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Abstract
Background: Aortomyoplasty is a treatment for heart failure in which the latissimus dorsi
muscle is wrapped around the aorta and stimulated to contract during diastole to provide
chronic diastolic counterpulsation. We hypothesized that the manner in which the latissi-
mus dorsi muscle is wrapped around the aorta determines the effectiveness of counterpul-
sation.
Methods: Nine mongrel dogs were studied. The left latissimus dorsi muscle (LDM) was
isolated and wrapped around the descending thoracic aorta using three different muscle
wrap techniques- a helical coil (HC) wrap, a circumferential (CM) wrap, and a “wringer”
(WR) wrap. The three wraps were done in each dog. Left-ventricular and aortic pressures
and coronary and aortic blood flows proximal and distal to the muscle-wrapped region were
measured. Mean diastolic aortic pressure, endocardial-viability ratio, coronary blood flow,
and blood volume ejected from the wrapped segment (wrap stroke volume) were calculated.
Results: Wrap stroke volume was greater for the WR (5.24±1.00 mL, p<0.05 compared
with HC), compared with the CM (3.70±0.64 mL) or the HC (1.96±0.83 mL). The in-
creases in mean diastolic aortic pressure were similar for the WR (10.6±4.7%) and CM
(9.7±4.4%) wraps and these were greater than the HC wrap (4.9±4.7%). Endocardial-
viability ratio was increased similarly by the WR (19.3±10.8%) and CM (19.8±14.6%)
wraps and these increases were greater than observed during the HC wrap (10.5±6.3%).
The WR wrap provided the greatest increase in coronary blood flow (24.3±23.0%) com-
pared with the CM (17.8±12.9%) and HC (5.7±4.6%).
Conclusion: These data suggest that: 1) all muscle wrap techniques effect diastolic counter-
pulsation; 2) muscle wrap orientation influences ameliorative potential; and 3) wringer and
adjacent are better than helical coil. Chronic studies should be done to test whether the dif-
ferences are maintained.
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Aortomyoplasty is a new form of cardiac assistance
whereby autologous skeletal muscle is wrapped around
the ascending [7]or descending [2-6, 10, 15, 20-23, 25,
30]thoracic aorta and electrically stimulated to contract
during diastole. The underlying mechanisms by which
aortomyoplasty can assist a failing heart are analogous
to the intra-aortic balloon pump (IABP). Whereas the
IABP must be removed in a matter of days or weeks,
aortomyoplasty offers means to effect chronic diastolic
counterpulsation. The primary effects of diastolic
counterpulsation (using either IABP or aortomyoplasty)
are increasing myocardial oxygen supply (by increasing
mean diastolic aortic pressure), and reducing myocar-

dial oxygen consumption (via afterload reduction). Until
recently, aortomyoplasty has been limited to research
applications; however, clinical experiences using the
latissimus dorsi muscle (LDM) have been reported in 28
patients [6, 7].

The effects of intra-aortic balloon volume and place-
ment have been extensively investigated, but the effects
of various muscle wrap techniques have not been com-
pared. Just as balloon size and position influence the
effectiveness of the IABP, the technique used to wrap
skeletal muscle around the aorta may influence the ef-
fectiveness of aortomyoplasty. Factors influencing the
potential of a particular wrap technique include the



Aortomyoplasty wrap geometry

- 168 -

length of the wrapped aortic segment, the diameter of
the aorta, the fiber-orientation of the muscle, and the
portion of the muscle with the best blood supply. An
ideal wrap technique would balance the factors affecting
diastolic counterpulsation to maximize the ameliorative
potential of aortomyoplasty.

Two techniques for wrapping the descending thoracic
aorta are reported in the literature. In one technique, the
latissimus dorsi muscle (LDM) is wrapped en bloc
around the aorta and secured to itself [3-5, 10, 13, 23,
25, 30]. In the second technique, a 4–5 cm wide strip of
the lateral portion of LDM is isolated and wrapped as a
helical coil around the descending thoracic aorta [2, 14,
20, 21]. These two wrap techniques have not been com-
pared using a consistent experimental protocol.

