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MUSCLE STRENGTH AND GEOMETRICAL CHANGES IN A
PARALYSED MUSCLE FOLLOWING FES

Oron Levin, PhD; Joseph Mizrahi, DSc; Menahem Gornish1, MD; Eli Isakov2, MD

Abstract: This study proposes the application of a strengthening index to quantify the effect of training, by
functional electrical stimulation (FES), on the force capacity of the quadriceps in spinal cord injury (SCI) subjects.
The index is based on evaluating the average muscle force per unit area. This measure is shown to express
the overall increase in the muscle force capacity, while accounting for the changes taking place in muscle
geometry. The proposed index is demonstrated on one subject with SCI, on whom a longitudinal follow-up
was conducted. The measurements included the knee extension torque, from which the force in the quadriceps
muscle was evaluated. Additionally, in vivo magnetic resonance imaging of the thigh was used to obtain the
muscle anthropometry. In the training period followed-up in this study, the average force per unit area was
found to increase from 27 N/cm2 in the pretrained muscle to 40 N/cm2 after eight weeks of training by FES.
The major increase in the physiological cross-sectional area of the muscle took place during the first four-week
period; 12% of the total 13.5%. Conversely, only a minor change in the average force per unit area of the
muscle was observed during the first four weeks of training (28 N/cm2 at the end of the fourth week). Thus,
the major increase (43%) in the ratio of peak force to muscle physiological cross-sectional area was observed
during the second four-week period of training. This latter response is attributed to neural adaptation of the
axons and neuromuscular junction rather than to an increase in the muscle fibre specific tension.
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Introduction

To design a functional electrical stimulation (FES) training

protocol by which a desired outcome can be achieved,

the effects of electrical activation on the trained, paralysed

muscle need to be studied. Following spinal cord injury

(SCI), paralysed muscles suffer from atrophy and their

fibres transform into type II fast-fatigable fibres [1, 2].

Under such circumstances, the muscle fibres can only

generate a limited amount of force and they tend to tire

rapidly [3]. However, when chronic electrical stimulation

is applied to the paralysed muscles of patients with upper

motor neuron lesions, these changes can be reversed [4].

Chronic electrical stimulation has been shown to be

effective not only in building muscle strength, but also in

improving fatigue resistance [5, 6].  It should be

emphasized, though, that the improvement in  the muscle

goes into decline if FES training is discontinued [7].
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Hypertrophy of the thigh muscles of paraplegics

subjected to FES involves an increase in both the diameter

and the total number of fibres and, consequently, in the

cross-sectional areas of the entire muscle [4, 8]. The

effect of training by FES also involves histochemical

changes demonstrated by an increase in the oxidative

capacity of the myofibrils [4, 9–11]. The changing

condition of the muscle during electrical stimulation

with regard to the modification of structure, geometry

and function, clearly should be taken into consideration

wherever muscle behaviour is being studied and

modelling is attempted. For instance, force/electro

myography(EMG) and/or force/metabolites relations

depend on the training status of the muscle [4, 9, 12, 13].

Despite the fact that the above factors have been used to

evaluate muscle conditioning in subjects with SCI during

and following training by FES, it is widely believed that

muscle strength and muscle fatigability should be
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considered as additional important criteria to assess

functional rehabilitation in individuals [7, 14–17].

The main goal of the present study was to suggest an

objective measure by which the functional changes in

the muscle following training by FES can be estimated.

Strengthening involves an increase in the muscle force.

Since an increase in the dimensions also takes place, a

specific index should be established to account for the

overall effect of training on the muscle force capacity.

The strengthening index proposed in this study is the

average muscle force per unit area and, as will be later

shown, this index can express the changes taking place

within the muscle. Attention should be paid, though, to

the distinction between average muscle force per unit

area and muscle specific tension. Whereas the latter

reflects an inherent capacity of the muscle fibre, the

former is an outcome of several neuromuscular factors,

among which are plasticity of the neuromuscular junction

and fibre composition of the muscle. It should be noted

that evaluation of the average muscle force per unit area

requires accurate information on the muscle

anthropometry (ie, cross-sectional area and moment

arms). For that, we make use in this study of vivo

magnetic resonance imaging (MRI) measurements, in

conjunction with biomechanical measurements.

Subjects and Methods

The proposed measure is demonstrated on one subject,

using previously published protocols of stimulation and

methodologies of training and strength testing.

Subject
The subject had a complete, spastic, paralysis at the T10

level and was 52 years of age when FES was first applied.

