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Chapter 1

INTRODUCTION

Severe chronic cardiac failure is worldwide an important cause of morbidity
and mortality. In the United States alone about 2 million patients suffer
from severe pump failure. It is expected that this number will increase in
the coming years because of a decrease in mortality from acute myocardial
infarction and a growing number of elderly people (1,2, 3). Prognosis for
patients is poor with a 50% one-year mortality for patients in New York
Heart Association functional class IV (4) with the majority dying suddenly
(5).
Pharmaceutical interventions are the major mode of treatment in these
patients. In spite of the recently reported beneficial effects of both a com-
bination of hydralazine plus isosorbide dinitrate (6) and angiotensin-con-
verting-enzyme inhibitors (4, 7), the chronic nature of the disease with
repeated long lasting and costly hospitalizations calls for new therapeutic
approaches.
A treatment possibility with good long-term results is cardiac transplanta-
tion. However, scarcity of donor hearts and the need for life-long im-
munosuppressive drugs make this expensive option of limited use.
In recent years a total artificial heart and heart assist devices have been
used either for continuous use or as a temporary bridge to transplant (8, 9).
Unfortunately problems with thromboembolic complications and infection
make the long-term use of these devices impossible at the present time.
Not surprisingly therefore, the introduction, during the last decade, of a
skeletal muscle, wrapped around the heart and electrically stimulated to
contract synchronously with cardiac contraction received considerable at-
tention as a new method to improve cardiac function in patients with severe
heart failure. In two different ways one aimed to improve cardiac function:
First by adding an extra muscular wall against the myocardium resulting in
a decrease in cardiac wall stress. Secondly, to improve cardiac output by
electrically stimulating the wrapped muscle resulting in its contraction. In
this chapter we will start by reviewing the history of the different ways in
which different skeletal muscles have been used for this purpose.
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1.1 Historical review

The idea of using skeletal muscle to assist a failing heart is not new. The use
of a variety of skeletal muscles either as free grafts, pedicled grafts or grafts
with microvascular anastomoses with or without neural innervation has
been investigated. The different muscles include the diaphragm, pectoralis
major, rectus abdominis, intercostal, pronator teres, internal oblique, vas-
tus lateralis, stemocleidomastoid, gluteal, sternohyoid, rectus abdominis
and the latissimus dorsi (LD). Different ideas were behind the use of these
muscles. For example skeletal muscle has been used as a means to revas-
cularize the ischemic myocardium or to enlarge a cardiac chamber to treat
congenital defects. Other applications have been the reinforcement of in-
farcted myocardium or aneurysms. Only more recently, increasing attention
has been given to improve cardiac output by electrically stimulating skeletal
muscle positioned against or around the heart. Skeletal muscle has also
been applied as a tool for counterpulsation by wrapping it around the
thoracic or abdominal aorta or by the construction of pouches connected to
the systemic circulation functioning as so-called skeletal muscle ventricles.

The first report on the use of skeletal muscle appeared in 1931 when De
Jesus described a patient in whom the pectoralis muscle was transplanted
to repair a traumatic laceration of the left ventricle (10). Leriche and
Fontaine in 1933 investigated the long-term viability of free muscle grafts
positioned at the side of an excised part of the left ventricle in dogs (11). In
1935 Beck was the first to describe the transplantation of a pedicled
pectoralis major flap into the ischemic myocardium of a patient to relieve
anginal symptoms (12). For this purpose diaphragm muscle was used by
O'Slaughnessy in 1936 (13). In 1938 Griffith and Bates repaired a defect in
the right ventricle using a pedicled pectoral major graft (14). In 1946
Weinstein and Shafiroff (15) sutured free muscle grafts from the vastus
lateralis muscle and internal oblique muscle around canine hearts resulting
in vital muscle parts in two out of six dogs after a follow-up period of 15
weeks.
Petrovsky, starting in 1948, used diaphragm muscle to reinforce aneurysms
of the heart in more than 100 patients (16, 17).
In 1959 Kantrowltz and McKinnon were the first to apply electrically
stimulated skeletal muscle to assist the heart (18, 19). They wrapped a
pedicled diaphragm graft in one group of dogs around the ventricles and in
a second group around the distal aorta. Contraction of the graft was seen
on stimulating the phrenic nerve. However, only the wrap around the distal
aorta resulted in significant hemodynamic changes as demonstrated by an
increase in diastolic pressure when stimulation was performed during
cardiac diastole. This started the idea of diastolic counterpulsation using
stimulated skeletal muscle.
In 1964 Nakamura and Glenn transplanted pedicled diaphragm grafts in
dogs to enlarge the right atrium and to reinforce the ventricles (20). Both
vascularization and innervation was left intact to keep the graft vital.
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Contraction of the graft by stimulating the phrenic nerve was still seen after
a follow-up of maximally 9 months. They were the first to demonstrate a
temporary positive effect both on right atrial and aortic pressure with the
diaphragm muscle wrapped around the ventricles.
In the same year Kusserow and Clapp used electrically stimulated qua-
driceps femoris muscle for a different purpose. They were able to power a
ventricle-type pump successfully during 8 hours, in spite of the fact that
some muscle fibre damage occurred (21).
Termet in 1966 was the first to use pedicled latissimus dorsi (LD) muscle
flaps sutured onto the ventricles (22). After 8 months of follow-up the
majority of the grafts had a normal skeletal muscle structure and contrac-
tion of the wrapped muscle at that time resulted in sustained blood pres-
sures of 60 to 80 mmHg during periods of ventricular fibrillation, lasting 15
to 20 minutes.
Shepherd demonstrated the value of paced denervated diaphragmatic pe-
dicled grafts sutured to the right ventricle. He showed that by direct skeletal
muscle stimulation vitality of the graft could be preserved (23). Moreover,
anastomoses developed between the graft vessels and the coronary circula-
tion.
Another person using diaphragm muscle was Phillips in 1969. In contrast
to Nakamura however, he could not obtain hemodynamic improvement with
the stimulated graft wrapped around the heart (24).
Kusaba et al applied a diaphragmatic graft to the left ventricle resulting in
an acute increase in cardiac output during stimulation of the phrenic nerve
synchronous to cardiac contraction. Furthermore they could demonstrate
good vitality and intact vascularity of the graft after 4 months of follow-up
(25).
In 1978 Thompson used free grafts from canine pronator teres muscle which
were applied to the myocardium. During the procedure part of the divided
phrenic nerve was implanted into the graft. Six months later all three grafts
appeared histologically normal and vital (26).
During the seventies interest also started to assist cardiac function by
constructing ventricles from skeletal muscle. Spotnitz et al reported on
skeletal muscle ventricles made from canine rectus abdominis muscle (27).
Vachon et al used denervated canine diaphragm muscle for this purpose
and demonstrated the capability of these pouches to produce pressures of
up to 176 mmHg (28). Both groups showed that both muscles functioned
according to Starlings law of the heart. Unfortunately, the rectus abdominis
muscle appeared to be less compliant compared to cardiac muscle, thus
requiring high end-diastolic pressures for optimal performance.
Von Recum also used diaphragm muscle pouches which were able to
contract during many hours (29).
Juffe in 1978 used canine gluteus maximus muscle for construction of a
counterpulsation pump which was capable to function up to 26 days using
70 electrical stimuli/min during 24 hours a day (30).
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During the last decade the application of skeletal muscle for cardiac assist
has benefitted from 2 important new developments. Originally the use of
electrically stimulated skeletal muscle was hampered by the inevitably
occurrence of muscle fatigue. However, already in 1960 Eccles and Eccles
had demonstrated that the physiological and biological properties of skeletal
muscle could be changed by cross innervation of two different muscles (31).
Then, Salmons and Vrbova made the important discovery that muscle
characteristics could be changed by continuous low frequency stimulation
(32). Particularly the demonstration of the development of increased fatigue-
resistance has been of major significance (33). Macoviak showed excellent
fatigue-resistance in canine diaphragm muscle which had been stimulated
for up to 135 days (34). In 1986 Mannion et al (35) and Acker and coworkers
(36) proved that canine LD muscle could be conditioned in such a way that
contraction became possible for 24 hours a day.
Another breakthrough was the development of a skeletal muscle stimulator
allowing more optimal stimulation of skeletal muscle used for cardiac
assistance. By application of a train of pulses instead of single pulse
stimulation a tetanic skeletal muscle contraction could be provoked which
resembled myocardial contraction (37, 38).

During the eighties the possibilities to assist cardiac function with skeletal
muscle have been expanded into 3 main directions.
First the replacement of myocardial tissue by stimulated or non-stimulated
skeletal muscle with the intention to provide bulk, neovascularization of the
myocardium and, when stimulated, new contractile tissue.
Macoviak in 1981 reported about the replacement of a part of the right
ventricle by a pedicled diaphragmatic graft which developed tension and
muscular thickening on electrical stimulation (39).
Christ and Spira used pedicled non-stimulated LD muscle to reinforce the
left ventricular myocardium in dogs, resulting in signs of neovascularization
of the heart originating from this skeletal muscle after a maximal follow-up
of 1.5 years (40).
To establish revascularization of ischemic myocardium, pectoral muscle
with intact neurovascular pedicle was used in dogs by Appiani (41).
Sola, in 1985, used free flaps from the stemocleidomastoid muscle and
sternohyoid muscle to replace parts of the left and right ventricle respective-
ly (42).
In the same year Gaines et al published results from the application of a free
flap gracilis muscle, revascularized by anastomoses to the right internal
mammary vessels, to reconstruct the right ventricular outflow tract. After
10 weeks they found a vital muscle flap with intact blood supply without
thrombus formation on the chamber surface (43).
However, full-thickness replacement of myocardial tissue by skeletal muscle
resulted in important problems, both in relation to hemostasis between
myocardium and the attached skeletal muscle graft and high thrombogenity
of the surface of the graft, when used as a new inner lining of a part of the
ventricle. To overcome this problem, Dewar and coworkers used a pericar-
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dial patch covered by a LD muscle graft, resulting in early endothelization
of this neoendocardium in dogs (44).
In 1987, Cohen et al used a skeletal muscle to repair a myocardial defect in
a patient. They successfully closed a full-thickness right ventricular hole
with a fascia lata graft reinforced with a rectus abdominis muscle (45).

The second direction has been the application of skeletal muscles to provide
effective diastolic counterpulsation.
Neilson et al developed assist devices constructed from rectus abdominis
muscle and LD muscle, which contracted against a bladder connected to the
aorta or to a conduit between the left ventricle and the aorta. In acute
experiments they could show effective counterpulsation (46).
Stevens et al also constructed a counterpulsation device, consisting of a
double open-ended compressible pouch, wrapped with canine rectus ab-
dominis muscle, and interpositioned between the left ventricle and the
aorta. Effective diastolic pressure augmentation and increase in cardiac
output was obtained in acute experiments (47).
A large number of experiments using skeletal muscle in counterpulsation
devices have been performed by Chiu et al and Stephenson and coworkers.
Chiu's group used canine LD muscle in situ. A balloon was inserted beneath
this muscle which was subsequently connected to the aorta with a dacron
graft. The main advantages of this technique were the absence of extensive
dissection of the LD muscle, needed for this device, and the possibility to
use the original stretch of the LD muscle to transport power to the balloon.
In this way the risk of loosing part of the power after distal dissection of the
muscle could be minimized. They demonstrated that effective diastolic
pressure augmentation could be produced with canine LD muscles, which
were preconditioned for 8 to 18 weeks (48). However, long-term thromboem-
bolic sequelae due to the presence of blood inside the balloon forced them
to look for different solutions. This led to the construction of a dual-chamber
extra-aortic counterpulsation system consisting of a hydraulic bulb, posi-
tioned beneath the left LD muscle in dogs. The bulb was connected to a graft
positioned parallel to the aorta. The entire device was filled with fluid.
Compression of the bulb by the stimulated LD muscle resulted in fluid
displacement within the system, leading to narrowing of two membranes
within the graft and elevation of diastolic pressure (49). Optimal timing of
the skeletal muscle contraction during diastole was accomplished by the
development of a new pacemaker, which automatically adapted its pacing
delay to changes in heart rate (50).

A large series of experiments has been performed by the group of Stephen-
son, using so-called skeletal muscle ventricles (SMV). These ventricles
consist of a pouch constructed from LD muscle wrapped in a multilayered
conical fashion. During their first experiments, using such a device, these
investigators could demonstrate the capability of these ventricles to produce
flow during 4 hours, using a hydraulic test system (51). Acute studies, done
with SMVs constructed from preconditioned LD muscles, showed that
stroke work of the device was intermediate between that of the dog"s left and
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right ventricle (52). Subsequent studies showed that a vascular delay period
between SMV construction and stimulation of the LD muscle and also
conditioning of the LD muscle by electrical stimulation had a positive effect
on the output produced by these ventricles (53). In 1986, it became possible
to obtain effective diastolic counterpulsation for 1 hour after connecting the
SMV to the aorta in a dog (53). The next step in their investigations was the
construction of a totally implantable mock circulation to which the SMV was
connected. That device allowed the separate regulation of pre- and afterload
and long-term pressure and flow measurements. They could demonstrate
substantial flow and pressure build-up after maximally 9 weeks of con-
tinuous pumping underlining the capability of the LD muscles to perform
long-term work (54).
In 1987, they showed that LD muscles also could be conditioned to perform
continuous work during their functioning as SMV's, indicating that in situ
preconditioning of the LD muscle was not necessary (55). In the same year
they reported about the ability of the SMVs to function in the systemic
circulation as diastolic counterpulsators during maximally 11 weeks (56).
However, disadvantages of this application became apparent like aortic
dissection at the site of the connection and renal infarction following
thromboembolic episodes. To prevent thromboembolic complications a new
experimental device was tested by Anderson et al (57), using a SMV made
from wrapped LD which was connected to a pump device inserted into the
thoracic aorta. This device consisted of two shells. Air could be compressed
in between those shells by the contracting LD muscle leading to displace-
ment of blood within the aorta. This construction prevented the stasis of
blood. Diastolic counterpulsation was achieved in dogs up to 42 days after
the start of skeletal muscle stimulation. Main cause of death after this
period was disruption of the aorta. Unfortunately, thromboemboli were still
seen in the spleen and kidneys in 2 of the 4 dogs.
During the last years much attention has been given to further improvement
of the functional properties of the SMVs. In 1989, Bridges and coworkers
(58) constructed a SMV which was capable to function optimally at physio-
logical preloads from 5 to 15 mmHg in contrast to the higher preloads used
previously. Also the effect of different ways of LD preconditioning and the
application of stretch to the muscle was tested. In this way the maximal
attained SMV stroke work amounted to 59% of the canine left ventricular
stroke work. The same group also showed that SMV, made from precondi-
tioned canine LD muscles, were capable to perform the work of the right
ventricle with physiological filling pressures (59). Pochettino et al demon-
strated that SMVs, 18 weeks after their construction from unconditioned
LD muscles, could produce 194% of left ventricular stroke work (60). After
a period of LD electrical preconditioning, this decreased to 54%. Their
experiments stressed the need to allow the wrapped LD muscle an adequate
vascular delay period between wrapping and electrical stimulation.
Recently, Anderson and coworkers (61) reported on their long-term ex-
perience with LD SMVs functioning in the systemic circulation. The survival
period in 10 dogs ranged from 1 week to 9 months with all animals
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demonstrating effective diastolic counterpulsation. However, only 3 dogs
remained free from thrombus formation in the SMV, all 3 having a pleural
lining of their SMV cavity. This suggests that autogenous lining of the inner
cavity of the SMV's might be the solution to prevent thromboembolic
complications as a major obstacle, preventing widespread use of SMV's.
It has also been shown recently that adequate stroke work can be main-
tained in SMVs made from conditioned LD muscles, even in the presence of
severe hypotension during heart failure (61).
In 1990 a different method applying skeletal muscle for diastolic counter-
pulsation was described by Chachques et al (62). In goats, they wrapped the
right LD muscle around the ascending aorta with or without enlargement
by a pericardial patch. Effective diastolic counterpulsation was obtained,
both before and after the induction of heart failure.
So far, the counterpulsation techniques mentioned have not been applied in
patients because problems remain to be solved in particular in relation to
thromboembolic complications.
The third main area of research using skeletal muscle for cardiac assist has
been the concept of dynamic cardiomyoplasty. During that procedure, a
skeletal muscle is wrapped around the heart and electrically stimulated
synchronously with cardiac contraction. In most cases the latissimus dorsi
muscle is used for this purpose. Pioneers in this field have been Carpentier
and Chachques. In 1985 their first report about animal research was
published using a canine LD flap wrapped around the heart (63). After 3 to
6 months follow-up without stimulation the LD muscle appeared histologi-
cally well preserved and capable to increase cardiac output for 2 hours when
stimulated acutely. This article was very soon followed by the publication of
the first clinical case (64). The left LD muscle was wrapped around the heart
in a female patient, to replace and reinforce a part of the ventricle, after
resection of a large cardiac tumor. Since then several articles have been
published by this group, reporting on experimental data from goats and
clinical results in patients (65-67).
Important observations have also been made by the group of Jatene in
South America (68, 69). In that part of the world, use of this technique has
been promoted by the presence of a large group of relatively young patients
suffering from dilated cardiomyopathy due to Chagas" disease. Jatene et al
published on the results of long-term in situ conditioning of canine LD
muscle (68) and the effect on cardiac output when the stimulated precondi-
tioned LD muscle was wrapped around the heart (69).
In the United States of America both Stephenson et al and Magovem and
coworkers investigated the use of the LD muscle for dynamic cardio-
myoplasty. Stephenson et al reported disappointing long-term results from
this technique due to deterioration of the LD muscle (70). Results from the
group of Magovern were more promising demonstrating in dogs an increase
in cardiac output due to the contracting wrapped LD muscle after the
induction of cardiac failure (71). Unfortunately, no histological data from
these wrapped LD muscles were supplied.
Soberman et al described that the electrically stimulated canine LD muscle
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wrapped around the right ventricle resulted in increased right ventricular
pressure and ejection fraction (72).
Lee et al investigated the effect of dynamic cardiomyoplasty in dilated canine
hearts during acute experiments (73). They demonstrated augmentation of
cardiac performance and a lowered myocardial oxygen consumption.

1.2 Clinical results of dynamic cardiomyoplasty

In contrast to SMV's, which have not been used clinically, dynamic car-
diomyoplasty has been applied in over 100 patients (74). At the present time
several groups throughout Europe, South America, the United States and
Canada are investigating the usefulness of the dynamic cardiomyoplasty
procedure to treat severe heart failure in patients, as shown by the com-
munications during several meetings which were held during the last years
(75-77).
Published clinical data have been controversial. Some centers described
significant increases in cardiac function, as evaluated by a large variety of
methods like invasive hemodynamic measurements, the application of both
M-mode echo-evaluation, echo-Doppler flow measurements and nuclear
techniques (78-80). Whereas left ventricular ejection fraction showed a
significant increase in only the minority of cases most clinical data showed
significant improvement in functional class of the New York Heart Associa-
tion (81-83). Follow-up of a group of 74 patients was summarized by
Grandjean in 1991 (74). From this series 27 patients with a follow-up of
more than 6 months showed a mean increase in left ventricular ejection
fraction of 3.7%. Eightyfive percent of these patients demonstrated a sig-
nificant improvement in New York Heart Association functional class.
Evaluation of the effectiveness of dynamic cardiomyoplasty in patients is
difficult for a number of reasons.
First; the methods to evaluate the cardiac and functional condition of the
patients are not standardized.
Second; in a number of centers concomitant surgery was performed like
aneurysm or tumor resection, valve replacement and/or coronary bypass
grafting, thereby obscuring the effect of dynamic cardiomyoplasty alone.
Only Jatene reported follow-up data of patients with dilated cardiomyopathy
treated solely by dynamic cardiomyoplasty (78).
Third; the clinical condition of the patients before operation varied. Until
now no strict rules have been given for selection of patients for this
procedure. Clinical results indicate that patients in severe cardiac failure
(New York Heart Association functional class IV) have a large peri-operative
mortality (79, 81. 74). Moreover, improvement in cardiac function has been
less in patients with a very large left ventricular end-diastolic diameter,
probably because the LD muscle can not be completely wrapped around the
heart. Recently Magovern and coworkers reported that the optimal long-
term outcome depended in particular on the right ventricular ejection
fraction, which had to be above 30% (84).
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How to explain subjective improvement in a number of patients with only a
small or even no increase in cardiac output.
First of all, a placebo effect can not be excluded. Secondly, it has been
reported that adding an extra muscular wall by the LD muscle leads to a
decrease in both systolic and diastolic wall stress with a concomitant
decrease in myocardial oxygen consumption (73). This may lead to partial
recovery of myocardial function (78, 85) or even to in future reversal of the
remodeling, which the myocardium undergoes during the progressive
course of chronic congestive heart failure (86-88). Moreover, it has been
described that increased wall thickness relative to ventricular volume is
related to increased survival in patients with cardiomyopathy (89). Also,
recovery of myocardial function because of the development of collateral
circulation from the LD muscle to the myocardium has to be kept in mind.
Thirdly, by preventing further dilatation of the heart the wrapped LD muscle
could halt or delay the progressive downward spiraling clinical course which
these patients often experience (90). Both this point and the possible
development of collateral circulation from the wrapped muscle could be
responsible for the decrease in ventricular arrhythmias which has been
described in patients after dynamic cardiomyoplasty (91). Fourthly, it could
be that in particular improvement of right ventricular function is important
in the increase in exercise tolerance in a number of these patients. As
already mentioned. Baker et al (92) and Franciosa and coworkers (93)
reported that maximal oxygen consumption and exercise tolerance was
correlated with right ventricular ejection fraction, rather than left ven-
tricular ejection fraction.
Fifth, an indirect effect of dynamic cardiomyoplasty on skeletal muscle can
not be excluded. As described by Sullivan and coworkers, chronic congestive
heart failure leads to abnormalities in peripheral vasculature and skeletal
muscle fibers (94-96). Exercise training in these patients has a significant
positive effect on exercise tolerance (97, 98). Such improvement can be seen
in patients after coronary artery bypass grafting, even in the absence of a
formal training programme following the operation (99). It could be that the
increased confidence and motivation in patients after a cardiomyoplasty
procedure to exercise more, either or not guided by an exercise training
programme, does contribute to the increased exercise tolerance and im-
proved well-being.

1-3 The Latissimus Dorsi muscle

In most cases the latissimus dorsi muscle is chosen for application in a
dynamic cardiomyoplasty procedure. Use of this muscle has important
advantages. First of all, it has a mass which is comparable to the left
ventricle. It can easily be mobilized and is located not too far from the heart,
making it possible to transpose a large part of the muscle into the thoracic
cavity around the heart. Moreover, the main part of the muscle is connected
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to a large neurovascular pedicle, containing the thoracodorsal artery, vein
and nerve (100, 101). Also, a clean dissection of this muscle from its original
location is possible, without major damage to the muscle.

1.4 Skeletal Muscle versus Cardiac Muscle

A key question, when investigating the use of skeletal muscle to assist the
heart, inevitably is how much of the function of the specialized myocardial
muscle fibers can be taken over by skeletal muscle fibers.
Considering this question, how do skeletal and cardiac muscle compare to
each other (102-104)?
Both are striated muscle, composed of muscle cells with longitudinally
oriented myofibrils which are organized in sarcomeres. The mechanism of
contraction of the individual cells of both muscle types is basically the same
and based upon the shortening of sarcomeres by the sliding-filament theory,
due to the binding of Ca^+ to troponin. Also the process of relaxation is
comparable, resulting from the active transport of Ca^+ from the cytoplasm
into the sarcoplasmic reticulum depending upon the activity of Ca-ATPase.
However, there are important differences both structurally and functionally.
Cardiac muscle cells are branched cells (maximally lOOurn in length) with
one central nucleus and an abundance of mitochondria. This is needed
because the heart has to perform aerobic work for 24 hours a day, without
creating an oxygen debt. Skeletal muscle cells are long with variable length,
sometimes running along the entire length of the muscle. They have a
considerably smaller amount of mitochondrial volume percentage because
no continuous activity is required and a deficit of oxygen can be dealt with
for a short period of time. Also important differences exist between the mode
of excitation of both types of muscle. Firstly, the heart has its own pace-
maker in contrast to skeletal muscles. Excitation of cardiac muscle cells
results from a depolarization wave spreading from the pacemaker site
(normally the sinus node) to the myocardial muscle cells by way of a
specialized conduction system and. more distally, along the intercalated
discs which connect the individual muscle cells. In this way the heart act as
a functional syncytium and contracts in an all-or-none fashion. In contrast,
skeletal muscle cells, organized in motor-units, are separately innervated by
individual nerve branches. Important differences exist in the way excitation-
contraction coupling is organized. In cardiac muscle, apart from Ca^+
originating from the sarcoplasmic reticulum, extracellular Ca^+ is necessary
for coupling. In contrast, skeletal muscle cells can rely on their sarcoplasmic
reticulum as a source for the Ca^+, needed for the subsequent crossbridge
cycling. Also, gradation of force is organized in a different way. As men-
tioned, the entire myocardium is activated in an all-or-none fashion. Myo-
cardial contractile force is mediated both by the number of activated
actin-myosin crossbridges per sarcomere and the degree of activation of the
individual muscle fibers. Availability and utilization of Ca^+ play a central
role in this process. Skeletal muscle force, however, is regulated by activa-
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tion of a larger or smaller number of motorunits (spatial summation) and by
increasing the number of consecutive depolarizations of the muscle cell
membrane, resulting in a tetanic contraction (temporal summation). Final-
ly, different skeletal muscle fibre types exist in contrast to a single type of
cardiac muscle fibers. Two main skeletal muscle fibre types have been
described with several intermediate forms. Slow-twitch type I fibers, having
a large number of mitochondria, which are loaded with an extensive amount
of aerobic enzymes, thus enabling contractile activity of long duration. This
is in contrast to the fast-twitch type II fibers, with a smaller mitochondrial
volume and a high activity of anaerobic enzymes to perform fast forceful
contractions of short duration.

These differences between cardiac and skeletal muscle fibers do have
important implications when skeletal muscle is used to assist the heart.
Firstly, skeletal muscle has to be able to function continuously during 24
hours a day. Therefore a number of adaptations within the skeletal muscle
fibers have to take place to make this possible. Buller et al in 1960 (105) and
Salmons and Vrbova in 1969 (32) described the impressive capacity of
skeletal muscle to adapt itself to changing activation patterns. However, are
these adaptations sufficient to assist a failing heart full-time?
Secondly, a skeletal muscle does not have a pacemaker. Stimulation has to
be performed by an external pulse stimulator. This raises the question about
the optimal way of stimulating the LD muscle both when electrical stimula-
tion is started and after the muscle has been stimulated for several weeks

1.5 Aims of the study

In this thesis, our experience with dynamic cardiomyoplasty in dogs and
goats is presented. The study was done first of all to investigate if a skeletal
muscle (LD) can be conditioned to produce tetanic burst contractions during
24 hours a day. Both dogs and goats were used for this purpose.
A second problem, addressed in this thesis, is the optimal way of stimulation
of both unconditioned and conditioned LD muscle.
The most important question to answer was: "Is the LD muscle, when
wrapped around the heart able to improve normal and depressed cardiac
function?". We studied this both immediately after wrapping and after a
prolonged period with continuous electrical stimulation following wrapping.

