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Abstract

Purpose Changes in stiffness or extensibility of the muscle or muscle—tendon unit with aging could lead to impaired func-
tion and an increased vulnerability to injury. We aimed to investigate the passive force and viscoelastic properties of single
muscle fibers in older adults.

Methods Seven older adults (mean age 79.0 + 3.8 years) and 10 young control (mean age 25.6 +4.5 years) were recruited.
Biopsy specimens were obtained percutaneously from m. vastus lateralis and skinned single fibers were used for the experi-
ments. Slack tests were performed to determine maximal force and maximal unloaded shortening velocity. Passive force
was measured in pCa 9.0 solution using a stepwise stretch technique with increment of sarcomere length from 2.4 to 4.2 um.
Myosin heavy chain (MHC) isoform was determined by sodium dodecyl sulfate—polyacrylamide gel electrophoresis. Specific
force was calculated as maximal force divided by cross-sectional area. Passive force, peak passive force, time to half stress
relaxation (7' ,) and force decay index (a force time integral under a stress relaxation curve) were measured.

Results No difference between the groups were found in specific force and shortening velocity. Passive force and peak pas-
sive force were greater in both MHC I and Ila fibers of older adults (p <0.001, p=0.012, respectively, at 4.2 mm SL). Force
decay index was higher in older adults. (p =0.001 at 4.2 um SL). There were no significant differences in passive force and
viscoelastic properties between fiber types.

Conclusion We demonstrated greater passive force and viscoelastic properties at the level of single fibers in older adults.
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Sarcopenia is characterized by the loss of muscle mass,
strength, and function with advanced adult age. For exam-
ple, elderly have muscle mass that is 70-80% that of younger
people (Frontera et al. 2001; Krivickas et al. 2001). Older
men and women show reductions in strength, movement
velocity, and power (Candow and Chilibeck 2005; Frontera
et al. 2008; Krivickas et al. 2001,2006). Further, older mus-
cles are vulnerable to injury and show impaired regenera-
tive capacity (Dow et al. 2005; Payne and Delbono 2004;
Siu et al. 2005,2006). All of the above changes result in the
deterioration of physical performance, decline in function,
and loss of independence (Walston and Fried 1999). How-
ever, the cellular mechanisms underlying these changes are
complex and not well understood.

It has been reported that the intrinsic mechanical charac-
teristics of human single myofibers are altered with aging
(Ochala et al. 2007). Both muscle fiber size (a proxy for the
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number of cross-bridges) and the force-generating capacity
per cross-bridge appear to be reduced (Frontera et al. 2001;
Krivickas et al. 2001,2006). However, single muscle fiber
contractile function was preserved or even improved with
advancing age in other studies (Frontera et al. 2008; Grosicki
et al. 2016). Moreover, instantaneous stiffness in both type
I and IIa fibers is altered in elderly (Ochala et al. 2007).
However, this parameter reflects the elasticity of activated
muscles, but it does not evaluate the passive components of
stiffness and/or elasticity.

Passive mechanical properties are thought to relate to the
properties of the sarcolemma, connective tissue, and titin
filaments present in sarcomeres. Elasticity is an important
property of muscle tissue that allows movement and contrib-
utes to tissue integrity. Increased stiffness or decreased elas-
ticity of muscle can lead to impaired muscle function and an
increased susceptibility to injury (Gajdosik et al. 1999). Sar-
comere proteins contribute to elasticity (Horowits 1992) and
it has been suggested that titin is the most important deter-
minant of the intracellular component of passive elasticity
(Granzier and Labeit 2007). Some conflictive reports have
been published regarding the age-related changes in stiff-
ness. For example, one report showed no change in whole
muscle stiffness but in that study stiffness in older muscle
accounted for a greater proportion of total passive force
because of a significant decline in muscle mass and active
force associated with age (Brown et al. 1999). One animal
experiment using mice suggested that the intrinsic stiffness
of aging muscle fibers was not different from that of young
muscle fibers (Wood et al. 2014). Others have postulated
that impaired elastic properties of animal muscles may lead
to increased stiffness because of the limited extensibility
(decreased sarcomere elongation) and increased relaxation
time (loss of spring function) (Toursel et al. 2002). To our
knowledge, these experiments have not been conducted in
human single muscle fibers.

