5	35.7 ± 3.2	34.3 ± 3.1	34.0 ± 7.1	39.3 ± 3.9	40.8 ± 8.6
	miniFeret median (IQR)	29.1 (10.5)	31.2 (14.5)	37.2 (7.6)	36.5 (5.9)	24.0 (8.8)	27.2 (13.8)	31.2 (8.8)	36.8 (5.4)	34.3 (NA)	32.9 (13.7)	39.2 (6.3)	36.5 (15.2)
	fCSA norm median (IQR)	2.7 (1.6)	1.9 (1.1)	2.3 (0.7)	1.7 (0.6)	1.8 (1.5)	1.7 (0.4)	2.0 (0.9)	1.8 (0.6)	3.4 (NA)	2.7 (1.2)	2.6 (0.7)	1.6 (1.9)
	CV median (IQR) (%)	22.0 (8.0)	25.0 (11.0)	24.0 (6.0)	25.0 (13.0)	22.0 (7.0)	24.0 (12.5)	24.0 (12.5)	29.5 (19.3)	21.5 (NA)	26.0 (9.0)	24.0 (5.5)	24.0 (11.5)
	Proportion mean ± SD (%)	28 ± 10	29 ± 4	25 ± 6	30 ± 11	32 ± 10	31 ± 5	29 ± 8	30 ± 9	19 ± 1	26 ± 2	24 ± 5	30 ± 12
	Relative contribution mean ± SD (%)	27 ± 8	24 ± 3	24 ± 5	28 ± 7	30 ± 7	25 ± 3	24 ± 7	27 ± 9	19 ± 0	24 ± 3	23 ± 5	29 ± 6
	Type IIx
	fCSA mean ± SD (µm2)	885 ± 395	1,114 ± 419	1,392 ± 403	1,330 ± 249	839 ± 423	807 ± 85	1,170 ± 388	1,329 ± 320	115 ± 309	1,359 ± 417	1,614 ± 307	1,329 ± 61
	fCSA median (IQR) (µm2)	867 (678)	925 (644)	1,421 (733) (951)	1,394 (479)	634 (774)	809 (183)	1,158 (700)	1,436 (604)	1,115 (NA)	1,207 (778)	1,571 (572)	1,329 (NA)
	miniFeret mean ± SD (µm)	26.4 ± 5.3	31.4 ± 12.0	33.4 ± 6.0	32.1 ± 3.7	25.5 ± 5.5	25.2 ± 1.1	29.9 ± 6.2	31.6 ± 4.1	34.3 ± 5.1	35.1 ± 14.4	36.8 ± 3.7	33.6 ± 2.1
	miniFeret median (IQR)	26.4 (9.3)	26.2 (13.1)	34.6 (11.2)	33.3 (5.5)	22.5 (10.2)	24.6 (NA)	30.3 (11.2)	33.3 (6.9)	34.2 (NA)	30.9 (25.3)	36.8 (6.8)	33.6 (NA)
	fCSA norm median (IQR)	2.4 (2.0)	1.9 (1.6)	2.1 (0.5)	1.4 (0.3)	1.9 (1.8)	1.4 (0.4)	2.1 (NA)	1.4 (0.4)	3.3 (NA)	2.9 (1.4)	2.1 (NA)	1.4 (NA)
	CV median (IQR) (%)	24.0 (12.0)	24.0 (10.0)	21.0 (5.8)	27.0 (14.0)	24.0 (14.0)	23.5 (18.8)	21.0 (6.8)	27.0 (16.5)	28.0 (NA)	24.0 (13.0)	23.0 (7.5)	31.0 (NA)
	Proportion mean ± SD (%)	6 ± 7	6 ± 5	5 ± 7	11 ± 11	7 ± 8	5 ± 4	8 ± 9	12 ± 7	5 ± 6	7 ± 6	3 ± 3	10 ± 15
	Relative contribution mean ± SD (%)	6 ± 7	5 ± 5	4 ± 6	9 ± 10	6 ± 8	4 ± 4	6 ± 8	10 ± 6	5 ± 7	6 ± 6	2 ± 3	9 ± 14


fCSA, absolute fiber cross sectional area (µm2); miniFeret, minimal ferret diameter (µm); CSA norm, CSA normalised by fibula length2; CV, coefficient of variation. Data are shown as mean and standard deviation or indicated otherwise. Median (IQR) absolute CSA data are added for reference purposes. *p < 0.05,**p < 0.005,***p < 0.0005 compared to 2-4 age group, #p < 0.05,##p < 0.005 compared to 4-6 age group. NA, not applicable.