The time from injury to first FES was four months.

Spasticity was of the tonic type, characterized by overall

extension patterns and was elicited upon onset of

electrically evoked contractions or during transfer of the

subject. The subject was generally in good health and

was not given any treatment other than FES during the

study period.

Stimulation
Stimulation was transcutaneous, from a constant-current

programmable stimulator, providing monophasic pulse

trains [18]. The current intensity for supramaximal

stimulation was determined from the isometric

recruitment curve (IRC), as the current above which the

torque curve levelled off. For the studied subject, the

current intensity was 140 mA. The IRC was tested again

in the middle and at the end of the training period and

was found to be similar to the initial reading. The other

stimulation parameters—frequency of 20 Hz and pulse

width of 0.25 ms—were kept unchanged throughout

this study. The stimulation electrodes used were

rectangular, 4 x 5 cm, and were made of silicon rubber.

To determine the location of the muscle motor points a

supramaximal stimulation was applied for 10 seconds to

the muscle and the isometric knee torque was recorded

online . The placement of the positive electrode was then

slightly relocated and stimulation was repeated. The

response to the stimulus was maximal when the positive

electrode was placed at 8 cm distal to the inguinal area,

over the rectus femoris belly and the negative electrode

was placed 5 cm proximal to the patella. Five minutes of

rest were allowed between two adjacent tests to minimize

any effects of fatigue or post-tetanic potentiation. The

above tests were made separately from any other FES

induced activities. Once the electrode location for any

given subject was established, a surgical marker was

used to indicate the exact locations on the skin so that

they could be accurately repositioned during the different

testing days. Three additional pairs of electrodes were

used for the training protocol: one pair to stimulate the

left (contralateral) thigh muscle (placed similarly to

those of the right thigh) and two pairs (one for each leg)

to evoke the flexion reflex. For these latter pairs, the

positive electrode was placed 5 cm lateral to the tibial

tuberosity and the second (negative) electrode was placed

5 cm distal to the first (Fig. 1).

Training protocol
The training protocol was similar to previously used and

Fig. 1. Structural schema of the lower extremity, where
the quadriceps muscles are being stimulated, indicating
arrangement of functional electrical stimulation(FES)
electrodes on the patient’s leg, and tibiofemoral (C1)
and patellofemoral (C2) contact points. FL is the recorded
force at the ankle level. The measurements were taken
under isometric conditions with a knee flexion angle of
60o. The moments exerted by the gravity force of the
shank and the passive ligament forces about the
tibiofemoral joint (contact point C1) of the knee were
compensated for, prior to stimulation, by setting the
load cell reading (FL) to zero.
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published protocols [12, 18] and included two weekly

FES sessions, 45 minutes each, of sequential submaximal

isotonic activation of the quadriceps of one leg and

elicitation of the flexion reflex of the hip and knee of the

opposite leg. During training, the subject’s thigh was

supported horizontally to his wheelchair, with his lower

leg free to extend about the knee joint from an initial

knee flexion angle of approximately 60o.  Full extension

of the knee for 4 seconds, obtained by a 120 mA

stimulation of the quadriceps, was followed by a 4

second flexion by a 70 mA stimulation of the flexion

reflex.

Isometric strength tests
The strength tests were made on the right leg according

to previously published methodologies [19]. Briefly,

they were made in the sitting position at a knee flexion

angle of 60o and were taken under isometric, supra-

maximal, continuous contraction of 180 seconds. The

subject’s thigh was supported and belted horizontally to

the seat, while the lower leg was fixed at the level of the

ankle to a rigid fixture through a load cell (Fig. 1), by

which the resulting torque was measured and on-line

digitized at 2,000 samples s–1. To ensure unfatigued

initial conditions of the muscle, each test was made at

the beginning of the training session, before any

electrically induced activation took place.

