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Abstract This randomized controlled trial examined
the effects of multicomponent training on muscle pow-
er output, muscle mass, and muscle tissue attenuation;
the risk of falls; and functional outcomes in frail nona-
genarians. Twenty-four elderly (91.9±4.1 years old)
were randomized into intervention or control group.
The intervention group performed a twice-weekly, 12-
week multicomponent exercise program composed of
muscle power training (8–10 repetitions, 40–60 % of
the one-repetition maximum) combined with balance
and gait retraining. Strength and power tests were
performed on the upper and lower limbs. Gait velocity

was assessed using the 5-m habitual gait and the time-
up-and-go (TUG) tests with and without dual-task
performance. Balance was assessed using the FICSIT-
4 tests. The ability to rise from a chair test was
assessed, and data on the incidence and risk of falls
were assessed using questionnaires. Functional status
was assessed before measurements with the Barthel
Index. Midthigh lower extremity muscle mass and
muscle fat infiltration were assessed using computed
tomography. The intervention group showed signifi-
cantly improved TUG with single and dual tasks, rise
from a chair and balance performance (P<0.01), and a
reduced incidence of falls. In addition, the intervention
group showed enhanced muscle power and strength
(P<0.01). Moreover, there were significant increases
in the total and high-density muscle cross-sectional
area in the intervention group. The control group sig-
nificantly reduced strength and functional outcomes.
Routine multicomponent exercise intervention should
be prescribed to nonagenarians because overall physi-
cal outcomes are improved in this population.

Keywords Oldest old . Sarcopenia . Dual-task
tests . Falls risk

Introduction

Frailty syndrome is an age-associated syndrome that is
characterized by decreases in the functional reserve
and resistance to stressors related to different
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physiological systems. This syndrome is strongly as-
sociated with sarcopenia and places older individuals
at special risk for disability, hospitalization, and death
induced by falls (Campbell and Buchner 1997;
Walston and Fried 1999; Rockwood and Mitnitski
2007; Rodríguez Mañas et al. 2012). Along with
sarcopenia, skeletal muscle fat infiltration, which is
assessed through muscle tissue attenuation, is associated
with an increased risk of mobility loss in older men and
women (Visser et al. 2005). As a consequence of im-
paired muscle function, the diagnosis of frailty includes
physical impairments, such as low gait speed, fatigue,
and low grip strength (Fried et al. 2001; Bandeen-Roche
et al. 2006; Garcia-Garcia et al. 2011; Cameron et al.
2013). Due to the physical domains that are related to
frailty, physical activity is one of the most important
components in the prevention and treatment of this
syndrome. Indeed, the benefits of physical exercise in
improving the functional capacity of frail older adults
have been the focus of considerable recent research
(Fiatarone et al. 1994; Hauer et al. 2001; Barnett et al.
2003; Lord et al. 2003; Serra-Rexach et al. 2011;
Villareal et al. 2011; Clemson et al. 2012; Freiberger
et al. 2012; Kim et al. 2012). In a recent systematic
review that investigated the effectiveness of different
exercise interventions on the incidence of falls, gait
ability, balance, and strength, 70 % of the studies in-
cluded showed a reduction in the incidence of falls,
54 % showed enhancements of gait ability, 80 %
showed improvements in balance, and 70 % reported
increases in muscle strength (Cadore et al. 2013).
Although the effects of exercise interventions on func-
tional outcomes in the frail elderly have been demon-
strated, data on the effects of exercise programs on
muscle size and muscle fat infiltration are scarce.

Of the abovementioned studies, only a small number
focused on institutionalized very old frail patients
(Fiatarone et al. 1994; Serra-Rexach et al. 2011).
Fiatarone et al. (1994) showed that physically frail el-
derly subjects (72 to 98 years) showed improved habit-
ual gait velocities, stair-climbing abilities, and strength
after 10 weeks of resistance training. More recently,
Serra-Rexach et al. (2011) reported that 8-week resis-
tance and endurance training in 20 oldest old subjects
(90–97 years of age) increased their leg press strength,
but no changes were observed in the time-up-and-go
(TUG) or gait velocity. However, only the short-term
resistance training program (8 weeks) used was not
sufficient stimuli to improve all functional outcomes in

the frail oldest old, suggesting that multicomponent
exercise interventions composed of resistance, balance,
and gait exercises may be necessary to improve the
overall functional status of this very old population.
Indeed, the benefits of a multicomponent exercise pro-
gram that includes muscle power loading and balance
and functional capacity stimulus in frail nonagenarians
remain to be fully investigated.