The purpose of the study is to investigate active and
passive mechanical properties (force production, stiffness,
and viscoelasticity) in single muscle fiber of older humans.
Two sets of experiments were conducted to compare these
properties in fibers expressing different myosin heavy chain
isoforms. We hypothesize that MHC I and Ila older human
single muscle fibers have an increased stiffness and viscoe-
lasticity resulting in altered force production at different
sarcomere lengths.

Methods
Subjects

A total of seven community-dwelling healthy elderly (age
range 73-87) men (n=>5) and women (n=2) and ten healthy
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young (age range 21-40) control men (n=6) and women
(n=4) were recruited for the study. Participants were not
participating in any formal exercise training program. Sub-
jects with unstable chronic disease, neurologic problems,
severe arthritis, bleeding conditions, and those using medi-
cations that could impair muscle performance were excluded
from the study. Functional performance level was assessed
using the short physical performance battery (SPPB) for
older adults (Guralnik et al. 2000). We used the short form
of the International Physical Activity Questionnaire (IPAQ)
to assess physical activity levels in the healthy young par-
ticipants because the SPPB is an inappropriate tool in this
population (Craig et al. 2003). Older participants showed
SPPB scores between 10 and 12 which indicated they were
physically healthy and independent. All young adults partici-
pated in moderate-to-vigorous physical activity. All partici-
pants gave informed consent and the study was approved by
the Institutional Human Investigation Review Board.

Muscle biopsy and preparation of single muscle
fibers

Biopsy specimens were obtained percutaneously from mus-
cle vastus lateralis under local anesthesia using Bergstrom
needles and suction. The specimens were placed in relax-
ing solution at 4 °C. Bundles of ~50 fiber segments were
dissected free from the samples and then tied with surgical
silk to glass capillary tubes at slightly stretched lengths. The
fiber segments were chemically skinned for 24 h in relaxing
solution containing 50% (vol/vol) glycerol at 4 °C and were
subsequently stored at — 20 °C for up to 4 weeks before use
(Larsson and Salviati 1992). On the day of the experiment,
fibers were placed for 30 min in relaxing solution contain-
ing 0.5% Brij-58 (polyoxyethylene 20 cetyl ether; Sigma,
St. Louis, MO) prior to mounting in the experimental appa-
ratus. A fiber length of 1-2 mm was left exposed to the
solution between connectors leading to a force transducer
(Model 400A; Aurora Scientific, Aurora, ON, Canada) and a
direct current torque motor (Model 300H; Aurora Scientific).
While the fibers were in relaxing solution, sarcomere length
(SL) was set to 2.75-2.85 pm. The sarcomere length, the
diameter, and the length of the fiber between the connectors
were measured (ImagePro Plus; Media Cybernetics, Silver
Springs, MD). Fiber depth was measured by recording the
displacement of the microscope nosepiece while focusing on
the top and bottom surfaces of the fiber. Fiber cross-sectional
area (CSA) was calculated from the diameter and depth,
assuming an elliptical circumference. When calculating
specific force (force/CSA), CSA was corrected for the 20%
swelling that occurs during skinning (Moss 1979). Relax-
ing and activating solutions contained 4 mM Mg—adenosine
triphosphate (Mg-ATP), 1 mM free Mg**, 20 mM imidazole,
7 mM ethylene glycolbis-(aminoethylether)-N,N' tetraacetate
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(EGTA), 14.5 mM creatine phosphate, and KCI to adjust
the ionic strength to 180 mM. The pH was adjusted to 7.0.
The concentrations of free Ca’" were 10~ M (relaxing)
and 1073 M (activating) expressed as pCa (— log [Ca**]).
Apparent stability constants for Ca>*-EGTA were corrected
for temperature and ionic strength.