In this study, we compared three descending thoracic
aortomyoplasty techniques — the two previously re-
ported wrap techniques and a new technique designed to
maximize the cardiovascular effects of counterpulsation.
In mongrel dogs, we performed acute aortomyoplasty
and recorded indices of diastolic counterpulsation to
compare the effectiveness of the three wrap techniques.
Results suggest wrap technique can significantly influ-
ence the effectiveness of diastolic counterpulsation, and
that the new wrap technique proved most effective
among the three wraps tested.

Methods

In mongrel dogs (n = 12, 20–25 kg), three muscle
wrap techniques were investigated. The animals re-
ceived humane care as outlined in the Principles of
Laboratory Animal Care formulated by the National
Society for Medical Research and the Guide for the
Care and Use of Laboratory Animals prepared by the
National Academy of Sciences and published by the
National Institute of Health (NIH publication 85-23, re-
vised 1985).

Each dog was anesthetized with pentobarbital sodium
(25 mg/kg) and intubated. Limb-lead ECG was moni-
tored. The left LDM was isolated leaving the neurovas-
cular pedicle intact. Pacing electrodes (TPW20, Ethi-
con, Somerville, NJ) were positioned intramuscularly in
the region of the thoracodorsal nerve. The muscle was
divided longitudinally along the anatomical boundaries
of the lateral and oblique portions [8, 28]. A left thora-
cotomy was performed at the fifth intercostal space. The
muscle was transposed into the chest through the bed of
the third rib. The intercostal arteries of the descending
thoracic aorta were ligated so LDM could be wrapped
around the proximal descending thoracic aorta.

Solid state pressure transducers (MPC-500, Millar,
Inc. Houston, TX) were positioned in the left ventricle
(through the apex), and in the ascending aorta (via the
left carotid artery), to measure left ventricular (LVP)
and aortic pressures (AP), respectively (Figure 1). The
left anterior descending (LAD) coronary artery and the

aorta distal to the muscle wrap were instrumented with
Doppler ultrasonic flow probes (Transonic, Inc., Ithaca,
NY). In eight dogs, an additional aortic flow probe was
positioned on the aorta proximal to the muscle wrap
(immediately distal to the left subclavian artery). For
these eight subjects, flow probes where thus positioned
both proximal and distal to the wrapped aortic segment
— facilitating calculation of the blood volume ejected
from the wrapped aortic segment.

The three wrap configurations investigated in this
study were termed 1) helical coil, 2) wringer, and 3) cir-
cumferential (Figure 2). The helical coil consisted of the
lateral portion of the split LDM wrapped clockwise
around the descending aorta — covering the aorta from
the subclavian artery for approximately 8 cm (Figure
2a). The wringer wrap consisted of the oblique-
transverse portion of the LDM wrapped clockwise
around the superior portion of the descending thoracic
aorta, coupled to the lateral portion of LDM, which was
wrapped in a counterclockwise direction distal to the
oblique-transverse portion (Figure 2b). The circumfe r-
ential wrap used the entire width of LDM (both the lat-
eral and oblique-transverse portions adjacent to one an-
other) wrapped clockwise around the aorta (Figure 2c).
The three wraps were evaluated in a rotating order so
that each wrap was done first, second, or third, on each

Figure 1. Full instrumentation study.

Figure 2. Three muscle wrap types: a) helical coil; b)
wringer; c) circumferential.
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dog, with an equal number of times among the 12 dogs.
For each wrap, the LDM was stimulated with a pulse

train to initiate contraction at the dicrotic notch. Stimu-
lus train duration was set based on heart rate, such that
the muscle relaxed just prior to the opening of the aortic
valve in the ensuing systole. Intra-train stimulus fre-
quency was 50 Hz and pulse width was 210 µs.

Muscles were stimulated in alternate diastoles (1:2
mode) for this investigation. A physiologic recorder
(Gould Inc. Cleveland, OH) detected the R-wave, and a
computer-controlled stimulator developed in our labo-
ratory [8] triggered a second, electrically-isolated
stimulator (S8800/SIU5, Grass Instruments, Quincy,
MA) in 1:2 mode.

