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Summary
Background Normative values for different morphometric parameters of muscle fibres during paediatric develop-
ment, i.e. from 0 to 18 years, are currently unavailable. They would be of major importance to accurately evaluate
pathological changes and could be used as reference biomarkers for evaluating treatment response in clinical trials, or
physiological adjustments in sports or ageing.

Methods Data were derived from 482 images with a total of 33 094 fibres from 10 μm cross-sections of snap-frozen
muscle from 83 deltoid muscle biopsies from patients, 0–18 years, without neuromuscular pathology stained with
ATPase 9.4. Data was acquired and analysed with patented image analysis algorithms from “CARPACCIO.cloud”.
Several parameters were extracted or calculated, including cross-sectional area (CSA), fibre type, circularity, as well
as the Minimum diameter of Feret (MinFeret).

Findings This study illustrates changes in quantitative parameters for muscle morphology over the course of pae-
diatric development and the pivotal changes occurring around puberty. Only fibre size parameters (MinFeret, CSA)
are dependent on gender, and only after puberty. All other parameters vary in a similar manner for females and
males. The proportion of type 1 fibres is essentially constant from birth to age 10, decreasing to ≈40% by age 18.
Circularity decreases with age, to plateau after age 10 for both fibre types.

Interpretation Normative values and reference charts for muscle fibre types in this age range have been generated to
allow comparison of data from patients in pathology laboratories working on neuromuscular diseases.
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Introduction
Data on skeletal muscle fibre size and proportion, in
histologically normal subjects in the paediatric age, is
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Research in context

Evidence before this study
Data on skeletal muscle fibre size and proportion, in
histologically-normal subjects in the paediatric age, is scarce.
In 2000, Staron et al. published what became one of the
reference papers for the normative values of the vastus
lateralis muscle fibre type distribution and histographic
composition in young adults.

Added value of this study
With this work, we have defined normative values for muscle
fibre diameter and cross-sectional area, as well as the fibre

type distribution in morphologically normal skeletal muscles
biopsies obtained from the deltoid muscle in children aged
0–18 years old.

Implications of all the available evidence
This study allows us to offer graphs that can be used as a
reference for pathology laboratories analysing biopsies of
deltoid muscle. These graphs are of major importance to
accurately evaluate pathological changes, and can be used as
reference for determining treatment response in clinical trials,
or to evaluate physiological adjustments in sports or ageing.
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variation in fibre size and fibre type distribution in adult
muscle biopsies and compared male and female values.
The muscle biopsies included three heterogeneous
groups: asymptomatic relatives, individuals with neuro-
muscular complaints without evidence of organic dis-
ease and those with organic disorders who had no
evidence of neuromuscular involvement at the time of
the biopsy. The last paper in this series of 4 is dedicated
to biopsies of children under the ages of 15 years old.2

The authors analysed different disease categories, and
the results were presented according to the histographic
appearance of the biopsies. Moore et al.3 published a
study in which they showed the normal mean cross-
sectional diameters of human striated muscle fibres in
post-mortem material ranging in age from five months
gestation through senescence. Measurements repre-
sented the mean narrow fibre diameter of celloidin-
embedded material. One paper4 studied 28 healthy
controls with an age range 18–34 years old. In this pa-
per, the authors used the nicotinamide-adenine dinu-
cleotide-tetrazolium reductase (NADH-TR) reaction to
determine the fibre type distribution. There is a
mention of the diameter of the fibres without a proper
explanation on how those values were achieved. The
authors report mainly on incidental findings in normal
individuals such as central nuclei, necrosis, or type
grouping. An interesting study published in 19915 that
reports a cohort of 69 boys and 47 girls age 16 years
old, establishes some guidance regarding the inter-
individual and inter-sex variation in the proportions of
muscle fibre types, the muscle fibre area and muscle
enzyme activities. The authors conclude that the per-
centage of type I fibres in the vastus lateralis was 54% for
the boys and 52% for the girls and that, according to the
literature and their work, there is a tendency for physi-
cally trained individuals to have a higher percentage of
type I fibres. This study showed that boys had larger type
IIA than type I fibres, unlike girls, where the size of IIA
and type 1 fibre was similar. Moreover, the boys had
equal size type IIB and type I fibres, whereas the girls
had smaller type IIB than type I fibres. However, no
normative values were given in this study. In 2000,
Staron et al.6 published what became one of the refer-
ence papers for the normative values of the vastus lat-
eralis muscle fibre type distribution and histographic
composition in young adults.