Dual-task walking, such as “walking when talking”,
has become an interesting method to assess the inter-
action between cognition, gait, and falls. Dual-task
walking is associated with fall incidence (Beauchet
et al. 2009; Maquet et al. 2010; Schwenk et al. 2010).
However, the effects of a multicomponent exercise
program on dual-task walking have not been investi-
gated in the oldest old. Thus, it would be interesting to
investigate the effects of exercise intervention on this
executive function parameter in a population at fall
risk, such as frail nonagenarians.

Skeletal muscle power decreases before muscle
strength with advancing age (Izquierdo et al. 1999;
Reid and Fielding 2012) and is more strongly associ-
ated with functional test performance than muscle
strength in elderly populations (Pereira et al. 2012).
However, to the best of our knowledge, no study has
investigated the effects of multicomponent exercise
intervention, with a specific emphasis on muscle pow-
er output, balance, and walking enhancements, in the
frail oldest old population. Thus, the purpose of the
present study was to investigate the effects of multi-
component exercise intervention on muscle power out-
put, muscle mass, and tissue attenuation (indicative of
fat infiltration); the risk of falls; and functional out-
comes (i.e., walking, balance, and dual-task paradigm)
in frail nonagenarians. Based on the known relation-
ship between skeletal muscle power, muscle mass, fat
infiltration, and functional capacity in the elderly, a
large benefit in the capacity to perform daily activities
in frail subjects may be achieved by improving the
muscle power output and muscle quality in a nonage-
narian frail population.

Methods

Experimental design

This randomized controlled trial was designed to in-
vestigate the effects of multicomponent exercise
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intervention, composed of high-speed resistance train-
ing, balance, and gait exercises, on muscle strength and
power variables, thigh cross-sectional area (CSA),
muscle attenuation, incidence of falls, and functional
outcomes such as dual-task performance in institution-
alized frail nonagenarians. The exercise intervention
lasted for 12 weeks. Prior to data collection, the par-
ticipants took part in a familiarization procedure for
each test. We have previously tested the stability and
reliability of these variables in a similar population.
Both before and after the intervention, each specific
test was overseen by the same investigator, who was
blinded to the training group of the subjects, and was
conducted on the same equipment with identical
subject/equipment positioning. The randomization se-
quence was generated by http://www.randomization.
com and concealed until interventions were assigned.
Each subject performed the tests at the same time of the
day throughout the study.

Subjects

The participants were institutionalized oldest old pa-
tients from the Pamplona (Spain) area and were includ-
ed in the study if they were 85 years or older and met
Fried's criteria for frailty, which was determined by the
presence of three or more of the following components:
slowness, weakness, weight loss, exhaustion, and low
physical activity (Fried et al. 2001). Before the study,
all participants underwent a medical assessment. The
exclusion criteria were the absence of frailty or pre-
frailty syndrome, dementia, disability (defined as a
Barthel Index (BI) lower than 60 and inability to walk
independently without help of another person), recent
cardiac arrest, unstable coronary syndrome, active car-
diac failure, cardiac block, or any unstable medical
condition. Figure 1 shows the participants flow dia-
gram. The subjects were randomized into two groups:
an exercise group (age 93.4±3.2 years) and a control
group (age 90.1±1.1 years). This procedure was
established according to the “CONSORT” statement,
which can be found at http://www.consort-statement.
org/. Both groups were assessed for all the functional
outcomes, dual-task performance, incidence of falls,
isometric strength, muscle mass, and muscle attenua-
tion. However, only the exercise intervention group
underwent the one-repetition maximum (1RM)
strength and muscle power measurement in the leg
press machine. The study was conducted according to

the Declaration of Helsinki, and the protocol was ap-
proved by the local Institutional Review Board.