Size of the type I fiber (+104%, r = 0.76 p < 0.005) and type IIa (+48%, r = 0.63, p < 0.001) was significantly correlated with age (Figure 2B, left panel) (Table 2), while such correlation was not present for type IIx (r = 0.28, p = 0.122) (Figure 2B, left panel). The same pattern of changes was observed for the miniFeret diameter, where the miniFeret diameter of all fibers significantly increased with age (r = 0.63, p < 0.001) (Figure 3, left panel), and was significantly larger in the 6–8 and 8–10 age groups compared to the 2–4 age group (+35% and +40%, respectively) (p < 0.005) (Table 2). Both type I (r = 0.69, p < 0.001) and type IIa fiber (r = 0.55, p < 0.005) miniFeret diameter significantly increased with age, while the miniFeret diameter of type IIx showed a weak correlation with age (r = 0.33, p > 0.05) (Figure 3, left panel). Type I miniFeret diameters were significant higher in the 8–10 and 6–8 age groups compared to the 2–4 age group (+37% and +46%, respectively) (p < 0.005) (Table 2).
[image: ]FIGURE 3 | Correlation between miniFeret diameter of the medial gastrocnemius muscle and age in the total population (left panels), the boys (middle panels) and girls (right panels) for all types, type I, type IIa and type IIx fibers. n (2–4 years) = 7; n (4–6 years) = 10; n (6–8 years) = 15; n (8–10 years) = 11. Symbols: circles = boys; squares = girls.Each symbol represents individual value.Additionally, there were no differences in the normalized fCSA of all fibers between the different age groups, as well as for each fiber type (Table 2). Inter subject variability of absolute fCSA, as reflected by the coefficient of variation (CV), ranged between 25% and 31% for all fibers and between 21% and 29% for the different fiber types, but did not significantly differ between the different age groups (Table 2).
For boys, the absolute fCSA of all fibers increased progressively with increasing age (r = 0.82, p < 0.001) (Figure 2B, middle panel), with the fibers in the 8–10 age group being significantly larger compared to the 2–4 age group (+112%, p < 0.005) and 4–6 age group (+66%, p < 0.05) (Table 2). Moreover, the fCSA of type I fibers and type IIa fibers strongly correlated with age (r = 0.84, p < 0.001 and r = 0.75, p < 0.001, respectively), while the fCSA of type IIx fibers slightly correlated with age (r = 0.62, p = 0.005) (Figure 2B, middle panel). Along the same line, the miniFeret diameter of all fibers was strongly correlated with age (r = 0.70, p < 0.001) (Figure 3, middle panel), and was larger in the 8–10 age group compared to the 2-4 age group (+48, p < 0.05) (Table 2). A significant correlation of miniFeret diameter with age was observed for type I (r = 0.77, p < 0.001), type IIa (r = 0.56, p < 0.05), and type IIx fibers (r = 0.56, p < 0.05) (Figure 3, middle panel). Finally, the type I miniFeret diameter was significantly higher in the 8–10 age group compared to the 2–4 age group (+58%, p < 0.005), while for type IIa and type IIx no differences in miniFeret diameter were seen between the different age groups (Table 2). The normalized fCSA of all fibers and of each fiber type were similar between the different age groups (Table 2). Similarly, the CV for all fibers and for each fiber type did not differ between the different age groups (Table 2).
For girls, the increase in absolute fCSA of all fiber types with increasing age was correlated with age (r = 0.64, p = 0.002. However, the absolute fCSA did not significantly differ between 2-4 and 8–10 age groups (+48%, p = 1.992) (Table 2). Moreover, also the absolute fCSA was correlated with age for type I fibers (r = 0.65, p = 0.002) and type IIa (r = 0.61, p = 0.004), while for type IIx fibers only a weak correlation was found (r = 0.38, p = 0.232) (Figure 2B, right panel). Absolute fCSA did not significantly differ between 2-4 and 8–10 age groups for type I (+57%, p = 1.608) and type IIa CSA (+54%, p = 2.496). The type IIa fCSA was similar between the 2–4 and 4–6 age groups and also between the 6–8 and the 8–10 age groups, but the latter was higher compared to the younger age groups (Table 2). Finally, the absolute fCSA of the type IIx fiber tended to be slightly larger between the 4-6 age groups and remained stable in the other age groups (Table 2). The miniFeret diameter of all fibers was moderately correlated with age (r = 0.55, p = 0.010) (Figure 3, right panel), and did not differ between the different age groups (Table 2). Moreover, the miniFeret diameter of type I fibers moderately correlated with age (r = 0.55, p = 0.011), as did the miniFeret diameter for type IIa fibers (r = 0.59, p = 0.005), while a weak correlation was found for the miniFeret diameter of type IIx fibers (r = 0.26, p = 0.419). Finally, there were no differences in miniFeret diameter between the different age groups, irrespective of the fiber type (Figure 3; Table 2).
