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Abstract 

Denervation of a defined skeletal muscle is due to lower motor neuron (LMN) or peripheral 
nerve lesions that have major consequences on the muscle tissue. After early atrophy, the mid- 
and late-phases presents two very contrasting myofibers populations: beside those severely 
atrophic with internalized groups of myonuclei, large fast-type muscle fibers continue to be 
present 4 to 6 years after Spinal Cord Injury (SCI). Recent results of rat experiments provides 
the rational basis for understanding the residual functional characteristics of the long-term 
denervated muscle and the molecular explanation of its ability to respond to home-base 
functional electrical stimulation (h-b FES) using custom-designed electrodes and stimulators. 
Further outcomes of the Vienna-Padova ten-year collaboration are: 1. a world-unique Myo-
Bank of muscle biopsies and 2. improved imaging procedures (Color Computer Tomography 
(CT) scan and Functional Echomyography), all demonstrating that h-b FES induces 
improvements in muscle contractility, tissue composition and mass, despite permanent LMN 
denervation. The benefits of h-b FES could be extended from patents suffering with complete 
Conus-Cauda Syndrome to the numerous patients with incomplete LMN denervation of 
skeletal muscles to determine whether h-b FES reduces secondary complications related to 
disuse and impaired blood perfusion (reduction in bone density, risk of bone fracture, 
decubitus ulcers, and pulmonary thromboembolism). We are confident that translation of the 
results of a clinical experiment, the EU Project RISE, to the larger cohort of incomplete LMN 
denervated muscles will provide the wanted results. 
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Lower motor neuron (LMN) muscle denervation is a 
major clinical and experimental problem that attracted 
attention of biologists, physiologists and of the medical 

community even before the modern scientific era. The 
major issues for decades have been the nature of the 
neurotrophic influence and the denervation-
reinnervation constrains. A principal query was 
whether there is a trophic function of the neuron that is 
distinct from its role in impulse conduction and 
transmission, the neurothrophic hypothesis, a concept 
suggested by the centuries-old question of Prochaska 
(1784), cited in Gutmann, 1962 [44]. Much of this has 
been excellently reviewed by Midrio [77] and Carlson 
[23]. In the medical literature other major issues are the 
neurodegenerative disorders, where partial muscle 
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denervation and reinnervation occurs concomitantly to 
the muscle disease process [22,110]. The ethio-
pathogenic analyses of these processes are difficult 
since pathomechanisms of denervation ought to be 
distinguished from those of a progressively insufficient 
reinnervation [29]. We will focus here to the special 
case of long-standing complete denervation of an 
anatomically defined muscle after lower motor neuron 
complete spinal cord injury and traumatic or iatrogenic 
peripheral nerve lesions. The potential of home-based 
Functional Electrical Stimulation (h-b FES) to rescue 
permanent denervated muscle from its progressive 
degeneration will be also described. 

1. Diagnosis of complete LMN muscle denervation 
in SCI and nerve lesions 

LMN denervation of limbs occurs when there are 
trauma to spinal cord, roots and peripheral nerves. 
Examples are spinal cord with concomitant root 
damage, brachial plexus palsy and sciatic nerve injury. 
Reinnervation, if it occurs, can take more than a year, 
during which time-span the affected muscles become 
severely atrophic and fibrotic, impairing the synaptic 
processes.  
Atrophy of leg muscles is particularly severe when the 
injury destroys all their lower motor neurons and, 
hence, the contacts between motor neurons and muscle 
fibers. In this case, within weeks muscles become 
unable to sustain tension during tetanic contractions 
induced by electrical stimulation [6,33,68]. Within 
months, in case of irreversible complete injury of 
human Conus Cauda, the atrophying muscles of right 
and left legs are no longer excitable by standard 
commercial electrical stimulators [45]), [104]), [82] 
because they underwent severe disorganization of 
contractile elements (myofibrils) and of the excitation-
contraction coupling (ECC) apparatuses [18,55,57,58]. 
Finally, after several years of LMN denervation 
[55,66,89] muscle fibers are almost completely 
replaced by adipose and fibrous tissues. These severe 
functional and structural changes of muscle tissue are 
not present in patients presenting with upper motor 
neuron (UMN) lesions even 20 years after thoracic 
level SCI [61]. 
Differential diagnosis is trivial when SCI is due to 
vertebral dislocation at the thoracic spine, but larger 
trauma of the lumbar and ischiatic regions complicated 
by ischemic and infection necrosis of the cord may 
extend the damage to large segments of the medulla 
and of the nerve roots. In these cases the diagnostic 
problems are related to “completeness” of the LMN 
denervation, while the complete anesthesia of the legs 
and of the pelvic sphincters grants demonstration of a 
complete transverse spinal cord injury (grade A of 
ASIA scale). 
To avoid problems in interpreting clinical results 
related to residual LMN innervation, we designed and 
implemented, firstly, a cross-sectional study [55] and 

