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Abstract
Purpose Neuromotor exercise, which stimulates motor fitness components (balance, agility, coordination), has been less 
investigated than other forms of exercise such as resistance or aerobic training to counteract the age-related impairment in 
mobility. The aim of the study was to verify whether neuromotor exercise was as effective as resistance training in improving 
mobility and related fitness components in healthy older women.
Methods Thirty-five women (mean age 69.6 ± 3.2 years) were assigned to a neuromotor (NMT) or a progressive resistance 
training (PRT) group, both exercising 1 h, twice weekly for 12 weeks. The NMT group exercised static and dynamic balance, 
agility, speed, reaction time and coordination, while the PRT performed prevalently machine based, strengthening exercises. 
All participants were tested before and after the intervention for walking speed under different conditions, chair rise time, 
cardiorespiratory fitness, muscular strength and power. A 2 × 2 MANOVA and subsequent ANOVAs were performed to 
ascertain the effects of the two trainings.
Results Similar improvements were observed for mobility (P = 0.000, �2

p
= 0.73 ) and for fitness (P = 0.000, �2

p
= 0.96 ) in 

both groups.
Conclusions The present results suggest that in healthy older women improvements in mobility may be obtained through 
both strength and neuromotor exercise. The present results contribute to further our knowledge on the effects of neuromotor 
exercise for older people and add relevant information on exercise interventions targeting mobility in the elderly.
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Introduction

Mobility indicates the ability of the individual to move 
independently and safely for different purposes to very 
short distances in the immediate living surroundings or to 
more distant destinations. Moving independently requires 
the ability to adapt to the surrounding environment through 

the coordinated involvement of musculoskeletal, cardiopul-
monary, nervous and cognitive systems [7, 10, 14, 38, 50]. 
It is therefore a key factor to lead an active lifestyle and 
experience good quality of life at all ages [22, 52]. Aging is 
well known to gradually reduce mobility due to the decline 
in physical capacities and in sensory and cognitive functions 
[2]. Diminished mobility is associated with disability and 
even mortality [4, 24] particularly in older and sedentary 
individuals [12, 22]. Moreover, the prevalence of mobility 
difficulty seems higher in women than in men [12].

Physical activity and exercise are widely recognised to 
reverse, at least partially, the age-related mobility changes 
and interventions applying different types of physical exer-
cise have been used over the years. Most of the published 
research has addressed physical fitness with strengthening, 
flexibility and aerobic exercises as main objectives [2]. In 
contrast, motor fitness, which includes agility, balance, coor-
dination, power, reaction time and speed [5, 9], has been 

 * Roberta Forte 
 roberta.forte@uniroma4.it

 G. De Vito 
 Giuseppe.devito@ucd.ie

1 Department of Human Movement and Sports Sciences, 
University of Rome Foro Italico, Piazza Lauro de Bosis 15, 
00135 Rome, Italy

2 School of Public Health, Physiotherapy and Sports Science, 
University College Dublin, Health Sciences Centre, Belfield, 
Dublin 4, Ireland

http://orcid.org/0000-0002-0862-7153
http://orcid.org/0000-0002-6855-9180
http://crossmark.crossref.org/dialog/?doi=10.1007/s42978-019-0017-4&domain=pdf


125Journal of Science in Sport and Exercise (2019) 1:124–131 

1 3

investigated less [21]. Motor fitness exercises, also described 
by the ACSM as neuromotor exercises [21], pose specific 
attention to stimulate skills using perception and central pro-
cessing to perform the task accurately [47] and are crucial 
for effective mobility [6, 19, 18]. In this respect, the recent 
application of exercise stressing the timing and coordina-
tion of movement has shown promising results for mobility 
improvement in older individuals [6, 35].

Given the above, it seems important to investigate the 
effects of neuromotor exercise to help identify the optimal 
exercise for mobility. This is particularly important for 
women who, living longer than men and comprising most 
of the aging population, practice less physical activity and 
have lower levels of physical fitness at all ages [26, 27]. As 
they are at greater risk of developing disability at older ages 
[12], they represent a target population for physical interven-
tion aiming at maintaining or improving mobility.

The aim of the present study was to verify the efficacy of 
12 weeks of neuromotor training (NMT) compared to pro-
gressive resistance training (PRT) in improving measures of 
mobility and physical fitness in healthy community dwelling 
older women. Similar effects were expected on mobility in 
both groups while greater improvement in physical fitness 
were expected in the PRT group.

Materials and Methods

Participants

Following ethical approval by the local university (identifi-
cation code n. LS-09-79), 35 women aged between 65 and 
75 (mean age 69.6 ± 3.2 years; height 163.7 ± 6.8 cm; body 
mass 67.9 ± 6.6 kg; BMI 25.6 ± 3.2 kg/m2) were initially 
recruited through local community centres. A priori power 
analysis for ANOVA repeated measure, within-between 
interaction with 1 − β error probability = 0.80; α error prob-
ability = 0.05 resulted in a sample size of 34 participants 
[13]. Inclusion criteria were as follows: (a) living indepen-
dently; (b) not taking part in regular physical exercise more 
than once weekly; (c) being “clinically stable” as established 
via a medical history questionnaire [23] including any path-
ological conditions that could potentially influence study 
outcomes. Following consent procedures, participants were 
assigned to either a neuromotor training (NMT; n = 19) or a 
progressive resistance (PRT; n = 16) training both exercising 
twice weekly for 1 h for 12 weeks, under the supervision of 
experienced and qualified personnel.

