
Experimental Gerontology 47 (2012) 164–169

Contents lists available at SciVerse ScienceDirect

Experimental Gerontology

j ourna l homepage: www.e lsev ie r .com/ locate /expgero
Strength prior to endurance intra-session exercise sequence optimizes neuromuscular
and cardiovascular gains in elderly men

Eduardo Lusa Cadore a,⁎, Mikel Izquierdo b, Cristine Lima Alberton a,d, Ronei Silveira Pinto a,
Matheus Conceição a, Giovani Cunha a,d, Régis Radaelli a, Martim Bottaro c,
Guilherme Treis Trindade a, Luiz Fernando Martins Kruel a

a Exercise Research Laboratory, Physical Education School, Federal University of Rio Grande do Sul, Porto Alegre, RS, Brazil
b Department of Health Sciences, Public University of Navarre, Navarre, Spain
c College of Physical Education, University of Brasília, DF, Brazil
d Sogipa Physical Education and Sports College, Porto Alegre, RS, Brazil
⁎ Corresponding author at: LAPEX, Escola de Educaçã
750, Bairro: Jardim Botânico, CEP: 90690-200, Porto A
3308 5820; fax: +55 51 3308 5842.

E-mail address: edcadore@yahoo.com.br (E.L. Cador

0531-5565/$ – see front matter © 2011 Elsevier Inc. All
doi:10.1016/j.exger.2011.11.013
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 31 October 2011
Received in revised form 21 November 2011
Accepted 30 November 2011
Available online 9 December 2011

Section Editor: Christiaan Leeuwenburgh

Keywords:
Concurrent training
Cardiorespiratory fitness
Muscle strength
Aerobic exercise
Resistance exercise
This study investigated the effects of different intra-session exercise sequences in the cardiovascular and
neuromuscular adaptations induced by concurrent training in elderly. Twenty-six healthy elderly men
(64.7±4.1 years), were randomly placed into two concurrent training groups: strength training prior to
(SE, n=13) or after (ES, n=13) endurance training. Subjects trained strength and endurance training 3
times per week performing both exercise types in the same training session. The peak oxygen uptake (VO2-

peak), maximum aerobic workload (Wmáx), absolute (VT1 and VT2) and relative (VT1% and VT2%) ventilatory
thresholds, as well as workloads at VT1 and VT2 (WVT1 and WVT2) were evaluated during a maximal incre-
mental test on a cycle ergometer before and after the training. In addition, muscle quality (MQ) was evaluat-
ed by the quotient between maximal dynamic strength (one repetition maximum test) of the knee extensors
and the quadriceps femoris muscle thickness determined by ultrasonography. There were no modifications
after training in the VT1, VT2, VT1%, and VT2%. There was significant increase in the WVT1 only in SE
(Pb0.05), as well as significant increase in the WVT2 in both groups (Pb0.001). There was significant increase
in the VO2peak, with both groups showing increases (Pb0.001), with no difference between groups; as well
significant increase in the Wmáx (Pb0.001) with no difference between SE and ES. The force per unit of mus-
cle mass of knee extensors increased in both groups (Pb0.001), but the increase was significantly higher in SE
than in ES (27.5±12.7 vs. 15.2±10.3%, Pb0.02). Hence, the intra-session exercise sequence had no influence
in the maximal endurance power adaptations to concurrent training, but had influence in the magnitude of
the muscle quality enhancements.

© 2011 Elsevier Inc. All rights reserved.
1. Introduction

A combination of strength and endurance training in elderly popula-
tions (i.e., concurrent training) has been postulated as the most effec-
tive strategy to improve both neuromuscular and cardiorespiratory
functions, tomaintain functional capacity and to promote health during
aging (Wood et al., 2001; Izquierdo et al., 2004; Holviala et al., 2010;
Cadore et al., 2011a). However, several studies have shown that concur-
rent training may result in lower strength adaptations than those often
induced by strength training alone (i.e. interference effect) (Kraemer et
al., 1995; Bell et al., 2000; Häkkinen et al., 2003), includingwhen elderly
populations are investigated (Cadore et al., 2010). Notwithstanding,
o Física, UFRGS, Rua: Felizardo,
legre, RS, Brazil. Tel.: +55 51

e).

rights reserved.
this effect is not often observed for cardiorespiratory performance in el-
derly populations, since similar cardiovascular adaptations have been
observed in both concurrent-training and endurance-only groups
(Izquierdo et al., 2004; Karavirta et al., 2009; Cadore et al., 2011a).