then a longitudinal prospective study [57,58] the 
European RISE Project: Use of electrical stimulation to 
restore standing in paraplegics with long-term 
denervated degenerated muscles (Contract No: QLG5-
CT-2001-02191) that recruited 25 paraplegic patients 
specifically selected because of complete denervation. 
The RISE patients were assessed before and after one 
and two years of home-based Functional Electrical 
Stimulation (h-b FES) by clinical, functional, imaging 
and muscle biopsy analyses. Dedicated diagnostic 
protocols were designed and implemented (Test 
electrical stimulation, Needle Electromyography, Brain 
Motor Control Assessment, Transcranial and 
Lumbosacral Magnetic Stimulation, and Color CT 
scan) to demonstrate “completeness” of LMN 
denervation of right and left quadriceps muscles before 
and during the two years of the study [56,62-64]. 
Twenty patients completed this longitudinal study 
[57,58,63]. The fact that the quadriceps of these 
patients were completely denervated before the 
beginning of h-b FES, and that they remained 
denervated also during and after the two years of 
training have been carefully tested and fully 
demonstrated employing the below assessments. In 
particular, the threshold of excitability of quadriceps 
muscles never increased to a level which allowed them 
to respond to standard commercial electrical 
stimulators, which can elicit muscle contraction 
through the nerve. Furthermore, the Color CT scans 
demonstrate a symmetric atrophy-degeneration of left 
and right thighs before h-b FES, and a symmetric 
recovery at both one and two years of training [58]. All 
together, these are sound evidence pointing to a 
complete lack of prior innervation and/or reinnervation 
during the h-b FES training. We will describe later 
these new imaging methods developed during and after 
the RISE study that we are extending to the more 
frequent cases of minor residual innervation and/or 
reinnervation. 

2. The multi-stage response of muscle fibers to long-
lasting denervation 

 The complex response of muscle tissue to denervation 
is one of the most described and experimented topics in 
muscle physiology and pathology. One of the 
important conclusion of studies published in the book 
“The Denervated Muscle”, edited by Ernest Gutmann 
in 1962 [44], is that after a certain period of time (6 
months in the rat), denervated muscle undergoes some 
irreversible changes that inhibit its full restoration even 
after reinnervation. Works on a different experimental 
model, free autotransplant, lead to the same 
conclusion: rat muscle denervated up to 2 months is 
restored as well as grafts of control muscles, but 
between 2 and 7 months of denervation, the restorative 
capacity decline continuously before leveling out at a 
very low level at 7 months of denervation [23]. These 
pioneering observations were translated to macroscopic 
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behavior of denervated human muscle and his potential 
for reinnervation, establishing a dogma that continues 
to influence clinical managements of muscle 
denervation. 
Despite countless publications, new studies in animals 
and humans are enlightening several unrecognized 
characteristics and mechanisms of the complex 
processes that occur during permanent LMN 
denervation of muscle tissue. These results are 
strengthening the rational basis of h-b FES to 
maintain/recover permanently LMN denervated 
muscles, opening also new options in regenerative 
medicine and reconstructive surgery. 
Over the years there has been a good deal of interest 
for the use of functional electrical stimulation (FES) to 
restore structure and function of the limbs of 
paraplegic subjects [42-44,82,106]. In addition to the 
loss of voluntary movements and then spasticity, spinal 
cord injury that involves damage to upper motor 
neurons (that is, in patients in which muscles are still 
connected to lower motor neurons and the reflex arches 
are intact and often overactive) loss of voluntary 
contractions results in muscle atrophy and shortage of 
oxidative metabolism in the corresponding muscles, 
which, thus, generate less force in response to 
electrical stimulation. Muscle atrophy, however, 
remains stable, as we described in long-term 
paraplegics with complete upper motor neuron lesion 
from 3- to 20-years [61]. 
In sharp contrast are the features that are presented by 
the muscles after those types of spinal cord injuries that 
involve lower motor neurons because this causes actual 
denervation of the affected muscles. The disease 
process is particularly severe when a complete 
transverse spinal cord injury involves all the lower 
motor neurons innervating the thigh muscles. Complete 
LMN denervated muscles, indeed, are soon fibrillating 
and then unable to sustain tension during tetanic 
contractions induced by electrical stimulation [33]). 
Afterwards, they become unexcitable with commercial 
electrical stimulators, so that the long-lasting severe 
atrophy of the permanently inactive muscles is 
irreversibly worsened by substitution of myofibers 
with adipocytes and collagen [44,55,57]. 
Lasting muscle atrophy 
Additional effects of long-term (in terms of years) 
LMN denervation of human muscle we recently 
described were, however, unexpected. In contrast with 
the well known rodent model (see above), one-year 
after spinal cord injury the LMN denervated human 
muscles still present simple atrophy. As was described 
in the rabbit model (see above), in a 60-case series of 
human vastus lateralis muscle biopsies from subjects 
suffering traumatic SCI, we observed that human 
muscle fibers undergo atrophy, not degeneration one-
year after LMN denervation [55,57], confirming and 
extending preliminary results of prospective bioptic 