Functional outcomes

Gait ability was assessed using 5-m habitual gait and
TUG tests. In the 5-m habitual gait test, subjects were
asked to walk at their habitual speed on a flat course of
5 m with an initial distance of 2 m of acceleration
before, which was not included in the calculations of
gait assessment. The TUG test consisted of counting
the time to perform the task of standing from a chair,
walking at 3 m, turning, going back, and sitting down
on the same chair. In addition, dual-task performance
was assessed with verbal and arithmetic methods in the
5-m habitual gait and TUG tests. The dual-task para-
digm was used in the 5-m habitual gait velocity test
(GVT) and the TUG test. Two trials were used to
measured gait velocity while performing a verbal or
counting task (verbal GVT and counting GVT, respec-
tively). During the verbal fluency dual-task condition
(verbal GVT), we measured the gait velocity while
participants named animals aloud; during the arithmet-
ic dual-task condition (counting GVT), we measured
the gait velocity while participants counted backward
aloud from 100 by ones. Balance was assessed using
the FICSIT-4 tests of static balance (parallel,
semitandem, tandem, and one-legged stance tests),
and the subjects progressed to the hardest test only if
they had success in the easiest. Moreover, the rise from
a chair test was assessed and consisted of determining
the most rises that the subjects were able to do in 30 s.
The functional outcomes have been described in details
elsewhere (Casas-Herrero et al. 2013). Data on the
incidence of falls were assessed retrospectively using
questionnaires to residents. Falls were defined as
events in which the participant unintentionally came
to rest on objects (i.e., person, table, or chest of
drawers) that prevented the center of mass from ex-
ceeding the base of support or came to rest on the floor
or a lower object because the center of mass exceeded
the base of support (Wolf et al. 1996). Functional status
was assessed before measurements with the BI, an
international and validated tool of disability. The
values ranged from 100 (complete independence for
daily living activities) to 0 (severe disability). We con-
sidered a significant functional decline if the BI de-
creased over ten points after the last measurement.
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Maximal isometric and dynamic strength and muscle
power

Isometric upper (right hand grip) and lower limb (right
knee extensors and hip flexors) muscle strength was
measured using a manual dynamometer. Maximal dy-
namic strength was assessed using the 1RM test in the
bilateral leg press and bench press exercises. The bi-
lateral leg press and bench press 1RM were performed
using exercise machines [Exercycle, S.L. (BH Group),
Vitoria, Spain]. On the test day, the subjects warmed up
with specific movements for the exercise test. Each
subject's maximal load was determined with no more
than five attempts, with a 3-min recovery between
attempts. After determination of the 1RM values, the
subjects performed three repetitions at maximal veloc-
ity at intensities of 30 and 60 % of 1RM to determine
the maximal power at these intensities. Two attempts
were performed at each intensity level, with a 2-min
recovery between attempts. During the bilateral leg
press, with actions at different intensities (30 to 60 %
of 1RM), the bar with the maximal power (W) was
recorded by connecting a velocity transducer to the

weight plates (T-Force System, Ergotech, Murcia,
Spain). For all neuromuscular performance tests, a
strong verbal encouragement was given to each subject
to motivate them to perform each test action as maxi-
mally and as rapidly as possible.

Muscle cross-sectional area and quality

Muscle CSA and muscle tissue attenuation (indicative of
fat infiltration) were determined using computed tomog-
raphy scans at themidthigh of the left quadriceps femoris
using a 64-row CT scanner (Siemens Definition AS,
Erlangen, Germany). The midthigh femur level was
defined as the midpoint between the superior aspect of
the left femoral head and the inferior aspect of the left
lateral condyle. To locate the midpoint, an anterior–pos-
terior scan of the entire femur was obtained. The cross-
sectional areas (CSAs) of the quadriceps femoris (QF)
muscle; adductor (ADD) muscles including the adductor
longus and magnus; and knee flexor (KF) muscles,
including the semitendinosus, semimembranosus and
biceps femoris, were measured.

Fig. 1 Flowchart for screening, recruitment, allocation, and intervention
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The scans were later analyzed for the CSA (mm2) of
the adipose tissue andmuscle tissue. Image segmentation
of the adipose tissue and skeletal muscle CSAs of the
thigh images was performed using commercially avail-
able software (Slice-O-Matic, Tomovision, Montreal,
Canada), as previously reported (Santanasto et al.
2011). The boundaries of the adipose and muscular
compartments measured were depicted using a manual
cursor. The mean attenuation coefficient values of adi-
pose and muscle within the regions outlined on the
images were determined by averaging the CT number
(pixel intensity) in Hounsfield units (HU). Muscle cross-
sectional and muscle tissue attenuation were calculated
using the range of attenuation values for skeletal muscle
(0–100 HU), high-density muscle (30–100 HU), low-
density muscle (0–29 HU), and adipose tissue (−190 to
−30 HU) (Ross 2003).

