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Background: The loss of skeletal muscle mass with aging has been attributed to a decline in muscle fiber num-
ber and muscle fiber size.
Objective: To define to what extent differences in leg muscle cross-sectional area (CSA) between young and
elderly men are attributed to differences in muscle fiber size.
Methods: Quadriceps muscle CSA and type I and type II muscle fiber size were measured in healthy young
(n=25; 23±1y) and older (n=26; 71±1y) men. Subsequently, the older subjects performed 6 months
of resistance type exercise training, after which measurements were repeated. Differences in quadricepsmus-
cle CSA were compared with differences in type I and type II muscle fiber size.
Results: Quadriceps CSA was substantially smaller in older versus young men (68±2 vs 80±2 cm2, respec-
tively; Pb0.001). Type II muscle fiber size was substantially smaller in the elderly vs the young (29%;
Pb0.001), with a tendency of smaller type I muscle fibers (P=0.052). Differences in type II muscle fiber
size fully explained differences in quadriceps CSA between groups. Prolonged resistance type exercise train-
ing in the elderly increased type II muscle fiber size by 24±8% (Pb0.01), explaining 100±3% of the increase

in quadriceps muscle CSA (from 68±2 to 74±2 cm2).
Conclusion: Reducedmusclemasswith aging ismainly attributed to smaller type IImuscle fiber size and, as such,
is unlikely accompanied by substantialmuscle fiber loss. In line, the increase inmusclemass following prolonged
resistance type exercise training can be attributed entirely to specific type II muscle fiber hypertrophy.
Crown Copyright © 2013 Published by Elsevier Inc. All rights reserved.
1. Introduction

Aging is accompanied by a progressive loss of skeletal muscle
mass and strength, known as sarcopenia, which leads to reduced
functional capacity and an increased risk of developing chronic meta-
bolic disease. The decline in muscle mass is most prominent in the
lower limbs (Janssen et al., 2000). On a muscle tissue level, senescent
muscle has been characterized by muscle fiber loss, muscle fiber atro-
phy, and fiber type grouping (Doherty, 2003; Koopman, 2011; Lexell
et al., 1988).

Previous work has reported a decline in thigh muscle cross-
sectional area (CSA) of 25–40% over the lifespan (Klitgaard et al.,
1990; Lexell et al., 1988). This seems to be in line with other studies
reporting a ~30% reduction in leg muscle mass (Fleg and Lakatta,
1988; Janssen et al., 2000). Several mechanisms have been proposed
to play a role in the etiology of age-related muscle loss. These include
increased levels of nuclear apoptosis (Buford et al., 2010; Degens and
ovement Sciences, Faculty of
Medical Centre+, P.O. Box 616,
397; fax: +31 43 3670976.
L.J.C. van Loon).
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Alway, 2006; Marzetti et al., 2012) and oxidative stress (Johnston et
al., 2008), muscle fiber denervation (Degens and Alway, 2006), and
reduced satellite cell content and/or regenerative potential (Buford
et al., 2010). However, it remains to be established to what extent
these mechanisms lead to muscle fiber loss or atrophy.