No differences were found in the normalized fCSA of all fibers and each fiber type between the different age groups (Table 2). The average CV did not differ between the different age groups, irrespective of the fiber type (Table 2).
For all age groups, the absolute fCSA did not differ between girls and boys. However, the absolute fCSA were higher in girls at young ages compared with boys, which was a phenomenon that disappeared in the 8–10 age group. The normalized fCSA and the CV were similar between boys and girls for all fibers and each fiber type (Table 2).
3.2.2 Fiber type size distribution frequency
For the total population, the 2–4 age group had a larger proportion of smaller fibers (i.e., between 0 and 750 μm2 bins, 38% ± 43%) compared to the 6–8 and in the 8–10 age groups (3% ± 5% and 2% ± 6%, respectively p < 0.001) (Figure 4A, left panels). These findings were observed for type I and type IIa fibers (Figures 4B, C, left panels). Also the type IIx fibers were smaller (i.e., between 0 and 1,000 μm2 bins) in the 2–4 age group compared to the 6–8 and 8–10 age group (p < 0.001).
[image: ]FIGURE 4 | Distribution frequency of the absolute fiber cross-sectional area for all fiber types (A), the type I (B), type IIa (C) and type IIx (D) fibers in the medial gastrocnemius muscle for the total population (left panels), boys (middle panels) and girls (right panels) according to age groups. Data are shown as mean and standard deviation. N (2–4 years) = 7; n (4–6 years) = 10; n (6–8y ears) = 15; n (8–10 years) = 11.For boys, the 2–4 age group had smaller fibers (i.e. 0–750 μm2 bins 51% ± 46%) compared to the 6–8 and 8–10 age groups (6% ± 8% and 2% ± 8%, respectively p < 0.001). The same was observed for the type IIa fibers. For the type I fibers, the fibers were smaller (i.e. 0-1,000 μm2 bins) in the 2–4 age group (67% ± 75%), compared to the 6–8 and 8–10 age groups (9% ± 28% and 8% ± 16%, respectively p < 0.001) (Figures 4A–C, middle panels).
For girls, the fibers were smaller in the 2–4 age group (i.e 0-1,000 μm2 bins 24% ± 31%) compared the 8–10 age groups (6% ± 6% p < 0.001) (Figure 4A, right panels). The same trend was seen for the type I (Figure 4B, right panels) and type IIa (Figure 4C, right panels). The distribution frequency of the fCSA of type IIx fibers indicated that there were no differences between the age groups (Figure 4D, right panels).
Moreover, the proportion of all fibers were larger in girls at younger age compared to boys at the same age (p < 0.001). However, these differences disappeared in the older age groups. The same observation was made for the type I and type IIa fibers (p < 0.001).
3.2.3 Fiber type proportion
For the total population, the fiber proportion averaged 65% ± 11% for the type I, 28% ± 8% for the type IIa and 7% ± 8% the type IIx with no differences between the different age groups (Table 2). Overall, the same proportion was found when only investigating boys, with the type I fiber proportion averaging 62% ± 10%, and that of the type IIa and IIx 31% ± 8% and 7% ± 7%, respectively. There were no differences in fiber type proportion between the different age groups (Table 2). Similarly, the fiber proportion for girls averaged 69% ± 8% for type I, 25% ± 3% for type IIa and 6% ± 3% for type IIx. The proportion of each fiber type did not differ between the different age groups (Table 2). Finally, fiber type proportion for all fibers and each fiber type did not significantly differ between boys and girls whatever the age group.
3.2.4 Relative fiber contribution to total surface
For the total population, the relative contribution of the type I fiber to the total surface was on average 69% ± 9% while it was 25% ± 6% for the type IIa and 6% ± 7% for the type IIx fibers. There were no differences in the average relative contribution of each fiber type to the total surface between the different age groups (Table 2). In boys, the type I fiber relative contribution to the total surface was 67% ± 9% and that of type IIa and IIx was 26% ± 7% and 7% ± 7%, respectively. The relative fiber contribution did not differ between the age groups for either type I, type IIa or type IIx fibers (Table 2). In girls, the relative fiber contribution to the total surface did not change between the different age groups (Table 2), with average values being 71% ± 9% for type I, 24% ± 5% for type IIa and 5% ± 8% for type IIx.
Finally, the relative fiber contribution to the total surface did not significantly differ between boys and girls for all age groups. However, in the 2–4 age group, type I relative contribution was higher (+19%, p = 0.190) and type IIa relative contribution was lower (−37%, p = 0.095) in girls compared to boys, but failed to reach statistical significance.