Acquisition of MRI data
Data on the anthropometry of the quadriceps heads and

the knee joint were obtained in vivo from MRI

measurements at knee flexion of 0º, and were collected

on a whole body MR imager (Elscint Gyrex V 0.5-T

system, Elscint, Haifa, Israel). Standard soft tissue MRI

protocols (T1-weighted) were used to generate a series of

axial 15-mm slices with 6-mm interslice gaps and sagittal

10-mm slices with 4-mm gaps contiguous cross-sectional

within a field of view of 500 x 500 mm. Four excitations

were averaged, using the spin-echo technique with 500

ms repetition time and 12 ms echo time. The subject was

instructed to lie supine with the hips extended and to

remain motionless for the duration of the scan. Data

were acquired on a 167 x 200 matrix and images were

reconstructed on a 256 x 256 matrix. The images were

analyzed using a built-in ‘irregular region of interest

(IRROI)’ area measurement programme of the Gyrex

Viewing System (GVS), the Elscint image viewing and

processing module. A series of contiguous axial images

of the thigh were acquired from the plane of the greater

trochanter to the plane of the condyle of the femur. In
calculating the cross-section area (CSA) of muscles on

the GVS, the cursor was used to exclude neurovascular

structures, accumulations of fat, and fibrous tissue

bundles that were clearly delineated from the muscle

groups. The relative orientation between the longitudinal

axes of the thigh muscle and the image frame was

calculated, enabling evaluation of the CSAs of the muscles

perpendicular to their longitudinal axis. Images of the

axial and longitudinal (sagittal) slices of the thigh are

shown in Figure 2. Since in some cases it was not possible

to accurately distinguish between the individual muscles

of the vasti (particularly the vastus intermedialis), this

muscle was divided into two sub-groups: lateral bulk

(VL) that includes the vastus lateralis and the lateral half

of the vastus intermedialis, and medial bulk (VM) that

includes the vastus medialis and the medial half of the

vastus intermedialis; placed, respectively, laterally and

medially to the sagittal plane of the femur (Fig. 3). A

serial of axial contiguous CSAs of the thigh muscles

including the rectus femoris (RF), and the VL and VM

bulks of the vasti group were obtained from each of the

predetermined serial of axial slices.

Muscle geometry
The muscle CSAs derived from each of the axial images

were then curve-fitted, using the least squares (LSQ)

polynomial regression method, to interpolate the muscle

Fig. 2. A) T1-weighted longitudinal (sagittal) image of
the thigh. Proximal (top) and distal (bottom) points of
aponeurosis are shown. B) T1-weighted axial image of
the mid-thigh illustrating muscles before and after
eight-weeks training.

A

B
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CSA versus the distance x from the proximal point of

aponeurosis (Fig. 3). Analysis of variance was used to

determine the adequate order of the polynomial. By

comparing the estimated values of the residual sum of

squares for the polynomials of the second to the sixth

order, a polynomial equation of order four was selected.

The volume of the muscle (VM) was evaluated by

integrating the area over the distance from proximal to

distal aponeurosis (Fig. 3). The physiological cross-

sectional area was estimated by dividing muscle volume

VM  by muscle length lM.. The procedure was repeated for

each of the above mentioned quadriceps heads, including:

the RF, and the VL, and VM bulks of the vasti muscles.

Quadriceps force
The lower extremity was modelled as three rigid segments:

thigh, patella, and shank (this last including the foot).

The knee was represented as a two-joint system: the

tibiofemoral joint and the patellofemoral joint, referred

to in Figure 1 by their respective contact points C1 and C2

[20–22]. Under isometric conditions, moment

equilibrium of the system of forces acting on the patella

about the patellofemoral contact point C2 enables us to

derive a mathematical relation between the patellar

tendon force (FPT) and the quadriceps tendon force (FQT).

Likewise, moment equilibrium of the system of forces

acting on the shank about the contact point C1 enables us

to calculate FPT from the measured external force FL. For

these calculations it is however necessary to know the

moment arms.

Moment arms of the muscle
The method used to measure the moment arms was

adapted from Wretenberg et al [23]. Data were measured

in vivo using MRI and were taken from the sagittal images

at 0o knee flexion. The centre of the contact area between

the femur and the tibia (tibiofemoral contact point) and

between the femur and the patella (patellofemoral contact

point) were identified from slice images of the knee at

the sagittal plane (not shown in Fig. 2). The line

connecting the proximal and distal insertions between

muscle and tendons were drawn and the line of action of

each muscle was identified. The moment arm of each

muscle was taken as the perpendicular distance from the

contact points to the line of action. The patellar tendon

moment arm, r3, corresponding to the tibiofemoral joint

(contact point C1), and the ratio between the moment

arms of the quadriceps tendon, r1, and the patellar

tendon, r2, corresponding to the patellofemoral joint

(contact point C2) were then evaluated. To obtain the

values at 60° flexion, r3 and the ratio r1/r2 were scaled,

based on the data provided by Nisell [20]. The quadriceps

moment arms are summarized in Table 1.