Exercise intervention

Before the exercise intervention, the participants were
carefully familiarized with the training procedures.
Participants underwent a twice-weekly, 12-week mul-
ticomponent exercise program composed of upper and
lower body resistance training with progressively in-
creased loads that optimized the muscle power output
in this population (8–10 repetitions, 40–60 % of 1RM)
using resistance variable machines [Exercycle, S.L.
(BH Group), Vitoria, Spain] combined with balance
and gait retraining exercises that progressed in diffi-
culty and functional exercises, such as rises from a
chair. A minimum of 2 days elapsed between consec-
utive training sessions. The resistance exercises fo-
cused on the major upper and lower limb muscles.
Each resistance training session included two exercises
for the leg extensor muscles (bilateral leg extension
and bilateral knee extension muscles) and one exercise
for upper limbs (seated bench press). During the pro-
gressive resistance training, instruction was provided
to the participants to perform the exercises at a high
velocity of motion. However, care was taken to ensure
that the exercises were executed in the correct form. In
each session, subjects performed a specific warm-up
with one set of very light loads for the upper and lower
body. Balance and gait retraining exercises that
progressed in difficulty were also implemented: semi-
tandem foot standing, line walking, stepping practice,
walking with small obstacles, proprioceptive exercises
on unstable surfaces (foam pads sequence), and

altering the base of support and weight transfer from
one leg to the other. All training sessions were carefully
supervised by one experienced physical trainer. The
training sessions lasted for approximately 40 min. The
approximate duration of each part of the training was
5 min of warm-up, 10 min balance and gait retraining,
20 min of resistance training, and 5 min of stretching
(cool-down). To reduce the participant dropout, music
was played during all sessions, and adherence of more
than 90 % was observed in all subjects. Sessions were
deemed completed when at least 90 % of the prescribed
exercises had been successfully performed.

Control group activities

During the intervention period, subjects in the control
group performed mobility exercises 30 min per day, at
4 days per week, which consisted of small active and
passive movements applied as a series of stretches in a
rhythmic fashion to the individual joints. Such exer-
cises are routinely encouraged in most Spanish nursing
homes.

Statistical analysis

The SPSS Statistical Software package (version 17.0)
was used to analyze all data. Normal distribution and
homogeneity parameters were evaluated with the
Shapiro–Wilk and Levene's tests, respectively. The
results were reported as mean±SD. The training-
related effects were assessed using a two-way analysis
of variance with repeated measures (group×time).
When the interaction was significant, the main factors'
group and time were tested again using t tests. The
statistical power observed ranged from 0.85 to 1.00 for
all variables analyzed. Significance was accepted when
P<0.05.

Results

Of the 39 elderly who were approached, 32 agreed to
participate in the trial. From the initial sample of 32
oldest old who volunteered to take part in this study
and met the inclusion criteria, five subjects died during
the study from causes that were unrelated to the exer-
cise intervention, and three subjects dropped out due to
medical complications. Twenty-four elderly men and
women completed the pre- and post-measurements
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(exercise intervention group, n=11; control group,
n=13) (Fig. 1). Women accounted for 70 % of the
patients (17 out of 24 and 8 and 10 in the intervention
and control groups, respectively).

Functional outcomes

The functional outcomes are presented in the Table 1
and Fig. 2. Before the exercise intervention, there were
no differences between groups in any of the functional
outcomes (i.e., gait velocity, TUG, rise from a chair
test, balance, and BI) or fall incidence. After training,
there was a significant time vs. group interaction in the
5-m habitual gait velocity (P<0.05), TUG (P<0.01),
rise from a chair (P<0.01), balance (P<0.05), and inci-
dence of falls (P<0.001). There was a significant de-
crease in the 5-m habitual gait velocity (m s−1) in the
control group (P<0.05), whereas no change was ob-
served in the intervention group. The intervention
group spent significantly less time on the TUG test
(P<0.05), whereas a trend toward a significantly higher
time was observed in the control group (P=0.064).
There was a significant reduction in the incidence of
falls in the intervention group (P<0.001), whereas no
change was observed in the control group. In addition,

significantly increased performance was observed in
the rise from a chair test in the intervention group
(P<0.01), whereas no change was observed in the
control group.

After training, the incidence of falls was significantly
lower in the intervention group compared with the con-
trol group (P<0.001). In addition, the intervention group
showed significantly lower deterioration in the BI com-
pared with the control group after training. Furthermore,
the intervention group tended to perform better on the
rise from a chair test than the control group after the
intervention (P=0.069).

