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Although aging is typically associated with a decreased efficiency of locomotion, somewhat surprisingly, there is
also a reduction in the proportion of less efficient fast-twitch Type II skeletal muscle fibers and subsequently a
greater propensity for falls. Maximal strength training (MST), with an emphasis on velocity in the concentric
phase, improves maximal strength, the rate of force development (RFD), and work efficiency, but the impact
on muscle morphology in the elderly is unknown. Therefore we evaluated force production, walking work effi-
ciency, and muscle morphology in 11 old (72 ± 3 years) subjects before and after MST of the legs. Additionally,
for reference, the MST-induced morphometric changes were compared with 7 old (74 ± 6 years) subjects who
performed conventional strength training (CST), with focus on hypertrophy, as well as 13 young (24 ± 2 years)
controls. As expected, MST in the old improved maximal strength (68%), RFD (48%), and work efficiency (12%),
restoring each to a level similar to the young. However, of importance, these MST-induced functional changes
were accompanied by a significant increase in the size (66%) and shift toward a larger percentage (56%) of
Type II skeletal muscle fibers, mirroring the adaptations in the hypertrophy trained old subjects, with muscle
composition now being similar to the young. In conclusion, MST can increase both work efficiency and Type II
skeletalmuscle fiber size and percentage in the elderly, supporting the potential role ofMST as a countermeasure
to maintain both physical function and fall prevention in this population.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

The elderly exhibit a reduced work efficiency, assessed duringwalk-
ing (Hortobagyi et al., 2011; Mian et al., 2006; Ortega and Farley, 2007),
and concomitantly a pronounced atrophy of fast-twitch Type II skeletal
muscle fiberswhich results in a greater proportion of slow-twitch Type I
fibers (Lexell, 1995). This is somewhat surprising, as a higher proportion
of Type I fibers is associated with increased whole bodywork efficiency
(Conley et al., 2013). However, the greater type I fiber efficiency, a con-
sequence of an improved conversion of ATP tomechanicalwork,may be

counteracted by a reduced age-related efficiency of mitochondrial ATP
production (Coen et al., 2013). However, more in line with this age-re-
lated skeletal muscle fiber type change, human maximal strength de-
clines ~1% per year from the fourth decade of life, and then this loss of
strength typically accelerates from the age of 65–70 years. (Lindle et
al., 1997). This reduction in strength and the accompanying attenuation
in the RFD (Thompson et al., 2014), significantly increases the risk of
falls (Boelens et al., 2013). Of note, it is predominantly the ability to de-
velop force rapidly that is crucial in fall prevention (Aagaard et al.,
2002), since it is the initial force, rather than maximal strength, that is
important for postural adjustments to maintain balance.

Maximal strength training (MST), typically performed at ~85–90% of
one repetitionmaximum (1RM) andwithmaximal intended velocity in
the concentric phase, has been documented to induce significant
strength and RFD improvements in patient populations (Hoff et al.,
2007;Mosti et al., 2013;Wang et al., 2010) aswell as in healthy subjects
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(Heggelund et al., 2013; Hoff et al., 2002; Unhjem et al., 2015). As there
is little change in muscle mass with MST and improvements in the RFD
are much greater than hypertrophy-inducing conventional strength
training (CST) (Heggelund et al., 2013), it has been proposed that neural
alterations play a major role in the MST-induced adaptations. Interest-
ingly, in addition to these improvements in strength and the RFD, MST
is also well documented to improve aerobic endurance by altering
work efficiency (Heggelund et al., 2013; Hoff et al., 1999; Wang et al.,
2010). Notably, although these improvements in work efficiency are
commonly measured as a reduction in whole body pulmonary oxygen
consumption (VO2) at a standard submaximal work load, in a recent
study from our group (Barrett-O'Keefe et al., 2012), this phenomenon
has been determined to be solely a consequence of an increase in
exercising skeletal muscle efficiency.

Although MST has been documented to increase maximal strength,
the RFD, and work efficiency, the effect on skeletal muscle morphology
remains unknown. Therefore, it is also not known how such potential
MST-induced muscle morphometric adaptations compare with CST,
typically performed as 10–12 repetitions, at a lower intensity of
70–75% of 1RM, and without an emphasis on achieving maximal ve-
locity in the concentric phase. Although this CST has also been deter-
mined to enhance work efficiency and the RFD, the improvements
are typically only half that achieved by MST (Heggelund et al.,
2013). However, CST clearly promotes alterations in muscle fiber
composition which can be favorable in terms of combating the fall
prone aging skeletal muscle phenotype, with a training-induced
shift in fiber type from Type I to Type II andmuscle fiber hypertrophy
(Adams et al., 1993; Kryger and Andersen, 2007). As MST primarily
aims to induce neural adaptations, due to the low number of repeti-
tions and rapid execution, it is unclear if MST is likely to result in a
similar shift in muscle fiber type and size.

