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Responses of muscles of patients with Duchenne
muscular dystrophy to chronic electrical stimulation
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SUMMARY The effect ofchronic low frequency stimulation on the tibialis anterior muscle of children
with Duchenne muscular dystrophy was investigated. Baseline data from 16 boys established low
values ofmaximum voluntary contraction which did not improve with age. Studies of the contractile
properties revealed significant slowing (p < 0O001) of mean relaxation time compared to that of
normal children's muscles. There was no loss of force during fatigue testing, as in normal children,
but in contrast to normal children, there was no potentiation at lower frequencies of stimulation.
Intermittent chronic low frequency stimulation of muscles in six young ambulant children with
Duchenne muscular dystrophy resulted in a significant increase (p < 005) in mean maximum
voluntary contraction compared with the mean forces exerted by the unstimulated control muscles
of the contralateral leg.

During development, mammalian skeletal muscle
fibres undergo a considerable number of changes in
the biochemistry of the muscle cell,' which leads to
histochemical maturation and differentiation into
fibre types.2 There is evidence to suggest that muscles
of children with Duchenne muscular dystrophy have
properties that are thought to be characteristic of
immature muscle (for review see reference 3). Pro-
longed contraction and relaxation times have been
reported,4-7 the ability of the sarcoplasmic reticulum
to take up Ca2+ is low8 9 and the enzyme patterns
retain immature characteristics.'0 It has been sug-
gested that a fundamental genetically determined
defect occurs in dystrophic muscle which results in a
slow rate of maturation of the muscle fibres,3 and that
irreversible damage might be caused when the fast
motoneurons activating these muscle fibres develop
high frequency firing patterns."
The possibility that the rate of muscle maturation

can be enhanced by superimposing slow frequency
activity has been investigated in animal models of
muscular dystrophy. Improvement in function and a
reduced loss of muscle fibres together with raised lev-
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els of oxidative enzymes were observed in dystrophic
mice following chronic stimulation.'2 13 Electrical
stimulation was shown to induce enzyme and mem-
brane properties characteristic of adult fast muscle'4
and has also been shown to reduce the rate of deteri-
oration of muscle fibres in dystrophic mice and chick-
ens.14 15 Muscle fibre regeneration is known to occur
in Duchenne muscular dystrophy muscles16 and
appropriate superimposed activity may induce mat-
uration of existing muscle fibres and favour survival
ofnewly regenerated muscle fibres possibly preventing
subsequent degeneration. 14 15

Subjects

Sixteen boys with an established diagnosis ofDuchenne mus-
cular dystrophy, based on a clinical history ofearly onset and
progressive weakness and confirmed by grossly raised levels
of serum creatine kinase (CK) and muscle biopsy, par-
ticipated in these investigations, which were approved by the
Committee on Ethics of Clinical Investigations at Ham-
mersmith Hospital. All the boys were attending the Muscle
Clinic for regular 3-6 monthly reviews and were monitored
in the Physiotherapy Department by recording their muscle
strength and physical capabilities.'7 Their ages on initial
assessment ranged from 5-12 years (mean age 7-8 years).
Twelve of the boys were still able to walk independently, two
needed assistance to walk and two were confined to wheel-
chairs. Fourteen of the 16 boys volunteered for stimulation
of their tibialis anterior muscle. The study of the effect of
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Table 1 Comparison of mean values + SD of MVC, fatigue indices and ratios 10/40 and 20/40 Hz before and after
fatigue testing of tibialis anterior in 16 children with DMD and 18 normal children.

Children with Duchenne muscular dystrophy Normal children
n= 12 n= 18

Before After Before After

EEC kg 045 + 018 041 + 012 18 + 12 18 + 1.1
% MVC 28-9 + 11 0 22-1 + 9 3
Fatigue Index % 5 5 + 8 1 - 1-5 + 19 1
Tension at
*10 Hz 240 + 97 210 + 110 193 + 89 272 + 66t
*20 Hz 556 + 103 536 ± 119 569 + 119 620 + 99

EEC - electrically elicited contraction at 40 Hz.
* - tension expressed as % of tension developed at 40 Hz.
A Student's t test (two tailed) for paired values was performed on the pre and post fatigue test data.
tp < 001.

chronic low frequency stimulation was divided into two
stages.