Although a fundamental underlying process remains to be identi-
fied, many studies have reported a substantial decrease in muscle
fiber size in elderly subjects when compared with young controls
(Dreyer et al., 2006; Larsson et al., 1978; Verdijk et al., 2007). This re-
duction in muscle fiber size has been shown to be fiber type specific,
with 10–40% smaller type II fibers observed in muscle tissue collected
from elderly compared with young controls. In contrast, type I muscle
fiber size seems to remain largely unaffected during the aging process
(Larsson et al., 1978; Martel et al., 2006; Snijders et al., 2009; Verdijk
et al., 2007). Less information is available on the proposed decline in
muscle fiber number with aging. Previous reports suggesting this are
either based on excised human muscle (Lexell et al., 1988) or on a va-
riety of animal models, with inconsistent findings (Brown, 1987;
Sheard and Anderson, 2012; Wanagat et al., 2001). Thus, it remains
unclear whether the substantial loss of skeletal muscle mass with
aging is mainly attributed to muscle fiber loss or (type II specific)
muscle fiber atrophy.
ts reserved.
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Many studies have focused on possibilities to counteract sarcopenia.
Prolonged resistance type exercise training is a well-established effec-
tive strategy to increase muscle mass and strength in the elderly
(Frontera et al., 1988; Narici et al., 2004; Peterson et al., 2010; Roth et
al., 2001). Improvements of up to 15% in quadriceps muscle CSA have
been achieved within 16 weeks (Frontera et al., 1988; Narici et al.,
2004; Verdijk et al., 2009a). Furthermore, resistance type exercise train-
ing is inherently associatedwith the predominant recruitment of type II
muscle fibers (Hodson-Tole andWakeling, 2008), resulting in a 20–30%
increase in type II muscle fiber size (Frontera et al., 1988; Martel et al.,
2006; Verdijk et al., 2009a). This selective type II muscle fiber hypertro-
phy is accompanied by a fiber type specific increase in satellite cell con-
tent (Verdijk et al., 2009a).

Whether changes in muscle mass due to aging or following exer-
cise training can be entirely attributed to changes in (type II) muscle
fiber size remains a topic of debate. This debate has been difficult to
resolve; due to obvious methodological limitations, it is challenging
to differentiate between changes in muscle fiber number and muscle
fiber size. Our laboratory has assessed numerous histological muscle
samples collected from young and elderly subjects, in which quite
substantial differences in fiber size between groups were observed
(Kuipers et al., 1993; Leenders et al., 2013; Snijders et al., 2012;
Verdijk et al., 2009a, 2010, 2012). In agreement, strong correlations
were observed between muscle mass and (type II) muscle fiber size
(Leenders et al., 2013; Verdijk et al., 2010). As such, our previous
work has led us to hypothesize that type II muscle fiber atrophy is
mainly responsible for the observed loss of muscle mass with aging.
In line, we hypothesize that type II specific muscle fiber hypertrophy
is responsible for the observed increase in skeletal muscle mass fol-
lowing prolonged resistance type exercise training in elderly men.

To gain insight as to the contribution of differences in muscle fiber
size versus muscle fiber number to overall differences in leg muscle
mass, we collected muscle biopsies as well as upper leg CT scans to
compare muscle fiber characteristics and quadriceps muscle CSA be-
tween a cohort of young (n=25) and older (n=26) healthy men.
Subsequently, the older men participated in a 6 month resistance
type exercise training program, after which additional muscle biop-
sies and CT scans were performed. This study is the first to show
that differences in quadriceps muscle mass between young and
older men are mainly attributed to smaller type II muscle fibers,
with no indication of substantial differences in muscle fiber numbers.
In addition, the training-induced increase in muscle CSA can be en-
tirely attributed to type II muscle fiber hypertrophy.
2. Methods

2.1. Subjects

A total of 25 healthy young (23±1 y) and 26 healthy older (71±
1 y) men participated in the present study. All subjects were recruited
through advertisements in local newspapers. Medical history of all sub-
jects was evaluated. Exclusion criteria were defined that would pre-
clude successful participation in the exercise program, and included
(silent) cardiac or peripheral vascular disease and orthopedic limita-
tions. Furthermore, as insulin resistance and/or type 2 diabetes have
been associated with a more progressive loss of muscle mass and
strength with aging, type 2 diabetes patients were excluded from par-
ticipation (ADA, 2012). All subjects were living independently and
had no history of participating in any structured exercise training pro-
gram for at least 2 years. All subjects were informed about the nature
and possible risks of the experimental procedures before written in-
formed consent was obtained. This study was approved by the Medical
Ethical Committee of the Maastricht University Medical Centre+. The
study is part of a greater project investigating the clinical benefits of ex-
ercise intervention in the elderly.
2.2. Study design

After inclusion in the study, whole-body DXA scans and CT scans
of the upper leg were performed, and muscle biopsies from the vastus
lateralis muscle were collected in all subjects. In the elderly, addition-
al DXA scans, CT scans, and muscle biopsies were collected after
6 months of resistance type exercise training.