studies of human free flap muscle transfers, which 
showed that at nine-month after surgery the denervated 
muscle fibers only decreased in size [53]. 
On the other hand, characteristic denervation-induced 
muscle fiber disorganization is documented by electron 
microscopy, much earlier than severe atrophy in both 
animal models [9,10], and humans [18,55,57], thus, 
explaining the early functional impairments of the 
LMN denervated muscle. 
In humans, severe tissue degeneration at microscopic 
level starts only during the second year of SCI, fibro-
fatty muscle substitution being accompanied by other 
cellular processes: i) countless severely atrophic 
muscle fibers with nuclear clumping; ii) “swollen” 
fast-type muscle fibers; and iii) myoblast proliferation-
dependent muscle fiber regeneration (myotubes, 
NCAM- and MHCemb-positive “young” fibers and 
large onion-like muscle fibers). 
Severely atrophic muscle fibers with nuclear clumps  
Severely atrophic human muscle fibers with nuclear 
reorganization in central clumps fill the, seemingly, 
loose connective intramuscular tissue in between 3 and 
5 years post-SCI [59]. These severely atrophic LMN 
denervated human muscle fibers had completely lost 
their myofibrillar apparatus and the coil distribution of 
myonuclei that are relocated in groups (nuclear 
clumps) in the center of the amyofibrillar muscle fiber. 
Immunohistochemistry with anti MHCslow shows that 
many of the severely atrophic myofibers are of slow 
type, thus demonstrating that they are adult fibers 
surviving denervation [2].  
Human denervated muscle fibers undergo long term 
degeneration, but some paraplegic human muscles 
continue to display among countless small fibers, 
myofibers larger than normal (hypertrophic muscle 
fibers or “big cells”). Whether, these big cells are 
related to residual innervation/reinnervation or they 
represent one of the transient stage of the post-
denervation atrophy/degeneration process has been 
debated since the early observations of Gutman [44]. 
Some of the large muscle fibers, so called onion-like 
myofibers, are the outcome of the regenerative 
potential of long term denervated muscle (see below). 
By light and electron microscopy we showed that the 
true "big cells" are neither the results of residual 
innervation or sparse reinnervation [15].  
Immunohistochemical analyses of distrophin and N-
CAM, two sarcolemmal proteins, and the ultra 
structural evidence of severe disorganization of the 
contractile and the excitation-contraction apparatuses 
confirm that the paradoxical fast type “big” fibers in 
the long-standing denervated muscle are actually 
denervated. In spite of the fact that the extra-synaptic 
NCAM stainabilty [30] disappear a few months after 
SCI, the "big cells" are characterized by positive 
molecular markers of denervation, that is, the 
differential stainabilty of their dystrophin molecule by 