Stage I Feasibility Study
Eight boys took part in an initial feasibility study, to evaluate
the parameters of stimulation and to identify any changes in
the mechanical properties of the stimulated muscles. The
subjects stimulated their muscles with a small battery oper-
ated stimulator at frequencies ranging from 5 Hz to 8 Hz
continuously for an hour, three times daily for periods rang-
ing from 7 to 10 weeks. Of the four older boys ranging in age
from 10 to 11 9 years, two were confined to wheelchairs, one
walked with the assistance of knee-ankle-foot orthoses and
one walked with the assistance of a helper. The other four
boys, aged from 5 to 7 5 years, were all still fully ambulant
and could climb stairs (see later in table 3).

Stage 2
Analysis of the data obtained from the feasibility study indi-
cated that there was some increase in maximum voluntary
contraction (MVC) in the muscles of the younger boys who
were in the early stage of the disease process. Therefore,
subjects selected for the second stage of the study were all still
able to walk independently and had not more than 200 of
fixed equinus deformity of the feet. The pattern of chronic
stimulation was changed from continuous low frequency
stimulation to intermittent stimulation (cycle I15s on, 15s
off).

Methods

Physical assessment
The routine assessment of muscle strength and physical
capabilities included evaluation of total muscle strength;
%MRC, based on the clinical assessment of strength of 32
muscle groups; the force of eight skeletal muscle groups
using an electromyometer; a motor ability score based on 20
consecutive motor activities; walking times measured over 28
feet and 150 feet; and recording of muscle contractures as
described by Scott et al.'7

Muscle function studies
Isometric tension recordings were made of maximum volun-
tary and electrically evoked contractions of the tibialis ante-

rior muscle using a specially designed chair, a rigid foot plate
and an adjustable padded steel bar which could be carefully
aligned with the head of the first metatarsal.'8 The subject
was asked to make maximal effort to dorsiflex the foot
against the bar and the output from strain gauges mounted
on the bar was amplified and simultaneously recorded on an
oscilloscope and a pen recorder. The deflection of the oscil-
loscope beam was observed by the subject and three, 1 to 3
second, maximum voluntary contractions were recorded.
Unless the third was greatest, a fourth and if necessary fur-
ther attempts were made until a maximum was achieved.
Muscle contractions were also elicited by electrical stimu-
lation using two 4cm square carbon rubber electrodes, one
placed proximally over the motor point and the other more
distally on the belly of the muscle. A standardised sequence
of testing was used to record the increase in tension in
response to 250 ms of stimulation at 1, 10, 20 and 40 Hz. The
ratios

tension (10 Hz)
tension (40 Hz)

and
tension (20 Hz)
tension (40 Hz)

were determined.
The resistance to fatigue was determined by stimulating

the muscle at 40 Hz for 250 ms every second for 5 minutes
and a fatigue index,

initial tension - tension after 3 minutes stimulation
initial tension

was calculated.
The effect of the fatigue test was determined by recording

the tension developed at 1, 10, 20 and 40 Hz before and after
fatigue and by monitoring the time course of contraction
throughout the test. The following indices were recorded:
peak tension at 40 Hz (Po) and the time to fall to 50% of
peak tension (½2RT40).

Chronic low frequency stimulation
The subjects stimulated their tibialis anterior muscles with a
small battery operated stimulator at a frequency of 5-10 Hz
for an hour three times daily for periods ranging from 7 to
11 weeks (mean 8 7 weeks). Stimulation was effected using
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imum force developed by the muscle at 40 Hz. Each subject
kept a day by day chart of hours of stimulation. Initial base
line data of the mechanical properties of the tibialis anterior
muscle were established for each subject from assessments on
at least two separate occasions prior to commencing long
term stimulation. Further testing was undertaken at regular
2-3 weekly intervals of stimulation and at monthly intervals
following completion of stimulation. Muscles of the contra-
lateral legs were also tested and acted as controls. The
assessor did not know whether the right or left tibialis
anterior muscle had been selected for long-term stimulation.