3.3 Capillarization
Representative examples of capillaries stained with CD31 in combination with MHC staining for type I in the MG muscle are depicted in Figure 5 for boys and girls according to age range. For the assessment of the C/F and CFD, we counted on average 140 ± 77 fibers (for boys:157 ± 96 fibers and for girls 138 ± 56 fibers). The number of counted fibers ranged from 77–424 for boys, and from 100–310 for girls.
[image: ]FIGURE 5 | (A) Representative examples of the capillary staining in the medial gastrocnemius muscle of boys (upper panels) aged 2 years, 6 years, 7 years, 9 years, and in girls (lower panels) aged 4 years, 5 years, 7 years, and 9 years. Type I fibers are in green (I), type II fibers are in black (II), laminin surrounding the cells is in red and capillaries are the white spots, indicated with an arrow. Scale represents 100 μm. (B) Correlation between capillary to fiber ratio and age for the total population (left), the boys (middle and the girls (right). n (2–4 years) = 4; n (4–6 years) = 10; n (6–8 years) = 10; n (8–10 years) = 10. Symbols: circles = boys; squares = girls. Each symbol represents individual value.For the total population, the C/F increased gradually with age (Table 3) (Figure 5B, left panel). There was a strong positive correlation between the C/F and age (r = 0.63, p < 0.0001). C/F was significantly higher in the 8–10 (1.6 fold increase, p < 0.05) and 6–8 (1.4-fold increase, p < 0.05) age groups compared to the 4-6 age group (Table 3). Also for boys, there was a positive and strong correlation between the capillary to fiber ratio and age (r = 0.83, p < 0.001) (Figure 5B, middle panel). In addition, the 8–10 age group had a significant higher C/F compared to the 2–4 and 4–6 age groups (2.7 and 1.9 fold increase, respectively p < 0.05) (Table 3). By contrast, in girls, the correlation between C/F and age was weak (r = 0.374, p = 0.115) (Figure 5B, right panel) and C/F was significantly increased but solely in the 6–8 age group compared to the 4–6 age group (1.3 fold increase, p < 0.05) (Table 3). Finally, there were no differences in C/F ratio between boys and girls irrespective of the age groups, and regardless of fiber type.
TABLE 3 | Capillary to fiber ratio, capillary fiber density for type I and II fibers, capillary domains, heterogeneity index and the Capillary to fiber perimeter (CFPE) index for type I and type II of the medial gastrocnemius muscle for the total population, the boys and the girls according to age groups.		Capillary to fiber ratio	Capillary Fiber Density type I fibers (Capillaries/mm2)	Capillary Fiber Density type II fibers (Capillaries/mm2)	Capillary domains (µm2)	Heterogeneity Index (LogSD)	Capillary-to-fiber perimeter exchange index type I (1000−1	Capillary-to-fiber perimeter exchange index type II (1000−1
	Total population
	2–4 years (n = 4)	1.00 ± 0.65	551 ± 124	543 ± 137	1,933 ± 380	0.19 (0.02)	4.37 ± 1.57	3.85 ± 1.21
	4–6 years (n = 11)	1.18 ± 0.27*#	514 ± 70	504 ± 90	2,120 ± 311	0.18 (0.05)	4.68 ± 0.65	3.93 ± 0.61
	6–8 years (n = 10)	1.69 ± 0.29	489 ± 62	475 ± 75	2,172 ± 290	0.19 (0.04)	5.11 ± 0.50	4.47 ± 0.70
	8–10 years (n = 10)	1.88 ± 0.47	491 ± 89	484 ± 79	2,186 ± 428	0.17 (0.02)	5.76 ± 1.0	5.00 ± 1.09
	Boys
	2–4 years (n = 3)	0.74 ± 0.48#	558 ± 151	563 ± 160	1,931 ± 465	0.19 (NA)	4.16 ± 1.86	3.76 ± 1.46
	4–6 years (n = 5)	1.03 ± 0.20#	522 ± 92	508 ± 115	2,153 ± 417	0.18 (0.05)	4.45 ± 0.82	3.58 ± 0.57
	6–8 years (n = 3)	1.46 ± 0.34	494 ± 54	456 ± 61	2,144 ± 268	0.21 (NA)	5.00 ± 0.83	3.76 ± 0.21
	8–10 years (n = 5)	2.01 ± 0.52	535 ± 46	533 ± 51	1,954 ± 248	0.18 (0.02)	6.33 ± 0.67	5.18 ± 0.65
	Girls
	2–4 years (n = 1)	1.77±(NA)	528±(NA)	482±(NA)	1,938±(NA)	0.21 (NA)	4.98±(NA)	4.13±(NA)
	4–6 years (n = 6)	1.30 ± 0.27*	508 ± 58	500 ± 74	2,092 ± 227	0.16 (0.04)	4.87 ± 0.47	4.23 ± 0.49
	6–8 years (n = 7)	1.79 ± 0.23	487 ± 69	483 ± 83	2,184 ± 318	0.19 (0.04)	5.16 ± 0.37	4.77 ± 0.60
	8–10 years (n = 5)	1.75 ± 0.43	449 ± 106	436 ± 76	2,379 ± 466	0.17 (0.03)	5.18 ± 1.0	4.80 ± 1.47


Data shown as mean and standard deviation, except for the heterogeneity index which is shown as median (interquartile range). *p < 0.05 compared to 6-8 age group, #p < 0.05 compared to 8–10 age group. NA, not applicable.