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anti-C and anti-N terminals [15]. Dystrophin 
glycoprotein complex dysfunction was demonstrated to 
occur in severely atrophic muscle fibers of cancer 
cachexia [1].  Furthermore, the peculiar ultra structural 
disarrangements of sarcomeric and membrane 
structures provides the final evidence that the “big 
cells” (“swollen cells”, indeed) are denervated, distinct 
from normal and disused (due to UMN lesion) muscle 
fibers. While the large muscle fibers are more frequent 
in human muscle biopsies three to five years from SCI, 
it remains to be determined whether their higher 
content in some human muscle biopsies is related to 
subjects' back-ground genetics, to the extent of passive 
stretching induced by rehabilitation therapies, or to 
more combined factors. 
Satellite cell activation, replication and fusion produce 
regenerated muscle fibers up to the 10th year of LMN 
denervation 
In the human denervated muscles of the RISE cohort 
around 2% of the muscle fibers robustly express 
embryonic myosin heavy chains, a sound marker of 
regenerative myogenesis. This had also been 
demonstrated in rodents even after a year-long 
permanent denervation in both hemi-diaphragm and 
leg muscles [26,28,80], and then confirmed in human 
up to 20-year after LMN denervation both without and 
with Functional Electrical Stimulation, which 
effectively reverts long-term atrophy and conceivably 
maintains the mass of regenerated myofibers [27,54]. 
Strong corroborating evidence was collected analyzing 
expression of myogenesis-related genes in denervated 
rat muscles [4,70,98]. 
Beside in LMN denervation due to SCI, regeneration 
of muscle fibers in human LMN denervated muscle 
had been reported in cases of free microvascular 
muscle transfers up to 4 years after surgery, when 
activation of satellite cells was evident [52,53]. In 
muscle biopsies harvested from three and more years 
after surgical transplant of free muscle flaps, among 
small muscle fibers, MHCemb-positive myofibers 
were demonstrated by the specific monoclonal 
antibody [97].  
Further evidence of regenerated myofibers in LMN 
denervated muscle could be collected by light and 
electron microscopy. Beside activated satellite cells 
and myotubes [54], large onion-like muscle fibers are 
the evidence of the incomplete fusion of myotubes 
during aneural regenerative events. This has been 
demonstrated to produce several branched myofibers, 
when seen in transverse section, inside the remaining 
basal membrane of a dead myofiber in both rodents 
[20,26,80], and humans [27,54].  
Thus, we conclude that human muscle fibers survive 
permanent LMN denervation much longer than 
generally accepted by means of both molecular and 
cellular mechanisms, which provide the rationale to 
plan research aimed to recover long-term denervated 

