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ABSTRACT. Muscle glycogen depletion pattern and
metabolic responses during voluntary (VOL) and
functional electrical stimulated (FES) dynamic knee-
extensor exercise with one leg were evaluated. Seven
healthy men exercised for 60 minutes at 30 W with an
pulmonary oxygen uptake of 0.8 and 1.01min~", and
respiratory exchange ratios of 0.90 and 0.95 in VOL
and FES, respectively. Heart rate reached a level
around 90 beats min ' (VOL) and up to 110 beats
min~' (FES). Muscle glycogen decreased in FES with
260 and 290 mmol kg~' d.w. in vastus lateralis and m.
rectus femoris, respectively, compared with 45 and
160 mmolkg™' d.w. in VOL (p < 0.05). In FES the
percentage of empty and almost empty fibres deter-
mined by periodic acid-Schiff staining in vastus lateralis
and rectus femoris was 50 and 77% of type I, 63 and
90% of type Ila, and 59 and 84% of type IIb fibres,
respectively, whereas in VOL it was 24 and 26% of type
I, 7 and 19% of type Ila, and 2 and 3% of type IIb
fibres. Muscle lactate reached 30 mmolkg ' d.w. in
FES and was 9 mmol kg_' d.w. lower in VOL. The
changes in blood lactate and NH; during the exercise
were slightly higher in FES than in VOL, whereas the
alterations in glucose, FFA, and K" were small in both
exercise modes. The pressure in the two muscle portions
at different locaticns (proximal-distal) and depths was
always higher (~ 50%) in FES than in VOL, reaching
levels around 55 mmHg. It is concluded that with FES
the entire quadriceps muscle was engaged and all fibre
types were recruited, resulting in a quite significant
energy turnover and a more pronounced metabolic
response compared to VOL. Furthermore, FES can
be used for prolonged dynamic exercise.
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INTRODUCTION

Electrically induced exercise may be advantageous in
rehabilitation and to minimize muscle wasting in
prolonged immobilization of a limb as well as in
weightlessness (6, 17). There are, however, several
unanswered questions with regard to the metabolic
response to functional electrical stimulation (FES) as
compared with voluntary dynamic muscle contrac-
tion (VOL) in man. During short lasting exercise the
anaerobic metabolic response was more pronounced
in FES than VOL at submaximal exercise levels, and
the heart rate was also more clevated with FES (8).
This could be due to a larger contribution of type II
fibres in FES, as large size motor axons are more
easily excited than the small size axons which inner-
vate type I fibres. An additional explanation could be
that with clectrical stimulation only a small fraction
of the whole muscle may be activated, thus, the
recruited motor units may be intensely contracting
and then demand a metabolic turnover close to their
upper limit. More knowledge of the recruitment
pattern and the metabolic response to FES would
be of value to optimize the use of FES.

Thus, the aim of the present study was to elucidate
whether there is a selective recruitment of fibre types
when muscle contraction is performed by direct
electrical stimulation, and to evaluate to what extent
various portions of the muscle are engaged in the
contractions.
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MATERIALS AND METHODS

Subjects

Seven healthy volunteers participated in the study. They had
a mean weight of 74 (71--79) kg and height 180 (176-183) cm,
and they were 28 (24-34) years of age. All were physically
active and occasionally participated in some sports activity.
The subjects were fully informed of any risks and discomfort
associated with the experiment before they volunteered to
participate in the study, which was approved by the Ethics
Committees of Copenhagen University and the Karolinska
Institute.

Protocol

Subjects performed one-legged knee extension exercise in a
sitting position on a specially designed Krogh ergometer
which permitted exercise to be confined to the thigh muscles
(1). On scparate days, the subjects exercised with FES and
VOL for 60min at a work rate of 30 W. Prior to the
experiment, a catheter was inserted into an arm vein for
blood sampling. Heart rate was measured, expired air and
blood sample were collected at rest and after 10, 20, 40, and
60min of exercise. In some of the experiment catheters were
placed to record pressure in superficial and deep portions of
both m. vastus lateralis and m. rectus femoris. Muscle
biopsies were obtained before and immediately after the
exercise from vastus lateralis and rectus femoris (4). The
biopsies were taken at a depth of 3-4cm within 2cm from
the tip of a deeply placed catheter for the pressure recording.