The content of the different chapters is as follows:
Chapter 2 discusses functional, structural, histological and biochemical
changes which occur during long-term in situ stimulation of the canine LD
muscle.
The same features are investigated in the in situ stimulated goat LD muscle
(Chapter 3).
To evaluate the usefulness of dynamic cardiomyoplasty, it is essential to test
the effect of this surgical technique in a failing heart model. We used
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imipramine to create a safe, reproducible and reversible failing heart model
(Chapter 4).
In Chapter 5 the acute effects of dynamic cardiomyoplasty, both in the
normal and depressed goat heart, are shown using different modes of
electrical stimulation of the wrapped LD muscle.
Chapter 6 gives the long-term hemodynamic and histologic results of
dynamic cardiomyoplasty in a large series of goats.
The functional characteristics of the conditioned LD muscle in dogs using
different modes of electrical stimulation are presented in Chapter 7.
Chapter 8 presents data indicating that the currently used clinical stimu-
lation protocol might be hazardous for the wrapped LD muscle in the end.
This is done by presenting both goat and human data.
In view of the observations described in Chapter 8, an alternative stimula-
tion protocol is suggested and the functional and histological data of that
protocol are presented in Chapter 8.
The thesis closes with a summary in the English and Dutch language.
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Changes in Canine Latissimus
Dorsi muscle during 24 weeks
of continuous electrical
stimulation

ABSTRACT

To study functional, structural and biochemical adaptations to electri-
cal stimulation of striated muscle in a large animal, the canine latis-
simus dorsi (LD) muscle was conditioned continuously for 24 weeks
with an increasing number of pulse bursts (burst duration = 250 msec,
burst frequency = 30Hz).
Force measurements in vivo after 12 weeks showed a significant de-
crease in the ripple (= ratio of interstimulus amplitude to peak force
amplitude) from 0.94 ± 0.03 to 0.13 ± 0.08 (SE, n = 8. P < 0.05)
indicating reduction in contractile speed. Also the steep part of the
force-frequency relation shifted to lower frequencies.
A significant change in fibre-type composition was seen with both
enzyme- and immunohistochemistry, manifested by an increase of type
I fibres from 29.5 ± 2.9% to 83 ± 8% (SE, n = 8, P < 0.05). During this
period a transient rise in the number of type IIC/IC fibres (from 3 to
10%) was seen. In the stimulated muscle, capillary-to-fibre ratio in-
creased from 1.9 ± 0.4 to 2.7 ± 0.1 (SE, P < 0.05). A significant increase
in mitochondrial volume percentage was also seen, especially in the
peripheral part of the fibre.
Both creatine kinase and lactate dehydrogenase revealed a significant
decline in activity within 12 weeks. At the same time a shift in lactate
dehydrogenase-isozyme pattern was observed towards the cardiac com-
position.
No additional changes occurred after 12 weeks of stimulation, indicating
that conversion of the canine LD muscle was complete within this
period.
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INTRODUCTION

After the initial reports of Buller and co-workers in the early 1960s (1) and
Salmons and coworkers in 1969 (2), several investigators confirmed pro-
found functional and structural adaptation of skeletal muscle fibres due to
electrical stimulation (3, 4, 5). There have been important clinical uses of
electrically stimulated muscle, including correction of spine malalignement
in scoliosis patients (6), restoration of walking in paraplegia (7), assistance
of cardiac function in dynamic cardiomyoplasty (8, 9, 10) and a biomecha-
nical component of a counterpulsation device (11, 12, 13, 14). These
applications all require the shift from fast-twitch, fatigue-susceptible into
slow-twitch, fatigue-resistant muscle fibres.
The purpose of our study was to describe and compare the functional,
structural and biochemical changes in latissimus dorsi muscle (LD) of eight
dogs during 12 weeks of electrical stimulation. Four of these dogs were
followed for an additional 12 weeks. The LD muscle was selected because it
is used in studies concerning the effect of dynamic cardiomyoplasty to
improve impaired cardiac function.
We believe that this paper adds new information about prolonged stimula-
tion of LD muscle, especially concerning the time course in functional,
biochemical and structural changes.

MATERIALS AND METHODS

Eight mongrel dogs of either sex, with body weights ranging from 25 to 35
kg, were used. All experiments were performed in accordance with the
"Guide for the Care and Use of Laboratory Animals' (15).

Preparation oj the dogs
The animals were anesthetized initially with pentobarbital (Narcovet; 10
mg/kg iv), intubated, and then ventilated with oxygen-nitrous oxide and
0.5% halothane (Fluothane). Subsequently, under sterile conditions and
preoperative antibiotic cover (Amfipen, 1000 mg iv), a 10-cm longitudinal
skin incision was made in the left midaxillary line. Two intramuscular
electrodes (Medtronic SP5528) were sewn =6 cm apart into the proximal part
of the LD muscle at its thoracic side, perpendicular to the main branches of
the left thoracodorsal nerve (16). These electrodes were connected to an
implantable Itrel pulse generator (Medtronic SP7420) positioned in a sub-
cutaneous pocket in the interscapular region. All dogs received buprenor-
fine (Temgesic, 0.6 mg im) for 2 days for analgesia. Postoperative antibiotic
treatment (Amfipen 1000 mg im) was administered on 2 consecutive days.

LD muscle stimulation
After a recovery period of 2 weeks, conditioning of the LD muscle was started
with a progressive stimulation protocol. Because this research was related
to a cardiomyoplasty project, we chose a progressive stimulation protocol
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comparable to the one used by Chachques et al (17). The following para-
meters were programmed into the stimulator: an individual pulse width of
210 ^seconds, a burst frequency of 30 Hz and a burst duration of 250 ms.
The pause between the bursts was 1750 ms at the start of the training
period. This pause between bursts was shortened every 2 weeks, resulting
in a progressively increasing number of contractions per minute, from 30 to
80, after 10 weeks (Table 1). The voltage that produced an easily palpable
and visible contraction of the entire LD muscle without discomfort to the
animal was selected and, if necessary, adapted during the conditioning
period. The muscles were stimulated continuously 24 h/day. In four dogs
stimulation was performed for 12 weeks and, in the other four dogs, this
period was extended to 24 weeks.

TABLE 1 .

Mode q/iattssimus dorsi muscle stimulation during the periods p/ conditioning and/oilou>-up.
week T(,n ^off contractlons/min

(sec) (sec)
___ __
1.25 40
0.93 50
0.75 60
0.62 70
0.50 80

Ton- burst duration, Tgff, interburst period. Period of conditioning was from week 0 to
12; follow-up was from week 13 to 24.

All dogs were investigated at the start and at 4, 8, and 12 weeks; four dogs
were also investigated at 24 weeks of stimulation. These investigations
included in vivo force measurements of the left LD muscle. Also biopsies
from the left and right LD muscle were analyzed to obtain information on
fibre type, number of capillaries per muscle fibre, mitochondrial volume
density, and enzyme activities.

In utuo/orce measurements oj the LD muscle
After induction of anesthesia with pentobarbital sodium (10 mg/kg iv), the
dogs were intubated and ventilated with oxygen-nitrous oxide and 0.5%
Fluothane. Force measurements were performed after positioning of the dog
on its right side on the operating table. Subsequently, the left forefoot was
connected with straps to a force transducer (Grass FT 10, Grass Instru-
ments, Quincy, MA) in a position in line with the paw and the LD, that
allowed us to measure the force of the LD. The optimal positioning of the
paw was tested by administration of twitch contractions at varying length of
the LD muscle; the length that yielded maximal force was used for further
testing. To restrict compensatory movements of the dog during contraction

1 - 2
3 - 4

5 - 6
7 -8
9 - 10
11-24

0.25
0.25
0.25
0.25
0.25
0.25
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of the left LD muscle, the dog was fixed against two vertical bars, one in front
of the thorax and the other at the back of the animal against the scapulae.
With this test protocol, the contractions of the muscle can be considered
isometric. Subsequently, the following parameters were programmed into
the Itrel stimulator: Individual pulse width of 210 |iseconds, a burst dura-
tion of 1 s and an interburst interval of 10 s. A supramaximal voltage (that
voltage above which no further rise in isometric force during twitches was
measured) and burst frequencies ranging from 2 to 256 Hz were selected.
Force measurements were recorded on a multichannel Schwarzer chart
recorder (frequency response 300Hz measured for ± 3dB points) at a paper
speed of 25 or 50 mm/s.

Biopsies
Immediately after the force measurements, transmural biopsies were ob-
tained from the stimulated and the contralateral LD muscle. These were
performed through a small skin incision of =2 cm at the midportion of the
LD muscle distal to the intramuscular electrodes. Two small samples of
«100 mg each were taken. One sample was quickly frozen in isopentane,
quenched in dry ice and stored at -70°C for fibre typing. A very small part of
this was used for electronmicroscopic investigation. The second sample was
split in two 50-mg portions; one was fixed in neutral buffered 4% parafor-
maldehyde and embedded in paraffin, the other was stored at -70'C for
measurement of enzyme activities. To minimize damage to the muscle, the
biopsies were taken as small as possible, and the localization of subsequent
biopsies was varied within the midportion of the muscle, to avoid overlap in
biopsy sites.

Histotogical techniques
All tissue pieces were embedded in a position suitable for transverse
sectioning. Enzyme histochemical fibre typing was performed on serial
air-dried transverse cryostat sections of 12-|im thickness by use of myosin
adenosinetriphosphatase (ATPase) staining, as described by Staron (18) in
his modification of Brooke's method (19). A slight pH adaptation was
introduced with preincubation at pH 4.15, 4.35 and 10.4, to improve
staining of the type IIC/IC muscle fibres (20). Immunohistochemical fibre
typing was performed on 4-(im cryostat sections submerged in cold acetone
(-20°C) for 20 min. After these sections were washed three times for 10
minutes in phosphate-buffered saline (PBS) they were incubated at room
temperature with the mouse monoclonal antibody R11D10 (Centocor Eur-
ope), diluted 1:2000 in PBS with 1% bovine serum albumin (BSA) for 60 min.
Rl 1D10 was raised against human left ventricular heavy-chain myosin (21),
an antibody that shows immunoreactivity to type I muscle fibres in human
and canine skeletal muscle (20). Sections were again washed three times for
10 min in PBS, followed by application of rabbit anti-mouse antiserum,
diluted 1:200 in PBS with 1% BSA and peroxidase labeled, for 1 h at room
temperature. The peroxidase activity was visualized with diaminobenzidine
as chromogen (20).
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In each section, 300 muscle fibres were identified both enzyme histochemi-
cally and immunohistochemically. The percentage of types I. II and IIC/IC,
as an expression of an intermediate fibre type (22, 23) was determined by
use of an interactive image analysis system (MOP Videoplan Kontron). Fibre
diameter measurements were performed by examining enzyme histochemi-
cal (at pH 4.35) and immunohistochemical preparations with a Zeiss micro-
scope connected to a Hitachi FP-10 camera and the MOP Videoplan Kontron
analysis system. At a final magnification of x250, the smallest diameter of
each fibre was measured (24).
To obtain information about the number of capillaries per muscle fibre, 300
muscle fibres with adjacent capillaries were counted at the start, at 12
weeks (n = 8) and 24 weeks (n = 4) of stimulation. This was done both on
enzyme histochemical preparations at pH 4.15 and on immunohistochemi-
cal preparations with the use of monoclonal antibodies to the basement
membrane component type IV collagen, which enables the visualization of
basement membranes of both muscle fibres and capillaries (25).
Electronmicroscopic investigation was performed in biopsies obtained from
the stimulated LD muscle at 0 and 12 weeks in eight dogs and at 24 weeks
in four dogs. These biopsies were fixed in a solution of 2.5% glutaraldehyde
in 0.01 M phosphate buffer at pH 7.3, with the osmolality adjusted to 330
mosmole by addition of sucrose. Transverse sections were routinely stained
with lead citrate and uranyl acetate and examined with a Philips 300
electronmicroscope. From each muscle biopsy six fields at the peripheral
and six at the central part were selected and photographed at a final
magnification of x 14,000. A digitizer (MOP Videoplan Kontron) with a
cross-hair cursor was used. The perimeter of mitochondria and myofibrillar
bundles present in a reference space, including those crossing the top-left
boundaries, was outlined manually. Reproducibility was found to be within
± 2% for ten repeated measurements. Volume fraction of mitochondria and
myofibrils was calculated for peripheral and central fields in the muscle
fibres.

Enzyme actiuity
The LD muscle samples obtained in the biopsy sessions, as described above,
were allowed to thaw at room temperature and subsequently homogenized
in 20 ml of Tris(hydroxymethyl)aminomethane-(Tris) HC1 buffer (0.05 M, pH
8.5), in bursts of 7-s with intervals of 7-s with a Janke Kunkel Ultraturrax
(type 18-10). The buffer contained 0.05 M NaCl, 0.015 mM pyridoxal-5-
phosphate and 3 mM mercaptoethanol. After homogenization, samples were
sonicated for 3 minutes, in 5-s bursts at 5-s intervals with a MSE Mark II
150-W disintegrator. During homogenization and sonication the tubes were
kept on ice. From the thoroughly mixed suspension a 2-ml sample was
taken for the determination of dry weight and total protein content. The
activities of creatine kinase (CK) and lactate dehydrogenase (LDH) were
determined spectrophotometrically with commercially available test kits
(NAC-activated CK-test, Merck Diagnostica; optimized LDH test, Boeh-
ringer) on a centrifugal analyzer (Cobas Bio System, Hoffman La Roche).
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LDH-isozymes were measured (26) after electrophoresis (Beckmann Instru-
ments). Activities were expressed in micromoles of substrate converted per
minute per litre (U/liter). Total protein content was determined with the
Folin reagent. Dry weight was determined by lyophilization of 1 ml of
suspension in a Leyboldy-Heraeus vacuum freeze drier (GT 2) after previous
freezing of samples at -70°C.

Statistical anaiysis
A repeated-measures analysis of variance test was performed on our whole
data set, followed by a paired Student's t test, to locate significant differen-
ces between the control measurements and measurements done during the
training protocol. Differences were accepted to be significant at P < 0.05.
Values are presented as mean ± SE.

RESULTS

All dogs tolerated the period of electrical stimulation very well, ambulation
not being disturbed by a continuously contracting left LD muscle. Small
increments in voltage were necessary to maintain a visible and palpable
contraction of the entire muscle, especially during the 1st weeks of stimula-
tion. These increments resulted in a voltage of 3.2 ± 0.5 V after 24 weeks of
conditioning, in contrast to the 2.9 ± 0.3 V at the beginning of muscle
conditioning.

Force measurements
The left LD muscle showed an increase in contraction and relaxation time,
reflected in the ripple, which is defined as the ratio of the interstimulus
amplitude to the peak force amplitude (figure 1). The most impressive
change in the ripple occurred within the first 4 weeks of electrical stimula-
tion; after this period the decline was less pronounced. No significant
change in ripple was observed after 12 weeks of muscle conditioning.
The force-frequency relation showed no significant change in frequencies at
which maximal force of the LD muscle was obtained (figure 2). However,
from 10 to 25 Hz, a significant increase in relative maximal force occurred
in the conditioned LD muscle. Maximal tetanic force (11.7 ± 1.1 kg. at 0
weeks and 9.9 ± 1.7 kg. (n = 8) after 12 weeks) did not change significantly.
After 24 weeks the measured maximal force in the four remaining dogs was
9.4 ± 1.1 kg.

Fibre typing
As shown before, type I fibres reacted intensely on enzyme histochemistry
at pH 4.1 and 4.35 and showed intense immunoreactivity with Rl ID 10 (27).
The type IC and IIC fibres were characterized by moderate ATPase activity
at pH 4.35 and slight (IC) to intense (IIC) activity at pH 10.4. The im-
munoreactivity of the type IC/IIC fibres with Rl 1D10 was less pronounced
than that of type I fibres because of the reduced amount of type I myosin
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Muscle/orce (means + SEJ normalized to maximum tetanic tension, measured during test
stimulation inith bursts at frequencies Jrom 2 to 256 Hz both be/ore and q/ter a conditioning
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FIGURE 3 .

Distribution q//ibre types in ZX) muscle during 24 uieeks o/"etectricoi stimulation. •: Signj/icanuy
di/jferentjrom preconditioning ualue. P< 0.05.

heavy chain (MHCI) in these fibres (18). Enzyme histochemically-identified
type IIA fibres, further referred to as type II, lacked any reactivity with
Rl ID 10. Classical type IIB fibres cannot be found in dogs, as demonstrated
in earlier studies (28, 29). Enzyme histochemistry and immunohistoche-
mistry yielded identical results. Before the start of LD muscle stimulation,
a distribution of 28.5 ± 2.9 % type I, 69.2 ± 3 % type II and 2.6 ± 0.8 % type
IIC/IC was observed in both LD muscles. Muscle conditioning resulted in a
progressive increase of type I fibres to 82.8 ± 7.0 % and a decrease in type
II fibres to 14.8 ± 7.0 % after 12 weeks (figure 3). Concomitantly. an increase
in type IIC/IC fibres was observed during the first 8 weeks. An example of
muscle fibre changes as obtained with immunohistochemical and enzyme
histochemical methods in a LD muscle stimulated for 24 weeks is shown in
figure 4. In contrast to other investigators (30, 31), we did not observe a
change in fibre type in the contralateral nonstimulated muscle during the
conditioning period. No significant effect of continuous electrical stimula-
tion on muscle fibre diameter was observed after either 12 weeks or 24
weeks (figure 5).

Capillary-to-fibre ratio increased significantly within 12 weeks in eight dogs,
from 1.9 ± 0.4 to 2.7 ± 0.1. At 24 weeks this ratio was 2.8 ± 0.1 in the four
remaining dogs, which was not significantly different from the value found
at 12 weeks.
Total mitochondrial volume per muscle fibre increased significantly during
the first 12 weeks of stimulation, both in the central and in the peripheral
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FIGURE 4 .

Serial sections q/" unconditioned (A and B) and conditioned (C and D; LD muscle a/ter a
stimulation period p/24 u;ee/cs. Sections A and C are stained u>£th myosin adenosinetriphos-
phatase q/ter preincubation at pH 4.4. Sections B and D are stained u)ith immunoperaxidase
with f{J JD7O monoclonal anfibody raised against myosin heauy chain type/Jibres (magnifica-
tion x2JCy. Note that 2 staining methods show identicalJibres.
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FIGURE 5 .

FYbre diameter (means ± SEJ p/ type /. type // and intermediate typejibres during 24 weeks o/
stimulation. * Significantly di0erent_/rom oalue be/ore stimulation, P < 0.05.
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TABLE 2 .
Percentage q/" mitochondrial uolume and of myq/ibrillar uolume in the nonstimuiated and the
stimulated latissimus dorsi muscle.

Nonstimuiated LD

Stimulated LD

12 weeks

24 weeks

n

8

8

4

Myofibrillar (

Central

72.912.9

70.0+1.2

66.8+1.3

%)

Peripheral

72.1+2.0

64.211.0'

65.311.6'

Mitochondrial

Central
3.410.53

5.3+0.6'
6.610.8'

(%)

Peripheral
5.510.5

10.311.1'
9.312.3'

Values are means + SE. LD; latissimus dorsi. Central and peripheral areas of muscle
fibres were used for morphometric analyses. * Significant difference from control.

FIGURE 6.
Trartsuerse section o/LD muscle Jibre q/ier 24 ujeefcs p/electrical stimulation shouting abun-
dance o/ mitochondria ^magni/ication x 14.000;.

part of the fibres (Table 2). No additional increase in mitochondrial volume
occurred after 12 weeks of muscle stimulation. Figure 6 demonstrates the
abundance of mitochondria after conditioning. Clustering of mitochondria
was observed in peripheral parts of some muscle fibres which is in accord
with the report by Eisenberg and Salmons (32).
LDH and CK activity in the stimulated LD muscle gradually decreased
compared with the contralateral muscle (figure 7). Either enzyme demon-
strated a tendency to a decrease within 4 weeks of stimulation; however, for
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CK this was not significant before 12 weeks of LD muscle conditioning.
There was no additional change in activity of either enzyme between 12 and
24 weeks of stimulation. A clear change in the distribution of LDH-isozymes
was observed, from a predominance of LDH type 5 to a significant increase
of LDH type 1, 2 and 3 within 4 weeks of stimulation (figure 8).

DISCUSSION

Chronic electrical stimulation of canine skeletal muscle resulted in sig-
nificant changes in functional, biochemical and structural characteristics
within 12 weeks. These findings are in accordance with experiments per-
formed in small animals, such as rats and rabbits (3, 5, 8, 32-35).
Our experimental setup for in vivo force measurements on the LD muscle
appeared adequate for obtaining information about the change in contrac-
tion and relaxation speed, as demonstrated in the ripple and force during
progressive conditioning of the LD muscle. Chronic stimulation resulted in
a decrease in the ripple of the stimulated canine LD muscle within a few
weeks. This rapid decrease in contraction speed and relaxation speed is
probably due to changes in Câ + handling (4, 5), although we did not
measure it.
Changes in the myosin composition, as reflected in the appearance of slow
myosin isoforms, occur at a slower rate during the transformation process
of the muscle (3, 35). Our results of fibre typing indicate that this phe-
nomenon can also be observed in the canine LD muscle. The appearance of
IIC/IC fibres, in particular at 4 - 8 weeks of stimulation, strongly suggests
progressive transformation of muscle fibres. These fibres were also des-
cribed by Staron and co-workers (36), who explained their appearance as a
temporary phenomenon during the transformation of type IIA, via the fibre
types 1IC and IC, to type I. Pette and co-workers (4) observed =10% type
IIC/IC fibres during electrical stimulation in rabbits, which is comparable
to our findings. No additional increase in type I fibres could be demonstrated
between 12 and 24 weeks of stimulation.
In contrast to findings reported by Acker et al. (11) we did not observe
complete conversion to type I fibres. In their experiments, however, the LD
muscle was used to construct a skeletal muscle ventricle, with the LD
muscle completely detached from its insertion. Because of this detachment,
they could stimulate the LD muscle at a supra-maximal voltage without
disturbing the gait pattern of the animal, which was not the case in our
model. Also, stimulation via intramuscular electrodes, rather than a cuff
electrode around the nerve, might be less efficient to stimulate all nerve
branches (37). Both possible explanations are supported by our observation
that after 24 weeks of stimulation some muscle fascicles were exclusively
composed of type I fibres adjacent to non-transformed fascicles.
In the present study, conditioning of the LD muscle did not result in a
significant change in frequency at which the relative maximal force was
obtained (85 Hz). However, conditioning-induced leftward displacement of
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the steep part of the force-frequency relation curve has an important
implication for medical practice in which skeletal muscle is electrically
stimulated. In the frequency range of 10 - 25 Hz, programming of a lower
burst frequency after conditioning of the muscle results in a higher relative
force, which has a beneficial effect on the longevity of the pacemaker and
constitutes a less strenuous burden for the muscle.
The absence of changes in fibre diameter of type I fibres due to electrical
stimulation of canine LD muscle, confirms observations by Clark and
co-workers (38). Their results and ours, however, seem to be in contrast to
other reports that describe an overall decrease in diameter of all fibre types
in the muscle and a substantial loss of force after a period of continuous
electrical stimulation (31, 39, 40, 41, 5). This apparent discrepancy could
be due to differences in stimulation: single pulses vs bursts of pulses. It was
shown that the application of bursts of stimuli, with a short interburst
interval, rather than application of single-pulse stimulation, resulted in less
pronounced or absent changes in diameter, loss of muscle mass, and loss
in tetanic force (16, 30, 31, 42, 43). In addition, both the duration of the
burst and the number of bursts per minute appear to be important, because
a significant decrease in maximal force of conditioned canine LD muscle was
observed when a relatively short burst duration of 100 - 125 ms (13, 44) was
used concomitant with a high number of bursts.
The capillary-to-fibre ratio in our dogs before and after muscle stimulation
was higher than that for extensor digitorum longus and flexor hallucis
muscles in rabbits (45). Moreover, the stimulation-induced increase in this
ratio is less prominent in canine LD muscle than it is in rabbit skeletal
muscle. This is most likely related to the high initial oxidative capacity of
canine skeletal muscle, which lacks genuine type IIB fibres. Cooper and
Hudlicka (46) suggested that the effect of a small increase in capillary-to-
fibre ratio is an improved dispersion of blood flow between the fibres, which
facilitates the transport of oxygen and metabolic substrates and improves
rephosphorylation of ADP and creatine. This is in accordance with the
findings of Clark and co-workers (38) who used 3ip nuclear magnetic
resonance to demonstrate an increased capacity of oxidative phosphoryla-
tion in conditioned canine LD muscle. They suggested that this was partly
due to an increase in mitochondrial volume. We indeed found a significant
rise in the subsarcolemmal mitochondrial volume (Fig. 6, and Table 2). The
presence of a large subsarcolemmal mitochondrial volume in these con-
tinuously stimulated muscles could contribute to facilitation of transsar-
colemmal transport of metabolites from the circulation to the contracting
muscle cells.

The decrease of muscle LDH activity and the shift in the isozyme pattern of
LDH are comparable to observations during the transformation of the
glycolytic type IIB fibres to the oxidative type I fibres in rabbits (33, 47, 48).
Even in type IIA muscle fibres, LDH type 5 is the predominant LDH isozyme
type (49), which explains our finding that in canine LD muscle (=70% type
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IIA fibres) electrical stimulation results in a shift to LDH-isozyme type 1, 2
and 3. Thus the LDH-isozyme pattern seen after continuous electrical
stimulation is more similar to the one found in cardiac tissue.
This study also shows the occurrence of a decline in CK-enzyme activity that
is comparable to observations of rabbit tibialis anterior muscle (33, 35).
Although no effort was made to separate cytosolic and mitochondrial CK-ac-
tivity in our dog experiments, rabbits show a relative increase in mito-
chondrial CK-activity (50). This enzyme fraction is important in the creatine
phosphate shuttle (51) and therefore might contribute to the improved
metabolic capacity of conditioned skeletal muscle.
The variables selected for the evaluation of skeletal muscle adaptation all
showed maximal transformation within 12 weeks of stimulation, a time
period that is consistent with the results of other studies of canine LD
muscle (12. 13, 37, 38, 44, 52).
We conclude that continuous electrical stimulation of canine LD muscle
results within 12 weeks in a transformation to a muscle consisting of mainly
type I fibres, with an increased capillary-to-fibre ratio, an elevated mito-
chondrial volume density, and a decrease in CK- and LDH-activity con-
comitant with a shift in LDH-isozyme distribution.
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Adaptations of Goat
latissimus dorsi muscle
using two different protocols
of continuous electrical
stimulation

ABSTRACT

Electrical stimulation of the latissimus dorsi (LD) muscle in situ was
performed in 6 goats over a 12 week period, as a model for LD muscle
conditioning after cardiomyoplasty.
Two different stimulation protocols were used. One protocol (A) is
currently in use in patients after a cardiomyoplasty procedure, starting
with 1 pulse stimulation. The second protocol (B) started with a burst
of 3 pulses. The number of pacing stimuli was progressively increased
during 12 weeks, ending with burst stimulation (80 bursts/minute; 6
pulses per burst, interpulse intervals of 33 msec = burst frequency 30
Hz) in both protocols.
Force measurements in vivo showed both a significant decrease in the
ripple (= ratio of interstimulus amplitude to peakforce amplitude, meas-
ured at a burst frequency of 10 Hz) from 0.88 ± 0.16 to 0.01 ± 0.01 (P <
0.05) and a leftward shift of the force-frequency relation after 12 weeks.
Fatigue-resistance improved significantly, as demonstrated by the per-
centage of the remaining force after an 8 minutes fatigue-test, which
increased from 30 ± 10% to 79 ± 4% (P < 0.05). At 4 weeks of stimulation,
the changes in ripple and fatigue-resistance tended to be more pro-
nounced using protocol B.
Histological evaluation revealed typical signs of muscle transformation:
Increased mitochondrial volume, nearly all type I fibres, increased
capillary-to-fibre ratio and an increase in endomyseal connective tissue
area/muscle fibre area. Also a significant decrease in muscle fibre area
appeared obvious.
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Enzyme-activity measurements in LD muscle biopsies revealed a signifi-
cant decline in activity of both creatine kinase and lactate dehydroge-
nase within 12 weeks. At the same time a shift in lactate dehydrogenase
isozyme pattern was observed, resembling that of cardiac muscle.
We conclude that in situ stimulation of latissimus dorsi muscle in goats
results in mechanical, histological and biochemical changes, which are
comparable to those described in small animals. Both protocols used,
induce these changes within 12 weeks, with protocol B showing a
tendency of a faster transformation.