Along with the aerobic training volume and intensity, the intra-
session exercise sequence might be an important variable in the con-
current training prescription (Chtara et al., 2005; Gárcía-Pallares and
Izquierdo, 2011), since strength performance immediately prior to
endurance training may compromise the endurance gains (Chtara et
al., 2005). Chtara et al. (2005) found that significantly greater in-
creases were observed in the endurance markers of young men per-
forming endurance training prior to strength training when
compared with the inverse intra-session order. Opposite results
were observed in the study of Gravelle and Blessing (2000), investi-
gating young women, who showed greater VO2máx increases in the
subjects performing strength prior to endurance training. Hence, be-
sides the scarce and controversial results regarding the effects of
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Table 1
Physical characteristics before and after training. Mean±SD.

Strength–endurance group Endurance–strength group

SE, n=13 ES, n=13

Pre Post Pre Post

Age (years) 64.7±3.7 64.9±3.9 64.7±4.8 64.8±4.8
Body mass (kg) 79.7±10.5 79.5±9.5 83.3±13.4 82.6±13.3
Height (cm) 170.0±5.9 170.0±5.9 173.5±5.1 173.5±5.1
% Fat mass 27.3±3.7 25.6±3.3⁎ 28.1±3.0 26.8±3.4⁎

⁎ Significant difference from pre training values (Pb0.001).
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intra-session exercise sequence in the cardiorespiratory adaptations
induced by concurrent training, no studies were found investigating
these effects in elderly populations.

In addition to cardiorespiratory fitness, the force production per unit
of active muscle mass (i.e., muscle quality) has been associated with
functional capacity in elderly populations (Misic and Evans, 2007).
Muscle quality provides an estimation of the contribution of neuromus-
cular factors associatedwith changes in strength development, because
enhanced strength with the samemuscle mass suggests neural adapta-
tions to training (Tracy et al., 1999; Frontera et al., 2000; Reeves et al.,
2004; Narici et al., 2005). A decline in muscle quality has been associat-
ed with decreased functional capacity in elderly populations (Misic and
Evans, 2007). To counteract this process, some studies have shown that
strength training increasesmuscle quality in elderly people (Tracy et al.,
1999; Reeves et al., 2004). However, to the author's knowledge, a limit-
ed number of studies have examined the effect of concurrent training
on the training-induced force per unit of muscle mass changes. Thus,
given the importance of concurrent training in improving both cardio-
respiratory and neuromuscular function in elderly people (Izquierdo
et al., 2004), more information on the neuromuscular effects of concur-
rent training should be provided.

Given this lack of information, the present study investigates the
effects of different intra-session exercise sequences on the cardiovas-
cular and neuromuscular adaptations induced by concurrent training
in elderly populations. We hypothesized that different intra-session
exercise sequences would result in similar cardiorespiratory adapta-
tions. Our second hypothesis was that performing strength training
prior to endurance training would provide a greater increase in the
force per unit of muscle mass.

2. Methods

2.1. Experimental design and approach to the problem

To investigate the effects of the intra-session concurrent exercise se-
quence on endurance markers, maximal strength and muscle thickness
in elderly subjects, two training groups performed a concurrent training
regime that has previously resulted in marked improvements in both
endurance and strength performance (Cadore et al., 2010, 2011a). In
addition to maximal aerobic power and maximal workload, our goal
was to evaluate the workloads at the ventilatory thresholds as well as
the force per unit of muscle mass of knee extensors. Previously, we
have shown that the same concurrent training regime results in an in-
terference effect on strength gainswhen comparedwith strength train-
ing alone (Cadore et al., 2010). Because the aimof the present studywas
to expand our previous results by comparing the cardiovascular and
neuromuscular adaptations to two different ways of prescribing con-
current training (i.e., different intra-session exercise orders), a control
group was not tested. However, to test the stability and reliability of
the performance variables, some of the subjects were evaluated twice
before the start of training (weeks−4 and 0), which served as a control
period. We have previously tested the stability and reliability of these
variables in elderlymen using a larger number of subjects during a con-
trol period (Cadore et al., 2010, 2011a,b). Testing at pre- and post-
intervention 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 and at the
same time of day. The ambient conditions were kept constant during
all tests (temperature: 22–24 °C).

