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Abstract

In the present study the cross sectional areas of individual muscle fibers were
investigated with focus on statistical methodology. This thesis includes data
from two studies; Resistance Study and Method Study. The Resistance Study
analyzes the effect of exercise by comparing muscle fiber area before and after
eight weeks of resistance training. Muscle biopsies from the vastus lateralis
muscle were obtained from young male participants. The purpose of the Method
Study was to examine the variation between right and left leg.

Contrary to previous studies, this thesis focuses on individual data rather
than on group-based data, and therefore takes a different approach than the
previously published articles. This is proven to be successful since information
is lost when analyzing group-wise, as the increase in small muscle fibers did not
show when analyzing as a group.

The results of the Resistance Study is similar to the results of the Method
Study. Means and standard deviations have a wide spread both between sub-
jects and between biopsies taken from the same subject. Inference on the 10th

and 90th percentiles shows a positive pattern in the Resistance Study, in the
sense that both the smallest and the largest muscle fibers have grown as a re-
sult of the resistance training. If muscle fiber area is used as a proxy for training
effect, the conclusion is that many people seem to have responded well to the
training.

Sammanfattning

I denna studie undersöks muskelfibrers area med hjälp av statistisk metodik.
Uppsatsen inkluderar data fr̊an tv̊a studier; styrketräningsstudie och metod-
studie. Styrketräningsstudien analyserar effekten av träning genom jämförelse
av muskelfibrernas area före och efter åtta veckors träning. Muskelbiopsier togs
fr̊an vastus lateralis p̊a unga manliga deltagare. I metodstudien var syftet att
undersöka variationen mellan höger och vänster ben.

Jämfört med tidigare studier, fokuserar denna uppsats p̊a individuella data
snarare än grupp-baserad data och tar därför ett annat tillvägag̊angssätt än
tidigare publicerade artiklar. Detta visar sig vara lyckat eftersom information
g̊ar förlorat om analys endast sker p̊a gruppniv̊a, i och med en ökning av sm̊a
muskelfibrer inte visade sig d̊a analysen gjordes p̊a gruppniv̊a.

Resultaten i styrketräningsstudien är liknande resultaten i metodstudien.
Medelvärde och standardavvikelse hade en stor spridning mellan och inom biop-
sierna tagna fr̊an samma person. Inferens om 10:onde och 90:onde percentilen
visade en trend i styrekträningsstudien, i den mening att b̊ade de sm̊a och stora
muskelfibrerna hade ökat som en respons av styrketräning. Om muskelfibrernas
area används som m̊att för träningseffekt, slutsatsen är att m̊anga personer har
troligen reagerat bra till träning.
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Chapter 1

Introduction

1.1 Background

The skeletal muscle represents about 35-45% of an average adult body mass
and includes 650 muscles composed by different muscle fibers, which can be
categorized as fast or slow fibers, and also correlates to the force-producing
abilities of each muscle. There are three fenotypes of muscle fibers: slow (type
I), fast (type IIA) and fast (type IIX) according to determination of the major
myosin isoform in each muscle fiber. See Figure 1.1. The muscle fibers can
moreover be in a transition state, containing a mixture of more than one type
of myosin isoform, thus hybrid fibers that are in a progress of transformation
from one to another of the three fiber types (type I+II and type IIAX). The
muscle fiber composition is the major determinant that explains most of the
difference in the force-production and speed abilities of different muscles. For
example, top level of performance in long distance running and weight lifting
requires different muscle fiber compositions; running benefits from more of the
slow muscle fibers, while weight lifting requires more of the fast muscle fibers. A
muscle biopsy from a skeletal muscle can be used to study the physiology and the
microanatomy of a muscle. In the field of exercise physiology, a deeper insight
of the properties of skeletal muscles is pivotal for the understanding of the effect
of exercise. As in all science the choice of statistical model is crucial to draw
accurate conclusions from the collected data. Since the muscle is influenced
by exercise in a variety of ways, it is important to apply adequate statistics to
evaluate and draw correct conclusions.

Muscle biopsy samples from humans can be collected safely and utilized in
studies of the molecular biology and physiology of muscles, related to effects
of acute and long-term training or related to diseases. The muscle fiber com-
position and the size of muscle fibers have been extensively studied related to
exercise training. In the field of exercise physiology, a deeper understanding of
the properties of skeletal muscles is pivotal for understanding and explaining
the effect of exercise [12]. Muscle tissue is influenced by exercise in a variety
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Figure 1.1: A describing picture of a muscle fiber and its components.

of ways. For example, exercise-training might lead to hypertrophy of muscle
cells, resulting in a larger cross sectional area of individual muscle fibers. Some
studies find that the percentage of type I fibers in human skeletal muscles is
genetically determined and thus amenable to change due to for example exer-
cise [12]. Other studies conclude that the proportion of type I muscle fibers in
skeletal muscles is resistant to change in response to exercise. However, since
the majority of these studies are based on ten or fewer subjects, they have weak
statistical power [12].

Figure 1.2 is an example of a subset of a biopsy where different fiber types
are marked with different colors. A computer software was used to determine
the cross sectional area.

Previous research ([8], [12], [13]) has shown variations in the muscle fiber
composition between individuals, as might be expected, but also within each
individual. The ratio of type I, type IIA, and type IIX fibers in one subjects
muscles may differ depending on where the biopsy is taken. For example, the
ratio has been shown to be different between (a) the legs of the same individual
at the corresponding site of vastus lateralis muscle, (b) sampling site and (c)
depending on the depth of sampling in the same muscle [8]. Biopsies taken
from the vastus lateralis have generally higher proportion of type I fibers, the
further down the biopsy is taken. Therefore, it is of importance for the statistical
analysis that the biopsies are taken as standardized as possible related to sample
spot and depth [8].

Variance in fiber type composition and size between and within individuals
can potentially be explained by three major factors: errors, environment, and
genetics [12]. Errors that lead to variance include sampling fluctuations and
technical errors. Environmental factors that lead to variance include differences
in life style, training, starvation, overfeeding, hormonal changes or physical
environment. Genetic factors that lead to variance include the portion of the
individual differences associated with genetic polymorphism of relevant genes
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Figure 1.2: Subset of a muscle biopsy. Green is type I, red is type IIA, dark red
is type IIAX, black is type IIX and mixed green and red is type I+II.

and gene silencing. It is still a matter of debate whether these inter-individual
differences are genetically determined or if they are the result of environmental
influences [12]. Previous research is mainly based on analysis on group-level
rather than on an individual level. This is questionable, and the results of
statistical analysis of group-based data is difficult to interpret. This is especially
the case when comparing muscle fiber areas pre- and post exercise, due to the
fact that there are variations between and within individuals. Also since some
individuals respond well to exercise while others do not. In a statistical sense
the assumption then is that the muscle fiber areas are from the same population,
even though some individuals might have twice or three times higher mean fiber
area and also with different amount of fibers.

1.2 Outline

Due to the background, it is interesting to examine the statistical properties of
the muscle fiber areas individually. For example, it is interesting to examine the
possibility of finding a parametric distribution for the different fiber types taken
together as well as for each fiber type separately. This thesis is a compound
of two studies: a Resistance Study and a Method Study. The purpose of the
Resistance Study was to determine the response from exercise, using increased
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muscle fiber area as a proxy for positive training effect. Initial biopsies were
taken from the subjects in the Resistance Study. This was followed by a period
of exercise. After that, another biopsy was taken in order to determine the effect
of the training. In order to interpret the results of the Resistance Study, it had
to be preceded by a Method Study, in which the goal was to examine the natural
muscle fiber variation between legs, and to determine if this variation is similar
for different individuals. The Method Study was conducted to help determine
if the variance in muscle fiber area before and after the exercise period in the
Resistance Study was the result of the training or the result of natural variance
but also, if possible, to determine the variation.

For the sake of objectivity, it should be pointed out that the author of this
thesis was not involved in the process of designing the experiment or collecting
data in any of the studies. The goal of this thesis is merely to use the collected
data and to construct a statistical analysis of it and to interpret the results.
In contrary to previous studies, this thesis focuses on individual data rather
than on group-based data, and will therefore take a different approach than the
previously published articles. Previous articles have often used an independent
t-test as the statistical method ([9], [13]), as well as contour plots [8]. This thesis
involves the simplest statistical methods, such as t-test, but also more advanced
methods. Every method has its assumptions and has to be validated in order
for the results will be reliable.

The purpose and goal of this thesis can be summarized as follows

• To examine the possibility of describing the area of all muscle fiber types
combined, fiber type I, and fiber type IIA with one parametric model.