For the total population, the CFPE index correlated moderately with age for both type I (r = 0.41, p = 0.015) and type II fibers (r = 0.35, p = 0.042) (Table 3). There were no differences in CFPE index between the different age groups (Table 3). For boys, there was a stronger correlation between the CFPE index and age for both type I (r = 0.65, p < 0.05) and type II fibers (r = 0.55, p < 0.05). The CFPE index for type I was 1.3 fold higher in the 8–10 age group compared to the 2–4 age group, however this failed to reach significance, and the same was seen for the CFPE index of type II fibers (Table 3). Moreover, for girls, the correlation between the CFPE index and age was negligible for both type I (r = −0.047, p = 0.847) and type II fibers (r = 0.030, p = 0.904) (Table 3). Furthermore, there were no differences in CFPE index between the different age groups. As well as, between boys and girls regardless of fiber type or age group (Table 3).
The CFD for type I and II fibers was similar between all age groups for the total population, and also for boys and girls (Table 3). No correlations were found between CFD of type I and age for the total population (r = −0.225, p = 0.193), and also for boys (r = −0.115, p = 0.672) and girls (r = −0.458, p = 0.049). Similarly, there were no relationships between the CFD of type II fibers and age for the total population (r = −0.197, p = 0.258), for boys (r = −0.100, p = 0.713) and for girls (r = −0.432, p = 0.065). For the total population, but also separately for boys and girls, the capillary domains and the heterogeneity index were similar in the different age groups (Table 3).
3.4 Number of satellite cells to fiber type
Representative examples of the SC stained with PAX7 in combination with MHC staining for type I and II fibers types in the MG muscle are depicted in Figure 6A for boys and girls according to age range. For the assessment of the number of SC per 100 fibers, we counted on average 534 ± 314 fibers (for boys: 498 ± 260 fibers and for girls 574 ± 363 fibers). The number of counted fibers ranged from 196–1,049 for boys, and from 204–1,240 for girls.
[image: ]FIGURE 6 | (A) Representative examples of the satellite cell staining in the medial gastrocnemius muscle of boys (upper panel) aged 3 years, 6 years, 7 years, 10 years, and girls (lower panels) aged 3 years, 6 years, 7 years, and 8 years. Type I fibers are in yellow (I), type II fibers are in black and (II), laminin surrounding the cells is in red, nuclei are stained in dark blue and satellite cells appear as light blue spots and are indicated with an arrow. Scale represents 100 µm. (B) Correlation between satellite cell number per 100 fibers and age for type I (upper panels) and type II (lower panels) fibers in the medial gastrocnemius muscle for the total population (left panels), the boys (middle panels) and the girls (right panels) according to age. Symbols: circles: boys; squares girls. Each symbol represents individual value.For the total population, the number of SC did not differ between the different age groups for both type I and type II fibers. Moreover, there was a high variability in the number of SC in each age group, regardless of the fiber type (Figure 6B, left panels). Along the same line, no differences in the number of SC were seen between the different age groups for both boys and girls, nor between boys and girls (Figure 6B, middle and right panels). However, the number of SC for both type I and type II fibers was highly variable in boys and girls at all age ranges (Table 4). No relationships were found between the number of SC per 100 type I fibers and age for the total population (r = 0.133, p = 0.440), boys (r = 0.071, p = 0.786) and girls (r = 0.058, p = 0.814). Similarly, no correlations were present between the number of SC per 100 type II fibers and age (Total population: r = −0.153, p = 0.374, boys: r = −0.161, p = 0.538 and girls: r = −0.182, p = 0.455).
