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Abstract

Aging is a multifactorial process that is characterized by decline in muscle mass and
performance. Several factors, including reduced exercise, poor nutrition and modified
hormonal metabolism, are responsible for changes in the rates of protein synthesis and
degradation that drive skeletal muscle mass reduction with a consequent decline of force
generation and mobility functional performances. Seniors with normal life style were enrolled:
two groups in Vienna (n=32) and two groups in Bratislava: (n=19). All subjects were healthy
and declared not to have any specific physical/disease problems. The two Vienna groups of
seniors exercised for 10 weeks with two different types of training (leg press at the hospital or
home-based functional electrical stimulation, h-b FES). Demografic data (age, height and
weight) were recorded before and after the training period and before and after the training
period the patients were submitted to mobility functional analyses and muscle biopsies. The
mobility functional analyses were: 1. gait speed (10m test fastest speed, in m/s); 2. time which
the subject needed to rise from a chair for five times (5x Chair-Rise, in s); 3. Timed —-Up-Go-
Test, in s; 4. Stair-Test, in s; 5. isometric measurement of quadriceps force (Torque/kg, in
Nm/kg); and 6. Dynamic Balance in mm. Preliminary analyses of muscle biopsies from
quadriceps in some of the Vienna and Bratislava patients present morphometric results
consistent with their functional behaviors. The statistically significant improvements in
functional testings here reported demonstrates the effectiveness of h-b FES, and strongly
support h-b FES, as a safe home-based method to improve contractility and performances of
ageing muscles.
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Aging is a multifactorial process that is influenced by individuals. This decrease in muscle is driven by

genetic factors, nutrition, lifestyle and general health
status. One of the most striking effects of ageing is a
certain reduction of muscle mass that occurs in all
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several factors including reduced exercise [20].

During the last decade, we contributed to translational
myology in rehabilitation by studying effects of
physical exercise induced by Functional Electrical
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Stimulation (FES) in the special case of Spinal Cord
Injury patients affected by complete injury of the
Conus Cauda, a syndrome in which the denervated leg
muscles are fully disconnected from the nervous
system. The Cauda Equina Syndrome is characterized
by bladder and intestines areflexia, legs flaccid
paralysis and pelvic anesthesia. It is a "rare disease™:
incidence per year is 3.4 per million people, and
prevalence 8.9 per 100.000 Italians [3,4]. Denervated
human muscles become unexcitable with commercial
electrical stimulators for innervated muscles and
undergo ultrastructural disorganization within a few
months from SCI, while severe atrophy with nuclear
clumping, and fibro-fatty degeneration appear within 3
and 6 years, respectively [3,9,12,16]. To counteract
these progressive changes a novel therapy concept for
paraplegic patients with complete lower motor neuron
denervation of the lower extremity was developed in
Vienna: home-based functional electrical stimulation
of long-term denervated muscles (h-b FES). New
electrodes and stimulator have been designed to
reverse severe atrophy by delivering high-intensity and
long-duration impulses able to elicit contractions of
denervated skeletal muscle fibers in absence of nerves
[8,13]. At the same time, specific clinical assessments
and training strategies were developed at the
Wilhelminenspital Wien, Austria [13], based on sound
evidence from animal experiments (rat) performed at
the University of Padova, Italy [19] and the University
of Liverpool, UK [1]. Light and electron microscopy of
muscle biopsies were performed in Italy at the
Universities of Padova and of Chieti, respectively.
Main results [5,10,11] of a clinical study (EU Program
RISE: Use of electrical stimulation to restore standing
in paraplegics with long-term denervated degenerated
muscles. Contract No: QLG5-CT-2001-02191) on
patients which completed the 2-year h-b FES training
are: 1. significant increase of muscle mass and of
myofiber size, with striking improvements of the
ultrastructural organization; 2. recovery of tetanic
contractility with significant increase in muscle force
output during electrical stimulation; 3. capacity to
perform FES-assisted stand-up and stepping-in-place
exercises. The study demonstrated that h-b FES of
permanent denervated muscle is an effective home
therapy that results in rescue of muscle mass, function
and perfusion also in such a devastating muscle
disease. Additional benefits, important for the patients,
were the improved cosmetic appearance of the legs and
the enhanced cushioning effect for seating.

We are now extending our research activities to
application of h-b FES to the larger cohort of elderlies.
In order to assess the effects of exercise on aging, we
are comparing young [14] and senior male subjects
either elderlies with a normal life stile or senior
sportsmen (a peculiar group of subjects that performed
life-long sport activities, with a mean age of 70 years)
by functional analyses, and morphometry of light and
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electron microscopy, and molecular approaches on
quadriceps  muscle  biopsies  (manuscripts in
preparation).