Results

Changes in muscle geometry
The shape functions corresponding to the cross-sectional

area of the muscle AM(x) with the 95% confidence limit

are shown in Figure 4 for the RF, and the VL and VM

bulks of the vasti group. The pretrained condition is

represented by dark circles and a dashed line and the

eight-week trained condition by open squares and a

solid line. It is noted that the major geometrical changes

of the muscle following training are observed in the

region of the muscle belly of the RF head. The variations,

over the training period, of the cross-section area at the

belly region of the RF head and the lateral and medial

bulks of the vasti muscles are demonstrated in Table 2.

After the first four weeks of training, the cross-sectional

area at the belly region of the RF head was shown to

increase by about 10%. A further increase of 11% in this

area was observed during the next four weeks of training.

Only minor variations in the cross-sectional area were

observed in the belly regions of the VM and VL where

changes were less than 4% over the entire training

period (eight weeks).

Tables 3 and 4 present, respectively, the volumes and

physiological cross-sectional areas (PCSA) of the RF

head and the VM and VL bulks of the right quadriceps:

before training and after the first four weeks and second

four weeks of training by FES. During the first four

weeks, training resulted in a major increase of more than

8% in volume (from 136 cm3 to 147 cm3) and PCSA

(from 4.9 cm2 to 5.3 cm2) of the RF head. The increase

observed over the same training period for the VM and

VL were, respectively, 4.3% and 5.3%. During the

Fig. 3. Schematic description of the longitudinal and
axial images of the thigh. The longitudinal image (left)
depicts the muscle length LM, and the distance x, from
the proximal point of aponeurosis to a given axial
image. The axial image (right) shows the rectus femoris
(RF) head, lateral (VL) and medial (VM) bulks of the
vasti muscles and the hamstrings muscles.

Muscle longitudinal axis

Proximal point of aponeurosis

Axial image

Distal point of aponeurosis

Longituduinal image

Axial image
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M
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Table 1. Values of the moment arm r3 of the patellar tendon corresponding to the tibiofemoral joint (contact
point C1) and of the ratio r1/r2, between the quadriceps tendon moment arm (r1) and the patellar tendon
moment arm (r2) corresponding to the patellofemoral joint (contact point C2). The values are given for 0o

knee flexion angle magnetic resonance imaging (MRI) data and for 60o knee flexion angle after scaling
(Nisell [20]).

Moment 0° flexion Scaling factor 60o Flexion
arm (MRI) (Nisell [20]) (estimated)

r
3

35.2 mm 1.25 44.0 mm
r

1
/r

2
2.19 0.73 1.61

Table 3. Variations of the volumes of the rectus
femoris (RF) head, medial (VM) and lateral (VL) bulks
of the vasti muscles and the volume of the entire
quadriceps group (Quads) over the FES training
period.

Pretrained End of first End of second
4 weeks 4 weeks

(cm3) (cm3) (cm3)

RF 136 147 149
VM 210 219 240
VL 493 519 504
Quads 839 885 893

second four weeks of the training period, ie, from the

end of the fourth week to the end of the eighth week, the

volume and PCSA of the RF head increased by less than

2% and those of the VL bulk decreased by almost 3%.

The VM bulk hypertrophied by almost 10% over the

same period of training. Over the entire training period,

i.e., from the beginning of the first week to the end of the

eighth week, the hypertrophy was 2% for the VL and

14% for the VM. The RF head, over which belly the FES

electrodes were placed, hypertrophied by only 10%. The

training (i.e., after eight weeks) was 6.4% (from 839 cm3

before training to 893 cm3 after eight weeks) and the

Fig. 4. Shape function with 95% confidence boundaries
of the pretrained (•) and eight weeks trained ( )
quadriceps. Muscles of the right quadriceps are shown
as follows: rectus femoris (RF), head and the lateral
(VL), and medial (VM) bulks of the vasti muscles.

Distance from proximal aponeurosis [cm]

A
M
(X

) 
[c

m
2
]

RF

VL

VM

12

6

0

40

20

0

20

10

0
0 10 20 30

Table 2. Variations of the cross-sectional area at the
muscle belly of the rectus femoris (RF) head and the
medial (VM) and lateral (VL) bulks of vasti muscles
over the functional electrical stimulation training
period.

Pretrained End of first End of second
4 weeks 4 weeks

(cm2) (cm2) (cm2)

RF 7.15 7.9 8.8
VM 14.2 13.8 13.8
VL 27.0 27.3 28.0

overall increase in PCSA over the same training period

was 13.5% (from 28.2 cm2 to 32.0 cm2).