Electrical stimulation

The apparatus consisted of an arbitrary waveform generator
(Kron-Hite 5920) and battery powered amplifier (Biomedical
Engineering, NASA). Two large electrodes (76 x 114 mm)
were applied proximally and distally to the thigh. The muscle
was stimulated to contract with a bi-phasic pulse mode which
reduced irritation between the electrodes and skin interface
because no net charge was delivered to the subject. With cach
contraction the characteristics of used pulse train was as
follows;

pulse shape: bi-phasic (sine wave)

pulse width: 500 psec
pulse frequency: S0Hz
pulse amplitude: variable
train length: 320 msec
train frequency: 1 Hz
ramp duration: 50 msec

A pulse width of 500 usec was used and train length was
variable but less than 320mscc. Train amplitude was
adjusted manually to give a kicking frequency of 1 Hz. The
computer conirolled stimulating device was connected to a
microswitch on the Krogh cycle ergometer which was
activated when the pedal arm passed the horizontal position
and the leg was in the right position for a new contraction.
Activation of the microswitch triggered the electrical stimu-
lation of the muscle. Variation in kicking frequency was
minimized by a feedback loop from ergometer to computer.
Thus, the train length was increased or decreased automati-
cally if the kicking frequency decreased or increased. In order
for ensuring smooth muscle contraction the pulse frequency
was increased from 0 to 50 Hz during a 50 msec linear ramp
at the beginning of each contraction.
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Oxygen uptake, ventilation, and heart rate

Pulmonary oxygen uptake and ventilation were determined
by collecting expelled air in Douglas bags. The volume of air
was measured in a Tissot spirometer and the O, and CO,
concentrations were determined with Servomex and Beck-
man LB-2 analyzers, respectively. Electrodiagram was moni-
tored continuously, and heart rate (HR) was determined.

Blood samples

The concentration of blood lactate and glucose was immedi-
ately assayed using YSI (Yellow Springs Instruments Co.
Yellow Springs, OH). Plasma concentration of potassium
(K™) was determined with flame photometer (Radiometer
FLM3) with lithium as internal standard, and plasma
ammonia (NH;3) was measured by the method of Lowry &
Passonneau (9). Plasma free fatty acid concentration (FFA)
was measured fluorometrically (13).

Intramuscular pressure

For intramuscular pressure measurement, 2 -3 Atos myo-
press catheters were placed at various sites at a depth of
either 1-2cm or 3-5cm underneath the fascia of vastus
lateralis and rectus femoris (cf. 14). During exercise the
pressure was continuously recorded from the catheters with
only brief interruption for infusions of small amount of
saline to maintain the tip of the catheters open.

Muscle fibre type composition and glycogen depletion pattern

One portion of the muscle biopsy was mounted with embed-
ding medium (O.T.C. compound) for histochemistry. Serial
transverse sections (10 zm) were cut with a microtome at

20°C and histochemically stained for myofibrillar ATPase
activity, after pre-incubation at different pH intensities for
fibre type classification into type I, type II and its subunits
(5). To visualize glycogen depletion pattern sections were
stained with the periodic acid-Schifl (PAS) staining method
(10). The glycogen content of single fibres was divided into
four classes with respect to the intensity of PAS staining:
filled, slightly filled, almost empty, and empty.

Muscle glycogen and lactate

Another portion of the muscle sample was immediately
frozen in liquid nitrogen and stored at —80°C. It was, then,
freeze-dried, dissected free from blood, vessels and all visible
fat and connective tissucs. A part of the freeze-dried sample
(1-2 mg) was hydrolyzed at 100°C for 2 hours and the muscle
glycogen content was determined by the hexokinase method
(9). Another part of the sample (1-2mg) was extracted in
3M HCIO,4 and neutralized with 2M KHCO; for muscle
lactate analysis, and immediately assayed in duplicate using a
fluorometer (9).

Statistics

Values represent means -+ standard crror of mean. The
Friedman test was used to evaluate statistical significances.
Level of significance was set at p < 0.05.
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RESULTS

Pulmonary oxygen uptake was 0.811min~' after
10min of exercise in both VOL and FES, thereafter
oxygen uptake gradually increased in FES reaching
1.011min~" at the end of exercise (Fig. 1). The ventila-
tion was 26-291min~" in FES and 21-23Imin”" in
VOL (p < 0.05). The respiratory exchange ratios were

