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Abstract. During the last several years, there has been intense worldwide interest
concerning the use of skeletal muscle as a form of cardiac assistance. For over 10,000
people in the United States diagnosed each year with irreversible heart failure, the
1-year mortality approaches 50%. This comes despite recent advances in medical
therapy, heart transplantation, and the artificial heart program.

Because of the limitations of these treatments in terms of effectiveness, cost, and
availability, we have used a different approach for cardiac augmentation. Skeletal
muscle is shaped into the form of a pumping chamber and then used to aid the
function of the failing myocardium. Another approach is cardiomyoplasty, where the
latissimus dorsi muscle is wrapped around the heart and stimulated to contract in
synchrony with the patient’s failing myocardium. More than 500 patients have under-
gone cardiomyoplasty worldwide. These two areas of investigation represent the prin-

ciple methods for skeletal muscle cardiac assistance.

[P.S.E.B.M. 1996, Vol 211]

History

The use of skeletal muscle for cardiac assistance is
not a new idea, the first clinical use probably being in
1931 when Delesus used skeletal muscle to replace a
traumatic defect in the heart (1). Beginning in the late
1950s, investigators began reporting experiences with
skeletal muscle used in laboratory animals in a variety
of configurations to augment cardiac function. Their
results were disappointing, with muscle fatigue being
the major obstacle (2—4).

Salmons and Vrbova subsequently discovered
that chronic exogenous electrical stimulation would ef-
fect a change in muscle fiber characteristics from fast-
twitch (Type 2) to slow-twitch (Type 1). When stimu-
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lated over a period of 6 weeks, the muscles in these
experiments showed an increase in capillary density,
enzymes of oxidative metabolism, and mitochondrial
volume fraction (5, 6). All of these changes resulted in
an increased resistance to fatigue.

A second obstacle involved the blood supply of
the muscle itself. With the division of collaterals re-
quired for muscle mobilization, muscle ischemia de-
velops. Mannion and colleagues have demonstrated
that a 3- to 4-week vascular delay period is needed
before the blood supply will return to near normal
levels (7).

Methods of Use

Skeletal muscle may be used to either assist the
systolic function of the heart or to augment diastole.

Systolic Augmentation. Systolic augmentation
may be achieved by several methods.

Reinforcement technique. Cardiomyoplasty re-
fers to the technique in which skeletal muscle is
wrapped around the ventricles and stimulated to con-
tract synchronously with the native heart (Fig. 1 and
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LATISSIMUS

Figure 1. (original® Fig. 1) Drawing of cross-sectional represen-
tation of the muscle graft as it overlies the left ventricle (LV) and
a portion of the right ventricle (RV). LAD, left anterior descend-
ing coronary artery (reprinted with permission from Circulation
78[suppl 111]:111-182, 1988).

2). The first clinical application of this procedure was
reported in 1985 (8), and although this procedure has
been performed in over 500 patients worldwide, the
mechanism of clinical improvement is uncertain.
There have been many reports that failed to show
a consistent improvement in hemodynamic perfor-
mance. Carpentier and colleagues, however, were able
to show an improvement in ventricular function at 9
months (cardiac output, +21%; peak blood velocity,
+40%-80%; and stroke volume +98%—-102%) (9). Na-
kajima has suggested that the muscle acts more as an
“‘active’’ support for the myocardium and prevents
further ventricular dilation (10). His group showed that
ventricular contractility improved and myocardial ox-
ygen consumption decreased in animals undergoing
cardiomyoplasty. However, they found the presence
of the muscle itself was enough to cause the changes;
that is, in most animals there were no differences in
the hemodynamic values observed with the myostim-
ulator on or off.

One report (11) did show an increase in survival in
a group of 13 patients. The 18-month actuarial survival
of this group was 80%, which compared favorably to a
similar control group of 16 patients who showed a sur-
vival of 31% for the same period. Although this study

2 (**Original’’ refers to the original review (Anderson DR, Pochettino A, Ham-
mond RL, Stephenson LW. Skeletal muscle as a myocardial substitute. Proc
Soc Exp Biol Med 197:109-118, 1991), of which this article is an update.
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was not randomized, the two groups were comparable.
In arecent update extending this group’s experience to
5 years, they showed that although there was modest
improvement in hemodynamic performance, as shown
by an increase in ejection fraction from 19.8% = 3%
to 23.9% = 7.2%, as well as significant changes in
stroke index, arterial pressure, pulmonary artery
wedge pressure, and left ventricular stroke work index
at 6 months, these values steadily declined to preop-
erative values at 5 years (12).