Dual-task performance

Before the exercise intervention, there were no differ-
ences between groups in any of the dual-task parame-
ters (i.e., gait velocity and TUG with verbal or arith-
metic tasks). After training, there was a significant time
vs. group interaction in the 5-m habitual gait with
verbal and arithmetic tasks and the TUG with verbal
and arithmetic performance (P<0.05) (Table 1). Post
hoc analysis showed that only the intervention group
showed reduced time spent on performing the TUG
with verbal task (P<0.01), whereas no significant

Table 1 Functional outcomes, falls incidence, and dual-task performance

Exercise intervention group Control group

Pre-training Post-training Pre-training Post-training

Gait velocity (m.s−1) 0.76±0.07 0.80±0.08 0.68±0.06 0.60±0.07*

TUG (s) 19.9±8.0 18.8±7.9*† 18.4±5.1 21.8±6.3

Raise from a chair 6.2±4.1 9.8±6.0**† 6.3±3.4 5.4±3.9

Balance 0.44±0.5 0.66±0.5 0.36±0.5 0.3±0.5

Gait velocity arithmetic task (m s−1) 0.60±0.08 0.61±0.07 0.56±0.05 0.49±0.06*

Cognitive score (arithmetic) 2.1±0.9 2.6±0.5 2.2±0.8 2.1±0.9

Gait velocity verbal task (m s−1) 0.53±0.06 0.59±0.06 0.50±0.05 0.46±0.06*

Cognitive score (verbal) 5.6±1.7 5.6±1.0 5.5±1.8 5.6±1.7

Falls incidence 0.77±0.44 0.0±0.0***†+ 0.93±0.3 0.8±0.4

TUG arithmetic task (s) 23.8±11.4 20.7±7.0† 22.7±6.2 23.5±7.4

Cognitive score (TUG arithmetic) 2.3±0.9 2.4±1.0 1.8±1.0 1.9±0.8

TUG verbal task (s) 25.7±11.5 22.4±8.5*† 22.8±5.0 26.1±8.2

Cognitive score (TUG verbal) 6.2±3.0 6.5±2.7 6.7±2.7 6.6±1.0

Barthel Index deterioration – 0.09±0.30+ – 0.60±0.52

TUG time-up-and-go test

*P<0.05, **P<0.01, ***P<0.001, significant difference from pre-training values; †P<0.05, significant time vs. group interaction;
+P<0.001, significant difference between groups after training
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change was observed in the control group. In addition,
there was a significant decrease in the gait velocity
(m s−1) with the arithmetic task (P<0.05) and a strong
trend toward a decrease in gait velocity (m s−1) with the
verbal task (P=0.057) in the control group, whereas no
changes were observed in the intervention group. No
additional changes were observed in the dual-task var-
iables (i.e., TUGwith arithmetic task, cognitive scores)
in either the intervention or control group.

Maximal isometric strength, 1RM, and muscle power
output

The strength and power outcomes are presented in the
Table 2 and Fig. 3. Before the exercise intervention,
there were no differences between groups in any
strength variables. After training, there was a significant

time vs. group interaction in the isometric hand grip
(P<0.01), hip flexion (P<0.05), and knee extension
(P<0.01) strength. The intervention group showed sig-
nificant increases in isometric hip flexion (27.2±9.5 %,
P<0.01) and knee extension strength (23.6±10.3 %,
P<0.05), whereas no significant changes were observed
in isometric hand grip. In contrast, significant decreases
were observed in the isometric hand grip and knee
extension strength in the control group (P<0.01), where-
as no change was observed in the isometric hip flexion
strength in this group. After the training period, the
intervention group had significantly greater isometric
handgrip (P=0.05), hip flexion (P<0.01), and knee ex-
tension (P<0.01) strength than the control group.