Quadriceps muscle CSA and muscle fiber sizes were compared be-
tween groups, to assess the impact of differences in type I and type II
muscle fiber size on differences in whole-muscle CSA between young
and older men. In the elderly, changes in quadriceps muscle CSA
following resistance type exercise training were associated with
changes in type I and type II muscle fiber size following training.
This allowed us to assess the impact of type I and/or type II muscle
fiber hypertrophy on the increase in muscle CSA in the older men.

2.3. DXA and CT scans

Body composition was determined in all subjects at baseline, and
after the training intervention in the elderly. Whole-body and leg
lean mass and fat mass were determined by DXA (Hologic, Discovery
A, QDR Series, Bradford, MA, USA) using the system's software pack-
age Apex version 2.3.

Anatomic cross-sectional area of the quadriceps muscle was
assessed by CT scanning (Brilliance 64, Philips Medical Systems,
Best, The Netherlands) at baseline for all subjects. Additional CT scans
were performed post-training in the older subjects. The scanning char-
acteristicswere as follows: 120 kV, 300 mA, rotation time of 0.75 s, and
a field of view of 500 mm. While the subjects were supine with their
legs extended and their feet secured, a 3-mm thick axial image was
taken 15 cm proximal to the base of the patella. The exact scanning po-
sition was measured and marked for replication at subsequent visits.

On the obtained CT images, muscle tissue was defined by threshold
values of 0–100 Houndsfield Units (Strandberg et al., 2010), and the
quadriceps muscle was selected by manual tracing using ImageJ soft-
ware (version 1.45d, National Institute of Health, Maryland, USA)
(Goodpaster et al., 2000). Representative examples of CT scan analysis
are presented in Fig. 1. All analyses were performed by 2 investigators
blinded to subject coding; intraclass correlation coefficients for inter-
and intra-investigator reliability were 1.000 and 0.997, respectively.

2.4. Muscle biopsies

Skeletal muscle biopsies were collected at baseline in all subjects,
and after 6 months of resistance type exercise training in the elderly
subjects (4 days after strength testing). All biopsies were taken in the
morning after an overnight fast. Under local anesthesia, percutaneous
needle biopsies were collected from the vastus lateralis muscle of the
right leg (Tarnopolsky et al., 2011). Any visible non-muscle tissue was
removed immediately, and samples were embedded in Tissue-Tek
(Sakura Finetek, Zoeterwoude, The Netherlands), frozen in liquid
nitrogen-cooled isopentane, and stored at−80 °C until further analysis.

2.5. Immunohistochemistry

Of all muscle tissue samples, 5 μm-thick cryosections were cut at −
20 °C. All samples from one subject were mounted together on an
uncoated glass slide. Care was taken to properly align the samples for
cross-sectional fiber analysis. Sections were stained for muscle fiber typ-
ing as described in detail previously (Verdijk et al., 2009a). In short, slides
were incubatedwithprimary antibodies againstMHC-I (A4.840,Develop-
mental Studies Hybridoma Bank, Iowa City, IA) and laminin (polyclonal
laminin, Sigma, Zwijndrecht, The Netherlands). After washing, appropri-
ate secondary antibodies were applied (goat anti-mouse IgM Alexa
Fluor 555 and goat anti-rabbit IgGAlexaFluor 647, respectively,Molecular
Probes, Invitrogen, Breda, The Netherlands).
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Fig. 1. Representative images of CT scans of the upper leg in a young (A) and elderly (B) subject. Quadriceps (blue) and whole thigh muscle area (blue+red) in the young (C) and
elderly subject (D) are illustrated below.
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Images were visualized and automatically captured at 10×magnifi-
cation with a fluorescentmicroscope equippedwith an automatic stage
(IX81 motorized inverted microscope, Olympus, Hamburg, Germany).
The camera was centered and focused on each section, after which the
microscope was programmed to automatically capture a series of im-
ages to record the entire section. All recordings were then stitched to-
gether to obtain a single image of the entire biopsy section, including
both fluorescent channels (a tetramethyl rhodamine isothiocyanate ex-
citation filter [540–570 nm] for MHC-I, and a Cy5 excitation filter
[590–650 nm] for laminin). Using ImageJ software (version 1.45f, Na-
tional Institute of Health, Maryland, USA), individual fibers were local-
ized using the laminin outline, and a Region of Interest (ROI) list was
created listing all individual fibers. Muscle fiber size (μm2) and fiber
type (I or II) were determined for each individual muscle fiber (see
Fig. 2 for examples of type I and II fibers in muscle sections from a
young and older subject). As a measure of fiber circularity, form factors
were calculated by using the following formula: (4π·CSA)/(perime-
ter)2. Fiber circularity was significantly lower in the older men when
compared to young (0.71 and 0.74, respectively; Pb0.001), and did
not change during the course of the training intervention. On average,
385±19 and 407±20 muscle fibers were analyzed in the biopsy sam-
ples collected at baseline and after 6 months of exercise intervention,
respectively. These numbers are sufficient to reliably determinemuscle
fiber characteristics (Mackey et al., 2009).