Changes in muscle mechanical output
Figure 5 shows curves of the knee torque during the first

10 seconds of isometric supramaximal contraction of the

quadriceps. Typically, the ascending phase of the activated

quadriceps lasted 8 to 10 seconds after which the torque

levelled off. The curves shown in Figure 5 were recorded

from the pretrained quadriceps, and at the end of the
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first and second four-week periods of training. The

calculated peak force in the quadriceps is indicated for

each curve. In the first four-week period, training resulted

in an increase of 18% of the peak force of the quadriceps

(from 760 N at first FES to 900 N at the end of the fourth

week). Substantial improvement in the quadriceps force

generation capacity occurred during the second four-

week period of training whereas its peak force increased

by 42% (up to 1280 N at the end of the eighth week).

Changes in muscle average force per unit area
The cumulative effect of the eight weeks of training by

FES on the quadriceps group is summarized in Table 5.

The estimated average force per unit area in the pretrained

quadriceps was 27 N/cm2 [FQT(max) = 760 N; PCSA =

28.2 cm2]. Following the first four weeks of training the

estimated average force per unit area increased by only

3.7% (28 N/cm2), whereas, the peak force levelled at 900

N and the PCSA increased to 31.6 cm2. A substantial

improvement in the force generation capacity of the

quadriceps was obtained during the second four-week

training period, where the average force per unit area

increased by 43%, from 28 N/cm2 to 40 N/cm2 [FQT (max)

= 1280 N; PCSA = 32.0 cm2].

Discussion

The purpose of the present study was to quantify the

combined mechanical and geometrical changes in a

paralysed skeletal muscle following training by FES. The

method presented here is formulated to evaluate the

average muscle force per unit area, since this measure

can represent strengthening as expressed by the increase

in muscle torque, while accounting for muscle

hypertrophy. Thus, studying the overall changes of the

paralysed muscle provides a better insight into the force

producing capacity and adaptation of the neuromuscular

system that follows training by FES. Strengthening of

paralysed quadriceps in the course of training generally

results in an increase of the produced peak force,

accompanied by hypertrophy of the muscle.

The proposed measure was demonstrated in detail on

one typical subject with SCI. For this subject, it was

shown that by applying FES over a training period of

eight weeks, it is possible to improve the knee extension

torque by almost 70%. This is in correspondence with

previously published results obtained from a larger group

of SCI subjects [16]. In the present study, conducted

over a similar training period as this latter study, the

Table 5. Changes in the maximal knee torque MK(max), maximal quadriceps force FQT(max), quadriceps
physiological cross-section area (PCSA), and muscle average force per unit area, before training, and after
the first four weeks and second four weeks of training.

Training period M
K
(max) F

QT
(max) PCSA Muscle average

(weeks) (Nm) (N) (cm2) force per unit area
(N/cm2)

Pretrained 20.7 760 28.2 27
End of first 4 weeks 24.7 900 31.6 28
End of second 4 weeks 35.0 1,280 32.0 40

Fig. 5. Knee-torque curves from the pretrained
quadriceps muscle and at the end of the first and
second four weeks of training by functional electrical
stimulation(FES). The onset time of FES and the maximal
measured knee torque MK(max) are designated by
arrows. The corresponding maximal quadriceps force
FQT(max) is indicated for each curve.

End of second 4 weeks

End of first 4 weeks

K
n

ee
 t

o
rq

u
e

Pretrained

FES onset time (sec)

128 N

900 N

760 N

(Nm)40

0

10

20

30

2 4 6 8 10

Table 4. Variations of the physiological cross-
sectional areas of the rectus femoris (RF) head,
medial (VM) and lateral (VL) bulks of the vasti
muscles and the physiological cross-sectional areas
of the entire quadriceps group (Quads) over the
functional electrical stimulation training period.

Pretrained End of first End of second
4 weeks 4 weeks

(cm3) (cm3) (cm3)

RF 4.87 5.27 5.35
VM 7.52 7.83 8.61
VL 17.6 18.5 18.0
Quads 28.2 31.6 32.0
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average muscle force per unit area increased by 48%

(from 27 N/cm2 to 40 N/cm2). The estimated values of the

average muscle force per unit area obtained in our study

ranged within the expected values reported in the

literature [24–27]. While using computed tomography

to determine the cross-sectional area of the elbow flexors,

Nygaard et al have shown that the average force per unit

area was 33 N/cm2 [24]. When using MRI to measure the

physiological cross-sectional area and moment arms of

the quadriceps muscle, Narici et al estimated that the

average force per unit area leveled at 42.9 N/cm2 [26].