Neuromotor Training

Based on previous experience [17], the NMT exercise 
was composed of 10 min of general warm-up, 25 min of 
conditioning and 15 min of floor exercises, all with the 
accompaniment of music. The warm up was performed 
by walking in different directions (front, back, side) and 
progressively stretching all major joints i.e., shoulders, 
elbow, wrists, spine, hips, knees and ankles. The condi-
tioning section included exercises for fine and gross motor 
coordination such as hand–eye or foot–eye coordination, 
static/dynamic balance, and agility, as well as exercises for 
spatial orientation, reaction ability and strength differen-
tiation. These were implemented by requiring for example 
walking movements (a) of different dimensions (e.g., long, 
short, wide, narrow, big, small, close, far, high); (b) on 
path of different shape (e.g., line, round); (c) with different 
contact of the foot to the floor (toes, heels); (d) with quick 
motor reactions to different stimuli (e.g., visual, auditory 
or tactile); (e) with different strength requirement (e.g., 
walking/light jogging stepping over hurdles placed at dif-
ferent distances with repetitions at different speed). More-
over, hand held equipment such as foam balls, medicine 
balls, bean bags, sticks and dumbbells were used during 
the classes to provide an external load or focii of attention.

The floor part of the session included exercises strength-
ening the major muscle groups (i.e., abdomen, back, upper 
and lower limbs and stretching) and relaxation exercises.

Progressive Resistance Training

Progressive resistance training was developed following 
traditional exercise recommendations for older adults 
[15]. The target intensity of 80% of 1RM was reached 
progressively starting from familiarization without load-
ing, to loading at 40–60% of 1RM for the first 2 weeks, and 
to loading at 80% 1RM thereafter for the entire training 
period. If participants could not keep the intensity at the 
load corresponding to the calculated 80% of 1RM, they 
were instructed to keep intensity at 15–17 of the rate of 
perceived exertion (RPE) as this has been reported to cor-
respond to about 80% of 1RM [15]. To maintain constant 
training intensity after the initial 2 weeks, the 1RM test 
was repeated every 4 weeks.

A typical session included 10 min of warm up while 
walking and performing upper and lower limbs movements 
of flexion, extension and rotation. In the remaining time 
participants performed, in a circuit, three sets of eight rep-
etitions of twelve strength exercises, alternating muscle 
groups and machines with free weights/floor exercises. 
These included machine exercises for knee extension, 
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knee flexion, lateral pull-down, chest press and front row-
ing; free weights/floor exercises for biceps, triceps and 
deltoids, lower limbs (i.e., squats, stepping), abdominals 
and back extension.

Testings

Participants were thoroughly familiarized with all testing 
procedures. They were tested on two separate days to avoid 
fatigue.

Walking speed was measured on a 10 m indoor course. 
Participants walked “as fast as possible without running” 
for 15 m with measuring gates (Smartspeed, Fusion Sport, 
Coopers Plains, Australia) being placed 3 m after the start 
and 2 m before the finishing line to allow for acceleration 
and to avoid slowing down before the end of the course. 
Walking was performed in different conditions: (a) basic, 
(b) stepping over two hurdles (45 cm wide and 15 and 45 cm 
height) placed in succession on the mid line of the track at 
2 and 4 m distance from the 1st timing gate, (c) picking up 
two hand weights of 250 g each placed at 2 m and 4 m from 
the 1st timing gate at about 50 cm distance from the mid line 
of the track, d) on reduced width of 15 cm. Each walk was 
performed twice. Times were recorded to the nearest mil-
lisecond, the best time was transformed into m/s.

The ability to rise from sitting was assessed as the time 
required to rise from sitting for five times as fast as possible 
from a standard 43 cm height chair with participants fold-
ing arms across their chest. Recordings were made using 
a stopwatch starting at the initiation of the movement and 
stopping when subjects stood upright for the 5th time [25].

Cardiorespiratory fitness was assessed using a sub-max-
imal, 1-min incremental cycling test up to 85% of predicted 
maximal HR calculated as 220−age.  VO2,  VCO2, VE, and 
HR were continuously recorded using a breath-by-breath 
open-circuit gas analyser (Quark B2, Cosmed, Italy). The 
ventilatory threshold (VT), adopted as indicator of aerobic 
fitness, was visually identified by two experienced physi-
ologists using both the ventilatory equivalents [8] and the 
V-slope methods [3]. Briefly, with the equivalent method VT 
was identified as the point where VE/VO2 increased whilst 
VE/VCO2 remained constant. With the V-slope method VT 
was detected by plotting  CO2 production  (VCO2) vs.  O2 
uptake  (VO2) as the point where a departure from linearity 
of  VCO2 was observed.

Maximal knee extension and flexion torques (Nm) were 
measured on the dominant limb during a maximal volun-
tary contraction using an isokinetic dynamometer set at an 
angular velocity of 60°/s (Biodex System 3 Pro, Biodex 
Medica System Inc., NY, USA). Subjects performed from 
a starting position approximately 90° at the knee, with four 
consecutive maximal flexions and extensions of the limb. 
Peak torque of the best flexion and extension was calculated.