2.2. Subjects

Twenty six healthy elderly men (mean±SD: 64.7±4.1 year), who
were not engaged in any regular and systematic training program in the
previous 12 months, volunteered for the study after completing an ethical
consent form. The subjects volunteered for the present investigation
following announcements in a widely read local newspaper. Subjects
were carefully informed about the design of the study with special infor-
mation given regarding the possible risks and discomfort related to the
procedures. Subsequently, subjects were randomly selected and placed
into two groups: strength training prior to endurance training (SE,
n=13); or, endurance training prior to strength training (ES, n=13).
Eight subjects (66.0±2.7 year) were evaluated twice before the start of
training (weeks −4 and 0) and it served as control period. The study
was conducted according to Declaration of Helsinki and was approved
by Ethics Committee of Federal University of Rio Grande do Sul, Brazil.

Exclusion criteria included any history of neuromuscular, metabolic,
hormonal and cardiovascular diseases. Subjects were not taking any
medicationwith influence on hormonal andneuromuscularmetabolism
and were advised to maintain their normal dietary intake throughout
the study. Medical evaluationswere performed using clinical anamnesis
and effort electrocardiograph test (ECG), to ensure subject suitability for
the testing procedure. The physical characteristics of subjects are shown
in Table 1. Body mass and height were measured using an Asimed ana-
log scale (resolution of 0.1 kg) and an Asimed stadiometer (resolution of
1 mm), respectively. Body composition was assessed using the skinfold
technique. A seven-site skinfold equation was used to estimate body
density (Jackson and Pollock, 1978) and body fat was subsequently cal-
culated using the Siri equation (Heyward and Stolarczyz, 2001).

2.3. Peak oxygen uptake, ventilatory thresholds and maximal workload

Subjects performed an incremental test on a cycle ergometer
(Cybex, USA) in order to determine the peak oxygen uptake (VO2peak),
the first (VT1) and second (VT2) ventilatory thresholds, VT1 and VT2 rel-
ative to VO2peak (VT1% and VT2%, respectively), maximal workload
(Wmáx) and the workloads at VT1 (WVT1) and VT2 (WVT2) (García-
Pallarés et al., 2010a, 2010b). They initially cycled with a 25W load,
which was progressively increased by 25W every 2 min, while main-
taining a cadence of 70–75 rpm, until exhaustion. The test was halted
when subjects were no longer able to maintain a cadence of over
70 rpm. All the incremental tests were conducted in the presence of a
physician. The expired gas was analyzed using a metabolic cart (CPX/
D, Medical Graphics Corporation, St. Paul, MN) breath by breath. The
VT1 and VT2 were determined using the ventilation curve correspond-
ing to the points of exponential increase in the ventilation in relation
to the load (Cadore et al., 2011b). In addition, to confirm the data, VT2
was determined using the CO2 ventilatory equivalent (VE/VCO2). The
maximum VO2 value (ml·kg−1·min−1) obtained close to exhaustion
was considered the VO2peak. The Wmáx (W) was calculated using the
formula: Wmáx=Wcom+(t/180)ΔW, where Wcom is the load at the
last stage completed, t is the time at the last incomplete stage and ΔW
is the load increment in the last stage (25 W) (Izquierdo et al., 2001).
The maximum test was considered valid if at least 2 of the 3 listed cri-
teria were met: 1) the maximum heart rate predicted by age was
reached (220 — age); 2) the impossibility of continuing to pedal at a
minimum velocity of 70 rpm; and 3) an RER greater than 1.1 was
obtained. Three experienced, independent physiologists determined
the corresponding points. For the data analysis, the curves of the ex-
haled and inhaled gases were smoothed by visual analysis using the



Table 2
Strength training periodization.