higher in FES than VOL, especially early in the exercise
with an overall mean of 0.95 (0.92-1.00) and 0.90
(0.86-0.91) in FES and VOL, respectively (p < 0.05).
After 10min the heart rate was 92bpm during FES
which was 8 bpm higher than during VOL (p < 0.05;
Fig. 1). A further difference developed during the
exercise and the heart rate was 110 bpm (FES) and
88 bpm (VOL) at 60 min (p < 0.05).
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Fig. 1. Pulmonary oxygen uptake (upper panel) and heart rate response (lower panel) during 60 min dynamic exercise at 30 W
with FES (filled circle) and VOL (open circle). *: Significant difference (p < 0.05) between two consecutive means. #:
Significant difference (p < 0.05) between VOL and FES. Values are mean + S.E.
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In FES muscle glycogen was reduced with
260mmolkg™" d.w. in vastus lateralis as compared
with 45mmolkg™' dry weight (d.w.) in VOL
(p < 0.05; Fig. 2). The difference between FES and
VOL was smaller in rectus femoris but almost
290 mmolkg™' d.w. was utilized in FES compared
with 160mmolkg ™' d.w. in VOL (p < 0.05). The
lowest muscle glycogen concentration of 40 mmol
kg™ d.w. was found in rectus femoris after FES.
The glycogen depletion pattern determined by PAS
staining was in line with the quantitative muscle

glycogen data (Fig. 3). All muscle fibre types revealed
some degree of glycogen depletion in both muscles
studied and with both modes of inducing the contrac-
tion, but the decreases were more pronounced with
FES. The depletion of both fibre types with FES was
slightly greater in rectus femoris than in vastus
lateralis with 80-90% and 50-60% being empty/
almost empty of glycogen, respectively, after 60 min
of exercise in rectus femoris.

Before the exercise started the lactate concentration
in vastus lateralis and rectus femoris was higher in
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Fig. 2. Muscle lactate (upper panel) and glycogen (lower panel) concentrations before (B) and after (A) 60 min of dynamic
exercise at 30 W with FES and VOL in m. vastus lateralis and m. rectus femoris. #: Significant difference (p < 0.05) between

VOL and FES. Values are mean = S.E.
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FES than in VOL (p < 0.05; Fig. 2). This was prob-
ably due to the fact that some contractions had been
made before the pre-exercise muscle biopsies were
obtained in order to confirm proper activation of
the quadriceps muscle. The lactate concentrations in
vastus lateralis and rectus femoris at the end of the
exercise was about 30mmolkg™" d.w. with FES,
which was 9mmolkg™" d.w. higher than the corre-
sponding values in VOL (p < 0.05). The elevation in
lactate concentration in vastus lateralis and rectus
femoris from rest to exercise was not significantly
different in either mode of exercise.
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The blood concentration of lactate was unchanged
throughout exercise in VOL, whereas it increased to
2.8 mmol 1! after 10 min in FES (Fig. 4). It remained
at this level until 20min of exercise, thereafter it
gradually declined to 1.9mmol1™" at 60 min of exer-
cise in FES. NHj; concentration in VOL was unaltered
during the exercise, while a small elevation of 12—
20 umol1™" was observed in FES (Fig. 4). FFA and
glucose concentrations were unchanged during the
exercise in both FES and VOL (Fig. 5). K" concen-
tration increased from 4.1-4.2 mmol 1™ at rest to 4.6
4.7mmol 1" both in FES and VOL (Fig. 5).
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Fig. 3. Muscle glycogen depletion pattern in the various fibre types in m. rectus femoris (upper panel) and m. vastus lateralis
(lower panel) before (B) and after (A) 60 min of dynamic exercise at 30 W with FES and VOL. The relative occurrence of type I,
ITa and IIb fibres in vastus lateralis was 62%, 31%, and 7%, and in rectus femoris 50%, 39%, and 11%, respectively.
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Fig. 4. Blood lactate concentration, plasma NH; concentration, blood glucose concentration, plasma FFA concentration, and

plasma potassium concentration during 60 min dynamic exercise at 30 W with FES (filled circle) and VOL (open circle).
*: Significant difference (p < 0.05) between two consecutive means. # : Significant difference (p < 0.05) between VOL and FES.
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Fig. 5. Muscle pressure in m. rectus femoris (upper panel) and m. vastus lateralis (lower panel) during voluntarily (VOL) and
electrically induced contractions (FES). The tips of the catheter were at similar depths in the two muscle portions and were

placed approximately in the middle of the muscle.
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At rest, the pressure in the muscle was between 4-
8mmHg in the different locations studied. During
exercise the peak pressure in the muscle was elevated
to 23-53mmHg, with the highest value in the rectus
femoris with FES. Generally, the peak pressure was
50% (or more) higher during FES than VOL in both
portions of the muscle throughout the exercise, but as
the contraction induced by FES was more synchro-
nous, the contraction and the elevation in muscle
pressure were of shorter duration (Fig. 5).