Isometric hand grip strength of the dominant hand was 
measured with the participant standing and relaxing their 
arm along their body (Baseline Hydraulic Hand Dynamom-
eter Fabrication Enterprise Inc., Irvington, NY, USA). Two 
trials were performed with 1-min rest in between and the 
highest score was used for statistical analysis.

Peak power of the lower limbs was assessed with a coun-
termovement jump performed on a force platform (AMTI’s 
BP400600-2000, Advanced Mechanical Technology, Inc. 
MA, USA) following widely used procedures [11]. From an 
upright posture, with feet shoulder width apart and hands 
on hips, participants flexed their knees as fast as possible 
to a knee angle of about 90°, before forcefully extending to 
perform a vertical jump. Peak power, normalized for body 
mass (PPkg = W/kg), was calculated as previously described 
[11]. To explore the different contributions to PP generation, 
the two power determinants, force at PP and velocity at PP, 
were also calculated.

Statistical Analysis

After checking data for normality of distribution and outli-
ers, descriptive statistics were calculated on all variables. 
Two groups of dependent variables were formed based on 
their correlation level: mobility and physical fitness to which 
repeated measures 2 × 2 MANOVA and subsequent ANO-
VAs were applied with time as within factor and training 
as between factor to evaluate the effects of the two train-
ings separately for the two groups of variables. IBM SPSS 
version 24 was used for all analysis. Moreover, to verify 
if changes in mobility were linked to changes in physical 
fitness, Pearson’s correlation coefficients were calculated 
between the differences pre and post (Δ) values of mobility 
and fitness.

A significance level of P < 0.05 was used in all statisti-
cal analysis. For ANOVA results, cut off values of �2

p
 of 

effect size small, medium and large were 0.01, 0.06 and 0.14, 
respectively. Data were expressed as mean and SD unless 
otherwise stated.

Results

Participants’ compliance with the training programmes was 
85% for both groups. The exclusion for low attendance was 
set at a threshold of missing more than 25% of the total 
number of classes. Four participants were lost at follow 
up (3 NMT and 1 PRT), three had to be excluded for low 
attendance (2 NMT, 1 PRT), three, despite agreeing to take 
part, never started the programme (PRT), and one, although 
completed the first assessment, never started the programme 
(PRT). The final sample was composed of 24 participants 
(NMT = 14; PRT = 10).
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Independent t tests revealed no significant differences 
between the groups at baseline in any measurements.

Following 3 months of training, significant improve-
ments in most of the measured parameters were observed 
with no differences between groups (no interaction 
effect). For mobility, MANOVA showed a significant 
main effect of time (Wilks λ = 0.27; F(5,16) = 8.55; 
P = 0.000; �2

p
= 0.73 ) and subsequent ANOVAs revealed 

the effects on maximal walking speed (F(1,20) = 5.97; 
P = 0.024; �2

p
= 0.23 ), maximal walking speed stepping 

over hurdles (F(1,20) = 19.44; P < 0.001; �2
p
= 0.49 ), 

maximal walking speed picking up (F(1,20) = 20.59; 
P < 0.001; �2

p
= 0.51 ) and chair rise time (F(1,20) = 20.59; 

P < 0.001; �2
p
= 0.51 ) (Table 1).

For physical fitness MANOVA demonstrated a 
main effect of Time (Wilks λ = 0.042; F(6,16) = 60.49; 
P = 0.000; �2

p
= 0.96 ) (Table  1). Subsequent ANO-

VAs showed the effect for all variables except hand-
grip strength: ventilatory threshold (F(1,21) = 7.13; 
P  =  0 .014 ;  �

2

p
= 0.25 ) ,  knee  ex tenso r s  to rque 

(F(1.21) = 4.6; P = 0.044; �2
p
= 0.18 ) and knee f lex-

ors torque (F(1,21) = 9.15; P = 0.006; �2
p
= 0.30 ) PPkg 

(F(1,21) = 39.08; P < 0.001; �2
p
= 0.65 ) (Table 2; Figs. 1, 

2). The analysis of determinants of peak power, velocity 
and force, showed a significant increase, in the whole 
sample, in both velocity (F(1,21) = 43.1; P < 0.001; 
�
2

p
= 0.67 ; Fig. 2a) and force (F(1,21) = 4.64; P < 0.043; 

�
2

p
= 0.18 ; Fig. 2b, c).  
No significant correlations were observed between the 

Δ values of mobility and fitness.

Discussion

In the present study, a neuromotor training programme, 
comprising exercises for balance, agility and coordina-
tion, was as effective as progressive resistance training to 
improve different aspects of mobility and related physical 
fitness components in healthy older women. Mobility is 
described as the ability to autonomously move and adapt 
to the environment [40], with walking as its crucial mani-
festation [33], and rising from sitting as a “precursor” of 
walking as in many cases it is necessary to rise from sitting 
before starting to walk [32]. The performance of such tasks 
requires the combination of physical and motor fitness [7, 
10, 14, 38]. While physical fitness and its components are 
well identified, defined and investigated, the same is not true 
for motor fitness and related exercises so that it is not pos-
sible to develop definitive guideline for prescription [21, 39]. 
Difficulty in the development of guidelines for neuromotor 
exercise is likely due to the lack of consistent terminology. 
Comparison among studies is more difficult than for exer-
cises such as aerobic or PRT, which have clearly defined 
characteristics and objectives and more easily quantifiable 
overload. In the present study, the term neuromotor exercise 
was used in accordance with the ACSM [21] and partici-
pants in the NMT group performed exercises for balance, 
agility, gait, coordination and proprioception.