Strength training

Week Sessions Sets Repetitions

1 3 2 18–20 RM
2 2 2 18–20 RM
3 3 2 15–17 RM
4 3 2 15–17 RM
5 3 2 12–14 RM
6 3 2 12–14 RM
7 3 2 12–14 RM
8 3 3 8–10 RM
9 3 3 8–10 RM
10 3 3 8–10 RM
11 3 3 6–8 RM
12 3 3 6–8 RM

RM: maximum repetitions.
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software Cardiorespiratory Diagnostic Software Breeze Ex version 3.06.
The heart rate (HR) was measured using a Polar monitor (model FS1,
Shanghai, China). The test–retest reliability coefficients (ICC) were
0.88 to VO2peak and Wmáx, as well 0.85 to VT1 and VT2.

2.4. Muscle thickness and maximal strength (1RM)

Themuscle thickness (MT)wasmeasured using B-mode ultrasound
(Philips, VMI, MG, Brazil). A 7.5-MHz scanning head was placed on the
skin perpendicular to the tissue interface, the scanning headwas coated
with a water-soluble transmission gel to provide acoustic contact with-
out depressing the dermal surface. The images were digitalized and
after analyzed in software Image-J (National institute of health, USA,
version 1.37). The subcutaneous adipose tissue–muscle interface and
the muscle–bone interface were identified, and the distance from the
adipose tissue–muscle interface was defined as MT. The MT images
were determined in the muscles vastus lateralis (VL), rectus femoris
(RC), vastus medialis (VM), and vastus intermedius (VI). Subjects
were evaluated in supine position, after 15 min resting and after 72 h
without any vigorous physical activity. The same investigator made all
measurements. The local of themeasures has been previously described
(Korhonen et al., 2009). The MT test–retest reliability coefficients (ICC)
were 0.94 for VL, 0.91 for VM, 0.92 for VI and 0.95 for RF. The coefficient
of variation for all knee extensors MT was between 0.8 and 2.7%.

The 1RM test was performed using a knee extension exercise ma-
chine (World-Esculptor, Porto Alegre, RS, Brazil), with 1-kg of resolu-
tion. One week prior to the test day, subjects were familiarized with
all procedures in two sessions. On the test day, the subjects warmed
up for 5 min on a cycle ergometer, stretched all major muscle groups,
and performed specific movements for the exercise test. To avoid the
influence of fatigue in the 1RM values, each subject's maximal load
was determined with no more than five attempts with a four-
minute recovery between attempts. Performance time for each con-
traction (concentric and eccentric) was 2 s, controlled by an electron-
ic metronome (Quartz, CA, USA). The test–retest reliability coefficient
(ICC) was 0.99 for the knee extension strength test.

Force per unit of active muscle mass [i.e. muscle quality (MQ)] was
calculated from the quotient between the maximal dynamic strength
(1RM) of the right leg and the sum of the muscle thickness (MT) of
the muscles of quadriceps femoris (QF) adjusted by allometric scaling
(i.e. F α m2/3) (Jaric et al., 2002). The QF MT was composed by the VL,
RF, VM, and VI MT. Thus, muscle quality (MQ) was calculated follow-
ing the formula: MQ=1RM (kg) of the right leg/MT QFsum of (VL+
VM+VI+RF) (mm)0,67.

2.5. Concurrent training programs

Participants of the study trained both strength and endurance train-
ing in the same session, three times a week, on non-consecutive days.
Training groups were differentiated by their intra-session concurrent
strength and endurance training sequence. One group trained the
strength training prior to endurance training (SE), and another trained
endurance prior to strength training (ES). Before the start of the
strength training, subjects completed two familiarization sessions to
practice the exercises they would further perform during the training
period. The strength and endurance training programs have been previ-
ously described in detail (Cadore et al., 2010, 2011a). The individuals
performed nine exercises (bench press, inclined leg-press, seated row,
knee extension, inverse fly, leg curl, triceps curl, biceps curl and abdom-
inal exercises). These exercise were choose to emphasize both major
and minor muscle groups, using single as well multi-joint exercises,
based in the recommendation of ACSM (2011). During the weeks one
and two, subjects performed two sets of 18–20 repetitions maximum
(RM) (i.e. the heaviest possible weight was used for the designated
number of repetitions) (mean±SD of relative load: 39.8±7.4% of pre
training 1RM), progressing to 15–17 RM (weeks 3–4) (48.3±5.7% of
pre training 1RM). In the weeks five to seven, subjects performed two
sets of 12–14 RM (64.1±8.7% of pre training 1RM), progressing to
three sets of 8–10 RM (weeks 8–10) (81.3±12.3% of pre training
1RM), advancing to 6–8 RM (weeks 11–12) (93.1±14% of pre training
1 RM). In each set theworkloadwas adjustedwhen the repetitions per-
formed were either above or below the repetitions established all the
sets were performed until failure (Izquierdo-Gabarren et al., 2010).
The recovery time between sets was 90 to 120 s. The strength training
sessions lasted approximately 40 min. The strength training periodiza-
tion is shown in Table 2.

