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Abstract

Subjects with complete lesion of the spinal cord (T3/4 — T11 level) develop spastic para-
plegia. In these patients muscles of the lower limb are still innervated by motor neurons
that, however, have lost connection with the central nervous system (CNS). In this study we
have determined the progression of muscle atrophy in spastic patients comparing force, CT
scan imaging, histological and ultrastructural findings in short-term (2 patients, 0.9 years
from injury), in mid term (2 patients, 2.0 and 2.4 years from injury) and long-term (2 pa-
tients, 17.0 and 20.3 years from injury) paraplegic subjects. In comparison to the short term
patients, in the mid term group there are not significant difference in muscle size (CT Scan)
and histological (fiber size and tissue composition) and significant difference is present in
torque of knee extension (31.53 + 5.42 vs 13.82 + 10.00Nm, p=0.03) while in long term
group there are significant differences in torque of knee extension 31.53 + 5.42 vs 19.23 +
1.63Nm, p=0.02) and in fiber size (30.59 £+ 14.39 vs 40.42 + 17.01pum, p<0.001). In com-
parison to the mid term patients, in the long term group there are not significant differences
of either functional (torque of knee extension) and muscle size (CT Scan), while there is a
significant increase in fiber size (30.75 £ 23.55 vs 40.42 + 17.01um, p<0.001). Electron
Microscopy (EM) indicates that even after long periods of paralysis, muscle fibers maintain
a quite organized contractile apparatus, with distinct myofibrils and sarcomeres, while the
major alteration appear to be a misplacement of the activating (EC coupling) and metabolic
(mitochondria) machinery. Ultra structural characteristics of some myofibers confirm that
minor lower motoneuron denervation is present in all groups and may contribute to the
functional outcomes of the thigh muscles. These findings indicates that, in spastic patients,
the initial rapid loss of muscle mass occurring in the first months after the injury is fol-
lowed by a prolonged steady state in which muscle maintains its mass, composition, and
performance for extended periods of time, i.e. up to 20 years. The maintenance of muscle
suggests that there are not upper-time limits to start successfully a training program to re-
cover muscle mass and function in these patients by body weight-supported treadmill train-
ing (BWSTT), electrically induced cycle training (EICT) or Functional Electrical Stimula-
tion (FES).
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Lesion of the spinal cord at the level of T3/4 — T11 area of the body. Muscles in the lower extremities being
interrupts connections between the central nervous sys- innervated by intact lower motor neurons develop spas-
tem and the motor neurons that innervates peripheral tic paraplegia, characterized by uncontrolled movements
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of the affected areas, and spasms generated by reflex
circuits [11-18].

Beside the uncontrolled muscle activity, the other ef-
fect of these type of spinal cord lesions is an evident
loss of muscle mass. The time course of this muscle at-
rophy is quite fast immediately after the injury, but
slows down significantly with longer time elapsed from
the injury event. It has been reported that within the first
five days after injury, the thickness of the muscle bulk
measured by ultrasound is already decreased of about
16% of the initial value, and this loss of muscle mass
progresses quite quickly to about 40% at day 20, to re-
main then more or less constant at 40 days [28-29].

The steady-state of muscle atrophy in spastic paralysis
has been documented [12,24] by Computer Tomogra-
phy (CT) in groups of patients trained with either func-
tional electrical stimulation (FES), i.e. electrically in-
duced cycle training (EICT) and/or body weight-
supported treadmill training (BWSTT). These studies
have shown that, before exercise, the degree of atrophy
in the individual muscle fibers was more variable than
after periods of FES or BWSTT training [24]. Other
studies on bioptic samples also support the idea that the
atrophy in spastic subjects is reversible. However, most
of these studies, especially for the pre-training phase,
were performed during the early stage of spastic paraly-
sis, the end point being typically within 24 months after
injury [1-3,11,16,21,27]. In all the studies the positive
effect of increased exercise by FES is confirmed by his-
tochemical or electrophoretic analyses of isomyosins in
tissue sample and/or individual myofibers to correlate
function (muscle power and endurance) to structure
(myofiber size by light microscopy morphometry) or
muscle size by CT Cross Scan Area. However, little in-
formation is provided on the influence of other muscle-
related factors, beside myofiber size and typing, e.g.,
ratio among myofibers and interstitial tissue, percentage
of lower motoneuron denervated myofibers, and subtle
changes at the ultra structural levels.

In the present study we investigated using CT scan,
functional testing (knee extension torque), and structural
approaches (light and electron microscopy of muscle
biopsies from the thigh muscles) paraplegic patients be-
fore starting a FES training program, to study the pro-
gression of atrophy. Furthermore, we analyzed the ex-
tent of the eventual myofiber peripheral denervation by
morphometry and N-CAM staining [9,15,31].