2.6. Screening and strength assessment

During a screening day, basal blood samples were collected for
blood HbA1c content determination, and a resting electrocardiogram
was performed in the older subjects. Subjects involved in the training
program were familiarized with the weight lifting machines (leg
press, leg extension, chest press, horizontal row, lat pull down, and
biceps curl; Technogym, Rotterdam), and maximum strength was es-
timated using the multiple repetition testing procedure (Mayhew et
al., 1995). During a subsequent visit, muscle strength was assessed
by one-repetition maximum (1RM) strength tests on the leg press
and leg extension machines (Verdijk et al., 2009b). 1RM tests were
repeated after 4, 8, 12, 16, and 20 weeks of intervention and 2 days
after the last training session of the intervention program.

2.7. Exercise training intervention program

The elderly subjects participated in a supervised resistance type ex-
ercise training program, which consisted of 3 sessions per week, for
6 months. Training consisted of warming-up on a cycle ergometer,
followed by 4 sets of 8–10 repetitions on both the leg press and leg ex-
tension machines. In addition, 3 sets were performed on the chest
press and horizontal row, and (alternating): vertical lat pull down and
abdominals, or biceps curl and triceps extension; followed by a 5-
minute cooling-down period on the cycle ergometer. During the first
4 weeks of training, the workload was increased from 60% of 1RM
(10–15 repetitions in each set) to 75% of 1RM (8–10 repetitions).
Starting in week 5, 4 sets of 8 repetitions were performed at 75–80% of
1RM on the leg press and leg extension. For the upper body exercises,
2 sets were increased to 3 sets starting in week 5. Resting periods of
1.5 and 3 min were allowed between sets and exercises, respectively.
Workload intensity was adjusted based on the 1RM tests (performed
at 4, 8, 12, 16, and 20 weeks) to allow a progressive increase in
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Fig. 2. Examples of immunohistochemical stainings of muscle tissue cross sections taken from a biopsy in a young (A) and elderly (B) subject, with type I fiber MHC in red, and
basement membrane (laminin) in gray.
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resistance (Kraemer and Fry, 1995). In addition,workloadwas increased
if more than 8 repetitions could be performed in 3 out of 4 sets. Subjects
attended 90±1% of the scheduled exercise sessions.
2.8. Data analysis

All data are expressed as means±SEM. For each subject, quadri-
ceps muscle CSA was multiplied by the type I and type II muscle
fiber area percentage (divided by 100) to obtain the area of the mus-
cle occupied by type I and type II muscle fibers. These areas were di-
vided by mean type I and type II muscle fiber size, respectively, to
calculate the theoretical number of type I and type II muscle fibers.