The endurance training program was performed, using a cycle er-
gometer, at the intensity relative to the heart rate (HRVT) corresponding
to the second ventilatory threshold (VT2). During the first two weeks,
subjects cycled for 20 min at 80% of HRVT, progressing to 25 min at
85–90% of HRVT in weeks five to six. In weeks seven to ten, subjects cy-
cled for 30 min at 95% of HRVT and in the last twoweeks of training, sub-
jects performed six four-minute bouts at 100% of HRVT (weeks 11–12),
with 1 min of active recovery between bouts. The VT2, used as a param-
eter to prescribe the intensity of endurance training, corresponded to
73.8±4.9% of the VO2peak. All the training sessions were carefully su-
pervised by at least three experienced personal trainers.

2.6. Statistical analysis

The SPSS statistical software package was used to analyze all data.
Normal distribution and homogeneity parameters were checked with
Shapiro–Wilk and Levene test's respectively. Results are reported as
mean±SD. Statistical comparisons in the control period (from week
−4 to week 0) were performed by using Student's paired t-tests. The
training-related effects were assessed using a two-way Analysis of Vari-
ance (ANOVA) with repeated measures (group×time). Selected relative
changes between groups were compared via one-way ANOVA. The sam-
ple size was calculated using the G POWER software (version 3.0.1) that
determined that a sample of n=13 subjects would provided a statistical
power of over 0.85 in all variables. The retrospective statistical power
provided by SPSS after analysis was 1.00 in all variables inwhich a signif-
icant time-effectwas observed and0.8 in the significant time vs. group in-
teraction. Significance was accepted when Pb0.05.

3. Results

During the control period (i.e., between week−4 and week 0), no
significant differences were observed in VO2peak (28.7±3.8 vs. 27.6±
3.6 ml·kg·min−1), Wmáx (129.0±20.0 vs. 130.7±21.3 W) and
lower-body 1RM (63.9±10.3 vs. 64.1±10.2 kg). There were no dif-
ferences between the groups in body mass (kg), height (cm), age
(years) and body fat percentage (%) prior to training.

No significant differences were observed in training compliance
between SE and ES (94.8±4.3 vs. 97.2±2.9%, respectively). After



Fig. 1. Mean±SD of the peak oxygen uptake (VO2peak) (ml kg mm−1) pre and post
12 weeks of concurrent training. SE, strength prior to endurance training; ES, endurance
prior to strength training. *Significant difference from pre training values (Pb0.001).
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training, there was a significant time effect in the percentage of body
fat (SE: 27.3±3.7 vs. 25.3±3.6%; ES: 28.1±2.9 vs. 26.8±3.4%,
Pb0.001) (Table 1), with no differences between groups. In addition,
no significant changes were observed in the body mass of any group.

At baseline, there were no differences between groups in the abso-
lute and relative VT1 and VT2, the workload at VT1 (WVT1) and VT2
(WVT2), or the peak oxygen uptake (VO2peak) and maximal workload
(Wmáx). After training, no significant differences in VT1, VT2, VT1% or
VT2% were observed in any group. Significant increases were ob-
served in WVT1 in SE only (26.9±33.0%, Pb0.05) and in WVT2 in
both groups (SE: 21.2±26.4%; ES: 22.1±26.1%, both Pb0.001)
(Table 3). A significant time effect was observed in the VO2peak in
both groups (SE: 8.1±9.9%; ES: 9.3±9.8%, Pb0.001), with no differ-
ence between groups (Fig. 1). In addition, significant increases were
observed in Wmáx in both groups (SE: 19.9±19.3%; ES: 24.1±
24.0%, Pb0.001), with no difference between groups (Fig. 2).