A systematic evaluation of the cross-sectional area,
fibre diameter and fibre type distribution in frozen
sections of morphologically normal muscle biopsies in
the age range 0–18 years old is not available. The ex-
istence of normative values for fibre size and fibre
type distribution helps to evaluate the pathological
changes, such as fibre type predominance, or atrophy/
hypertrophy of fibres, but can also be used as a bio-
marker for treatment response in clinical trials, or to
express physiological adjustments occurring in sports
or ageing.

This work aimed to define normative values for
muscle fibre diameter and cross-sectional area, as well
as the fibre type distribution in morphologically normal
skeletal muscles biopsies obtained from the deltoid
muscle in children aged 0–18 years old. Since accurate
measurement of muscle fibre size and evaluation of
fibre type distribution in cross-sectional areas is a time-
consuming subjective process, when done manually, we
have used the image analysis software from the inno-
vative start-up in digital pathology, CARPACCIO.cloud
to generate standardized results.
Methods
Study design and participants
We analysed 83 deltoid muscle biopsies referred to our
laboratory for diagnostic purposes and found to be
morphologically normal. The biopsies were open mus-
cle biopsies. Two-experienced pathologists (TE and
NBR) reanalysed the muscle biopsies to confirm the
absence of histological abnormalities. The subjects were
between the ages of 0 and 18 years old, 33 females and
50 males. Age at biopsy was expressed in years and
calculated as the difference between the date of biopsy
and date of birth.
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Ethics
The individuals or their legal guardians gave written
informed consent for the biopsy and for reuse of data
for research.

The study was not submitted to an ethics board as
the biopsies were done previously to the study in a
diagnostic setting. However, at the time of the biopsy, all
patients give informed consent for the use of the biopsy/
biopsy material for research.
Sample preparation and imaging
We have used 10 μm cross-sections of snap-frozen
muscle stained with adenosine triphosphatase pre-
incubated at pH 9.4 (ATPase 9.4) (Fig. 1A).7 Digital
photographs of the biopsies were obtained with a Zeiss
AxioCam HRC linked to a Zeiss Axioplan Bright Field
Microscope and processed with Axio Vision 4.4 software
(Zeiss, Germany).

We used between one and fifteen non-overlapping
images (average of 6) per biopsy at the magnifications
of ×40, ×20 or ×10 depending on the age of the child,
with a mean of 69 fibres per image. The aim was to
include at least 100 muscle fibres per individual - the
average was 390 (range 81–2146) per individual. Data
from a total of 482 images with a total of 33 094 fibres
were acquired and analysed.
Image analysis
We have used the image analysis software from the
innovative start-up in digital pathology, “CARPACCIO.
cloud" for data capture. The software determines the
position of the perimeter of each fibre and qualifies the
cytoplasmic labelling. For this study, we extracted or
calculated the following parameters for each muscle
fibre: perimeter, cross-sectional area (CSA); x, y co-
ordinates of the centre, indicators of circularity, solidity
and intensity and the fibre type: type 1 or type 2, as
well as the overall surface occupied by the fibres (Fibre
Fig. 1: Image of a Muscle cross-section and corresponding rendering o
pH 9.40 are photographed, then analysed using the CARPACCIO.cloud alg
type (Light: Type 1; Dark: Type 2), generating a rendering representing th
are not intact. The quantitative data subsequently extracted is based sol
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surface density). The fibres’ smallest diameter i.e. Min-
imum diameter of Feret (MinFeret) was also deter-
mined to avoid processing artefacts such as kinking of
the muscle or obliquity of the fibres. Fibres at the pe-
riphery of the sections that were not entirely captured in
the photographs were excluded from the analysis
(Fig. 1).
Statistical analysis
Our objective was to find a reasonable description of the
data in an agnostic fashion since we did not have any a
priori knowledge of a mechanism for the dependence on
age, nor the distribution of the response. We proceeded
in an exploratory fashion using Local Polynomial
Regression modelling i.e. LOcally Estimated Scatterplot
Smoothing (LOESS) and Box–Cox transformation to
obtain a good account of the data. Before model opti-
mization, the data for each parameter was fitted using
LOESS to find the local trends in the data and to
ascertain which types of models could best reflect the
evolution of the parameters within the observational age
window. This was performed according to gender and
fibre type. Initially, a linear initial model was evaluated:
if the hypotheses of a linear regression model were not
satisfied, data was transformed using Box–Cox trans-
formation, otherwise the work was done on non-
transformed data. Dependency on gender, age or fibre
type was systematically determined via backward and
forward model selection; then nested likelihood ratio
tests and subsequent analyses were implemented taking
into account the corresponding results.