INTRODUCTION

During recent years an increasing number of publications have appeared,
describing a new surgical technique, called 'dynamic cardiomyoplasty' (1-5).
During this procedure the left latissimus dorsi (LD) muscle is wrapped
around a failing heart and stimulated synchronously with ventricular con-
traction. Following a period of electrical stimulation using an increasing
number of stimuli, the wrapped muscle is conditioned to contract with a
maximum of 100 times per minute after 12 weeks (3). Unfortunately, it is
difficult to evaluate the mechanical, histochemical and ultrastructural
changes that occur during and after this conditioning period, when the
skeletal muscle is wrapped around the heart. Therefore, we studied these
adaptations in the left LD muscle by stimulating the muscle in situ during
a period of 12 weeks. The effect of stimulation on histochemical and
ultrastructural changes was studied by comparing the stimulated with the
non-stimulated contralateral LD muscle. We also evaluated the effect of two
different stimulation protocols on the mechanical properties of the muscle
in this model, during and at the end of the conditioning period.

MATERIALS AND METHODS

Six female goats with body weights ranging from 29 to 54 kg were used. All
experiments were performed in accordance with the 'Guide for the Care and
Use of Laboratory Animals' (6).

Preparation q/"tfie goats
The animals were anesthetized with thiopental (Nesdonal 15 mg/kg body
weight) into the jugular vein, intubated and ventilated with oxygen-nitrous
oxide (1:2) and 1.5% halothane (Fluothane). A 15 cm longitudinal skin
incision was made in the left midaxillary line under sterile conditions. Two
intramuscular electrodes (Medtronic SP5528) were inserted =6 cm apart into
the proximal part of the LD muscle on the thoracic side, perpendicular to
the main branches of the left thoracodorsal nerve (3). An implantable Itrel
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pulse generator (Medtronic SP7420), positioned in a subcutaneous pocket
in the interscapular region, was connected to these electrodes. One dose of
Amfipen (1000 mg im) was administered pre-operatively and one post-
operatively for antibiotic cover, and analgesia was provided with buprenor-
fine (Temgesic 0.6 mg im) for two days.

LD muscle stimulation
As shown in Table 1, conditioning of the LD muscle was started two weeks
after the operation. Two different protocols were used. Three goats were
used for each of the two protocols. Protocol A is routinely used in patients
after a dynamic cardiomyoplasty procedure, starting with 1 pulse stimula-
tion (3). In protocol B, conditioning of the LD muscle was started with a
short burst of 3 pulses. Both protocols finally ended with a burst of 6 pulses
with interpulse intervals of 33 ms (= burst frequency 30 Hz) and a maximum
rate of 80 bursts per minute. The voltage, that produced an easily palpable
and visible contraction of the LD muscle without discomfort to the animal,
was selected and, when necessary, voltage level was adapted during the
conditioning period. The muscles were stimulated continuously 24 hours a
day for a period of 12 weeks.

Jn uiuo/orce measurements o/"the LD musc/e
Contractile force of the left LD muscle was evaluated at 0, 4, 8 and 12 weeks
of electrical stimulation.
After induction of anesthesia with thiopental (Nesdonal; 15 mg/kg iv), the
goats were intubated and ventilated with oxygen-nitrous oxide and 1.5%
Fluothane. They were rigidly fixed with straps on their right side to avoid
movement during contraction of the left LD muscle. Concomitantly, the left
forefoot was connected to a force displacement transducer (Grass FT 10,
Grass Instruments, Quincy, MA) with the left paw and left LD muscle in a
position in line with the transducer, to measure the force of the stimulated
skeletal muscle. First, isometric twitch contractions at varying lengths of
the LD muscle were obtained. The length which yielded maximal force was
used for further testing. Subsequently the pulse stimulator was programm-
ed as follows: 1. Individual pulse width 210 ^second. 2. Burst duration 1
sec. 3. Interburst interval 10 sec. The same voltage, as programmed for
conditioning of the LD muscle, was used for these measurements. Burst
frequencies from 2 to 256 Hz were selected. All force measurement sessions
were ended with a fatigue test of 8 minutes duration. For this test, a burst
was used consisting of 6 pulses with interpulse intervals of 33 ms (= burst
frequency 30 Hz). The LD muscle was stimulated at a rate of 100 bursts /
minute. Voltage and pulse width were not changed. Force, positive dF/dt
and negative dF/dt of the LD muscle were recorded on a multichannel
Schwarzer (frequency response 300 Hz measured for ± 3dB points) at a
paper speed of 25 mm/sec.
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TABLE 1.
Shape o/the tux> latissimus dorsi stimulation protocols A fn = 3j and B fn = 3J.

A

B

week

1 -2
3 - 4

5 - 6

7 - 8

9 - 10
11-12
1 -2
3 - 4

5 - 6

7 - 8

9- 10
11-12

pulses/burst

1

2

3

6

6

6

3

3

3

6

6

6

interpulse interval(msec)/
burst frequency (Hz)

100/10
67/15
33/30
33/30
33/30
33/30
33/30
33/30
33/30
33/30
33/30

bursts/mln

50

50

50

50

60

80

30

40

50

50

60

80

Biopsies
Before taking biopsies from left and right LD muscle, both muscles were
exposed completely to have an optimal view of the LD muscle. Transmural
biopsies were obtained from the midportion of the stimulated and from the
same area of the non-stimulated contralateral LD muscle, distal to the
intramuscular electrodes. All tissue pieces were carefully positioned for
transverse sectioning.
For muscle fibre typing and the determination of the number of capillaries
per muscle fibre, one biopsy was quickly frozen in isopentane, quenched in
dry ice and stored at -70' C.
To evaluate the amount of connective tissue in the LD muscles, a second
biopsy was taken from the adjacent location, fixed in 4% paraformaldehyde
and subsequently embedded in paraffin.
For electronmicroscopic investigation of mitochondrial and myofibrillar
volume, biopsies (2x2x2mm) were obtained from the left and right LD
muscle and fixed in a solution of 2.5% glutaraldehyde in 0.01M phosphate
buffer at pH 7.3 with the osmolality adjusted to 330 mosmole by addition of
sucrose.
Specimen for the determination of lactate dehydrogenase (LDH) and creatine
kinase (CK) enzyme-activity were taken from left and right LD muscles and
immediately stored at -70°C pending subsequent analyses.

Htstochemicai techniques
Combined immunohistochemical fibre typing (7) and enzymehistochemical
capillary staining using alkaline phosphatase (8) was performed on 8 )im
cryostat sections submerged in cold acetone (-4° C) for 5 minutes. Subse-
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quently, the sections were incubated for 60 minutes in a medium containing
nitroblue tetrazolium, 5-bromo-4 chloro-3-indolyl phosphate. After washing
these sections 3 times during 5 minutes each in tris(hydroxymethyl) amino-
methane buffered saline (TBS), they were incubated at room temperature
with the mouse monoclonal antibody R11D10 (Centocor Europe), 1:10000
diluted in TBS with 1% bovine serum albumin (BSA) for 45 minutes. This
antibody is raised against human left ventricular heavy chain myosin and
has immunoreactivity to type I muscle fibres in human, canine and goat
skeletal muscle (9). Sections were washed again 3 times during 5 minutes
in TBS, followed by application of 1:200 diluted (in TBS with 1% BSA)
peroxidase labeled rabbit anti-mouse antiserum for 1 hour at room temp-
erature. The peroxidase activity was visualized by diaminobenzidine as
chromogen. Finally, all sections were stained for 5 minutes using diluted
eosine.
In each section, 300 muscle fibres were identified immunohistochemically.
The percentage of types I, II and IIC/IC as an expression of an intermediate
fibre type (10, 11) was counted using an interactive image analysis system
(MOP Videoplan Kontron). The cross-sectional area of 300 individual muscle
fibres in randomly distributed fascicles was measured and expressed as the
diameter of the circle of an equivalent area (Dcircle). This was performed by
examining immunohistochemical preparations with a Zeiss microscope in
connection with a Hitachi FP-10 camera and the MOP Videoplan Kontron
analysis system. Concomitantly, the number of capillaries per muscle fibre
was checked in the same specimen. All capillaries were counted which were
adjacent to the muscle fibres used for fibre typing and fibre area measure-
ments.
The Picrosirius-Polarization method, staining collagen type I, II and III, was
used to demonstrate the amount of endomyseal connective tissue within the
left and right LD muscle (12). Three micrometer sections were incubated for
5 minutes in aqueous phosphomolybdic acid (13), followed by staining in
0.1% Sirius red F3BA (C.I. 35780, Polysciences, Norhampton, UK), in
saturated aqueous picric acid (90 minutes). Subsequently, the sections were
washed with 0.01 N HC1, cleared and mounted. Imaging of the amount of
Sirius red staining skeletal muscle tissue was performed using an image
analyzer (CAS 200, Inc, Becton and Dickinson) with its Quantitative Nuclear
Antigen program. Two masks are used in this program. One mask is used
to define a threshold for the total area of skeletal muscle tissue. The other
masks defines the threshold for the measurement of the amount of Sirius
red staining area, which is expressed as the percentage of the total meas-
ured area. Five skeletal muscle fascicles were chosen randomly from each
specimen. The amount of endomyseal connective tissue was measured at 5
different sites within each selected fascicle.

Eiectronmicroscopic investigation
Transverse sections of both left and right LD muscle were routinely stained
with lead citrate and uranyl acetate and examined using a Philips 300
electronmicroscope. Six fields were selected at the peripheral and 6 at the
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central part from each muscle slide and photographed at a magnification of
x 14.000. Measurements of the perimeter of the mitochondria and myofibril-
lar bundles were done as described before, using a digitizer (MOP Videoplan
Kontron) with a cross-hair cursor (14).

Enzyme activity measurements
All LD muscle samples were handled exactly as has been described before
(14).

Stafettcal analysis
When appropriate repeated-measures analysis of variance was used fol-
lowed by Student's t.test to analyze all data. Differences were accepted to be
significant at P < 0.05. Values are presented as mean ± SD.

RESULTS

None of the goats showed signs of discomfort due to the continuously
contracting left latissimus dorsi muscle. The voltage needed to obtain a
visible and palpable contraction of the muscle was 2.6 ± 0.4 V during the
entire conditioning period of 12 weeks. There was no need for increments
nor decrements in stimulation voltage.

In uiuo/orce measurements o/the LD musde
A progressive increase in contraction and relaxation time occurred during
the conditioning period of 12 weeks. As shown in figure 1, this is reflected
in the ripple, defined as the ratio of the interstimulus amplitude to the peak
force amplitude using a burst frequency of lOHz (2). At 4 weeks of training,
this ratio was significantly lower in the goats which were trained according
to protocol B. Concomitantly, a significant difference was seen in fatigue-
resistance between both groups. This is demonstrated in figure 2, showing
the remaining force at 8 minutes presented as a percentage of the force at
the start of the test. No differences in both parameters between both groups
were seen at 8 and 12 weeks of conditioning.
Electrical stimulation resulted in a leftward shift in force-frequency relation
(figure 3). As there was no significant difference between both groups after
12 weeks of conditioning, data of all 6 goats are summarized in this figure.
Concomitantly a decrease in maximal force from 7.1 ± 5.0 to 3.6 ± 1.1 kg
(NS, n = 6) was observed. This was accompanied by a significant improve-
ment in fatigue-resistance as demonstrated in figure 4a. In this figure, the
complete fatigue-test of 8 minutes both before and after 12 weeks of LD
muscle stimulation is shown, summarizing the data of all 6 goats before and
5 goats after conditioning. As shown, percentage remaining positive dF/dt
(figure 4b) and negative dF/dt (figure 4c) also improved significantly. How-
ever the training period of the LD muscle did not prevent an important
decrease in these last two parameters during the test. In one goat (subjected
to protocol A), which did not show striking abnormalities in mechanical
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- + - Protocol A - o - Protocol B

interstimulus amplitude/peak amplitude

FIGURE 1 .
Ripple fratio o/interstimulus to peak/orce amplitude^ o/LD muscle, caiculated/rom i 0 Hz bursts
/or both protocols .A and B, as observed during the J 2 u;ee/cs stimulation period. Values are
means ± SD. * Signi/icanf change q/the ripple compared uufh preconditioning ualue, P < 0.05.
# Signi/tcant di/jference betu»een protocols A and B. P < 0.05.

—+ - Protocol A - ° - Protocol B

100
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Force (%)
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FIGURE 2 .

Remaining/orce at the end p/an 8 minutes Jahgue test, pictured as a percentage p/the/orce at
the beginning q/"the test at 0, 4. 8 and 12 uieelcs o/stimulation. * Signi/icant change u>hen
compared with the preconditioning ualue. P < 0.05, # Signi/icant diflference bettueen protocols
A and B. P < 0.05.



GOAT LATISSIMUS DORSI MUSCLE
53

- non—
conditioned

conditioned

Force
120

100

8O

60

40

20 '-

2 5 10 15 20 25 3O 36 43 5O 65 B5 13O 256
freq (Hz)

FIGURE 3 .
Muscle Jbrce (means + SDj normalized to maximum tetanic tension, measured during test
stimulation luith bursts at./requencies Jrom 2 to 256 Hz, both be/ore and q/ter a conditioning
period o/" J 2 Lueefcs. n = 6: * Stgni/icant di#erence between non-conditioned and conditioned LD
muscles. P < 0.05.
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properties at 8 weeks of conditioning, the relaxation of the stimulated
muscle was severely impaired already after 1 minute during the fatigue-test
at 12 weeks. Therefore, results at 12 weeks in this goat are omitted from the
figure. This LD muscle demonstrated severe pathological changes as will be
described in the next section.

Histochemicai techniques
In 5 goats no detrimental effect on the histological architecture of the muscle
was seen, except for some slight increase in fatty cells in the interfascicular
connective tissue. All muscle cells had a rounded appearence in comparison
to the more angulated non-stimulated muscle fibres. One goat, however,
which was trained according to protocol A, demonstrated a large number of
atrophic cells, intermingled with hypertrophic cells. Also other signs of
muscular cell destruction were seen like central nuclei and coiled fibres (15).
For this reason, results from this goat are omitted from the histological data.
R11D10, staining myosin heavy chain from type I fibres, demonstrated
almost complete conversion to type I fibres (98 ± 3%) compared to the control
LD muscle (19 ± 4%). This full transformation was also seen in the goat with
the pathological changes in the stimulated LD muscle. The amount of
intermediate staining fibres (IC/IIC) appeared negligible.
Capillary-to-fibre ratio increased significantly in both groups resulting in a
value of 1.80 ± 0.35 (n = 5) compared to 1.02 ± 0.12 (n = 6, P = 0.01) in the
non-stimulated muscle.
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FIGURE 4.
Force fa;. positii>e dF/dt flW and negative dF/dt fc) measured during a/attgue test o/8 minutes,
both be/öre and q/ter a conditioning period o/12 weeks. Non-conditioned: n = 6, conditioned: n
= 5; • S^ini/icant difference betu>een non-conditioned and conditioned LD muscles, P < 0.05.
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FIGURE 5 .
Dcirde Jrom type / muscie _/ibres _/rom non-conditioned and conditioned LD muscles _/rom 5
individual goats. A 2 and A2 are data/rom 2 goats belonging to protocol A. where as B J, B2 and
S3 are data^om those 3 goats stimulated according to protocol B.

A clear decrease was seen in the diameter of an equivalent circle, irrespec-
tive of the protocol of stimulation. In figure 5 Dcircle of the type I fibres of
left and right LD muscle are compared for all individual goats, demonstrat-
ing for all animals (n = 5) significant differences with a P-value < 0.001.
Summarizing all data, Dcircle of the type I fibres decreased from 64.1 ± 7.9
(n = 6) to 52.6 ± 9.5 urn (n = 5, P = 0.06). Both groups showed comparable
relative decreases in Dcircle, that is 17.1 ± 2.4% for group A (n = 2) and 18.9
± 11% for group B (n = 3). The mean Dcircle of type II fibres in the control
LD muscle measured 63.3 ± 10.8 |im. In only 2 goats a few remaining type
II fibres were seen, which also demonstrated a decrease in Dcircle (not
shown).
Using the Picrosirius-Polarization method, the amount of endomyseal con-
nective tissue appeared to be increased. The area occupied by collagen type
I. II and III relative to muscle fibre area increased from 3.2 ± 2 % (n = 6) to
9.0 ± 4.3 % (n = 5, P < 0.05).

EJectronmicroscopic inuesligation
Total mitochondrial volume per muscle fiber increased significantly com-
pared to the control LD muscle. These results are shown in Table 2
demonstrating increases in the peripheral as well as the central part of the
stimulated LD muscle fibres.
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TABLE 2 .
Percentage q/" mitochondria! ix>/ume C% mitoch. uolumê  and o/myq/ïbril/ar uolume (% myo_/ibr.
iw/umej in the non-stimulated fatissimus dorsi muscle and the iatissimus dorsi muscie, stimu-
lated Jbr J2 meefcs.

% myofibr. volume
central/ peripheral

% mitoch. volume
central/peripheral

control LD (n = 6)
stimulated LD 12 weeks (n = 5)

81.7±6.5/81.4±7.6
73.9 ±8.0/75.1 ±9.4

0.9±0.6/1.2± 1.1
3.4 ± 1.7*/5.3± 1.7*

The central and the peripheral area of muscle fibers were used for morphometric analyses.
• significant difference between control and stimulated LD muscle with P < 0.05.

1 1 LDnoncond LDcond

1OO f
LDH-isozyme distribution (%)

-X-

FIQURE 6 .
LDH-tsozyme distribution presented as the percentage o/total LDH actiuify _/rom conditioned
and non-conditioned LD muscles, n = 6: • Signi/icant difference between both muscles. P < 0.05.

Enzyme ac(ii;t(y measurements
Stimulation of the LD muscle induced a significant decline in total LDH-ac-
tivity to 91 ± 27 U/gr ww compared to 375 ± 55 U/gr ww (P < 0.001) in the
non-stimulated muscle. Also CK-activity demonstrated a marked difference
between stimulated (1855 ± 603 U/gr ww) and non-stimulated LD muscle
(3884 ± 574 U/gr ww, P < 0.001).
Concomitantly, LDH-isozyme distribution showed an obvious shift from a
predominance of LDH type 5 to a significant increase of LDH type 1, 2 and
3 (figure 6).
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DISCUSSION

So far it has been difficult to obtain reliable information about mechanical,
structural and biochemical changes in the wrapped LD muscle, following
transposition into the thoracic cavity during a cardiomyoplasty procedure.
Therefore we used goats in which the LD muscle was stimulated in situ
during 12 weeks. Furthermore, in situ stimulation allowed us to compare
the mechanical changes which occurred during this period, due to the
application of 2 different stimulation protocols.
In previous publications (14, 16, 17), we presented a model for evaluation
of adaptations to conditioning of the LD muscle in the dog. Since then we
have used goats instead of dogs for our experiments. Our decision to change
to the goat were based upon the greater similarity in blood supply of the
human and goat latissimus dorsi muscle as compared to the dog, and the
fact that biochemical measurements showed limited adaptations of canine
LD muscle to continuous stimulation (18, 19), despite concomitant his-
tological changes (14,20, ). Few reports about changes in goat LD muscle
due to electrical stimulation are available (3, 21), in contrast to results
obtained in dogs (19, 22-27).
In animal experiments, either burst or pulse stimulation is given to the
selected skeletal muscle. In clinical practice pacing of the LD muscle in
patients is started 2 weeks after surgery with 1 pulse stimulation for a
maximum of 50 pulses per minute. In patients, there have been two major
reasons to use such a stimulation protocol. First; to prevent early ischemia
in the partly dissected LD muscle. Second; a forceful tetanic contraction of
the wrapped LD muscle, early after operation, could possibly detach the
muscle from the heart. At least two weeks were presumed to be necessary
to get optimal adhesion formation between the two muscular layers (3). As
demonstrated by our group, it is possible to stimulate the wrapped muscle
with two pulses starting already one day after a cardiomyoplasty procedure,
if detachment of the muscle from the heart is prevented by the application
of fibrin glue (28, 29). Therefore, we wanted to compare the currently used
clinical protocol with a protocol, immediately beginning with electrical
stimulation using a burst of 3 pulses. Our results show that in the goat the
clinically used protocol (A) did not lead to the same marked mechanical
changes within the first 4 weeks of conditioning as in the 'burst' protocol
(B). These differences can be explained by the lesser total number of pulses
in protocol A during the early pacing period. Especially a greater increase in
fatigue-resistance was obtained after 4 weeks of using protocol B. Because
a burst of 3 pulses results in a short tetanic contraction, more muscle force
will be produced compared to 1 pulse stimulation. Our observations may be
clinically relevant as these patients are in an urgent need of cardiac support
after the cardiomyoplasty procedure. Immediate application of a short burst
yields more muscle force to assist the failing heart and also results in earlier
improvement of fatigue-resistance.

After 12 weeks of stimulation, a significant leftward shift in force-frequency
relation was seen, which appeared more pronounced in comparison to the
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results obtained in dogs (14, 17). Chachques also reported the important
decrease in fusion frequency as a result of electrical stimulation of the LD
muscle in goats (2). By programming a burst of lOHz in a trained goat LD
muscle, already 79 ± 8% of relative maximal force was attained. In view of
these results, it seems sufficient to program a low burst frequency for the
wrapped LD muscle in goats after the conditioning period, to get nearly
maximal production of force.
Both the literature (16, 18, 22, 30) and our own experience (14, 16) indicate
that a period of 12 weeks is sufficient to transform the muscle completely to
a fatigue-resistant one, mainly composed of type I fibres. In our goats almost
complete conversion to type I fibres was seen, comparable to the results of
Mannion and coworkers (21).
As demonstrated, a marked increase in fatigue-resistance was obtained
after the 12 weeks period of progressive electrical stimulation. According to
Bigland-Ritchie, fatigue-resistance depends on the force of the muscular
contraction, the duration of contraction and the period in between separate
contractions (31). Several factors seem to play a role here. Firstly, the rise
in the capillary-to-fibre ratio allows the anatomical substrate sufficient
nutritional supply and removal of metabolites in the period in between
contractions, as capillary flow is not possible during contraction of the
skeletal muscle (32).
Secondly, the oxidative capacity seems to adapt considering the conco-
mitant increase in mitochondrial volume. This finding is underlined by a
study from Clark and coworkers, who described an improved metabolic
capacity of conditioned canine LD muscle as measured with ^lp-NMR (24).
Thirdly, contraction of a slow-twitch muscle, composed of type I fibres is
more efficient compared to a fast-twitch muscle mainly composed of type II
fibres (33).
Consequently, the stimulated LD muscle appears adapted to perform long-
term aerobic work (25, 26), for which no extensive glycolytic capacity is
needed. The decrease in glycolytic capacity, considering LDH- and CK-ac-
tivity seems in line with this assumption. Other species like the rabbit and
dog demonstrated the same phenomenon (34, 19, 14, 35, 36).
The shift in isozyme-pattem of LDH results in a pattern, comparable to the
one seen in myocardial muscle fibres, which is in accordance with their need
to perform continuous aerobic exercise.
This shift was also observed in other species, following electrical stimulation
of skeletal muscle (14, 34, 35).
Also detrimental effects of continuous electrical stimulation of the goat LD
muscle occurred. Although reports have been published which demon-
strated a better preservation of skeletal muscle force and muscle fibre
diameter, using either burst stimulation (24. 37, 38, 39, 40) or a more
prudent stimulation protocol (20), we could not demonstrate this in these
goat LD muscles. The significant decrease in force, concomitant with the
decline in fibre area, could not be prevented by starting muscle stimulation
with either 1 or 3 pulses and ending with burst stimulation. Increased
stretch of the stimulated muscle, as an additional mechanism to prevent
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muscular atrophy (41), was not tested in these experiments.
As shown, in spite of the achievement of an improved fatigue-resistance, as
indicated by better preservation of force during the fatigue test after con-
ditioning of the LD muscle, significant decreases in contraction - (positive
dF/dt) and relaxation speed (negative dF/dt) still occurred during the early
part of the 8 minutes test. Most investigators consider prolonged preserva-
tion of force as a proof of sufficient conditioning of the LD muscle. (20, 22-
26). As demonstrated by De Haan and coworkers (42), the decrease in
velocity of shortening and relaxation rate indicates that fatigue in the
conditioned LD muscle obviously still occurs. Particularly relaxation speed
appeared seriously affected during the fatigue test. A possible explanation
could be the decreased capacity of uptake of Ca^+ by the sarcoplasmic
reticulum in a transformed muscle. It is well known that long-term electrical
stimulation of a skeletal muscle results in both a pronounced loss in
sarcoplasmic reticular volume and a decrease in enzyme-capacity respon-
sible for this transport (19, 36, 43, 44).
Nowadays in clinical use, the fully conditioned wrapped LD muscle is
programmed to contract with a maximum of 100 times per minute. Con-
sidering the results of our fatigue tests a negative effect, especially on
cardiac filling, seems likely when such a high number of contractions is
applied. One of our goats even showed severe muscle damage after 12 weeks
of continuous stimulation with a maximum of 80 contractions per minute.
These observations stress the necessity of more research into the upper rate
limit of stimulation of the skeletal muscle used in dynamic cardiomyoplasty.
Another possible adverse effect when using skeletal muscle for a dynamic
cardiomyoplasty could be the increase in endomyseal connective tissue
following electrical stimulation. This phenomenon has been described be-
fore in other stimulation experiments (43, 45) and can be prevented by
stretch of the muscle (46). The increase in connective tissue could result in
an increased stiffness of the muscle, as described by Koranen et al (47). They
observed this phenomenon in skeletal muscle of humans, participating in
endurance training.

/n conclusion
Goat LD muscle does improve fatigue-resistance within 12 weeks of con-
tinuous electrical stimulation because of almost complete conversion to type
1 muscle fibres, an increase in capillary-to-muscle fibre ratio, and a rise in
mitochondrial volume. These changes are accompanied by a decrease in
fibre area and loss of maximum tetanic force. Also, there is a decrease in
glycolytic capacity as shown by a decrease in LDH- and CK-activity. Starting
conditioning of the muscle with a short burst of 3 pulses, results in earlier
adaptation of the muscle, especially concerning fatigue-resistance. Conse-
quently, application of this stimulation protocol to patients with an LD
muscle wrapped around their failing heart, can result in earlier support of
cardiac contractile function after cardiomyoplasty.
Our results also suggest the necessity to search for a different stimulation



CHAPTER 3
60

protocol for the fully conditioned wrapped LD muscle as is used nowadays.
Especially the lengthening of the relaxation period of the muscle requires
careful determination of the upper rate limit of LD muscle stimulation.
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Imipramine induced heart
failure in the dog:

A model to study the effect
of cardiac assist devices

ABSTRACT

The value of intravenous imipramine administration to create a revers-
ible model of short-term heart failure was evaluated in anesthetized
dogs. Acute effects of imipramine were studied in 11 dogs using invasive
hemodynamic pressure measurements and two-dimensional echo eva-
luation. After 30 minutes of imipramine in a dosage of 7.5 mg/kg/hour,
positive left ventricular dP/dtmax decreased from 1368 ±108 mmHg/
sec (mean ± SE) to 909 ± 119 mmHg/sec (P < 0.05), left ventricular
end-diastolic pressure increased from 8 ± 1 mmHg to 12 ± 2 mmHg (P <
0.05), while left ventricular pressure decreased from 106 ± 4 mmHg to
87 ± 6 mmHg (P < 0.05). Cessation of imipramine administration
resulted within 60 minutes in partial restoration of cardiac function.
This deterioration and subsequent recovery was also demonstrated with
echocardiographic measurements demonstrating a decrease in ejection
fraction from 54 ± 3 to 28 ± 2% (P < 0.05). During administration of
imipramine neither significant electrophysiological changes nor supra-
ventricular and ventricular arrhythmias were seen. Repeated infusions
of imipramine in three anesthetized dogs with an interval of two weeks
showed the reproducibility of the hemodynamic effects and the recovery
of ventricular function. Because we developed our model with the
intention to evaluate the use of cardiomyoplasty in heart failure, the
effect of imipramine was also evaluated on contractile force of the
latissimus dorsi muscle. Force measurements of the left latissimus
dorsi muscle were performed by connecting the left forefoot to a Force
Displacement Transducer. It was found that administration of im-
ipramine did not affect skeletal muscle force development at the dosage
used to create heart failure. Our results suggest the use of this model
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to produce short-term reversible heart failure in anesthetized animals
to test the efficacy of supportive interventions like dynamic cardio-
myoplasty, intra-aortic balloon pumping and mechanical cardiac assist
devices.