At baseline, there were no differences between groups in the
lower-body 1RM, quadriceps femoris muscle thickness or force per
unit of muscle mass. There was a significant increase in the muscle
thickness of the quadriceps femoris in both groups (SE: 9.3±6.1%
and ES: 8.9±4.9%, Pb0.001), with no difference between groups.
There was a significant time effect (Pb0.001) and time vs. group in-
teraction (Pb0.01) in the lower-body 1RM (Table 3). Both groups in-
creased the 1RM values, but the increase was significantly higher in
SE compared to ES (35.1±12.8 vs. 22±10.6%, respectively). In addi-
tion, there was a significant time effect (Pb0.001) and time vs. group
interaction (Pb0.02) in the force per unit of muscle mass. Both groups
showed significant (Pb0.001) increases in the force per unit of mus-
cle mass (27.5±12.7 and 15.2±10.3% in SE and ES, respectively),
but the increase was significantly higher in SE compared to ES
(Pb0.02) (Fig. 3).

4. Discussion

The primary finding of the present study was that different intra-
session exercise orders during concurrent training (i.e., endurance–
strength or strength–endurance) resulted in the same magnitude of
maximal endurance performance increases. Furthermore, both con-
current training regimes resulted in enhanced lower-body dynamic
strength and quadriceps femoris muscle quality, but greater improve-
ment occurredwhen strength trainingwas performed prior to endurance
Table 3
Cardiovascular and neuromuscular parameters before and after training: strength–
endurance (SE) and endurance–strength (ES). Mean±SD.

Strength–endurance
(SE, n=13)

Endurance–strength
(ES, n=13)

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

VO2peak

(ml·kg·min−1)
27.4±6.1 29.5±6.6⁎ 26.6±6.9 28.8±6.5⁎

Wmáx (W) 121.0±13.4 143.9±19.8⁎ 125.2±40.8 155.3±44.0⁎

VT1 (ml·kg·min−1) 14.2±2.6 15.1±2.9 14.4±2.5 14.4±2.6
VT2 (ml·kg·min−1) 19.7±3.9 20.5±3.2 19.9±4.9 20.0±4.7
VT1% (%) 52.6±5.9 51.5±3.9 55.2±6.2 50.7±6.8
VT2% (%) 72.4±5.5 71.0±8.0 75.4±3.9 70.4±8.6
WVT1 (W) 64.5±12.9 75.0±10.2⁎ 64.6±16.7 70.8±25.7
WVT2 (W) 94.2±15.0 111.5±16.5⁎ 104.2±27.9 122.9±24.9⁎

Lower-body 1RM
(kg)

68.1±9.8 91.5±12.7⁎† 72.7±11.8 88.3±14.9⁎

QF MT (mm) 72.0±8.6 78.5±8.7⁎ 73.4±10.5 79.8±10.8⁎

QF force per unit of
muscle mass
(kg·mm−0.67)

1.95±0.32 2.47±0.32⁎† 2.03±0.26 2.33±0.32⁎

VO2peak, Peak oxygen uptake;Wmáx, maximal workload; VT1 and VT2, absolute ventilatory
thresholds; VT1% and VT2%, relative ventilatory thresholds; WVT1 a andWVT2 workloads at
the ventilatory thresholds; QF quadriceps femoris; MT, muscle thickness. *Significant
difference from pre training values (Pb0.001). †Significant time vs. group interaction
(Pb0.02).
training. The present findings are important because they expand the in-
formation available for prescribing concurrent training to optimize car-
diovascular and neuromuscular adaptations in elderly populations.

The magnitude of increase in VO2peak (8.0–9.3%, Pb0.001) and
Wmáx (20–27%, Pb0.001) observed in the present study are in line
with previous studies that investigated the effects of concurrent
training in elderly (Izquierdo et al., 2004; Sillampää et al., 2009;
Holviala et al., 2010, 2011; Cadore et al., 2011a; Karavirta et al.,
2011). In a study by Holviala et al. (2010), 21 weeks of concurrent
training resulted in an 8% increase in VO2peak (P=0.007) and a 12%
increase in Wmáx (P=0.001). These increases were not significantly
different from those achieved by the endurance-only group (11%
and 15%, respectively, P=0.002–0.011). Using similar concurrent
training, Karavirta et al. (2011) observed a 10% (Pb0.001) increase
in VO2peak after 21 weeks in elderly people. However, it is important
to highlight that the similar endurance performance gains observed
in the present study were achieved during a shorter period of training
than the above-mentioned studies (Holviala et al., 2010; Karavirta et
al., 2011). The greater weekly training frequency used in the present
study compared with previous studies (3 vs. 2 times per week) may
explain the same results obtained in a shorter period of time.