Upon calculating the forces acting along the fibres of

each head separately, Narici et al later found that the

average force per unit area was 23.7 N/cm2 for the vastus

lateralis and 29.7 N/cm2 for the vastus medialis [27]. All

these above results rely on the availability of accurate

methodologies to estimate muscle anthropometry. For

example, wherever the muscle’s maximal force per unit

area is to be non-invasively evaluated, accurate

assessments of the cross-sectional area and of the muscle

moment arms are essential. Additionally, an accurate

measurement of the joint angle as compared with the

optimal length of the muscle fibres is needed [25, 28, 29].

MRI images made on the lower extremity provide these

data for able-bodied subjects [26, 27]. Thus, the present

study provides an extension in the case of SCI.

During the training period follow-up in this study

(eight weeks), the maximal isometric torque output of

the quadriceps increased by almost 70%. However,

morphological studies, incorporating MRI of the

quadriceps, have confirmed an overall increase of only

13.5% in the physiological cross-sectional area of this

muscle over the same training period. This fact may

indicate that conditioning of the trained muscle consists

also of a general increase in the intrinsic strength of

muscle per unit area. Interestingly, only minor variations

in the average force capacity per unit area were observed

during the first four weeks of the training where changes

primarily consisted of a general increase in the

physiological cross-sectional area of the muscle (12%).

As training proceeded, the muscle average force per unit

area changed from 28 N/cm2 at the end of the fourth

week to 40 N/cm2 at the end of the eighth week.

Similarly, strength training performed on able-bodied

subjects has demonstrated that when an increase in

muscle size occurs, the changes are less prominent than

the increase in voluntary strength of the muscle [13, 30–

32].  Ikai and Fukunaga have demonstrated that an

increase in voluntary strength per cross-sectional area

was observed both in the trained limb, as well as in the

contralateral untrained limb [32].  Moreover, Dons and

his colleagues have demonstrated that the increase in

voluntary strength per cross-sectional area was specific

to the training (ie, was pronounced during training, but

showed no significant change otherwise) [33]. These

findings suggest that strengthening may be caused by a

neural adaptation rather then by changes in the intrinsic

muscle properties [30 ,34, 35]. In trained muscles, neural

adaptation can be attributed to either, or to a combination,

of the following processes: increased synchronization of

motor unit firing; refitting motor unit recruitment

threshold by reversing synaptic efficacy —ie, an increase

of high recruitment threshold motor units and reduction

of low recruitment threshold motor units [35–37]. While

increased synchronization of motor unit firing is

associated with increases of voluntary control efforts,

synaptic efficacy is peripheral in nature and depends on

the size and structure of the pre-synaptic terminal as well

as the post-synaptic receptors. We, therefore, suggest

that in the case where the trained muscles are

disconnected from voluntary control—as is the case in

FES of paraplegic subjects—neural adaptation should be

attributed to an increase in synaptic efficacy of the motor

units, and/or preferential enlargement of the nerve

axons; thus reduced recruitment threshold of these

axons. The latter was found to be significant in muscle

fascicles of reinnervated human quadriceps [4]. We,

therefore, propose that specific tension of a single muscle

fibre is not affected by training, although the average

force per unit area increased from 27 N/cm2 before

training to 40 N/cm2 after eight weeks of training by FES.

Muscle strengthening may depend on the increase in

the number of activated myofibrils, fibre area, myofibrillar

area, myofibrillar volume density, and upon the ratio of

type I (slow oxidative) and type II (fast-fatigable) fibres

[4, 31]. Biopsy studies made on able-bodied subjects

showed that the myofibril cross-sectional area increased

significantly following training, while the myofibrillar

density, defined as the number of filaments within an

enclosed area, remained unchanged. Increase in fibre

size was observed in both type I and type II fibres,

however, in the paralysed muscles trained by FES an

increase in the size of type II fibres was accompanied by

a marked decrease in their relative number [4].

The results presented in this study reveal a major

increase of the cross-sectional area at the region of the

RF belly over which the stimulation electrodes were

placed. Interestingly, the increase in the cross-sectional

area of the RF belly over the first four weeks of

training (10.5%) was similar to that observed during

the second four weeks (11.4%), whereas the increase

in RF volume (or PCSA) over the entire training

period (8 weeks) was below 10%. One possible

explanation for the above disagreement may lie upon

the fact that the stimulation intensity used for training

was submaximal; therefore, not all the motor units of

the RF, as well as those of the vasti heads, were

recruited as the current distribution at the vicinity of

their motor points was below the excitation threshold.