Here, instead, we report the interim results of a study
in which seniors with normal life style are exercising
for several weeks with two different types of training
(leg press or electrical stimulation), the analyses being
performed before and after the training period. The
preliminary results of the functional testing here
reported show the effectiveness of h-b FES, and
strongly support h-b FES as a safe home-based method
to improve contractility and performance of ageing
musclesl.

Materials and Methods

Subjects enrolled in the study

All subjects recruited for the study were volunteers
who received detailed information about the functional
test protocols, about the trainings and muscle biopsies,
and all signed an informed consent. Approval from the
national committee for medical ethics was obtained at
the beginning of the study (EK08-102-0608). Groups
of seniors with normal life style were enrolled: two in
Vienna and two in Bratislava. Tables 1 and Tables 2
show demography of the four groups. All subjects
included were healthy and declared not to have any
specific physical/disease issue.

Force measurement

An isometric measurement on a force chair (wise
Technologies, Lubljana, Slovenia) was performed to
assess the maximal isometric torque and rate of force
development of the left and right knee extensors. The
subjects were positioned with hip at 90° flexion, the
knee at 60° flexion (full knee extension = 0) and the
arms crossed at the chest. The shank brace was
positioned on the distal 1/3 of the lower leg, two
fingers above the malleolus lateralis and the trunk was
fixed with a seat belt tightening system. Each subject
was instructed to push alternating with one leg as fast
as hard as possible against a shank support. In each
case the maximal voluntary contraction (MVC) should
be sustained for three seconds. All measurements were
repeated three times for the right and left leg. The best
value of each leg was taken for further analyses.
Functional Tests

A complete set of functional tests was designed and
applied to each of the subjects belonging to the
different groups. These tests included: time up and go
test (TUGT) [15], 10m-walking test [17], short
physical performance battery (SPPB)[7], and Dynamic
Balance [18].

For the TUGT the subjects were asked to stand up
from a standard chair, walk a distance of 3 meters as
fast as possible, turn around, walk back to the chair and
sit down again. The individuals used their usual
footwear and no assistive walking device. Timing,
using a stop watch (Track Pro, Conrad Electronics),
began when the subjects started to leave the chair back
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Table 1 Demography of study subjects enrolled in Vienna

Legpress Group  Stimulation Group t test
VIENNA n=16 n=16
Age (years) pre training 74.93 £5.48 73.20 £ 6.56 0.956
Height (cm) pre training  170.84 + 9.22 168.47 £ 10.92 0.780
Weight (kg) pre training  79.96 + 14.71 80.18 £19.32 0.947
Table 2 Demography of study subjects enrolled in Bratislava

Legpress Group  Stimulation Group t test
BRATISLAVA n=9 n=9
Age (years) pre training 71.12+3.34 70.41+£3.74 0.704
Height (cm) pre training  166.70 £ 11.12 168.22 + 5.63 0.997
Weight (kg) pre training  71.40 + 14.46 79.89 £ 8.68 0.634

and ended when they were seated on the chair again
[15].

For the 10m-walking test the subjects were asked to
walk a distance of 10-meter with their preferred speed
(i.e. the self chosen normal speed of walking) and very
fast speed (i.e. the fastest walking speed, but not
running). Each speed was performed three times.
Parameters of gait (average walking speed, average
step length and average step cadence) in every 10-
meter walking trial were calculated using a
combination of a standard stop watch (Track Pro,
Conrad Electronics), counting the number of steps and
subjective estimation of the remained part of the last
step as described [17].

The SPPB used for this study evaluated the lower
extremities function by using tests of gait speed (2,4
m), standing balance and the time which the subject
needed to rise from a chair for five times as quickest as
possible with the arms folded across their chest [7].
The standing balance was evaluated with three
standing position: the participants attempted to
maintain the side-by-side, semi tandem, and tandem
position for 10 seconds. For the body sway
measurements the subject’s task was to maintain three
position with special foot placements during quiet
stance of a force plate. Their hands were placed on
their hips, the knees fully extended and their gaze was
directed at a certain point in front of the body. The
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following foot placements were used: parallel stance
with open eyes, semi-tandem stance with open and
closed eyes. The subject performed each individual
task with three trials, each lasting 30 seconds. The
sequence of performing the balance tasks was
randomized [18]. For the sway measurements the
subjects stood on a force plate with their hands placed
on their hips, the knees fully extended and their gaze
directed at a display in front of the body. The subjects
performed each task alternating with three trials, each
lasting 30 seconds.

Analyses of human muscle biopsies

Needle muscle biopsies were harvested at enrollment
and after exercise training through a small skin incision
(6 mm) from the right and left vastus lateralis muscles
of each patient as previously described [9]. The
resulting specimens were then prepared either for light
[16] or electron microscopy (EM)[3]. Light
microscopy analyses were performed at the University
of Padova (Italy). Morphometric analysis was
performed using Scion Image for Windows version
Beta 4.0.2 (2000 Scion Corporation). Tissue type
distribution was determined using the Adobe
Photoshop software (Adobe Systems Incorporated, San
Jose, CA).