Our results indicate no progression of the muscle atro-
phy in long-term paraplegic patients. Therefore, FES
treatment of these patients can be started at any time,
i.e., even twenty years after SCI, to recover muscle
mass and function by EICT, BWSTT or FES.

Materials and Methods

Characteristics of Patients

The six subjects used in this study (age 20-48, 1 fe-
male and 5 male) all had experienced traumatic spinal
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cord injury [15]. The causes for paraplegia were three
motor cycle accidents, two car accidents, and one sport
accident with a bobsleigh (Table 1). All subjects were
volunteers and were enrolled into the project with a de-
tailed information before signing an informed consent.
All these volunteers were highly motivated to start FES
and to perform bilateral muscle biopsy of the paretic
legs. In the “short-term” group 2 paraplegic patients (1
male and 1 female) with upper motor neuron lesion
were included (Table 1). The time after injury was 0,9
years, the age was 43 and 26 years, the body weights
were 55 and 68 kg, and the heights were 172 and 180
cm. The level of lesion was Th4 and Th7. The “mid-
term” group consisted of 2 paraplegic men. The time
after injury was 2 and 2,4 years, , the age was 48 and 28
years, the body weights were 86 and 80 kg, and the
heights were 181 and 170 cm.. The level of lesion was
Th4-5 and Th6-7. The “long-term” group consisted of 2
paralyzed male paralyzed for 17.0 to 20.3 years , the age
was 39 and 40 years, the body weights were 62 and 70
kg, and the heights were 180 and 178 cm.. The level of
lesion was between Th4 and Th6. Muscle biopsies of
both thigh muscles (vastus lateralis) were taken.

Clinical and functional assessments, follow-up and
muscle biopsies were performed at the Ludwig Boltz-
mann Institute of Electrostimulation and Physical Reha-
bilitation, Department of Physical Medicine, Wil-
helminenspital, Vienna, Austria. Light microscopy
analyses were performed at the C.N.R. Institute of Neu-
roscience, Laboratory of Applied Myology of the De-
partment of Biomedical Sciences, Interdepartmental Re-
search Center of Myology, University of Padova Medi-
cal School, Padova, Italy. Electron microscopy was per-
formed at the IIM, Interuniversitary Institute of Miology
and CeSlI, Center for Research on Ageing, University G.
d’Annunzio, Chieti, Italy.

Computer Tomography (CT) scan

All patients were lined supine on the CT table parallel
to the table axis (in feet-first position). We used the top
of the trochanteres maiori as reference point, which is
determined by CT scan, and the first body section was
taken at this point. The CT-cut plane ought to be well
defined, so that results could be compared between dif-
ferent patients. Additional thigh sections are performed
distally every 100 mm. To clearly distinguish fat from
skeletal muscle tissue a soft window frame (window
350, center 50) was used. Beside complete cross sec-
tional area of the upper thigh, the cross sectional areas
of gluteus m., quadriceps m. and hamstrings, as well as
their density (measured in Hounsfield units, HU), were
determined as described in [23].

Force-measurement knee extension torque

The force measurement was performed in sitting posi-
tion using a purpose-designed chair where subjects sit
with the legs in 90° knee flexion position. A
dynamometer fixed between the chair and the leg
measures force of the quadriceps m. during electrical
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Patient status
Time of paralysis . . . Level of .
. Biopsy No. Age  Sex Height Weight . Cause of paraplegia
to biopsy lesion
years years cm kg
Short term group:
S.T.1 0,9 F12 43 F 172 55 Th7 Car accident
S.T.2 0,9 F10 26 180 68 Th 4 Car accident
Mid term group:
M.T. 1 2,0 F 02 48 M 181 86 Th 6-7  Accident with bobsleigh
M.T.2 2.4 FOl 28 M 170 80 Th 4-5 Motorcycle accident
Long term group:
LT. 1 17,0 F 06 39 M 180 62 Th 4-5 Motorcycle accident
LT.2 20,3 F 09 40 M 178 70 Th 5-6 Motorcycle accident

Table 1. Demographic data of the short, mid and long term paraplegic subjects. All subjects had traumatic spinal cord in-

Jjury with complete paralysis of the upper limbs

force of the quadriceps m. during electrical stimulation.
Force of the thigh muscles was measured as extension
torque and expressed in Nm, using increasing stimula-
tion amplitudes from 0 to 120 Vpp in 10 V steps.

Human Muscle Biopsy

Through a small skin incision (6 mm diameter), nee-
dle muscle biopsies were taken from the right and left
vastus lateralis muscle at a single time point for each
patient, as described in [16]. The resulting specimens
were then prepared for light and electron microscopy
and analyzed.

Hematoxilin-eosin

Cryosections (10 pm thick) of frozen biopsies were
stained with hematoxilin-eosin (H&E), using conven-
tional techniques. Morphometric analysis. Images were
acquired using a Zeiss microscope connected to a Leica
DC 300F camera at low magnitude under the same con-
ditions that were used to acquire a reference ruler. Mor-
phometric analysis reported in Table 3 was performed
with Scion Image for Windows version Beta 4.0.2 (by
2000 Scion Corporation), free software downloaded
from the web site: www.scioncorp.com, as decribed in
[16].