On the other hand, the current distribution around

most or all of the motor points at the area of the RF

belly was sufficient to evoke muscle contraction.
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Although, no attempts were made to confirm the

above explanation in the present study, this issue

should be addressed as it may result in a more effective

arrangement of the FES electrodes. For example,

strengthening and hypertrophy of the quadriceps group

may increase significantly upon placing additional

FES electrodes over the medial and lateral regions of

the quadriceps.

Conclusions

The increase in muscle peak torque over the training

period was more prominent than that of the cross-

sectional area. Based on referenced studies, we suggest

that the increase in the ratio of peak force to muscle

cross-sectional area is caused by neural adaptation of the

axons and neuromuscular junction rather than by an

increase in the muscle fibre-specific tension.

Acknowledgments

This study was supported by the Segal Foundation. We

thank Mr. Emil Prishkulnik and Mr. Arie Hershkoviz

from the MRI unit in the Rabin Medical Center for their

help in part of the analysis of the MRI data.

References

1. Lieber RL, Friden JO, Hargens AR, et al: Fiber type
transformation in rat slow and fast muscle one year after
spinal cord transection. 32nd Annual Orthopaedic Research Society,
New Orleans, Louisiana, February 17–20, 1986:256.

2. Round JM, Barr F, Moffat B, et al: Fiber areas and histochemical
fiber types in the quadriceps muscle of paraplegic subjects.
J Neurol Sci 1993;116:207–11.

3. Miller RG, Green AT, Moussavi RS, et al: Excessive muscular
fatigue in patients with spastic paraparesis. Neurology 1990;
40:1271–4.

4. Munsat TL, McNeal D, Waters R: Effects of nerve stimulation
on human muscle. Arch Neurol 1976;33:608–17.

5. Peckham PH, Mortimer JT, Marsolais EB: Alteration in the
force and fatigability of skeletal muscle in quadriplegic humans
following exercise induced by chronic electrical stimulation.
Clin Orthop 1976;114:326–34.

6. Lieber RL: Comparison between animal and human studies of
skeletal muscle adaptation to chronic stimulation. Clin Orthop
Res 1988;233:19–24.

7. Mizrahi J: Fatigue in muscle activity by functional electrical
stimulation. Critical Reviews in Physical and Rehabilitation Medicine
1997;9:93–129.

8. Neumayer CH, Happak W, Kern H, et al: Hypertrophy and
transformation of muscle fibers in paraplegic patients. In: 5th
Vienna International Workshop on Functional Electrostimulation:
Basics, Technology, Clinical Application. Vienna, Austria, August
17–19, 1995:75–8.

9. Levy M, Kushnir T, Mizrahi J, et al: In vivo 31PNMR studies of
paraplegics’ muscles activated by functional electrical
stimulation. Magnet Reson Med 1993;29:53–8.

10. Mohr T, Tornoe P, Biering-Sorensen F, et al: Long-term

electrically induced cycling in SCI: a pilot study. In: Pedotti A,
Ferrarin M, Quintern J, et al, eds. Neuroprosthetics: From Basic
Research to Clinical Applications. Berlin: Springer-Verlag, 1996:
569–77.

11. Salmons S, Sreter FA: Significance of impulse activity in the
transformation of skeletal muscle type. Nature 1976;263:30–
4.

12. Mizrahi J, Levin O, Aviram A, et al: Muscle fatigue in
interrupted stimulation: effect of partial recovery on force
and EMG dynamics. J Electromyogr Kinesiol 1997;7:51–65.

13. Moritani T: Neuromuscular adaptations during the acquisition
of muscle strength, power and motor tasks. J Biomechanics
1993;26 (Suppl):95–107.

14. Bajd T, Kralj A, Turk R, et al: The use of a four-channel
electrical stimulator as an ambulatory aid for paraplegic
patients. Physical Therapy 1983;63:1116–20.

15. Rabischong E, Ohanna F: Effects of functional electrical
stimulation (FES) on evoked muscular output in paraplegic
quadriceps muscle. Paraplegia 1992;30:467–73.

16. Ragnarsson KT, Pollack S, O’Daniel W, et al: Clinical evaluation
of computerized functional electrical stimulation after spinal
cord injury: a multicenter pilot study. Arch Phys Med Rehabil
1988;69:672–7.