Therefore, with a specific interest in the underlying mechanisms by
which MST could potentially benefit the elderly in terms of physical
function and fall prevention, the aim of this study was to assess the
MST-induced changes in muscle fiber morphology and work efficiency
during walking in the old. Specifically, we hypothesized that, although
therewould be the expected increase inmaximal strength, RFD, and im-
proved work efficiency, an 8 week supervised MST intervention in the
elderly would not induce an increase in the percentage or size of Type
IImuscle fibers. Hence,MST-inducedmusclemorphometric adaptations
would contrast with the response to CST, likely not affording any Type II
fiber-specific fall prevention benefits.

2. Methods

2.1. Subjects

Healthy, nonmedicated, and nonsmoking males volunteered to par-
ticipate in the study: 11 old (72±3 years; 175±6 cm; 82±12kg) sub-
jects had their work efficiency during walking, muscle fiber
morphometry, and strength assessed pre- and post-8 weeks of MST.
An additional 7 old subjects (74 ± 6 years; 180 ± 4 cm; 87 ± 7 kg), in-
volved in a parallel study, afforded the opportunity to assess skeletal
muscle morphometric changes induced by CST. A young group was
also included to serve as a reference: 13 young (24 ± 2 years; 180 ±
7 cm; 81 ± 13 kg). All participants reported being active, regularly
exercising 1–3 days a week, but strength training was not part of their
typical activity, as this was an exclusion criterion. The study was ap-
proved by the local ethical committee, performed in accordance with
the Declaration of Helsinki, and written informed consent was obtained
from all subjects.

2.2. Study timeline

Prior to commencing the MST, but following several familiarization
sessions, the old subjects underwent assessments of work efficiency

during walking, maximal strength, and RFD. After 2 additional days, bi-
opsies of the vastus lateralis were taken, and ~1 week later the subjects
commenced the supervised 8 week MST intervention and returned to
the laboratory for the same two-day testing protocol post-MST. The
old subjects who performed 8weeks of supervised CST, as a component
of a parallel study, underwent the same muscle biopsy procedure pre
and post training. Finally, serving as a reference, the young subjects car-
ried out the same testing procedures as the oldMST group, at the time of
pretesting. Prior to all procedures, subjects were rested (no exercise for
24 h) (Andersen et al., 2010) and fasted (no food for 3 h before the test-
ing) (Ellefsen et al., 2015).

2.3. Work efficiency and maximal oxygen consumption

After a 10 min walking warm up on the treadmill (Woodway, Ger-
many), the subjects progressed to 5 min of submaximal steady state
walking at 4.5 km ∙h−1 at a 5% incline. Using the average of the pulmo-
nary VO2 (Metamax II Cortex, Germany) for the lastminute of thiswalk-
ing challenge, work efficiency was calculated as:

Work efficiency ¼
External work accomplished Kcal∙min−1

! "

Energy expenditure Kcal∙min−1
! " ∙100

VO2 andwork ratewere converted to kcal to allowwork economy to
be expressed as percentage change (Hoff et al., 2007). This work load
was a relatively mild effort for the participants. The 5 min submaximal,
constant work load approach has previously been established as a valid
testing procedure tomeasurework efficiency (Hoff et al., 2007). Contin-
uously progressing from thework efficiency test, which served as an ad-
ditional warm up, VO2max was measured during a ramped protocol
exercise test employing increments 1 km ∙h−1 every minute to exhaus-
tion. Three criteria were used to determine if VO2max was achieved: 1)
reaching a VO2 plateau despite still being able to continue the
incrementing work on the treadmill, 2) a respiratory exchange ratio
(RER) of ≥1.10, and 3) lactate concentration in blood N7 mmol·L−1

(Wang et al., 2012).