Parameters were plotted as a function of age, gender
and fibre type. Best-fit curves and models were gener-
ated from the untransformed or transformed data using
R software8 via the RStudio interface.9 For each param-
eter, a global model was created using a linear, poly-
nomial, bi-linear or Gompertz regression. The choice of
explanatory variables (age, sex, fibre type) was achieved
f CARPACCIO.cloud. a. Muscle cross-sections stained with ATPase at
orithms. b. The software identifies the fibre perimeter and the fibre
e individual fibres and their type, excluding the peripheral ones that
ely on the intact fibres.
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Fig. 2: Flow diagram of statistical analysis and optimal model
determination. Key steps in the analysis of data derived from this
cohort of normal individuals are indicated with succinct description
offered in the text.
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using forward and backward model selection and the
level of significance between models was determined
using nested likelihood ratio tests as detailed in
Supplemental Material.

A summary of the process is offered below in the
form of a flow chart (Fig. 2) and a brief description.

Best model selection
1. LOESS on the original data
2. Initial model (Linear): Evaluate the pertinence of

the hypothesis for application of multiple linear
regression models
• Residuals vs Fitted (verify if a linear model can be
adapted to the data)

• Normal Q–Q (verify normality of residuals)
• Scale-Location (verify variance of residuals)
• Residuals vs Leverage (verify if there are outliers
which may impact fitting results)

Additional statistical tests were implemented for

evaluating quality of fit:
• Breusch-Pagan & Non-constant Variance Score
tests to verify heteroscedasticity

• Shapiro–Wilk normality test to verify normality of
residuals
⇨ Validity of hypothesis
⇨ If hypothesis is not validated, Decision to

identify optimal transformation via Box–Cox
transformation

⇨ 95%Confidence interval of parameter λ informs
as to what might be the best transformation.

⇨ Test transformation depending on λ
3. After the transformation (generally log), the same

procedure is applied as above
4. Apply a Polynomial degree 1 to “n” on the original

data depending on all predictors.
Choice of significant predictors via backward &
forward selection. Model selection was performed
with the stepAIC function from the MASS pack-
age of R10 specifying both forward and backward
selection. Selection at each step was based on the
criterion of the AIC. The procedure was not
reiterative.
Comparison of nested models via nested likelihood
ratio test & some metrics like Adjusted R2 (Adj R2),
Root Mean Squared Error (RMSE), AIC, BIC (more
penalizing than AIC)

5. Gompertz model was applied as a potential solution
due to the non-monotonicity of the polynomial fit.

6. Breakpoint estimation using bi-linear regression
models
Age breakpoints for given parameter and inherent
dependencies (i.e. fibre type, gender) were ascer-
tained by fitting a bi-linear regression function with
a least squares criterion in R8. This bi-linear
regression function was also compared to a linear
one via nested likelihood ratio test. The corre-
sponding mean values are indicated by a vertical
line in the optimal models presented in the manu-
script, with the standard error indicated numerically
above it.

7. Identification of best fit model using a “Bootstrap”
approach

8. Final graph in main article.

Role of funders
Funders did not have any role in study design, data
collection, data analyses, interpretation, or writing of
report.
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Group Age range Number of individuals Gender (male/female)

Group 1 0–24 month 21 13/8
Group 2 25 months–10 years 30 16/14
Group 3 11 years–18 years 32 21/11

Number of individuals per age group.

Table 1: Cohort age distribution.