Differences inwhole-muscle CSA,musclefiber size, number, andfiber
type distribution between young and older men were analyzed using in-
dependent samples t-tests. Resistance type exercise training-induced
changes inmuscle strength and quadricepsCSA in the oldermenwere de-
termined using paired samples t-tests. For changes in fiber size, repeated
measures ANOVAwas performedwith time (pre- and post-training) and
fiber type (type I and type II fibers) as within subject factors. When a sig-
nificant time×fiber type interaction was observed, post-hoc analyses
(paired samples t-tests) were performed to determine training effects
on type I and type II muscle fiber size separately.

Pearson rank correlation coefficients (r) were calculated to deter-
mine whether greater type I and type II muscle fiber size was associ-
ated with greater muscle strength, in the older men, both for baseline
values and for their training-induced changes. For all statistical tests,
significance was set at Pb0.05. All calculations were performed using
SPSS version 19.0 (Chicago, IL).
Table 1
Subjects' characteristics.

Young men (n=25) Older men (n=26)

Age (yr) 23±1 70±1
a

3. Results

3.1. Subjects

Subjects' characteristics are presented in Table 1. All subjects were
healthy normoglycemic males, although blood HbA1c content was
higher in the older men when compared with the young (Pb0.01).
Height (m) 1.85±0.01 1.77±0.01
Weight (kg) 79.8±1.7 84.7±1.8
BMI (kg/m2) 23.4±0.5 27.1±0.5a

HbA1c (%) 5.2±0.1 5.5±0.1a

Lean body mass (kg) 62.7±1.4 62.2±1.1
Fat % 22.2±2.3 23.2±0.9
Lean leg mass (kg) 11.0±0.3 9.9±0.2a

Values are means±SEM. BMI: body mass index.
a Significantly different compared with young men (Pb0.05).
3.2. Age-related differences

Whereas whole-body lean mass did not differ between the young
and older men (62.7±1.4 and 62.2±1.1 kg, respectively; P>0.05),
leg lean mass was significantly lower in the elderly compared with
the young (9.9±0.2 vs 11.0±0.3 kg, respectively; Pb0.01; Table 1).
In accordance, quadriceps muscle CSA was 14% smaller in the older
men (68±2 cm2) versus the young (80±2 cm2; Pb0.001; Fig. 3A).

Mean muscle fiber size was ~20% smaller in the older men com-
pared with the young (Pb0.001), which is in line with the group dif-
ferences in quadriceps muscle CSA. Type II muscle fiber size was
substantially smaller in the elderly vs the young (5050±198 vs
7136±309 μm2, respectively; Pb0.001), with a tendency for smaller
type I muscle fibers (P=0.052; Fig. 3B). Also, fiber type distribution
differed between groups, with a slightly lower percentage of type II fi-
bers in the older men (46±3%) compared with the young (56±3%;
P=0.01). Similarly, the percentage of muscle area occupied by type
II muscle fibers was significantly lower in the older men when com-
pared with the young (43±3 vs 58±3% of muscle area, respectively;
Pb0.05). As a consequence, the absolute muscle area occupied by
type II muscle fibers was significantly smaller in the older vs the
young men (29±2 vs 46±2 cm2, respectively; Pb0.001). The calcu-
lated number of fibers in the quadricepsmuscle did not differ between
groups and averaged 119±4·104 and 127±3·104 in the young and
older subjects, respectively (P=0.13).
3.3. Resistance type exercise training

Six months of resistance type exercise training in the older men
increased whole body and leg lean mass by 1.7±0.4% and 3.2±
0.7%, respectively (Pb0.001). Leg press and leg extension strength in-
creased with 25±2 and 41±3%, respectively (Pb0.001 for both). In
accordance, quadriceps muscle CSA increased from 68±2 to 74±
2 cm2 (Pb0.001; Fig. 4A).

On a myocellular level, no changes were observed in muscle fiber
type composition following the 6 months of resistance type exercise
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Fig. 3. Quadriceps muscle cross-sectional area (CSA; A) and type I and II muscle fiber
size (B) in the young and elderly men. * Significantly different from young men
(Pb0.05). † Significantly different from type I muscle fiber size (Pb0.05).