Mechanical experiments
Active isometric contractile measurements

A total of 275 muscle fibers were used for this set of experi-
ments. Maximum unloaded shortening velocity (Vo) was
measured using the slack test procedure. Fibers were acti-
vated at pCa 4.5, and once steady tension was reached,
various amplitudes of slack, ranging from 7 to 13% of the
fiber length, were rapidly introduced (within 1-2 ms) at one
end of the fiber. The time required to take up the imposed
slack was measured from the onset of the length step to the

SL=2.6um

beginning of the tension redevelopment. For each amplitude
of slack, the fiber was re-extended while relaxed to minimize
non-uniformity of sarcomere length. A straight line was fit-
ted to a plot of slack length vs. time, using least-squares
regression, and the slope of the line divided by the segment
length was recorded as Vo for that fiber. Maximal force (Po)
was calculated as the difference between the total tension in
activating solution (pCa 4.5) and the resting tension meas-
ured in the same segment while in the relaxing solution. All
contractile measurements were carried out at 15 °C.

Passive force and viscoelasticity measurements

A total of 251 muscle fibers were employed for this set of
experiments. Different muscle fibers were used for passive
measurements from those used for active contractile meas-
urements. For each stretch experiment, initial sarcomere
length was 2.4 pm and estimated 0.2-pm SL increments
were applied until the SL reached an estimated 4.2 pm

SL=3.6um
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Fig. 1 Lengthening of sarcomeres by stepwise stretching of mus-
cle fiber using the lever arm (upper images). Incremental stretches
(lower left A) and corresponding curve of passive force (lower left
B). Changes in passive force in one stretch and the representative
graphs of a young vs. older single fiber are shown in lower right
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curve. Peak passive force=maximal passive force after a single
stretch; 7', =time to half stress relaxation, time to reach 50% of the
force decay; passive force=steady state force after a single stretch;
force decay =difference between maximal force and steady state pas-
sive force
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(Fig. 1). The fiber was slowly stretched stepwise by con-
stant velocity (0.1 pm/s) for each increment (Trombitas
et al. 2003). Each sarcomere length during stepwise stretch
was determined by stretching the fibers based on the meas-
urement of SL at the initial fiber length. The fiber length to
create the intended SL was calculated by a mathematical
equation for rotational motion of the length controller to
stretch the fiber (Choi et al. 2011). After each incremental
step, stress relaxation (force decay at a constant length)
was permitted for 1 min (Prado et al. 2005) before measur-
ing resting (passive) force at the end of stress relaxation.
Lever arm position and changes in force were recorded
during stress relaxation. Passive force at the end of stretch-
ing (after ramp stretching) indicating initial modulus of
stress (peak passive force), time to half stress relaxation
(Ty,,), passive force at the end of stress relaxation (after
1 min) indicating steady state modulus of stress, and force
decay (the difference between peak passive force and pas-
sive force at the end of stress relaxation) were measured.
Fiber CSA was measured (see above) after each stretch
and force was adjusted for CSA. Time to half stress relaxa-
tion (7';,,) was defined as the time when the initial modu-
lus (peak passive force) reached the average of the initial
modulus and steady state modulus at the end of stress
relaxation (passive force), which is one of parameters for
viscoelastic properties of the tissues. (Nam et al. 2016)
We defined a force decay index as a force time integral
under a stress relaxation curve. The force decay index was
calculated as the product of force decay (Fd) and time to
half stress relaxation (T ,) using the following formula fit
for the exponential decay patterns:

F=Fd -27"/Tp,

[Fdr= [Fd-27T/T2 . ds
0 0

T
—Fd 1/2

log2’

This index reflects the exponential decay patterns of
time-dependent modulus of viscoelasticity. A higher value
of force decay index indicates higher viscosity (Vincent
2012).

Active force measurements with increasing
sarcomere length
A total of 91 fibers were examined to measure active

force in pCa 4.5 at different sarcomere lengths from 2.4 to
4.2 pm using the same stepwise stretch as used for passive
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force. The changes in active force were compared to those
of passive force with increasing sarcomere length.