Immunohistochemistry

Cryosections were labeled with antibodies anti-N-
CAM (from Chemicon International, diluted 1:200) for
1 hour at room temperature. (van der Meulen et al.,
2003). The slides were then washed twice with TBS (5
min each) and incubated with FITC-conjugated anti-
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mouse Ig (from Sigma, F-2266 diluted 1:200) for 1h at
room temperature. This was followed by a second 5
minute washing of the slides with TBS and nuclei
counter-stained by Hoechst 33258. In the negative con-
trols, the primary antibody was omitted.

Preparation of muscle specimens for transmission
EM

The samples obtained via biopsies were fixed in 2.5%
glutaraldehyde in 0.2 M sodium cacodylate buffer, pH
7.2, for 2h followed by buffer rinse and fixation for 1h
in 1% osmium tetroxide. The specimens were dehy-
drated in a graded series of ethanol solutions and em-
bedded in epoxy resin. Ultrathin sections (about 30-40
nm) were cut in Leica Ultracut R (Leica Microsystem,
Austria) using a Diatome diamond knife (DiatomeLtd.
CH-2501 Biel, Switzerland) and stained in 4% uranyl
acetate and lead citrate. Sections were examined with a
FP 505 Morgagni Series 268D electron microscope
(Philips), equipped with Megaview III digital camera
and Soft Imaging System (Germany).

Classification of muscle fibers by ultrastructural cri-
teria

Muscle fibers were analysed from the qualitative point
of view observing every single fiber at low, intermedi-
ate, and high magnification. For every fiber we analysed
over the whole visible fiber interior before classifying it
in one of the categories included in Table 4. Muscle fi-
bers were classified according to the following parame-
ters: a) organization of the contractile apparatus, i.e.
clear cross striation visible in the all fiber interior; these
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Cross Sectional Area and density of Force at
quadriceps m. 120Vss
Area Density Force
cm’? HU Nm
Short term group:
left 3321 41,00 27,00
S.T.1
right 32,71 39,00 26,90
left 40,70 52,00 37,60
S.T.2
right 40,46 51,00 34,60
mean 36,77 45,75 31,53
SD 4,41 6,70 5,42
Mid term group:
left 26,66 36,00 7,70
M.T. 1
right 26,50 33,00 3,40
left 47,85 43,81 19,20
M.T. 2
right 47,52 42,17 25,00
mean 37,13 38,74 13,82
SD 12,19 5,10 10,00
Long term group:
left 29,79 36,00 18,30
L.T.1
right 29,77 37,00 20,00
left 36,61 39,00 17,50
L.T.2
right 37,17 38,00 21,10
mean 33,34 37,50 19,23
SD 4,11 1,29 1,63

Table 2. CT Scan and knee extension torque of quadri-
ceps m. in short-, mid- and long-term upper mo-
toneuron complete SCI. Results show that cross
sectional area and quality of the muscles are very
similar in left and right legs of all the patients.
Furthermore no significant decrease of CT Scan
values is present comparing all groups. Force of
the quadriceps m. was assessed during stimula-
tion-induced isometric knee extension. The inter-
leg values are in reasonable agreement. Signifi-
cant changes are present comparing short- vs
mid- and long-term groups (t- student short vs
mid p= 0.03; short vs long p=0.02). No signifi-
cant difference are present mid- vs long-term. On
the other hands the opposite results is obtained
comparing mean fiber size (see table 3)

fibers were classified as striated fiber (Table 4, column
B) or b) presence of disorganization of the contractile
apparatus, thickening of the Z line, disarrangement of
triads, mitochondria grouping, etc. (degeneration). Fi-
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bers presenting degeneration traits were classified as
severely atrophic fibers (Table 4, column C). Figures
were mounted and labeled using Adobe Photoshop®
v7.0.

Statistical analysis.

Student’s t-test was used to compare results. A p value
less than 0.05 is considered significant. Laboratory data
are expressed as mean + SD of four values in each

group.
Results

CT-scan

Examination of patients by CT scan demonstrates
minimal differences in thigh muscles between the three

Mean Muscle Fiber Diameter
diameter SD
Short term group:
left 28,20 10,00
S.T.1
right 26,30 14,60
left 35,00 16,00
S.T.2
right 38,40 15,40
Mean diameter 30,59 14,39
Mid term group:
left 22,08 8,90
M.T. 1
right 23,30 15,20
left 30,80 23,40
M.T. 2
right 28,30 20,90
Mean diameter 30,75 23,55
Long term group:
left 48,50 18,00
L.T.1
right 35,60 15,40
left 38,90 17,60
L.T.2
right 41,50 15,30
Mean diameter 40,42 17,01