TABLE 4 | Number of satellite cells per 100 type I and type II fibers of the medial gastrocnemius muscle for the total population, boys and girls according to the age groups.		Number SC/100 type I fibers	Number SC/100 type II fibers
	Total population
	2–4 years (n = 5)	6 (0.98)	6 (4.03)
	4–6 years (n = 9)	5 (5.30)	4 (5.53)
	6–8 years (n = 12)	5 (6.43)	5 (5.29)
	8–10 years (n = 10)	6 (4.83)	4 (2.82)
	Boys
	2–4 years (n = 4)	6 (0.93)	5 (4.25)
	4–6 years (n = 4)	4 (1.11)	3 (4.15)
	6–8 years (n = 4)	4 (6.39)	3 (7.01)
	8–10 years (n = 5)	5 (4.62)	4 (2.87)
	Girls
	2–4 years (n = 1)	5 (NA)	7 (NA)
	4–6 years (n = 5)	8 (7.80)	5 (6.76)
	6–8 years (n = 8)	6 (8.93)	6 (4.40)
	8–10 years (n = 5)	6 (5.18)	5 (5.11)


Data shown as median and interquartile range. NA, not applicable.
4 DISCUSSION
This is the first study examining fiber type size and proportion, SC and capillarization in MG muscle of young TD children according to age and gender. This study showed that absolute fCSA increased with age, but mainly in boys since girls had larger fiber sizes at young ages compared to boys. However, at the age of 8–10 years, fiber sizes were similar between boys and girls. This study also revealed that fiber size variability was present at all ages for both genders but was of same magnitude across age group and gender. Similarly, fiber type proportion, number of SC and capillarization were of same magnitude, while C/F was strongly correlated with age in boys but weakly in girls. So, this study provides reference data of common histological measures in the MG muscle of young healthy children. Our data indicated that some histological features in the MG muscle differ between boys and girls especially at young ages. This should be taken into account when comparing histological data from children of both genders.
The current study showed a progressive increase in body height, body weight, tibia and fibula length with age. These findings are in agreement with previous data showing that tibia length and body weight increased with age of children aged 5–12 years, in whom no gender related differences were observed (Bénard et al., 2011). Further, the Center for disease control and prevention has growth charts of both body height and body weight for boys and girls aged 2–10 years, which are combined data from several national American surveys. The body height curve and body weight for boys as well as for girls started around 85 cm at 2 years of age and goes up to around 135 cm at 10 years, which is in agreement with our data. Moreover, the growth curves of the Center for disease control and prevention indicated that the growth of boys and girls was the same, which is in accordance with our findings (Centers for Disease Control and PreventionNational Center for Health Statistics, 2017). To the best of our knowledge, data on fibula length are not yet reported for young healthy children.
In the present study, absolute fCSA area and the miniFeret diameter of the MG increased with increasing age. Our data confirms the steady increase in fiber area of the MG reported on postmortem material in children aged 2 months till 18 years who died either from road accident or from acute infective illness (n = 23) (Aherne et al., 1971). To the best of our knowledge, additional literature on the MG fCSA with age is not available, since previous studies mainly focused on other lower limb muscles or on upper limb muscles. Indeed, in an autopsy study on 113 subjects who died from accidents and aged 1 week till 20 years, an increase in fiber diameter for both type I and type II fibers with increasing age was observed in the vastus lateralis and deltoid muscles (Oertel, 1988). The extent of the type I fCSA increases between the 2–4 and 8–10 years age group in our study (+104%) was in the same range than the increase reported in fiber diameter between the age group 1.5–3 years and 6–10 years for the vastus lateralis muscle (+126%) and for the deltoid muscle (+143%) (Oertel, 1988). In line with our data on fCSA and miniFeret diameter in the gastrocnemius, the fiber diameter for both type I and type II fibers were shown to increase with age in the brachial biceps of children aged 3 till 10 years and also in the quadriceps muscle of children aged 2 till 12 years (Sallum et al., 2013). Progressive increase in fCSA with age was also observed in thoraco-abdominal muscles in children aged 5 days to 15 years and in rectus abdominis, pectoralis major, and sartorius muscles of children aged less than 18 years (Delhaas et al., 2013; Verdijk et al., 2014). Our study also showed a greater increase in fCSA and miniFeret diameter of the MG in young boys starting from the age of 2 years, compared to young girls, an effect which disappeared when boys were getting older. Our data strongly suggest that population needs to be matched for both gender and age when comparing data from young boys and girls in this age range. However, Oertel et al. found no gender related differences in the fiber diameters of the vastus lateralis and deltoid muscles in children before the age of 15 years (Oertel, 1988). However, their data should be interpreted with caution as they refer to data from autopsy muscle samples with part of them being issued from ill children compared to our study on fresh muscle samples in healthy children. We therefore believe that the gender differences in fCSA seen with age in the current study are reflecting a true effect of difference in fiber growth with age in the MG of healthy young children.