INTRODUCTION

To test the effectiveness of new pharmacological or mechanical modes of
therapy to help patients with heart failure, one would like to have a reliable
failing heart model in a large animal. However, experimental induction of a
failing heart in large animals is frequently complicated by a high incidence
of cardiac death or chronic injury to other organs (1). Furthermore, because
we wanted to study the effect of biomechanical interventions, like the use of
skeletal muscle as in dynamic cardiomyoplasty or muscle-powered devices
in patients with severe chronic cardiac failure (2-9), a model is required
without adverse effects on skeletal muscle contractility.
In this article we would like to report on our experience with the intravenous
use of imipramine, a tricyclic antidepressive drug, to create reversible
short-term cardiac failure in the anesthetized dog. This model appears to be
a promising new way to repeatedly study the effect of non-pharmacological
interventions to treat cardiac failure.

MATERIALS AND METHODS

Antmai preparation
The experiments were done in 11 mongrel dogs of either sex, weighing 25 to
38 kg. All experiments were performed in accordance with the "Guide for the
care and Use of Laboratory Animals' prepared by the National Academy of
Sciences (10). The animals were premedicated with a drug mixture (0.2
ml/kg) intramuscularly. One cc of this mixture consisted of 10 mg oxycodon
HCL, 1 mg acepromazine and 0.5 mg atropinesulphate. Anesthesia was
induced by giving sodium pentobarbital (Narcovet) intravenously in a dose
of 10 mg/kg. Following endotracheal intubation, anesthesia was maintained
with oxygen/nitrous oxide and Fluothane (0.5% - 1%). The lungs were
ventilated with a positive pressure respirator (Pulmomat). During the experi-
ments, body temperature was kept constant with a heating blanket. Arterial
blood gasses were measured routinely to insure adequate anesthesia and
ventilation. Preparation was performed under sterile conditions and an-
tibiotics were given immediately preoperatively and for 2 days post-opera-
tively (Amfipen 1000 mg iv and im). A braunule was inserted in the right
brachial vein for continuous infusion of 0.9% saline at a rate of 3 cc per
minute. The electrocardiogram was recorded using the limb leads (leads I,
II and III). Left ventricular systolic pressure measurements were obtained
with a Millar catheter-tip micromanometer (7F Millar, PC470) introduced by
way of the left brachial artery. Left ventricular end-diastolic pressure was
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separately recorded by clipping the left ventricular pressure at 20 mmHg
and subsequently amplifying the signal on the recorder. The first derivative
(positive and negative left ventricular dP/dtmax) was determined as des-
cribed by Schaper et al (11). Right ventricular systolic pressure was recor-
ded by a polyethylene catheter connected to an Ailtech pressure transducer,
introduced in the right ventricle by way of the right jugular vein. The
catheters were kept patent by flushing them repeatedly with saline and
heparin. All pressure transducers were calibrated before infusion of im-
ipramine and subsequently every 15 minutes during the experiment. Echo-
cardiographic measurements of the effect of imipramine infusion were made
on a Hewlett-Packard 77020 A(C) echocardiograph, using a 5 Mhz medium
focused phased array transducer. A right parasternal approach was used
during the investigation. This allows a classical short axis view of the left
ventricle. Both two dimensional and M-mode echocardiographic recordings
were made. Left ventricular dimensions were measured using the ASE
recommendations (12). Left ventricular volumes were calculated according
to the formula of Teichholtz (13).

induction oj cardiac/aiiure
Thirty minutes after the insertion of the pressure catheters, with the dog in
a hemodynamically stable condition, the intravenous imipramine infusion
was started. Electrocardiogram, right ventricular systolic pressure, left
ventricular systolic pressure, left ventricular end-diastolic pressure, and
positive dP/dtmax of the left ventricle were continuously monitored there-
after. Imipramine (Tofranil, Ciba-Geigy, AG, Basel, Switzerland) was infused
in a dosage of 7.5 mg/kg/hour through the braunule in the right brachial
vein. Every 10 minutes echocardiographic views were obtained. During the
infusion the ECG was continuously observed for rhythm disturbances,
widening of the QRS-complex, changes in QT-interval and repolarization
disturbances because these changes have been reported after an overdose
of a tricyclic antidepressive drug (14-16,17,37). The infusion was stopped
when either the positive left ventricular dP/dtmax had decreased to less
than 600 mmHg/sec or left ventricular end-diastolic pressure had increased
above 20 mmHg. If these values were not reached, the infusion was stopped
after one hour. All above mentioned variables were continuously monitored
during one hour after the cessation of the imipramine infusion. Effects of
discontinuation of imipramine was also evaluated by echocardiography. In
3 dogs the same protocol was repeated twice with an interval of 2 weeks in
between the infusions, to study the reproducibility and possible long-term
effects of imipramine. In one of these dogs, echocardiographic measure-
ments were repeated three times.

S/ceieta? muscle preparation
In 3 dogs, prior to imipramine infusion and in a separate operation, 2
intramuscular electrodes (Medtronic SP5528) were implanted in the prox-
imal part of the left latissimus dorsi (LD) muscle, perpendicular to the main
branches of the nervus thoracodorsalis, and subsequently connected to an
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Itrel pacemaker (Medtronic SP7420). These dogs were positioned on their
right side and connected with their left forefoot to a force displacement
transducer (Grass FT 10, Grass Instruments, Quincy, Mass. USA), to
measure isometric force of the left LD muscle as previously described by our
group (18). Thereafter the infusion of imipramine, as described above, was
performed. The LD muscle force in these dogs was measured by stimulating
the LD muscle with a 0.25 sec burst of pulses with a burst frequency of 30
Hz and an individual pulse width of 210 (isec. Ten bursts at a supramaximal
voltage of 5 volt were recorded with a pause between two bursts of 10 sec.
Skeletal muscle stimulation was performed at the beginning and at the end
of the imipramine infusion.

All measurements were recorded on a multichannel Schwarzer recorder
continuously at a paper speed of 1.25 mm/sec and every 5 minutes at 25
and 200 mm/sec.

Statistical analysis
The data were compared statistically using Wilcoxon's test for paired
samples. Differences were interpreted as being statistically significant at P
< 0.05. Values are presented as mean ± SE.

RESULTS

Hemodynamic e/jfects
In all 11 dogs a steady decline in left ventricular pressure and left ventri-
cular dP/dtmax was observed starting immediately after the start of im-
ipramine infusion (figures la and lb). This resulted in a left ventricular
pressure of 87 ± 6 mmHg and a left ventricular dP/dt of 909 ± 119
mmHg/sec after 30 minutes of intravenous administration. During this time
period left ventricular end-diastolic pressure increased from 8 ± l t o l 2 ± 2
mmHg (figure lc). Concomitantly, right ventricular pressure demonstrated
a decrease in pressure from 24 ± 2 to 20 ± 1 mmHg.
Using the criteria described in the method section, imipramine infusion was
terminated after 30 to 60 minutes with a mean duration of 50 ± 3 minutes.

Figure 1 also illustrates the effect of cessation of imipramine infusion on left
ventricular pressure, positive left ventricular dP/dtmax and left ventricular
end-diastolic pressure. Both left ventricular pressure (figure la) and positive
left ventricular dP/dtmax (figure lb) showed significant restoration of values
after 15 minutes. Left ventricular end-diastolic pressure however, did not
improve significantly before 60 minutes after the end of the imi-pramine
infusion (figure lc). In Table 1 the results of all pressure measurements are
summarized. Although start of restoration of these values was observed
following cessation of imipramine, complete recovery did not occur within
60 minutes after termination of imipramine administration. This is under-
standable in view of the half life' of elimination (±35 hours) (19). The effect
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TABLE 1.
fnuasiue hemodynamic measurements be/ore, at the end q/~ im^jramtne in/tiston and one hour
later.

LVP (mmHg)

LVdP/dtmax (mmHg/sec)

LVEdP (mmHg)

Before

imipramine

106 + 4

1368 ± 108

8± 1

End of infusion

87 ± 6 '

909± 119'

12 ±2*

one hour recovery

103 + 6*
1298 ±92*
12±1*

Abbreviations: LVP = Left ventricular pressure: LVdP/dtmax = Left ventricular dP/dt

max: LVEdP = Left ventricular end-diastolic pressure. Values are presented as the mean

± SE; *:P < 0.05 comparing imipramine with control values, +:P < 0.05 comparing data at

the end of the imipramine infusion and one hour later.

TABLE 2 .

Echocardiographic measurements be/ore, at the end q/~imipramine in/usion and one hour later.

Before imipramine End of infusion one hour recovery

LVEDD (mm)

LVESD (mm)

LVEDV (ml)#

LVESV (ml)#

LVEF (%)

39 ± 3

29 ± 3

68 ± 10

32 + 8

54 + 3

48 + 0.4*

42 ± 0.5*

108 ± 2*

78 ±2*

28 ±2*

45 ± 1.5

32 ± 2.5*

92 ± 7*

42 ±7*

55 ± 5*
Abbreviations: LVEDD = Left ventricular end-diastolic dimension: LVESD = Left

ventricular end-systolic dimension: LVEDV = Left ventricular end-diastolic volume:

LVESV = Left ventricular end-systolic volume: LVEF = Left ventricular ejection fraction.

Values are presented as the mean + SE; ':P < 0.05 comparing imipramine with control

values. +:P < 0.05 comparing data at the end of the imipramine infusion and one hour

later. #: Calculated according to the formula of Teichholtz (13).

of imipramine infusion and subsequent withdrawal on cardiac function is
also demonstrated by the echocardiographic data shown in Table 2. As
shown infusion of this drug resulted in pronounced increases both in left
ventricular end-systolic and end-diastolic volume, concomitant with a de-
crease in left ventricular ejection fraction. Withdrawal of the drug also
demonstrated partial recovery of these values within one hour.
The hemodynamic effect of repeated doses of imipramine with an interval of
two weeks is shown in figure 2, in which the mean values of three dogs are
presented during 3 consecutive infusions. During all doses reproducible
decreases in left ventricular pressure and positive left ventricular dP/
dtmax, concomitant with increases in left ventricular end-diastolic pressure
were seen within 30 minutes. Discontinuation of imipramine infusion re-
sulted in marked improvement of cardiac contractility as reflected by in-
creases in left ventricular pressure and positive left ventricular dP/dtmax
within 60 minutes during all three sessions (figures 2a and 2b). The left
ventricular end-diastolic pressure behaved less consistent (figure 2c). To
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episodes q/" imipramine administration at tu» u«elcs intervals. A similar uxiy p/presentation p/
data is selected as in Jigure J. Dl. D2 and D3 describe the consecutive doses.
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Left uentricutar e/ecttonjractton be/ore, during and one hour q/ter the cessation q/tmipramtne
admintstrahon during/our repeated doses in one dog.

demonstrate the complete recovery and the reproducibility of this model the
behavior of left ventricular ejection fraction is pictured in figure 3 during 4
repeated doses of imipramine in one dog.

Efectrophysiolpgic effects
Both before, during and after the period of infusion of imipramine a sinus-
tachycardia was observed in all dogs without significant changes in heart
rate (133 ± 6 at the beginning vs 126 ± 7 beats per minute at the end of the
infusion). No supraventricular nor ventricular arrhythmias were observed.
A small but significant increase in width of the QRS-complex was observed
from 44 + 2 msec to 48 ± 2 msec (P < 0.05) concomitant with a non-sig-
nificant increase in QTc from 310 ± 8 msec to 314 ± 3 msec. Furthermore,
some dogs showed a reversible T-wave inversion.

S/celetai musde /orce
In the dogs with the LD muscle preparation no effect was seen on muscle
force, both during infusion and subsequent withdrawal of the drug. To
underline this phenomenon, an example of LD muscle force measurements
concomitant with pressure measurements during infusion of imipramine is
pictured in figure 4.

All animals were vital and eating normally the day after the experimental
protocol was completed and no complications were observed during a
follow-up period of at least one month in all dogs.
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Recordings showing hemodynamic measurements together
unth /orce measurements o/ the le/i LD muscle be/ore (le/t
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le/t LD musclej. The electrocardiogram-tracing demonstrates
a train q/~ spaces reflecting electrical activation o/" the LD
muscle, /n contrast to the e/jfect on cardiac contractility
imipramine does not q/jfect/orce o/" the le/t LD muscle.

DISCUSSION

Several methods to create a failing heart model have been presented in the
literature, including a discussion on their numerous limitations (1). Induc-
tion of a failing heart following coronary artery occlusion using a diversity
of methods has been reported. However, this rarely resulted in stable
cardiac failure, because dogs either compensated for the reduction of viable
myocardial tissue or died due to rhythm disturbances or cardiogenic shock
(20-24). In particular the large variations in collateral coronary circulation
(25) made it difficult to obtain reproducible and stable cardiac failure. The
use of cardiotoxic drugs such as adriamycine (26) or substances as cobalt
(27) to induce a failing heart, resulted in severe multi-organ injury.
In order to study cardiac assist after cardiomyoplasty, a reproducible failing
heart model with low morbidity and mortality is required. Moreover, in these
animals skeletal muscle contractility should not be affected.
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Van de Ree and coworkers (14, 28) reported on the detrimental effect of
imipramine, a tricyclic antidepressive drug, on cardiac function. These
investigators studied the possible modes of action on cardiac contractility
using relatively high dosages. Partially successful reversal of the effects of
intoxication of imipramine by dopamine and isoproterenol administration
were described by Sangster et al (29).
These observations prompted us to examine the use of imipramine to
produce a failing heart in anesthetized dogs with a high degree of repro-
ducibility and a low risk of death, both acutely and long-term. In addition,
in vivo information on the effect of imipramine infusion on latissimus dorsi
muscle contractility was required in order to decide whether this failing
heart model could be used to study the efficacy of skeletal muscle assistance
as, for example, in cardiomyoplasty in animals.
Our findings confirm previous experiments by Van de Ree et al (14, 28) on
the cardiodepressive effect of imipramine. The exact mechanism by which
this drug exerts its detrimental effect on cardiac function still remains to be
elucidated. So far several different pharmacological effects have been des-
cribed (16-18). Imipramine; 1) Has an anticholinergic action; 2) Blocks
re-uptake of norepinephrine at the side of the adrenergic neurons; 3) Exerts
a frequency- and voltage-dependent inhibition of fast sodium channels in
the myocardium resulting in a decrease in Vmax. (class Ib-antiarrhythmic
action) (30.31) 4) Influences the Ca^+-handling during the action potential
in myocardial cells as demonstrated by a reduction of inward Ca2+-current
during phase 2 (ICa2+) (31). This effect is also underlined by the beneficial
anti-arrhythmic effect of this drug during ouabain intoxication which re-
sults in a Ca2+ overload in myocytes (32). In particular this decrease in ICa^+
could be responsible for the loss of cardiac contractility as suggested by
Isenberg et al (31); 5) Blocks the peripheral oc-adrenergic receptors. All our
dogs responded with a decrease in cardiac contractility as reflected in the
positive left ventricular dP/dtmax and left ventricular ejection fraction
values, although there was some variation in time interval until this de-
crease reached its maximal value. These variables can be used as reliable
indices of contractility (33), because both no significant change in heart rate
occurred during the infusion of imipramine and no significant change in
peripheral resistance as demonstrated by Van de Ree et al (14) and Nattel
and coworkers (34). Moreover, peripheral reflexes are maintained adequate-
ly (14) which is not the case with for example an overdose of barbiturate (35).
A pronounced depression of left ventricular function can be obtained up to
a value of a positive left ventricular dP/dtmax of ± 600 mmHg/sec without,
significant changes in the QRS-complex or QT-interval as shown in our
experiments. Also, no arrhythmias were observed. Continuous monitoring
of the ECG should be performed however, because a relationship between
the width of the QRS-complex and the appearance of arrhythmias has been
described, especially if this value exceeds 100 msec (15 - 17). Nattel and
coworkers also demonstrated that a pronounced increase in QRS-width
occurred immediately before the development of ventricular tachyarrhyth-
mias (36). In our opinion this value seems to be useful as a marker to stop
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administration of imipramine during the induction of a failing heart. This is
underlined by the fact that cessation of drug infusion results in rapid and
complete restoration of myocardial function thus indicating the safety of
this model. Also, the reversibility of effects after repeated doses in the same
dog indicate the possibility to use this model repeatedly to test different
models of cardiac assistance. Unfortunately, this drug is only suitable to
create a failing heart in anesthetized animals as serious symptoms of central
nervous system toxicity have been described in awake dogs (36).

To summarize; Several factors favor the use of imipramine to obtain a
short-term failing heart model in anesthetized animals. First, it is an easily
controllable, reproducible and safe method with no risk of acute or long-
term mortality. Also, the negative action of imipramine on cardiac contrac-
tility is visible within a short period of time and its administration can be
repeated several times without any unpleasant side effects for the dogs. The
animals do not need special care in the period in between the infusions of
repeated doses of imipramine, as is the case with the use of cardiotoxic
drugs or a diet deficient in an essential element (26, 37). Although this
model will not be appropriate to study the effect of positive inotropic support
of drugs on depressed myocardial function, it is very well suited to test the
effect of intra-aortic devices, mechanical devices or skeletal muscle to assist
the failing heart, especially because skeletal muscle force is not affected by
imipramine.
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Hemodynamic study
following cardiomyoplasty:

Comparison of different
stimulation protocols

ABSTRACT

Augmentation of cardiac function has been demonstrated by using the
left latissimus dorsi (LD) muscle wrapped around the heart. We studied
the effect of different modes of skeletal muscle stimulation both before
and after depression of myocardial contractility with imipramine using
a versatile pacing device.
Methods: In acute experiments the left LD muscle was dissected distally
and wrapped counterclockwisely around the heart in 12 goats. This
muscle was stimulated subsequently using an increasing number of
pulses (1 to 6) with an interpulse interval of 30 msec. Pacing was started
20 or 90 msec after the R wave of the QRS.
Results: Summation of outcome of all pacing protocols showed signi-
ficant increases in left ventricular pressure (LVP), aortic pressure (AoP),
left ventricular dP/dt (LVdP/dt), stroke volume of the left ventricle, right
ventricular pressure (RVP) and pressure measured in between the left
ventricle and the contracting LD muscle (PLD). No significant differences
were seen using a delay of 20 msec or 90 msec, except for the LVdP/dt,
which did not improve using the longer delay. Infusion of imipramine
negatively affected all measured parameters of cardiac contractility.
LVP, AoP, RVP and LVdP/dt improved significantly better with a con-
tracting LD muscle after depression of cardiac function compared to the
non-failing state, in spite of a significantly less pronounced increase in
intermuscular pressure. Before and after imipramine, no effect on left
ventricular end-diastolic pressure (LVEdP) was seen demonstrating that
ventricular filling was not hampered.
Stimulation of the wrapped LD muscle using an increasing number of
pulses progressively improved cardiac function, indicating the need to
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pace the skeletal muscle with a train of pulses. Conclusion: Contraction
of the left latissimus dorsi wrapped around the myocardium improves
cardiac output in the acute setting, both before and after depression of
cardiac function. While the importance of stimulation of the LD muscle
with a train of pulses was demonstrated, no differences were found when
using different delays between cardiac and LD muscle contraction.

INTRODUCTION

For a number of decades, there has been increasing interest in the use of
skeletal muscle to assist the failing heart. The first report, using the major
pectoral muscle, was published in 1933 by Leriche (1). Termet (2) was the
first investigator who described the use of the latissimus dorsi muscle (LD)
in 1966. The increasing number of patients suffering from severe cardiac
failure with their poor prognosis (3) has further stimulated the use of
skeletal muscle wrapped around the heart, as evidenced by a number of
recent symposia (4-7).
Essential for the application of skeletal muscle for cardiac assist is trans-
formation of this muscle into a fatigue-resistant muscle by prolonged
electrical stimulation. After that period the tissue metabolism of this trans-
formed muscle resembles that of cardiac muscle (8-15).
By using a pulse-train muscle stimulator synchronous to cardiac contrac-
tion, a sustained skeletal muscle contraction can be obtained supporting
myocardial contraction (16-22).
The aim of this study was to measure the acute hemodynamic effect of
contraction of the LD muscle following wrapping around the heart. This was
tested both in the normal heart and in an acute failing heart model. Different
pacing modes of the LD muscle were evaluated. In particular the effect of
skeletal muscle pacing using an increasing number of pulses leading to a
tetanic contraction, because of summation of the individual twitches, was
studied. We also examined the effect of skeletal muscle stimulation using
two different time delays to the depolarization wave of the ventricle.

MATERIALS AND METHODS

Animaf preparation
Twelve female goats were used with body weights ranging from 28 to 55 kg
(41 ± 9 kg). All experiments were performed according to the 'Guide for the
Care and Use of Laboratory Animals' (23).
Anesthesia was induced by sodium thiopental (Nesdonal) with 15 mg per kg
body weight iv. After endotracheal intubation, anesthesia was maintained
with oxygen/ nitrous oxide (1:2) and 1.5% Fluothane. During the experi-
ments, the lungs were ventilated with a positive pressure respirator (Pul-
momat) and body temperature was maintained constant with a heating
blanket. Arterial blood gasses were measured routinely using a blood gas
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analyzer (Radiometer ABL3). Arterial blood oxygen saturation was kept at at
least 158 mm Hg with supplemental oxygen. Monitoring of arterial pH and
Standard Base excess was performed and if necessary corrected with 4.2%
bicarbonate to maintain the pH in between 7.35 and 7.45. An indwelling
catheter was placed in the right brachial vein for continuous infusion of 5%
Ringer's lactate during the preparation procedure and the experimental
protocol. ECG leads I, II and III were recorded simultaneously. Aortic blood
pressure (AoP) was measured with a Millar catheter-tip micromanometer (7F
Millar PC470), positioned into the aortic arch through the femoral artery.
Left ventricular pressure (LVP) measurements were obtained with a Millar
catheter-tip micromanometer (7F Millar PC470), inserted through the left
brachial artery. Left ventricular end-diastolic pressure (LVEdP) was sepa-
rately recorded by clipping the left ventricular pressure at 20 mmHg and
subsequently amplifying the signal on the recorder. The first derivative
(positive and negative LVdP/dtmax) was determined as described by Scha-
per et al (24). Right ventricular pressure (RVP) was measured using a Millar
catheter-tip micromanometer, inserted into the right ventricle via the left
jugular vein. All catheters were flushed repeatedly with saline.

Pedicle preparation
A leftsided midaxillary incision was performed and all collateral blood
vessels to the distal part of the LD muscle were coagulated. All attachments
of the muscle were disconnected except the axillary pedicle to keep the
thoracodorsal artery, vein and nerve intact. Two intramuscular electrodes
(Medtronic SP5528) were implanted in the upper part of the LD muscle flap,
perpendicular to the main branches of the thoracodorsal nerve, as described
by Chachques and coworkers (25).
Threshold value of stimulation was measured during temporary connection
of these electrodes to a stimulator (Medtronic SP3028).

Wrapping procedure
A partial resection of the anterior arch of the second rib was performed to
transfer the muscle and pacing leads into the thorax. The thoracic cavity
was opened at the fifth left intercostal space and the pericardium removed.
A sensing electrode (Medtronic SP5548) was implanted in the left ventricular
wall. Subsequently, the left LD muscle was wrapped in a counterclockwise
fashion around both ventricles. The muscle was first positioned around the
right ventricle and fixed near the atrioventricular groove at the base of the
heart with interrupted sutures, followed by wrapping the remaining part of
the muscle around the left ventricle. This distal portion was sutured to the
proximal part of the muscle, as described by Anderson et al (26). In the
animals used, the skeletal muscle surface was larger than the surface of
both ventricles and therefore, the most distal part of the LD muscle was
sutured on top of the first layer above the anteroseptal wall of both ven-
tricles.
During the wrapping procedure, a flat Silastic balloon (2x2 cm) as used by
Smiseth and coworkers (27, 28), was fixed with sutures between the apex of
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the left ventricle and the left LD muscle. The balloon was filled with 3 ml of
saline and connected to an Ailtech pressure transducer. Calibration of the
balloon was performed by inserting the balloon in a closed bottle filled with
air. The pressure inside the bottle was measured with an Ailtech pressure
transducer and equilibration of both pressures was performed by changing
the pressure inside the bottle. The balloon was calibrated from 0 mm Hg to
maximally 100 mmHg. This balloon was used to measure the pressure in
between the heart and the wrapped LD muscle (PLD).
An electromagnetic flow probe (Skalar) was connected to a sine wave
electromagnetic flowmeter (Transflow 600) and positioned around the as-
cending aorta to measure aortic flow. (All pressure transducers were cali-
brated prior to each set of measurements).
Variables were recorded continuously on a multichannel Schwarzer re-
corder at a speed of 1.25 mm/sec, and, intermittently, at a speed of 25
mm/sec during electrical stimulation of the LD muscle.

Experimental protocol
The goats recovered from the wrapping procedure during at least half an
hour before the LD muscle was stimulated. Three goats appeared to be
unsuitable for further evaluation because of atrial fibrillation (2 goats) or
inability to stimulate the wrapped muscle (one goat). In the latter goat the
LD muscle appeared to be severely ischemic, due to accidental interruption
of the arterial blood supply.
In the remaining 9 goats the intramuscular electrodes and the sensing
electrode were connected to a pacing device (Prometheus, Medtronic) to
stimulate the muscle. This system allows selection of pacing parameters like
synchronization delay, strength, burst duration, interstimulus interval(s)
and number of stimuli, and also has Holter capabilities (29). Stimulation of
the wrapped LD muscle was performed using pulses, having a pulse width
of 180 |iseconds and an amplitude of 5 volt. The number of pulses was
sequentially increased from 1 to 6. The interpulse interval was programmed
at 30 msec. During the longest pulse train (n = 6), effect of both interpulse
intervals of 20 and 30 msec were studied. All pace protocols used a delay
from the sensed R-wave to the first stimulus of 20 msec or 90 msec. Table
1 shows the content and sequence of the stimulation protocol.The synchro-
nization ratio was programmed in an 1:8 mode (muscle to heart contrac-
tion) . This low synchronization rate was selected to avoid the occurrence of
fatigue of the unconditioned LD muscle. During each stimulation protocol,
the wrapped LD muscle was stimulated 5 times. In between the different
protocols there was a pause of 1 minute.
After completion of the whole pacing protocol, depression of cardiac contrac-
tility was created with continuous infusion of imipramine (Tofranil^, Ciba-
Geigy, Basel, Switserland) at a dosage of 7.5 mg/kg body weight (30, 31).
Following 30 minutes of imipramine infusion, the LD muscle was again
paced according to the protocol, shown in Table 1. Again, a total of 50
contractions were recorded.
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TABLE 1.
Successiue stages
protocol

q/" the stimulation protocol.
number of pulses in
a burst

interpulse interval
(msec)

sensing delay
(msec)

A 1 20
Al 1 90
B 2 30 20
Bl 2 30 90
C 3 30 20
Cl 3 30 90
D 6 30 20

Dl 6 30 90
E 6 20 20

El 6 20 90

At the end of the experiment, the goats were sacrificed with an overdose of
sodium pentobarbitone.