Ongoing ultrastructural analyses by EM at the
University of Chieti (ltaly) are as described in
Boncompagni et al. [3]. Ongoing analyses of
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Table 3. Functional tests results before and after training of the subjects enrolled in Vienna

Legpress Group ~ ttest Stimulation Group t test
VIENNA n=16 n=16
10m test fastest speed (m/s) pre training  1.72 £ 0.30 1.76 £0.33

[more means faster = better]

5x Chair-Rise (s)
[less means faster = better]

Timed —Up-Go-Test (s)
[less means faster = better]

Stair-Test (s)
[less means faster = better]

Torque/Weight (Nm/kg)
[more means stronger = better]

Dynamic Balance (mm)

post training

pre training
post training

pre training
post training

pre training
post training

pre training
post training

pre training

[less means more stable = better] post training

1.88+0.36 p=0.000 1.91+0.38 p=0.007

13.20 £+ 4.02
9.45+3.53 p=0.000

13.72 £ 6.63
9.30+3.46 p=0.013

7.42 £1.79
6.72+251 p= 0.049

7.61+1.99
598+1.40 p=0.000

11.76 + 2.50
9.77+3.07 p= 0.000

12.15 + 4.02
9.43+2.90 p=0.000

1.27 +0.40
1.37£0.40 p= 0.094

1.38 + 0.66
156+ 0.77 p=0.014

17.58 + 3.53 14.85 + 3.69
16.39+ 257 p= 0018 14.12+299 p=0.077

Table 4. Functional tests results before and after training of the subjects enrolled in Bratislava

Legpress Group  ttest  Stimulation Group  ttest

BRATISLAVA n=9 n=9

10m test fastest speed (m/s) pre training  1.96 £ 0.30 1.75+0.42

[more means faster = better] post training 1.98+0.25 p=0.7046 1.81+0.33 p=0.1375

5x Chair-Rise (s) pre training  12.52 + 1.98 13.12 + 2.60

[less means faster = better] post training 10.12+1.41 p=0.0416 11.25+1.66 p=0.0188
Timed —Up-Go-Test (S) pre training  6.23 £ 0.97 742+ 1.17

[less means faster = better] post training 5.83+0.63 p= 0.1519 6.91+0.88 p=0.0806
Torque/Weight (Nm/kg) pre training  1.54 +0.25 1.40+0.54

[more means stronger = better] post training 1.51+0.48 p= 0.2299 151+0.48 p=0.0931

Dynamic Balance (mm)

pre training

[less means more stable = better] post training

16.37 + 4.74 15.82 + 3.30
14.63 +3.87 p= 0.1109 13.33+3.32 p=0.0574

atrophy/hypertrophy cell signaling in muscle biopsies
are essentially as described in [14].

Exercise trainings

The four groups of patients were submitted to physical
training either by home-based (in Vienna) or surveyed
(in Bratislava) Functional Electrical Stimulation (aSl
“Schwellstrom” programme, Stimulette rx, Dr.
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Schufried Medizintechnik, Vienna) for either 10 (in
Vienna) or 8 (in Bratislava) weeks of training. Two
additional groups were submitted to vibration legpress
exercise (custom made linear motor driven legpress
[14]) for either 10 (in Vienna) or 8 (in Bratislava)
weeks of training.
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Table 5. Myofibers mean diameter in biopsies from
subjects enrolled in Vienna or Bratislava

Electrical stimulation Group
(mean, um + SD)t test

VIENNA (n=1)

pre training 53.07 £19.04

post training 58.75+21.78  p=0.0000
BRATISLAVA (n=4)

pre training 51.94 + 16.27

post training 56.67 £ 14.45  p=0.0000
pre training 54.59 + 16.05

post training 56.03 +16.00 p=0.0000
pre training 46.32 £ 12.59

post training 4944 +13.40 p=0.0000
pre training 50.73+11.84

post training 5146 +11.19 p=0.3496
Legpress Group

(mean. um + SD)t test

VIENNA (n=1)

pre training 46.43 +12.73

post training 57.24+£1559  p=0.0000
BRATISLAVA (n=3)

pre training 53.35+ 16.05

post training 46.13+13.70  p=0.0000
pre training 46.27 £ 11.60

post training 63.27 +16.85  p=0.0000
pre training 62.53 + 13.76

post training 61.86 £ 16.34  p=0.5062

Results

The groups (legpress or FES) of aged subjects trained
either in Vienna or in Bratislava have the expected non
significant differences in age, height and weight before
training (Table 1 and Table 2).