A

B

Fig. 4. Quadriceps muscle cross sectional area (CSA; A) and type I and type II muscle
fiber size (B) at baseline and after 6 months of resistance type exercise training in
the elderly men. * Significantly different from baseline (Pb0.05). † Significantly differ-
ent from type I fiber size (Pb0.05).
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training. For muscle fiber size, a significant time×fiber type interaction
was observed. Type II muscle fiber size increased with 24±8%, from
5050±198 μm2 at baseline to 6096±338 μm2 following exercise
training (Pb0.01). In contrast, type I muscle fiber size did not change
significantly throughout the intervention (P=0.25, Fig. 4B). At baseline,
type II muscle fibers were significantly smaller than type I muscle fibers
in the elderly subjects (Pb0.05). This differencewas no longer apparent
after prolonged exercise training (P=0.86; Fig. 4B).

The calculated number of muscle fibers in the quadricepsmuscle av-
eraged 127±3·104 and 128±6·104 before and after exercise training
in the oldermen (P=0.94). This translated to 68±4·104 vs 69±5·104

type I muscle fibers and 59±4·104 vs 59±4·104 type II muscle fibers,
pre- and post-training, respectively (P>0.90 for both fiber types). As no
significant changes were observed in muscle fiber type composition,
total number of fibers, or type I muscle fiber size, we calculated the cu-
mulative increase in type II muscle fiber area, in the entire quadriceps
muscle. This resulted in a total increase in type II muscle fiber area
that was 100±3% of the observed increase in quadriceps CSA following
exercise training. In other words, type II muscle fiber hypertrophy
explained 100±3% of the measured increase in quadriceps CSA. When
changes in type I muscle fiber size were also taken into account, the cu-
mulative muscle fiber hypertrophy was higher (113±5%) than the
measured increase in muscle CSA.

Interestingly, correlations were observed at baseline between type II
muscle fiber size and leg press (r=0.62; Pb0.01) and leg extension
strength (r=0.38; P=0.028). In contrast, no significant correlations
were observed between changes in muscle fiber size and changes in
muscle strength following the resistance type exercise trainingprogram.

4. Discussion

The present study shows that quadriceps muscle CSA is 14% small-
er in elderly compared with young men. In addition, type II muscle
fiber size was 29% smaller in the elderly versus the young. As the
calculated number of fibers in the quadricepsmuscle did not differ be-
tween young and older men, these results suggest that type II specific
differences in fiber size are responsible for the differences in muscle
mass between age groups. Furthermore, prolonged resistance type
exercise training in the older men resulted in a 9% increase in quadri-
ceps CSA, a change that could be explained entirely by specific type II
muscle fiber hypertrophy.

Since muscle mass is dependent on muscle fiber size and number,
the decline in muscle mass with aging may be due to the loss of mus-
cle fibers as well as a decline in muscle fiber size. Although several
mechanisms have been proposed to contribute to the age-related
loss of muscle mass (Buford et al., 2010; Degens and Alway, 2006;
Johnston et al., 2008; Marzetti et al., 2012), a direct relation with
muscle fiber loss and/or muscle fiber atrophy remains to be
established. To gain further insight in the etiology of sarcopenia, we
assessed to what extent differences in type I and type II muscle
fiber size can explain the differences in quadriceps muscle CSA be-
tween young and older men. We observed a 14% smaller quadriceps
muscle CSA in the older men when compared with the young
(Fig. 3A). In line, type II muscle fiber size was 29% smaller in the el-
derly when compared with the young (Fig. 3B), which is consistent
with previous findings showing 10–40% smaller type II muscle fibers
in older populations (Dreyer et al., 2006; Klitgaard et al., 1990; Kosek
et al., 2006; Verdijk et al., 2007). Furthermore, the percentage of type
II muscle fibers was slightly lower in the elderly, indicating a possible
muscle fiber type shift with aging (Klitgaard et al., 1990). Taking into
account this minor difference in muscle fiber type distribution, our
data clearly show that differences in leg muscle CSA between young
and older men can be fully explained by differences in type II muscle
fiber size. Obviously, this finding does not leave much room for a sub-
stantial reduction in muscle fiber number as a factor contributing to
the lower muscle mass in the older population. In fact, the calculated
number of muscle fibers in the quadriceps muscle was remarkably
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similar between groups, with 119±4·104 and 127±3·104 muscle
fibers in the young and older subjects, respectively.