Table 3. Minimum transverse diameter of myofibers of
vastus lateralis muscle in short- mid- and long-
term upper motoneuron complete SCI. Size of
myofibers are very similar in left and right legs of
all the patients. The increased diameter of the
long term group is statistically significant vs both
short and mid term groups. No statistically sig-
nificant difference is present between short and
mid term groups.
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Figure 1. Morphological appearance of normal, and short- mid- and long-term paralyzed muscles tissue in cross sec-
tions H-E Stained. A, Normal adult human muscle; B, Short-term, C, Mid-term and D, Long-term paralyzed
muscle with upper motor neuron lesion. Myofiber profiles in normal muscle are separated by minimal intersti-
tial tissue, fibers have a large diameter and appear closely packed. In short- mid- and long-term groups the in-
terstitial space between fibers is slightly enlarged. Fiber size is also more variable than in normal muscle with
some fibers appearing unusually large and a small percentage of them presenting an extremely small diame-

ters. Bars: 100um

groups of patients, both for the cross sectional area and
for the mean tissue density. In the short-term group the
average cross sectional area of quadriceps m. measured
at 20 cm proximal to the knee joint /distal of the top of
the trochanter major is 36.77 + 4.41 cm?, (with a mean
tissue density of 45.75 + 6.70 HU) whereas in mid term
paralyzed patients the cross sectional area is 37.13 £
12.19 cm? (mean tissue density of 38.74 = 5.10 HU) and
in long term paralyzed patients the cross sectional area
is 33.34 £ 4.11 cm? (mean tissue density of 37.50 + 1.29
HU). Results of CT examination are reported in detail in
Table 2. Cross sectional area and quality of the muscles
are very similar in the left and right legs of all the pa-
tients. No significant changes are present comparing
short- mid- and long-term groups.
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Force-measurement

We assessed the knee extension torque while activat-
ing the quadriceps m. by electrical stimulation to evalu-
ate the thigh muscle function. The short-term paralysed
group demonstrated a torque of 31.53 + 5.42 Nm during
stimulation-induced isometric knee extension. On the
other hand, mid-term paralysed lower limbs had a mean
torque of 13.82 £ 10.00 Nm and long-term paralysed
lower limbs had a mean torque of 19.23 £ 1.63 Nm (Ta-
ble 3). Significant changes are present comparing short-
vs long- and mid- vs long-term group. But the relevance
of the relations are doubtful, due to the inference of the
antagonist muscles in the measurements.
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Figure 2. The cumulative diameter spectra of normal adult human muscle, short term (empty bar), mid (gray bar) and
of the long term (black bar) groups. The short and mid term groups contain a larger percentage than long term
group of myofibers with diameter in the range of 10 — 20 um. Note that short term group has the Gaussian
monomodal distribution of normal muscle fibers, while in mid- and long-term groups two population of myofi-
bers are present (maximum at either 10 and 30 or 40 um)

Histology

Figure 1 shows Hematoxilin-Eosin staining of trans-
verse section of a normal human muscle with its well
packed myofiber profiles of slightly different sizes and
minimal interstitial tissue among them (Panel A). In
panels B, C and D biopsies from representative short-
mid- and long-term upper motor neuron lesion patients
are shown. In all biopsies, the majority of muscle fibers
present large and round profiles, with only a minority of
them being small diameters and presenting the features
of severe muscle atrophy. Interstitial spaces between
myofibers are slightly enlarged in all the three groups in
comparison to normal muscle.

The percentage of tissue types within the muscle biop-
sies of short-term paralysed subjects is: muscle fibers:
61.96 £ 8.49%; interstitial tissue: 31.98 + 3.45%, in
mid-term paralyzed thigh muscles is: muscle fibers:
65.11 £ 11.95%; interstitial tissue: 28.56 + 10.30%,
while in long-term paralyzed thigh muscles is: muscle
fibers: 75.75 £ 6.27%; interstitial tissue: 21.00 + 6.17%.
The differences between the groups are not statistically
significant. The percentage of interstitial tissue is sig-
nificantly increased in all the three (short, mid and long
term) groups of paralysed subjects in comparison to
normal muscle (p < 0.001).

Plotting the fiber size spectra in an histogram allows
to compare directly short-, mid- and long-term groups.
The average diameter of the myofibers is 30.59 + 14.39
um (mean = SD), 30.75 £+ 23.55 and 40.42 £ 17.01 um
in short- mid- and long-term samples, respectively. The
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increase in mean fiber diameter in long-term patients
may be explained with a lower number of fibers with
smaller diameter. In fact, 26.38% and 40.64% of fibers
in the short- and mid-term samples respectively present
a fiber diameter smaller than 20 pm, whereas in the
long-term groups this percentage is 12.93%. In the long
term group it is more evident that two population of
myofibers are present: very small myofibers of 10 mm
median diameter and larger slightly atrophied myofibers

100pum

Figure 3. Denervated myofibers (red profiles) of dif-
ferent size and stain intensity are present in this
14-year upper motoneuron-complete paraple-
gic muscle after anti-NCAM monoclonal label-
ing. Blue nuclei are stained with Hoechst
33258. Bars: 100um.
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(median diameter 40 - 45 mm).