The present results contribute to further our knowledge 
on the effects of neuromotor exercise for older people and 
add relevant information on exercise interventions targeting 
mobility in the elderly.

Table 1  Mobility data pre and post intervention (neuromotor training, NMT n = 14; progressive resistance training, PRT n = 10)

Significant differences are reported (*P < 0.05; ***P < 0.001; WS walking speed)

NMT PRT All

PRE POST PRE POST PRE POST

Maximal WS (m/s) 1.91 ± 0.23 1.95 ± 0.22 1.83 ± 0.17 1.96 ± 0.14 1.88 ± 0.21 1.95 ± 0.19*
Maximal WS hurdles (m/s) 1.56 ± 0.19 1.64 ± 0.22 1.55 ± 0.18 1.63 ± 0.17 1.55 ± 0.18 1.63 ± 0.20***
Maximal WS picking up (m/s) 1.25 ± 0.15 1.25 ± 0.18 1.28 ± 0.15 1.35 ± 0.14 1.32 ± 0.14 1.29 ± 0.17***
Maximal WS 15 cm (m/s) 1.80 ± 0.20 1.75 ± 0.21 1.66 ± 0.23 1.78 ± 0.23 1.70 ± 0.26 1.75 ± 0.26
Chair rise (s) 9.19 ± 1.98 7.48 ± 0.74 8.94 ± 2.33 7.58 ± 2.00 9.0 ± 2.10 7.53 ± 1.42***

Table 2  Physical fitness data pre and post intervention (neuromotor training, NMT n = 14; progressive resistance training, PRT n = 10)

Significant differences are reported (*P < 0.05)

NMT PRT All

PRE POST PRE POST PRE POST

Body mass (kg) 70.1 ± 6.2 70.2 ± 6.1 64.8 ± 6.3 65.6 ± 6.5 67.9 ± 6.6 68.3 ± 6.5
Hand-grip (kg) 26.9 ± 4.4 27.8 ± 3.3 26.6 ± 4.2 28.0 ± 3.9 27.3 ± 3.9 26.8 ± 4.4
VO2 at VT (mL/kg/min) 13.72 ± 2.13 14.76 ± 2.29 14.98 ± 2.37 15.96 ± 2.83 14.25 ± 2.27 15.26 ± 2.54*
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Interventions for mobility enhancement have generally 
included exercise to increase capacities such as strength and 
cardiovascular with mixed results [42]. Lack of effectiveness 
may be explained by the fact that effective mobility is the 
result of the integrated efficiency of different systems: the 
central and peripheral nervous system, the perceptual sys-
tem, and the musculoskeletal and cardiorespiratory systems 
[14]. The optimal exercise regime for mobility, therefore, 
should include, as far as possible, activities stimulating all 
systems [45]. As previously reported, older individuals com-
bining high lower limbs strength capacity with good proprio-
ception perform better on mobility tasks [19]. The present 
results, in line with such findings, suggest that in healthy 
older women, improvements in mobility may be obtained 
through both stimuli of physical and neuromotor type.

Research with older individuals, which has applied 
exercise for motor fitness and has resulted beneficial 
for mobility, has included both static or dynamic types 
of coordination and motor learning exercise, such as the 

adaptation of Tai-chi for frail individuals, mainly per-
formed sitting and aiming at hand–eye-coordination [29, 
30, 37, 51], or more dynamically with mobility exercises 
with music [35, 34, 44]. A further approach applies the 
motor learning model which aims to stimulate the brain to 

Fig. 1  Mean and SD values of knee extensors (a) and flexors (b) for 
the two groups and the whole sample. Significant main effects are 
reported (*P < 0.05; **P < 0.01). No interaction effects were observed 
(NMT neuromotor training group, PRT progressive resistance training 
group)

Fig. 2  Mean and SD values of peak power (a) and its determinants 
force (b) and velocity (c) for the two groups and the whole sample. 
Significant main effects are reported (***P < 0.001; *P < 0.05). No 
interaction effects were observed (NMT neuromotor training group, 
PRT progressive resistance training group)
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learn the timing and sequence of movements through the 
repetition of a single movement until is automated [6]. The 
presently applied neuromotor training is comparable to the 
motor learning model in as much it emphasises perception 
of movements and their repetition, with the difference that 
actions were repeated with small variations as per the vari-
ability of practice principle [41] with the accompaniment 
of music [17, 31]. Moreover, the NMT exercise may fit the 
dynamic action model of movement control [41], which 
proposes that the characteristics of the individual, the 
environment and the task interact regulating movement.