There were significant increases in the maximal
dynamic strength (1RM) and power values assessed
in the exercise intervention group. Significant changes

Fig. 2 Time-up-and-go (s)
and rise from a chair (times)
tests (mean±SD). Significant
difference from pre-training
values: *P<0.05. Significant
time vs. group interaction:
#P<0.05

Table 2 Strength, power, and velocity outcomes before and after exercise intervention (mean±SD)

Exercise intervention group Control group

Pre-training Post-training Pre-training Post-training

Hand grip (N) 165±63 183±52†+ 157±64 130±58*

Hip flexion strength (N) 1,057±262 1,284±203**†+ 865±268 834±382

Knee extension strength (N) 1,451±441 1,745±460*†+ 1,206±336 1,042±353*

Upper-body 1RM (kg) 16.4±9.6 26.7±12*** – –

Lower-body 1RM (kg) 77.1±26.3 188.6±48.1*** – –

Maximal power at 30 % 1RM (W) 83.8±63.4 165.2±107.4** – –

Maximal power at 60 % 1RM (W) 165.9±62.6 360.1±184.2** – –

*P<0.05, **P<0.01, ***P<0.001, significant difference from pre-training values; †P<0.05, significant time vs. group interaction;
+P<0.01, significant difference between groups after training
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over time were observed in the lower body 1RM
(144 %, P<0.001), maximal power at 30 % of 1RM
(96 %, P<0.01), maximal power at 60 % of 1RM
(116 %, P<0.01), and upper body 1RM (68 %,
P<0.001).

Muscle CSA and muscle tissue attenuation

There were significant time vs. group interactions in the
CSA of the high-density quadriceps femoris muscles
(P<0.05), total quadriceps femoris muscles (P<0.05),
high-density knee flexors muscles (P<0.05), and total
knee flexors muscles (P<0.01). In addition, there was a
trend towards a significant time vs. group interaction in
the CSA of the total thigh muscle (P<0.07). There were
significant increases in the CSA of the high-density
quadriceps femoris (P<0.05), total quadriceps femoris
(P<0.05), and total knee flexormuscles (P<0.01) only in
the intervention group, whereas no changes were ob-
served in the control group (Table 3 and Fig. 3). In
addition, there was a trend towards a significant increase
in the CSA of the high-density knee flexors muscles
only in the intervention group (P<0.06). In contrast,

after training, no changes were observed in the low-
density quadriceps femoris and knee flexor muscles, as
well as in the total hip adductors muscles in the inter-
vention and control groups (Table 3).

Discussion

The main findings of the present study were the en-
hancements achieved in the functional outcomes (i.e.,
TUG, rise from a chair, changes in BI, and balance) and
reduction in the incidence of falls in institutionalized
frail nonagenarians after 12 weeks of multicomponent
exercise. In addition, there was an improvement in the
TUG with verbal task performance in the intervention
group, whereas decreases were observed in dual-task
performance in the control group. A unique finding
was that the institutionalized oldest old participants of
the present study were able to improve their quadriceps
femoris and knee flexor muscle CSA, and this CSA
increase occurred only in the high-density muscle tis-
sue (i.e., low fat infiltration). Moreover, the frail nona-
genarians of the present study increased their maximal

Fig. 3 Quadriceps femoris high-density cross-sectional area
(mm2), maximal isometric hand grip and knee extension strength
(N), and maximal power output (W) at 30 and 60 % of maximal
dynamic strength (1RM) (mean±SD). Significant difference

from pre-training values: *P<0.05. Significant time vs. group
interaction: #P<0.05. Significant difference between groups after
intervention: $P<0.01
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dynamic strength (1RM) and power output values.
These results are interesting because in institutional-
ized frail nonagenarians, a multicomponent exercise
program that included muscle power training induced
a positive stimulus to promote muscle hypertrophy,
decrease the fat muscle infiltration, enhance leg muscle
power and functional capacity, and decrease the inci-
dence of falls.

Few studies have addressed the physiological and
functional adaptations to exercise intervention in insti-
tutionalized frail nonagenarians. Fiatarone et al. (1994)
investigated physically frail elderly subjects (72 to
98 years) and showed that the resistance training im-
proved the subjects' functional abilities and strength. In
another study by Serra-Rexach et al. (2011), oldest old
subjects (90–97 years of age) underwent resistance and
endurance training and increased their leg press
strength, but no changes were observed in their gait
ability. In the present study, the nonagenarians
performed a multicomponent exercise program com-
posed of high-speed resistance training and balance
and gait exercises. This exercise intervention induced
improvements in not only strength but also several
parameters of functional capacity in the oldest old.
Indeed, in younger frail elderly, multicomponent exer-
cise programs appear to be the most effective interven-
tion for improving the overall physical status of frail
elderly individuals and prevent disability and other
adverse outcomes (Binder et al. 2002; Clemson et al.
2012; Freiberger et al. 2012).

