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Abstract

This work develops a new method to study and aratymictural muscle changes resulting

form electrical stimulation treatment.

The muscuthanges in denervated degenerate

muscle undergoing Therapeutic Electrical StimulatiTES) treatment are seen and
quantified using a novel approach based on imageessing tools and medical images.
Spiral CT images and special computational toatsused to isolate the quadriceps muscles.
During 4 years of electrical stimulation, 3-dimemsl reconstructions of the muscles from
patients with long-term flaccid paraplegia were matl different points of time. The growth
of the muscle and its changes through the timeogeare seen in the 3D and are measured
guantitatively. Furthermore, changes in tissue amsitpn within the muscle belly are
classified according to their HU value and usinigdacolors. The content of fat, connective
tissue, atrophic/low dense and normal muscle witie@ monitored belly is visualized
directly on the muscle 3D reconstruction. The ltssshow in a novel way and quantitatively
the muscle restoration and growth induced by etadtstimulation; the normal muscle fibers
increases from 45% to 60% of the whole volume whib@nective tissue and fat reduce
respectively of 30% and 50%. Likewise in non caml patient muscles lose volume and
change shape while fat and connective tissue grogv gccupies larger portion of the

remaining volume.
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composition.

Based on the idea and the empirical experience that

denervated degenerated muscle can be recovered, in

November 2001 the European funded project RISE
started with the aim of establishing a scientifioupnds

of the clinical rehabilitation method for patiento
have irreversible muscle denervation in the legse
technique based on Therapeutical Electrical
Stimulation (TES) aim to restore muscle tissue and
some muscle function up to the ability to rise and
perform physical exercise in standing positionhiase
severely disabled patients. Indeed the clinicadl tri
demonstrate that electrical stimulation can notyonl
slow down atrophy of the denervated human muscles,
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but also that a new training strategy using custom-
designed electrodes and stimulators developed in
Vienna, Austria for the EU Project RISE (delivering
currents of larger intensity than those of comnaigi
available devices) induced surprising recovery of
muscle structure, mass and force even in patients
whose muscles had been denervated for prolonged
periods before the beginning of TES training [4,5].
Though gluteus and all leg muscles are trained, the
main target muscle for the electrical stimulatisrthe
quadriceps femoris that includes four muscles an th
front of the thigh: rectus femoris, vastus latexali
vastus medialis and vastus intermedius (Fig. 1Ae T
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muscle volume in the quadriceps is very large dwed t
muscles are not uniformly activated by the eleatric
stimulation. In fact surface electrodes are byritdin

not selective and enormous energy is used to delive
electrical stimulus which can reach and cause
contraction in the denervated muscles. Rectus fsmor
occupies the middle of the thigh and covers moshef
other three quadriceps; it is closer to the surface
electrodes and therefore more exposed to the
stimulation as also demonstrated qualitativelyeicent
studies using T2 mapping [6]. Hence, it is of spkci
interest to monitor and study the behavior of rectu
femoris, model certain characteristics and measure
stimulation effects accurately. In previous work
medical image, segmentation techniques and special
computational tools have been developed and used to
isolate rectus femoris from other muscle bellies an
analyze in novel way growth and muscle restoration
[1,3]. The segmentation and 3-D modeling are
particularly convenient techniques to study rectus
femoris because of the definite shape kept evar aft
long term degeneration. Indeed in other muscles the
degeneration process lead to a severe deteriorafion
the shape.

In Figure 1 are compared the 3-Dimensional models
of right thighs in innervated (Fig. 1A) with a 3ars
denervated thigh (Fig. 1B). The 3-D rendering show
clearly how effects of degeneration in denervated
muscles are dramatic: muscles in the lower limbs
become very thin and not longer recognizable irr the
shape, rectus femoris instead remains recognizable
among the muscles though is severely degenerated.

In this paper the segmentation technique are used t
study rectus femoris tissue composition, measuiting
guantitatively and display in a novel way growth or
reduction in muscle fat and connective tissue durin
electrical stimulation treatment.

Materials and M ethods

Data acquisition and region of interest.