• To examine the variation in repeated muscle biopsies collected from the
same individuals at different sampling sites at rest state, with focus on
statistical methodology and to evaluate if this variation is similar for all
individuals.

• To examine if a conclusion about training response can be reached solely
based on observed differences in muscle fiber areas taken from the vastus
lateralis, before and after eight weeks of resistance training.
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Chapter 2

Method and Materials

As mentioned in previous chapters, this thesis is based on two studies: the
Resistance Study and the Method Study. Originally, the purpose of the Method
Study was to determine the variation between the right and left legs and use
that knowledge later on in the Resistance Study. It should be mentioned that
the Resistance Study started before the Method Study was completely analyzed.

There are some difficulties in performing standardized research on skeletal
muscle from a living human being. The method of taking a biopsy to obtain
muscle tissue from a living human being may induce an inflammatory response
due to the damage caused to the muscle. Therefore, it is often inappropriate to
obtain a new muscle tissue sample from the same spot.

It may also be difficult to find a homogenous sample population. For this
study, the sample population consists of healthy, physically active 20-35 year
old men who were recruited for the study by advertisement on the Ume̊a Uni-
versity Campus. The volunteers were interviewed about their current health
status, and were excluded from the study if they were smokers, had undergone
medical procedures recently, used any medications, or if they were allergic to
local anesthesia.

2.1 The Method Study

In the Method Study, three muscle biopsies were obtained from each subject
of the population in order to evaluate the natural variation of muscle fiber
composition. The population consisted of six men, denoted by Person A to
F. The subjects had been instructed to refrain from any physical exercise two
days prior to the procedure, and to eat a light meal two hours prior to arrival.
Muscle tissue biopsies were collected under local anesthesia. The first biopsy
was obtained from vastus lateralis in one of the legs with help of a forceps, after
which the subject rested in a sitting or lying position for one hour. After that,
two additional muscle biopsies were taken from the corresponding muscle on the
opposite leg. The second biopsy was taken at the same height as the first one.
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Figure 2.1: Locations of the three obtained biopsies in the Method Study.

The third biopsy was obtained from the same leg as the first biopsy, but four
centimeters above the first incision. See Figure 2.1 for illustration. The biopsies
were immediately frozen in liquid nitrogen and stored at −80 ◦C until they were
analyzed.

2.2 The Resistance Study

In the Resistance Study, two muscle biopsies were obtained from each subject
of the population in order to evaluate the natural variation of muscle fiber
composition. The population consisted of 17 men, denoted by Person A to Q,
independent from the persons in the Method Study. Muscle tissue biopsies were
collected under local anesthesia. The first biopsy was obtained from vastus
lateralis in one of the legs. After this, rest was obligatory before an eight week
period of resistance training started. In the end of the training period another
biopsy was taken in the other leg at the corresponding spot. The biopsies were
immediately frozen in liquid nitrogen and stored at −80 ◦C until they were
analyzed.
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2.3 Data Characteristics

In the studies that have provided data for the statistical analysis in this thesis,
it was assumed that different muscle fiber areas are independent of each other,
and that the number of different muscle fibers in muscles is purely random.
However, a biopsy sample from a specific part of a muscle does not necessarily
have to be representative to the whole muscle [8]. Another way to interpret is
that it does not necessarily have the same distribution.

To obtain the data of the different muscle fiber area samples, the obtained
biopsies will be sliced into thin pieces and with a certain method in the lab,
color the different fiber types. The biopsies will then give pictures like Figure
1.2 on page 3. Some colored fibers will be left out and depends on the lab
inspector. Also fibers that looks abnormal will be excluded. This can give
different amounts of observations in the samples. The cross sectional areas will
be calculated by a computer software.

Three muscle fiber combinations were analyzed. First, a combination of all
three fiber types was analyzed (type I, type IIA, and type IIX). Secondly, type
I muscle fibers were isolated and analyzed separately. Finally, type IIA muscle
fibers were isolated and analyzed separately. The reason for analyzing type I and
type IIA muscle fibers separately is partly because they are the more commonly
observed muscle fibers, and partly because the data show that type IIX and the
hybrid fibers only make up a small percentage of the entire population of fibers
in a sample.

The analysis of the muscle fiber areas is made individually and not group
wise. The reason for this is that since some subjects responded well to training
while others did not, and since there is considerable variation within the human
body itself, a cross sectional comparison is of marginal interest at best. Some
results indicate that the variance is greater between samples from right leg and
left leg than between biopsies taken from the same leg [12]. This implies that
an analysis of the population as a group might be inappropriate, even though
it is the most common way of doing research within this particular field ([12],
[13]).

The aim of the analysis is to describe and compare the individual’s muscle
fiber areas at different moments in time, and to examine their underlying the-
oretical distribution from an empirical standpoint. The Method Study is used
to examine the extent of the variation between the right and the left leg, to
determine how large this variation is, and, if possible, to find a variation that
is approximately the same for everyone. The data from the Method Study was
used to examine the possibility of finding a parametric distribution that cor-
responds to the underlying theoretical distribution of muscle fiber area. The
Resistance Study is used to examine the extent of muscle fiber area variation
between biopsies taken from the same muscle at different points in time to
determine the muscle fiber response after a period of exercise.
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Chapter 3

Statistical Theory

In this section we present and describe the different methods of density estima-
tion and testing of statistical hypotheses, used in this thesis.

3.1 Density Estimation

In real life it is impossible to determine true probability density functions, but
they can be estimated in many ways, by using observations from experiments.
Two possibilities are parametric density estimation and nonparametric density
estimation. In the statistical analysis, density estimation is done on the muscle
fiber areas.

The parametric density estimation, in this case a ML-estimation, requires
an assumed distribution in order to estimate the parameters for this distribu-
tion. Since previous studies have assumed normality, the parametric density
estimation in this study is concentrated on the normal distribution. This is
compared with the nonparametric density estimation methods in order to vi-
sually determine if there are any major differences in the estimated probability
density functions.

By nonparametric density estimation, in this case kernel density estimation,
we mean estimating the probability density function without assuming a para-
metric distribution.

3.1.1 Parametric Density Estimation

The maximum likelihood estimation (MLE) method [1] assumes a particular
distribution for the observations. This should be known apart from the values
of parameters θ = (θ1, . . . , θm). Suppose that this distribution has probability
density function or probability mass function p(x; θ). For a fixed vector of
observations x, the function L(θ) = p(x; θ) is called the Likelihood Function.
Then the maximum likelihood estimate of θ is a value that maximizes the value
of L(θ) for the given observed value x,
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L(θ̂) = p(x; θ̂(x)) = max
θ
p(x; θ).

The MLE for the mean and variance for a normally distributed random variable
is

µ̂ =

∑n
i=1 xi
n

,

σ̂2 =
1

n

n∑
i=1

(xi − µ̂)2.

3.1.2 Nonparametric Density Estimation

A histogram is the simplest nonparametric probability density estimator for
estimating the probability density function. To construct a histogram, the in-
tervals are divided into equal sub-intervals, known as bins, which cover the
different data values that fall into particular sub-intervals. There are two main
points to consider when constructing a histogram: the width of the bins and
the end points of the bins. To construct a histogram one needs to select a left
bound, or starting point, x0, and the bin width, b. The bins are of the form
[x0 + (i− 1)b, x0 + ib), i = 1, 2, . . . , n. The estimator of f(x) is then given by

f̂(x) =
1

n

Number of observations in the same bin as x

b
.

More generally one can also use bins of different widths, in which case

f̂(x) =
1

n

Number of observations in the same bin as x

Width of bin containing x
.

The choice of bins, especially the bin widths, has a substantial effect on the
shape and other properties of f̂(x). The problem with histograms is that they
are not smooth curves. However, using a kernel density estimator can solve this
problem. In comparison to parametric estimators, where the only information
that needs to be stored is the parameter, nonparametric estimators have no
fixed structure and depend upon all the data points to reach an estimate.

The kernel is a weighting function. It is a non-negative real-valued integrable
function that satisfies the two following requirements

(1)

∫ ∞
−∞

K(u) du = 1,

(2) K(u) = K(−u),

for all values of u. The first requirement ensures that the method of kernel den-
sity estimation results in a probability density function. The second requirement
ensures symmetry. The gaussian kernel function is used in the analyses in this
thesis.
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In order to avoid the dependency on the end points of the bins, as in the
histogram, kernel estimators center a kernel function at each data point. If a
smooth kernel function is used, the result will be a smooth density estimate. In
this way, the two main problems associated with the histogram are eliminated.
However, the problem of bin width remains.