DISCUSSION

There were two main problems to be solved with this
study. One was whether prolonged clectrically
induced dynamic contractions could be performed.
A clear answer was obtained. Such exercise is easily
induced and tolerable for a long time and it results in
pronounced local metabolic and some systemic
cardiovascular responses although only a small
muscle group was engaged in the exercise. The
whole body cnergy demand was quite small, barely
reaching 11min ' in oxygen uptake. However, as the
mass of the knee extensor muscle amounted to 2.5 kg,
the energy turnover per unit muscle was high. Eighty
to ninety percent of the pulmonary oxygen uptake
during submaximal exercise intensity above resting
level can be assumed to be utilized in the thigh muscles
(2). This means that the muscle oxygen uptake was
probably around 0.21kg 'min~' during FES (8).
Such a rate of oxygen utilization is only reached in
the quadriceps muscle during ordinary bicycle or
treadmill exercise when the intensity approaches
maximum. With FES the same peak exercise intensity
as in VOL cannot be reached, which in part is related
to the fact that a burning sensation is unavoidable
when the contraction is induced with direct electrical
stimulation. With the present stimulation procedures
the burning scnsation is minimized. and none of the
subjects became exhausted after 1 hour at 30 W.
This leads to the other major problem which was
studied. How complete was the activation of the
muscle when electrically induced? One important
finding was that both type I and type II fibres were
recruited in FES. Indeed. not only type II, but also
type I fibres were more glycogen depleted with FES
than VOL in both the m. rectus femoris and the m.
vastus lateralis muscles. An additional indication of
the effectiveness of the activation with FES was the
finding of respiratory exchange ratios of around 0.95

and a rate of glycogen utilization of 4- Smmolkg '
min~! d.w. in both rectus femoris and vastus lateralis.
Such a rate of glycogen utilization corresponds to a
relative work rate of more than 75% of maximal
oxygen uptake during cycle or trecadmill exercise (7,
11). The anaerobic glycogenolysis may
amounted to Iess than 1/5 of the total carbohydrate
turnover, indicating a very high rate of aerobic
utilization of glycogen in FES. At such an cxercise
intensity the accumulation of lactate in the muscle
during whole body exercisc is more pronounced, than

have

observed in the present study. One possible explana-
tion for the difference is that the muscle perfusion is
considerably higher when a small muscle group is
exercised compared with whole body exercise, which
allows for a larger proportion of the lactate produced
to be released to the blood (3). This is also the case
when the contractions are induced electrically (8).
The effectiveness of FES was further evaluated by
measuring the pressure in the muscle during contrac-
tion. This can give an indication of whether or not
various portions of the muscle contribute to the force
development. Furthermore, the clevation in pressure
may reflect the intensity of a contraction (15). The
finding that the peak muscle pressure was significantly
higher with FES than with VOL, and that peak
pressure was elevated both in the deep and in the
superficial regions for both rectus femoris and vastus
lateralis, suggests that the entire quadriceps n-uscle
was recruited to perform the cxercise. The peak
pressure with FES was around 53 mmHg which was
about half the pressure recorded during maximal
voluntary contraction. This represents a higher per-
centage of maximal voluntary contraction than is
thought to be used in high intensity submaximal
bicycle exercise (12). A consistent finding in this and
two other studies using FES to elicit dynamic exercise
(8, 16) is the higher heart rate response at a given
submaximal exercise intensity. The cause for this is at
present unknown. The sensory output from the con-
tracting muscle is most likely more pronounced in
FES as lactate is higher (= pH lower) and so is the
muscle pressure (18). Both variables are known to
excite group III and IV nerve fibres in the muscle,
which have been shown to play a role in the regulation
of the heart rate response (cf. 16). However, when this
sensory input is blocked by cpidural anacsthesia, and
the muscles are made to contract by FES, heart rate is
nevertheless elevated to the anticipated level (16). The
blood pressure is lowered in this situation. Thus, in the
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experiments with epidural anaesthesia, the arterial
baroreceptors may drive the heart rate response, but
that cannot be the explanation in the present experi-
ments as the blood pressure during FES was normal
or slightly exaggerated (8). Left is the venous return
which via the Bainbridge reflex can cause parasym-
pathetic withdrawal. That this should explain the
elevation in heart rate response and the difference
between FES and VOL is unlikely. It is more likely
that the sensory input from the muscle indeed has a
functional role.

In conclusion, the present study has demonstrated
that electrically induced contraction (FES) can pro-
duce forceful dynamic contractions, which can be
sustained over a considerable time. The rate of glyco-
gen and anaerobic energy production is high during
electrically elicited contractions and both type I and II
muscle fibres are engaged in the exercise. The heart
rate response is substantial, which could be a function
of the forceful contractions eliciting a more powerful
muscle reflex, which has been suggested to be a
modulator of the cardiovascular response to exercise.
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