Results

I1

MUSCLE FUNCTION STUDIES IN DUCHENNE
-8 MUSCULAR DYSTROPHY CHILDREN

Maximum voluntary contraction (MVC)
In contrast to previous findings in normal children"8
muscle strength of children with Duchenne muscular

*. . dystrophy does not increase with age. Figure 1 com-
* pares-the MVC exerted by the ankle dorsiflexor mus-

cles of the 16 children with Duchenne muscular dys-
trophy with that of 18 normal children; the force
increases with age whereas in Duchenne children a
slight decrease is seen. There was little difference

8 10
between the MVC exerted by the left or right legyears)
(mean difference= 0-39 kg ± 0-23). Figure 1 also

m voluntary shows that in younger children with Duchenne mus-

ors of the ankle of children cular dystrophy, the MVC is within the range of the
7hy (DMD) with age: a lower limits of normal strength.

relationshin ofstrenoth and
age in normal children. Lines shown are the regression
line (-) and the 95% confidence limits (---) for normal
children from Scott et al.'9

4cm square carbon electrodes placed on the tibialis anterior
muscle in the same position as during the testing procedure.
The electrodes were attached by leads to the stimulator con-
cealed under the trousers and the stimulator was worn on a
belt around the waist. The tension developed by this stimu-
lator was comparable to that elicited at 10Hz during the
testing procedure and was approximately 25% of the max-

Electrically elicited responses
Table 1 shows that about 29% of the MVC was acti-
vated by electrical stimulation at 40 Hz. Comparison
was made with the values obtained from a group of
normal healthy children, aged 3-13 years, (mean
age = 8 3 years).18

It can be seen that as in the muscles of normal
children, there was a minimal loss of tension sustained
in response to the fatigue test and there was no change
of tension on re-stimulation at 40 Hz, 2-3 minutes

Table 2 Comparison ofmean values + SD ofpeak tension and half relaxation times during fatigue testing of 12 children
with Duchenne muscular dystrophy and 12 normal children.

Children with Duchenne muscular dystrophy Normal children
n = 12 n = 12

On initial stimulation (40 Hz)
% MVC 21-0 + 6-8 20 + 8-1
Peak Tension (Po) kg 04 + 0.12 1-5 + 0-8
Relaxation time (/2RT40) ms 153 + 19-1* 103 + 11 1
After 3 minutes of stimulation (40 Hz)
%MVC 21 + 76 20 + 105
Pokg 04 + 016 15 + 0-8
'/2RT40 ms 150 + 15 8* 113 + 18 5

*p < 0 001.
A Student's t test (two-tailed) for paired values was performed.
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Table 3 Physical assessment of 14 children with Duchenne muscular dystrophy on entry to study of effects of chronic low frequency
electrical stimulation and then six months later. Stage 1 refers to initial feasibility study; Stage 2 to the second study, see text

Period of
Age on entry stimulation Functional ability

Case (Years) (Weeks) (Vignos) * % MRC *

Stage 1
I 119 11 9 9 47 50
2 10 10 6 6 49 46
3 11 - 9 44
4 117 - 5 - 47 -

5 7-5 8 2 2 80 63
6 59 10 2 2 63 53
7 55 7 2 2 73 66
8 50 9 2 2 62 60
Mean 7-63 9 2 3 83 3.83* 62 56*
+ SD 277 147 299 299 13 8
Stage 2
9 10 0 10 3 3 57 46
10 8 5 9 2 2 65 61
11 7 2 10 2 2 63 57
12 6.7 7 3 3 57 52
13 5 5 7 3 2 69 60
14 53 9 2 2 72 68
Mean 7 2 8.7 2-5 2.3* 64 57*
+ SD 18 14 06 05 6 8

*Six months later

5 year old boy with
Duchenne Muscular
Dystrophy ( DMD )

8 year old normal
brother

RT,4o =165ms
2 40
1.MVC = 471.

2 RT40 =

°.MVC = 351.

later. Table 1 compares the proportion of tension
developed at 10 and 20 Hz expressed as a percentage
of the tension at 40Hz; in the dystrophic muscles,
these ratios remained unaltered after the fatigue test
whereas the muscles of normal children showed post-
fatigue potentiation at the lower frequencies of stimu-
lation.

Table 2 summarises the results of monitoring the
time course of relaxation before and after fatigue test-
ing of 12 children with Duchenne muscular dys-
trophy. At the start of the fatigue test the mean half
relaxation time was 153 ms + 19 1 and there was little
variation in the time course of contraction and relax-
ation during the fatigue test. Comparison with the
values obtained from a group of normal healthy
children'9 showed that the relaxation time is very
significantly slower (p < 0001) in the muscles of
children with Duchenne muscular dystrophy. Figure 2
illustrates the different responses to stimulation at
40 Hz of the muscles of a five year old boy with
Duchenne muscular dystrophy and that of his eight
year old normal brother.