muscles by electrical stimulation combined with 
cellular approaches. 

3. Lasting ability to respond to Functional 
Electrical Stimulation 

All together, previous results leave a significant 
window of intervention for electrical stimulation to 
avoid degeneration of the LMN denervated muscle. To 
counteract the progressive changes that transforms 
muscle into an unexcitable tissue unable to generate 
force (using standard commercial stimulators from 6 
months onward), in the past 20 years Clinicians and 
Engineers developed in Vienna novel rehabilitation 
concepts and devices for paraplegic patients with 
bilateral and complete LMN denervation of the lower 
extremity due to complete lesion of the Conus Cauda 
[54]. This new strategy became possible thank to the 
development and optimization of new stimulation 
equipments for home-based functional electrical 
stimulation (h-b FES). They have been specifically 
designed to reverse longstanding and severe atrophy of 
LMN denervated muscles by delivering high-intensity 
and long-duration impulses that can directly elicit 
contraction of denervated skeletal muscle fibers in 
absence of nerve endings [13,47,60,65,73,75,76]. 
These new stimulators and the large surface electrodes 
needed to cover the denervated muscles were 
developed by the Center of Biomedical Engineering 
and Physics at the Medical University of Vienna, 
Austria.  
Meantime specific clinical assessments and training 
strategies were developed at the Wilhelminenspital 
Wien, Austria [54-67]. The results of this rehabilitation 
strategy for LMN denervated muscle were validated by 
the scientific achievement of a 5-year European 
Project, the EU Commission Shared Cost Project 
RISE: Use of electrical stimulation to restore standing 
in paraplegics with long-term denervated degenerated 
muscles. 
Before our recent results based on functional and 
structural analyses, in particular, Color CT scan and 
light and electron microscopy of muscle biopsies 
harvested before and after 2 years of h-b FES, 
functional electrical stimulation was believed to be 
effective only when started early after LMN lesion, and 
useful only to delay muscle atrophy, since long-term 
denervated muscles do not respond even with twitch 
contraction, when stimulated by surface electrodes and 
standard commercial electrical stimulators developed 
for innervated muscles. 
The results of the EU RISE Project, and of the related 
animal research, provide different perspectives.  
Twenty out of 25 patients completed a 2 years h-b FES 
program [57,58], which resulted in: 1. significant 
increase of thigh muscle size and of the muscle fibers, 
with striking improvements of the ultra-structural 
organization of contractile material; 2. significant 
increase in muscle force output during electrical 
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stimulation (knee extension torque); 3. the recovery of 
quadriceps m. force was sufficient to allow compliant 
subjects to perform FES-assisted stand-up and 
stepping-in-place exercises; 4. ultra structural analyses 
demonstrated that the shorter was the time elapsed 
from SCI to the beginning of h-b FES, the larger were 
the number and the size of recovered fibers. The study 
demonstrates that h-b FES of permanent LMN 
denervated muscle is an effective home therapy that 
results in rescue of muscle mass and tetanic 
contractility [18,55,57,58]. Important benefits for the 
patients are the improved cosmetic appearance of 
lower extremities, the enhanced cushioning effect for 
seating [18,55,57,58] and the early result of impressive 
reduction of the leg edema [17]. The last observation is 
supported by changes of the capillary networks 
observed in the muscle biopsies harvested from 
subjects suffering with long-lasting LMN denervation 
before and after h-b FES [94] and thoracic level SCI 
[71,72,91-93,95]. 
While the majority of paraplegics suffer of upper 
motor neuron damage by thoracic/lumbar traumatic 
SCI, and thus central muscle atrophy and spastic 
paralysis, less numerous are the patients who had 
experienced lower motor neuron damage by traumatic 
lesion of Conus Cauda, and thus present permanent 
LMN and radicular damage with loss of the nerve 
supply to the affected limbs.  
These subjects develop flaccid paralysis of the tight 
skeletal muscles (Conus Cauda syndrome) and presents 
severe secondary medical complications of bone and 
skin. 
During the first years after lesion, these LMN 
denervated patients show skeletal muscle fibre atrophy 
with frequent multiangular aspect, but finally in long-
standing paraplegia muscle fibres are severely atrophic 
and numerous degenerated fibres are substituted by 
adipose and fibrous tissues [55,57,58]. Modifications 
of capillaries and arteriole in denervated human muscle 
were firstly described by Bowden et al, [21]. 
Thereafter, experimental studies in animals 
demonstrated that blood flow and oxygen consumption 
increased immediately after denervation as the result of 
damage to sympathetic vasoconstrictor fibres, and 
decreased months after denervation [48,50]. More 
recent studies on skeletal muscle of denervated patients 
and rats showed decreased levels of important factors 
in stimulation of growth and maintenance of capillaries 
(VEGF and VEGFR-2) and decreased of the 
intramuscular capillary number and changes in their 
morphology and fine structure [32,49,106,108]. It is 
clinical evidence that paraplegics with upper motor 
neuron lesion have important alterations in the blood 
perfusion of the affected limbs with consequent 
complications as muscle degeneration, pressure ulcers 
and heterotopic calcifications. In the spastic patients, 
morphological studies on the skin and skeletal muscle 