By observing descriptive statistics (Table 1; Figs. 1, 2), 
it can be speculated that the two applied trainings acted 
through different mechanisms. Strength enhancing exer-
cise may have enhanced mobility by optimizing muscle 
strength. The neuromotor exercise, as previously sug-
gested for similar motor fitness exercise [48], may have 
induced mobility enhancement by stimulating motor 
skills through tasks requiring processing information with 
higher involvement of sight, hearing, vestibular and pro-
prioceptive systems, and through the observed increase 
in the velocity of muscle strength generation. It is known 
that the first phases of learning or retraining a motor task 
are less efficient and demanding more attention. In those 
that follow when the task becomes automated, there is less 
need of control and cognitive involvement [16], allow-
ing a more effective movement. The neuromotor exercise 
might have helped such process. The lack of correlation 
between the Δ values of fitness and mobility supports the 
idea that factors which were not measured in the present 
study may have contributed to the observed improvements 
(e.g., motor fitness, cognition, self-confidence).

The other point of interest of the present study relates to 
the improvements observed in the other fitness parameters, 
which may have also contributed to a more efficient mobil-
ity (Tables 1, 2; Figs. 1, 2). In fact, while PRT was specifi-
cally designed to improve strength, the NMT exercise did 
not follow a strict application of the overload principle for 
any of the assessed physical and motor fitness capacities. 
Surprisingly, both exercises significantly increased aerobic 
fitness measured as VT. This parameter is an indicator of 
the individual’s submaximal work capacity performance 
and particularly for older individuals, who are hardly 
required to perform at maximal capacity during daily 
activities, VT may represent a more relevant indicator of 
physical fitness than  VO2max [1]. It is not easy to speculate 
the mechanism behind such improvement; it could be that 
both exercises induced a general increase in movement 
mastery, which may have induced an increase in exercise 
efficiency [36, 42]. Moreover, it could not be excluded 
that the 10 min warm up of both exercises, mainly per-
formed by walking, could have contributed to the observed 
improvement. It is in fact known that in older individuals 

VT corresponds to the intensity of daily living activities 
including walking [43].

Regarding improvements in lower limb strength, although 
statistical analysis indicates that both knee extensors and 
flexors only have a main effect, as showing in  Fig. 1a, b, it 
seems that the PRT group improved more than the NMT. 
Possibly due to the small number of subjects, an interaction 
effect did not appear. Both groups improved power of the 
lower limbs and particularly velocity at peak power. The 
present results are in line with previous application of a 
similar form of dynamic exercise, which proved effective 
in enhancing lower limb peak power [46], but not strength. 
This result supports the notion that lower limb power, which 
has been described as an important determinant of mobility 
in aging [2], can be safely improved using body weight-
based exercises and by increasing the speed of movement 
without external or with light overload [49]. On the other 
hand, grip strength did not show any significant change pos-
sibly because, as known, older people use their upper limbs 
more regularly with daily activities [28]. Losses in strength 
in the upper limbs are less evident than in the lower limbs, 
which consequently may have a greater room for improve-
ments [20].

The present study has several limitations that need to be 
addressed. Although the assessment of fitness and mobility 
included a comprehensive battery for most of the functions 
relevant for mobility, motor fitness was not directly tested. 
The adopted mobility tasks require dynamic balance, speed 
and agility, coordination, but are not specific tests for such 
capacities. Explanation of mechanisms behind the observed 
improvements are therefore only speculative. Similarly, pos-
sibly due to the small number of participants, it was not 
possible to observe relationships between gains in physi-
cal fitness and mobility, although all fitness measures were 
highly correlated with mobility measures at baseline (data 
not shown).

Moreover, while strength training followed well-estab-
lished exercise recommendations, the neuromotor exercise 
had no guidelines for intensity, duration and repetitions to 
follow. Future research should be designed to specifically 
investigate the dose–response issue for neuromotor exercise, 
and applying tests for motor fitness (i.e., proprioception, 
reaction time, muscle strength differentiation) relevant for 
mobility in older individuals.

In conclusion, both strength and neuromotor exercise 
were effective in improving aspects of mobility and physical 
and motor fitness in older women. While improvements in 
the strength group were more likely linked to gains in mus-
cular efficiency, for the neuromotor group these were possi-
bly due to a mixture of improvements in muscular and motor 
fitness (i.e., velocity in strength production). It is likely that 
optimal exercise for mobility improvements and enhance-
ment in older individual may require the combination of 
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exercises for physical fitness (strength, power, flexibility and 
cardiovascular) and for motor fitness (balance, coordination, 
agility, speed and reaction time).

References

 1. Ahmaidi S, Masse-Biron J, Adam B, Choquet D, Freville M, Lib-
ert JP, et al. Effects of interval training at the ventilatory threshold 
on clinical and cardiorespiratory responses in elderly humans. Eur 
J Appl Physiol. 1998;78(2):170–6.

 2. Bean JF, Vora A, Frontera WR. Benefits of exercise for 
community-dwelling older adults. Arch Phys Med Rehabil. 
2004;85(Suppl 3):S31–42.

 3. Beaver WL, Wasserman K, Whipp BJ. A new method for 
detecting anaerobic threshold by gas exchange. J Appl Physiol. 
1985;60(6):2020–7.

 4. Bergland A, Jørgensen L, Emaus N, Strand BH. Mobility as 
a predictor of all-cause mortality in older men and women: 
11.8 year follow-up in the Tromsø study. BMC Health Serv Res. 
2017;17(1):22. https ://doi.org/10.1186/s1291 3-016-1950-0.