2.4. Strength testing

Maximal strength was obtained as 1RM in a squat exercise machine
(Hack lift, Impulse Fitness IT 7006, Shandong, China) on which the sub-
jectmoved eccentrically froman initial 180° to a 90° knee angle position
and subsequentlymoved concentrically back to the initial position. 1RM
was recorded as the heaviest lifted load achievedwithin 6–8 lifts, apply-
ing rest periods of ~4 min and increments of 5 kg between each trial
until failure. Immediately after the maximal test, using the same appa-
ratus, RFD and peak force were assessed using a force platform
(9286AA, Kistler, Switzerland) and applying a load corresponding to
75% of the participant's pre-test 1RM. Importantly, the subjects were
instructed to execute the lift as rapidly as possible in the concentric
phase.Maximal RFD and peak forcewere determined as the best perfor-
mance of three attempts. Data were collected at 2000 Hz (Bioware
v3.06b, Kistler, Switzerland), and RFD analyzed as the time difference
between 10% and 90% of peak force.

2.5. Muscle biopsies and morphometry

After injecting local xylocaine (1%) anesthesia, muscle biopsies were
obtained from the vastus lateralis using a 6 mm needle attached to a
suction syringe The biopsies were taken 3.5 cm deep, 15 cm proximal
to the knee and slightly distal to the ventral midline of the muscle
(Richardson et al., 2000) in all subjects. At post-test the biopsies were
randomly collected 1 cm distally or proximally to the site of the pre-
test biopsy. The biopsies were immediately frozen in liquid nitrogen
after collection and subsequently stored in a −80 °C freezer.
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Immunofluorescence analyses were performedwith a Zeiss Axiomicro-
scope (Jena, Germany), For immunohistochemistry 10 μm serial sec-
tions were cut on a cryostat and then primary antibodies applied: BA-
F8 and SC-71 (Development Studies Hybridoma Bank, University of
Iowa), reactivewith Type I and Type II fibers, respectively. Next the sec-
ondary antibodies (Invitrogen, Carlsbad CA) were applied: A21143
Alexa Fluor 350 (Type I fibers); A21121 Alexa Fluor 488 (Type II fibers).
Immunofluorescence analyses were performedwith a Zeiss Axiomicro-
scope (Jena, Germany). Capillaries were identified using Abcam (Cam-
bridge, England) primary antibodies: ab14055 (laminin), ab32457
(capillaries) and secondary antibodies: ab96947 Dylight 488 (laminin)
(Abcam, Cambridge, England), A21068 Alexa Fluor 350 (capillaries)
(Thermo Fisher, Waltham, MA). Fiber cross-sectional area and perime-
ter, the number of capillaries around a fiber (Ncaf), capillary sharing,
and individual capillary to fiber ratio (C/Fi) (Hepple et al., 1997) were
measured at 200 × (an average of 40 ± 2 fibers analyzed per sample).
The size of the C/F interface was estimated as the quotient of the C/Fi
and fiber perimeter for each fiber (CFPE index) (Hepple, 1997; Hepple
and Mathieu-Costello, 2001).

2.6. MST intervention

SupervisedMST, with a focus on neural adaptations, was performed
3 times a week for 8 weeks. The training was performed in the same
squat machine used for the pre- and post-test assessments. MST ses-
sions started with two warm up sets at a moderate intensity followed
by 4 sets of 4 repetitions at ~85–90% of 1RM. The squat-like exercise
was performed with an emphasis and instruction to stop the eccentric
phase at a 90° knee joint angle, a fraction of a second pause, and then
a maximal mobilization of force during the concentric action. It is im-
portant to note that despite an intended high velocity in the concentric
phase, to stimulate neural drive, the actual movement was relatively
slow because of the heavy load. The resistancewas increased by 5 kg in-
crements if a participantwas able to complete N4 repetitions. One train-
ing session typically lasted for 20min, including rest periods of 3–4min
between the sets. Throughout the intervention, the participants were
encouraged to continue their typical daily activities in addition to the
supervised training in the laboratory.

2.7. CST intervention

Supervised CST,with a focus on hypertrophy,was performed 3 times
a week for 8 weeks. The CST procedures were identical to the MST ex-
cept for the performance of the 4 sets. In contrast to MST, the partici-
pants carried out 12 repetitions. During this squat-like exercise,
emphasis was placed upon a slow movement in both the eccentric
and concentric phase. The intensity of each set was 70–75% of 1RM.

2.8. Statistics

Statistics were performed using the software package IBM SPSS 21
(Chicago, USA), and figures were made with GraphPad Prism 5 (San
Diego, USA). Fiber type percentage, fiber type area, Ncaf, capillary shar-
ing, C/Fi, and CFPE-index were analyzed using Zeiss AxioVision Rel soft-
ware (version 4.8, Germany) and ImageJ (USA). One way ANOVA was
used to assess baseline differences between the three groups and paired
t-tests to determine within group differences following training. Two-
way repeated measures ANOVA's (strength training modality x time)
were applied for comparison of the two elderly training groups, and a
Tukey post hoc analysis was used when appropriate. Significance level
was set at anα-level of p b 0.05 for all variables, and all data are present-
ed as mean± SD except for in the figures where, for clarity, mean± SE
is utilized.