Articles
Results
Demographic data
We have analysed biopsies from 83 individuals; 50
males and 33 females. The age range is from 28 days up
to 18.8 years (mean age 8 years). The distribution
regarding the different age groups and gender can be
seen in Table 1.
Fibre type distribution
Comparison of the percentage of type 1 fibres was per-
formed for each gender as a function of age. This per-
centage is relatively constant, around 50% from birth up
to age 11 ± 3 years, in both females and males, after
which it decreases to approximately 40%, without
reaching a minimum in the experimental window (up to
18.8 years) (Fig. 3).
Fibre type diameter (Minimum diameter of Feret
(MinFeret))
The mean MinFeret of type 1 and type 2 fibres increases
at a similar rate in males and females (≈3 μm/year) until
approximately age 5, at which point there is an apparent
Fig. 3: Percentage of type I fibres as a function of age. The ratio of
type 1 fibres per total fibres in each image derived from an individual
biopsy, was determined and the mean ± 2 × standard error calculated
using a polynomial model fit in R8 (cf. Supplemental Material).
Estimation of the breakpoint (11 ± 3 years; Mean ± Standard error)
(Dotted vertical line) was achieved by fitting a bi-linear regression
function with a least squares criterion in R8 (cf. Supplemental
Material). The optimal model curve was generated from data
derived from both female and male subjects since it was indepen-
dent of gender. The grey zone represents the 95% confidence in-
terval. Female (Ochre dots); Male (Turquoise dots).

www.thelancet.com Vol 86 December, 2022
slowing of growth in females (≈2 μm/year) vs males
(≈3 μm/year), essentially plateauing after age 11
and ≈ 16 respectively. Estimation of the breakpoint was
achieved using a bi-linear model with non-linear least
squares regression encompassing both male and female
data points (cf. Supplemental Materialsl). For females
the breakpoint was estimated to be 11.0 ± 0.7 years and
for males 15.8 ± 1.1 (Fig. 4).
Fibre cross-sectional area (CSA)
As with MinFeret, the CSA is essentially identical for
type 1 & type 2 fibres in a gender-dependent manner.
The mean CSA of type 1 and type 2 fibres increases up
to age 10, at which point there is an apparent slowing of
growth in females vs males (≈160 μm2/year vs 255 μm2/
Fig. 4: Evolution of the Minimum diameter of Feret (MinFeret) in
all fibres (type 1 & type 2 together) vs age and gender. Mean
values for the MinFeret of both type 1 and type 2 fibres combined
for each gender, Females (Ochre) and Males (Turquoise), calculated
for each individual were used to determine the optimal model curve
representing the evolution of this parameter using a Gompertz
model fit in R8 (cf. Supplemental Material). No significant difference
was observed for this parameter between type 1 and type 2 fibres for
a given individual of either gender, allowing grouping in a single
curve representing the mean for each gender. The grey zone repre-
sents the 95% confidence interval for each curve. The vertical dotted
lines indicate the breakpoint derived from a bi-linear regression
model of the data from each gender (cf. Supplemental Material).
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year respectively). Estimation of the breakpoints was
achieved using a bi-linear model with non-linear least
squares regression encompassing both male and female
data points (cf. Supplemental Materials). For females the
breakpoint was estimated to be 11.0 ± 0.6 years and for
males 14.4 ± 0.7 (Fig. 5).
Fig. 6: Evolution of fibre surface density vs age and gender. Mean
values for the surface occupied by type 1 (Yellow) and type 2 (Brown)
fibres, calculated for each individual were used to determine the
optimal model curves representing the evolution of the mean for
Fibre surface density
The relative surface of a muscle image occupied by type
1 or type 2 fibres was determined to be independent of
gender. It appears that the density for both fibre types
remains essentially constant and equivalent prior to
age 10. Subsequently, the surface occupied by type 1
fibres decreases, while that of type 2 fibres increases
(Fig. 6). This correlates with the evolution of the number
of each fibre type per mm2 over this age range, as shown
below.
this parameter using a polynomial model fit in R8 (cf. Supplemental
Material). No significant difference was observed for a given fibre
type between females and males, thus allowing grouping in a curve
representing the mean for each type. The grey envelope represents
the 95% confidence interval for each curve. The vertical dotted lines
indicate the breakpoints derived from a bi-linear regression model of
the data from each type calculated individually (cf. Supplemental
Material).
Fibre number per mm2