 5. Bouchard C, Shephard RJ. Physical activity, fitness and health: 
the model and the key concept. In: Bouchard C, Shephard RJ, 
Stephens T, editors. Phtsical activity, fitness and health; Inter-
national proceedings and consensus statement. Champaign Il: 
Human Kinetics; 1994.

 6. Brach JS, Van Swearingen JM. Interventions to improve walking 
in older adults. Curr Transl Geriatr Exp Gerontol Rep. 2013;2(4). 
https ://doi.org/10.1007/s1367 0-013-0059-0.

 7. Brown CJ, Flood KL. Mobility limitation in the older patient: a 
clinical review. JAMA. 2013;310:1168–77.

 8. Caiozzo VJ, Davis JA, Ellis JF, Azus JL, Vandagriff R, Prietto 
CA, et al. A comparison of gas exchange indices used to detect the 
anaerobic threshold. J Appl Physiol Respir Environ Exerc Physiol. 
1982;53(5):1184–9.

 9. Caspersen CJ, Powell KE, Christenson GM. Physical activity, 
exercise, and physical fitness: definitions and distinctions of 
health-related research. Public Health Rep. 1985;100:126–31.

 10. Clark DJ, Manini TM, Fielding RA, Patten C. Neuromuscular 
determinants of maximum walking speed in well-functioning 
older adults. Exp Gerontol. 2013;48(3):358–63. https ://doi.
org/10.1016/j.exger .2013.01.010.

 11. Ditroilo M, Forte R, McKeown D, Boreham CAG, De Vito G. 
Intra- and inter-session reliability of vertical jump performance 
in healthy middle-aged and older men and women. J Sports 
Sci. 2011;29(15):1675–82. https ://doi.org/10.1080/02640 
414.2011.61427 0.

 12. EUROSTAT. Functional and activity limitations statistics. 2017. 
http://ec.europ a.eu/euros tat/stati stics -expla ined/index .php/Funct 
ional _and_activ ity_limit ation s_stati stics . Accessed Sept 2018.

 13. Erdfelder E, Faul F, Buchner A. GPOWER: a general power analy-
sis program. Behav Res Methods Instrum Comput. 1996;28:1–11.

 14. Ferrucci L, Bandinelli S, Benvenuti E, Di Iorio A, Macchi C, 
Harris TB, et  al. Subsystems contributing to the decline in 
ability to walk: bridging the gap between epidemiology and 
geriatric practice in the InCHIANTI study. J Am Geriatr Soc. 
2000;48(12):1618–25.

 15. Fiatarone-Singh M. The exercise prescription. In: Fiatarone-Singh 
MA, editor. Exercise, nutrition and the older woman. London: 
CRC Press; 2000. p. 37–104.

 16. Fitts PM, Posner MI. Human performance. Belmont, CA: Brooks/
Cole; 1967.

 17. Forte R, Boreham CAG, Costa Leite J, De Vito G, Brennan L, 
Gibney ER, et al. Enhancing cognitive functioning in the elderly: 

multicomponent vs. resistance training. Clin Interv Aging. 
2013;8:19–27. https ://doi.org/10.2147/CIA.S3651 4.

 18. Forte R, Boreham CA, De Vito G, Ditroilo M, Pesce C. Measures 
of static postural control moderate the association of strength and 
power with functional dynamic balance. Aging Clin Exp Res. 
2014;26(6):645–53. https ://doi.org/10.1007/s4052 0-014-0216-0.

 19. Forte R, Pesce C, Costa Leite J, De Vito G, Gibney ER, Tom-
porowski PD, et al. Executive function moderates the role of mus-
cular fitness in determining functional mobility in older adults. 
Aging Clin Exp Res. 2013;25(3):291–8. https ://doi.org/10.1007/
s4052 0-013-0044-7.

 20. Frontera WR, Hughes VA, Lutz KJ, Evans WJ. A cross-sectional 
study of muscle strength and mass in 45- to 78-year-old men and 
women. J Appl Physiol. 1991;71(2):644–50.

 21. Garber CE, Blissmer B, Deschenes MR, Franklin BA, Lamonte 
MJ, Lee IM, et al. American College of Sports Medicine posi-
tion stand. Quantity and quality of exercise for developing and 
maintaining cardiorespiratory, musculoskeletal, and neuromo-
tor fitness in apparently healthy adults: guidance for prescribing 
exercise. Med Sci Sports Exerc. 2011;43(7):1334–59. https ://doi.
org/10.1249/MSS.0b013 e3182 13fef b.

 22. Gomes M, Figueiredo D, Teixeira L, Poveda V, Paúl C, Santos-
Silva A, et al. Physical inactivity among older adults across Europe 
based on the SHARE database. Age Ageing. 2017;46(1):71–7. 
https ://doi.org/10.1093/agein g/afw16 5.

 23. Greig CA, Young A, Skelton DA, Pippet E, Butler FM, Mah-
mud SM. Exercise studies with elderly volunteers. Age Ageing. 
1994;23(3):185–9.