Identification of muscle fiber type

At the end of the experiments described above, the fiber
was removed from the test apparatus and stored in 30 pl of
SDS sample buffer (containing 62.5 mM Tris pH 6.8, 2%
SDS, 10% glycerol, 5% betamercaptoethanol, and 0.001%
bromophenol blue) at — 20 °C. Myosin heavy chain composi-
tion (MHC) of each single fiber segment was determined by
sodium dodecyl sulphate—polyacrylamide gel electrophore-
sis (SDS-PAGE). The polyacrylamide gel system consists
of a 6% separating gel and a 4% stacking gel (Larsson and
Moss 1993). The gels contained 30% of glycerol to improve
separation of MHC isoforms. The gels were run at a voltage
140 for 6 h. A silver staining procedure was used to visual-
ize the protein bands. MHC standards prepared from pooled
muscle biopsy samples were run on each gel.

Statistical analyses

Due to the multiple measurements of single muscle fibers
taken from each participant, a mixed effects model was used
to analyze the hierarchically nested data. It was a gener-
alization of analysis of variance and took into account the
intrasubject clustering of the measurements. Briefly, the
procedure first included muscle fiber type, age group, and
fiber type X age as fixed effects and individual as a ran-
dom effect. If the interaction term was not significant, it
was removed, and only the main effects of fiber types and
age were included in the model. Additionally, the different
effects of muscle fiber types on dependent variables were
separately analyzed in each age group by mixed effects
model with Bonferroni post hoc correction. The alpha level
was set at p=0.05 and all reported p values are the result
of two-sided tests. All statistical analyses were done using
the SPSS software program (version 20.0) and values were
expressed as means + SE.

Results

The results of the fiber type distribution, morphological,
and active isometric contractile properties are presented in
Table 1. Of the total 275 fibers, 152, 88 and 35 fibers were
MHC I, ITa and IIx or hybrid, respectively. Since the number
of IIX and hybrid fibers was too small, only MHC I and Ila
fibers were included in the comparison between the fiber
types. The proportion of MHC I fibers (54%) was higher in
both older adults and young controls. No statistically signifi-
cant differences between groups were seen in CSA, maxi-
mal force, specific force, or maximum unloaded shortening
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Table 1 Morphological and contractile properties of MHC I and Ila
single muscle fibers in older adults and young controls

Fiber type Older adults Young control

Number of fibers (% of 1 86 (54.1) 66 (53.6)
total)
Ila 47 (29.5) 41 (33.3)
CSA (pm?) 1 5280+2130 4890+ 1990
Ila 4620+ 1540 5120+1790
Maximal force (uN) 1 808 +391 652+295
Ila 601+269  763+361
Specific force (N/em?) I 23.1+11.1 205+7.7
Ila 199+9.6  23.0+10
Maximum unloaded short- 1 1.12+0.62 1.01+0.59

ening velocity (Vp) Ila 2.26+1.05% 2.45+1.08*

No significant differences were noted between groups in any of the
variables

“p<0.05 significant differences between fiber types in both age
groups

velocity. There were no statistical differences between fiber
types except for significant difference in maximal shortening
velocity (p <0.001, p=1.36, SE 0.17, 95% CI 1.00-1.71;
p<0.001, p=1.44, SE 0.19, 95% CI 1.05-1.84, older and
young groups, respectively).

The relationships between sarcomere length and peak
passive force and passive force are presented in Fig. 2.
A total of 208 fibers (124 MHC I and 84 MHC Ila) were
used for this set of experiments. As expected, both force
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Fig.2 The length—force curve for passive force (a) and peak passive
force (b) for type I and Ila fibers in older adults and young controls.
All data are adjusted for fiber cross-sectional area. *p <0.05, statis-
tical difference between older adults and young controls by mixed
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measurements increased with stretch increments. Both MHC
I and IIa fibers from elders showed a larger increment in
peak passive force and passive force (p <0.001, p=0.012,
respectively, at 4.2 mm SL) after stretch when compared to
fibers from young controls. There was no significant differ-
ence between MHC I and MHC Ila fibers in both age groups.