From birth until around 10 years there is a 5-fold
decrease in the mean number of fibres per unit of
surface (i.e. per mm2) from approximately 1000 to 200
fibres per mm2. Subsequently, in males there are fewer
fibres overall compared to females, thus correlating with
Fig. 5: Evolution of fibre Cross-Sectional Area (CSA) vs age and
gender. Mean values for the CSA of type 1 and type 2 fibres,
calculated for each individual were used to determine the optimal
model curve representing the evolution of this parameter using a
Gompertz model fit in R8 (cf. Supplemental Material). No significant
difference was observed between type 1 and type 2 fibres for a given
individual of either gender allowing grouping in a single curve rep-
resenting the mean for each gender (Female: Ochre; Male: Tur-
quoise). The grey zone represents the 95% confidence interval for
each curve. The vertical dotted lines indicate the breakpoints derived
from a bi-linear regression model of the data from each gender
(cf. Supplemental Material).
the increased CSA in males. Though not statistically
significant, after age 14 in both males and females, there
appears to be a decrease in the number of type 1 fibres
per mm2, whereas the number of type 2 per mm2 in-
creases (Fig. 7). This observation is supported in the
measurement of the percentage of type 1 fibres as a
function of age (cf. Fig. 2).
Fibre circularity
Circularity is essentially identical for type 1 & type 2
fibres in a gender-independent manner. It decreases
until around age 10 then remains constant until the end
of this observation window (Fig. 8). The degree of
circularity of the muscle fibres is important to ascertain
certain patterns of diseased muscle and is one of the
parameters consistently observed by the pathologist. In
normal adult muscle, fibres have a polygonal shape, but
in pathological situations they may become rounded, as
in muscular dystrophies or congenital myopathies or
very angulated, as may be seen in denervation.11
Discussion
Study limitations
One of the limitations of this study is the relatively small
number of cases and the fact that, in certain age ranges,
the number of females was lower than the number of
males. However, compared with the literature, ours is
one of the largest and most comprehensive series. The
www.thelancet.com Vol 86 December, 2022
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Fig. 7: Evolution of fibre density vs age and gender. Mean values for the number of fibres per mm2 by type and gender. a. The vertical
dotted lines indicate the breakpoints derived from a bi-linear regression model of the data from each type calculated individually (cf.
Supplemental Material). b. focus on age 10–18 years.
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specimens were processed in a standardised way and
in accordance to the current best practices for muscle
biopsy processing. Finally, only histologically normal
biopsies were considered, as described in the methods
section.7

Another limitation is that, due to the use of his-
torical samples, we lack information on biometric
parameters such as weight and height as well as
lifestyle. It is possible that these variables will influ-
ence the values and be responsible for the heteroge-
neity of the data after puberty. It is recommended to
systematically collect biometric parameters at the time
of the biopsy. If this is not possible, means of
capturing these data from electronic health records
should be put in place.
Fig. 8: Evolution of fibre circularity as a function of age. a. Mean va
calculated for each individual were used to determine the optimal model cu
a polynomial model fit in R8 (cf. Supplemental Material). No significant
males, thus allowing grouping in a curve representing the mean for each
represents the 95% confidence interval for each curve.

www.thelancet.com Vol 86 December, 2022
Dependency of parameters on gender, fibre type
and age, before and after the onset of puberty
A fundamental observation from this comprehensive
study is the consistent inflexion of trends (slopes)
around age 10 in the evolution of all parameters from
birth to age 18. This underlines the strong dependency
of muscle morphology on age and, notably, the major
transformations that are occurring during puberty.
Fig. 9 summarises the dependency of parameters on
gender, age and fibre type. Below age 10, all parameters
measured are independent of gender. With puberty,
gender-dependent differences are only observed in pa-
rameters indicative of, or relating to, fibre size such as
MinFeret and CSA as well as in the number of fibres/
mm2 (Fig. 10).
lues for the circularity of type 1 (Ochre) and type 2 (Brown) fibres,
rves representing the evolution of the mean for this parameter using
difference was observed for a given fibre type between females and
type. b. Consolidation of the data into one model. The grey zone
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Fig. 9: Dependency of parameters on gender, age and fibre type,
pre- and post-onset of puberty. Visual representation illustrating
the evolution of parameter dependency on gender (G), age (A) and
fibre type (FT) before (Pre) and after (Post) the onset of puberty, as
determined from the graphs presented. White: Independent; Grey:
Dependent.
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The size of Type 1 and type 2 fibres as revealed by the
MinFeret or CSA, is essentially identical within each
gender at every age within this study window. Prior to
age 10 there is no difference in size between genders,
while the overall size of all fibres becomes greater in
males than females, after the onset of puberty. As
example, for females, the MinFeret plateaus at approx-
imately 45 μm around age 11, whereas in males it
continues to increase, reaching a plateau of approxi-
mately 52 μm around age 16. This is to be integrated
with the fact that, while the percentage of type 1 and
type 2 fibres is constant and equivalent (approximately
50% each) from birth up to age 11 for both sexes, the
percentage of type 1 fibres starts to diminish at this
point, reaching approximately 40% by age 18.8
Fig. 10: Reference charts for Min
independently of gender. This results in the lower
density of fibres per unit area of muscle for males vs
females. According to a recent paper,12 during the
transition from childhood to adulthood there is devel-
opment of sex-specific patterns in CSA of the muscle
fibres. The most probable cause for the gender-
dependent difference is the tendency for males to
develop higher degrees of muscle strength due to hor-
monal changes, namely the peak of testosterone.12,13