of the plegic limb show changes of the dermal and 
skeletal muscle capillary network. These are strong 
contributor factors explaining why force and endurance 
of leg muscle of spastic paraplegic patients (i.e., with 
lesion of the upper motoneuron) are suboptimal even 
after successful rehabilitation strategies such as body 
weight-supported treadmill training, electrically 
induced cycle training and FES [5,42,43,79,106]. 
The analyses of morphological and ultra structural 
studies on microvasculature in affected limbs from 
flaccid paraplegics with conus-cauda traumatic lesions 
show that the alterations of microvasculature in the 
flaccid paraplegics are even worse and are in full 
agreement with the observation by Echomyography in 
LMN denervated muscles (see below). Seven patients 
of the EU-RISE project who had experienced traumatic 
lesion of the spinal cord in the Conus Cauda region, 
developing flaccid paralysis of the thigh skeletal 
muscle (Conus Cauda syndrome) were biopsied at the 
quadriceps muscle in between one and three to six 
years of SCI. Histological, histochemical and 
ultrastructural studies of muscle biopsies showed 
progressive muscle atrophy and degeneration, with loss 
of fibers accompanied by fibrosis in long-standing 
denervated muscles. In early flaccid paraplegics (up to 
one year), many regenerated muscle fibers were 
present, but the intramuscular capillaries were dilated 
and congested. In long-standing denervation (3 to 6 
years), the number of capillaries was reduced and 
evident structural alterations as thickening and 
occasional duplication of the basal membrane were 
demonstrated. In these patients, the processes of 
capillary repair and neoangiogenesis in skeletal muscle 
(and in pressure ulcers repair [93] were impaired by 
deregulation of cytokines, in particular of the vascular 
endothelial growth factors (VEGF, VEGFR-2). Despite 
the much more severe fibre atrophy, the capillary 
alterations were similar to the microvascular 
modifications in spastic paraplegics suffering from 
upper motor neuron damage by thoracic level SCI. The 
results suggest that decrease of vascular endothelial 
growth factors and receptors and decreased capillary 
supply are co-responsible of the more severe muscle 
fibre loss and tissue degeneration in LMN denervated 
patients. Capillary intramuscular network was, indeed, 
studied in two other small groups of patients, without 
or with h-b FES [94]. Vastus lateralis biopsies from 
four patients with traumatic spinal cord and Conus 
Cauda lesions from 9 months to 3 years (group 1) were 
compared to biopsies from two patients with similar 
lesions since 9.6 and 10.6 years, who underwent 7.7 
and 9.3 years of FES training, respectively (group 2). 
LMN denervated muscles presented decreased mean 
number of capillaries per fiber in comparison to normal 
adult muscle. Small vessels showed larger than normal 
size and endothelial abnormalities with 
thickening/duplication of basal lamina. In the two 
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subjects, who underwent several years of h-b FES, the 
vascular network appeared almost normalized in ultra 
structural morphology and number per fiber ratio [94]. 
Meantime light and electron microscopy analyses 
showed recovery of myofiber size and ultra structure 
with significant reduction of fatty infiltration. 
We are thus confident that the prevention of muscle 
tissue degeneration by h-b FES will open new 
perspectives for: i) recovery of mass and function in 
SCI and peripheral nerve lesions; ii) maintenance of 
denervated muscle mass and function after surgical 
autotransplantation; and iii) reinnervation of human 
LMN denervated muscles in those cases in which 
proximal lesions of the peripheral nerves ask for many 
months of axons regeneration. 

4. New imaging tools for muscle monitoring 
Nuclear magnetic resonance (MR) and 
Ultrasonography (US) are non invasive imaging 
techniques that are of common use in muscle 
physiology, biomechanics, diagnostic and 
rehabilitation medicine. Cross-sectional imaging 
including computed tomography and magnetic 
resonance is the current standard in skeletal muscle 
imaging. The advantages of these modalities include 
the ability to image in different planes and to evaluate 
the distribution of disease and disease burden. Newer 
magnetic resonance-based techniques also provide 
functional information in addition to anatomic 
information. Radiography and ultrasound have a more 
limited role and are mainly used to detect calcifications 
and evaluate the texture of skeletal muscle. On the 
other hands, by ultrasonography has become possible 
to study in vivo muscle architecture at rest and the 
changes thereof upon contraction [81]. These are 
indeed well established for the structural and functional 
features of human muscle-tendon unit [35]. 
Furthermore, the inflammatory responses to muscle 
damage are monitored and quantified by both methods 
[66]. 
More recently, two monitoring analyses of muscle 
responses to LMN denervation and h-b FES recovery, 
specifically, quantitative Color-3D reconstruction and 
analysis of the thigh muscles based on data from CT 
scans was developed in Reykjavik University, Iceland 
[36-39]) and Functional Echomyography (Quantitative 
dynamic muscle ultrasonography) at the 
Interdepartmental Research Center of Myology 
(cirMYO) of Padua University, Italy [85,86,102,103]. 
Quantitative color three-dimensional computer 
tomography 
Quantitative color three-dimensional computer 
tomography imaging was developed to analyze 
macroscopic and microscopic structural changes of 
human skeletal muscle based on processing techniques 
of medical images [36-39]. Spiral computer 
tomography images and special computational tools 
are used to isolate the quadriceps muscles and to make 