To further investigate the impact of type II muscle fiber size as the
main factor responsible for changes inmusclemass, the elderly subjects
were included in a 6-month resistance type exercise training program.
Quadriceps muscle CSA and type I and type II muscle fiber size were
assessed prior to and after the training program. Prolonged resistance
type exercise training strongly increased both leg lean mass and leg
muscle strength, as has been shown previously (Frontera et al., 1988;
Leenders et al., 2013; Lemmer et al., 2000; Macaluso and De Vito,
2004; Verdijk et al., 2009a). At baseline, leg muscle strength correlated
well with type II muscle fiber size. However, no correlations were ob-
served between training-induced changes inmuscle fiber size andmus-
cle strength. This is in line with previous findings, and likely due to the
large inter-individual variability in the response to prolonged resistance
type exercise training (Peterson et al., 2010; Verdijk et al., 2010). The
observed 9% increase in quadriceps muscle CSA (Fig. 4A) is in line
with previous reports showing increases in quadriceps CSA ranging be-
tween 8 and 15% following 10–16 weeks of exercise training (Frontera
et al., 1988; Kosek et al., 2006; Kryger and Andersen, 2007; Narici et al.,
2004; Verdijk et al., 2009a). On a myocellular level, we observed a sub-
stantial 24% increase in type II muscle fiber size and an 8% increase in
type I muscle fiber size that did not reach statistical significance
(Fig. 4B). This type II specificmuscle fiber hypertrophy is likely attribut-
ed to the typical muscle recruitment patterns during the high-intensity
resistance type exercise activities applied in the training intervention
(Hodson-Tole andWakeling, 2008). Previous studies have also reported
an increased type II muscle fiber size ranging between 20 and 40% after
12–16 weeks of resistance type exercise training in elderly subjects
(Hikida et al., 2000; Kryger and Andersen, 2007; Verdijk et al., 2009a).
In the present study, we extend on previous work by comparing the
measurements of both quadriceps muscle CSA and type I and type II
muscle fiber size within the same subjects. The increase in type II mus-
cle fiber size could explain 100±3% of the larger quadricepsmuscle CSA
that was observed following prolonged training. When also taking into
account the (non-significant) increase in type I muscle fiber size, the
total increase in fiber area would have explained 113±5% of the ob-
served increase in quadriceps muscle CSA. Clearly, the training-
induced increase in type II muscle fiber size seems to be largely respon-
sible for the observed increase in quadriceps muscle CSA. As such, our
data indicate that differences in muscle CSA, either associated with
aging, or in response to prolonged resistance type exercise training,
are mainly attributed to differences in type II muscle fiber size.

The immunohistochemical staining approach employed in the pres-
ent study does not allow us to assess differences in MHC coexpression.
Although the clinical significance of a change in MHC coexpression is
not unequivocal (Andersen et al., 1999; Klitgaard et al., 1990; Verdijk
et al., 2007;Williamson et al., 2000), such analyses may provide further
insight into the prevalence of potential shifts inmuscle fiber type distri-
bution. Furthermore, due to the cross-sectional nature of the present
study, we cannot prove that type II muscle fiber atrophy has occurred
over the lifespan in the elderly subjects. In fact, type II muscle fiber
size observed in the older subjects was rather large (i.e. 5050 μm2)
when compared with some previous findings (Dreyer et al., 2006;
Lexell et al., 1988; Martel et al., 2006). Nonetheless, muscle fiber size
in the present study falls well within the range generally reported in lit-
erature for healthy young and older men (i.e. 4000–8000 μm2)
(D'Antona et al., 2003; Kosek et al., 2006; Verdijk et al., 2007, 2009a).
Moreover, type II muscle fiber size in the elderly was not only smaller
when compared with the young, but also when compared with their
own type Imusclefiber size. Thesefindings strongly support that specif-
ic type II muscle fiber atrophy has occurred in the older subjects
(Larsson et al., 1978; Lexell et al., 1988).