However, the subjects significantly differ in their ability
to perform several functional mobility tests. The 10m
test fastest speed, 5x Chair-Rise, Timed-Up-Go-Test,
Stair-Test, Dynamic Balance, and Torque/Weight post-
training performances are better or much better than
those recorded in the pre-training tests (Table 3 and
Table 4). Please note that in some tests the
improvements are described by lesser values of time
spent in performing a functional task. Maximal
isometric torque was measured as a marker of muscle
strength. The force generated by these seniors after the
10 (in Vienna) or 8 (in Bratislava) weeks of training
was significantly higher compared to before training
results. In the Vienna groups, the only clinically
relevant exceptions are the lack of improvements in the
Dynamic Balance Test of the FES trained group, and
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POST
Figl Preliminary results of the ongoing
myofiber morphometry show results

consistent with the functional evidence
(Tables 3 and 4). In comparison to pre-
training (left panels), the post-training
muscle biopsies (right panels) show an
increase in muscle fiber diameter in the
FES and legpress patients.

the Torque/Weight Test of the legpress trained groups
(Table 3 andTable 4). The patients trained in Bratislava
show statistically significant improvements in 5x
Chair-Rise Test. The other functional tests show no
significant improvements, but in these patients’ groups
the number of subjects is lower than those of Vienna. It
must be also stressed that they are exercised for 8
weeks, i.e. a 20% percent less training time than in
Vienna.

Ongoing analyses of light microscopy morphometry in
the first exercised patients show data consistent with
the improved functional results. In comparison to
before training, the post-training results show
increased mean muscle fiber diameters in muscle
biopsies (Table 5 and Figure 1).

Discussion

Aging is associated with a variety of physical
problems, musculoskeletal tissues become less
functional, bone is more fragile, cartilage and
ligaments have reduced elasticity, fat redistributes. One
of the most striking effects of aging is a reduction of
muscle mass that occurs more or less in all individuals.
Muscle atrophy in aging is consequent to both the
reduction of the total number of muscle fibers and the
atrophy of the remaining ones [6]. This reduction is
driven by several factors including reduced exercise
[20]. In older people muscle weakness of the lower
extremities, is responsible for having difficulty in
rising up from a seated position and for the reduction
in balance and mobility capabilities, which results in
frequent falls, bone fractures, physical disabilities and
progressive loss of independence [21].
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We have here reported interim results of a study in
which groups of 70 years old patients, mainly man
with normal life-style and absence of incapacitating
diseases, were submitted to physical training either by
home-based (in Vienna) or surveyed (in Bratislava)
Functional Electrical Stimulation for either 10 (in
Vienna) or 8 (in Bratislava) weeks of training. Two
additional groups were submitted to legpress exercise
for either 10 (in Vienna) or 8 (in Bratislava) weeks of
training. As shown in Tables 1 and 2 the demographic
characteristics of the four patient groups do not present
significant differences.

On the other hand, the two Vienna groups submitted to
either h-b FES or Legpress for 10 weeks show
increased  functional  performances, with two
exceptions. The Dynamic balance test in h-b FES
groups show improvements, but not yet statistically
significant. The Torque/Weight results in the legpress
group also show no statistically significant
improvement. The shorter time of exercised training
and the smaller groups of Bratislava patients reached
statistically significant improvements only in the 5x
Chair-Rise tests in both training types. Interestingly,
the FES group of Bratislava is also not far from
significant improvements in Dynamic Balance testing.
Despite low numerosity, preliminary analyses of
muscle biopsies of quadriceps muscle from small
numbers of Vienna and Bratislava patients present
morphometric results coherent with the functional
behaviors of the patients (Table 5), promising that
ultrastructural ~ changes analysed by electron
microscopy (results not shown) may provide the
structural basis to explain the functional improvements
induced by h-b FES. Ongoing molecular analyses will
hopefully add to the structural evidence, information
on anabolic factors, such as expression of different
isoforms of IGF-1, and catabolic factors (IL-6 and
oxidative stress) that may modulate muscle mass and
function. Preliminary data suggests a unique profile of
actions for IGF-1Ea and IGF-1Eb isoforms. Protein
synthesis and protein degradation are coordinately
regulated by pathways that are influenced by
mechanical stress, physical activity, availability of
nutrients and growth factors.

Analyses of the pathways that control muscle mass in
aging and disuse, with particular emphasis on
ubiquitin-proteasome and autophagy-lysosome systems
may provide potential further information on the
activated mechanisms of exercise-induced muscle
growth, adding to the knowledge on muscle wasting in
aging and its complicances.

The interim data here reported, though preliminary, in
particular the statistical significance of the functional
improvements in the Vienna groups allows two
important conclusions: first that longer periods of
training in the range of 8 to 10 weeks made a
difference in overall functional results (longer is
better); second, they strongly support home-based FES,
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as a safe method to improve contractility and
performances of aging muscles.
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