Figure 3 shows the results for time to half stress relaxa-
tion (7';/,) and the force decay index at different sarcomere
lengths. T/, decreased with increases in sarcomere length in
both groups and fiber types. There were no significant differ-
ences of T, in both age groups and fiber types except that
MHC I fibers showed greater T, at 3.4 um SL (p=0.001).
In general, the force decay index was higher in the older
group. This difference was statistically significant (p =0.02
at 3.4,p=0.000 3.8, p=0.001, 4.0 and p=0.001 4.2 um SL,
respectively) at most, but not all sarcomere lengths.

The relationship between sarcomere length and force dur-
ing activation (active force) and stretching without activation
(passive force) is shown in Fig. 4. Active force continued
to decline with increases in sarcomere length in both age
groups and fiber types. There were no statistical differences
between age groups and fiber types in active force.

Discussion

In this study, we compared the passive mechanical proper-
ties of chemically skinned single muscle fibers from healthy
young and older humans. The main finding of this study is
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effects model with Bonferroni post hoc correction. 'p <0.05, statisti-
cal difference between MHC I and Ila fiber by mixed effects model
with Bonferroni post hoc correction
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Fig. 3 Half relaxation time (a) and force decay index (b) as a function

of sarcomere length in MHC I and IIa fibers in older adults and young
controls. *p <0.05, statistical difference between older adults and

HN/mm?2
250 "

—0O— MHC | older adults
—&— MHC | young control
---- MHC lla older adults

200 ---&-- MHC lla young control

150

100

50

24 26 28 3 32 34 36 3.8 4 42

Sarcomere length (um)

Fig.4 Relationship between sarcomere length and force during acti-
vation (active force) and stretching without activation (passive force
at the end of stress relaxation) in MHC I and IIa fibers in older adults
and young controls. No statistical difference between aging and fiber
types in active force by mixed eftfects model

the greater passive force and increased viscoelastic function
in isolated single muscle fibers in older adults compared
to younger participants; these findings were similar in both
MHC I and IIa fibers. On the other hand, no differences were
seen in passive force and viscoelastic properties between
fiber types in both age groups. Active specific force obtained
at each sarcomere length declined as the sarcomere length
increased. Our results suggest that intracellular changes
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young controls by mixed effects model with Bonferroni post hoc cor-
rection. Tp<0.05, statistical difference between MHC I and Ila fiber
by mixed effects model with Bonferroni post hoc correction

contribute to increased passive force with viscoelasticity
in aging skeletal muscles. These intracellular changes may,
in combination with the previously reported changes in the
extracellular matrix and connective tissue, may contribute
to an age-related increase in muscle stiffness.