3. Results

3.1. Subjects

Unrelated to the experimental procedures, two old subjects with-
drew from the MST intervention, yielding 11 old participants. The
MST-compliance rate was 22 ± 1 of the planned 24 training sessions,
and the targeted intensity of 85–90% of 1RM was achieved in all com-
pleted sessions. As documented in Table 1, bodyweight was not altered
by the MST intervention. Of the 9 old subjects, involved in a parallel
study, affording the opportunity to assess skeletalmusclemorphometry
pre- and post-8 weeks of CST, 7 subjects completed the 8 weeks of CST
and, again, these withdrawals were unrelated to the training or testing.
The compliance rate for the CSTwas similar to theMSTwith 21± 1 out
of 24 sessions completed, and the targeted 70–75% of 1RM intensitywas
achieved in all completed sessions. In contrast to MST, bodyweight
tended to increase from 87.3 ± 6.9 kg at pre-test to 88.2 ± 7.6 kg at
post-test (p = 0.06), as a consequence of CST. Finally, all the 13 young
controls recruited to the study completed all testing.

3.2. MST, muscle fiber distribution, and size

Prior to MST, compared to the young, the old subjects exhibited a
significantly lower percentage of Type II fibers (43 ± 13%) and signifi-
cantly greater percentage of Type I fibers (57 ± 13%). As a consequence
of 8weeks ofMST, the percentage of Type II fibers increased significant-
ly (p b 0.01) by 32 ± 26% (Fig. 1A), while, concomitantly, there was a
significant (p b 0.01) 19 ± 14% decrease in the percentage of Type I
muscle fibers (Fig. 1A). These MST-induced changes in fiber type distri-
bution meant that the old and young now had similar fiber type per-
centages. The MST-induced changes in muscle fiber type distribution
were accompanied by a significant 41 ± 40% increase (p b 0.01) in
Type II muscle fiber size (Fig. 1B). The size of the Type I muscle fibers
remained unchanged (Fig. 1B) following MST, and were similar to the
young.

3.3. MST and muscle capillarization

As documented in Table 2, prior toMST, compared to the young, the
old exhibited a significantly greater Ncaf including all fiber types (total)
and this was the case when specifically evaluated in either Type I or
Type II fibers. Total capillary sharing was greater in the old compared
to the young, but was not different when assessed specific to fiber
type. There was no difference in C/Fi between young and old, however,
total CFPE-indexwas significantly greater in the old than the young and
this was driven by Type II fiber specific differences. MST did not alter
Ncaf, capillary sharing, or C/Fi, however, a Type II specific fall in the
CFPE-index resulted in there no longer being a greater Type II or Total
CFPE-index in the old compared to the young.

Table 1
Maximal strength, rate of force development, bodymass, and maximal oxygen consump-
tion (VO2max), pre- and post-8 weeks of maximal strength training (MST) in old subjects
compared to young controls.

Old (n = 11) Young (n = 13)

Pre-MST Post-MST

1 repetition maximum (kg) 109 ± 17# 182 ± 27⁎ 174 ± 36
Rate of force development
(N ∙s−1)

835 ± 97# 1178 ± 105⁎ 1204 ± 90

Peak force (N) 1843 ± 50# 1932 ± 65⁎,# 2482 ± 107
Body mass (Kg) 81.7 ± 12.5 81.8 ± 12.4 78.7 ± 9.7
VO2max (L ∙min−1) 2.85 ± 0.54# 2.84 ± 0.54# 4.05 ± 0.70

Data presented as mean ± SD.
⁎ Significantly different from pre- to post-MST (p b 0.05).
# Significantly different from young (p b 0.05).
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3.4. MST, maximal strength and RFD

At pre-test, the elderly exhibited significantly attenuated values for
all strength and force assessments compared to the young (Table 1).
However, all of these lower values were significantly improved by the
MST. Specifically, following 8 weeks of supervised MST, 1RM improved
significantly (pb 0.01) by 68±11% to a level similar to that of the young
controls (Table1). This result was accompanied by a significant 48 ±
34% increase in RFD, which was also now similar to that of the young,
and a significant 5 ± 4% (p b 0.05) improvement in peak force.