The kernel density estimator [17] for a sample drawn from an unknown
distribution is

f̂h(x) =
1

n

n∑
i=1

Kh(x− xi) =
1

nh

n∑
i=1

K(
x− xi
h

),

where K is the kernel function and h > 0 is a smoothing parameter called the
bandwidth. The bandwidth, used in this context, is determined by the sample
standard deviation and the sample size according to [14].

Another nonparametric density estimation method is the nearest neighbor
method, which is further discussed in [16].

3.2 Hypothesis Testing

The expected value and variance in muscle fiber area can be estimated quite
well if the sample size n is large. If the data analyzed can be assumed to follow
a normal distribution, these two parameters determine the whole distribution
and are therefore of interest.

To determine the potential statistical difference between the mean and me-
dian values of two different populations, we use the t-test and the Mann-
Whitney’s U-test. The t-test is parametric while the Mann-Whitney’s U-test is
nonparametric. Since the t-test relies on the parametric assumption, for which
a normal distribution is crucial, it is important to determine whether or not a
normal distribution assumption is valid for the actual data. For this purpose,
three methods are used; the Kolmogorov-Smirnov’s test, the Anderson-Darling’s
test, and the Ryan-Joiner’s test. The Kolmogorov-Smirnov’s test is based on
the empirical cumulative distribution function. The Anderson-Darling’s test is
a general test to compare the fit of an observed cumulative distribution function
to an expected cumulative distribution function. This test gives more weight to
the tails than the Kolmogorov-Smirnov’s test. The Ryan-Joiner’s test is based
on the correlation between the sample data and the data one would expect from
a normal distribution. The Kolmogorov-Smirnov’s test tends to be the least
powerful of these three normality tests [10].

It should be noted that normality will be assumed valid when all the three
normality tests show p-values that are greater than 0.05, which is the significance
level for all tests under the section of hypothesis testing.
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3.2.1 T-test

For the t-test, X1, . . . , Xn and Y1, . . . , Ym are independent samples from two
different populations. The test statistic [4] when comparing the means is

t =
X̄ − Ȳ√
S2
X

n +
S2
Y

m

,

which approximately follows a standard normal distribution under H0 if n and
m are large. The hypotheses are set as follows

H0: No difference in mean,
H1: Difference in mean.

3.2.2 Mann-Whitney’s U-test

For the Mann-Whitney’s U-test, X1, . . . , Xn and Y1, . . . , Ym are independent
observations from different populations. These observations are ordered from
smallest to largest, and ranked from 1 to n + m. The test statistic [2] is given
by

Un = Rn −
n(n+ 1)

2
,

where Rn is the rank sum for the first population. For large samples, U is
approximately normal distributed with µ = nm/2 and σ2 = nm(n+m+ 1)/12.
The hypotheses are set as follows

H0: No difference in median,
H1: Difference in median.

3.2.3 Kolmogorov-Smirnov’s test

The empirical distribution function, Fn, for independent and identically dis-
tributed observations Xi, i = 1, . . . , n is defined as

Fn(x) =
1

n

n∑
i=1

I(Xi ≤ x),

where I is the indicator function. The Kolmogorov-Smirnov statistic [2] for a
given cumulative distribution function, F (x), is given by

Dn = supx|Fn(x)− F (x)|.

The hypotheses are set as follows

H0: Data comes from F (x),
H1: Data does not come from F (x).
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3.2.4 Anderson-Darling’s test

The Anderson-Darling’s test [11] is used to determine if a sample comes from
a specific distribution. Assuming that the given sample follows a particular
distribution, the data can be transformed into a uniform distribution. The
transformed data can then be tested for uniformity with a certain test based
on distances. Before introducing the test statistic, the data must be put in
order. Let Y(1), . . . , Y(n) be the ordered sample from a distribution having the
cumulative distribution function F . Then the test statistic is given by

A2 = −n− S,

where

S =

n∑
i=1

2i− 1

n
[ln(F (Yi)) + ln(1− F (Yn+1−i))].

The test statistic is compared to critical values of the theoretic distribution.
To test the normality when both expected value and variance are unknown, a
modified statistic is used

A2′ = A2(1 +
4

n
− 25

n2
).

The hypotheses are set as follows

H0: Data comes from the normal distribution,
H1: Data does not come from the normal distribution.

3.2.5 Ryan-Joiner’s test

Let Y1, . . . , Yn be an independent sample then the Ryan-Joiner test statistic [11]
is based on the sample correlation coefficient and is the following

Rp =

∑n
i=1 Yibi∑n

i=1 (Yi − Ȳ )2
∑n
i=1 b

2
i

,

where bi = Φ−1(pi) and where pi denotes the percentage point of the standard
normal distribution, i = 1, . . . , n. The hypotheses are set as follows

H0: Data comes from the normal distribution,
H1: Data does not come from the normal distribution.

3.2.6 Nonparametric Inference on Percentiles

Consider an independent and identical distributed sample of a continuous ran-
dom variable X, with cumulative distribution function FX . We define κp =
F−1X (p), where p is the quantile of FX . We assume that a unique inverse exists,
which is the case for a strictly increasing cumulative distribution function. We
have the following order statistics, X(1) < X(2) < . . . < X(n). A natural point
estimate of κp is the pth sample quantile, which is the (np)th-order statistic,
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given that np is an integer. We define the order statistic X(r) to be the pth sam-
ple quantile where r = bnpc+1, which denotes the greatest integer not exceeding
np. A choice for the confidence interval endpoints are two-order statistics, Xr

and Xs, r < s, from the random sample drawn from the population FX . To
find the 100(1− α)% confidence interval, we want to find two integers r and s,
1 ≤ r < s ≤ n, such that

P (X(r) < κp < X(s)) = 1− α,

for some confidence level α ∈ (0, 1). It can be shown that [2]

P (X(r) < κp < X(s)) =

n∑
i=r

(
n

i

)
pi(1− p)(n−i) −

n∑
i=s

(
n

i

)
pi(1− p)(n−i)

=

s−1∑
i=r

(
n

i

)
pi(1− p)(n−i)

= P (r ≤ K ≤ s− 1)

whereK has a binomial distribution with parameters n and p. Then a confidence
interval can be approximated by the normal distribution.

This thesis uses the results and methods from [7] which proposes new quan-
tile testing procedures based on the test statistic in (3.1). Critical values depen-
dent on smoothing parameter m are derived from fixed-smoothing asymptotics.
These are more accurate than the standard normal critical values since the fixed-
m distribution is shown to be more accurate under both fixed-m and large-m
asymptotics. Type I and II errors are approximated using an Edgeworth expan-
sion [7]. Simulations show that, compared with the previous methods, the new
method greatly reduces size distortion while maintaining good power. The new
method also outperforms bootstrap methods for one-sample tests and some of
the two-sample cases [7].

Consider an independent and identical distributed sample of a continuous
random variable X, whose p-percentile is ξp. The estimator ξ̂p is an order
statistic. The rth order statistic for a sample of n values is defined as the rth
smallest value in the sample and written as Xn,r, such that Xn,1 < Xn,2 <
. . . < Xn,n. The estimator is

ξ̂p = Xn,r, r = bnpc+ 1,

For two-sided inference on ξp, if the null and alternative hypotheses are H0:
ξp = β and H1: ξp 6= β, respectively, the test statistic in one-sample case is

Tm,n ≡
√
n(Xn,r − β)

Sm,n
√
p(1− p)

, (3.1)

where
Sm,n ≡

n

2m
(Xn,r+m −Xn,r−m),
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when m→∞ and m/n→ 0 as n→∞.
Now consider two independent and identical distributed samples of con-

tinuous random variables X and Y in the same way as in the one-sample case
above. Let these random variables have the same sample size, n = nx = ny, and
marginal probability density functions fx and fy. We want to test if ξp,x = ξp,y,
under the null hypothesis H0: ξp,x = ξp,y = ξp. The first-order asymptotic
result [7] is

√
n(Xn,r − ξp)−

√
n(Yn,r − ξp)

d−→ N(0, p(1− p)([fx(ξp)]
−2 + [fy(ξp)]

−2)),

using the fact that the variance of the sum of two independent normal random
variables is the sum of the variances. The test statistic in two-sample case is

Tm,n ≡
√
n(Xn,r − Yn,r)√

(n/(2m))2(Xn,r+m −Xn,r−m)2 + (n/(2m))2(Yn,r+m − Yn,r−m)2
√
p(1− p)

.