Stiffer muscles have been recognized as a typical age-
related alteration of the musculoskeletal system (Brown et al.
1999). However, the effect of age on passive mechanical
properties is still controversial. For example, some studies
have shown that passive stiffness increases with age (Blan-
pied and Smidt 1993; Gajdosik et al. 2005; Gao et al. 2008;
Palmer and Thompson 2017) but other studies have shown
no change (Brown et al. 1999; Chesworth and Vandervoort
1989; Winegard et al. 1997). These conflicting results may
be due to the fact that various factors determine muscle
stiffness and elasticity in elderly including reduced range
of motion, reduced muscle mass, shortened muscle length,
decreased contractile force, increased extracellular matrix,
and poor muscle quality (i.e., intramuscular fat infiltration)
(Brown et al. 1999; Canon and Goubel 1995; Gajdosik
et al. 1999). One study reported that passive stiffness did
not increase with age, but muscle mass decreased; therefore,
the remaining muscle tissue was likely to be stiffer per gram
of tissue (Brown et al. 1999). In another study, decreased
muscle quality, as indicated by increases in ultrasono-
graphic echo intensity was suggested to contribute to the
greater passive stiffness observed in older adults (Palmer and
Thompson 2017). To investigate the intramuscular change
of passive stiffness, in vitro muscle fiber studies are useful
because the contribution of extra-muscular factors such as
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muscle—tendon unit and connective tissues can be elimi-
nated. In vitro studies using whole muscles or muscle fibers
have been reported to evaluate the age-related differences
in passive force and elasticity (Brown et al. 1999; Gao et al.
2008; Wood et al. 2014), but to our knowledge, no studies
using human single muscle fibers have been reported. The
results of our study provide evidence of age-related changes
in passive force and viscoelasticity at the muscle cell level
that are independent of changes in the extracelluar matrix.
Increased stiffness of skeletal muscle extracelluar matrix
could be a major mechanism responsible for stiffer mus-
cles with advanced adult age. Age-associated increases in
stiffness of extracelluar matrix were observed during direct
in vitro biomechanical testing by uniaxial extension of the
epimysium of rat tibialis anterior (Gao et al. 2008). Wood
et al. reported that the extracellular matrix of tibialis ante-
rior muscles from old mice had a higher intrinsic stiffness
than that of adult muscles, but the intrinsic stiffness of indi-
vidual muscle fibers from adult and old muscles were not
different (Wood et al. 2014). Their results in muscle fibers
are in conflict with our findings of greater passive force in
aging single muscle fibers. However, direct comparison of
the results may not be possible due to different species and
muscles and different strain—stress protocols used. On the
other hand, observations in human spastic muscle support
our findings (Friden and Lieber 2003; Olsson et al. 2006).
The global passive muscle stiffening in patients with spas-
ticity is partially caused by elevated passive tension of the
skeletal muscles themselves. In one study of muscle biopsies
from patients with chronic spasticity, increased passive ten-
sion was shown to arise not only from extracellular matrix
remodeling, but also from structural and functional adapta-
tions inside the muscle cells (Olsson et al. 2006).
Viscoelastic properties of human skeletal muscle have
been investigated through the viscoelastic stress relaxa-
tion (force decay at a constant length) during static stretch
(Magnusson 1998) and can be expressed as a percentage of
peak force [(peak force — steady state force)/peak force)].
Ideal pure elastic function indicates both minimal force
decay and quick return to steady state (Weppler and Mag-
nusson 2010). We developed a force decay index (a force
time integral under a stress relaxation curve) to reflect the
exponential decay patterns of time-dependent modulus of
stress relaxation. We acknowledge there are several models
that can be used to determine viscoelasticity (Meyer et al.
2011; Minajeva et al. 2001). Stress relaxation fits by Mina-
jeva et al. (2001) is also an appropriate model for viscoe-
lastic properties. However, these models cannot be applied
directly to our stress relaxation data due to differences in
test parameters used in our model. Force decay index in our
study seems to reflect well the exponential decay patterns
of time-dependent modulus of stress. This index includes
changes of both viscosity and elasticity. A higher force decay

index indicates higher viscosity. On the other hand, a lower
force decay index and higher steady state force means high
elastic modulus, that is, good muscle spring (George et al.
2013; Linke 2000). In the present study, the force decay
index of older muscle fibers was significantly greater than in
the younger group when the fibers were stretched to 3.4 um
of sarcomere length or longer. These findings indicate an
increased viscoelasticity with aging which may be due to
an increased proportion of non-elastic and non-contractile
elements such as collagen depositions, amorphous materi-
als, or intramyocellular lipid droplets (Olsson et al. 2006).
The current skinning procedure used in our study allows
the study of the intrinsic ability of the actomyosin cross-
bridges in the absence of nervous influence by disrupting
all membrane-bound structures such as sarcolemma and
sarcoplasmic reticulum without damaging the myofilament
structure (Larsson and Salviati 1992). However, it is not very
clear how, or to what extent, other cellular elements and the
structural (not contractile) proteins are also affected.