3.5. MST, work efficiency, and maximal oxygen consumption

The work performed during thewalking work efficiency assessment
corresponded to 50±8W in the old and 48±6W in the young control
group. As bodyweight did not change due to the MST, the work per-
formed by the elderly was equal at both the pre- and post-MST assess-
ments. At pre-test the old and young exhibited a work efficiency of
22.9 ± 7.1% and 27.6 ± 5.5%, respectively. Following the MST the old
significantly reduced their oxygen cost of walking at the given submax-
imal level by 4.7 ± 3.4% (Fig. 2A), and this was mirrored by an

improvement in their work efficiency of 12.0 ± 8% (Fig. 2B). This
MST-induced improvement in the old resulted in a work efficiency of
25.3% at post-test (Fig. 2B). While the oxygen cost of walking in the
old was significantly higher compared to the young before the MST,
this difference was no longer significant at the post-test. The MST-in-
duced reduction in oxygen cost was also accompanied by a significant
decrease in respiratory exchange ratio (0.90 (pre-test) to 0.88 (post-
test)) and ventilation (43 L ∙min−1 (pre-test) to 40 L ∙min−1(post-
test)). VO2max did not change following the training period (Table 1),
and consequently the relative submaximal load employed for the walk-
ing work efficiency measurements remained constant before and after
the MST.

3.6. CST, muscle fiber distribution, and size

There were no significant differences between the MST-induced
fiber type changes and those induced by CST, as the hypertrophy fo-
cused training induced similar increases in Type II muscle fiber percent-
age (30 ± 26%) (Fig. 1A) and size (40 ± 20%) (Fig. 1B). However, CST
additionally tended to increase muscle Type I fiber size from 2140 ±
318 μm at pre-test to 2575 ± 762 μm at post-test (p = 0.10) (Fig. 1B).

Fig. 1. Muscle fiber morphology pre and post maximal strength training (MST), and conventional strength training (CST) focused upon hypertrophy, in old subjects compared to young
controls. Vastus lateralis fiber percentage (A) and fiber area (B). Data presented as mean ± SE. *p b 0.05 different from pre-training; #p b 0.05 Different from young.
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3.7. CST and muscle capillarization

As documented in Table 2, baseline skeletal muscle capillerization
was very similar between the old subjects who performed the MST
and the old subjects who performed the CST. Just as with MST, the
only index of capillarization that was altered by the CST was a Type II
specific fall in the CFPE-index that resulted in the Type II and total
CFPE-index no longer being a greater in the old subjects who had per-
formed the CST compared to the young.

4. Discussion

Aging is typically associated with decreased strength, RFD, efficiency
of locomotion, and a reduction in the proportion of less efficient Type II
skeletal muscle fibers and subsequently a greater propensity for falls.
MST has been documented to increase maximal muscle strength, RFD,
and improve work efficiency. Although the MST-induced reduction in
VO2 has been recognized to originate solely in skeletal muscle, the im-
pact of MST on muscle morphometry is not clear. Therefore, this study
sought to determine the effect of 8 weeks of MST in the old on muscle
fiber type and size. The major finding of this study was that despite the
emphasis on neural adaptations through heavy loads, few repetitions,
and the intent to perform the concentric phase of contraction at a high
velocity, MST increased both the percentage and size of the Type II mus-
cle fibers. In fact, MST exhibited the expected improvement in work effi-
ciency, but still resulted in similar alterations in Type II muscle fibers as
CSTwithmore repetitions, lower loads, and slower execution. Therefore,
this study reveals that MST can concomitantly increase both work effi-
ciency and Type II skeletal muscle fiber percentage and size in the elder-
ly, supporting the potential role ofMST as a countermeasure tomaintain
both physical function and fall prevention in this population.

4.1. Work efficiency, MST, muscle fiber type, and age

The majority of previous studies examining work efficiency with ad-
vancing age, especiallywhen assessed duringwalking (Mian et al., 2006;
Ortega and Farley, 2007), reveal an attenuated work efficiency in the el-
derly compared to the young. Interestingly, it should be noted that, using
cycle exercise, our group recently documented that extremely old
humans actually exhibited an improved work efficiency compared to

their younger counterparts (Venturelli et al., 2013). However, with
their Centenarian status, such findings in these subjects may be a testa-
ment to exceptionally successful aging and survival, rather than typical
aging (Venturelli et al., 2013). In accordance with the majority of previ-
ous studies, prior to theMST intervention, themore typically old subjects
in the current study (~70 years) exhibited significantly lower work effi-
ciency compared to the young. After 8 weeks of MST, the old improved
theirwork efficiency, assessed duringwalking, to a level thatwas no lon-
ger different from the young. This restoration of work efficiency was ac-
companied by an increase in maximal strength and RFD and is in
agreement with similar MST-induced findings reported for more than
a decade (Barrett-O'Keefe et al., 2012; Heggelund et al., 2013; Hoff et
al., 2002; Hoff et al., 1999; Hoff et al., 2007; Wang et al., 2010).