The positive effects of exercise on functional capac-
ity may be more often observed when more than one
physical conditioning component (i.e., strength, endur-
ance, or balance) is included in the exercise interven-
tion compared with only one type of exercise (Cadore
et al. 2013). Our results are in agreement with a previ-
ous study that investigated the effects of multicompo-
nent exercise interventions in the frail elderly. Lord
et al. (2003) found that 12 weeks of an intervention
that included gait, balance, and weight-bearing exer-
cises resulted in 22 % fewer falls in frail elderly indi-
viduals compared with control subjects. In addition,
Binder et al. (2002) showed significant improvements
in balance and physical performance scores in the
physically frail elderly after 36 weeks of multicompo-
nent exercise intervention. In another study, Barnett
et al. (2003) demonstrated that 1 year of home-based
strength, balance, and aerobic training resulted in in-
creased balance and 40 % fewer falls in an exercise
intervention group of elderly with physical frailty com-
pared with a control group. Recently, Clemson et al.
(2012) demonstrated a reduction in the incidence of
falls (31 %) and greater strength and balance perfor-
mance after 12 months of multicomponent exercise
intervention. Multicomponent exercise intervention
has also induced positive effects in gait velocity, and
16 weeks of training significantly improved this func-
tional parameter (Freiberger et al. 2012). Our results
showed that multicomponent exercise intervention
may also be tolerated by frail nonagenarians and

Table 3 Cross-sectional area of the thigh muscles (mm2) (mean±SD)

Exercise intervention group Control group

Pre-training Post-training Pre-training Post-training

CSA QF HD tissue (mm2) 5,350±1,319 5,610±1,249*† 6,194±1,095 5,997±1,006

CSA QF LD tissue (mm2) 1,387±723 1,394±788 685±146 723±128

CSA QF TOT (mm2) 6,738±1,609 7,004±1,700*† 6,879±1,107 6,720±1,071

CSA thigh TOT (mm2) 13,856±3,292 14,321±3,385 13,981±2,464 13,399±2,462

CSA KF HD tissue (mm2) 1,383±540 1,486±474† 1,398±529 1,244±470

CSA KF LD tissue (mm2) 872±318 949±375 1,087±240 1,131±168

CSA KF TOT (mm2) 2,256±725 2,436±685**† 2,485±679 2,375±561

CSA hip ADD TOT (mm2) 13,856±3,292 14,321±3,385 13,981±2,464 13,399±2,462

CSA thigh TOT (mm2) 3,910±1,793 3,914±1,808 3,258±1,029 3,040±1,273

CSA muscle cross-sectional area, QF quadriceps femoris, HD high-density (low fat infiltration), LD low-density (high fat infiltration),
TOT total, KF knee flexor, ADD adductor

*P<0.05, **P<0.01, significant difference from pre-training values; †P<0.05, significant time vs. group interaction

AGE



enhance their capacity to perform daily activities and
reduce the incidence of falls. A possible explanation to
the marked increases in the functional capacity in our
subjects could be related to the improvements observed
in the muscle CSA and power output, because a cross-
sectional study has showed that the functional out-
comes are strongly associated with muscle CSA and
power output in frail nonagenarians (Casas-Herrero
et al. 2013).

Frailty syndrome is an independent predictor of a
decline in cognitive function (Samper-Ternent et al.
2008), and frail individuals have an increased risk of
becoming cognitively impaired; this decline in cogni-
tion over time is more severe in frail subjects compared
with non-frail subjects (Buchman et al. 2007; Samper-
Ternent et al. 2008; McGough et al. 2011). In addition,
impaired physical outcomes, such as altered gait ve-
locity and muscle weakness, are associated with cog-
nitive impairment (Samper-Ternent et al. 2008), and
these outcomes are physical domains of frailty (Garcia-
Garcia et al. 2011). To investigate the cognitive de-
mands of gait, dual-task walking, such as walking
while counting numbers or walking while talking, has
been researched because both the motor system and the
cognitive system act reciprocally to ensure successful
locomotion (Doi et al. 2011). In addition, the dual-task
gait is a more sensitive and stronger marker of fall risk
compared with gait velocity (Maquet et al. 2010). The
frail oldest old in the present study reduced their time
spent on performing the TUG test with a verbal task
(i.e., naming animals), whereas the control group
showed reduced gait velocity during the 5-m habitual
gait with verbal and arithmetic tasks. Therefore, we
suggest that positive multicomponent training-induced
changes in the dual-task cost in the frail oldest old may
be related to achievements in executive function. In
agreement with this hypothesis, exercise training im-
proves not only the physical but also the cognitive
performance in elderly populations (Heyn et al.
2008). A study that investigated the elderly with cog-
nitive impairment showed that dual-task training im-
proved dual-task walking performance (Schwenk et al.
2010). However, the effects of exercise training on
dual-task gait performance in the frail oldest old have
been poorly investigated. Thus, the present study ex-
tends the knowledge regarding dual-task exercise ad-
aptations to exercise intervention. There may be a
“dual-task cost” in frail individuals when they change
from a single to dual task (Montero-Odasso et al.