Data analysis
During each stage of the pacing protocol, 10 non-assisted and all 5 assisted
beats were measured during continuous respiration, because respiratory
arrest lead to both an immediate rise in right ventricular pressure and the
induction of extra beats. The control beats were measured immediately
before the first assisted beat, equally divided between inspiration and
expiration. The 10 non-stimulated and 5 stimulated beats during every
stage of the stimulation protocol were averaged per protocol for each goat.
For each parameter, the average of these 10 protocols in 9 goats (n = 90) was
determined.
Stroke volume of the left ventricle (SV) was measured, using the aortic flow
curve. The surface area under the curve was determined, using a digitizer
(MOP videoplan Kontron) with a cross hair cursor. Calibration was per-
formed by measuring the area of 20 aortic flow curves, obtained before the
start of LD muscle stimulation, relative to the integrated aortic flow per
minute. Measurements, made during the execution of the pacing protocol
were related to the mean value of these 20 beats.

Statistical analysis
One way analysis of variance was used to compare the non-assisted beats
during all pacing protocols for 9 goats, both before and after induction of a
failing heart. Assisted and non-assisted beats were compared, using Stu-
dent's t test for unpaired events. One way analysis of variance followed by
Student's t test for unpaired events was also used to evaluate the effect of
the different pacing protocols. Linear regression and correlation coefficient
were calculated, to compare the absolute increase in intermuscular pres-
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TABLE 2.
Hemodynamic

SV
(ml)

C 14.4 ±0.5

S 18.4 ±0.6

p <0.001

results q/"assisted uersus

RVP
(mmHg)

25.5 + 0

39.0 ± 1.

<0.001

PLD
(mmHg)

.5 13.7 ±0.6

.2 37.6±2.1

<0.001

unassisted beats PC± SEM.

LVP
(mmHg)

78.0 + 2.

90.0 ±2.

<0.001

AoP
(mmHg)

.3 79.0 ± 2.4

.7 88.0 ±2.8

0.015

n=90;

LVdP/dt
(mmHg/sec)

1115 ±38

1240 ±42

0.03

8 5

LVEdP
(mmHg)

9.6 ±0.4

9.4 ±0.4

N.S.

Abbreviations: AoP = aortic pressure, C = unassisted beats. LVEdP = left ventricular
end-diastolic pressure, LVdP/dt = pos. dP/dt of the left ventricle. LVP = left ventricular
pressure. PLD = intermuscular pressure, RVP = right ventricular pressure, S = assisted
beats, SV = stroke volume of the left ventricle.

sure during stimulation with AoP, LVdP/dt, RVP, and SV of the left ventricle.
Differences were accepted to be statistically significant at p < 0.05. Values
are presented as mean ± 1 standard error of the mean.

RESULTS

Be/ore induction o/ cardiac/ailure
During all 10 pacing protocols, no significant changes in control hemo-
dynamic values were seen. Therefore, it was considered legitimate to assess
the mean of the non-assisted beats of all 10 pacing protocols in 9 goats (n
= 90) as the control value.
Stimulation of the LD muscle had a significant positive effect on right- and
leftsided heart function (RVP, LVP, LVdP/dt, AoP, SV of the left ventricle)
and intermuscular pressure (PLD). This is summarized in Table 2 (A, Al, B,
BI, C, Cl, D, Dl, E, E l ; n = 90). Especially, the effect on RVP appeared very
pronounced. Positive nor negative effects were seen on LVEdP.
In figure 1, the pooled results of pacing with the short 20 msec (stimulation
protocols A, B, C, D, E; n = 45) versus the long 90 msec (stimulation
protocols Al, B l , C l , D l . E l ; n = 45) sensing delay are shown. A consistent
significant improvement was observed for all hemodynamic parameters,
irrespective of the stimulation delay, except for the LVdP/dt. With a delay of
90 msec, there was no effect of latissimus dorsi stimulation on this para-
meter.

The individual effects of pacing protocols (Table 1) with an increasing
number of pulses (A, B, C, D) and a burst with a short interpulse interval
(E; 20 msec) are shown in figure 2. As anticipated, a train of pulses resulted
in an increased assistance of cardiac function. Stroke volume of the left
ventricle, RVP, LVP and AoP demonstrated a significant increase using 6
pulses as compared to 1 pulse stimulation (protocol A) with a 30 msec and
a 20 msec interpulse interval (protocol D + E). On using single pulse
stimulation (protocol A), a pronounced increase of 14 ± 2.5% in LVdP/dt was
observed. Although a tendency to improvement was seen using more pulses.
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FIGURE 1 .

The effect o/" pacing the LD muscle with a short (20 msecj and a long delay (90 msecj in the
absence q/" cardiac Jailure. AoP = aortic pressure. LVdP/dt = positive !e/i uenrricular dP/dt. LVP
= Ie/i uentricular pressure. PLD = intermuscuiar pressure, RVP = right i«ntricular pressure. SV
= stroke uolume q/ the le/t uentricle. White bars represent non-assisted beats, dark bars
represent assisted beats. Values are presented as mean ± SEM Cn = 45J. *: signi/xcant difference
between non-assisted and assisted beats (p < 0.05J. #: sfgni/ïcant difference betmeen assisted
beats using a short or a long delay fp < 0.05J.
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TABLE 3.
Re/aHon between the absolute increase in PLD u>ith SV, RVP. LVP. AoP and LVdP/dt both
be/ore and during cardiac depression inith imipramine.

SV
(ml)

Before imipramine (n

r

P

After

r

P

0.479

<0.001

imipramine (n =

0.729

<0.001

-90) ;

60):

RVP
(mmHg)

0.740

<0.001

0.882

<0.001

LVP
(mmHg)

0.793

<0.001

0.846

<0.001

AoP
(mmHg)

0.710

<0.001

0.844

<0.001

LVdP/dt
(mmHg/sec)

0.750

<0.001

0.697

<0.001

Abbreviations: See legends to Table 2. For LVdP/dt only results of measurements with the
short delay to the R-wave are used.

a significant change was observed using a burst of 6 pulses with an
interpulse interval of 20 msec (protocol E). Single pulse stimulation resulted
in an increase in PLD of 90 ± 34%. Due to the large variation in increase in
intermuscular pressure, only protocol E resulted in a significant difference
as compared to protocol A. The relative increase in AoP and LVP, however,
was already significantly higher than 1 pulse stimulation, when only 3
pulses (protocol C) were applied. RVP also demonstrated differences be-
tween 2 pulses (protocol B) and 6 pulses (protocols D and E) stimulation. No
significant difference was obtained between a burst of 6 pulses with either
an interpulse interval of 20 msec (protocol E) or of 30 msec (protocol D).
Correlation between the absolute increase in PLD during LD muscle stimu-
lation and the hemodynamic variables was measured, to obtain information
about the role of increased intermuscular pressure to improve cardiac
function. Data are shown in Table 3, using a compilation of the results of
all protocols (A-E). Obviously a clear correlation was present will all vari-
ables.

A/ïer cardiac failure
The results from 6 of the 9 goats could be used for evaluation of LD muscle
contraction following the infusion of imipramine. Three animals developed
intractable atrial fibrillation, because of mechanical irritation of the right
atrial wall by the right ventricular catheter.
Figure 3 demonstrates both the influence of imipramine on the measured
parameters and the effect of pacing of the wrapped LD muscle on hemo-
dynamic function. Again, results of all pacing protocols of 6 goats are
compiled. Following 30 minutes of imipramine infusion, significant de-
creases in all hemodynamic values were seen, except for the intermuscular
pressure. There were no differences in values between successive beats,
indicating stability of the failing heart model. Concomitantly, cardiac fre-
quency decreased from 119 ± 6 to 98 ± 7 beats/min (p = 0.04). LVEdP
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showed a small increase from 9.6 ± 0.4 to 11.9 ± 0.3 (p < 0.001). As
demonstrated, also after depression of cardiac contractility, significant
improvements in LVP, AoP, LVdP/dt, RVP and SV of the left ventricle were
obtained, when LD pacing was performed. Again no influence was seen on
the LVEdP (11.9 ± 3.1 with stimulation).
The difference in percentage hemodynamic support of the contracting LD
muscle, before and after depression of cardiac contractility is demonstrated
in figure 4. This shows a significant increase in relative improvement of RVP,
LVP, AoP and LVdP/dt after imipramine infusion. These increases were
obtained, despite the fact that the percentage in increase in intermuscular
pressure was significantly less after the administration of imipramine (120
± 15% compared to 154 ± 18% before imipramine). No significant difference
in percentage in increase in SV of the left ventricle was seen.
Correlation between the absolute increases in PLD with AoP, RVP and SV
appeared to be better after the induction of cardiac failure as demonstrated
in Table 3.
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Effect o/" stimulating the LD muscle be/ore fno CF/ and during cardiac/ailure fCF). Va/ues are
presented as mean ± SEM fn = 60 be/ore and q/ter cardiac /ailure;. For the labeling o/
hemodynamic txiriables. see /egends to./igure 1. •: significant difference bettueen assisted and
unassisted beats (p < 0.05J. #: significant difference betioeen the unassisted beats u>ithout fno
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DISCUSSION

The present study shows that contraction of the LD muscle, wrapped
around both ventricles, can improve cardiac function in the acute setting,
and can partly abolish the negative inotropic effect of imipramine on cardiac
contractility. Adherence of the wrapped LD muscle to the myocardium was
evaluated, using an intermuscular balloon, which demonstrated in all goats
a "pressure wave", due to recurrent filling and subsequent emptying of the
heart. Tracings from this balloon also demonstrated the increase in inter-
muscular pressure during contraction of the LD muscle (figure 5).

100-1
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30-i

Hg

oJ
2000
"9/s

-2000-1
100-

mmHg

y / •

LVP

LVEdP

_VdP/dt
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50, v
mmHg PLD

ECG

I 1 sec I

FIGURE 5.
Registration showing the effect o/ synchronous burst pacing o/ the
wrapped LD on different parameters p/cardiac function. Abbreviations:
AoP = Aortic pressure, AoF = Aortic Jlou). dP/dt = positive dP/dt q/" the
!e/t pentricle. LVEdP = (e/t uentricufar end-diasto!ic pressure. LVP = le/t
uentricular pressure. L/m = litres per min. PLD = pressure in between the
te/i uentride and the wrapped LD muscle.
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No obstruction of ventricular filling was observed, since the left ventricular
end-diastolic pressure did not change, due to the wrapped and contracting
LD muscle.
Our findings show that in particular the right ventricle can benefit from the
assistance of a wrapped skeletal muscle, which is in accordance with the
literature (32, 33). This is not surprising, because right ventricular pressure
is significantly lower than left ventricular pressure during the ejection
phase.
Although the optimal sensing delay from the R-wave to the pacing stimulus
of the wrapped muscle is still a matter of debate (34, 35, 36), a sensing delay
of 4 msec is commonly used (25). In our studies, a delay of 20 msec was
compared with a delay of 90 msec. No significant differences were seen for
all parameters, except for the left ventricular dP/dt. Pacing the wrapped LD
muscle with a longer delay of 90 msec results in assistance of the myocar-
dium, following the steep part of the left ventricular pressure curve. There-
fore, no effect on the left ventricular dP/dt is observed, which makes this
variable only valid to measure myocardial assist (37) when a short delay is
used.
This is the first study in which the differences in assistance of the heart after
a dynamic cardiomyoplasty procedure are measured, when using an in-
creasing number of pacing pulses. Although significant improvement in
myocardial function already occurs using only 1 pulse stimulation (34), it
appears essential to pace the wrapped muscle with a train of pulses. This
will result in a tetanic contraction of the skeletal muscle, due to temporal
summation. In the present study, however, LVdP/dt demonstrated a sig-
nificant improvement with only 1 pulse stimulation, without important
additional improvement when more pulses were added. This can be ex-
plained by the fact that the first pulse occurs during the isovolumic contrac-
tion phase, that is during the steep part of the left ventricular pressure
curve, as was mentioned during the discussion on the importance of the
sensing delay. In our protocol, a train of maximally 6 pulses was used,
resulting in a burst duration of maximally 160 msec. It was necessary to
select this relatively short burst duration, because the same burst was also
tested with a delay of 90 msec. Therefore, the final pulse of this burst occurs
250 msec after sensing the R-wave, which is at the end of the systolic
ejection period.

No significant differences were observed between the bursts with interpulse
intervals of 20 msec and 30 msec. A reason for this might be that the burst
duration with interpulse intervals of 20 msec totals only 110 msec, com-
pared to 160 msec when interpulse intervals of 30 msec are used.
Infusion of imipramine significantly impaired myocardial contractility, as
has been described earlier (30, 31). In that situation, improvement in
cardiac function appeared even more pronounced, considering the percent-
age of increase in right ventricular pressure, left ventricular pressure, aortic
pressure and left ventricular dP/dt, indicating the suitability of the stimu-
lated wrapped LD muscle to support a failing heart. This was obtained
despite the fact that the percentage of increase in intermuscular pressure
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was less, pointing to a reduced contractile force of the LD muscle. As
movement of the balloon was not likely, since adequate fixation was ob-
tained and no negative effect of imipramine on contractile force was seen in
experiments with in situ stimulated LD muscle (31), the main reason for a
reduced force production could be the negative effect of repeatedly stimulat-
ing the unconditioned muscle, immediately after the wrapping procedure
(19, 20, 38). Moreover, reduced contractile force of the LD muscle after
imipramine could account for the observation that no relative increase in
stroke volume of the left ventricle was seen after imipramine, compared to
the non-failing state.
The large variation in rise in intermuscular pressure during contraction of
the wrapped LD muscle points to the difficulty to obtain uniform wrapping.
This is supported by the observation that the correlation between the
increase in PLD and measured parameters improved after induction of
cardiac failure, due to dilatation of the heart. Another reason could be the
torsion of the heart during skeletal muscle contraction which could have
resulted in partial obstruction of left ventricular outflow. This change in
orientation of the heart, during contraction of the LD muscle in the opened
thorax preparation was also reported by Anderson et al (26). (It is probably
less important in the closed chest animal preparation).

In conclusion; the left latissimus dorsi muscle wrapped around the heart in
a counterclockwise direction, significantly improves cardiac function both
before and after the creation of a failing heart. Maximal improvement was
obtained by using a train of pulses, resulting in a tetanic contraction of the
skeletal muscle. On using a maximal burstduration of 150 msec, no dif-
ferences were observed in the measured pressure and flow parameters,
when a short or long sensing delay to the R-wave was programmed, with the
exception of the left ventricular dP/dt.
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Long-term follow-up after
dynamic cardiomyoplasty in
goats

ABSTRACT

Dynamic cardiomyoplasty has been introduced as a new method to treat
patients with severe cardiac failure. To obtain information on long-term
effects on hemodynamics and muscle histology, goats were studied after
a dynamic cardiomyoplasty procedure using the left latissimus dorsi
(LD) muscle.
Methods and results: Twentyfour goats were studied. Sixteen goats were
available for invasive and transesophageal echo doppler hemodynamic
measurements and histological study at least 12 weeks after the proce-
dure. At that time, only two goats showed significant improvement in
left ventricular function both before and after imipramine induced
depression of cardiac function. Histological investigation in these 2
goats revealed preservation of muscle structure and almost complete
transformation to type I fibres of the wrapped muscle. The remaining 14
goats showed extensive lipomatosis of the LD muscle. Severe intimal
hyperplasia and proliferation of smooth muscle cells in the arterial walls
was present without increase in capillary-to-fibre ratio. Acetylcholine-
sterase enzyme staining demonstrated destruction of motor-endplates.
An increase in endoneural and endomyseal connective tissue was ob-
served with some goats showing destroyed nerve branches near the
electrodes. At the ultrastructural level important distortion of the myo-
fibrillar bundles within the individual muscle cells was seen, together
with signs of damage to the mitochondria. These findings differed from
those observed following long-term electrical stimulation of the goat
latissimus dorsi muscle in situ.
Conclusions: Dynamic cardiomyoplasty is of use in the treatment of
severe heart failure, if the histological structure of the wrapped latis-
simus dorsi muscle remains intact. The current approach used in
dynamic cardiomyoplasty may lead to deterioration of the wrapped
muscle long-term. Future research should be directed to optimal preser-
vation of LD muscle structure, in spite of wrapping and continuous
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electrical stimulation. Areas to be investigated include the most optimal
fibre orientation of the wrapped LD muscle and a more prudent stimula-
tion protocol to prevent ischemic damage to the muscle and direct
trauma to the nerve branches.

INTRODUCTION

In the last decade, dynamic cardiomyoplasty has been introduced as a new
surgical technique to treat patients with severe heart failure. During this
procedure the latissimus dorsi (LD) muscle is wrapped around the heart and
electrically stimulated synchronously with cardiac contraction.
Since the first clinical application in 1985 (1), a number of reports have
appeared on acute and long-term effects of dynamic cardiomyoplasty in
animal experiments and patients (2-13).
This article describes our experience during long-term follow-up in a large
number of goats. Hemodynamic results from dynamic cardiomyoplasty will
be presented followed by the histological findings in the wrapped and
chronically stimulated latissimus dorsi muscle. To study the effect of
dissection of the LD muscle with subsequent wrapping and electrical stimu-
lation on the morphological aspects of the muscle, the histopathological
findings will be compared with those obtained from in situ stimulated goat
LD muscles.

MATERIALS AND METHODS

The experiments were performed according to the 'Guide for the Care and
Use of Laboratory Animals' (14).

/: Dynamic Cardiomyopfasty procedure
Twentyfour goats were used with body weights varying from 28 to 55 kg.
Anesthesia was induced intravenously with 15 mg per kg body weight
sodium thiopental (Nesdonal) and, after endotracheal intubation, main-
tained with oxygen/ nitrous oxide (1:2) and 1.5% Fluothane. During the
experiments the lungs were ventilated with a positive pressure respirator
(Pulmomat) and body temperature was maintained constant with a heating
blanket. During the cardiomyoplasty procedure, a continuous infusion of
5% Ringer's lactate was administered through a peripheral vein. Standard
ECG leads I, II and III were recorded simultaneously. The whole procedure
was performed under sterile conditions and antibiotic cover using Amfipen
1000 mg iv pre-operatively.

Pedicle preparation
A leftsided midaxillary incision was performed, and the collateral blood
vessels to the distal part of the LD muscle were coagulated. All attachments
of the muscle were disconnected, except the axillary pedicle to keep the
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thoracodorsal artery, vein and nerve intact. Two intramuscular electrodes
(Medtronic SP5528) were implanted in the upper part of the LD muscle flap,
perpendicular to the main branches of the thoracodorsal nerve.
Threshold value of stimulation was measured during temporary connection
of these electrodes to a programmer (Medtronic SP3028).

Wrapping procedure
A partial resection of the anterior arch of the second rib was performed to
transfer the muscle and pacing leads into the thorax. The thoracic cavity
was opened at the fifth left intercostal space and the pericardium removed.
A sensing electrode (Medtronic SP5548) was implanted in the left ventricular
wall. Subsequently, the left LD muscle was wrapped in a counterclockwise
fashion around both ventricles. The muscle was first positioned around the
right ventricle and fixed with its lateral side near the atrioventricular groove
at the base of the heart with interrupted sutures. This was followed by
wrapping the remaining distal part of the muscle around the left ventricle.
After wrapping this part, it was sutured to its proximal portion. Because in
healthy goats the surface of the LD muscle can cover more than the
circumference of both ventricles, the most distal part of the LD muscle was
sutured in a double layer on top of the first layer over the anterior wall of
both ventricles. All three electrodes were connected to a cardiomyosti-
mulator (SP1005 Medtronic), which was subsequently positioned in the
interscapular region.
All goats received Amfipen (1000 mg im daily) for 5 days as antibiotic
treatment and buprenorfine (Temgesic 0.6 mg im daily) for analgesia.
Two weeks after the wrapping procedure electrical stimulation was started
using the protocol of Chachques (8). Every two weeks the number of stimuli
to the LD muscle was progressively increased. After 10 weeks the stimula-
tion mode consisted of burst pacing (individual pulse width 210 |iseconds,
burst duration 185 msec, burst frequency 30 Hz) with a voltage of 4 volt.
One pacing burst was synchronized to every heart beat with an upper limit
of 100 LD contractions per minute.
Hemodynamic studies were performed after a follow-up period of at least 12
weeks (the end of the conditioning period of the wrapped LD muscle).

ƒƒ; Jn situ latissimus dorsi stimulation
For this purpose 6 healthy goats were used with body weights ranging from
29 to 54 kg.
The animals were anesthetized initially with sodium thiopental (Nesdonal 15
mg/kg body weight) into the jugular vein, intubated and ventilated with
oxygen/nitrous oxide (1:2) and 1.5% Fluothane. A 15 cm longitudinal skin
incision was made in the left midaxillary line under sterile conditions and
pre-operative antibiotic cover (Amfipen 1000 mg iv). Subsequently, two
intramuscular electrodes (Medtronic SP5528) were attached approximately
6 cm apart into the proximal part of the LD muscle, perpendicular to the
main branches of the left thoracodorsal nerve. An Itrel pulse generator
(Medtronic SP7420) was connected with these electrodes and positioned in
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a subcutaneous pocket in the interscapular region. Buprenorfine (Temgesic
0.6 mg im) was given for 2 days for analgesia and 1000 mg Amfipen im as
antibiotic treatment.
Stimulation of the left LD muscle was started 2 weeks after this operation
according to the protocol shown in Table 1, which is comparable to the one
commonly used after a dynamic cardiomyoplasty procedure. All individual
electrical pulses had a duration of 210 useconds. The voltage, which was
adjusted to produce an easily palpable and visible contraction of the entire
LD muscle without causing apparent discomfort to the animal, measured
2.6 ± 0.4 V. The muscle was stimulated continuously during 24 hours a day
for a period of 12 weeks.

TABLE 1.
Stimulation protocol p/ in situ LD muscles

A: n = 3

B: n = 3

week

1 -2
3 - 4
5 - 6

7 - 8

9 - 10
11-12
1 -2
3 - 4
5 - 6

7 - 8

9- 10
11 - 12

number of
pulses
1

2

3

6

6

6

3

3

3

6

6

6

interpulse
Interval (msec)

100

67

33

3 3

3 3

3 3

33

33

33

33

33

bursts/min

50

50

50

50

6 0

8 0

3 0

4 0

50

50

60

8 0

After this period biopsies were taken from the midportion of stimulated and
nonstimulated LD muscles. One biopsy from both sides was quickly frozen
in isopentane. A second one was stored in 4% paraformaldehyde. Also small
biopsies for electronmicroscopic evaluation were taken from both muscles.
After the 12 week period, all 6 goats were sacrificed using an overdose of
thiopental.

A: Hemodynamic Euaiuation
The hemodynamic effects of dynamic cardiomyoplasty were investigated,
using both invasive and echo-Doppler measurements. Measurements were
made both in the normal heart and after the induction of cardiac failure by
imipramine.
Anesthesia, ventilation, infusion and ECG-recordings were performed as
described for the wrapping procedure. Aortic blood pressure (AoP) was
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measured with a Millar catheter-tip micromanometer (7F Millar PC470)
positioned into the aortic arch through the femoral artery. Left ventricular
pressure (LVP) measurements were obtained with a Millar catheter-tip
micromanometer (7F Millar PC470), inserted through the right brachial
artery into the left ventricle. Left ventricular end-diastolic pressure (LVEdP)
was separately recorded by clipping the left ventricular pressure at 20
mmHg and subsequently amplifying the signal on the recorder. The first
derivative (positive and negative LVdP/dtmax) was determined as described
by Schaper et al (15). Right ventricular pressure (RVP) was measured using
a Millar catheter-tip micromanometer inserted into the right ventricle via the
left jugular vein. All catheters were flushed repeatedly with saline.
Aortic blood flow velocity recordings were made using a transesophageal
approach. A 64 elements 5 MHz phased-array transducer (HP, Massa-
chusetts) was positioned at the level of the ascending aorta perpendicular
to the aortic valvular plane, allowing registration of the blood flow just above
the valve using pulsed Doppler. The flow integrals were recorded using a
stripchart recorder with a paper speed of 50mm/sec and traced off line on
a digitizing tablet (Summasketch 11**), using a scientific measurement pro-
gram (Sigmascan R).
To stimulate the wrapped muscle, different modes of stimulation were used
in the order given in Table 2. Contraction of the LD muscle was synchro-
nized to every third heart beat as long as cardiac frequency remained above
100 beats per minute. When the heart rate was below this value the
cardiomyostimulator switched automatically to a synchronization ratio of
one LD muscle contraction to every second cardiac contraction. Voltage of
stimulation was programmed at 5 volt and subsequently increased to 8 volt
when no effect was seen on hemodynamic variables. All pacing modes were
applied during at least 2 minutes. Stimulation free intervals of approximate-
ly 30 seconds were programmed in between the different protocols.
After finishing this part of the protocol, depression of cardiac function was
induced by continuous infusion of imipramine (Tofranil^, Ciba-Geigy, AG,
Basel, Switzerland) in a dosage of 7.5 mg/kg bodyweight per hour. There-
after, the stimulation protocol of the LD muscle was repeated.

Data analysis
In each goat 10 non-assisted beats were measured, immediately before the
start of every mode of the stimulation protocol, and 5 assisted beats
thereafter. This was done during continuous artificial respiration as res-
piratory arrest frequently resulted in ventricular extrasystoles. The same
approach was followed after the induction of cardiac depression with imi-
pramine.

Stattsftcai analysis
The 10 non-stimulated and 5 stimulated beats during every mode of stimu-
lation were averaged for every goat. The mean of the non-assisted beats were
subsequently averaged for every stimulation mode (12 in total) and com-
pared using repeated-measures one way analysis of variance. The mean of
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TABLE 2.
Successive stages of the stimulation protocol

protocol

I

II

III

IV

V

VI

VII

VIII

IX

X

XI

XII

number of pulses interpulse interval
in a burst

1

2

3

6

10

16

1

2

3

6

10

16

(msec)/burst frequency
(Hz)

100/10

67/15

33/30

20/50

12/85

100/10

67/15

33/30

20/50

12/85

105

sensing delay to the
R-wave
(msec)

4

4

4

4

4

4

100

100

100

100

100

100

all control beats was compared with the mean of all stimulated beats using
Student's t test for unpaired samples. The same procedure was performed
after depression of cardiac function by imipramine. The effect of imipramine
was evaluated by comparing the pooled control beats of all stimulation
protocols before and after administration of this cardiodepressive drug
using Student's t test for unpaired samples. Differences were accepted to be
significant at P < 0.05. All data are expressed as mean ± SD.

B: Mstopathoiogical Euaiuatton

I: Foüou>£ng dynamic cardiomyopiasty
After completion of the last hemodynamic measurements, a transmural
biopsy was taken from the midportion of the right nonstimulated LD muscle
for histopathological investigation. This specimen was immediately frozen in
isopentane, quenched in dry ice and stored at -70' C.
Subsequently, the goats were sacrificed with an overdose of sodium thio-
pental. After opening the thoracic cavity, the heart with the wrapped left LD
muscle was carefully excised. Adherent pulmonary tissue, and fatty tissue
were removed. Four biopsies from the LD muscle were taken at different
locations, starting at the pedicle and descending to a part of the muscle next
to the apex of the heart (corresponding to locations A, B, C and D as will be
described later). These biopsies were snap frozen in isopentane and stored
at -70° C for further analysis. All pieces of tissue were carefully positioned
for transverse sectioning.
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Small parts (lxlxl mm) from these biopsies were taken and fixed in 2.5%
glutaraldehyde in 0.01M phosphate buffer at pH 7.3. The osmolality of the
solution was adjusted to 330 mosmole by the addition of sucrose for
subsequent electronmicroscopic investigation.
Finally, the remaining part of the heart and the wrapped LD muscle were
stored in 4% paraformaldehyde pending subsequent analysis.