There seems to be a general belief that besides a decline in muscle
fiber sizes, reduced muscle fiber numbers contribute substantially to
the loss of muscle mass with aging. This assumption has been based
predominantly on work performed in animal models. Whereas some
have reported a decline in muscle fiber number with aging (Faulkner
et al., 2007; Sheard and Anderson, 2012), others have failed to confirm
these findings (Brown, 1987; Sheard and Anderson, 2012). Lexell et al.
(1988) were the first to perform muscle fiber counts in excised
human vastus lateralis muscle, and reported a 40% lower muscle fiber
number in oldermenwhen compared to young controls. Such large dif-
ferences in muscle fiber numbers, combined with the observed reduc-
tion in type II muscle fiber size of 25–30% (Lexell et al., 1988), do not
seem realistic and are at odds with the ~25% loss of whole-muscle
CSA observed previously (Doherty, 2003; Lang et al., 2010). In agree-
ment, others have failed to find evidence for reduced fiber numbers in
older individuals (Klein et al., 2003), and over time (McCall et al.,
1996; Young et al., 1982). The present study extends on these previous
reports by, for the first time, combining both cross-sectional and longi-
tudinal observations of muscle mass and muscle fiber size in a muscle
groupknown to be strongly affected by sarcopenia in humans. Although
we did not directly measure muscle fiber numbers, our data clearly
show that changes in muscle CSA related to aging and exercise training
can be entirely attributed to changes in type II muscle fiber size. Even
when considering a potential (minor) fiber type shift, it is unlikely
that changes in muscle fiber number contribute substantially to the ob-
served changes inmusclemasswith aging and in response to resistance
type exercise training.

The clinical relevance of the current findings lies in the ongoing
search for effective intervention strategies to prevent or treat
sarcopenia. This loss of muscle mass and strength with aging predis-
poses to disability, frailty, and eventually, loss of independence. Over
the last few years much research has focused on the effect of exercise,
nutrition and pharmacological interventions to stimulate muscle
growth (Lang et al., 2010; Verdijk et al., 2009a). The efficacy of interven-
tions designed to combat sarcopenia depends on their ability to affect
those processes that play a role in the etiology of sarcopenia (Dirks
and Leeuwenburgh, 2005; Faulkner et al., 2007). In this study, we pro-
vide evidence to suggest that in healthy men, type II muscle fiber atro-
phy and hypertrophy are responsible for age-related muscle loss and
training-induced gain of muscle mass, with little or no contribution
from changes inmuscle fiber number. Clearly, research aiming to devel-
op effective exercise, nutritional, or pharmaceutical interventions to
prevent and/or treat muscle loss with aging should focus on increasing
type II muscle fiber size (Candow et al., 2012; Lang et al., 2010; Tieland
et al., 2012). Interestingly, we have recently shown that resistance type
exercise training effectively increases type II muscle fiber size in both
genders (Leenders et al., in press), suggesting that men and women
benefit equally from the same standardized exercise program. Nonethe-
less, as we included only men in the present study, we cannot extend
our observations to both genders. Furthermore, research is warranted
to elucidate the physiological mechanisms underlying specific type II
muscle fiber atrophy with aging. Such information will provide novel
leads to develop more effective intervention strategies to counteract
the age-related loss of muscle mass and function.

We conclude that age-related reductions in muscle mass can be
mainly attributed to specific type II muscle fiber atrophy, with no sub-
stantial decline in muscle fiber numbers. Furthermore, muscle mass
can be effectively increased through prolonged resistance type exer-
cise training, which can be entirely attributed to specific type II spe-
cific muscle fiber hypertrophy. Reversing or preventing type II
muscle fiber atrophy should therefore be considered the primary tar-
get for the development of effective intervention strategies to prevent
or treat sarcopenia.
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