At least some of the small fibers are probably those
that lost contact with the lower motoneuron, as sug-
gested by their labeling with an anti-N-CAM antibody,
a sound marker of myofiber peripheral denervation
[3,8,15,26, 30]. Figure 3 shows that both very small and
medium size myofibers are N-CAM positive.

Ultrastructural analysis of biopsies from long-term
spastic patients

The most obvious feature found at the electron micro-
scope analysis (Fig. 4, A) is the fact that most fibers in
the biopsy from 17-year upper motor neuron lesion pa-
tients are quite large, confirming the histological obser-
vation (see Fig. 1, C). In addition, the EM analysis of

Figured. Electron micrograph of longitudinal sections from vastus lateralis muscle fibers of spastic patient. Most of
the analyzed muscle fibers in long-term spastic patients present an ultrastructure such as the one presented
in A and B (77% or more, see Table 4). While these fibers are not as orderly as fibers in normal human mus-
cle[4], their interior is filled with fairly well organized myofibrils that often are even well aligned with one
another (A, black and white arrows points respectively at Z and M lines). In other fibers, or even in regions
within the same fiber, there are areas in which myofibrils are a bit more disordered (B). Arrowheads and
empty arrows in both panels points respectively at glycogen granules and mitochondria. Mitochondria are
often misplaced and/or grouped in an abnormal fashion in these fibers.

longitudinal sections at higher magnification allows to
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appreciate a second important feature: fiber interior pre-
sents the clear pale dark cross striation characteristic of
skeletal muscle tissue. This observation indicates that
the muscle disuse due to upper motor neuron injury did
not induced the disarrangement of the contractile appa-
ratus even 17 years after SCI. The EM analysis of the
large and striated fibers indicates that, even if the ultra
structure of myofibrils is quite well preserved (Fig. 4 A
and B), there are features that differs from normal skele-
tal muscle fibers of humans [4]. The myofibrillar appa-
ratus is very orderly and quite similar to that of normal
muscle in some areas, whereas in others regions of the
same fiber (and/or in other fibers) myofibrils are slightly
less orderly (Fig. 4 B). In addition, even in those areas
presenting a higher degree of organization, such as the
one in Fig. 4 A, the fibers appear to be slightly less or-
derly that those of normally innervated muscle tissue. In
fact, in normal muscle fibers, myofibrils are typically in
register with one another in a way that Z and M lines of
adjacent myofibrils are well aligned. This precise
alignment is often lost in the samples analyzed in the
present paper (Fig. 4 A, asterisk). The misalignment of
the contractile apparatus is usually accompanied by the
formation of abnormal areas filled with glycogen gran-
ules, mitochondria (empty arrows), and vesicles (Fig. 4,
arrowheads). Mitochondria loses their specific associa-
tion to the I band and are found often grouped in an ab-
normal fashion just below the sarcolemma (not shown)
or between myofibrils (empty arrows), often forming
longitudinally oriented columns. Misplacement of mito-
chondria is accompanied by significant alterations of the
sarcotubular apparatus.

Discussion

Over the recent years the interest of using FES to re-
store mobility of paralyzed patients had ups and downs
[8,13,16,17,19,22,25]. Our recent results in the case of
conus cauda complete injury are reopening the issue for
both lower and upper motoneuron paraplegics. We
shown that human skeletal muscle tissue undergoes
three phases during long-term lower motor neuron den-
ervation: i) Atrophy (up to 18 months post-injury); ii)
Severe atrophy (2 — 5 year post-injury); iii) Lipodystro-
phy and Fibrosis (after 3-year post-injury) and that a
new designed FES training substantially delays and re-
verses the severe atrophy of long-term denervated hu-
man muscles up to a level that allows the subjects to rise
and to stand up [5,6,16,20,23].