Histotogical analysis
All specimen frozen in isopentane were used for fibre-typing, capillary
counts and the measurement of fibre diameter of type I and type II fibres.
This was done by combining immunohistochemical fibre typing with the
monoclonal antibody Rl 1D10 and enzyme-histochemical capillary staining
using alkaline phosphatase. For this purpose 8 nm cryostat sections were
submerged in cold acetone (-4° C) for 5 minutes. Incubation of all sections
was performed for 60 minutes in a medium containing nitroblue tetra-
zolium, 5-bromo-4 chloro-3-indolyl phosphate. After washing these sections
3 times 5 minutes in tris(hydroxymethyl) amino methane buffer saline
(TBS), they were incubated at room temperature with the mouse monoclonal
antibody Rl 1D10 (Centocor Europe), 1:10000 diluted in TBS with 1% BSA
for 45 minutes. This antibody was raised against human left ventricular
myosin heavy chain (16) and demonstrates immunoreactivity to type I
muscle fibers in human, canine (17) and goat (unpublished observation)
skeletal muscle. Sections were washed again in TBS for 3 times 5 minutes,
followed by application of 1:200 diluted (in TBS with 1% BSA) peroxidase
labeled rabbit anti-mouse antiserum for 1 hour at room temperature. The
peroxidase activity was visualized by diaminobenzidine as chromogen.
Finally all sections were stained for 5 minutes using diluted eosine.
Threehunderd muscle fibres were identified immunohistochemically in at
random distributed fascicles in all specimen. A Zeiss microscope in connec-
tion with a Hitachi FP-10 camera and an interactive image analysis system
(MOP Videoplan Kontron) were used to count the percentage of type I and
type II fibres. Furthermore, the cross-sectional area of these individual
muscle fibres was measured and expressed as the diameter of the circle of
an equivalent area. Also, the number of capillaries per muscle fiber which
were adjacent to the muscle fibres used for fibre typing and fibre area
measurements were counted.

Slices were also stained for acetylcholinesterase enzyme activity to identify
the motor end-plates.

All hearts with wrapped LD muscles, temporarily stored in 4% paraformal-
dehyde, were cut in four slices perpendicular to the baso-apical axis,
starting at the base of the heart near the atrioventricular groove and ending
at the apex. From every slice at least 3 specimen, composed of myocardium
with adjacent LD muscle, were taken at different locations. Also from all 24
goats specimen were taken from the tissue around both intramuscular
electrodes. All specimen were embedded in paraffin and cut in 3 |im
sections. For staining hematoxylin-eosin, elastin-von Giesson, Picrosirius
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Red and, the monoclonal antibody R11D10 were used for immunohis-
tochemical staining. Furthermore a number of specimen was stained using
periodic acid-Schiff (PAS).
The Picrosirius Red-Polarization method, staining collagen type I and III,
was used to demonstrate the amount of endomyseal connective tissue
within the left and right LD muscle (18). For this purpose 3 nmeter sections
were incubated for 5 minutes in aqueous phosphomolybdic acid (19),
followed by staining in 0.1% sirius red F3BA (C.I. 35780, Polysciences,
Norhampton, UK), in satured aqueous picric acid (90 minutes). Subse-
quently, the sections were washed with 0.01 N HC1, cleared and mounted.
Imaging of the amount of sirius red staining skeletal muscle tissue was
performed using an image analyzer (CAS 200, Inc, Becton and Dickinson)
with its Quantitative Nuclear Antigen program. Two masks are used in this
program. One to define a threshold for the total area of skeletal muscle
tissue and another to define the threshold for the measurement of the
amount of sirius red staining area, which is expressed as the percentage of
the total measured area. Five skeletal muscle fascicles were chosen at
random from one specimen at all four slices. The amount of endomyseal
connective tissue was measured at 5 different sides within each selected
fascicle.

Evaluation o/histologicaï slides
All specimen were evaluated by two individual observers. First, the percent-
age of type I and type II fibres was calculated, counting 300 fibres per
specimen. The amount of connective tissue around the electrodes was
checked by measuring the width of the collagen sheath at 10 different sides
around every intramuscular electrode in all goats, using the MOP Videoplan
Kontron. Subsequently the amount of fatty tissue within the separate
muscle fascicles was scored by comparing the specimen stained with elas-
tin-Von Giesson from the wrapped LD muscle with the non-stimulated right
LD muscle. The area occupied by fat cells in the stimulated LD muscle was
scored semiquantitatively; 1+ (0 - 25%), 2+ (25 - 75%) or 3+ (> 75%).

Electron microscopic inuestigation
Transverse sections of both left and right LD muscle were stained with lead
citrate and uranyl acetate and examined using a Philips 300 electron
microscope. To assess the structure of individual LD muscle fibres, 6 areas
were selected at the peripheral and 6 at the central part of each muscle fibre
and photographed at a final magnification of 14.000x.

il: In situ LD stimulation
As mentioned before, in all 6 goats biopsies were taken from the midportion
of left and right LD muscles distal to the intramuscular pacing electrodes.
These specimen were handled and evaluated as described for the car-
diomyoplasty group.
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Statistical analysis
Results from left and right LD muscles, both from wrapped goats and in situ
stimulated goats, were compared using repeated-measures analysis of var-
iance followed by Student's t test for unpaired samples. Differences were
accepted to be significant at P < 0.05. Values are presented as mean ± SD.

RESULTS

According to the protocol, all goats with the in situ stimulated LD muscles
were sacrificed after 12 weeks. In the cardiomyoplasty group, a follow-up of
12 to maximally 35 weeks was reached in 16 goats. Eight goats either died
spontaneously or were sacrificed because of infection before the end of the
12th week, which is the end of the LD muscle conditioning period. Two goats
from this group succumbed even before the start of the stimulation protocol.

A: Hemodynamic data
A complete hemodynamic evaluation was obtained in 13 of the 16 goats
which were sacrificed after 12 weeks. Three goats died during the trans-
venous insertion of the right ventricular catheter, before the stimulation
protocol of the wrapped LD muscle was started. As demonstrated in Table
3, pooling of the data of all stimulation protocols resulted in a small but
significant increase in right ventricular pressure, both before and after the
infusion of imipramine. The time velocity integrate of aortic flow showed a
small significant increase only before the induction of cardiac depression by
imipramine. No significant effect was seen on all the other measured
hemodynamic parameters. Imipramine itself caused severe depression of
left ventricular pressure, right ventricular pressure, aortic pressure and left
ventricular dP/dt, concomitant with a decrease in cardiac frequency from
117 ± 22 beats/min to 102 ±17 beats/min. The decrease in time velocity
integrate of aortic flow appeared less pronounced. Two goats from the group
of 13 goats, both with a follow-up of 18 weeks, demonstrated significant
increases in pressures and aortic flow before and after the administration
of imipramine. Representative tracings from one of these goats are pre-
sented in figures 1 and 2. As will be discussed later in the histopathology
section, these excellent hemodynamic results were accompanied by a good
preservation of skeletal muscle structure.

B: Histopathofogical data

ƒ; The dynamic cardiomyopiasty group
In Table 4 all histological data are presented from the 16 goats, having a
follow-up of more than 12 weeks. Electrical stimulation resulted in pro-
nounced transformation to the fatigue-resistant type I fibres in all examined
LD muscles. This was accompanied not only by a significant decrease in
fibre diameter of type I fibres but also by a large variability in fibre size.
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TABLE 3 .
Hemodynamic results p/ assisted uersus non-assisted beats both be/öre and a/ter the ad-
ministration q/~ imipramine fn = J3J.

c
s
c
s

Imi

Imi

TV1

(cm)

7.66 ±

8.33 ±

6.50 ±

7.19 +

1

2

1

2

.51

.07*

.68*

.44'

RVP

(mmHg)

27 ± 8

29 ±9*

19 ±6*

21 ±7*

LVEdP
(mmHg)

14±6

14±7

16 ±3*

16±3

LVP

(mmHg)

110 ±27
112 ±27
62 ±21*
63±21

AoP

(mmHg)

111 ± 26
112 ±26
63±21
64 ±22

LVdP/dt
(mmHg/sec)

1300 ±411

1326 ±411

554 ± 124*

576± 146

Abbreviations: AoP = aortic pressure, C = non-assisted beats. C Imi = non-assisted beats
after imipramine, LVdP/dt = left ventricular dP/dt. LVP = left ventricular pressure. RVP =
right ventricular pressure. S = assisted beats, S Imi = assisted beats after imipramine. TVI
= time velocity integrate flow of the ascending aorta. *: significant difference between
non-assisted and assisted beats (P < 0.05), +: significant difference between non-assisted
beats before and after the infusion of imipramine (P < 0.05). All data are expressed as X ±
SD.

LVP

LVEdP

LVdP/dtmmHg/sec
-2000FvVVVrVrVVrrVr^
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FIGURE I .

Registration showing the ejjfect o/ synchronous burst pacing p/ the wrapped LD muscle on
different parameters qj cardiac Junction. Pacing spikes ojthe stimulator are ulsualized in the
ECG-f racing at the bottom le/i side pjthe_/igure. demonstrating burst stimulation pjthe uirapped
LD muscle synchronized to euery other heart beat. Abbreuiations: AOP = Aortic pressure. ECG
= electrocardiogram. LVP = (e/ï uentricular pressure, LVEdP = (ejt uentricutar end-diastollc
pressure. LVdP/dt = positive and negaHue dP/dt oj the fejt uentricle. RVP = Right uentricular
pressure.
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FIGURE 2 .
Transesophageal doppler echocardiogram of aortic _/loit> on the le/i side, demonstrating the
increase» in aortic _/lou) during stimulation q/" the trapped LD muscle, using a burst q/~ 6 pulses
at a synchronization ratio p/one LD muscle contraction to euery other cardiac contraction. On
the right side, the basal nonassisted aortic jioui is dtspiayed. A (e/ï uentricular pressure curue
is shoiun concomitant u»ith the l̂oa» registration. Respiration is seen as a third curue unthin the
tracing. The electrocardiogram shoius the ifidtuidua/ pacing spikes during electrical stimulation
o/theLD muscle.

The percentage of endomyseal connective tissue increased to a maximum of
17.5 ± 9.0% in that part of the LD muscle adjacent to the apex of the heart
(location D). Although there was a tendency to a greater increase in en-
domyseal connective tissue, compared to the in situ stimulated muscle, this
reached statistical significance only at location C of the wrapped LD muscle.
Although this was not quantitatively measured, a clear increase in peri-
myseal connective tissue was also seen at all locations.
The width of the connective tissue sheath around the intramuscular elec-
trodes measured less than 0.5 mm, if no signs of an inflammatory reaction
were visible (0.37 ± 0.12mm around the proximal (n = 21) and 0.34 ±
0.09mm around the distal electrodes (n = 16)). In case of inflammation, the
width of the surrounding collagen increased to 1.53 ± 0.76mm around the
proximal (n = 3) and 2.67 ± 0.2mm around the distal electrode (n = 8).
Contrary to the results of in situ stimulated LD muscles (Table 5) no
increase in capillary-to-fibre ratio was found in the wrapped muscles.
Moreover, severe intimal hyperplasia and proliferation of smooth muscle
cells was seen in the larger arteries in a large number of specimen. A
representative example is given in figure 3.
As demonstrated in the fatty tissue score, wrapping and electrical stimula-
tion resulted in 14 of the 16 goats in a marked increase in fat cells both in
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TABLE 4 .
Histofogfoai data concerning changes in wrapped LD muscles stimulated/or more than 12
mee/es.

% type I
Dcir I (urn)
Dcir II (nm)
% area endomys.
con.tiss.
cap/fibre ratio
fatty tissue score (+)

right LD
27+ 7#
57.8 ± 6.2
58.6 ±8.2
3.7+ 1.3

1.2±0.2#
0 ± 0

left A
89 ± 16'
41.8± 10.5*#
50.3 ± 15.1
13.3 ±5.2'

1.3+0.6
1.8 ± 1.0*#

leftB
92 ± 13*
42.1 ±9.9'#
46.4 ± 18.7
12.8 ±3.5*

1.1 ±0.4#
1.7 ± 1.2*#

leftC
92 ± 13»
43.719.1*
50.8+ 12.9
15.0±5.1*#

0.9±0.3*#
1.6±1.1*#

leftD
96 ±5 '
45.8 ±
43.1±
17.5±

l . l±0
1.6± 1

7.1*
4.2'
9.0*

.2#

Left LD A, B. C and D are measurements from biopsies taken at different locations in the
wrapped LD muscle starting from the base to the apex of the heart respectively. All data are
expressed as mean ± S.D. (n = 16): • : significant difference between right and left LD (P <
0.05): # : significant difference between the in situ stimulated LD group and the cardio-
myoplasty group of goats (P < 0.05)(table 5); Abbreviations: % type I = Percentage of type I
muscle fibres. Dcir I = Diameter of a circle equivalent to the measured area of type I muscle
fibres, Dcir II = Diameter of a circle equivalent to the measured area of type II muscle fibres,
% area endomys. con. tiss. = Percentage of the LD muscle area occupied by endomyseal
connective tissue, cap/fibre ratio = Capillary-to-fibre ratio.

the interfascicular space and in particular within the individual muscle
fascicles (figure 4). This increase in adipocytes appeared to be the result of
both progressive destruction of myofibrillar bundles followed by replace-
ment with fat and the invasion of fat cells from the outside of the muscle
fascicles. This was observed in particular in those LD muscles, which mainly
consisted of type I muscle fibres. In most of the specimen a great variability
in fibre size was seen together with necrotic fibres, whorled fibres, coiled
fibres and signs of phagocytosis. Only two goats, both having a follow-up of
18 weeks, showed excellent preservation of LD muscle structure with
complete transformation to type I fibres at all biopsies locations, without
significant increase in fatty tissue.
In 6 animals electrical stimulation was started after cardiomyoplasty but
death occurred at a mean of 6.3 ± 2.0 weeks after operation. Biopsies from
these animals demonstrated less marked signs of muscle cell destruction
and increase in adipocytes as judged by a maximal fatty tissue score of 1.0
± 0.8 in location C. An example of one goat of this group is shown in figure
5, demonstrating an ongoing proces of fibre transformation with a mixture
of type I, type II and intermediate fibres. In the 2 goats that died within two
weeks after the cardiomyoplasty procedure, no important signs of damage
were visible in specimen from the wrapped muscle.
PAS staining showed in a number of biopsies isolated individual fibres with
a strong staining reaction as a sign of muscle fibre regeneration.
In the nonstimulated LD muscle, acetylcholinesterase enzyme staining
demonstrated clearly defined motor end-plates, restricted to a small area of
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FIGURE 3 .

Photograph o/" a wrapped and long-term stimulated LD musde demonstrating seuere inttmal
hyperplasia and proliferation o/smooth musde cells in the arterial u>a(l (Elastin-uon Giesson
stain ingj.

Ö&

FIGURE 4 .

Photograph q/"a urapped and long-term stimulated LD muscle demonstrating seuere in/iltration
uiith and replacement q/" muscle cells (dark staining; by adipocytes (R11D10 monoclonal
antibody sfainingj.
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FIGURE 5 .
Tissue specimen_/rom a mrapped LD muscle stimulated/or 4 ujeeJcs demonstrating an ongoing
process o/muscle Jibre trans/ormation/rom u>hife staining type /l/ibres to dark: staining type ƒ
jfibres (RJ JDiO monoclonal antibody staining). No signs o/skeletal muscle cell destruction are

the muscle cell membrane. However, in the wrapped and stimulated LD
muscle, a number of slides demonstrated muscle cells with a diffuse activiy
of the enzyme acetylcholinesterase around the entire cell membrane. Also,
in the majority of the larger nerves a pronounced increase in endoneural
connective tissue was apparent, compared to the nerves in the right non-
stimulated LD muscle. In several biopsies signs of damage were seen in the
large nerve branches in the vicinity of the intramuscular electrodes.
The contact between myocardium and wrapped LD muscle appeared very
heterogeneous. At several sides the muscle was firmly attached to the heart
with a small rim of collagen, containing a number of small vessels. At other
biopsies sides however the LD muscle was connected very loosely to the
heart.
The LD muscles, stimulated for more than 12 weeks demonstrated ultra-
structurally severe destruction of myofibrillar bundles, in the majority of
muscle fibres with concomitant loss of their original orientation (figure 6).
The amount and distribution of mitochondria was very variable and a large
number of these mitochondria appeared severely damaged.

J7: Jn stfu LD stimulation
Five out of six in situ stimulated LD muscle demonstrated a histologically
normal, vital LD muscle structure mainly composed of type I fibres as
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FIGURE 6 .
EiectrorirTucroscopic pictureJrom a wrapped and
long-term stimulated LD muscle _/ü>re demon-
strating seuere disorganization and destruction
q/"(he indifidua! myo/ibri/(ar bundtes fmagni/tca-
tion A-J 4.000;.

demonstrated in Table 5. In the sixth goat a mixture of atrophic fibres next
to giant, whorled fibres was seen. All stimulated LD muscles showed a small
increase in fatty tissue, which was confined to the interfascicular space.
Stimulation resulted in a significant decrease in fibre diameter of type I
fibres and an increase in intrafascicular connective tissue (Table 5). Fur-
thermore, a significant increase in capillary-to-fibre ratio was noticed. No
abnormalities were seen in the larger arteries of these muscles. Acetyl-
cholinesterase enzyme staining showed intact motor end-plates in both
muscles.
Ultrastructurally well preserved, and well oriented myofibrillar bundles with
a significant increase in the number of normal mitochondria per muscle
fibre were present.

DISCUSSION

Dynamic cardiomyoplasty, as a new surgical method to increase depressed
cardiac output, has been applied to treat patients in severe cardiac failure.
However, as demonstrated by our combined hemodynamic and histopatho-
logical data, satisfactory results are only obtained when the wrapped LD
muscle remains vital, after dissection and continuous electrical stimulation.

A positive effect of dynamic cardiomyoplasty on hemodynamic function of
both healthy and failing hearts has been reported in acute experiments
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TABLE 5 .
HistofogicaZ data concerning changes q/" the in situ stimulated te/i LD muscle as compared to
the right non-stimulated LD muscle.

Right LD LeftLD

% type I
Dcir type Hum)
Dcir type II(nm)
% area endomyseal
connective tissue
cap/fibre ratio

19±4
64.1 +7.9
63.3 ± 10.8
3.2+2

1.0±0.1

98 ±3*
52.6 ±9.5
—
9.0 ±4.3 '

1.8 ±0.4*

All data are expressed as mean ± SD. (n = 6 for right LD muscle, n = 5 for left LD muscle).
* : significant difference between right and left LD muscle with P < 0.05.

(20-23). However, only a limited number of research groups have published
data on the long-term effects of this procedure (1-13, 24). In particular,
histological observations are scarce (2, 3, 7, 8, 10).
The positive hemodynamic results in two of our goats demonstrate that, as
long as the LD muscle structure is preserved, improvement of cardiac
function is possible, both in the normal and failing heart.
Unfortunately, however, our experiments demonstrate severe degenerative
changes in LD muscle structure in the majority of our animals, following
wrapping and subsequent continuous electrical stimulation. The muscle
changes in these animals look similar to those of patients with muscular
dystrophy and animal models simulating this disease (25, 26). These chan-
ges were not seen in the in situ stimulated LD muscles. Although, both the
wrapped and in situ stimulated LD muscles showed almost complete trans-
formation to fatigue-resistant type I fibres, which are capable of long-term
continuous contraction, these fibres were progressively replaced by fat cells
in the majority of the wrapped LD muscles. Moreover, an increase in
endomyseal connective tissue was seen, which tended to be more pro-
nounced compared to the in situ stimulated muscle.
As reviewed by Salmons and Henriksson, in situ stimulation of the LD
muscle can be performed without detrimental effect on muscle structure
(27). This is underlined by our data. Recently Mayne and coworkers (28)
showed that the canine LD muscle showed no damage, even after one year
of continuous electrical stimulation in situ. This suggests that deterioration
of our goat LD muscle structure after a cardiomyoplasty procedure probably
results from the distal dissection, followed by the wrapping around the
heart. Subsequent electrical stimulation may have played an additive role
in the progressive destruction of these LD muscle fibres. Comparable
negative effects on skeletal muscle structure have also been described in
case of the application of transposed and electrically stimulated canine
sartorius muscle, used as a neosphincter around an intestinal loop (29).
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One can only speculate on possible causes for the observed destruction of
LD muscle structure.
Firstly, the possibility of direct injury to the muscle during the surgical
procedure. In that case however, one would expect signs of destruction of
muscle fibres at an earlier phase during the conditioning period, possibly
followed by regeneration of muscle cells. Our histological data from a small
number of goats, sacrificed soon after the wrapping procedure do not
support that mechanism. There were signs of regeneration of individual
muscle fibres, as shown by the PAS-staining in our goats but this appeared
not to be sufficient to keep a larger part of the muscle vital. Guelinckx et al
(30) demonstrated that handling of a transplanted rabbit rectus femoris
muscle was the cause for damage to muscle parts next to the repaired
tendons. If direct trauma is responsible for damage in the transpositioned
LD muscle, one would suspect it to be more pronounced in the distal part
of the LD muscle, as this is more intensely handled and distorted during the
operation compared to the pedicle. This was not the case in our goats. Also
no damage was seen in the in situ LD muscle at the site of the inserted
intramuscular electrodes, in spite of the fact that this part of the muscle is
handled during electrode implantation.
Secondly, ischemia of the LD muscle could be responsible for the deteriora-
tion of muscle structure. As demonstrated no increase in capillary-to-fibre
ratio was seen in the wrapped and stimulated LD muscles in contrast to a
significant rise in the in situ stimulated muscles. Hudlicka (31) also demon-
strated a significant increase in capillary-to-fibre ratio in normally perfused
in situ stimulated tibialis anterior and extensor digitorum muscle in rats.
Muscles with limited blood supply however, failed to demonstrate an in-
crease in capillary-to-fibre ratio, together with a significantly lesser increase
in blood flow during stimulation. Severe loss of muscle mass and atrophy of
the muscle fibres was seen in these animals, together with partial necrosis
of the central part of the muscles. Based on these observations, they
considered the increased blood flow in chronically stimulated muscles as
the main factor responsible for the increase in capillary-to-fibre ratio. Thus
blood flow in the majority of the wrapped LD muscles seemed to become
impaired. This is supported by the observation of severe abnormalities in a
large number of larger arteries in the LD muscles. Again, one can only
speculate about possible causes for this. Although precaution was taken to
create a window in the left thoracic wall by resecting a part of the second rib
seemingly sufficiently large for the muscle pedicle, kinking of the thora-
codorsal artery at the entrance of the left LD muscle in the thorax may have
occurred, leading to a reduction in blood supply. Furthermore, a direct effect
from the electrical current on the vessel wall of the larger arteries can not
be excluded. Already in 1979, Betz et al described the proliferation of
smooth muscle cells in the arterial wall following electrical stimulation (32).
That these vessel abnormalities were not seen in the in situ stimulated
group could have been due to the lower voltage used in this group. Another
possibility for the negative effect on blood supply could be the stimulation
protocol which is used in fully transformed LD muscles after the condition-



LONG-TERMS EFFECTS OF CARDIOPLASTY
117

ing period of 12 weeks. According to this protocol, pacing of the muscles is
finally done with a burst of 185 ms and a burst frequency of 30Hz which is
synchronized to every heart beat. The maximal number of LD muscle
contractions is programmed at 100/min. We have found (see Chapter 8) that
this number of LD contractions per minute is to high to allow sufficient time
for relaxation, thus possibly hampering LD muscle blood flow. This in
particular holds true for the fully transformed LD muscle, which is almost
entirely composed of slowly contracting and relaxing type I muscle fibres.
Geddes et al also described that there is an optimum stimulation rate for
maximal muscle blood flow in a paced canine LD and rectus abdominis
muscle (33). Pacing the muscle above this rate resulted in a decrease in
muscle blood flow. The publications by Barclay (34) and Gorman et al (35)
stress the necessity of paying attention to maximal blood supply to the LD
muscle, because of the effect of blood flow on fatigue and force and the
occurrence of severe skeletal muscle 'stunning' after 30 minutes of hypoper-
fusion. The possibility that electrical stimulation of the wrapped LD muscle
may add to muscle ischemia is underlined by Hanzlikova and Gutmann (36).
They describe complete restoration of contractile and histochemical proper-
ties of rat soleus muscle after a thirty days period of complete interruption
of main arterial and collateral blood supply. These muscles were not
subjected to electrical stimulation as is the case in dynamic cardiomyoplas-
ty. Guelinckx also demonstrated that transposition without electrical sti-
mulation of the rabbit LD muscle to the thoracic wall with an intact
neurovascular pedicle was possible without detrimental effects to the LD
muscle structure (37).
Ischemia could also have been responsible for the destruction of nerve
branches resulting in a diffuse spread of acetylcholinesterase enzyme-ac-
tivity along the whole cell membrane. Subsequent denervation could have
led to the decay of a large number of muscle fibers with subsequent
replacement by fat cells, as described by Schmalbruch (26).
Another possible explanation for the appearance of signs of denervation
could be direct trauma to the large nerve branches in the pedicle near the
intramuscular electrodes, concomitant with an increase in endoneural
connective tissue. Again the absence of these signs of damage in the in situ
stimulated LD muscles could be attributed to the lower voltage of pacing.
As a fourth cause of LD muscle degeneration one has to consider the
transposition of the distal part of the muscle around the heart. This
manoeuver results in an orientation of the individual muscle fibres which is
quite different from the original orientation. Our electronmicroscopic photo-
graphs underline this point as they demonstrate complete loss of orienta-
tion, even of individual myofibrils within the separate muscle cells. This loss
of orientation could also account for the histological differences between our
LD muscles wrapped around the heart and LD muscles used in the so-called
skeletal muscle ventricle (38). In the latter application the original direction
of the muscle fibres is preserved in a more optimal way. A better preserved
fibre direction and thus preservation of LD muscle structure could also
explain the contrasting long-term hemodynamic results obtained by Kao et



CHAPTER 6
118

al with canine LD muscles wrapped in two different ways around the heart
(17). Fortunately, in patients the LD muscle appears better orientated along
its original fibre direction after wrapping.
Finally, loss of original stretch of the muscle when transposed around the
heart can play a role in the loss of muscle vitality. This results in an increase
in connective tissue (39) which can be prevented by electrical stimulation
according to Goldspink et al (40). Unfortunately, this preventive effect was
not seen in our wrapped goat LD muscles. Rademecker et al demonstrated
that loss of stretch of in situ stimulated goat LD muscle results in infiltration
of histiocytic cells and fat substitution of myofibrillar bundles (41). Stretch
of a skeletal muscle results first of all in hypertrophy of the fibres and an
increase in mass (42). This is beneficial as continuous electrical stimulation
results in a decrease in those parameters. Stretch also produces a positive
effect on muscle blood flow (43). However, 'to much' stretch of the wrapped
LD muscle could lead to impairment of cardiac filling. The optimal amount
of stretch still remains one of the problems that has to be solved in
cardiomyoplasty.

Conclusions
Our observations on dynamic cardiomyoplasty in goats with a follow-up of
more than 12 weeks show that support of both normal and depressed
cardiac function can be obtained as long as the wrapped and electrically
stimulated LD muscle remains vital. These observations stress the necessity
for further research to elucidate and possibly eliminate the factors respon-
sible for the progressive deterioration of the transposed muscle. Such
research should, in our opinion, among others concentrate on the optimal
surgical technique as to stretch and fibre orientation of the transposed
muscle, and the best stimulation protocol after wrapping. Finally damage to
the nerve branches should be avoided.
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What is the ideal pulse
frequency for skeletal
muscle stimulation after
cardiomyoplasty ?