In the present study, there were significant increases in theworkload
at VT1 (WVT1) in SE and in the workload at VT2 (WVT2) in both groups,
whereas VT1 and VT2 remained unchanged. Hence, after training, sub-
jects were capable of sustaining higher workloads at the same submaxi-
mal oxygen uptake. It has been previously reported that strength
training or concurrent training induces improvements in the submaxi-
mal workload capacity at the same metabolic intensity in middle-aged
and elderly subjects (Izquierdo et al., 2003, 2004, 2005), which results
in increased efficiency of movement at lower workloads. This enhance-
ment of the efficiency pattern after a concurrent training period may
be explained, in part, by neuromuscular adjustments; stronger elderly
Fig. 2. Mean±SD of the maximal workload (Wmáx) (W) pre and post 12 weeks of con-
current training. SE, strength prior to endurance training; ES, endurance prior to
strength training. *Significant difference from pre training values (Pb0.001).

image of Fig.�2


Fig. 3. Mean±SD of the quadriceps femoris force per unit of muscle mass
(kg*mm−0.67) pre and post 12 weeks of concurrent training. SE, strength prior to en-
durance training; ES, endurance prior to strength training. *Significant difference
from pre training values (Pb0.001). †Significant time vs. group interaction (Pb0.02).
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people can perform aerobic activity using a lower percentage of their
strength, recruiting fewer type II muscle fibers and preferentially using
fibers with more oxidative metabolism (Hartman et al., 2007; Cadore
et al., 2011b). It may also be that the increase in WVT1 observed only in
SE might be a consequence of the greater increases in the force per
unit of muscle mass achieved by the SE group. Previous studies have
shown a positive association between neuromuscular performance and
maximal endurance capacity (Izquierdo et al., 2003) as well as neuro-
muscular economy during aerobic exercise (Cadore et al., 2011b). If
this is true, from a practical point of view, performing strength training
prior to endurance exercise may be more beneficial for improving func-
tional activities because several functional activities are performed at
lower aerobic intensities (Hartman et al., 2007).

Few studies have investigated simultaneous strength and endur-
ance training in elderly populations (Izquierdo et al., 2004; Holviala
et al., 2011; Cadore et al., 2011a; Karavirta et al., 2011). To the best
of our knowledge, no studies have investigated the effects of the
intra-session concurrent exercise sequence on endurance perfor-
mance in elderly subjects. Chtara et al. (2005) found significantly
greater increases in the VO2peak in a group of young men that per-
formed endurance training prior to strength training when compared
with a group that performed strength training prior to endurance
training (13.6 vs. 10.7%, Pb0.001). In another study, Gravelle and
Blessing (2000) showed significant increases in VO2máx only in
groups of young women that performed strength training prior to en-
durance training compared with a group that performed endurance
training prior to strength training. In the present study, we found
that the performance of endurance training prior to or after strength
training resulted in the same magnitude of VO2peak improvements
after 12 weeks of concurrent training. Along with the different popu-
lations studied, another possible explanation for the different results
observed might be the type and intensity of endurance training. In
study of Chtara et al. (2005), subjects performed endurance training
at vVO2peak. The authors justified their results as a consequence of fa-
tigue resulting from the strength training, which may have influenced
the physiological effects of the endurance training (Chtara et al.,
2005). In the present study, subjects performed periodized strength
and endurance training for the purpose of promoting health, starting
at lower intensities of both types of training and gradually achieving
intensities close to the anaerobic threshold. Hence, it is possible that
the volume and intensity performed in the present study prevented in-
terference of the intra-session sequence in the endurance performance.