The two-sample setup can be extended to the case of unequal sample sizes,
nx 6= ny, by starting with

√
nx(Xn,r−ξp)−

√
nx/ny

√
ny(Yn,r−ξp) and assuming

nx/ny is constant asymtotically.
The code used for calculating confidence intervals and other methods are

further discussed in ([3], [5], [6], [7]). The hypotheses are set as follows

H0: No difference in the 10th percentile,
H1: Difference in the 10th percentile,

H0: No difference in the 90th percentile,
H1: Difference in the 90th percentile.

14



Chapter 4

Results

The results of this thesis have been divided into two sections. The first section
contains the results of the statistical analysis of the Method Study data. The
second section contains the results of the statistical analysis of the Resistance
Study data. All the figures are in Appendix A and all the tables are in Appendix
B. In the first appendix there are estimated densitites for Person A and Person
D in the Method Study, and also for Person A and Person C in the Resistance
Study. There are totally six figures per person, per study. These six figures
are for all fibertypes combined, type I and type IIA respectively. Additionally
the three different combinations are standardized with respect to the mean and
also with respect to both mean and standard deviation. It should be noted that
normality is assumed when all the three normality test values give p-values that
are greater than 0.05.

4.1 The Method Study

The means and standard deviations of the different muscle fiber areas show a
wide spread between and within individuals, see Tables B.1-B.3 on pages 28-30.
The overall coefficient of variation is approximately 25-30%, and normality can
not be assumed in general as the distribution of muscle fiber area even though
Person E could, see Tables B.4-B.6 on pages 31-33. If muscle fiber areas are
standardized to have mean 0 and standard deviation 1, all the fibers can be
assumed to follow the same underlying theoretic distribution, see Table B.7
on page 34. The confidence intervals for the 10th and 90th percentiles of the
distribution show no specific pattern in the sense that there are no trend, see
Table B.8 on page 35. This summary concerns both the analysis of samples
with all fiber types combined, and the analysis of samples with type I and type
IIA fibers separated.
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4.2 The Resistance Study

The results of the Resistance Study are similar to the results of the Method
Study. The distribution of muscle fiber types and muscle fiber areas for the
biopsies before and after training can be found in Tables B.9-B.10 on pages
36-37. Mean values and standard deviations have a wide spread between and
within individuals. The coefficient of variation also varies a lot, see Tables
B.11-B.13 on pages 38-40. In general, normality could not be assumed, and
the differences in mean and/or median in muscle fiber area are significant for
almost all of the individuals, see Tables B.14-B.16 on pages 41-43. If muscle
fiber areas are standardized with respect to both mean and standard deviation,
all the pair-wise comparisons of biopsies are not significant even though almost
all of them are. The interpretation could be that all the fibers could be assumed
to follow the same underlying theoretic distribution if they all were significant,
see Table B.17 on page 44. Inference on the 10th and 90th percentiles show
a positive pattern; both small muscle fiber areas and large muscle fiber areas
have in general increased, see Table B.18 on page 45. This could not be shown
significantly, but nevertheless indicates that if increased muscle fiber area is
used as a proxy for training effect, many of the study participants responded
positively to the exercise.

As mentioned in the introduction, previous studies have analyzed the results
group-wise. This is a strongly questioned approach. Standardizing every per-
sons two biopsies with respect to the mean of the biopsy which corresponds to
biopsy before the training period started, is much better. The combined sam-
ples for all fiber types combined, fiber type I and fiber type IIA respectively
can be found in Figure 4.1. The red line is the biopsy from before the training
period and the blue line is from after the training period.
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Figure 4.1: Estimated densities group-wise when standardizing every persons
biopsies with respect to the mean of biopsy corresponding to before eight weeks
of resistance training. The red line is the biopsy from before the training period.
The blue line is from after the training period.
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Chapter 5

Discussion and Conclusions

The aim of the thesis was firstly to investigate the variation in fiber type dis-
tributions in repeated muscle biopsies from the same individuals in view of
statistical methodology. Secondly, with the results from the Method Study in
mind, to do a statistical evaluation of the effect of resistance training on muscle
hypertrophy, in view of fiber type area. The Method Study clearly points out
that there are large variations in muscle fiber area between and within individu-
als, even when biopsies are taken on the same day and no exercise is conducted
between biopsies. This variation can be partially explained by the method for
obtaining the tissue. For example, samples taken from different depths of the
same muscle might yield tissues with different distributions of fiber types as
human skeletal muscle has a heterogeneous mixture of fiber types. The method
for obtaining muscle biopsies is difficult to standardize in order to remove this
type of error. Therefore, it is important that the biopsies are taken from the
same depth and in the same region of the muscle [8]. Another major issue is
the path from biopsy to data as muscle fiber area. First of all, there might
be a bias depending on which person is analyzing in the lab since that person
is excluding and coloring the muscle fibers. The cut of the biopsy, before the
coloring-process, might lead to more or less fibers that will be excluded and is
also a source for bias that has to be considered.

Variations in muscle fiber type and area can also be explained by biological
factors. For example, some people have one leg that is more dominant and hence
slightly stronger than the other. This may affect the muscles fibers phenotype.
Moreover, the cross sectional area of muscle fibers can normally vary from 1000
µm2 to 5000 µm2, which gives large coefficients of variation of fiber areas within
one single muscle biopsy. This extensive variation in size is likely due to large
difference in loads within each muscle; there are some muscle fibers that are
stressed by heavy loads whereas other fibers are not. Another factor can be
related to limited space within a muscle that restrains some muscle fiber to
grow. This intra-individual variance needs to be taken into consideration in the
set-up of the study design and in the statistical analysis. While the coefficient of
variation in this study was approximately 25-30%, other studies have reported
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variations of 15-20% [8].
Further, it is important in the statistical analysis to use large biopsy samples,

and also to obtain data from a large enough and diverse group of subjects, for
the sake of power in the statistical evaluation [13]. As mentioned in chapter 3,
normality was assumed valid when all the three normality tests show p-values
that are greater than 0.05. Normally one set the hypotheses in the opposite way
but since we have so many observations this is not a problem when it comes
to rejection, due to the fact that the nullhypothesis is likely to be rejected if
the observations are few. It should also be mentioned that when studying the
muscle fiber areas on individual level many tests are performed and one have to
consider the risk of mass-significance.

Either t-test or Mann-Whitney’s U-test is often used when comparing the
mean or median for two populations. Since there are many observations, by the
Central Limit Theorem the mean is approximately normally distributed so the
Mann-Whitney’s U-test may be an excess. However, muscle fiber area cannot be
assumed to follow a normal distribution. Even though research has shown that
the normality assumption is satisfied ([8], [9], [12]), these articles generally fail
to explain the initial intra-individual variation in muscle fiber area. Since there
is a significant difference in muscle fiber area between different muscles and at
different depths of the same muscle, this has to be considered when analyzing the
muscle fiber area. The variation leads to different mean and median values for
different tissue samples from the same individual, without having anything to do
with the individuals doing exercise. Because of this innate variation in muscle
fiber area, it is difficult to say whether the observed increases in muscle fiber
area after a period of exercise in the Resistance Study is a result of the exercise
or not. One approach is to evaluate potential differences in fiber type areas
in segments of the fibers area, thus within each percentile of the distribution
function. This is motivated by the fact that two muscle biopsies can have equal
mean values in fiber area but significant differences in the distribution of fiber
areas within the muscle sample.

The interpretation of the result in the Resistance Study is complicated by the
method used in the Method Study, even though mean and median values differed
which implies that there is a difference before and after the training period. It
can however not be determined whether it is due to the response of training or
due to the variation within the individual or the method for obtaining the biopsy.
Since obtaining tissue with a biopsy can cause an inflammatory response and
tissue remodeling, the second biopsy was taken from the corresponding muscle
on the opposite leg. To somewhat correct for the intra-individual variance, the
statistical analysis in this thesis focused on the 10th and 90th percentiles of the
muscle fiber area densities. The major result of the analysis was that, compared
to the Method Study, the muscle fiber areas in the Resistance Study did change
for those percentiles; both the small muscle fibers and the large muscle fibers had
enlarged, which is a well described phenomena in muscle adaptation to increased
loads provoked by resistance training [15]. There is an association between
resistance training and increased fiber areas, thus hypertrophy of muscle fibers.