ABSTRACT

Routinely, the latissimus dorsi (LD) muscle is stimulated with bursts of
pulses at 30 pulses/sec after cardiomyoplasty, to assist the failing
heart. At a lower pulse frequency the contractile force decreases and at
higher frequencies, the energy demand of the pacemaker increases
rapidly. We investigated the effect of the stimulus frequency variation
on contractile force in untrained LD muscles and in muscles after 12
weeks of continuous cyclic electrical stimulation. In 6 dogs, two elec-
trodes (Medtronic SP 5528) were implanted in the left LD muscle,
together with an Itrel muscle stimulator. The LD muscle was stimulated
with 30 pulses/sec in bursts to deliver initially 30 and, after 10 weeks,
80 contractions per minute. Both before and after training of the LD
muscle, maximum force was observed by stimulating with a frequency
of 36 to 130 pulses/sec in a burst. However, training induced a shift in
the steep part of the force-frequency relation to lower frequencies. In
particular at 15 pulses/sec, already 60% of the maximal force was
obtained in contrast to 40 % before training. A fatigue test of 8 minutes
duration was performed specified by 100 bursts/minute and a burst
duration of 0.25 sec at pulse frequencies of 30, 36, 50 and 85 pul-
ses/sec. The contractile force decreased significantly during the course
of the test at all frequencies. However, the force obtained with 30
pulses/sec stimulation was lower during the initial phase and ap-
proximately 10 % higher at the end of the fatigue test, as compared to
36, 50 and 85 pulses/sec stimulation. We conclude that, when the LD
muscle is demanded to assist a failing heart by contracting 100 times a
minute, pulse trains with a frequency of 30 pulses/sec deliver a near
maximal contractile force (80%) and are significantly less fatiguing in
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comparison to pulse trains at higher frequencies. This indicates that LD
muscle stimulation after cardiomyoplasty should be performed at 30
pulses/sec.

INTRODUCTION

In patients in whom the latissimus dorsi (LD) muscle is used for car-
diomyoplasty, the muscle is usually stimulated at 30 pulses/sec (1). Sti-
mulation at a lower frequency is less strenuous to the LD muscle, increases
longevity of the pacemaker but decreases contractile force. Although 30
pulses/sec stimulation in 0.25 sec. bursts will generate a near maximal
force, the quantitative effect of varying the stimulation frequency is not well
documented. Ferguson and coworkers (2) measured muscle tension of the
tibialis anterior muscle in cats and observed a 32% increase at 30 pul-
ses/sec stimulation as compared to 10 pulses/sec stimulation. Anderson
and colleagues (3) reported a higher blood pressure when a LD muscle
ventricle in the dog was stimulated at 85 pulses/sec, as compared to 25
pulses/sec. These findings indicate submaximal muscle contraction at
frequencies of 10 pulses/sec and 25 pulses/sec, which is in line with the
report of Hennig and Lomo (4). They observed force summation above 30
pulses/sec in a relatively fast skeletal muscle.
Earlier reports have shown that training gradually changes the LD muscle
into a fatigue-resistant, slow muscle (1.5,6). Whether the transformed
muscle should also be stimulated at 30 pulses/sec depends largely on
contractile force at lower frequencies (7). Long-term stimulation of a fast
muscle in cats revealed that the force (percentage of maximum force) nearly
doubled at 30 pulses/sec (8). These experiments further showed that a clear
decline in contractile force was observed below 20 pulses/sec, which sug-
gests that there is a lower frequency limit in the trained muscle. The lifetime
of implantable pulse train stimulators is mostly affected by: a) number of
bursts per minute, b) pulse amplitude (V), c) pulse duration, d) lead
impedance, and e) number of pulses in a burst (set by the stimulation
frequency and the burst duration). Among others, both pulse amplitude and
stimulation frequency have a linear relationship with longevity: as voltage
and number of pulses increase, the electronic current drain increases,
resulting in decreased device longevity.

We therefore studied the effect of frequency variation on the contractile force
and fatigue-resistance of the LD muscle (in situ) in dogs, before and after a
training period of 12 weeks.

MATERIALS AND METHODS

Two stimulation electrodes (Medtronic Model SP5528) were implanted into
the left LD muscle and connected to an Itrel muscle stimulator (Medtronic
Model 7420) in 6 dogs. About 2 weeks later muscle stimulation was started.
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Itrel Latissimus dorsi muscle

Force transducer

FIGURE J.
Position p/(he dog during in sifu contraction measurements to deter-
mine contractile/orce and/atigue-resistance o/the fe/i LD muscle.

using bursts of stimuli (burst duration 0.25 sec; 30 pulses/sec) with pulses
of 210 (iseconds resulting in 8 stimuli per burst. Initially, the interval
between two bursts was set at 1.75 seconds and this interval was shortened
every 2 weeks to a minimum of 0.52 seconds. This resulted in 30, 40, 50.
60, 70 and 80 contractions per minute respectively. The LD muscle was
stimulated 24 hours a day.

Mechanical tests
LD muscle contractile force and fatigue resistance were tested prior to and
at the end of the training period of 12 weeks. Dogs were premedicated with
0.15 ml/kg of a mixture containing 10 mg oxycodon HC1, 1 mg of ace-
promazine and 0.5 mg of atropine sulphate per ml, and pentobarbital (5-7
mg/kg iv). Figure 1 shows a dog placed on the right side and the left front
leg connected to a pre-calibrated force displacement transducer (Grass FT
10) as reported earlier (9). Subsequently, the muscle was stimulated during
one second with rest intervals of 8 seconds at a frequency range from 2 to
130 pulses/sec, to determine contractile force.
A fatigue test was performed during 8 minutes at 100 contractions per
minute with a burst duration of 0.25 seconds at 30, 36. 50 and 85
pulses/sec. The contractile force was measured every 30 seconds.

LD biopsies and histology
The animals were anesthetized routinely and the left LD muscle was exposed
through a small skin incision.
Transmural biopsies weighing about 0.5 g were gently removed from the
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muscle and cut in both transverse and longitudinal sections. Biopsies were
obtained every 4 weeks and fibre typing was performed using monoclonal
antibodies, as described by Havenith and coworkers (10).

RESULTS

During LD muscle training the fibre composition gradually changed from
initially 23% to 69% type I fibres after 12 weeks (table 1) . The force-frequen-
cy relation of the untrained muscle showed peak forces at about 85 pul-
ses/sec (figure 2). Using 2 pulses/sec stimulation only 30% of the peak force
was obtained. However, at 30 pulses/sec nearly 80% of the peak force was
observed during contraction. Contractile force of the trained muscle was
significantly increased during stimulation at 15 and 20 pulses/sec, as
compared to the untrained muscle.
During the 30 pulses/sec fatigue test, contractile force gradually decreased
to 79% of the initial force after 8 minutes (figure 3).
Fatigue tests at higher frequencies showed a significant higher force of
contraction at the start of the test (118 ± 7 % of contractile force at 36
pulses/sec; mean ± SE). However, contractile force was lower at the end of
the fatigue-test, when the muscle was stimulated at 36, 50 and 85 pul-
ses/sec, as compared to 30 pulses/sec. The extent of the fatigue during this
test is demonstrated in Table 2, showing the decrease in force at different
frequencies as a percentage of the initial force.

TABLE 1.

Percentage of type ƒ fibres in latissimus dorsi muscle btopsy specimens as determined by
monoclonal antibodies (n= 6; mean ± SE).

week nr.

0

4

8

12

% type I fibres

23+ 1

45 ±4

61 ±6

69 + 6

TABLE 2.

Percentage decrease in Jorce at the end o/an 8 minutes /atfcjue test

Pulses/sec 30 36 50 85

% 21 ±2 35 ±9 39 ±8 36 ± 7

Values are expressed as mean ± SE.
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DISCUSSION

Carpentier and Chachques advocate skeletal muscle stimulation at 30
pulses/sec after cardiomyoplasty and they reported significant improve-
ment of cardiac function at this frequency, both in patients and in ex-
perimental animals (1, 11).
Nowadays, patients are stimulated at 30 pulses/sec, and incidentally
muscle transformation has been provoked at 65 pulses/sec (12), although
the effect of frequency variation has not been demonstrated.
Chronic skeletal muscle stimulation at 10 pulses/sec has shown appro-
priate fibre transformation (13) but contractile force appeared to be sig-
nificantly lower as compared to 30 pulses/sec stimulation (2).
The present study shows that stimulation at frequencies of 5 up to 30
pulses/sec results in gradual increased contractile force, reaching about 80
% of maximal force at 30 pulses/sec. These findings are in line with the
results of Mannion and coworkers (14) who stimulated the LD muscle in situ
in dogs. Blood flow through the muscle was significantly higher at 25
pulses/sec as compared to 12 pulses/sec (0.55 versus 0.40 ml/min/gm).
The untrained LD muscle can be classified as a fast muscle with a con-
comitant firing pattern of twitches from the central nervous system to the
individual motor units. Extrapolation of the findings from experiments
performed in rats indicates that the natural frequency is about 60 pul-
ses/sec (4). Our results show that indeed near maximal force was obtained
at 65 pulses/sec. However, when used for chronic cardiac assist, fatigue will
occur in these muscles at this high frequency. In the slow (predominantly
type I fibre) soleus muscle the natural frequency is about 22 pulses/sec (4).
If these properties are extrapolated to the trained LD muscle, having 80 %
type I fibres, stimulation at about 22 pulses/sec would generate a near
maximal force. Our findings are in good agreement with this assumption
and show that at 20 pulses/sec already 70 % of the maximal force is
obtained. Besides, the fatigue test at 30 pulses/sec stimulation demon-
strates significantly less strain to this trained muscle, if compared to 36
pulses/sec stimulation.

In summary, there is no effect of training of the LD muscle on the frequency
range at which maximal force is being delivered. However, when the muscle
is demanded to assist a failing heart by contracting up to 100 times a
minute, pulse trains with a frequency of 30 pulses/sec deliver a near
maximal contractile force (80%). Muscle load at lower frequencies is sig-
nificantly less in comparison to pulse trains at higher frequencies.
This indicates that LD muscle stimulation after cardiomyoplasty should
preferentially be performed at 30 pulses/sec.
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ABSTRACT

During the last decade, dynamic cardiomyoplasty has been introduced
as a new method to treat patients with severe heart failure. This
procedure consists of the wrapping of the latissimus dorsi (LD) muscle
around the heart with electrical stimulation of the muscle, synchronous
to cardiac contraction. The optimal pacing mode of the muscle, both
during the conditioning and working period of the LD muscle, is still
unclear. The pace protocol, currently used worldwide, has a maximal
number of muscle tetanic contractions of 100 per minute. Data are
presented on the LD muscle contraction characteristics using that
protocol. Both force measurements from 6 in situ stimulated goat LD
muscles and X-ray evaluation of the movement of metallic clips on
wrapped LD muscles in 2 patients were used. Results demonstrate that
LD muscle force is well maintained at the maximal rate of 100 contrac-
tions per minute but relaxation is severely hampered. This may lead to
diminished support of the failing heart and damage of the wrapped
muscle. A pacing protocol is proposed using a lower maximal stimula-
tion rate.
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INTRODUCTION

Chronic irreversible heart failure is an important cause of mortality and
morbidity. Current treatment for these patients consists of drug therapy or
heart transplantation and is frequently ineffective, expensive and donor
hearts are scarce. Dynamic cardiomyoplasty has been introduced as a new
method for permanent ventricular support in patients with heart failure
(1-6).
During the cardiomyoplasty procedure a skeletal muscle, usually the left
latissimus dorsi (LD) muscle, is transposed into the thoracic cavity with
intact neurovascular supply. The distal, free muscle flap is then wrapped
around both ventricles and fixed to the heart with multiple sutures (4, 5).
Additional fixation of the muscle to the epicardial layer can be accomplished
by using fibrin glue spray (7). Prior to the wrapping procedure two pacing
wires are placed inside the LD muscle and connected with a pulse generator.
Synchronization between skeletal muscle contraction and ventricular con-
traction is obtained through a sensing electrode on the myocardium which
is connected to the pulse generator.
The main advantages of this procedure include (8, 9):
1. No need for donor organs with lifelong immunosuppressive drug therapy.
2. Full implantation of the required wires and pacing device minimizing the
risk of infection, which accompanies the use of external devices. 3. No risk
of thromboembolic complications as in artificial support devices and there-
fore no need for anticoagulant therapy.
Except for a vital left LD muscle, the only mechanical devices necessary are
2 intramuscular pacing wires, a cardiac sensing lead and a specially
constructed electrical pulse generator, to stimulate the skeletal muscle
when wrapped around the myocardium.
Two major developments have acted as important stimuli for skeletal muscle
application as a cardiac assist. Firstly, the demonstration of the feasibility
to convert skeletal muscle, consisting of a mixture of type I and type II
skeletal muscle fibres, into a muscle predominantly composed of slowly
contracting, fatigue-resistant type I muscle fibres (10-14).
Secondly, the development of a synchronous pulse-train muscle stimulator
as reported by Dewar et al (15) in 1984. Thereby, a tetanic contraction of
skeletal muscle can be produced, resulting in a contraction pattern similar
to ventricular systole.
Since the first clinical application of the dynamic cardiomyoplasty proce-
dure in 1985 (16), a pulse-train generator has been used to stimulate the
wrapped LD muscle in more than 100 patients (4). With this pacemaker the
LD muscle is conditioned to contract during 24 hours a day, using a
progressive stimulation protocol, thus enabling a continuous support for
the heart.
Currently the stimulation protocol of the wrapped LD muscle is programmed
as described by Chachques (5).
Although assessment of hemodynamic function has been reported in some
of the patients, using this stimulation protocol, quantitative improvement of
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ventricular support has been described only incidentally (4, 6, 17). Inability
to demonstrate long term improvement of cardiac function in clinical and
experimental studies could be related to unwanted changes in properties of
skeletal muscle during chronic electrical stimulation.
We will present experimental findings supporting this hypothesis, underlin-
ing the necessity to evaluate a different stimulation protocol for the long-
term use of the trained LD muscle.

MATERIALS AND METHODS

f Animal experiments
All experiments were performed in accordance with the 'Guide for the Care
and Use of Laboratory Animals' (18).
In 6 anesthetized goats, 2 intramuscular electrodes were positioned into the
proximal part of the left LD muscle, perpendicular to the neurovascular
bundle and connected to an Itrel pulse generator (19). The muscle was
stimulated 24 hours a day during 12 weeks, using a progressively increasing
number of pulses per minute with an individual pulse width of 210 (xseconds
(Table 1).

TABLE 1 .

Conditioning protocol/or fn situ stimulation o/the Ie/t latissimus dorsi muscle (h = 6
week pulses/burst interpulse interval bursts/min

(msec)
1 -2
3 - 4

5-6

7-8

9- 10

11-12

1

2

3

6

6

6

100

67

33

33

33

50
50

50

50

60

80

After this conditioning period, fibre transformation was evaluated by taking
biopsies from the nonstimulated right and the stimulated left LD muscle
(19). Eight |im cryostat sections were stained using R11D10 (Centocor
Europe), which is a mouse monoclonal antibody against the myosin heavy
chain from the type I fibre (20).
After the conditioning period, the LD muscle isometric force was assessed
in vivo with a force transducer, as has been described before by our group
(19). Therefore, all goats were anesthetized with intravenous pentobarbital
(15 mg/kg) and artificially respirated with O2 and N2O (1:2) and 1.5%
Fluothane. Two questions in particular were addressed during these meas-
urements. 1. Are force characteristics affected when the number of bursts
per minute is progressively increased from 50/min to 100/min (burst
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frequency 30 Hz, burst duration 185 msec or 240 msec). 2. Can a condi-
tioned, transformed muscle be stimulated at a high workload (100 bursts
per minute, burst duration 185 msec, burst frequency 30Hz) during 8
minutes without signs of fatigue?
All measurements were written on a multichannel Schwarzer (frequency
response 300 Hz measured for ± 3dB points) at a paper speed of 25 mm/sec.

/ƒ Patient euafuation
To assess contractile properties of the LD muscle after a dynamic car-
diomyoplasty procedure during follow-up in patients, a new method was
developed (21). At the time of surgery radiopaque markers (Auto Suture-
Titanium, United States Surgical Corp., Norwalk, CT) were placed along the
longitudinal axis of the wrapped LD muscle. Analysis of the movement of the
clips during LD muscle contraction was done using biplane X-ray images
recorded on videotape. Measurements were made on at least 3 LD muscle
contractions. Skeletal muscle shortening was calculated both between the
stimulation electrodes and the pairs of clips, sutured on the proximal,
middle and distal part of the LD muscle.
Informed consent was obtained from two patients who were analyzed after
a dynamic cardiomyoplasty procedure (5), following a LD muscle condition-
ing period of at least 6 months. Movement of the clips was measured during
stimulation of the muscle using a burst of pulses (pulse width 210 |isec) with
a duration of 185ms, a burst frequency of 30Hz and a voltage of 5V.
Synchronization of heart to LD muscle contraction was programmed both
in a 2:1 and a 1:1 mode with an upper rate of 100 LD muscle contractions
per minute.

RESULTS

/ Animal data
After 12 weeks of continuous electrical stimulation, nearly all fibres showed
reactivity with the monoclonal antibody Rl ID 10 specific to type I myosin-
heavy chain (98 ± 3%; X ± SD as compared to 19 ± 4% in the nonstimulated,
contralateral LD muscle).
The force measurements, performed after the period of conditioning, demon-
strated a detrimental effect on skeletal muscle function when the number
of bursts was progressively increased from 50 bursts to 100 bursts per
minute, both using a burst duration of 185 and 240 msec (figures 1 and 2).
Skeletal muscle force was well maintained during this increase in number
of bursts. However, because the interval between two bursts did diminish
progressively, it resulted in insufficient relaxation of the muscle. Especially
a burst duration of 240 msec appeared to hamper relaxation.
Figure 3 shows the results of conditioned LD muscle stimulation during the
fatigue test of 8 minutes, using 100 muscle contractions/min of 185 msec
duration. Although skeletal muscle force is well preserved during this
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FIGURE I .
/sometric/orce regtetrattons fF? q/"in situ stimulated conditioned goat ZJ) muscle. Burst duration
185 msec, burst Jrequency 30Hz. As shoLun an increasing number o/pacing bursts per minute
is giuen. Pacing spi/ces are uisualized in the ECG - registration asynchronous to the R-u>aue
because in situ stimulation q/~ the LD muscle is per/brmed. As demonstrated increasing the
number p/bursts per minute results in insu/pcient relaxation q/the LD muscle.

b/min 50 60 80 100 "~2S

FIGURE 2 .

Similar regtetration as_/igure I using a burst duration q/" 240 msec.

period, due to transformation of the muscle to a fatigue resistant muscle, a
pronounced decrease in contraction speed (dF/dt+) and particularly in
relaxation speed (dF/dt-) is found.

// Patient data
One patient, who underwent cardiomyoplasty one year earlier, showed LD
muscle shortening during electrical stimulation of 23% when LD stimula-
tion was synchronized to every other heart beat (Figure 4). The heart rate
was approximately 100 beats/min, thus the LD muscle contracted 50 times
per minute. When the synchronization ratio was programmed to 1:1 (100
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FIGURE 3 .
Change in Force, contraction speed (dF/dt+j and relaxation speed (dF/dt-j during an 8 minutes
/atigue test fburst duration = 185ms. burst./requency = 30 Hz. J00 bursts/minj as obtained
during in situ isometric/orce measurements, using conditioned goat LD muscle (n = 6. X± SD).
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FIGURE 4.
LD musc/e shortening as measured in a patient using metaiiic dips on the muscle. Shoum are
the contraction cycles during both J:2 and 1:1 LD muscle contraction - cardiac contraction
synchronization. The heart rate o/ the patient ujas approximately 100 beats/min. Below the
time scale the individual spüces p/the pulse generator are uisuaiized.
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LD muscle contractions per minute), LD shortening diminished to 11% with
the muscle appearing to remain in a contractile state. Reconstruction of the
contraction cycle of the LD muscle showed a contraction period of 180 msec,
a tetanic phase of 200 msec and a relaxation period of 280 msec. Therefore,
one skeletal muscle contraction cycle had a total duration of about 680
msec. The same phenomenon was observed in the second patient who was
studied two years after the cardiomyoplasty procedure. Apparently, above a
certain stimulation rate, the slowly contracting latissimus dorsi muscle is
not only still in contracture during diastole, but even at the start of the next
systole.

DISCUSSION

Skeletal muscle shows important changes following continuous electrical
stimulation (10, 13, 19). It has been demonstrated that, after a certain
stimulation period, almost complete transformation occurs from predo-
minantly fast-twitch type II fibres to slow-twitch type I fibres. This is
accompanied by an increase in number of capillaries and mitochondrial
volume (22, 23), an increase in oxidative enzymes (24) and a decrease in
glycolytic enzymes. Moreover, a decrease in sarcoplasmic volume with a
decrease in Ca2+-transport ATPase and Ca2+-binding proteins has been
shown (22). These changes result in an improved fatigue-resistancy of the
conditioned muscle with significant preservation of force during continuous
contraction of this muscle (13, 25). We found that this is seen even when
100 bursts of 185 msec are applied to the LD muscle in one minute.
However, the transformation of skeletal muscle after long-term stimulation
has negative effects on skeletal muscle function, which are of importance
when used for cardiac assist (26, 27). The marked decrease in speed of
contraction and relaxation which is related to the decrease in sarcoplasmic
volume, the decrease in Ca2+-transporting enzymes and the slower rate of
crossbridge cycling in the type I muscle fibres, compared to the fast-twitch
type II fibres, may not be beneficial for this long-term application of the LD
muscle. Our results demonstrate that the increased slowness of the condi-
tioned LD is hampering LD muscle function, in particular when a high
number of burst contractions/min is used. We found that the programming
of a high number of bursts (100/min), as is routinely used in patients after
cardiomyoplasty, resulted in a prolonged contraction and insufficient relax-
ation speed of the wrapped muscle. Because LD skeletal muscle blood flow
is reduced during contraction of the muscle (8, 28), adequate length of the
relaxation phase is crucial. These periods of insufficient blood flow could
have unwanted long-term effects on skeletal muscle function as described
by Gorman et al. who found severe skeletal muscle 'stunning' after ischemia
(29). Furthermore diastolic filling of the heart may be obstructed by the
prolonged contractile state of the wrapped muscle. Also insufficient relaxa-
tion of the latissimus dorsi muscle may impair coronary blood flow leading
to myocardial ischemia. These phenomena could have been responsible for
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the diffuse subepicardial microscopic foci of myocardial cell necrosis which
Rossi et al found in a patient who died 4 months after a dynamic car-
diomyoplasty procedure (30).
A negative contractile effect during high rate pacing has also been noted by
Anderson et al (31), using the LD muscle in a skeletal muscle ventricle. In
this model the muscle is used for diastolic counterpulsation. A significant
decrease in the diastolic augmentation, as produced by this skeletal muscle
ventricle, was observed when the synchronization ratio was switched after
12 weeks of stimulation from a 1:2 to a 1:1 synchronization ratio. Resetting
the pacemaker again to a 1:2 synchronization ratio did not restore the
original augmentation completely.
Using a mathematical model to evaluate the optimal timing of LD muscle
contraction during cardiac systole, Levin et al (32) also speculated about the
detrimental effect of approximately 100 pacing bursts/min of 185ms on
cardiac filling, even with an unconditioned fast contracting LD muscle.

In conclusion, we recommend not to pace the wrapped LD muscle in a 1:1
synchronization mode to avoid rates of 100 skeletal muscle contractions per
minute. Both the optimal burst duration and the number of bursts/min
have to be evaluated individually in relation to the decrease in contraction
and relaxation speed after the conditioning period of the wrapped LD
muscle. Our proposal for a new conditioning protocol for the LD muscle and
the mode of stimulation after full transformation of this wrapped muscle is
shown in Table 2 (see also chapter 9). It shows a marked reduction in burst
duration and the maximal number of bursts/min, compared to the one
currently in clinical use.

TABLE 2 .
Afeu? stimulation protocol /or the wrapped latissimus dorsi muscle q/ter a cardfomyoplasty
procedure.
weeks after
operation
1 - 2
3 - 4

5 - 6

7 - 8

9- 10
11 -

pulses/burst

0

2

3

4

5

6

lnterpulse interval
(msec)

100

50

30

23

20

bursts/min

0

50

50

50

50

60
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A new stimulation protocol
for cardiac assist using the
latissimus dorsi muscle

ABSTRACT

When treating severe cardiac failure with dynamic cardiomyoplasty,
knowledge about the optimal way of stimulating the latissimus dorsi
(LD) muscle is of obvious importance. We evaluated a new stimulation
protocol in 4 goats, using in situ electrical stimulation of the left LD
muscle. Stimulation was started using a burst of 2 pulses with an
interpulse interval of 100 msec for 50 bursts/min. The number of pulses
was increased every 2 weeks concomitant with a decrease in interpulse
Interval. This resulted after 12 weeks in 60 bursts/min, using bursts of
6 pulses with an interpulse interval of 20 msec. Force measurements,
which were done every 2 weeks, showed an early decrease in contrac-
tion- and relaxation speed, as reflected in the ripple (= interstimulus
amplitude/peak force amplitude measured at 10 Hz). Fatigue-resis-
tance increased significantly within 4 weeks of conditioning, as indi-
cated by preservation of force, positive dF/dt and negative dF/dt. Full
preservation of these variables was seen even during a 1 hour fatigue
test at the end of the conditioning period. Skeletal muscle enzyme-ac-
tivity, as indicator of muscle damage, showed a significant, rise in
creatine kinase enzyme-activity, only on the first day following the start
of LD stimulation. LD muscle biopsies revealed almost complete trans-
formation to type I muscle fibres with a significant increase in capillary-
to-fibre ratio when compared to the non-stimulated LD muscle. Some
biopsies, in particular near the electrodes however, did show some signs
of skeletal muscle damage. Contraction characteristics of the fully
transformed LD muscles were tested by increasing the number of bursts
of 6 pulses from 50/min to 100/min. Interpulse intervals of 20 and 33
msec were used. These tests revealed that maximal force, positive dF/dt
and negative dF/dt was reached with 50 bursts/min using a 6 pulse
burst with interpulse intervals of 20 msec.
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INTRODUCTION

In the last decade, an increasing number of centers are evaluating dynamic
cardiomyoplasty as a new therapy to treat patients with severe heart failure
(1-3). During this procedure the latissimus dorsi (LD) muscle is wrapped
around the heart and electrically stimulated, synchronously with the heart
beat. It has been shown that the LD muscle can be conditioned to contract
continuously during 24 hours a day (4, 5). An important question is the
optimal way of stimulating the skeletal muscle, both during and after the
conditioning period. In this article we present an alternative conditioning
protocol of the LD muscle and the application of this protocol in fully trained
LD muscles. Contraction characteristics of these transformed muscles will
be compared with results obtained with the currently applied clinical
protocol (6). Goats were used in whom the left LD muscle was paced in situ.
The effects of electrical stimulation were evaluated by performing in situ
force measurements, measuring the release of skeletal muscle enzymes
during the conditioning period and by examining LD muscle biopsies.

MATERIALS AND METHODS

Four goats were used with body weights ranging from 41 to 66 kg. All
experiments were performed in accordance with the 'Guide for the Care and
Use of Laboratory Animals' (7).

Preparation q/~ the goats
The animals were anesthetized initially with sodium thiopental (Nesdonal 15
mg/kg body weight) into the jugular vein, intubated and ventilated with
oxygen/nitrous oxide (1:2) and 1.5% Fluothane. Under sterile conditions
and pre-operative antibiotic cover (Amfipen 1000 mg iv), a 15 cm lon-
gitudinal skin incision was made in the left midaxillary line to expose the
pedicle of the LD muscle. Two intramuscular electrodes (Medtronic SP5528)
were inserted into the proximal part of the left latissimus dorsi muscle,
perpendicular to the neurovascular pedicle, and connected to an Itrel pulse
generator (Medtronic SP7420). The pulse generator was positioned in a
subcutaneous pocket in the interscapular region. All goats received bu-
prenorfine (Temgesic 0.6 mg im) for two days for analgesia and one dosage
of Amfipen 1000 mg im as antibiotic treatment.

ZJD muscle conditioning
Stimulation of the LD muscle was started two weeks after operation with a
short burst consisting of 2 pulses with an individual pulse width of 210
^seconds. Interpulse interval was programmed at 100 msec. Every two
weeks the number of pulses in a burst was increased concomitant with a
decrease in interpulse intervals. This resulted in a stimulation pattern 10
weeks after operation using 60 bursts per minute consisting of 6 pulses with
interpulse intervals of 20 msec (Table 1). At the start of the LD muscle
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TABLE 1.