3-Dimensional data are gathered scanning the
patient’s lower limbs with spiral CT every 4—-6 miosit
The scan starts above the head of the feand
continues down to the knee joint, both legs dein
covered by one scan. Slide increment is set 0#50.6
mm resulting in a total of about 750-900 CT slices,
depending on the patient’s size. Each slice has>*12
512 pixels, and each pixel has a gray value in the
Hounsfield (HU) scale of 4096 gray-scale values,
meaning that it is represented with a 12-bit valde.
total data set from a single scan is therefore 872
x750 x12 = 2.36 GB. This data set gives a complete
3D description of the tissue, including the museed
bones in both upper legs.
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Fig 1. (A) Healthy thigh musculature. (B) 3 —years’
denervated degenerate thigh musculature.

Special efforts and attention was paid to isolatd a
monitor rectus femoris during stimulation treatment
because of two main reasons: 1. Rectus femoriseis t
belly closer to the surface electrodes and theeetas
the most stimulated muscle. 2. Isolation and 3D
reconstruction is possible in rectus femoris evérenv
it is severely degenerated. Indeed, over time,
denervated degenerate musculature loses mass, e&olum
and shape, becoming unrecognizable with respect to
healthy muscles. Rectus femoris instead remains
roughly recognizable during degeneration.

In previous work rectus femoris evolutions in 3Dlan
morphological changes during stimulation treatment
have been demonstrated accurately [2].

Muscle tissue analysis: false color

In order to discriminate the biological tissuestlie
data set, different thresholds are establishedgutia
HU scale. Specific attenuation values are assigned
each individual voxel. The degree of attenuation
depends on the energy spectrum of the x-rays as wel
as on the average atomic number of the mass daafsity
the patient tissue. Most computer display hardware
requires integer numbers and therefore the linear
attenuation coefficients are rescaled to an integege
that encompasses 4096 values, between -1000 and
3095. This scale is called CT number or Hounsfield
unit (HU). Dense tissue such as bone has large¢iymsi
CT number while negative CT numbers are typical for
air spaces, lung tissues and fatty tissues.

Results

Muscles are normally displayed with HU values
between 50 and 100 HU though within a normal
muscle belly there are also other tissue elemantk s
as connective and fat which are coded with muctetow
HU values. Anyway the specific HU value depends
also from the pixel size. Indeed every element can
express its absolute HU value if it occupies conghje
the specific pixel volume otherwise this value v
an average between the different parts containéd in
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Fig. 2 3D
healthy 51 years old subject,
(b) with tissue distribution on the
femoris; (c) muscle composition in terms of fat,
connective, low dense and normal muscle tissue
within rectus femoris volume.

This fact explains the wide range of values present
inside a data set and suggests the definition obws
intervals to study muscle structural changes. Theze
to monitor and estimate the tissue compositiomithe
stimulated muscle volume the HU values present
within the segmented volume are divided in four HU
intervals [-200 — -10], [-9 — 20], [21 — 4&jd [41
— 139] representing respectively fat, connectissue,
low dense/atrophic and normal muscle fibers. A gpec
image processing and editing computer programaalle
MIMICS [7] is used to isolate rectus femoris frohret
other muscle bellies. The resulting volume of iestr
contains both the information to reconstruct rectus
femoris three dimensionally and all the CT numbers
accounting the specific pixel density value. Fig@ee
shows a rectus femoris in a healthy 51 years old. ma

The four density intervals are seen using different
color: yellow for the fat, cyan for the connectivgsue,
pink for the atrophic/low dense muscle and redtlier
normal muscles. The false color scale is appliethen
3D model to show muscle tissue composition on the
muscle volume (figure 2b) while the density
distribution is evaluated quantitatively using dkaie
(figure 2c). Though the majority of rectus femoris
volume has HU values above 40 HU, there are still a
considerable amount of pixels displaying low dgnsit
muscle tissues (17% of the total) and differerguis
such as connective and fat (14% and 5% of the,total
respectively).

Effects of long-lasting muscle denervation

Figure 3 shows the dramatic consequences occurring
in muscle after long term paralysis are evaluated
applying the same approach and computational gettin
to a rectus femoris that have been denervated for 7
years. In figure 3a the 3D reconstruction of a ltemgn
degenerated rectus femoris is displayed togeth#r wi
the tissue distribution in false color. The degude
degeneration in muscle is severe; indeed fat and
connective tissue surrounds the muscle surface leesmp
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Fig. 3 Seven years denervated rectus femoris, (a) 3D
reconstruction and tissue distribution; (b) Cross

section of the Rectus femoris showing the
degeneration of the muscle belly; (c), Tissue

composition within the muscle belly.

tely developing even inside the belly (figure 3b).
Degenerate and denervated muscle lose most of its
original volume changing completely the shape as ca
be noticed comparing the two rectus femoris
reconstruction in figures 2a and 3a. Beside in
denervated muscle occurs also a dramatic reduofion
muscle fiber within its volume as calculated in the
chart pie in figures 3c.