2012). After the exercise intervention, the frail nona-
genarians in the present study presented the same cog-
nitive score during the TUG with a verbal task but
completed the test in a significantly lower time, which
suggests that they reduced the dual-task cost. This
result is important because we recently observed a
strong correlation between TUG with verbal task and
the incidence of falls in nonagenarians (Casas-Herrero
et al. 2013). Moreover, although the exercise interven-
tion was unable to improve their performance during
the dual-task 5-m gait velocity test in the intervention
group, the intervention seems to have preserved the
dual-task cost in this group, whereas the control group
showed reduced gait velocity in these tests.

Exacerbated sarcopenia is one of the main patho-
physiological issues underlying frailty syndrome
(Theou et al. 2010). In addition, skeletal muscle fat
infiltration is associated with an increased risk of mo-
bility loss (Visser et al. 2005), gait ability (Visser et al.
2002), and hip fracture (Lang et al. 2010) in the elderly.
Thus, both muscle size and muscle quality are impor-
tant outcomes related to elderly health. In the present
study, along with the increase in muscle CSA in frail
nonagenarians, a unique finding was the increase in the
high-density quadriceps CSA (i.e., area with low intra-
muscular fat tissue and high muscle quality). Thus,
the present results demonstrated that frail nonagenar-
ians maintain their capacity to increase muscle size
and that this increase occurred in the muscle portion
with lower fat infiltration, which indicates an in-
crease in the muscle quality. This result highlights
the need to include resistance training in a multi-
component exercise intervention with sufficient in-
tensity and volume to stimulate muscle CSA gains
in frail oldest old subjects.

Despite the strength adaptations previously ob-
served in the oldest old (Fiatarone et al. 1994; Serra-
Rexach et al. 2011), to the best of our knowledge, this
is the first study to investigate the performance of high-
speed resistance training in frail nonagenarians sub-
jects, and this study demonstrated that these subjects
maintained their capacity to improve muscle power
output, which occurred at light to moderate intensities
(i.e., 30 and 60 % of 1RM). These results are interest-
ing because first, skeletal muscle power decreases ear-
lier and faster than muscle strength with advancing age
(Izquierdo et al. 1999), and second, as mentioned
above, muscle power seems to be more closely associ-
ated with performance on functional tests than muscle
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strength per se in the elderly populations (Cadore and
Izquierdo 2013; Reid and Fielding 2012; Casas-
Herrero et al. 2013). Along with the increased muscle
CSA observed in the present study, neural adaptations
such as the increase in the maximal motor unit recruit-
ment and maximal motor unit firing rate may help to
explain the strength and power output increases ob-
served in the present study (Cadore and Izquierdo
2013).

The present study has some limitations. First, we
did not compare the adaptations induced by the
high-speed resistance training protocol with those
induced by the traditional resistance training (i.e.,
slow velocity in the concentric phase). Another
possible limitation was the absence of technique to
assess the neural adjustments induced by high-speed
resistance training, such as surface electromyogra-
phy. Thus, in order to determine what kind of
resistance training is more effective to enhance the
functional capacity in frail nonagenarians, future
studies should compare the effects of the high-
speed resistance training with those induced by the
traditional resistance training in this population. In
addition, more studies are needed to determine the
extent of neural adaptations to high-speed resistance
training in frail nonagenarians.

In summary, the multicomponent exercise interven-
tion used in the present study resulted in improvements
in strength and power performance, muscle hypertro-
phy, intramuscular fat infiltration, and functional out-
comes (i.e., TUG, rise from a chair, balance, and dual-
task performance) and reduced the incidence of falls in
institutionalized frail nonagenarians. From a practical
standpoint, routine multicomponent exercise interven-
tion composed of resistance training, balance training,
and gait exercises should be included for nonagenar-
ians because it seems to be the most effective interven-
tion for improving the overall physical outcomes of
frail nonagenarians and preventing disability and other
adverse outcomes.
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