The results also show that by studying muscle fiber areas group-wise you do
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not obtain all possible information. It was shown that by studying muscle fiber
areas in groups of individuals, after the training period the fibers around the
mean had increased or transformed overall in larger cross sectional areas, while
when analyzing individually we get an increase or transformation in both the
small and the large cross sectional areas.

There is a wide spread in variation between and within individuals which
causes the t-test analysis difficult to interpret. However, due to the nonparamet-
ric inference on percentiles, in general the individuals showed an increased or
transformed cross sectional area both in the small and large muscle fiber areas.
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Chapter 6

Further Study

Beside the normal assumption lies an assumption that the muscle fiber areas
are independent. If, instead, muscle fiber areas are seen as spatially dependent,
then spatial statistics can be applied and is therefore an interesting approach.
By visual inspection there might be a dependence since once there are a green
muscle fiber (type I), there seem to be many of the same type surrounding that
particular one. Same goes for the red fibers (type IIA), see Figure 1.2 on page
3.

The muscle fiber areas can also have mixed distributions, which can be seen
in some of the figures in Appendix A, such as Figure A.2 on page 24 and Figure
A.3 on page 25. This is because some of them have a wave-shaped curve with
many peaks. By trying to fit a parametric model with mixed distributions in
further studies can be an interesting approach.

A new method for obtaining a biopsy or muscle fiber areas is crucial in order
to be able to conduct a more precise and deeper statistical analysis. It would
be preferable if this method could measure tissue fiber composition from the
same leg and from the same spot without causing any damage or inflamma-
tory response to the muscle. This would make it easier to draw more proper
conclusions.
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Appendix A

Figures
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Figure A.1: The estimated densities for biopsies from Person A in the Method
Study. The first column corresponds to standardization with respect to mean.
The second column corresponds to standardization with respect to both mean
and standard deviation. The red line is the biopsy from the left leg. The blue
line is from the right leg. The green line is from the left leg, but above the
previous location.
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Figure A.2: The estimated densities for biopsies from Person D in the Method
Study. The first column corresponds to standardization with respect to mean.
The second column corresponds to standardization with respect to both mean
and standard deviation. The red line is the biopsy from the left leg. The blue
line is from the right leg. The green line is from the left leg, but above the
previous location.
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Figure A.3: The estimated densities for biopsies from Person A in the Resistance
Study. The first column corresponds to standardization with respect to mean.
The second column corresponds to standardization with respect to both mean
and standard deviation. The red line is the biopsy from before the training
period. The blue line is from after the training period.
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Figure A.4: The estimated densities for biopsies from Person C in the Resistance
Study. The first column corresponds to standardization with respect to mean.
The second column corresponds to standardization with respect to both mean
and standard deviation. The red line is the biopsy from before the training
period. The blue line is from after the training period.
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Appendix B

Tables
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Table B.1: Descriptive statistics and normality validation for the Method Study
biopsies when combining all the fiber types. Normality assumption is only
applicable to Person E.

All fiber types combined
Person Leg n Mean Std CV Normality

L 183 3763.7 1112.6 29.6% Not rejected
A R 159 4053.4 1234.9 30.5% Rejected

L+h 153 3453.7 782.6 22.7% Rejected
R 152 6487.2 1889.5 29.1% Not rejected

B L 164 4457.0 1344.2 30.2% Rejected
R+h 163 4415.6 1171.2 26.5% Not rejected
L 219 3881.9 1304.9 33.6% Rejected

C L+h 207 3139.0 901.4 28.7% Rejected
R 152 4614.4 1452.4 31.5% Rejected
L 157 4165.4 942.0 22.6% Not rejected

D R 153 5033.7 1090.9 21.7% Rejected
L+h 129 5445.9 2283.2 41.9% Rejected
L 152 6375.6 1815.5 28.5% Not rejected

E R 150 5309.5 1115.8 21.0% Not rejected
L+h 179 4669.1 1097.7 23.5% Not rejected
L 154 5167.7 1570.2 30.4% Rejected

F R 151 5153.5 1339.5 26.0% Rejected
L+h 166 5815.6 1781.7 30.6% Not rejected
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Table B.2: Descriptive statistics and normality validation for the Method Study
biopsies when considering fiber type I. Normality assumption is only applicable
to Person E and Person F.

Fiber type I
Person n %, f %, a Mean Std CV Normality

86 47.0 49.6 3975.9 1248.4 31.4% Not rejected
A 67 42.1 38.3 3682.3 1191.2 32.3% Rejected

65 42.5 42.8 3480.3 893.1 25.7% Not rejected
119 78.3 70.9 4958.3 1637.1 33.0% Rejected

B 103 62.8 58.1 4122.6 1259.0 30.5% Rejected
108 66.3 61.5 4101.6 1019.0 24.8% Not rejected
91 41.6 33.3 3107.3 775.1 24.9% Rejected

C 78 37.7 32.7 2720.8 682.3 25.1% Not rejected
57 37.5 29.5 3631.9 862.0 23.7% Not rejected
64 40.8 39.4 4027.3 1051.5 26.1% Rejected

D 56 36.6 35.9 4932.8 1050.9 21.3% Not rejected
42 32.6 27.6 4619.8 2037.7 44.1% Rejected
81 53.3 50.9 6090.0 1953.5 32.1% Not rejected

E 74 49.3 46.7 5028.5 960.8 19.1% Not rejected
65 36.3 33.3 4285.8 1195.6 27.9% Not rejected
49 31.8 27.7 4506.0 1346.3 29.9% Not rejected

F 67 44.4 45.3 5259.9 1206.1 22.9% Not rejected
39 23.5 16.1 3984.0 1111.3 27.9% Not rejected
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Table B.3: Descriptive statistics and normality validation for the Method Study
biopsies when considering fiber type IIA. Normality assumption is only appli-
cable to Person B, Person E and Person F.

Fiber type IIA
Person n %, f %, a Mean Std CV Normality

77 42.1 40.9 3656.8 903.8 24.7% Rejected
A 81 50.9 54.1 4300.7 1079.5 25.1% Rejected

70 45.8 46.2 3485.6 664.5 19.1% Rejected
31 20.4 27.4 7368.2 1521.7 20.7% Not rejected

B 50 30.5 34.4 5034.0 1216.1 24.2% Not rejected
51 31.3 35.9 5063.8 1208.0 23.9% Not rejected
95 43.4 50.6 4523.8 1301.2 28.8% Rejected

C 101 48.8 56.8 3657.1 846.0 23.1% Not rejected
70 46.1 52.9 5300.9 1366.1 25.8% Rejected
81 51.6 53.0 4276.2 870.7 20.4% Rejected

D 86 56.2 57.4 5139.7 1109.2 21.6% Rejected
65 50.4 54.1 5843.2 2099.1 35.9% Rejected
61 40.1 42.2 6701.7 1418.3 21.2% Not rejected

E 56 37.3 37.2 5284.0 1157.6 21.9% Not rejected
102 57.0 59.0 4832.7 965.8 20.0% Not rejected
67 43.5 51.2 6077.8 1507.3 24.8% Not rejected

F 35 23.2 27.8 6173.3 1382.9 22.4% Not rejected
79 47.6 57.8 7061.8 1360.5 19.3% Not rejected

30



Table B.4: P-values for comparisons of means and/or medians in muscle fiber
area depending on parametric or nonparametric test, when all fiber types are
combined in the Method Study.

All fiber types combined
Person Biopsies Normality T-test M-W

1v2 Rejected 0.067
A 2v3 Rejected 0.000

1v3+h Rejected 0.012
1v2 Rejected 0.000

B 2v3 Rejected 0.964
1v3+h Not rejected 0.000 0.000
1v2+h Rejected 0.000

C 2v3 Rejected 0.000
1v3 Rejected 0.000
1v2 Rejected 0.000

D 2v3 Rejected 0.461
1v3+h Rejected 0.000
1v2 Not rejected 0.000 0.000

E 2v3 Not rejected 0.000 0.000
1v3+h Not rejected 0.000 0.000
1v2 Rejected 0.988

F 2v3 Rejected 0.001
1v3+h Rejected 0.001
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Table B.5: P-values for comparisons of means and/or medians in muscle fiber
area depending on parametric or nonparametric test, when considering fiber
type I in the Method Study.