Subjects with spinal cord injury at the level of T3/4 —
T11 develop a so called spastic paraplegia. This means
that the afferent and efferent nerve of the thigh muscles
remain intact, but independent from the central control.
The condition of the musculature in spastic paralyzed
people (i.e., with an upper motor neuron lesion) shows
overall clearly reduced values (40-50% in nearly all pa-
rameters) in comparison to the able-bodied control.
These changes appear within 6 to 12 months reaching a
steady state after 1 to 1.5 years (atrophic but relatively
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Electron microscopy
A B C
. Severely
Patient Analysed Striated tronhic fi
atients -
fibers fibers atropie
bers
L.T.1 13 10 (77%) 3 (23%)
L.T.2 19 15 (79%) 4 (21%)

Table 4. Electron microscopy. In each patient at
least 13 fibers were closely analyzed at the
electron-microscopical level (column A). The
majority of fibers (77% or more) presents a
myoplasm filled with contractile material or-
ganized in myofibrils and sarcomeres (col-
umn B, see also Figure 5). Some fibers pre-
senting classic features of denervation (i.e.
disgregation of the myofibrillar structure)
are present in these patients (4 to 23%, col-
umn C), and resemble fibers of patients that
have lost their peripheral nerve endings
[4,16].

stable). The progression of the disuse atrophy is very
fast at the onset, but slows down with increasing dura-
tion of the spastic paralysis. Within the first month the
thickness of the muscle bulk measured by ultrasound
decrease up to 40% [29]. It is reasonable to indicate this
period (up to 3 months) the “early phase” of disuse
paraplegia. Then a 50% steady-state atrophy in spastic
incomplete paralysis is well documented up to two years
after SCI. This time span up to one year is here labeled
as the “short term” period [1,2,7,10,11,12,21,27], while
the intermedial two patients (1.6 to 3.0 years, in this
study) is labeled mid-term group. Information on the
following periods, in particular later than 15 year post-
SCI (to which pertains our “long-term” subjects) are
poor, at best [24].

Within this study we compared short, mid and long
term paraplegics with complete upper motor neuron le-
sions. The aim of this study was to test whether the
steady-state muscle atrophy extends to the long term
period of paralysis or there is a correlation between time
after SCI and extent of muscle atrophy/dystrophy.

Despite the enormous difference in time of palsy, with
the exception of force measurement, which are biased
by co-contraction of antagonists muscles, the measured
parameters did not show any statistically significant dif-
ference between the three groups. In some instances the
results appear to be paradoxically better in the long-term
group. In spite of non significant decreased cross area
and density of CT scan and of the stimulation-induced
isometric knee ex-tension force, the mean muscle fibre
diameters is 30.59 + 14.39 um (mean + SD) in the
short-term, 30.75 + 23.55 um in the mid term and 40.42
+ 17.1 pum in the long term groups. As shown by the
cumulative myofiber size spectrum (figure 2), this small
increase in myofiber size in the long term patients is the
results of a decreased content of small-size myofibers
(diameter less than 20 mm). Labeling with an anti-
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NCAM antibody and the electron microscopy character-
istics suggest that the small fibers lost contact with their
lower motoneuron and therefore were completely inac-
tive since many years. Whether their decreased presence
in the long term group is just the consequence of the
low number of patient studied or is related to apop-
tosis/necrosis of lower motoneuron denervated myofi-
bers or to long term reinnervation events remain to be
determined. Anyhow, the three groups of paralysed leg
muscles showed nearly an identical tissue distribution.
There was only a very slight increase in the percentage
of fat and decrease of loose connective tissue, both not
statistically significant. Very long time of paralyses
seems not have any significant influence on the condi-
tion of the musculature at the light microscopy level in
muscle biopsies collected from 1 to 20 year post SCI.
We have previously shown (16; Boncompagni et al.,
submitted for publication) how in patients affected by
lower motor neuron lesion (no peripheral nerves) cross
striation is severely disrupted and then followed by se-
vere atrophy and finally fiber degeneration 3 — 5 years
after SCI. On the other hand, in the patients selected for
this study, which still have intact peripheral nerves, the
pale-dark cross striation is present even tens of years
after the injury (14-20 years) in the majority of the fi-
bers analyzed (see Table 4, column B). Seldom fibers
presenting classic denervation features, similar to those
of lower motoneuron lesion patients, are present (Table
4, column C). The presence of these atrophic fibers, i.e.
fibers that likely have lost their innervation, represent an
important internal control that allows us to identify
clearly which are the innervated fibers.

On the other hand, ultra structural analysis shows that
in contrast to the normal muscle fibers, whose myofi-
brils are typically in register with one another in a way
that Z and M lines of adjacent myofibrils are well
aligned, this precise alignment is often lost in the sam-
ples analyzed in the present paper. This misalignment of
the contractile apparatus is usually accompanied by the
formation of abnormal areas filled with glycogen gran-
ules, mitochondria and vesicles. Misplacement of mito-
chondria, accompanied by significant alterations of the
sarcotubular apparatus may explain the poor function of
spastic muscles, that are weak and fatigable (endurance
is poor) in spite of their large muscle bulk.

Therefore, FES for improving muscle trophism, blood
circulation, body metabolism can be started at any time
after palsy. People with long-term lower limb paralyses
should consider functional electrical stimulation as a
promising therapy, for improvement of the cardiovascu-
lar performances, for the amelioration of the body tro-
phic conditions and for prevention of decubitus ulcers.