In this study, fiber size variability was present in the MG of young healthy children but it was similar between the different fiber types. Our data of fiber size variability corroborate the findings in the vastus lateralis muscle in children aged 9–11 years showing a coefficient of variation of 28% ± 6 for boys and 30% ± 8 for girls in type I fibers and of 21% ± 5 (boys) and 23% ± 7 (girls) for type IIa fibers (Esbjörnsson et al., 2022). In the peroneus brevis muscle, a CV of 17% for type I and II fibers was reported in samples issued from pathology data of children aged 5–13 years (Rose et al., 1994). These data, which are lower than the values reported for lower limb muscles, suggest that although fiber size variability is present in healthy children, its magnitude is likely to differ between muscle type. There are currently no data reporting fiber size variability with age according to gender and fiber type especially at young ages. Our data showed that fiber size variability in the MG muscle remains stable with increasing age, and was similar irrespective of the fiber type and gender. In summary, this study underlines that fiber size variability is present in the MG muscle of healthy young children but remains of the same magnitude with age and is independent of gender and fiber type. Next to fCSA, data on fiber size variability should be considered when assessing fiber dimension as it may better reflect changes in fiber size than average value of fCSA.
As far as we are aware, this is the first study reporting data on fCSA distribution frequency with age in healthy and (very) young children. Our data showed more fibers with smaller size in the younger age groups. In fact, young boys had more fibers with smaller size compared to young girls and this was observed for each fiber type in boys. These data underline that matching for age and gender should be considered in young children. Especially, when data on fCSA distribution frequency of the MG would be used as reference values.
Until this study, there were no data on fiber type proportion of the MG muscle in healthy children according to age and gender. Our data indicated that the MG is mainly composed of type I fiber in young children and that the fiber type proportion remained stable with increasing age, as well as between gender at least up to 10 years. Unchanged fiber type proportion with age was previously reported in children for the vastus lateralis muscle (Oertel, 1988) and deltoid muscles (Oertel, 1988) as well as for the rectus abdominis, pectoralis major, or sartorius muscles (Verdijk et al., 2014). Furthermore, for the latter muscle types, no gender related differences in fiber type proportion was observed (Kriketos et al., 1997). Our data together with the findings from previous literature suggest that fiber type proportion of a given muscle is not changing with increasing age and is not affected by gender in healthy children up to 10 years.
So far, only one study has investigated muscle capillarization in healthy young children according to age. In that study, an increase in C/F with age was reported in the brachial biceps and quadriceps muscles of children aged 2–12 years (Sallum et al., 2013). Our data revealed that this was also the case in the MG muscle for the total population. But, while C/F increased with age in boys, in whom a strong positive correlation between capillary to fiber ratio with age was found, this was not the case in girls. Although surprising at first sight, these data fit with our findings on fiber size showing larger fCSA at younger age in girls compared to boys and thus a moderate increase in fCSA with age in girls compared to boys. Keeping in mind that the number of capillaries is related to fiber size, the larger fibers as seen in the MG of young girls are expected to be surrounded by a larger number of capillaries (Zoladz et al., 2005; Hendrickse and Degens, 2019), explaining thereby why the C/F did not increase with age in girls. On the other hand, because the fCSA in boys at young age were small and their size increased substantially with age, the increased C/F in the MG muscle in boys with increasing age is compatible with the progressive increase in fiber size seen in boys with age. Nevertheless, these findings concerning C/F in girls need to be interpreted with caution given the low sample size in the younger age groups especially the 2–4 age group where only one girl was included. At least, our data suggest that the oxygenation, nutrient delivery and pro-angiogenic compounds are maintained with age, as well as the mitochondrial volume density (Barnouin et al., 2017) which indicates aerobic capacity and maximal oxygen uptake (Patel et al., 2009).
In this study, we also showed that the CFD, which is used to determine the total oxygen transport and diffuse distance into the muscle (Chen and Diana, 1984; McGuire and Secomb, 2003), remained stable with age whatever the gender. To the best of our knowledge, there are no data on CFD according to age in any skeletal muscle of healthy young children. Our data indicated that the diffusion distance of oxygen did not change with age and with increase in fCSA, which is probably due to the fact that the number of capillaries per fiber increased. This means that more capillaries are available and therefore the diffusion distance of oxygen to the mitochondria is not altered.
Furthermore, in our study, the capillary domain, which is an indication of the tissue supply area surrounding a capillary (Barnouin et al., 2017), did not change with age or gender, indicating that the overall function of one capillary is not altered with increasing age or with gender. Most likely, capillary environment adapts through angiogenesis making that the function of one capillary remains stable with increasing age.