Skeletal muscle ventricle. In our laboratory,
skeletal muscle ventricles (SMVs) are constructed by
wrapping the latissimus dorsi muscle around a Teflon
mandrel to create a muscle pouch or tube (Fig. 3) (13).
The mandrel is removed after a period of 3—4 weeks.
This allows for recovery of blood supply, formation of
adhesions between the layers of the muscle wrap, and
development of a smooth inner lining. The SMV can
then be used in a variety of configurations.

Right Heart Bypass.In laboratory animals, skeletal
muscle has been used to supplant the native right ven-
tricle. With this procedure, cannulas were placed in
the inferior and superior vena cavae such that all sys-
temic venous return was routed through the SMV
which pumped into the pulmonary artery. With the
SMV switched off, blood flowed passively through the

MEDIAN STERNOTOMY

LATISSIMUS
COVERING LV

Figure 2. (original® Fig. 2) Drawing of muscle graft covering the
canine heart as depicted through a midline sternotomy (re-
printed with permission from Circulation 78[suppl 111]:111-182,
1988).
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Figure 3. (original® Fig. 4) Construction of the SMV (reprinted
with permission from The Journal of Thoracic and Cardiovascu-
lar Surgery 92:734, 1986).

SMV and connecting conduits to the lungs, and the
animal became hypotensive. On activation of the
SMYV, there was an immediate rise in blood pressure.
Aortic blood flow was maintained at approximately
80% of normal over a 4-hr period (14).

Although these initial studies showed promise, it

Skeletal Muscle Ventricle
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has been demonstrated that SMV function is substan-
tially improved if the preload is higher than that which
can be achieved by the venous system alone. In an
effort to exploit the higher pressure generated by the
right ventricle, a configuration was devised whereby
the SMV was placed in series between the right ven-
tricle and pulmonary artery, as depicted in Figure 4.
The pulmonary artery was then ligated proximally to
obligate flow through the SMV, thus using the right
ventricular pressure as the SMV preload. Acute stud-
ies performed at 1 and 4 hr demonstrated an increase
in cardiac output of 27% at 1 hr and 30% at 4 hr with
the SMV on versus off. Systemic arterial pressure
showed an increase at 1 hr by 12% and at 4 hr by 13%.
Peak pulmonary pressure also increased by 35% at 1 hr
and by 37% at 4 hr. Further studies showed that ef-
fective assistance may be obtained for periods of up to
16 weeks (19).

Left Heart Bypass.There have been two additional
configurations of SMV constructed for systolic aug-
mentation that have been evaluated in our laboratory.
These have focused on using the pressure generated
by the left heart to serve as preload for the SMV. The
first system involves using two valved conduits, the
first between the left atrium and the SMV, and the
second between the SMV and aorta (16). The SMV
then contracts in cardiac diastole. In acute 3-hr exper-
iments, left atrial pressures remained in the range of 14
to 16 mm Hg and the SMVs were able to pump be-
tween 21% and 27% of the cardiac output. We have
not tested this model in the circulation long term, how-
ever, because this model would likely need higher fill-
ing pressures to function optimally. It is possible that
with a stable left ventricular failure model where filling
pressures would be higher, this configuration would
function effectively for longer periods.

Figure 4. Diagram of an SMV con-
nected in the right heart circulation.
The proximal pulmonary artery is li-
gated to obligate flow through the
SMvV.
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Figure 5. SMV in the LV apex-to-aorta configuration with two
valved conduits. The afferent conduit connects the LV apex to
the SMV, and the efferent conduit connects the SMV to the
descending aorta.