3-dimensional reconstructions of denervated and 
recovering muscles. Shape, volume and density 
changes are quantitatively measured on each part of the 
muscle. Changes in tissue composition within the 
muscle are visualized associating Hounsfield Unit 
values of normal or atrophic muscle, fat and connective 
tissue to different colors (red, pink, yellow, and green, 
respectively) [36,37,39,57]. The minimal volumetric 
element (voxel) is ten times smaller than the volume 
analyzed by needle muscle biopsy. The results of this 
microstructural analysis are presented as the 
percentage of different tissues (muscle, loose and 
fibrous connective tissue, fat) in the total volume of the 
rectus muscle and, more impressively, displaying 
layers of voxels that describe the muscle from the 
cortical epimysium to the muscle core directly on a 
series of muscle 3-Dimensional reconstructions. In 
normal and paraplegic patients this new monitoring 
approach provides information on macroscopic shape, 
volume, and the increased adipose and fibrous tissue 
content within the denervated (or aging) muscle. In 
particular, the change displayed at epimysium level is 
structurally important and possibly functionally 
relevant. Muscle restoration induced by two years of 
home based Functional Electrical Stimulation is 
documented by the increase of normal muscle tissue 
from 45% to 60% of the whole volume, while 
connective tissue and fat are reduced of 30% and 50% 
with respect to the pre-treatment values [36-37,39]. 
These changes are in agreement with the muscle 
biopsy findings, and self-evident when epimysium 
thickness is depicted. Color 3-Dimensional imaging of 
human skeletal muscle is an improved computational 
approach of medical imaging able to detect not only 
macroscopic changes of human muscle volume and 
shape, but also their tissue composition at microscopic 
level. Complemented with muscle biopsies analyses 
and functional echomyography they provide detailed 
description of the behaviors of diseased muscle and of 
the effectiveness of therapies and rehabilitation 
strategies. 
Human functional echomyography by quantitative 
dynamic muscle ultrasonography 
Beside thickness and texture of the muscles, 
ultrasonography can detect structural muscle changes 
caused by neuromuscular disease. Quantitative analysis 
is the preferred method to determine if ultrasound 
findings are within normal limits, but normative data 
are incomplete. Recent studies provide normative 
muscle ultrasonography data for muscle thickness and 
echo intensity for five different muscle groups in adults 
[8]. Bilateral scans of the sternocleidomastoid, biceps 
brachii/brachialis, forearm flexor group, quadriceps 
femoris, and tibialis anterior were made in 95 
volunteers, aged 17-90 years. Both muscle thickness 
and echo intensity showed gender differences and a 
muscle-specific non-linear correlation with age. The 
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muscles of the upper extremities showed right-left 
differences. These data demonstrate the effect of age 
on muscle characteristics and provide normative values 
that can be used in clinical practice. Evidence that 
quantitative ultrasonography of skeletal muscle tissue 
is a reliable method are accumulating in the medical 
literature [7,86]. A good example is a study in golden 
retriever muscular dystrophy dogs: the high correlation 
between interstitial fibrous tissue in muscle biopsies 
and Echo intensity makes ultrasound a reliable method 
to determine severity of structural muscle changes 
[85]. 
Muscle-dedicated functional radiological techniques 
for assessing skeletal muscle perfusion by contrast-
enhanced ultrasound (CEUS) and MR imaging 
techniques were recently validated to visualize and 
quantify physiopathologic information about 
microcirculation within skeletal muscles in vivo and 
hence establish useful diagnostic tools for muscular 
diseases [109]. While their sensitivity and repeatability 
are superior to standard Ultrasonography, CEUS is an 
invasive technique, MR is expensive and can not 
provide the full direct information on behaviors of 
muscle dynamics and can not be performed frequently 
or at bed-side. We are exploring the potential of 
standard non-invasive muscle ultrasonography by 
taking advantage of its cheapness and of the extensive 
experience in monitoring anatomy and function of 
arteries and veins in clinical angiology. 
Beside the series of  structural and functional analyses 
validated by the EU-RISE Project, the subjects 
suffering with Conus Cauda syndrome or peripheral 
nerve lesions were submitted to Functional 
echomyography by Quantitative ultrasonography  and 
color echodoppler to analyze muscle size and quality, 
dynamic contractile characteristics, and perfusion 
behaviors by resistivity index (RI) and numbers/size of 
identified intramuscular vessels (perforating arteries) 
before, during and after voluntary and/or electrical 
stimulation-induced muscle contractions.  
In the Rise2-Italy project we are submitting the 
enrolled patients with permanent LMN denervation to 
a new protocol of quantitative ultrasonography (we 
named Functional Echomyography to stress the 
dynamic components of the analyses) to evaluate 
changes in Tibialis Anterior, Deltoid, and Quadriceps 
muscles undergoing home-based electric stimulation. 
During a period of 1 year for the first subject (lesion of 
the right sciatic nerve), 6 months for the second subject 
(left brachial palsy ) and 8 months for a third subject 
(Conus Cauda syndrome) we studied the denervated 
muscle with ultrasound comparing (when possible) the 
denervated muscles to the contra lateral normal 
muscle: 1. Gross morphology and sonographic 
structure; 2. Thickness; 3. Short-term and long-term 
modifications of the arterial perfusion in response to 
voluntary and electrical stimulation-induced 