250ms

Fig 2 Time course of muscle contraction of the tibialis
anterior muscle of a 5-year-old boy with Duchenne muscular
dystrophy (DMD) and that of his normal 8-year-old
brother on stimulation for 250 ms at 40Hz. % MVC = %
ofmaximum voluntary contraction, '12RT40 = time to fall
to 50% ofpeak tension.

Effects of chronic low frequency stimulation
Six of the eight boys who took part in the feasibility
study tolerated the stimulators well, operated the con-
trols themselves and had excellent records of compli-
ance with the planned programme of chronic stimu-
lation. Two of the older boys with marked equinus
deformities experienced technical problems associated
with the stimulator and their results were not included
in the final analysis. In one case, it was very doubtful

0-5 kg
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t Responses of muscles ofpatients with Duchenne muscular dystrophy to chronic electrical stimulation

Equinus deformity Walking time
Motor ability score (28 feet)
(Total = 40) * Control *(degrees) Stimulated * (Sec) *

13 13 50 45 45 40 - -
13 12 35 40 35 35 25(in calipers) 44
17 - 50 - 45 - - -
10 - 30 - 25 - - -

-32 34 10 25 10 20 4 6
34 28 20 20 15 20 5 7
34 34 20 20 20 25 45 4
30 32 IS 20 20 20 8 5
26 25.5* 25-0 28.3* 24-2 26.7* 9 3 13.2*
402 103 148 113 132 875 891 173

28 24 20 20 20 15 7 5 9
36 32 23 25 25 25 4 4
34 36 20 20 20 20 4 55
,31 25 25 25 25 35 6 8
31 34 20 20 20 20 4 4
36 32 20 28 20 28 3 4
32 7 30.5* 21 3 23.0* 21 7 23.8* 4-75 5.75*
32 49 22 3-5 26 7-1 1 7 22

if a palpable force output had been sustained when the
boy stimulated his muscle and in the second case, it
was only possible to obtain effective stimulation by
very careful positioning of the electrodes and this
proved to be impractical on a long-term basis.

Six boys took part in Stage 2 of the study; all boys
sustained excellent-records of compliance with the
planned programme of stimulation. Table 3 shows
that in both studies, the periods of stimulation, 9-2
weeks + 1[47 and 8-7 weeks + 1 36 were comparable
and the mean ages, 7 6 years + 2 76 years and 7 2
years + 1 8 years of the children similar, although the
range of ages in the first group was greater.

Table 3 summarises the background data of all the
14 boys who took part in the study of the effect of low
frequency stimulation. On reassessment 6 months
later, an overall deterioration in their physical charac-
teristics was apparent. Analysis of co-variance of the
results of the 10 younger ambulant subjects showed a
highly significant decrease (p < 0-01) of overall mus-
cle strength (%MRC) which did not correlate with the
motor ability score, slowing of the independent walk-
ing times by 0-65 s + 1 58 and a variable but in most
cases symmetrical deterioration of the ankle equinus
deformities.
Comparison of the mean values of MVC of the

stimulated muscles and the unstimulated contralateral
controls during the 8 weeks of Stage 2 of the study are
shown in fig 3. There was no significant change in
MVC in the chronically stimulated muscles of the
older boys who took part in Stage 1 of the study. In
contrast the MVC of the younger boys selected for

Stage 2 showed a mean increase of 47%. Figure 3
shows no change of MVC was apparent during the
first six weeks of chronic stimulation but in five out of
the six subjects an increase of MVC occurred after 6
weeks. The stimulated muscles showed a small but
significant increase in strength of 0-7 kg + 0 64

- Period of stimulation .-
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Fig 3 Force ofmaximum voluntary contraction (MVC)
expressed as a % of initial values, before the start ofstimu-
lation of the control (0) and electrically stimulated (0)
muscles of the six boys with Duchenne muscular dystrophy
in stage 2 of the study. Each point represents -the mean
value + SE of mean.
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Table 4 Relaxation times after 3 minutes of stimulation at 40 Hz of 10 boys with Duchenne muscular dystrophy before
and after chronic low frequency stimulation