Fiber type I
Person Biopsies Normality T-test M-W

1v2 Not rejected 0.143 0.095
A 2v3 Not rejected 0.275 0.476

1v3+h Not rejected 0.005 0.017
1v2 Rejected 0.000

B 2v3 Rejected 0.666
1v3+h Rejected 0.000
1v2+h Rejected 0.001

C 2v3 Not rejected 0.000 0.000
1v3 Rejected 0.001
1v2 Rejected 0.000

D 2v3 Rejected 0.029
1v3+h Rejected 0.378
1v2 Not rejected 0.000 0.000

E 2v3 Not rejected 0.000 0.001
1v3+h Not rejected 0.000 0.000
1v2 Not rejected 0.003 0.005

F 2v3 Not rejected 0.000 0.000
1v3+h Not rejected 0.052 0.076

32



Table B.6: P-values for comparisons of means and/or medians in muscle fiber
area depending on parametric or nonparametric test, when considering fiber
type IIA in the Method Study.

Fiber type IIA
Person Biopsies Normality T-test M-W

1v2 Rejected 0.000
A 2v3 Rejected 0.000

1v3+h Rejected 0.335
1v2 Not rejected 0.000 0.000

B 2v3 Not rejected 0.903 0.863
1v3+h Not rejected 0.000 0.000
1v2+h Rejected 0.000

C 2v3 Rejected 0.000
1v3 Rejected 0.001
1v2 Rejected 0.000

D 2v3 Rejected 0.029
1v3+h Rejected 0.000
1v2 Not rejected 0.000 0.000

E 2v3 Not rejected 0.016 0.025
1v3+h Not rejected 0.000 0.000
1v2 Not rejected 0.752 0.410

F 2v3 Not rejected 0.003 0.005
1v3+h Not rejected 0.000 0.000
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Table B.7: P-values of the Kolmogorov-Smirnov’s test for testing if the different
biopsies’ densities are equal for the same individual in the Method Study. This
is done after standardizing with respect to mean and with respect to both mean
and standard deviation respectively.

Kolmogorov-Smirnov’s test
Std. mean Std. mean & std

Person Type 1v2 1v3 2v3 1v2 1v3 2v3
All 0.313 0.149 0.114 0.265 0.979 0.521

A Type I 0.435 0.178 0.833 0.511 0.837 0.696
Type IIA 0.690 0.455 0.026 0.831 0.813 0.348
All 0.092 0.053 0.357 0.327 0.243 0.874

B Type I 0.075 0.016 0.187 0.441 0.683 0.513
Type IIA 0.447 0.811 0.506 0.838 0.671 0.506
All 0.106 0.475 0.042 0.436 0.680 0.801

C Type I 0.155 0.875 0.537 0.310 0.897 0.705
Type IIA 0.246 0.771 0.027 0.816 0.869 0.836
All 0.431 0.000 0.001 0.699 0.123 0.599

D Type I 0.941 0.313 0.250 0.941 0.075 0.281
Type IIA 0.274 0.001 0.019 0.608 0.565 0.969
All 0.047 0.104 0.718 0.802 0.999 0.718

E Type I 0.015 0.122 0.356 0.878 0.998 0.782
Type IIA 0.359 0.446 0.883 0.776 0.870 0.457
All 0.482 0.540 0.201 0.650 0.933 0.535

F Type I 0.341 0.394 0.923 0.578 0.540 0.858
Type IIA 0.854 0.941 0.717 0.745 0.740 0.717
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Table B.8: Confidence intervals for the 10th and 90th percentiles of the muscle
fiber area in the Method Study. If the confidence interval covers the value 0,
there is no significant difference between the biopsies. If the lower and upper
limits are negative, the latter biopsy is significantly larger and vice versa.

All types Type I Type IIA
Person Biopsies CI 0.10 0.90 0.10 0.90 0.10 0.90

1v2 Low -737.2 -1055.3 -557.0 -221.0 -889.6 -1769.3
High -96.6 110.9 582.6 892.0 -412.9 -201.7

A 1v3 Low -385.6 353.3 -539.5 251.9 -357.0 -30.3
High 71.7 1214.4 430.8 1458.5 258.9 1046.7

2v3 Low -7.2 628.1 -677.6 -172.6 391.8 875.4
High 527.0 1871.2 548.2 1216.1 810.4 2128.0

1v2 Low -486.4 455.5 -570.6 415.2 617.6 1429.6
High 347.1 1837.7 389.0 1803.9 3433.8 4828.3

B 1v3 Low -792.7 871.1 -466.2 991.8 971.6 1208.3
High 400.0 2158.6 356.2 2164.2 2645.0 4592.4

2v3 Low -592.3 -291.7 -312.1 -377.7 -1232.2 -943.8
High 343.9 1030.2 392.0 1298.6 706.9 590.2

1v2 Low -40.8 1049.5 -152.7 -42.0 -134.1 998.5
High 513.6 1797.3 326.2 765.4 819.2 2228.4

C 1v3 Low -994.0 -1812.7 -852.5 -1134.6 -1325.3 -1930.6
High -276.2 -27.5 -362.8 -241.9 -414.0 -31.7

2v3 Low -1175.6 -3154.6 -951.9 -1618.5 -1810.2 -3537.9
High -569.0 -1572.7 -435.6 -514.1 -617.8 -1670.3

1v2 Low -1093.4 -1436.6 -1310.4 -1589.1 -1042.2 -1605.6
High -526.1 -827.8 -297.7 -396.2 -189.6 -673.1

D 1v3 Low -510.4 -4295.6 -605.1 -4679.6 -943.0 -4323.8
High 639.9 -2545.5 948.1 -509.2 928.0 -2385.3

2v3 Low 303.6 -3133.8 15.5 -3785.7 -368.4 -3083.8
High 1442.8 -1425.9 1906.2 536.7 1574.5 -1306.7

1v2 Low -569.9 1208.0 -992.7 1680.9 321.0 507.2
High 505.7 2440.7 13.7 3189.7 1740.8 2552.4

E 1v3 Low 159.6 2030.5 164.7 2105.5 609.3 1667.7
High 1311.4 3092.7 1278.4 3639.8 1801.8 3100.5

2v3 Low 417.1 273.4 812.5 -235.5 -339.8 76.2
High 1107.4 1225.6 1658.2 1124.0 742.0 1645.0

1v2 Low -761.5 -631.5 -1369.9 -1527.5 -1536.1 -976.3
High -8.8 617.3 -406.3 106.2 1535.6 1589.1

F 1v3 Low -944.7 -1709.9 -419.6 -344.4 -2401.9 -1834.5
High 41.2 -615.5 936.8 1768.4 -366.1 489.5

2v3 Low -498.6 -1686.4 575.1 251.3 -2782.7 -1845.3
High 359.4 -626.5 1722.6 2587.4 144.0 -122.6
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Table B.9: Distributions of muscle fiber types for the biopsies before and after
training period in the Resistance Study.

All fiber types combined, % fibers
Person Biopsy I I+II IIA IIAX IIX

A Before 38.5% 0.4% 52.5% 7.4% 1.2%
After 41.7% 0.0% 53.2% 5.1% 0.0%

B Before 42.7% 0.0% 36.2% 15.0% 6.1%
After 31.4% 0.0% 64.2% 4.4% 0.0%

C Before 41.1% 1.5% 45.0% 11.9% 0.5%
After 64.7% 2.6% 32.6% 0.0% 0.0%

D Before 42.9% 0.0% 47.8% 8.9% 0.5%
After 43.1% 0.0% 53.5% 3.5% 0.0%

E Before 45.2% 1.9% 47.1% 5.1% 0.6%
After 51.6% 0.0% 47.3% 1.1% 0.0%

F Before 36.0% 3.2% 59.0% 1.8% 0.0%
After 36.3% 1.0% 56.5% 5.7% 0.5%

G Before 24.3% 0.6% 40.9% 16.0% 18.2%
After 32.1% 1.3% 55.3% 11.3% 0.0%

H Before 39.0% 0.0% 47.2% 11.8% 2.1%
After 45.1% 0.5% 42.3% 12.1% 0.0%

I Before 42.3% 0.8% 45.4% 7.7% 3.8%
After 60.6% 0.0% 38.0% 1.4% 0.0%

J Before 45.4% 3.1% 41.7% 8.0% 1.8%
After 47.1% 0.0% 52.9% 0.0% 0.0%

K Before 21.4% 4.4% 56.0% 4.9% 13.2%
After 32.2% 0.0% 54.8% 11.7% 1.3%

L Before 47.2% 0.0% 42.3% 7.3% 3.2%
After 45.6% 0.0% 47.1% 7.4% 0.0%

M Before 50.5% 3.2% 45.0% 1.4% 0.0%
After 38.5% 1.9% 59.1% 0.0% 0.5%

N Before 32.6% 1.6% 50.0% 14.2% 1.6%
After 60.7% 3.6% 29.8% 6.0% 0.0%

O Before 31.8% 0.8% 55.1% 12.2% 0.0%
After 29.4% 3.7% 64.7% 2.1% 0.0%

P Before 31.6% 0.0% 53.2% 14.2% 1.1%
After 51.2% 0.0% 48.8% 0.0% 0.0%

Q Before 30.6% 0.0% 58.1% 11.3% 0.0%
After 30.9% 0.9% 62.7% 5.5% 0.0%
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Table B.10: Distributions of muscle fiber area for the biopsies before and after
a training period in the Resistance Study.