In an effort to exploit the higher filling pressures of
the left ventricle for SMV preload, a configuration of
left ventricular apex to aorta has been developed (Fig.
5) (17). In addition to the improved preload, there is
likely to be improved blood flow in the muscle layers
of the SMV compared with diastolic augmentation be-
cause the SMV cavity pressure is equal to left ventric-
ular (LV) end-diastolic pressure during a portion of the
cardiac cycle (18, 19). Acute 3-hr experiments have
demonstrated a significantly lower systolic tension-
time index with the SMV on versus off. The endocar-
dial viability ratio was also significantly increased,
showing an improvement of 68%, 66%, 62%, and 63%
at initial measurement and at 1, 2, and 3 hr, respec-
tively with the SMV on versus off. Figure 6 shows a

representative pressure tracing from one animal at the
time of operation.

There was little improvement in cardiac output
noted in this experiment, however it was demon-
strated that the SMV pumped 47% of the systemic
blood flow, substantially reducing the oxygen require-
ment of the left ventricle. Stevens and colleagues have
shown a substantial increase in systemic blood flow of
31% using an SMV LV apex-to-aorta configuration of
their own design in animals that were in heart failure,
compared with the increase in 6% seen in our study
(18). Our most recent efforts are focusing on develop-
ing this configuration into a chronic model, with one
dog having survived over 2 months with such a func-
tional SMV (unpublished).

Diastolic Augmentation. Aortic diastolic aug-
mentation, better known as aortic counterpulsation,
has been used clinically for the last 19 years to support
the failing heart. This has been done with the use of the
intraaortic balloon pump. Skeletal muscle ventricles
also offer a potential for clinical application in this
area.

Intraaortic balloon pump. This is the most com-
mon method in use, especially in the setting of heart
failure after open heart surgery. This device is inserted
through the femoral or iliac artery and positioned in
the descending thoracic aorta. Helium gas is used to
inflate the balloon, which is synchronized via a cardiac
monitor to expand during cardiac diastole. The device
typically remains in place for 2 or 3 days but has been
used for longer than 1 month. This counterpulsation
works in three ways to benefit the heart. First, blood is
pumped as the balloon expands and forces blood in
both directions up and down the aorta. Second, since
the coronaries are perfused during diastole, there is an
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Figure 7. (original? Fig. 3) The muscle is fully mobilized and
introduced into the thorax where it is wrapped around the de-
scending aorta after division of a number of intercostal
branches (left). The aorta is enlarged to increase the volume of
blood that is compressed. Pericardium or any flexible material
can be used (right).

increase in coronary blood flow. Finally, the deflation
of the balloon during systole results in a decreased
afterload, decreasing the work requirement of the fail-
ing left cardiac ventricle (20).

Aortomyoplasty. Kantrowitz, who was a pioneer
in the use of the balloon pump, and colleagues origi-
nated work in aortomyoplasty, and in 1959 described
wrapping the diaphragm around the descending aorta
(2). This system uses the animal’s own aorta as the
inner lining, which should avoid the risk of thrombo-
sis. The main drawback is that the volume of blood
displaced depends on the length and diameter of aorta
encompassed. To address this issue, Chachques and
colleagues have advocated the use of a pericardial
patch to enlarge the native aorta (Fig. 7) (21, 22).
Acute and chronic studies have been encouraging,
however this technique could be associated with sub-
stantial morbidity in the setting of an atherosclerotic or
calcified aorta.

The effectiveness of the descending aortomyo-
plasty procedure has been demonstrated in acute (23)
and chronic (24) studies. Additionally, Lazarra and
colleagues (25) have shown that the improvement in
hemodynamics is comparable to that achieved with the
intraaotic balloon pump. They identified an improve-
ment in diastolic relaxation time and considered this
an important component. One major obstacle to the
clinical application of this model may be the degree of
mobilization of the aorta required for the procedure. In
animal studies, this has required the ligation of several
sets of intercostal arteries. Although paraplegia
has not been reported in the animal studies, this may
be due to a more developed collateral blood supply

in these models. Cernaianu and colleagues have at-
tempted to address this issue and recently published a
study where they divided the muscle such that it could
be wrapped around the aorta in a way that avoids di-
viding the intercostals (26). They showed the muscle in
these animals had a significantly higher rate of degen-
eration and fibrosis, presumably from the compro-
mised blood supply in the divided muscle.

SMVs as aortic counterpulsators. Working in
our laboratory, Mannion et al. showed that properly
conditioned SMVs with a vascular delay were able to
function in the circulation effectively as diastolic coun-
terpulsators (27, 28). The stroke work of these SMVs
was 0.68 X 10° ergs after 4 hr, roughly three times the
stroke work of the right ventricle and nearly half the
left ventricular stroke work. Neilson, Chiu, and asso-
ciated had also shown an improvement in the suben-
docardial viability ratio in SMVs of their own design
29).