Aging is associatedwith declines in the force per unit ofmusclemass
(i.e., muscle quality). This may be related to neural factors as well as in-
trinsic factors, such as the redistribution of fat from the depot tomuscle
and altered collagen synthesis, which results in an increased amount of
intramuscular connective tissue (Seene et al., 2011). In addition, it has
been demonstrated that declines in muscle quality are associated with
reduced functional capacity in elderly populations (Misic and Evans,
2007; Korhonen et al., 2009; Granacher et al., 2010). To counteract
this effect, some studies have shown that strength training improves
the force per unit of muscle mass (Tracy et al., 1999; Ivey et al., 2000;
Reeves et al., 2004). In study of Tracy et al. (1999), 9 weeks of strength
training three times a week resulted in an increase of 14% (Pb0.05) in
the force per unit of the quadriceps femorismass of the trained leg in el-
derly men. Our results are in line with results that show increases in
muscle quality after strength training (Tracy et al., 1999; Ivey et al.,
2000; Reeves et al., 2004), suggesting that, despite the increases inmus-
cle size, neural factors, such as increases in motor unit recruitment or
firing rate capacity, are the primary mechanisms that explain strength
increases in elderly people (Häkkinen et al., 1998, 2000). Moreover,
the above-mentioned intrinsic muscle factors, such as changes in intra-
muscular fat deposition and connective tissue induced by physical
training, might be responsible for the enhancements in the force by
unit of active muscle mass (Seene et al., 2011).

Although some studies have shown that strength training in-
creases the force per unit of muscle mass in elderly people (Tracy et
al., 1999; Reeves et al., 2004), no studies have investigated the effects
of performing endurance training prior to or after strength training
for this neuromuscular parameter. In the present study, both concur-
rent training protocols with different intra-session exercise se-
quences resulted in enhanced muscle quality. However, the increase
was significantly higher in the SE group than in the ES group (27 vs.
15%, Pb0.02). Since muscle quality provides an estimate of the contri-
bution of neural factors associated with changes in strength (Tracy et
al., 1999), the superior changes observed in the SE group over the ES
groupmay be related to a greater magnitude of neural adaptations. To
reinforce this speculation, no difference was observed between the
groups in the magnitude of increases in the quadriceps femoris mus-
cle thickness (Table 3). These results are in agreement with those of
Cadore et al. (2010), who observed that lower strength gains induced
by concurrent training (i.e., the interference effect) occurred in paral-
lel with lower adaptations in the maximal muscle activation (i.e.,
electromyographic amplitude) when compared with strength train-
ing alone. It should be highlighted that in the study of Cadore et al.
(2010), subjects performed the same concurrent training regime as
in the present study, but with endurance training always performed
prior to strength training. In fact, it has been shown that aerobic exer-
cise performed on a cycle ergometer at the VT2 intensity might acute-
ly impair isometric and concentric force production (Lepers et al.,
2001). The residual fatigue from a previous aerobic session might
cause a reduction in subsequent strength performanceby compromising
neuromuscular function (García-Pallares and Izquierdo, 2011). With
both types of concurrent training performed at the same volume and
the same physiological intensity (i.e., repetitions to failure in each set),
the SE sequence produced more enhancements in the force per unit of
muscle mass.

A possible limitation of the present study was the absence of com-
parisons between the two concurrent training regimes with groups
that performed strength or endurance training alone. However, we
have previously shown that the same concurrent training regime
resulted in an interference effect in strength adaptations (Cadore et
al., 2010). Thus, in the present study, we aimed to compare two
ways of prescribing strength and endurance exercises in the same
concurrent training session (i.e., SE and ES).

In summary, the intra-session exercise sequence had little influence
on endurance marker adaptations to concurrent training in elderly sub-
jects, as shown by the similarmagnitude observed in themaximal aero-
bic power, maximal workload, andworkload at the anaerobic threshold.
In contrast, the intra-session exercise order influenced neuromuscular
performance since a significantly greater improvement in the force per
unit of muscle mass was observed in the group that performed strength
training prior to endurance training. In view of the present finding, we
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suggest that the volume, intensity and frequency of concurrent training
performed in the present study produce no significant differences in the
maximal endurance adaptations between SE and ES sequences. Howev-
er, with the concurrent training approach, lower muscle quality gains
may be obtained in the group that performed endurance training prior
to resistance training. In the elderly, an optimal concurrent training pre-
scription should include an intra-session exercise sequence of strength
training prior to endurance training. From a practical point of view,
given the relationship identified between functional capacity and force
per unit of muscle mass, performing strength training prior to endur-
ance training may be more beneficial to improve functional activities
in elderly populations.
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