All fiber types combined, % area
Person Biopsy I I+II IIA IIAX IIX

A Before 32.0% 0.4% 58.2% 7.8% 1.7%
After 34.2% 0.0% 60.2% 5.6% 0.0%

B Before 37.3% 0.0% 42.0% 15.7% 5.0%
After 26.5% 0.0% 69.5% 4.0% 0.0%

C Before 39.1% 1.3% 46.8% 12.3% 0.5%
After 59.2% 2.6% 38.2% 0.0% 0.0%

D Before 42.1% 0.0% 49.8% 7.6% 0.5%
After 36.9% 0.0% 60.0% 3.1% 0.0%

E Before 45.8% 1.6% 48.9% 3.4% 0.2%
After 45.5% 0.0% 53.3% 1.2% 0.0%

F Before 29.9% 2.8% 65.2% 2.1% 0.0%
After 30.8% 0.8% 62.0% 5.7% 0.7%

G Before 22.0% 0.2% 48.6% 15.9% 13.3%
After 25.8% 0.8% 63.3% 10.1% 0.0%

H Before 42.9% 0.0% 47.6% 9.0% 0.5%
After 43.1% 0.4% 45.1% 11.5% 0.0%

I Before 36.4% 0.7% 49.6% 8.7% 4.6%
After 51.5% 0.0% 46.0% 2.5% 0.0%

J Before 35.8% 2.5% 50.8% 8.7% 2.2%
After 35.0% 0.0% 65.0% 0.0% 0.0%

K Before 19.4% 5.3% 58.9% 4.8% 11.5%
After 26.5% 0.0% 64.0% 8.5% 1.0%

L Before 42.3% 0.0% 46.2% 7.8% 3.8%
After 36.3% 0.0% 55.3% 8.4% 0.0%

M Before 44.5% 3.2% 50.7% 1.6% 0.0%
After 32.1% 1.7% 65.6% 0.0% 0.5%

N Before 30.2% 0.9% 54.9% 12.9% 1.1%
After 56.0% 2.9% 34.5% 6.7% 0.0%

O Before 27.6% 0.8% 61.4% 10.2% 0.0%
After 25.9% 3.5% 69.2% 1.5% 0.0%

P Before 22.0% 0.0% 65.0% 12.1% 0.9%
After 40.3% 0.0% 59.7% 0.0% 0.0%

Q Before 27.1% 0.0% 64.5% 8.5% 0.0%
After 24.6% 0.8% 69.2% 5.4% 0.0%
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Table B.11: Descriptive statistics for the different Resistance Study muscle fiber
areas when combining all the fiber types.

All fiber types combined
Person Biopsy Leg n Mean Std CV

A Before L 244 3466.7 1007.7 29.1%
After L 216 4171.2 1168.9 28.0%

B Before R 213 4759.1 1017.8 21.4%
After L 271 4236.8 1061.3 25.0%

C Before L 202 4212.9 1217.8 28.9%
After L 190 4761.1 1167.7 24.5%

D Before R 203 4813.8 1249.2 26.0%
After L 202 5259.7 1248.9 23.7%

E Before R 157 5283.0 1561.0 29.5%
After L 184 5281.0 1665.0 31.5%

F Before R 222 5553.8 1396.2 25.1%
After L 193 5263.8 1262.2 24.0%

G Before R 181 5822.0 1691.0 29.0%
After L 159 7035.0 1873.0 26.6%

H Before R 195 5428.0 2387.0 44.0%
After R 182 5819.0 1681.0 28.9%

I Before R 260 2102.8 627.8 29.9%
After R 279 2694.8 986.8 36.6%

J Before R 163 5019.0 1559.0 31.1%
After R 157 7153.0 2505.0 35.0%

K Before R 182 6589.0 2108.0 32.0%
After L 230 5279.6 1513.1 28.7%

L Before R 248 4920.3 1453.1 29.5%
After L 204 5185.5 1392.0 26.8%

M Before R 222 4713.4 1232.0 26.1%
After L 208 5744.2 1271.5 22.1%

N Before R 190 5324.5 1195.2 22.4%
After L 168 7183.0 1718.0 23.9%

O Before R 245 5044.2 1452.3 28.8%
After L 187 6494.0 1515.0 23.3%

P Before R 190 4767.0 1929.0 40.5%
After L 207 5789.0 2061.0 35.6%

Q Before R 248 4151.9 1512.5 36.4%
After L 217 5585.0 1836.0 32.9%

38



Table B.12: Descriptive statistics for the different Resistance Study muscle fiber
areas when considering fiber type I.

Fiber type I
Person Biopsy Leg n Mean Std CV

A Before L 94 2882.6 858.3 29.8%
After L 90 3427.0 1218.0 35.5%

B Before R 91 4153.6 620.1 14.9%
After L 85 3584.5 899.3 25.1%

C Before L 83 4006.0 1136.0 28.4%
After L 123 4357.4 901.3 20.7%

D Before R 87 4728.0 1429.0 30.2%
After L 87 4511.0 1161.0 25.7%

E Before R 71 5355.0 1368.0 25.5%
After L 95 4654.0 1523.0 32.7%

F Before R 80 4616.0 1247.0 27.0%
After L 70 4471.0 1206.0 27.0%

G Before R 44 5258.0 1184.0 22.5%
After L 51 5657.0 1580.0 27.9%

H Before R 76 5978.0 2904.0 48.6%
After R 82 5560.0 1872.0 33.7%

I Before R 110 1810.1 702.1 38.8%
After R 169 2291.9 941.3 41.1%

J Before R 74 3960.0 1200.0 30.3%
After R 74 5319.0 1743.0 32.8%

K Before R 39 5979.0 1640.0 27.4%
After L 74 4349.0 926.0 21.3%

L Before R 117 4413.0 1785.0 40.4%
After L 93 4129.9 816.0 19.8%

M Before R 112 4162.0 1313.0 31.5%
After L 80 4799.0 975.0 20.3%

N Before R 62 4936.0 822.0 16.7%
After L 102 6623.0 1604.0 24.2%

O Before R 78 4379.0 1126.0 25.7%
After L 55 5723.0 1100.0 19.2%

P Before R 60 3318.0 1299.0 39.2%
After L 106 4561.0 1263.0 27.7%

Q Before R 76 3665.0 1067.0 29.1%
After L 67 4458.0 1439.0 32.3%
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Table B.13: Descriptive statistics for the different Resistance Study muscle fiber
areas when considering fiber type IIA.

Fiber type IIA
Person Biopsy Leg n Mean Std CV

A Before L 128 3843.4 929.8 24.2%
After L 115 4712.6 793.0 16.8%

B Before R 77 5535.1 838.3 15.1%
After L 174 4585.5 986.6 21.5%

C Before L 91 4381.0 1257.0 28.7%
After L 62 5570.0 1238.0 22.2%

D Before R 97 5017.0 1043.0 20.8%
After L 108 5897.7 973.7 16.5%

E Before R 74 5483.0 1641.0 29.9%
After L 87 5949.0 1570.0 26.4%

F Before R 131 6133.0 1191.0 19.4%
After L 109 5778.2 1016.2 17.6%

G Before R 74 6919.0 1518.0 21.9%
After L 88 8048.0 1360.0 16.9%

H Before R 92 5471.0 1839.0 33.6%
After R 77 6198.0 1347.0 21.7%

I Before R 118 2299.9 477.2 20.7%
After R 106 3262.4 567.5 17.4%

J Before R 68 6106.0 1051.0 17.2%
After R 83 8788.0 1868.0 21.3%

K Before R 102 6927.0 2296.0 33.1%
After L 126 6165.0 1281.0 20.8%

L Before R 105 5363.3 814.0 15.2%
After L 96 6089.0 1139.0 18.7%

M Before R 100 5303.4 851.0 16.0%
After L 123 6376.5 1018.8 16.0%

N Before R 95 5842.0 1254.0 21.5%
After L 50 8323.0 1429.0 17.2%

O Before R 135 5619.0 1423.0 25.3%
After L 121 6941.0 1537.0 22.1%

P Before R 101 5826.0 1835.0 31.5%
After L 101 7078.0 1950.0 27.6%

Q Before R 144 4611.0 1637.0 35.5%
After L 136 6166.0 1803.0 29.2%
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Table B.14: P-values for comparisons of means and/or medians in muscle fiber
area depending on parametric or nonparametric test, when all fiber types are
combined in the Resistance Study.