17. Solomonow M: Biomechanics and physiology of a practical
functional neuromuscular stimulation powered walking
orthosis for paraplegics. In: Stein RB, Peckham PH, Popovic
DP, eds. Neural Prosthesis: Replacing Motor Function after Disease
or Disability. New York: Oxford University Press, 1992:202–
32.

18. Minzly J, Mizrahi J, Isakov E, et al: Computer-controlled
portable stimulator for paraplegic patients. J Biomed Eng 1993;
15:333–8.

19. Levy M, Mizrahi J, Susak Z: Recruitment, force and fatigue
characteristics of quadriceps muscle of paraplegics isometrically
activated by surface electrical stimulation. J Biomed Eng 1990;
12:150–6.

20. Nisell R: On the biomechanics of the knee: a study for joint
and muscle load with applications in ergonomics, orthopedics
and rehabilitation. Acta Orthop Scand 1985;(Suppl)216.

21. Giat Y, Mizrahi J, Levy M: A musculotendon model of the
fatigue profiles of paralyzed quadriceps muscle under FES.
IEEE Trans Biomed Eng 1993;40:664–74.

22. Levin O, Mizrahi J, Isakov E: Transcutaneous FES of the
paralyzed quadriceps: is knee torque affected by unintended
activation of the hamstrings? J Electromyogr Kinesiol 2000;10:
47–58.

23. Wretenberg P, Nemeth G, Lamontagne M: Passive knee
muscle moment arms measured in vivo with MRI. Clin.Biomech
1996;11:439–46.

24. Nygaard E, Houston M, Suzuki Y: Morphology of brachial
biceps muscle and elbow flexion in man. Acta Physiol Scand
1983;117:287–92.

25. Saltin B, Gollnick PD: Skeletal muscle adaptability: significance
for metabolism and performance. In: Peachey LD, Ardian RH,
Geiger SR, eds. Handbook of Physiology, Section 10: Skeletal
Muscle. American Physiology Society. Baltimore, : Waverly
Press Inc, 1983:555–631.

26. Narici MV, Roi GS, Landoni L: Force of knee extensors and
flexor muscles and cross-sectional area determined by nuclear
magnetic resonance imaging. Eur J Appl Physiol 1988;57:39–
44.

27. Narici MV, Landoni L, Minetti AE: Assessment of human
knee extensor muscles stress from in vivo physiological cross-



11Hong Kong Physiotherapy Journal • Volume 18 • Number 1 • 2000

sectional area and strength measurements. Eur J Appl Physiol
1992;65:438–44.

28. Harridge SDR, Kryger A, Stensgaard A: Knee extensor strength,
activation and size in very elderly people following strength
training. Muscle Nerve 1999;22:831–9.

29. Lieber RL: Skeletal Muscle Structure and Function: Implications for
Rehabilitation and Sport Medicine. Baltimore : Williams Wilkins,
1992:116–39.

30. Moritani T, deVries HA: Neural factors vs hypertrophy in time
course of muscle strength gain. Am J Physical Med & Rehab
1979;85:115–30.

31. MacDougall JD, Elder GCB, Sale DG, et al: Effects of strength
training and immobilization on human muscle fibres. Eur J
App Physiol 1980;43:25–34.

32. Ikai M, Fukunaga T: A study on training effect on strength per
unit cross-sectional area of human muscle by means of
ultrasonic measurement. Eur J App Physiol 1970;28:173–80.

33. Dons B, Bollerup K, Bonde-Petersen F, et al: The effect of
weight-lifting exercise related to muscle fibre composition
and muscle cross-sectional area in humans. Eur J App Physiol
1979;40:95–106.

34. Hakkinen K, Komi PV: Electromyographic changes during
strength training and detraining. Medicine and Science in Sport
and Exercise 1983;15:455–60.

35. Sale DG: Neural adaptation in strength and power training. In:
Norman J, McCartney N, McComas A, eds. Human Muscle
Power. :  Human Kinetics Publishers Inc, city 1986:289–308.

36. Burke R: The control of muscle force: motor unit recruitment
and fatigue patterns. In: Norman J, McCartney N, McComas
A, eds. Human Muscle Power.  (U.S.A,) :  Human Kinetics
Publishers Inc, 1986:97–109.

37. Kanda K, Burke RE, Walmsley B: Differential control of fast
and slow twitch motor units in the decerebrated cat. Exp Brain
Res 1977;29:57–74.