Relaxation time (/2RT4o) ms

Stimulation Control leg Stimulated leg
Age

Case (years) Weeks Frequency (Hz) Before After Before After

Stage 1
5* 7-5 8 7 1 10* 1 10* 1 10* 122*
6 5 9 10 8 152 159 152 152
7 5 5 7 8 152 165 146 140
8 5-0 9 5 140 171 165 142

Stage 2
9 10 0 10 8 143 146 146 152
10 8-5 9 6 155 140 134 122
1 1 7 2 10 8 146 171 149 152
12 6 7 7 6 134 122 146 152
13* 6-5 7 6 98* 122* 1 10* 98*
14* 5 3 9 6 1 10* 100* 113* 122*
Mean 134 141 137 135
+ SD 205 260 195 186

*Denotes faster half relaxation times throughout the experimental period (see text).

(p < 0 05) compared with 0 2 kg + 0-84 increase of
strength of the control muscles at week 8 and were still
significantly stronger than the unstimulated control
muscles one month after completion of stimulation.
The unstimulated muscles showed no significant

change in MVC but the plot of the percentage change
of MVC in these muscles revealed an initial tendency
to decrease at 2 weeks followed by an overall increase
for the remaining 6 weeks suggesting a possible con-

tralateral training effect which was still present on

retesting a month later.
There was no change in the fatigue indices after

chronic low frequency stimulation in Stage 1 or 2 of
the study; both the control and stimulated muscles
were able to maintain the initial tension evoked during
the five minutes of stimulation at 40 Hz. Mean max-

imal forces of 0 4g ± 0 21 (23% of MVC) were sus-

tained on initial assessment by the tibialis anterior
muscles of both legs and comparable forces of 0-5 kg
+ 0 2 (24% of MVC) were maintained on reas-

sessment at the end of the study.
Analysis of the tensions developed in response to

brief trains of stimulation at 10 and 20 Hz before and
after the fatigue test and expressed as the percentage
of tension evoked at 40 Hz showed no apparent
changes in these ratios following prolonged low fre-
quency stimulation.
The values obtained for the half-relaxation times

after 3 minutes of fatigue testing at 40Hz for both
control and chronically stimulated muscles are sum-

marised in table 4. The relaxation times were

unchanged throughout the fatigue test or on re-

stimulation after completion of the test indicating that
there had been no apparent change in the contractile
properties of the muscles in response to prolonged 16w

frequency stimulation. Three boys (cases 5, 13 and 14)

aged 7 5, 6 5 and 5 3 years respectively showed consis-
tently faster relaxation times comparable with the
values established for normal children (table 4). These
children also had high scores of total muscle strength.

Discussion

In normal children, muscle strength increases with
age; this relationship is not sustained in children with
Duchenne muscular dystrophy. The results of the first
part of the study showed low values of maximum
voluntary contraction (MVC) of the youngest boys
(4-6 years) and a slight decrease of these force levels
in older children. Comparable values of maximum
strength for the ankle dorsiflexors have been found in
previous studies. 17 19
Maximal contraction of tibialis anterior was elicited

on stimulation at 40 Hz with minimal cross stimu-
lation of extensor digitorum longus or other syner-
gistic muscles.
The procedure was well tolerated by the children

who, although very apprehensive on initial assess-
ment, rapidly became familiar with the procedure and
gained confidence that there was no pain or discom-
fort associated with the tests. The 29% of MVC
(table 1) elicited by stimulation was comparable to the
mean value of 22% evoked in the muscles of normal
children. In absolute values however, the electrically
elicited contractions were only about a third of those
from muscles of normal children, reflecting the
weakness of dystrophic muscles.
Normal children's muscle, although showing no

loss of tension during the fatigue test, showed
significant force potentiation (p < 0-01) on re-
stimulation at 10Hz within 2-3 minutes of completion
of the test (table 1). The muscles of children with

1432 Scott, Vrbovd, Hyde, Dubowitz



Responses of muscles ofpatients with Duchenne muscular dystrophy to chronic electrical stimulation

Duchenne muscular dystrophy demonstrated a simi-
lar ability to maintain tension during the test but after
the test on re-stimulation at low frequencies there was
no post fatigue increased force output.
The ability of children's muscles to maintain ten-

sion contrasts with the decline of force observed in
normal mature adult muscle during the fatigue test
and is probably associated with a more efficient supply
of oxygen resulting from the smaller diameters of
children's muscle fibres.18 Roe and his colleagues20
found that the muscles of children with Duchenne
muscular dystrophy were very difficult to fatigue. The
lack of post fatigue force potentiation suggests that
the mechanism by which the onset of fatigue is pre-
vented may be different in dystrophic muscles from
that in normal children's muscle.