All fiber types combined
Person Biopsy Normality T-test M-W

A Before Rejected 0.000
After Rejected

B Before Rejected 0.000
After Rejected

C Before Rejected 0.000
After Rejected

D Before Not rejected 0.000 0.000
After Not rejected

E Before Rejected 0.664
After Not rejected

F Before Not rejected 0.027 0.018
After Not rejected

G Before Rejected 0.000
After Not rejected

H Before Rejected 0.003
After Not rejected

I Before Rejected 0.000
After Rejected

J Before Rejected 0.000
After Not rejected

K Before Rejected 0.000
After Not rejected

L Before Rejected 0.254
After Rejected

M Before Rejected 0.000
After Not rejected

N Before Not rejected 0.000 0.000
After Not rejected

O Before Rejected 0.000
After Rejected

P Before Rejected 0.000
After Not rejected

Q Before Rejected 0.000
After Rejected
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Table B.15: P-values for comparisons of means and/or medians in muscle fiber
area depending on parametric or nonparametric test, when considering fiber
type I in the Resistance Study.

Fiber type I
Person Biopsy Normality T-test M-W

A Before Rejected 0.008
After Rejected

B Before Not rejected 0.000
After Rejected

C Before Not rejected 0.020 0.033
After Not rejected

D Before Rejected 0.476
After Not rejected

E Before Rejected 0.004
After Not rejected

F Before Not rejected 0.298
After Rejected

G Before Rejected 0.176
After Not rejected

H Before Rejected 0.711
After Not rejected

I Before Rejected 0.000
After Rejected

J Before Not rejected 0.000
After Rejected

K Before Not rejected 0.000 0.000
After Not rejected

L Before Rejected 0.366
After Not rejected

M Before Rejected 0.002
After Not rejected

N Before Not rejected 0.000
After Rejected

O Before Rejected 0.000
After Not rejected

P Before Rejected 0.000
After Rejected

Q Before Not rejected 0.001
After Rejected
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Table B.16: P-values for comparisons of means and/or medians in muscle fiber
area depending on parametric or nonparametric test, when considering fiber
type IIA in the Resistance Study.

Fiber type IIA
Person Biopsy Normality T-test M-W

A Before Rejected 0.000
After Rejected

B Before Rejected 0.000
After Not rejected

C Before Not rejected 0.000
After Rejected

D Before Not rejected 0.000 0.000
After Not rejected

E Before Rejected 0.015
After Not rejected

F Before Not rejected 0.009
After Rejected

G Before Rejected 0.000
After Not rejected

H Before Rejected 0.000
After Not rejected

I Before Rejected 0.000
After Rejected

J Before Rejected 0.000
After Rejected

K Before Rejected 0.034
After Rejected

L Before Not rejected 0.000 0.000
After Not rejected

M Before Not rejected 0.000 0.000
After Not rejected

N Before Rejected 0.000
After Not rejected

O Before Rejected 0.000
After Rejected

P Before Rejected 0.000
After Rejected

Q Before Rejected 0.000
After Not rejected
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Table B.17: P-values of the Kolmogorov-Smirnov’s test for testing if the different
biopsies’ densities are equal for the same individual in the Resistance Study.
This is done after standardizing with respect to mean and with respect to both
mean and standard deviation respectively.

Test of Densities: Fiber type
Person K-S (std.) All I IIA

A Mean 0.005 0.003 0.273
Mean+Std 0.030 0.676 0.734

B Mean 0.742 0.121 0.148
Mean+Std 0.807 0.862 0.482

C Mean 0.938 0.541 0.542
Mean+Std 0.979 0.766 0.542

D Mean 0.601 0.616 0.728
Mean+Std 0.601 0.943 0.728

E Mean 0.302 0.506 0.476
Mean+Std 0.302 0.506 0.476

F Mean 0.970 0.878 0.741
Mean+Std 0.999 0.892 0.995

G Mean 0.712 0.337 0.613
Mean+Std 0.724 0.782 0.613

H Mean 0.104 0.051 0.367
Mean+Std 0.574 0.948 0.631

I Mean 0.011 0.027 0.231
Mean+Std 0.936 0.926 0.655

J Mean 0.040 0.512 0.117
Mean+Std 0.547 0.996 0.117

K Mean 0.238 0.142 0.010
Mean+Std 0.177 0.324 0.172

L Mean 0.038 0.000 0.253
Mean+Std 0.028 0.466 0.669

M Mean 0.231 0.090 0.313
Mean+Std 0.234 0.699 0.699

N Mean 0.162 0.032 0.463
Mean+Std 0.794 0.907 0.472

O Mean 0.980 0.996 0.629
Mean+Std 0.998 0.996 0.871

P Mean 0.304 0.405 0.215
Mean+Std 0.502 0.405 0.159

Q Mean 0.056 0.489 0.133
Mean+Std 0.448 0.961 0.292
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Table B.18: Confidence intervals for the 10th and 90th percentiles of the muscle
fiber area in the Resistance Study. If the confidence interval covers the value 0,
there is no significant difference between the biopsies. If the lower and upper
limits are negative, the latter biopsy is significantly larger and vice versa.

All types Type I Type IIA
Person CI 0.10 0.90 0.10 0.90 0.10 0.90

A Low -366.5 -1278.3 -497.6 -1841.3 -1349.1 -1305.9
High 138.3 -665.6 122.5 -846.7 -323.6 -260.5

B Low 538.6 220.5 733.1 -120.2 385.8 239.7
High 934.8 790.6 1219.7 557.9 1655.5 803.9

C Low -1284.2 -1001.3 -1617.7 -910.2 -2939.4 -2319.2
High -153.1 -54.3 -378.4 495.2 -904.7 -95.2

D Low -630.4 -906.9 -307.2 -109.0 -1350.3 -1330.3
High 201.4 -48.1 455.5 2010.8 -343.7 -99.3

E Low -278.6 -1016.6 99.0 -483.9 -1445.6 -1582.5
High 1242.9 164.6 1898.0 1057.3 556.9 82.4

F Low -342.0 129.8 -1299.6 -482.9 -287.4 26.1
High 439.5 964.1 568.4 943.4 593.8 1249.3

G Low -1702.0 -2128.7 -173.6 -2083.6 -2191.2 -2288.1
High 241.1 -1071.2 1119.5 207.1 -430.9 -718.4

H Low -1527.0 287.7 -1131.2 667.1 -1436.6 -471.9
High -142.7 1374.8 171.0 2603.1 -409.6 1075.8

I Low -326.3 -1310.2 -271.9 -1319.2 -1084.3 -1437.3
High 131.1 -915.6 -32.1 -354.5 -724.1 -1054.8

J Low -1797.0 -4537.9 -1417.4 -2593.1 -2637.8 -5223.1
High -696.5 -2386.0 13.0 -836.7 -865.5 -2891.8

K Low 578.2 1007.5 -153.8 1305.9 -851.8 715.4
High 1670.3 3052.7 1767.3 4262.7 1254.5 3395.0

L Low -1400.0 -922.3 -1344.1 713.9 -528.4 -1717.5
High -278.8 -144.1 -780.5 1922.8 285.0 -397.2

M Low -1742.5 -1590.4 -1607.6 -836.4 -1335.3 -1960.7
High -1030.3 -1122.8 -871.3 137.5 -375.4 -875.4

N Low -1574.9 -3068.5 -1075.6 -3221.7 -3570.7 -4478.4
High -579.8 -1981.9 -311.0 -2051.5 -1137.4 -2036.7

O Low -1845.4 -2171.2 -1944.3 -2363.5 -1382.1 -2288.6
High -1090.8 -693.3 -476.1 -799.8 -846.6 -708.8

P Low -1073.2 -1883.8 -1579.2 -1818.3 -2764.1 -2350.2
High -162.6 -31.7 -64.1 -487.9 334.3 211.4

Q Low -1211.8 -2772.0 -916.7 -2286.4 -1426.7 -2856.4
High -560.9 -1680.2 1.0 -363.6 -366.4 -1262.1
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