 24. Guralnik JM, Ferrucci L, Simonsick EM, Salive ME, Wal-
lace RB. Lower-extremity function in persons over the age of 
70 years as a predictor of subsequent disability. New Engl J Med. 
1995;332(9):556–61.

 25. Guralnik JM, Simonsick EM, Ferrucci L, Glynn RJ, Berkman LF, 
Blazer DG, et al. A short physical performance battery assessing 
lower extremity function: association with self-reported disability 
and prediction of mortality and nursing home admission. J Ger-
ontol. 1994;49(2):M85–94.

 26. Hallai PC, Andersen LB, Bull FC, Guthold R, Haskell W, Ekelund 
U, Lancet Physical Activity Series Working Group. Global physi-
cal activity levels: surveillance progress, pitfalls, and prospects. 
Lancet. 2012;380(9838):247–57. https ://doi.org/10.1016/S0140 
-6736(12)60646 -1.

 27. Hands B, Parker H, Larkin D, Cantell M, Rose E. Male and female 
differences in health benefits derived from physical activity: impli-
cations for exercise prescription. J Women’s Health Issues Care. 
2016;5:4. https ://doi.org/10.4172/2325-9795.10002 38.

 28. Kemp GJ, Birrell F, Clegg PD, Cuthbertson DJ, De Vito 
G, van Dieën JH, et  al. Developing a toolkit for the assess-
ment and monitoring of musculoskeletal ageing. Age Ageing. 
2018;47(suppl_4):iv1–19. https ://doi.org/10.1093/agein g/afy14 3.

 29. Kwok TC, Lam KC, Wong PS, Chau WW, Yuen KS, Ting KT, 
et al. Effectiveness of coordination exercise in improving cog-
nitive function in older adults: a prospective study. Clin Interv 
Aging. 2011;6:261–7. https ://doi.org/10.2147/CIA.S1988 3.

 30. Lee KY, Hui-Chan CW, Tsang WW. The effects of practicing 
sitting Tai Chi on balance control and eye–hand coordination in 
the older adults: a randomized controlled trial. Disabil Rehabil. 
2015;37(9):790–4. https ://doi.org/10.3109/09638 288.2014.94200 
3.

 31. Lord SR, Castell S, Corcoran J, Dayhew J, Matters B, Shan A, 
et al. The effect of group exercise on physical functioning and falls 
in frail older people living in retirement villages: a randomized, 
controlled trial. J Am Geriatr Soc. 2003;51(12):1685–92.

 32. McCarthy EK, Horvat MA, Holtsberg PA, Wisenbaker JM. 
Repeated chair stands as a measure of lower limb strength in 
sexagenarian women. J Gerontol Med Sci. 2004;59(11):1207–12.

https://doi.org/10.1186/s12913-016-1950-0
https://doi.org/10.1007/s13670-013-0059-0
https://doi.org/10.1016/j.exger.2013.01.010
https://doi.org/10.1016/j.exger.2013.01.010
https://doi.org/10.1080/02640414.2011.614270
https://doi.org/10.1080/02640414.2011.614270
http://ec.europa.eu/eurostat/statistics-explained/index.php/Functional_and_activity_limitations_statistics
http://ec.europa.eu/eurostat/statistics-explained/index.php/Functional_and_activity_limitations_statistics
https://doi.org/10.2147/CIA.S36514
https://doi.org/10.1007/s40520-014-0216-0
https://doi.org/10.1007/s40520-013-0044-7
https://doi.org/10.1007/s40520-013-0044-7
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.1249/MSS.0b013e318213fefb
https://doi.org/10.1093/ageing/afw165
https://doi.org/10.1016/S0140-6736(12)60646-1
https://doi.org/10.1016/S0140-6736(12)60646-1
https://doi.org/10.4172/2325-9795.1000238
https://doi.org/10.1093/ageing/afy143
https://doi.org/10.2147/CIA.S19883
https://doi.org/10.3109/09638288.2014.942003
https://doi.org/10.3109/09638288.2014.942003


131Journal of Science in Sport and Exercise (2019) 1:124–131 

1 3

 33. Middleton A, Fritz SL, Lusardi M. Walking speed: the functional 
vital sign. J Aging Phys Act. 2015;23(2):314–22. https ://doi.
org/10.1123/japa.2013-0236.

 34. Moreira NB, Gonçalves G, da Silva T, Zanardini FEH, Bento 
PCB. Multisensory exercise programme improves cognition 
and functionality in institutionalized older adults: a randomized 
control trial. Physiother Res Int. 2018;23(2):e1708. https ://doi.
org/10.1002/pri.1708.

 35. Niemann C, Godde B, Voelcker-Rehage C. Not only cardiovascu-
lar, but also coordinative exercise increases hippocampal volume 
in older adults. Front Aging Neurosci. 2014;6:170. https ://doi.
org/10.3389/fnagi .2014.00170 .

 36. Seidler RD, Bernard JA, Burutolu TB, Fling BW, Gordon MT, 
Gwin JT, et al. Motor control and aging: links to age-related brain 
structural, functional, and biochemical effects. Neurosci Biobe-
hav Rev. 2010;34(5):721–33. https ://doi.org/10.1016/j.neubi 
orev.2009.10.005.