Themain aim of the current study was to extend our understanding
of the functional MST-induced changes to the, potentially more mecha-
nistic, insight that can be attained by assessing the impact of MST on
muscle morphology. Somewhat surprisingly, this study revealed an
MST-induced shift in muscle fiber type in the old, such that both the
size and percentage of Type II fibers increased (Fig. 1).When considered
in combination with the current evidence of the MST-induced increase
inwork efficiency in the old (Fig. 2B), thismay seem somewhat of a par-
adoxical finding as Type II fibers have been documented to be less effi-
cient than Type I fibers (Coyle et al., 1992; Wendt and Gibbs, 1973),
likely due to a greater energy cost of calcium pumping and cross bridge
coupling (Wendt and Gibbs, 1973). However, as walking typically re-
quires a relatively low force for each muscle contraction, it is probable
that the more efficient Type I fibers were predominantly recruited dur-
ing this activity in the old both before and after theMST intervention. In
fact, MST-induced improvements in function may have shifted the nec-
essary force of the contractions to an even lower portion of the force-ve-
locity recruitment spectrum, resulting in a larger dependence on the
most efficient fibers at a given walking speed. Indeed, a previous study
has documented that RFD improvements are exhibited throughout the
recruitment hierarchy, yielding improved force-velocity characteristics
for both Type II and Type I fibers (Osteras et al., 2002). Additionally, as
the oxygen cost of maintaining force has been documented to be less
than the cost of developing force (Hoff et al., 1999), it is likely that the
MST-induced increase in the RFD lengthened the cost-effective mainte-
nance phase of the contraction cycle, improvingwork efficiency. Finally,
MST may, at least in part, have rejuvenated the age-associated attenua-
tion in the efficiency of mitochondrial ATP production (Conley et al.,

Table 2
Total and fiber type-specific indices of skeletal muscle capillarity pre- and post-8weeks of maximal strength training (MST) and conventional strength training (CST) in old subjects com-
pared to young controls.

Old MST Old CST Young

Pre Post Pre Post

Ncaf
Total 3.06 ± 0.22# 3.09 ± 0.15# 2.92 ± 0.25# 2.90 ± 0.23# 2.63 ± 0.32
Type I 3.22 ± 0.37# 3.27 ± 0.33# 3.03 ± 0.21 2.91 ± 0.31 2.78 ± 0.38
Type II 2.86 ± 0.23# 2.92 ± 0.30# 2.81 ± 0.33# 2.89 ± 0.33# 2.31 ± 0.76

Capillary sharing
Total 2.97 ± 0.18# 3.00 ± 0.18# 2.92 ± 0.25# 2.89 ± 0.23# 2.61 ± 0.59
Type I 1.53 ± 0.54 1.65 ± 0.26 1.65 ± 0.62 1.72 ± 0.48 1.46 ± 0.59
Type II 1.54 ± 0.45 1.46 ± 0.31 1.55 ± 0.49 1.35 ± 0.39 1.33 ± 0.41

C/Fi
Total 1.03 ± 0.04 1.03 ± 0.04 1.00 ± 0.01 1.01 ± 0.01 1.01 ± 0.02
Type I 1.03 ± 0.05 1.02 ± 0.04 1.00 ± 0.01 1.00 ± 0.01 1.01 ± 0.03
Type II 1.01 ± 0.05 1.04 ± 0.06 1.00 ± 0.01 1.00 ± 0.01 1.01 ± 0.02

CFPE-index
Total 6.48 ± 1.04# 5.82 ± 0.85 6.16 ± 0.40# 5.77 ± 0.72 5.56 ± 0.39
Type I 6.17 ± 1.12 5.91 ± 0.63 6.15 ± 0.49 5.71 ± 0.83 5.90 ± 0.51
Type II 6.91 ± 0.87# 5.88 ± 1.17⁎ 6.63 ± 1.15# 5.81 ± 0.60⁎ 5.30 ± 0.40