Acker et al. (30) subsequently constructed SMVs
in five mongrel dogs which differed from the design of
previous chambers in that these had a cylindrical ge-
ometry with inflow and outflow on opposite ends of
the chamber. These ventricles functioned chronically
in the circulation as aortic diastolic counterpulsators

BURST PULSE
GENERATOR

Figure 8. (original® Fig. 7) Diagram of SMV positioned as aortic
diastolic counterpulsator. The SMV is on the outside of the
chest wall. The limbs of the bifurcation graft have been divided,
tailored, and rejoined to prevent kinking. Flow probes were
placed around the aorta at Point A and B.
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AT OPERATION

Figure 9. (original® Fig. 8) Recordings of ultrasonic flow and
pressure taken at operation in one dog. Topmost trace is flow
measured at Point A (Fig. 8) and demonstrates a sudden cutoff
in the flow curve of the cardiac ejection (single arrowhead)
when the SMV begins to contract and then reversal of blood
flow towards the aortic arch (double arrowheads). Below that is
flow at Point B (Fig. 8) showing increased distal aortic flow fol-
lowed by passive reflux. Below, the carotid and femoral pressure
traces show the increase in diastolic pressure as the SMV con-
tracts. The burst of stimuli activating the thoracodorsal nerve
can be seen on the ECG at the bottom.

for up to 11 weeks. All animals had functional SMVs at
the time of death. These SMVs were capable of pro-
viding a substantial augmentation of forward blood
flow with an increase of 29%, 40%, and 63% at 25, 43,
and 85 Hz of thoracodorsal nerve stimulation, respec-
tively. However, this study also demonstrated the
thrombotic complications associated with these pump-
ing chambers, despite the fact that they were lined
with the relatively thromboresistant polytetrafluroeth-
ylene. The two longest surviving dogs, 5 and 11 weeks,
were found to have multiple renal and splenic infarc-
tions at autopsy. Neither animal, however, showed
evidence of cerebrovascular or cardiac embolization.

Further studies have used the conically shaped
SMYV connected to the descending aorta by two Gore-
tex grafts (W.L. Gore & Associates, Inc., Flagstaff,
AZ). Figures 8 and 9 demonstrate this configuration
with a corresponding ultrasonic flow and pressure re-
cording taken in a single animal at the time of opera-
tion, while Figure 10 shows a pressure tracing in the
same animal at one year of continuous stimulation. In
these studies, ligation of the aorta by umbilical tape
obligates the flow of blood through the SMV. The data
from these experiments showed that SMVs were ca-
pable of proving long-term ventricular support, with
the ability to augment diastolic pressure for up to 836
days (31). Of note, these chambers contained only the
fibrous lining present after removal of the Teflon man-
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Figure 10. (original® Fig. 9) Arterial pressure and electrocardio-
gram traces taken at 1 year in the dog reported in Figure 9
whose SMV had been pumping continuously in the circulation
for that length of time. Arterial pressures and electrocardio-
grams at pulse trains of 25, 43, and 85 Hz are shown in A, B, and
C, respectively. Asterisks mark diastolic augmentation. The syn-
chronization ratio is 1:2. The stimulator was set chronically at an
R-wave delay of 175-250 msec, burst duration of 185-240 msec,
25-Hz burst, 2.5-V voltage, and 2:1 mode synchronization ratio
(varying from 1:4, 1:3, or 1:2 depending on the native heart rate).
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Figure 11. Bar graphs showing the
percentile increases in diastolic aug-
mentation (Dia) and the endocardial
viability ratio (EVR) before and
during propranolol infusion. Both dia-
stolic augmentation and the endocar-
dial viability ratio showed greater im-
provement under low cardiac output
conditions.
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drel and showed a dramatically lower incidence of
thrombotic complications. Subsequent studies were
performed using a propranolol-induced heart failure
model (32). In these studies, the propranolol was used
to decrease the mean arterial pressure by approxi-
mately 50%, and hemodynamic measurements were
made with the animals under anesthesia. These inves-
tigators were able to show a greater increase in several
hemodynamic parameters for the failing heart when
compared with the normal heart. Mean diastolic pres-
sure increased 27.6% vs 12.9%, and the endocardial
viability ratio increased 28.7% vs 11.2%, respectively,
as shown in Figure 11. Table I shows representative
values at two different burst frequencies.