Acknowledgements

We thank Valerio Gobbo, Susy Caccavale, Nicoletta
Adami and Donatella Biral for morphometry of light
microscopy muscle analyses. This work was supported
by: The Austrian Ministry of of Transport, Innovation

- 199-

and Technology “Impulsprogramm” Grant No.: 805.353
and Otto Bock Healthcare Products GmbH Vienna,
Austria; Research Funds from the University G.
d’Annunzio of Chieti to Fe-liciano Protasi; The Italian
C.N.R. funds to the Institute of Neuroscience, Unit for
Neuromuscular Biology and Physiopathology, Univer-
sity of Padova, Italy; Italian MIUR funds ex60% and
PRIN 2004-2006 Program (Contract n. 2004061452-
002) to the Laboratory of Ap-plied Myology, Depart-
ment of Biomedical Sciences, University of Padova.

Address correspondence to:

Helmut Kern, Ludwig Boltzmann Institute of Elec-
trostimulation and Physical Rehabilitation, Department of
Physical Medicine, Wilhelminenspital. A-1171 Vienna,
Austria. E-mail: helmut.kern@wienkav.at

References

[1]JAdams MM, Ditor DS, Tarnopolsky MA, Phillips
SM, McCartney N, Hicks AL: The effect of body
weight-supported treadmill training on muscle mor-
phology in an individual with chronic, motor-
complete spinal cord injury: A case study. J Spinal
Cord Med 2006; 29(2): 167-171.

[2]Andersen JL, Mohr T, Biering-Serensen F, Galbo
H, Kjaer M: Myosin heavy chain isoform transfor-
mation in single fibres from m. vastus lateralis in
spinal cord injured individuals: effects of long-term
functional electrical stimulation (FES). Pflugers
Archiv: European Journal of Physiology 1996; 431:
513-518.

[3]Biral D, Rossini K, Caccavale S, Adami N, Carraro
U: Reinnervation events in long-term denervated rat
muscles. Basic Appl Myol 2006; 16 (2), in press.

[4]Boncompagni S, d’Amelio L, Fulle S, Fano G, Pro-
tasi F: Progressive disorganization of the excitation-
contraction coupling apparatus in ageing human
skeletal muscle as revealed by electron microscopy:
a possible role in the decline of muscle perform-
ance. J Gerontol A Biol Sci Med Sci.
2006;61(10):995-1008.

[5]Carraro U, Rossini K, Mayr W, Kern H: Muscle fi-
ber regeneration in human permanent lower moto-
neuron denervation: Relevance to safety and effec-
tiveness of a FES-training, which induces muscle
recovery in SCI subjects. Artificial Organs, 2005;
29(3): 187-191.

[6]Carraro U, Rossini K, Zanin ME, Rizzi C, Mayr W,
Kern H: Induced myogenesis in long-term perma-
nent denervation: perspective role in Functional
Electrical Stimulation of denervated legs in hu-
mans. Basic Appl Myol 2002; 12: 53-64.

[7]1Castro MJ, Apple DF Jr, Staron RS, Campos GE,
Dudley GA: Influence of complete spinal cord in-
jury on skeletal muscle within 6 mo of injury. J
Appl Physiol 1999; 86(1): 350-358.



Long lasting maintenance of muscle trophism in spastic paraplegia

[8]Cerrel-Bazo H, Rizzetto A, Pauletto D, Lucca L,
Caldana L. Assisting paraplegic individuals to walk
by means of electrically induced muscle contrac-
tion: Gait performance and patient compliance.
Eight World Cong Int Rehab Med Assoc, held in
Kioto, Japan 1997; Session 91, Paper 66.

[9]Covault J, Sanes JR: Neural cell adhesion molecule
(N-CAM) accumulates in denervated and paralyzed
skeletal muscles. Proc Natl Acad Sci USA 1985;
82(13): 4544-4548.

[10]Crameri RM, Weston AR, Rutkowski S, Middleton
JW, Davis GM, Sutton JR: Effects of electrical
stimulation leg training during the acute phase of
spinal cord injury: a pilot study. Eur J Appl Physiol
2000; 83(4 -5): 409-415.

[11]Dimitrijevic MR, Persy I, Forstner C, Kern H,
Dimitrijevec MM: Motor control in the human spi-
nal cord injury. Artificial Organs 2005; 29 (3): 216-
219.

[12]Giangregorio LM, Webber CE, Phillips SM, Hicks
AL, Craven BC, Bugaresti JM, McCartney N: Can
body weight supported treadmill training increase
bone mass and reverse muscle atrophy in individu-
als with chronic incomplete spinal cord injury?
Appl Physiol Nutr Metab. 2006; 31(3): 283-291.

[13]Graupe D. An over view of the state of the art of
non-invasive FES for independent deambulation by
thoracic level paraplegics. Neurol Res 2002:24:431-
42.

[14]Grave JM, Muszkat R, Schmidt B, Chiovatto J,
Barros Filho TE, Batistella LR: Functional electri-
cal stimulation (FES): muscle histochemical analy-
sis. Paraplegia 1993; 31(12): 764-770.