Ncaf, number of capillaries around each muscle fiber; C/Fi, capillary to fiber ratio; CFPE, capillary to fiber perimeter exchange ratio. Data presented as mean ± SD.
# Significantly different from young (p b 0.05).
⁎ Significantly different within group from pre- to post-test (p b 0.05).
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2013) and the conversion of ATP into mechanical work (Layec et al.,
2015). Although an age-related reduction in mitochondrial efficiency
has been documented (Coen et al., 2013), andmay be reversedwith aer-
obic endurance training (MacInnis and Gibala, 2016), MST-induced mi-
tochondrial changes are somehowdifficult to imply as oxygen transport
isminimally taxed during the brief bouts ofmaximal effort. Other expla-
nations could include other mechanisms such as improved motor con-
trol with reduced co-contraction of antagonists. The current study
documents alterations in fiber type composition and size, however,
the actual mechanisms responsible for the improvements in overall
work efficiency (i.e. both ATP production from oxygen uptake and ATP
conversion into mechanical work) need to be further elucidated.

4.2. MST and CST-induced fiber type changes

As MST is achieved with few repetitions and a heavy load, as well as
aiming to achieve maximal velocity in the concentric phase, this type of

strength training has been suggested to primarily induce neural adapta-
tions. Indeed an enhancement in neural function has been documented
by several studies (Palmer et al., 2013; Unhjem et al., 2015) which, ac-
companied by an unchanged body mass (Heggelund et al., 2013; Hoff
et al., 2007; Mosti et al., 2013; Wang et al., 2010), is suggestive of little
muscle hypertrophy. Somewhat surprisingly, the current study revealed
that MST not only likely altered neural factors, but also effectively re-
stored Type II muscle fiber size and percentage distribution in the old
to a level that was similar to the young. In fact, the current findings re-
vealed thatMST resulted inmusclemorphology alterations typically as-
sociated with CST, focused upon hypertrophy, consisting of a higher
number of repetitions (Coyle et al., 1992; Ellefsen et al., 2015; Forberg
et al., 2012), lower intensity (70–75%), and slower execution (Fig. 1
and Table 2). However, MST has previously been documented to yield
significantly greater improvements in maximal strength, RFD, and
work economy (Heggelund et al., 2013) compared to CST. It is highly
likely that this divergence is due to MST-induced neural adaptations.
Specifically, a greater gain in the RFD will likely induce a larger shift in
the force-velocity curve and recruitment hierarchy, facilitating a greater
improvement in work efficiency.

As previously documented as a consequence of hypertrophy focused
strength training (Frontera et al., 1988), the CST not only revealed a sig-
nificant increase in Type II fiber size, but also exhibited a clear tendency
toward an increase in the size of the Type I fibers (Fig. 1) (p = 0.10).
Recognizing that the fatigue resistant Type I fibers likely play a role in
determining work efficiency at submaximal loads, the tendency for an
increase in Type I fiber area in the CST old subjects could lead to dimin-
ished oxygen transport to these aerobic fibers, counteracting the bene-
ficial effects of an improved RFD. In support of this concept, although
also not attaining statistical significance, the greatest fall in the Type I fi-
bers CFPE-index, an indication of the capacity for oxygen flux, was fol-
lowing the CST intervention. In combination, the less effective CST
-induced adaptations (Heggelund et al., 2013) and increased oxygen
diffusion distance in Type I fibers may diminish the improvement in
work efficiency compared to MST. Indeed, such an attenuation in
work efficiency, when the two modalities were compared during knee
extensor exercise, was reported by Heggelund et al. (2013).

4.3. Muscle capillarity, MST, CST, and age

Interestingly, and in agreementwith someprevious studies (Kano et
al., 2002; Mathieu-Costello et al., 2005), muscles of the old subjects in
this study did not exhibit any evidence of capillary rarefaction. In fact,
although C/Fi was not different between the young and old, total Ncaf,
capillary sharing, and CFPE-index were all significantly greater at base-
line in the old compared to the young, suggesting not only the mainte-
nance, but an improvement in the blood tomuscle interface in these old
subjects (Table 2). Of note, in terms of the implications for oxygen trans-
port, due to theMST and CST -induced hypertrophy of the Type II fibers
both interventions resulted in a Type II specific fall in the CFPE-index.
This lead to there no longer being a greater Type II or Total CFPE-
index in the old compared to the young. Although not attaining statisti-
cal significance, there was some evidence of a fall in the CFPE-index in
the Type I fibers as a consequence of both MST and CST, with the
greatest change in the latter group (Table 2). Whether these changes
had an impact upon oxygen transport in the old subjects cannot be de-
termined from the current study, but a very similar MST intervention
did not alter arterio-venous oxygen difference in a previous study per-
formed by our group (Barrett-O'Keefe et al., 2012). Of note, as docu-
mented in Table 2, just as with MST, the only index of capillarization
that was significantly altered by the CST was a Type II specific fall in
the CFPE-index that resulted in the Type II and Total CFPE-index no lon-
ger being greater in the old subjects who had performed the CST com-
pared to the young. Again, whether this had an impact upon oxygen
transport in the CST old subjects cannot be determined from the current

Fig. 2. Oxygen consumption (VO2) (A) and work efficiency (B), assessed during walking,
pre and post maximal strength training (MST) in old subjects compared to young
controls. Data presented as mean ± SE. *p b 0.05 different from pre MST; #p b 0.05
different from young.
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study, but likely had similar consequences, if any, to the old subjects
who underwent the MST.