Effects of TES in long-lasting muscle denervation

The effects of electrical stimulation treatment on
denervated muscle are evaluated performing the fals
color analysis on a compliant patient which hasnbee
denervated for 4 years. The analysis is performed a
beginning of the treatment (in year 2004) and adter
years of electrical stimulation treatment (in y2ao8).

In figure 4a and b are respectively displayed tbe 3
models and the tissue composition within rectus
femoris volume in 2004 and 2008.

Finally, the structural changes occurring in
denervated muscle during stimulation treatment are
correlated with the patient compliance. The clihica
trial demonstrates that denervated muscles arébéens
to the applied regime of stimulation; indeed thesohel
reduces and degenerates immediately when the patien
is for any reason not fully compliant or interruggithe
treatment for few weeks. In figure 5 rectus femori
from the same subject are segmented in 2006, 2007 a
2008.

The patient who wasn't very compliant in general
(stimulating 1-2 times a week) stimulates every thay
the three months previous the CT scan measurement
taken in March 2007.
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Fig. 4 3D models of rectus femoris (a) at beginning
and after 4 years of electrical stimulation
treatment; (b) chart pies showing the muscle
composition in 2004 and 2008.

The 3D models and the tissue analysis from thesthre
dataset show the changes in the muscle composition
induced by an increase of stimulation treatmenesgh
variations are seen qualitatively on the 3D modeld
guantitatively with chart pies. In this way the obas
in the muscle are clearly demonstrated and the
restoration process induced through electrical
stimulation treatment unquestionable.

Discussion

The method described in this work produce the
following results. 1. Composition of the innervated
muscle is various: the high dense muscle fibersipgc
the greater part of the muscle volume but somardt
a considerable amount of connective tissue and low
dense musculature are also present (fig. 2). Tst |
group is probably the result of average of différen
tissue types present through the same pixels. 2.
Degeneration in denervated muscle is both
morphological and structural, indeed the muscledos
volume and change shape while fat and connective
tissue occupies larger portion of the remaininguxrod
(fig. 3). 3. Electrical stimulation produces impant
structural changes in the muscle. The muscle grows
and restores the shape and tissue compositionein th
activated muscle volumes. Due stimulation treatment
the normal muscle fibers increases from 45% to 60%
the whole volume while connective tissue and fat
reduce respectively of 30% and 50% (fig. 4). 4. The
regime of stimulation strongly influences the
restoration process. Once or twice a week stinanati
is not enough to recover denervated muscle. When
stimulation treatment is provided every day theultss
are seen clearly even after few months of treatment
(fig. 5).

The computational method developed in this work is
associated to thresholding criteria’s and HU values
used to define the different tissues within the cheus
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Fig. 5 Rectus femoris 3D reconstruction and tissue
distribution at different point of time with the tnt
differently compliance; poorly compliant in yearQ#)
compliant in 2007 and again poorly compliant in 800

Various physical factors can influence the CT
number representation during a scan session. The
parameter that mostly affects the accuracy and the
spatial distribution of HU values is the appliedtage
across an X-ray tube; this amplitude is measuredldn
volt (kV) and determines the highest X-ray quantum
energy and therefore the attenuation coefficient. C
number distribution is also influenced by phantamn (
patient) orientation and position in scan aperture.
Therefore it is necessary to know and account these
variability’'s when CT numbers are used for tissue
characterization and comparison. Therefore to awoid
at least limit possible displacement between HWesl
representing the same element at different poitinod
a scanning protocol was established in the beginofn
the clinical trial and some calibration tools uskaling
every measurement since 2005.

In conclusion, the 3D approach combined with
muscle tissue and false color analysis provides
information on the whole muscle and on its struatur
changes during electrical stimulation treatment
otherwise not accessible with other monitoring
techniques.

Abbreviations

TES, Therapeutical Electrical Stimulation; DDM,
Denervated Degenerate Muscle; RFM, Rectus Femoris
Muscle; HU, Hounsfield units; ROI, Region of Intste
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