Previous studies of fatigue, (for review see reference
21) emphasise the close association between loss of
tension and longer relaxation times. This present
study demonstrates maintenance of tension together
with minimal changes of relaxation time throughout
the 5 minute test or on retesting within 5 minutes of
completing the test and confirms our clinical impres-
sion that these children have an ability to sustain
functional activities albeit at low levels of force out-
put.

It was Duchenne22 who first suggested that elec-
trical stimulation of diseased muscle might be
beneficial to patients with muscular dystrophy and yet
no consistent trials were carried out using electrical
stimulation in any neuromuscular disease. The use of
electrical stimulation may have seemed superfluous
particularly in those conditions such as Duchenne
muscular dystrophy where muscles can be activated
voluntarily and more or less normal patterns of their
EMG can be recorded.23 Thus, to evaluate the effect
of muscle activity on the progress of the disease,
different exercise regimes were applied, rather than
electrical stimulation.24

In recent years a number of studies have shown that
the properties of skeletal muscle fibres are greatly
influenced by the activity pattern they receive, no
matter whether this activity is delivered to the muscle
by its motoneuron, or by electrical stimulation.25 It is
also known that during voluntary movement the pat-
tern of activity delivered to the muscle depends on
constraints given by the control mechanisms of the
central nervous system that regulates movement.26
An attempt was made in this study to bypass the

CNS and impose onto muscles of patients with Duch-
enne muscular dystrophy a particular activity pattern
using electrical stimulation. In view of some "imma-
ture" features of muscles of Duchenne muscular dys-
trophy patients, such as slow time course of con-
traction and relaxation, and reduced ability of their
sarcoplasmic reticulum to take up Ca2+, a low fre-
quency activity pattern was used, typical of firing pat-

terns recorded from muscles of immature animals. 1
The present results show that muscles of children

suffering from Duchenne muscular dystrophy can be
influenced by chronic low frequency stimulation, pro-
vided that the stimulation is applied at a time when the
children are not yet severely disabled. This beneficial
effect of chronic stimulation could be due (a) to slower
deterioration of the existing diseased muscle fibres, (b)
to a better and more rapid growth of regenerating
fibres that are known to be present in muscles from
Duchenne muscular dystrophy children, particularly
in the younger age groups, or (c) to hypertrophy of
existing relatively healthy fibres. From the present
information it is impossible to decide which of these
possibilities makes the greatest contribution to the
improved performance. It is well established that low
frequency stimulation leads to a slight decrease, rather
than increase of muscle fibre diameters27 so that this
type of activity is unlikely to induce hypertrophy in
normal muscle fibres yet dystrophic muscle may
behave differently. The finding that none of the other
properties of dystrophic muscle was altered by
chronic electrical stimulation was not surprising. This
type of stimulation was shown to increase fatigue
resistance in adult muscles. However as normal chil-
dren's muscles and those of children with Duchenne
muscular dystrophy showed no loss of tension during
the fatigue test, superimposed low frequency stimu-
lation could not be expected to change already fatigue
resistant muscles.
The lack of change of contractile characteristics

using low frequency activity favours the development
and maintenance of "slow" type muscle character-
istics, and this may be the overriding effect of this
treatment. The increase of the MVC in the stimulated
muscles was considerable, particularly in view of the
fact that only a proportion of the muscle was stimu-
lated. However it may be that the enhanced activity of
part of the muscle has a beneficial effect on the whole
muscle group.
The results are encouraging and further studies are

necessary to investigate the effect of different patterns
of electrical activity and to monitor the effect of stim-
ulation on other muscle groups. The acceptability of
the method of electrical stimulation has been clearly
demonstrated and, if the results of further studies
support the findings reported here, the techniques
may possibly have therapeutic applications.

We are grateful to the Medical Research Council for
supporting this work, to Biomedical Research Lim-
ited for supplying some stimulators and to the families
who participated in the study.
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