4.4. MST, physical function and fall prevention with advancing age

Following the eight-week MST intervention the ~70 year old males
in the current study counteracted the typical age-related decline in
maximal strength and RFD. The 68% increase in maximal strength and
the 48% increase in RFD are in accordance with previous studies
employing MST in a variety of older patients (Hoff et al., 2007; Wang
et al., 2010). Remarkably, after the relatively short-term MST program,
not only were muscle fiber composition, fiber size, maximal strength,
and rapid force characteristics indistinguishable from young healthy,
but the magnitude of the MST-induced force improvements were com-
parable with previous MST-induced changes in young subjects (Hoff et
al., 2002). As a loss of muscular strength is associated with impaired
physical function, falls (Campbell et al., 1989), and an overall reduction
in quality of life (Hyatt et al., 1990), the effective strength gains docu-
mented in this study have important implications for avoiding these is-
sues in the elderly.

Although maximal strength is undoubtedly important for physical
function and a robust risk predictor of health, the RFD may be of even
greater importance (Aagaard et al., 2002). Indeed, the RFD has been
documented to deteriorate more rapidly than maximal strength with
advancing age (Izquierdo et al., 1999). For fast movements and balance
adjustments the relatively long period needed to reach maximal
strength (≥300 ms) may not be available, and thus, under such condi-
tions, the initial RFD (100–200 ms) becomes of paramount importance
(Aagaard et al., 2002). In this study MST induced a ~50% improvement
in the, functionally highly relevant, RFD during leg press. Importantly,
rapid muscle contractions are greatly influenced by neural factors
(Unhjem et al., 2016), thus the emphasis on attempting to achievemax-
imal velocity in the concentric phase, during theMST in this study, likely
amplified the strength training-induced improvements in the RFD
(Heggelund et al., 2013). Specifically, the intended high velocity move-
ments are thought to be advantageous because they stimulate maximal
motoneuron firing frequency and enhanced muscle fiber recruitment
(Behm and Sale, 1993). A MST intervention, as used in the current
study, should be highly relevant and applicable for the elderly popula-
tion (Unhjem et al., 2016) as it effectively targets the activation of mo-
toneurons and muscle fibers and may not only maintains or restore
muscle mass, but improves skeletal muscle RFD. Additionally, as the
venerable force-velocity curve reveals that maximal concentric force is
far less than that required during the eccentric movement, MST is not
likely to result in injury. Furthermore, it has also been documented
that a few repetitions with high load (85–90% of 1RM) may lead to
less of a rise in blood pressure compared to a greater number of repeti-
tions with a lower load (35–40%) (Forberg et al., 2012), reducing the
risk of negative cardiovascular events during MST.

Likely contributing to an overall enhancement in aerobic endurance,
the 12%MST-induced increasedwork efficiency observed in old subjects
in this study has the potential to improve physical function in the elder-
ly population. Such an improvement in work efficiency can be parlayed
into either the capacity to do more work or the ability to do the same
work with less effort. In the elderly, in combination with the improve-
ments in both strength and the RFD, this increase in work efficiency
may contribute to the maintenance of physical function, the avoidance
of debilitating falls, and ultimately a dependence upon others, all factors
that diminish the feeling of well-being and quality of life.

5. Conclusions

Themain finding of the current studywas that despite the emphasis
on neural adaptations through heavy loads, few repetitions, and the in-
tent to perform the concentric phase of contraction at a high velocity,
MST increased both the size and percentage of Type II muscle fibers.

The Type I fibers exhibited a concomitant percentage decrease while
their size was unaltered. Although, MST exhibited the expected im-
provement in work efficiency, MST resulted in similar alterations in
Type II muscle fibers as CST. Therefore, MST can increase both work ef-
ficiency and Type II skeletal muscle fibers in the elderly, supporting the
potential role of MST as a countermeasure to maintain both physical
function and fall prevention in this population.
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