Conditioning protocol p/the te/i LD muscle.
weeks after
operation
1 -2
3 - 4

5 - 6

7 - 8

9 - 10
11-12

number of
pulses/burst
0

2

3

4

5

6

interpulse interval
(msec)

100

50

30

23

20

number of
bursts/min

0

50

50

50

50

60

conditioning period, a voltage of 4V was selected, producing a visible and
palpable contraction of the muscle without causing apparent discomfort to
the animal. This voltage was kept constant during the entire stimulation
period.

Jn Diuo_/brce measurements o/" the LJD muscZe
Measurements of contractile force of the left LD muscle was performed at 0,
2, 4. 6. 8, and 10 weeks of electrical stimulation.
For these measurements all goats were anesthetized with thiopental (Nes-
donal; 15 mg/kg iv), intubated and artificially ventilated with oxygen/ni-
trous oxide and 1.5% Fluothane. Subsequently, they were rigidly fixed with
straps on their right side on the operation table to avoid movements during
contraction of the left LD muscle. The left forefoot was connected to a force
displacement transducer (Grass FT 10, Grass Instruments, Quincy, Mass.
USA), with the left paw and left LD muscle in a position in line with the
transducer, to measure the force of the stimulated skeletal muscle. Iso-
metric twitch contractions were recorded at varying length of the LD muscle
to obtain the optimal length which yielded maximal force to use for further
testing. Subsequently, the Itrel pacemaker was programmed with the follow-
ing parameters: Individual pulse width of 210 (^seconds, a burst duration of
1 second and an interburst interval of 10 seconds. The same voltage, as
programmed for conditioning of the LD muscle, was used for these meas-
urements. Interpulse intervals from 500 to 4 msec were used. Following
these measurements a fatigue test of 8 minutes duration was performed. A
burst of 6 pulses was programmed with interpulse intervals of 20 msec.
Concomitantly the number of bursts per minute was programmed at 60 per
minute. Voltage and pulse width were not changed. At the final force
measurements, 12 weeks after operation, fatigue-resistance of the LD
muscle was tested by extending the time period of this test to approximately
1 hour. Also, the effect of an increase in number of bursts from 50 to
maximally 100 bursts per minute with these bursts of 6 pulses (interpulse
intervals 20 msec) was evaluated and subsequently compared with an
increase in number of bursts from 50/min to 100/min, using a burst of 6
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pulses with interpulse intervals of 33 msec. This was done by measuring a
total of 20 contractions of every burst protocol. Force, positive dF/dt and
negative dF/dt of the LD muscle were recorded on a multichannel Schwarzer
recorder (frequency response 300 Hz) at a paper speed of 25 mm/sec and
200 mm/sec.

Evaluation o/plasma skeletal muscle enzyme levels
Four cc blood samples were taken from the anesthetized goats before and
immediately after every force measurement. Twentyfour hours after these
tests another sample was obtained from the jugular vein. All samples were
immediately centrifuged for 10 minutes at l,500g. The supernatant plasma
was collected and stored at - 50° C for analysis of plasma activity of creatine
kinase (CK), aspartate aminotransferase (AST) and lactate dehydrogenase
(LDH). Activities of CK, AST and LDH were determined spectrophotometri-
cally using commercially available test kits (NAC-activated CK test from
Merck Diagnostica, LDH and AST test from Boehringer) and a centrifugal
analyzer (Cobas Bio System, Hoffman-La Roche). Activities were determined
in duplicate at 25° C and expressed in micromoles of substrate converted
per minute (U).

LD muscle biopsies
Following the final force measurements 12 weeks after the start of the study,
biopsies were taken from left and right LD muscles. Both muscles were
exposed completely to get an optimal view. From each side a total of 3
biopsies were taken starting at the pedicle (biopsy A), then one from the
middle (biopsy B) and lastly one from the distal part (biopsy C) of both LD
muscles. Also specimen were obtained from tissue surrounding both in-
tramuscular electrodes. All biopsies were stained with hematoxylin eosin
and elastin-von Giesson. Muscle fibre-typing was performed, as described
before, using Rl ID 10, a monoclonal antibody aimed at myosin heavy chain
from type I muscle fibres (5), combined with alkaline phosphatase staining
to demonstrate the capillaries (8).

Statistical analysis
For all force and enzyme measurements repeated-measures one way ana-
lysis of variance was used followed by a Student's t test for unpaired
samples. Differences were accepted to be significant at P < 0.05. Values are
presented as mean ± SD.

RESULTS

All goats tolerated the period of continuous LD contraction well without
signs of discomfort.
The ripple, which is defined as the ratio between interstimulus amplitude
divided by peak force amplitude measured with a 1 second burst of lOHz,
demonstrated a decrease which appeared significant within 4 weeks of
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FIGURE 1 .
Change in ripple, de/ined as tnfersttmuius amplitude diuided fay peafc/brce amplitude, measured
u>ifh a burst mith an interpulse internal o/ J 00msec. *: signi/icant change in ripple compared to
pre-conditioning ualue. P < 0.05.

stimulation. During the remaining period of LD muscle pacing a further
decrease was observed finally resulting in a ratio of 0.03 ± 0.05 after 10
weeks of stimulation (figure 1).
This decrease in ripple enclosed both an increase in time-to-peak from 58

± 4 to 86 ± 8msec (P < 0.001) and an increase in half-relaxation time from
41 ± 7 to 100 ± 14 msec (P < 0.001) after 10 weeks.
Force-frequency relation demonstrated a significant leftward shift after this
conditioning period, resulting in the achievement of a higher maximal force
at lower frequencies. This difference was significant at interpulse intervals
of 100, 65 and 50 msec (figure 2).
The results of all fatigue tests are visualized in figure 3 which shows the
force, positive dF/dt and negative dF/dt at the end of the test, relative to the
values at the start. This figure demonstrates already after 2 weeks of
stimulation an important increase in preservation of force and positive
dF/dt as an index of contraction speed. It took another two weeks for the
negative dF/dt, as a parameter of relaxation speed, to gain significant
improvement. Already after 4 weeks of stimulation, there was preservation
of force, positive dF/dt and negative dF/dt during the test period of 8
minutes. After completion of the conditioning period of the LD muscles no
important decrease in measured parameters was seen, even during the
fatigue test of one hour duration. In figure 3 the bars at 10 weeks of
stimulation indicate results after 1 hour of fatigue testing.
Evaluation of contraction characteristics of the fully conditioned LD
muscles is shown in figure 4. Force (figure 4a), positive dF/dt (figure 4b) and
negative dF/dt (figure 4c) is displayed relative to the maximal values
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LDith interpulse interualsjrom 500 to 4 msec both be/ore and q/ier a conditioning period p/ J2
meelcs C*: signi/ïcantfy di//erentjrom the pre-conditioning ixiiue. P < 0.05J.
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FIGURE 3

Remaining Jorce. positive dF/dt and negative dF/dt q/ter an 8 minutes/angue test, relative to
the starting ualues. Weeks q/" conditioning are indicated on the horizontal axis. At 10 loeefcs p/
stimulation, reiatiue remaining uaiues q/ter J hour testing are demonstrated. *. +. #; signi/icant
increase in reiafiue remaining/orce. posth'ue dF/dt and negatiue dF/dt respectively compared
to the pre-conditioning ualue Lüith P < 0.05.
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TABLE 2.
Relafiue decrease in _/orce, pos. dF/dt and negative dF/dr comparing the application o/ J00
bursts/min to 50 bursts/min. Results o/bursts ujffh interpuise internals o/33 msec and 20
msec are demonstrated fri = 4. X± SD).

Force
Pos. dF/dt
Neg. dF/dt

33 msec
22% ± 8%
25%+ 7%
36% ± 19%

20 msec
19% ± 7%
23% ± 9%
33% ± 12%

obtained with 50 bursts/min using bursts of 6 pulses with interpuise
intervals of 33 msec. As shown, increasing the number of bursts resulted in
a decrease in force, positive dF/dt and negative dF/dt both with bursts with
33 and with 20 msec interpuise intervals. Application of 50 and 60 bursts /
min using bursts of 6 pulses with an interpuise interval of 20 msec lead to
a significantly higher relative force compared to the burst with the inter-
puise interval of 33 msec. Positive dF/dt was significantly higher using the
20 msec interpuise interval for 50 to 100 bursts/min. However, the relative
decrease in force, positive dF/dt and negative dF/dt, when comparing 100
bursts/min to 50 bursts/min, was not significantly different between bursts
with 33 or 20 msec interpuise intervals (Table 2). No significant differences
in negative dF/dt were seen when comparing interpuise intervals of 20 msec
and 33 msec (figure 4c).

Plasma skeletal muscle enzyme leuels
As shown in figure 5 CK-, LDH- and AST-enzyme levels appeared very stable
during the whole conditioning period. Only on the day following the first
force measurements and the start of the continuous electrical stimulation a
significant rise was seen in CK (figure 5a), and a tendency to a rise in LDH
(figure 5b). However, those values had normalized again at the start of the
second force measurements after two weeks of stimulation. During the
remaining conditioning period, no significant changes in enzyme levels
could be detected, although CK demonstrated a tendency to an increase
after the last force measurements, which included the 1 hour fatigue test,
after 10 weeks of conditioning.

LD muscle biopsies
Fibre-typing demonstrated almost complete transformation from the fast-
fatiguable type II fibres to the non-fatiguable type I fibres at all locations
(Table 3). Also, significant increases in capillary-to-fibre ratio were visible.
All fibres had a rounded appearance after this stimulation period. In one
goat signs of some LD muscle fibre damage were visible, as evidenced by the
presence of atrophic fibres invaded by inflammatory cells and target fibres
next to whorled fibres. Also central nuclei were present. Interfascicular fatty
tissue had increased in the majority of biopsies of the stimulated LD
muscles. Near the electrodes some destruction of muscle cells, nerve bran-
ches and vessels was seen.
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FIGURE 4

Force fat. positiue dF/dt ft) and negatiue dF/dt fó as measured using tux> di/jTerent burst
frequencies ftnterpulse tnterual 33 msec = dark: bar and 20 msec = hatched barj and an
increasing number q/" bursts per minute. Values are displayed relatiue to the ualue as obtained
using 50 bursts/min u>ith inferpulse internals p/33 msec. •: signi/icant difference betiueen
interpulse interual q/"33 msec and 20 msec with P < 0.05. +; signi/icant decrease in/orce and
positiue dF/dt. using an interpulse interua! o/ 33 msec, comparing an increasing number q/"
bursts to 50 bursts/min. #: signi/icant decrease in /orce and positiue dF/dt using an interpulse
interual q/" 20 msec, comparing an increasing number q/" bursts to 50 bursts/min.
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TABUS 3.
Percentage q/type / musc!eytt>res and capillary/Jibre rafio in right and (e/t IX) muscles at three
different locations (A. B and Cj.
Location

A

B

C

right LD
type I (%)
24 + 4
21 + 3
20 ±6

right LD
cap/fibre
1.12±0.10
1.05 + 0.12
1.07 ±0.06

leftLD
type I (%)
96 ±6*
99 ±1»
96 ± 8 '

leftLD
cap/fibre
1.35 ±0.06*
1.45+ 0.08*
1.41 ±0.10'

Data are presented as mean ± S.D. *: significant difference between right and left LD
muscles (p < 0.05).

DISCUSSION

The ultimate goal of a dynamic cardiomyoplasty procedure is to obtain
maximal assistance of the failing heart by the contracting wrapped LD
muscle.
Optimal electrical stimulation of this LD muscle plays an important role in
attaining this target. This holds true both for the conditioning period of the
LD muscle and for the period thereafter when the muscle has been trans-
formed to a muscle almost fully composed of non-fatiguable type I fibres (4,
5). This transformation, however, not only leads to an important fatigue
resistance but is also accompanied by a significant decrease in contraction
and relaxation speed (4-6, 9). These phenomenons are unwanted side effects
of the conditioning process.
First of all, it results in a contraction cycle of the transformed LD muscle
which appears to be to long (10, see Chapter 8) to be able to allow the
wrapped LD muscle sufficient relaxation time. Therefore, the currently used
clinical protocol as described by Chachques et al (6) should be adapted.
Secondly, speed of contraction of the muscle could become to slow and
consequently loose its power to effectively assist the heart after the wrapping
procedure (11-13).
Considering these points, we wanted to test a conditioning protocol that
uses a short burst with an increasing number of pulses, together with a
restricted number of maximal bursts/min. As demonstrated, also this
protocol resulted in comparable significant decreases in contraction and
relaxation speed considering the changes in ripple (5). In particular, the
increase in 1/2 relaxation time of the LD muscle appeared pronounced.
With this protocol important fatigue-resistance was already reached after 4
weeks. At this time only a slight decrease in negative dF/dt, as a sign of
fatigue (14, 15), was seen after the 8 minutes test, which had disappeared
after 6 weeks of stimulation. After completion of the full conditioning period
of 10 weeks, no significant decrease in force, positive dF/dt and negative
dF/dt was observed during the test of 1 hour. This is in contrast to results
we obtained in conditioned goat LD muscles, using the protocol as described
by Chachques et al (6). We found that application of a burst of 6 pulses with
interpulse intervals of 33 msec and a burst duration of 185 msec during 100
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bursts/min resulted in significant decreases in positive and negative dF/dt,
despite good preservation of force during the 8 minute test (see Chapter 3).
Therefore, in our opinion, it is important to evaluate not only the preserva-
tion of force after a conditioning period of the LD muscle but also the positive
and negative dF/dt. A decline in these parameters during continuous burst
stimulation could negatively affect cardiac function when used in dynamic
cardiomyoplasty.
Our measurements also demonstrated that increasing the number of
bursts/min from 50 burst/min upward decreased force, positive dF/dt and
negative dF/dt development. This holds true for bursts with both 33 msec
and 20 msec interpulse intervals. Considering the shift in force-frequency
relation after LD muscle transformation, programming of a burst with
interpulse intervals of 33 msec appeared sufficient to obtain maximal force.
However, our results with bursts with interpulse intervals of 20 msec show
that in this way an additional increase in positive dF/dt is obtained. In 1965
Buller and Lewis already described that the rate of isometric tension
development (16) is enhanced by further increasing the stimulus frequency
above that frequency at which maximal skeletal muscle force is obtained. In
this way, it seems possible to compensate partially for the loss of power
which occurs during the transformation from a fast muscle to a slowly
contracting LD muscle (17). In conditioned canine LD muscle we already
described the occurrence of greater fatigue using bursts with interpulse
intervals shorter than 33 msec. However, in that experimental set-up we
used bursts with a duration of 250 msec for 100 bursts/min (18). Also
Bridges and coworkers described significantly greater fatigue of canine LD
muscles using bursts with an interpulse interval of 12 msec compared with
an interpulse interval of 40 msec (19). They ascribed these findings to either
failure of the excitation-contraction coupling or a reduction in action poten-
tial amplitude. If compared to our current goat protocol, They used a longer
burst duration , concomitant with a higher number of bursts/min. However,
considering the lack of decline in force, positive dF/dt and negative dF/dt
in our goat LD muscles after 10 weeks of stimulation, bursts with an
interpulse interval of 20 msec appeared safe. One should be reluctant not
to stress the LD muscle in particular at the start of the conditioning
protocol. This is underlined by the increase in CK-enzyme level, one day
after the first force measurements and the start of electrical stimulation.
Most probably damage has been caused by the first fatigue test which
appeared to strenuous for the unconditioned LD muscle, considering the
pronounced decrease in force during this test. The small rise in CK (Fig 5:
VI; S3) at the end of the conditioning period probably can be ascribed to the
isometrically measured muscle force during the 1 hour test, in contrast to
the more isotonic contraction all animals had apart from these force meas-
urements. The LD muscle damage seen in one goat indicates that not all
muscles tolerate the 24 hours presence of electrical stimulation, despite the
fact that no continuous elevation of skeletal muscle enzymes was seen. In
recent years, pacing protocols of canine and goat LD muscles have been
reported using burst stimulation with a maximum of 120 bursts/min (20,
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21). Our data suggest that the upper limit of number of contractions per
minute should be below 100/min (22, see Chapter 8). The exact rate limit
probably varies individually and should be based upon measurements of
contraction and relaxation speed of the wrapped muscle. It might also be
better to use stimulation protocols in which the number of stimulation
hours per day is gradually increased. In this way the LD muscle has the
opportunity to recover in between the contraction periods at the start of
muscle conditioning (21). Furthermore it seems better to search for the
lowest possible voltage needed to obtain full recruitment of the stimulated
muscle, considering the damage to the tissue surrounding the electrodes.
This phenomenon has not been reported in the studies mentioned before,
using nerve electrodes with a considerable lower stimulation voltage (20,
21).

/n conclusion
Application of a stimulation protocol of goat LD muscle, using a short burst
with 6 pulses and interpulse intervals of 20 msec during maximally 60
bursts/min, results in a rapid and complete transformation to a fatigue-
resistant muscle consisting of slowly contracting type I muscle fibres. As
long as a limited number of bursts per minute is used, higher positive dF/dt
can be obtained with bursts with interpulse intervals of 20 msec, thereby
partially compensating for the increase in contraction- and relaxation time
of the transformed LD muscle.
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SUMMARY

Chronic heart failure will be an increasing cause of morbidity and mortality
in the coming years. Unfortunately our present methods of treatment are
disappointing.
In this thesis a new treatment mode, which is called dynamic cardio-
myoplasty, is evaluated. During the procedure a large skeletal muscle, the
latissimus dorsi muscle (LD), is used to assist the failing heart. This is done
by wrapping the muscle around the heart, followed by electrical stimulation
of the muscle synchronous to cardiac contraction. Studies were done in
dogs and goats to evaluate the effectiveness of this therapy.
We first of all looked at the changes in the latissimus dorsi muscle that
occur during continuous electrical burst stimulation. In Chapter 2 and 3 it
is shown that, in both animal species, important changes occur in the
muscle, making it more suitable for a continuously active function to assist
the heart. A shift was observed from fast-fatiguable type II muscle fibers to
fatigue-resistant type I muscle fibers with increased mitochondrial volume
and an increase in capillary-to-fibre ratio. This change was accompanied by
a decrease in contraction- and relaxation speed, resulting in a decrease in
energy costs needed for contraction. Furthermore a decrease in CK- and
LDH-activity was noticed. In goats, we also evaluated the increase in
connective tissue due to the electrical stimulation.
To be informed about the capacity of the LD muscle to assist a failing heart,
a model of acute heart failure was developed, using the tricyclic antidepres-
sive drug imipramine. As shown in Chapter 4, this drug appeared very
effective in creating a safe, reversible, well controllable failing heart model
without affecting LD muscle force.
In Chapter 5, we demonstrated in acute experiments the capacity of goat
LD muscle to increase cardiac pressures and output, using an uncondi-
tioned left LD muscle. This was done immediately following counterclock-
wise wrapping of the muscle around the heart. The importance was shown
of stimulating the muscle with a train of pulses to obtain a tetanic contrac-
tion. Assistance of the heart was seen both in the normal and failing heart,
induced by imipramine.
In Chapter 6, the long-term results are described of 24 goats after a
dynamic cardiomyoplasty procedure. As demonstrated, improvement of
cardiac function can be obtained as long as the muscle remains vital. The
preservation of vitality however, appears to be the main problem. As de-
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monstra ted, destruction of skeletal muscle cells and replacement by fatty
cells occurs after a certain period of electrical stimulation.
We can only speculate about possible causes for the loss of muscle fibre
vitality like: 1) Marked changes in the original orientation of the muscle
fibers: 2) Insufficient arterial blood supply as demonstrated by the absence
of an increase in capillary-to-fibre ratio, in contrast to the in situ stimulated
LD muscle; 3) A more pronounced increase in connective tissue; 4) Destruc-
tion of nerve branches; 5) The use of a stimulation protocol which is to
strenuous for the LD muscle.
Different ways of stimulating the conditioned, transformed LD muscle are
evaluated in in situ stimulated canine LD muscles in Chapter 7. Using 100
contractions/minute, we tested bursts of electrical pulses using different
interpulse intervals. An interval of 33 msec appeared to result in the most
optimal preservation of force.
Data presented in Chapter 8 demonstrate the danger of pacing the latis-
simus dorsi muscle with a protocol, which appears to strenuous for this
muscle. In that chapter we demonstrated, both in goats and in two patients,
that the currently clinically used stimulation protocol may have a long-term
detrimental effect on LD muscle function. Using 100 bursts/minute, con-
sisting of bursts of either 185 msec or 240 msec burst duration with
interpulse intervals of 33 msec, resulted particularly in insufficient relaxa-
tion of the LD muscle. Insufficient relaxation probably leads to chronic
skeletal muscle ischemia and loss of function.
Therefore, as described in Chapter 9, we tested in the goat a more prudent
stimulation protocol. As discussed, this was evaluated using the in situ
stimulated LD muscle. Pacing was performed using a shorter burst duration
and a maximum number of burst contractions of 60/minute. This protocol
induced changes in contraction characteristics during the transformation
process of the LD muscle which appeared to be more favorable.
This protocol has to be tested in experiments with long-term wrapped LD
muscles.

/n conclusion
Our findings indicate that, by using electrical stimulation, a fast-twitch
muscle can change its properties and behave as a slow-twitch muscle, which
is in line with from other investigators. When wrapped around the heart
such a muscle can support and improve cardiac pump function.
A major problem, which still has to be solved, is the identification of the best
stimulation program for the wrapped muscle. First of all, the goal is to have
optimal conditioning and performance of the muscle in time and, secondly,
a long-term pacing protocol allowing optimal contraction and relaxation of
the wrapped muscle without the induction of degenerative changes.
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Daling van de sterfte aan het hartinfarct en toenemende vergrijzing van de
bevolking maken dat in de komende jaren chronisch hartfalen een steeds
belangrijkere oorzaak zal worden van chronische ziekte en sterfte. Helaas
zijn de huidige medicamenteuze behandelingsmogelijkheden teleurstellend
en andere behandelingsvormen als harttransplantatie schaars en duur.
In dit proefschrift worden de ervaringen beschreven met een nieuwe vorm
van therapie, geheten de dynamische cardiomyoplastie. Hierbij wordt een
van de schouderspieren, de linker latissimus dorsi, in de borstkas gebracht
en om het hart gewikkeld. Vervolgens wordt deze tot samentrekking ge-
bracht, tegelijk met het hart, door de spier te stimuleren met electrische
pulsen. Deze nieuwe methodiek werd bestudeerd zowel bij honden als geiten.
In Hoofdstuk 2 worden de veranderingen beschreven die optreden in de
latissimus dorsi spier (LD) van de hond, wanneer deze, ter plaatse, geduren-
de een periode van maximaal 24 weken, voortdurend electrisch was geprik-
keld. Hierbij werd gevonden dat de spier zich aanpast aan de continue arbeid
door de contractie- en relaxatiesnelheid van de spier te verminderen, waar-
door de benodigde energie afneemt. Daarnaast is er een toename in de
verhouding bloedvaatjes/spiervezels, een toename in het mitochondriaal
volume en een transformatie van de snel vermoeibare type II spiervezel naar
de vermoeidheidsresistente type I vezel. Ook was er een afname in glycoly-
tische capaciteit zichtbaar.
In Hoofdstuk 3 wordt beschreven dat deze veranderingen ook optreden bij
de latissimus dorsi spier van de geit. Daarnaast hebben wij bij de geit ook
een duidelijke toename van bindweefsel in de spierbundels gezien.
Om een juist beeld te verkrijgen omtrent de mogelijkheden om met behulp
van de gewikkelde latissimus dorsi een falend hart te ondersteunen, hebben
wij gebruik gemaakt van een falend hartmodel wat veroorzaakt werd door
het tricyclische antidepressivum imipramine. Dit wordt beschreven in
Hoofdstuk 4. Hierin wordt aangetoond dat het met imipramine mogelijk is
snel reversibel hartfalen te induceren zonder dat het proefdier overlijdt en
zonder negatief effect op de skeletspierkracht.
In Hoofdstuk 5 wordt de chirurgische techniek van het wikkelen van de
spier beschreven. Tevens wordt aangetoond dat de ongetrainde spier, on-
middelijk na het wikkelen, in staat is de functie van zowel het normale als
het falende hart te verbeteren. Daarbij blijkt dat een reeks van electrische
prikkels, een zgn. burst, die leidt tot een tetanische contractie van de
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gewikkelde spier, effectiever is dan enkele pulsen.
In Hoofdstuk 6 worden de ervaringen beschreven met 24 geiten waarbij
gedurende vele weken de cardiomyoplastie methodiek was toegepast. Het bleek
dat inderdaad verbetering van de cardiale functie mogelijk was, indien de
gewikkelde en gestimuleerde musculus latissimus dorsi vitaal blijft. Dit laatste
is echter een groot probleem. Vaak werd gevonden dat delen van het skelet-
spierweefsel verloren waren geraakt met aansluitend vervanging door vetweef-
sel. Mogelijke oorzaken voor dit spierverlies zijn; 1) Belangrijke veranderingen
in de vezelrichting van de musculus latissimus dorsi na het wikkelen; 2) Het
uitblijven van een toename in capillair/vezel ratio in tegenstelling tot ter plaatse
gestimuleerde spieren; 3) Beschadiging van zenuwtakken; 4) Toename van
bindweefsel in de gestimuleerde spier; 5) Het gebruiken van een mogelijk te
intensief stimulatieprotocol van de gewikkelde spier.
De beste manier van electrisch prikkelen van de geconditioneerde latissimus
dorsi spier is een probleem omdat er belangrijke veranderingen in mechani-
sche karakteristieken van de latissimus dorsi spier plaatsvinden tijdens
continue stimulatie. In Hoofdstuk 7 wordt beschreven dat een stimulatie-
programma wat gebruik maakt van 100 burst-contracties/minuut en een
interpulse interval van 33 msec leidt tot het beste behoud van de spierkracht.
Bewijs voor een mogelijk te intensief stimulatieprotocol, zoals dat tot nu toe
toegepast werd, wordt geleverd in Hoofdstuk 8. Hierin wordt, zowel bij geiten
als bij patiënten, aangetoond dat bij het stimuleren van de spier met 100
burstcontracties/minuut, met een burstduur van zowel 185 als 240 msec,
onvoldoende relaxatie van de spier optreedt. Dit zou kunnen leiden tot
ischemie van de spier en verlies van spierfunctie.
Vandaar dat in Hoofdstuk 9 een eerste aanzet is gegeven tot het gebruik
van een nieuw stimulatieprotocol voor de ter plaatse geconditioneerde
latissimus dorsi spier, waarbij een kortere burstduur wordt gebruikt met
een maximum van 60 burstcontracties/minuut. Het bleek dat hiermee de
negatieve effecten van de transformatie van de spier, d.w.z. afname in
contractie- en relaxatiesnelheid grotendeels kunnen worden opgevangen. Dit
protocol zal in de toekomst verder moeten worden uitgetest bij de chronisch
gewikkelde latissimus dorsi spier.

Samenvattend laat ons onderzoek, evenals dat van anderen, zien dat het goed
mogelijk is om met behulp van elecüische prikkeling de eigenschappen van een
zich snel samentrekkende spier te veranderen in die van een zich langzamer
samentrekkende onvermoeibare spier. Wanneer dan de spier rond het hart
wordt gewikkeld is zij in staat de hartfunktie te ondersteunen en te verbeteren.
Een groot probleem, wat nog niet is opgelost, blijft het vinden van het beste
stimulatieprogramma voor de wikkelspier. Het uiteindelijke doel is tweeërlei.
Ten eerste het bereiken van een zo goed mogelijke en snelle verandering in
spiereigenschappen van de wikkelspier, zodat chronisch werkzaamheden
mogelijk worden zonder vermoeidheidsverschijnselen. Ten tweede moet het
prikkelprogramma zodanig zijn, dat de wikkelspier tijdens chronische arbeid
voldoende tijd krijgt voor optimale spiersamentrekking en spierontspanning,
en dat er geen degeneratieve veranderingen optreden.
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