Finally, besides the number of capillaries per fiber and fiber area, tissue oxygenation also depends on the way capillaries are distributed in the muscle. The heterogeneity index was therefore assessed in the current study, as it represents the distribution of the capillary spacing. It is important to keep in mind that a very heterogenous distribution of the capillaries has a negative impact on the muscle capillarization (Degens et al., 2006; Barnouin et al., 2017). Such a parameter has never been investigated in the muscle of young children according to age. In the current study, heterogeneity index remained stable with age and was not affected by gender. Since the heterogeneity index in the MG muscle did not change with age, while the number of capillaries per fiber increased, it is most likely that capillaries were not randomly organized in the muscle but added in a rather controlled manner to ensure optimal tissue capillarization (Degens et al., 2006). Obviously, this is needed to maintain appropriate functioning of the muscle during children growth.
It is well known that SC play an essential role in normal myogenesis of childhood growth, ensuring hypertrophy of the muscle fibers, enabling muscle growth according to age (Frank, 2012; Pallafacchina et al., 2013; Carlson, 2022). In fact, during growth, muscle fibers increase in CSA but also in length. It is shown that in the MG, fiber length increases by 5% per year between the age of 5–12 years (Bénard et al., 2011). Childhood development requires thus a continuous activation, proliferation and differentiation of the SC into new myofibers, but whether this is associated with a certain decline of the SC pool is not clear (Frank, 2012; Pallafacchina et al., 2013; Carlson, 2022). There are, in fact, very little data on the number of SC in the muscle of healthy young children according to age and gender. In addition, inconsistent results have been reported so far. In lower limb muscles, the number of SC per muscle fiber was reported to slightly increase in children within the 2–9 years age range (Kottlors and Kirschner, 2010) but due to the low sample size of these control samples (only 5 children), no statistics were performed and it is unlikely that this increase would have reached statistical significance. In addition, the poor distribution of these five controls over the 2-9 age range (1 sample at 2, 3, 4 years, and 2 samples at 9 years) makes it difficult to draw firm conclusion regarding the SC content according to age as there are no data between 4 and 9 years (Kottlors and Kirschner, 2010). In a study on pooled data on the rectus abdominis, pectoralis major, and sartorius muscles, a modest increase in the number of SC per type I and type II muscle fibers was found in children from 2 to 18 years but this increase was not observed in children aged 2–10 years and was actually mainly due to higher number of SC in the children aged 15–18 years (Verdijk et al., 2014). Finally, a steep decline in SC density in pooled data of thoraco-abdominal muscles was shown in the first month of life while it remained stable afterwards with increasing age with no differences between gender (Delhaas et al., 2013). In our study, the number of SC per 100 fibers in the MG did not differ with increasing age regardless of fiber type and gender. The absolute values we found (3–16/100 type I and 0 to 11/100 type II fibers) were, however, in agreement with previous data on lower limb muscles (0.05–0.12 SC per fiber) (Verdijk et al., 2014). In addition, our data underline that the number of SC is highly variable for a given age and also between children with different age. Similar variability in SC content according to age was also observed in previous literature (Delhaas et al., 2013; Verdijk et al., 2014). Altogether, our data suggest that the number of SC in the MG muscle remained constant with age in healthy children between the age 2–10 years, with no differences between type I and type II fiber SC content. Our data also confirmed that a high variability in the number of SC according to age is present in the muscle of healthy growing children, suggesting that this parameter might be difficult to use as reference value parameter.
This study present some limitations that need to be mentioned. First, the cross-sectional design of the study made it not possible to follow muscle growth of the same child over time. Second, the method used to assess capillarization based on 2D muscle cross-sections may not adequately represents the 3D structure and distribution of the muscle capillarization (Zeller-Plumhoff et al., 2017). However, although not fully perfect, this method which is accessible to most researchers has been extensively used to evaluate capillarization. We therefore believe that the reference values of the current study may be helpful to the researchers using this way of assessing capillarization. Thirdly, this current study did not assess the presence of hybrid fibers, although it would be of value. However, the major problem is that it remains difficult to determine sample size and amount of hybrid fibers that need to be counted to provide accurate reference data on these fibers. Finally, it is important to keep in mind that the data of the current study refer to reference values for biopsies that have been taken in the muscle belly of the gastrocnemius and they might not be appropriate as reference values for biopsies taken close to the tendon, where regional differences in fiber composition is expected.
5 CONCLUSION
This is the first study providing data on fCSA, fiber type proportion, number of SC and capillarization in the MG of the same child according to age and gender. Overall, these data provide reference values of commonly used histological measures of the MG for normally growing children between 2 and 10 years. This normative dataset may be used to evaluate the impact of disease on muscle histology as well as the efficacy of therapeutic strategies.
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