 37. Serra-Prat M, Sist X, Domenich R, Jurado L, Saiz A, Roces A, 
et al. Effectiveness of an intervention to prevent frailty in pre-frail 
community-dwelling older people consulting in primary care: a 
randomised controlled trial. Age Ageing. 2017;46(3):401–7. https 
://doi.org/10.1093/agein g/afw24 2.

 38. Shephard R. Maximal oxygen intake and independence in old 
age. Br J Sports Med. 2008;43(5):342–6. https ://doi.org/10.1136/
bjsm.2007.04480 0.

 39. Sheppard JM, Young WB. Agility literature review: classifica-
tions, training and testing. J Sports Sci. 2006;24(9):919–32.

 40. Shumway-Cook A, Patla AE, Stewart A, Ferrucci L, Ciol MA, 
Guralnik JM. Environmental demands associated with community 
mobility in older adults with and without mobility disabilities. 
Phys Ther. 2002;82(7):670–81.

 41. Shumway-Cook A, Woollacott MH. Motor Learning and recovery 
of function. In: Motor control: translating research into clinical 
practice. 3rd ed. Philadelphia: Lippincot Williams & Wilkins; 
2007. p. 83–99.

 42. Van Swearingen JM, Studenski SA. Aging, motor skill, and the 
energy cost of walking: implications for the prevention and treat-
ment of mobility decline in older persons. J Gerontol A Biol Sci 

Med Sci. 2014;69(11):1429–36. https ://doi.org/10.1093/geron a/
glu15 3.

 43. Thomas SG, Cunningham DA, Thompson J, Rechnitzer PA. Exer-
cise training and “ventilation threshold” in elderly. J Appl Physiol 
(1985). 1985;59(5):1472–6.

 44. Trombetti A, Hars M, Herrmann FR, Kressig RW, Ferrari S, Riz-
zoli R. Effect of music-based multitask training on gait, balance, 
and fall risk in elderly people: a randomized controlled trial. Arch 
Intern Med. 2011;171(6):525–33. https ://doi.org/10.1001/archi 
ntern med.2010.446.

 45. Varma VR, Hausdorff JM, Studenski SA, Rosano C, Camicioli 
R, Alexander NB, et al. Aging, the central nervous system, and 
mobility in older adults: interventions. J Gerontol A Biol Sci Med 
Sci. 2016;71(11):1451–8.

 46. De Vito G, Bernardi M, Forte R, Pulejo C, Figura F. Effects of a 
low-intensity conditioning programme on  VO2max and maximal 
instantaneous peak power in elderly women. Eur J Appl Physiol 
Occup Physiol. 1999;80(3):227–32.

 47. Voelcker-Rehage C, Godde B, Staudinger UM. Physi-
cal and motor fitness are both related to cognition in old age. 
Eur J Neurosci. 2010;31(1):167–76. https ://doi.org/10.111
1/j.1460-9568.2009.07014 .x.

 48. Voelcker-Rehage C, Niemann C. Structural and functional brain 
changes related to different types of physical activity across the 
life span. Neurosci Biobehav Rev. 2013;37(9 Pt B):2268–95. https 
://doi.org/10.1016/j.neubi orev.2013.01.028.

 49. de Vos NJ, Singh NA, Ross DA, Stavrinos TM, Orr R, Fiatar-
one Singh MA. Optimal load for increasing muscle power during 
explosive resistance training in older adults. J Gerontol A Biol Sci 
Med Sci. 2005;60:638–47.

 50. Webber SC, Porter MM, Menec VH. Mobility in older adults: a 
comprehensive framework. Gerontologist. 2010;50:443–50.

 51. Wong AM, Lin YC, Chou SW, Tang FT, Wong PY. Coordination 
exercise and postural stability in elderly people: effect of Tai Chi 
Chuan. Arch Phys Med Rehabil. 2001;82(5):608–12.

 52. World Health Organization. International classification of func-
tioning disability and health ICF. Geneva: World Health Organiza-
tion; 2001.

https://doi.org/10.1123/japa.2013-0236
https://doi.org/10.1123/japa.2013-0236
https://doi.org/10.1002/pri.1708
https://doi.org/10.1002/pri.1708
https://doi.org/10.3389/fnagi.2014.00170
https://doi.org/10.3389/fnagi.2014.00170
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1016/j.neubiorev.2009.10.005
https://doi.org/10.1093/ageing/afw242
https://doi.org/10.1093/ageing/afw242
https://doi.org/10.1136/bjsm.2007.044800
https://doi.org/10.1136/bjsm.2007.044800
https://doi.org/10.1093/gerona/glu153
https://doi.org/10.1093/gerona/glu153
https://doi.org/10.1001/archinternmed.2010.446
https://doi.org/10.1001/archinternmed.2010.446
https://doi.org/10.1111/j.1460-9568.2009.07014.x
https://doi.org/10.1111/j.1460-9568.2009.07014.x
https://doi.org/10.1016/j.neubiorev.2013.01.028
https://doi.org/10.1016/j.neubiorev.2013.01.028

	Comparison of Neuromotor and Progressive Resistance Exercise Training to Improve Mobility and Fitness in Community-Dwelling Older Women
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and Methods
	Participants
	Neuromotor Training
	Progressive Resistance Training
	Testings
	Statistical Analysis

	Results
	Discussion
	References