contractions; 4. Dynamic properties of the voluntary 
and electrical stimulation-induced contraction-
relaxation cycle are monitored. 
Morphology and ultrasonographic structure of the 
denervated muscles changed during the period of 
stimulation from a pattern typical of muscle atrophy to 
a pattern which might be considered “normal” when 
detected in an old patient. Thickness improved 
significantly more in the middle third than in the 
proximal and distal third of the denervated muscles, 
reaching in one year measurements in the first subject 
approximately the same thickness of the contra lateral 
normal muscle. In all the measurements, arterial 
perfusion of the denervated muscle showed a low-
resistance pattern with Doppler ultrasonography at rest, 
and a pulsed pattern after several months of home-
based electrical stimulation, more similar to the trifasic 
high-resistance pattern of the contralateral innervated 
muscle (Fig. 1). Contraction-relaxation kinetic, 
measured by recording the movements during 
electrical stimulation, showed an abnormal behavior in 
the denervated muscles, in particular during relaxation, 
which resulted significantly longer than in the normal 
muscle (880 msec in the denervated muscle vs 240 
msec in the contralateral normal muscle). The very 
high energy needed to stimulate the denervated 
muscles according to the Vienna h-b FES strategy 
demonstrates that the explored muscles were still 
denervated. This pilot study confirms usefulness of 
Functional Echomyography in the follow-up and the 
positive effects of h-b FES of denervated and 
reinnervating muscles. In the later case, Functional 
echomyography provide information on which muscles 
or muscle parts are contracting under voluntary or 
electrical activation [17,85,86,102,103,111]. 

5. Perspectives 
Altogether, results of the European Rise Project and 
early observations of the Rise2-Italy Project suggest 
that home-based electrical stimulation of the LMN 
denervated muscles could be extended from the seldom 
cases of Conus Cauda Syndrome with complete LMN 
denervation to the more common cases of incomplete 
SCI and peripheral nerve lesions with clinically 
relevant results. We are confident that combining 
sound, but invasive “time zero” and “end-point” 
analyses [tissue biopsy [18,55,57,58,66,67,89], and 
Color CT macro-morphometry [36-39,57] with non-
invasive, repeatable ultrasound analyses 
[7,8,74,85,86,102,103,111] some of the following open 
questions will find a final answer: 1. Reliable 
evaluation of the extent of muscle denervation and 
reinnervation; 2. Reliable quantification of the 
progression of atrophy to degeneration in long-
standing muscle denervation; 3. Influence (positive or 
negative) of electrical stimulation on muscle 
reinnervation (in well defined sub-groups of patients); 
4. Translation to a wider population of healthy and 
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Fig. 1. The Doppler study of the first perforating branch of the Tibialis Anterior artery showed a low resistance curve 

at rest in the denervated muscle (upper panel), which becames a more high-resistance pattern after several 
months of h-bFES (lower panel). 

diseased elderly persons of the knowledge our 
interdisciplinary group of European Scientists and 
Clinicians accumulated during the EU Rise Project by 
treating the special case of irreversible complete 
muscle denervation of the thigh muscles and the 
ongoing Rise2-Italy Project that is extending the home-
based FES training to cases of incomplete muscle 
denervation. 
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