Although we did not measure titin concentrations, it is
necessary to briefly comment on its potential role in stiff-
ness. Titin has a functional role because sarcomere elonga-
tion with less stiffness and enough elasticity may be neces-
sary for proper contraction. Decreased passive elasticity due
to titin and increased non-titin-based stiffness may explain
age-related changes in passive force and viscoelasticity at
the muscle cell level. Increased proportion of non- or less-
extensile structures such as thin, thick and intermediate
filaments in aging muscles indicates poor quality of elastic
function (Prado et al. 2005). A difference in passive stiffness
among muscle fiber types has been suggested based on the
findings that predominantly slow muscles have long titin and
low titin-borne passive stiffness, whereas fast muscles have
relatively short titin and high titin-based stiffness (Prado
et al. 2005). Therefore, titin-based stiffness, but not extramy-
ofibrillar stiffness, correlates with muscle type. Olsson et al.
reported that the elevated passive tension was found only in
fast-type fibers of chronic spastic muscles, but there were no
differences in passive tension among fiber types in healthy
athletes (Olsson et al. 2006). In our study, there were no
significant differences in passive force and force decay
index between MHC I and MHC Ila in both young and older
group. These findings suggest that non-titin-based stiffness,
which is independent of fiber type, may significantly affect
the stiffness of aging muscle. Taken together, the effect of
age-related changes of titin-based and non-titin-based stiff-
ness on intracellular stiffness and elasticity are still unclear.
Furthermore, we need to better understand the influence of
titin on the contractility of muscle fibers in aging skeletal
muscles.

This study has several limitations. First, the protocol
to develop passive force used in the present study was
modified from the fiber stretch protocol of previous studies
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(Olsson et al. 2006; Prado et al. 2005; Toursel et al. 2002;
Trombitas et al. 2003). Each sarcomere length during
stepwise stretch was determined by stretching the fib-
ers based on the measurement of SL at the initial fiber
length. It is not guaranteed that the change of fiber length
always matches that of sarcomere length because sar-
comere length is not uniform over the entire length of the
fibers mounted between the connectors. The fiber could
have been stretched more than intended during stretching
protocols perhaps because the length controller rotates to
alter fiber length, even though a mathematical model was
used to minimize the potential errors by the rotational
motion during stretching (Choi et al. 2011). Second, in
our study, the active specific force declined starting at a
SL of 2.4 pm. This finding is in conflict with those of other
studies indicating that the force plateau should extend to
a SL of ~2.8 pm (Gollapudi and Lin 2009; Maganaris
2001). In the present study, active forces at different sar-
comere lengths were obtained in the same fibers with
sequential sarcomere lengths from 2.4 to 4.2 pm. It is pos-
sible that this could cause fiber damage due to repeated
stretches and contractions. This may have resulted in a
slightly lower value for active force between 2.6 pm and
2.8. In addition, in our experiments, we did not monitor
sarcomere length in real time and the degree of slacking
was determined by mathematical equations based on the
initial fiber length. Therefore, it is possible that sarcomere
length was not exactly 2.4 or 2.6 um after slacking. Third,
we examined 275 fibers and 251 fibers for active and pas-
sive force measurement, respectively, which roughly cor-
responds to 15-16 fibers per participant. The number of
fibers, although similar to that of several other published
studies, may not be enough to represent the behavior of
all fibers in the vastus lateralis muscle. The differences
in mechanical properties of single muscle fibers between
males and females need to be evaluated. Our sample size
was too small to allow us to study sex-related differences.
Men showed greater muscle strength, power and stiffness
compared to women in in vivo studies, but single muscle
fiber quality in women was reported to be equivalent to
that of men (Krivickas et al. 2006). Lastly, we excluded
individuals with physical impairments using the SPPB
in the older group and the IPAQ in the younger group.
Our intent was to show that participants in the study were
healthy and functional. However, we did not quantify spe-
cifically the levels of physical activity in both groups using
the same instrument. It needs to be recognized that others
have suggested that physical activity can influence muscle
fiber mechanical properties (Canepari et al. 2010).

In future investigations, the correlation of age-related
changes in titin and extramyofibrillar contents with viscoe-
lastic and elastic properties of single muscle fibers and the
role of titin in age-related changes of skeletal muscles needs

@ Springer

to be studied. This knowledge may help us understand the
vulnerability of aging muscles to injury, disuse, and chronic
disease.

Conclusions

We demonstrated the greater passive force and increased
viscoelastic function in isolated single muscle fibers in older
individuals in comparison to younger individuals. There
were no significant differences in passive force and viscoe-
lastic properties between fiber types. The results of our study
provide evidence of age-related changes in passive force and
viscoelasticity at the muscle cell level that are independent
of changes in the extracelluar matrix.
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