Research that has measured the fibre type of multi-
ple muscles has found that the deltoid muscle is rela-
tively slow twitch.13 Some authors14 state that in the
deltoid, one of the most commonly biopsied muscles,
there is an equivalent proportion of type 1, 2a and 2b
fibres (1/3 type 1 and 2/3 type 2). Other authors15 point
to an equivalent number of type 1 and 2 fibres in males.
The relative number of each fibre type is highly
dependent on exercise, age16 and gender.17
Surface area occupied by type 1 and 2 fibres
From birth until onset of puberty, there is a 5-fold
decrease in the mean number of fibres per unit of
surface (i.e. per mm2). During this time, the mean cross-
section area per fibre is identical for both type 1 and type
2 fibres, and increases 5-fold. This results in an essen-
tially constant fibre surface density in this period for
both fibre types. In this observation window (birth to
10 years), the relative percentage of type 1 vs total fibres
is constant at approximately 50% (Fig. 2). After 10 years
of age, in both males and females, there is a decrease in
the number of type 1 fibres per unit of surface (i.e. per
Feret & Cross-Sectional Area.
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mm2), whereas the number of type 2 per unit of surface
(i.e. per mm2) increases.

This trend is also reflected in the surface area occu-
pied by type 1 and type 2 fibres (Mean fibre surface
density), i.e. the surface of a muscle occupied by type 1
fibres decreases while the surface occupied by type 2
fibres increases after age 10 (Fig. 6).

It would appear therefore, that there is an enhanced
generation of type 2 fibres when compared with type 1
fibres. The main hormones that influence skeletal
muscle maturation are pituitary growth hormone, thy-
roid hormone, and the sex hormones.18,19 We hypothe-
sise that the differences observed at the onset of puberty
are most probably due to the changes in the hormonal
background. It is known that with ageing, the inactivity
and the progressive loss of motor units are responsible
for the changes in the fibre CSA, with a greater reduc-
tion of the CSA of type 2 fibres than for type 1 fibres.
The opposite can be true for children before and after
puberty when global activity levels increase and the pe-
ripheral nervous system reaches maturity.20,21
Fibre circularity
Fibre circularity is essentially identical for both fibre
types in a given individual, independent of gender. It
decreases as the children mature, until the onset of
puberty, then remains constant to the end of the
observation window. Fibre circularity is one of the pa-
rameters that can help pathologists establishing a diag-
nosis. For example, a high degree of circularity is
observed in muscle biopsies from patients with
congenital myopathies. The finding that the circularity
of fibres tends to decrease and reach a plateau around
age 10, gives important information to the pathologists
even in the presence of minimal changes and in
particular when analysed together with other character-
istics such as the fibre size and type.
Generalisability
This study allows us to offer the graphs below as
reference for pathology laboratories analysing biopsies
of deltoid muscle. In addition to the templates, a link is
offered to download reference tables with the corre-
sponding values in Supplemental Materials.
Conclusion
This study offers effective insight into the evolution of
normal morphometric parameters according to fibre
types from birth to age 18 in females and males. We
have established the normative values that can be used
to assess the characteristics of the muscle fibre types in
this age range. Reference charts have been generated to
allow comparison of data from patients in pathology
laboratories working on neuromuscular diseases.
www.thelancet.com Vol 86 December, 2022
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