[15]Kern H, Boncompagni S, Protasi F, Rossini K, Bi-
ral D, Caccavale S, Adami N, Carraro U: Clinical
and histological aspects of the thigh muscle in
short-term and long-term wupper motoneuron-
complete spinal cord injury. Basic App! Myol 2006;
16 (2), in press.

[16]Kern H, Boncompagni S, Rossini K, Mayr W, Fano
G, Zanin ME, Podhorska-Okolow M, Protasi F,
Carraro U: Long-term denervation in humans
causes degeneration of both contractile and excita-
tion-contraction coupling apparatus that can be re-
versed by functional electrical stimulation (FES). A
role for myofiber regeneration? J Neuropath Exp
Neuro. 2004; 63: 919-931.

[17]Kern H, Hofer C, Modlin M, Forstner C, Raschka-
Hogler D, Mayr W, Stohr H.: Denervated muscles
in humans: limitations and problems of currently
used functional electrical stimulation training pro-
tocols. Artificial Organs 2002; 26: 216-8.

[18]Kern H, McKay WB, Dimitrijevic MM, Dimitri-
jevic MR: Motor control in the human spinal cord

- 200-

and the repair of cord function. Curr Pharm Des
2005; 11(11): 1429-1439.

[19]Kern H, Rossini K, Carraro U, Mayr W, Vogelauer
M, Hoellwarth U, Hofer C: Muscle biopsies show
that FES of denervated muscles reverses human
muscle degeneration from permanent spinal moto-
neuron lesion. J Rehabil Res Dev 2005; 42(3) Suppl
1:43-54.

[20]Kern H, Salmons S, Mayr W, Rossini K, Carraro U:
Recovery of long-term denervated human muscles
induced by electrical stimulation. Muscle Nerve,
2005; 31(1): 98-101.

[21]Lotta S, Scelsi R, Alfonsi E, Saitta A, Nicolotti D,
Epifani P, Carraro U: Morphometric and neuro-
physiological analysis of skeletal muscle in para-
plegic patients with traumatic cord lesion. Paraple-
gia 1991; 29(4): 247-52.

[22]Mayr W, Bijak M, Rafolt D, Sauermann S, Unger
E, Lanmuller H. Basic design and construction of
the Vienna FES implants: existing solutions and
prospects for new generations of implants. Med Eng
Phys 2001; 23: 53-60.

[23]Modlin M, Forstner C, Hofer C, Mayr W, Richter
W, Carraro U, Protasi F, Kern H: Electrical
stimulation of denervated muscles: first results of a
clinical study. Artificial Organs 2005; 29(3): 203—

[24]R06hr T, Andersen JL, Biering-Sorensen F, Galbo
H, Bangsbo J, Wagner A, Kjaer M: Long-term ad-
aptation to electrically induced cycle training in se-
vere spinal cord injured individuals. Spinal Cord
1997; 35(1): 1-16.

[25]Petrofsky JS, Stacy R, Laymon M.: The relation-
ship between exercise work intervals and duration
of exercise on lower extremity training induced by
electrical stimulation in humans with spinal cord in-
juries. Eur J Appl Physiol 2000; 82: 504-509.

[26]Rossini K, Biral D, Carraro U, Mayr W, Kern H: N-
CAM and isomyosins of long-term denervated hu-
man muscle. Basic Appl Myol 2006; 16 (2): in
press.

[27]Round JM, Barr FM, Moffat B, Jones DA: Fibre ar-
eas and histochemical fibre types in the quadriceps
m. of paraplegic subjects. J Neurol Sci 1993;
116(2): 207-211.

[28]Scelsi R: Skeletal muscle pathology after spinal
cord injury. Our 20 year experience and results on
skeletal muscle changes in paraplegics, related to
functional rehabilitation. Basic Appl Myol 2001; 11
(2): 75-86.

[29] Taylor PN, Ewins DJ, Fox B, Grundy D, Swain ID:
Limb blood flow, cardiac output and quadriceps
muscle bulk following spinal cord injury and the ef-
fect of training for the Odstock functional electrical
stimulation standing system. Paraplegia 1993;
31(5): 303-310.



Long lasting maintenance of muscle trophism in spastic paraplegia

[30]Urbanchek MG, Ganz DE, Aydin MA, van der [31]van der Meulen JH, Urbanchek MG, Cederna PS,
Meulen JH, Kuzon WM Jr: Muscle-nerve-muscle Eguchi T, Kuzon WM: Denervated muscle fibers
neurotization for the reinnervation of denervated explain the deficit in specific force following rein-
somatic muscle. Neurol Res. 2004; 26(4): 388-394. nervation of the rat extensor digitorum longus mus-

cle. Plast Reconstr Surg 2003; 112 (5): 1336-1346..

-201-