Additional studies have been performed in an ef-
fort to decrease the incidence of SMV thrombosis.
Studies comparing the traditional SMV with autolo-
gously lined SMVs (with pleura or pericardium) have
shown decreased thrombosis with the autologous lin-
ing (32, 33). In one of these series, 15 animals were
reported on, showing no evidence of thromboembo-
lism or SMV rupture at up to 589 days. This same

group has studied the rate of rupture in the autologous-
lined versus the fibrous-lined and found the pericardial
lining substantially decreases the incidence of rupture
(Thomas, unpublished). Therefore, in addition to pro-
viding protection against thromboembolism, the autol-
ogous lining also appears to improve the structural in-
tegrity of the chamber.

Most recently, a method has been developed in
our laboratory for percutaneously seeding the SMV
lumen with autologous endothelium. Preliminary stud-
ies have recently been reported and demonstrate that
it is possible for SMVs to retain the endothelium after
3 hr of pumping blood in the circulation (34-36).

Conclusion

Skeletal muscle offers a realistic means of provid-
ing support for the failing myocardium. Clinical trials
using cardiomyoplasty, where the muscle is wrapped
directly around the failing heart, are currently under-
way. Preliminary reports have shown improvement in
heart failure symptomatology as well as survival. Ad-

Table I. Hemodynamic Data before and during Propranolol Infusion

Before propranolol

During propranolol

Variable

Control 33 Hz 85 Hz Control 33 Hz 85 Hz
Heart rate (bpm) 124 + 10 129+ 9 125 = 10 102 + 42 103 £ 3 102 + 4
CO (ml/min) 1042 = 170 1082 + 180° 1129 + 187° 422 + 61° 440 + 60° 454 + 58P
LV, (mm Hg) 133.0 = 3.1 1111 +58°> 1137x65° 77532 736=+73 803+ 7.7
LV.q (mm Hg) 95+19 9.0+24 9323 154 +212 143 =21 141 +23
Mean Aog;, (mm Hg) 774 +£58 874 +55° 100.0+6.1° 456=+87° 582+86° 61.6=*8.2°
Max + dp/dt (mm Hg/sec) 2308 =232 2419 * 261 2414 + 272 876 = 2207 895 = 209 977 + 207
TTI (mm Hg/sec) 183+ 1.0 18.2 £ 1.1 186 = 1.1 149+157 148+14 16.1 + 1.3
DPTI (mm Hg/sec) 163+ 2.0 18.0 + 1.3° 193 +16° 13.0+28° 166 =3.0° 18.2=3.2°
EVR 089 +005 0.99=*003° 1.04+0.03° 0.87 +0.06 1.12=0.04°> 1.10=0.07°

Note. Data expressed as the mean + SD. CO, cardiac output; DPTI, diastolic pressure-time index; EVR, endocardial viability ratio;
LV,q left ventricular end-diastolic pressure; LV, left ventricular end-systolic pressure; max + dp/dt, maximum rate of change of left
ventricular pressure; mean Aog;,, mean aortic diastolic pressure; TTl, systolic tension-time index.

& P < 0.05 prepropranolol versus during propranolol.

b p < 0.05 versus control by repeated-measures analysis of variance.
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ditional research is needed to elucidate the mechanism
of this improvement.

Skeletal muscle ventricles have the potential to
significantly augment left ventricular function and
have pumped effectively in the circulation for 2Y2
years. With continued improvements in SMV design,
including the improved results with autologous lining
and the development of new models for systolic aug-
mentation, the future for this mode of support is opti-
mistic. Our laboratory is currently focusing on devel-
oping the LV apex-to-aorta system into a chronic
model. Other investigators are continuing the devel-
opment of dynamic aortomyoplasty. It seems apparent
that as this exciting field continues to expand, so will
the possibilities for eventual clinical application.

This article is an update of a previously published minireview
entitled, ‘‘Skeletal muscle as a myocardial substitute’ (Proc Soc
Exp Biol Med 197:109-118, 1991).
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