Data were digitally sampled (AT-MIO-64E, National In-
struments, Austin, TX) at 500 Hz and stored to hard disk.

Data analysis

Stimulated and unstimulated beats were identified and
analyzed for each muscle wrap. Mean diastolic aortic
pressure (MDAP) was calculated as the mean aortic
pressure during the time when aortic pressure exceeded
left-ventricular pressure. Coronary minute-flow in the
left-anterior descending coronary artery was calculated
by multiplying the integral of coronary flow (over indi-
vidual cardiac cycles) by the heart rate. Endocardial vi-
ability ratio (EVR) was calculated as the diastolic pres-
sure-time integral (DPTI) divided by the left-ventricular
tension-time index (TTI). The difference between
proximal & distal aortic flows, the differential flow,
demonstrates total wrap ejection (during diastole) and
filling (during systole). The wrap stroke volume (WSV)
was calculated from the integral of differential flow.
Wrap output (WO) was then calculated as the WSV
multiplied by the number of muscle contractions per
minute (note that in 1:2 mode the number of muscle
contractions per minute equalled half of the heart rate).
Peak left-ventricular pressure (PLVP), peak +dP/dt, and
peak –dP/dt were calculated from measurements of left-
ventricular pressure. Left-ventricular end-diastolic pres-
sure (EDP) was defined as the left-ventricular pressure
when dP/dt equalled 10 percent of peak +dP/dt. The
ventricular relaxation constant (τ), was calculated via an
exponential fit of left-ventricular pressure as a function
of time (peak –dP/dt to 5 mm Hg above EDP).

Data are presented as mean ± standard error of the
mean for stimulated and unstimulated cycles. Repeated
measures analysis of variance (ANOVA) was used to
find significant differences between stimulated and un-
stimulated cycles, and wrap types. When significant dif-
ferences were found (p < 0.05), a Student-Newman-
Keuls test was used for multiple comparisons.

Results

Sample data (recorded during aortic counterpulsation
in 1:2 mode) are shown in Figure 3. The top panel

shows left-ventricular and aortic pressures, together
with the ECG (the closely spaced spikes on the ECG are
from the electrical pulses stimulating the assisting mu s-
cle). In the sample data, MDAP increased by about
10 mm Hg during muscle stimulation and peak left-
ventricular pressure (PLVP) was reduced in the cardiac
systole following muscle contraction. The middle panel
shows aortic blood flow proximal and distal to the mu s-
cle wrapped region. During muscle stimulation, proxi-
mal flow became more negative (flow was directed
cephalad) and distal flow became more positive (flow
was directed caudad), when compared to unstimulated
cycles. The bottom panel shows the difference between
the proximal and distal aortic flows. In this differential
flow trace, positive flow represents wrap ejection and
negative flow represents wrap filling. During muscle
contraction, there was a net outflow from the wrapped
segment; during muscle relaxation, there was a net in -
flow.

In general, each wrap technique successfully produced
diastolic counterpulsation. Stimulation of either the
wringer or circumferential wraps effected similar results
(with the wringer slightly superior while the helical coil
effected more modest results (Table 1). Compared to
baseline cardiac cycles, muscle stimulation resulted in
significant increases in MDAP and EVR — regardless
of wrap technique. Muscle stimulation increased MDAP
from 93.1±4.2 to 96.9±4.4 mm Hg using the helical coil
wrap, from 92.1±4.6 to 99.9±4.8 mm Hg using the

Figure 3. Sample hemodynamic data with aortomyo-
plasty in 1:2 counterpulsation mode. Top panel:
Left-ventricular (LVP) and aortic pressures
(AoP) with electrocardiogram (ECG). Middle
panel: Aortic blood flow proximal (Pflow) and
distal (Dflow) to the muscle wrapped region.
Bottom panel: Difference between proximal and
distal aortic flows. Positive flow represents wrap
filling and negative flow represents wrap filling.
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wringer wrap, and from 94±3.7 to 100.9±3.6 mm Hg
using the circumferential wrap. Stimulation increased
EVR from 1.27±0.06 to 1.37±0.06 using the helical coil
wrap, from 1.28±0.06 to 1.48±0.07 using the wringer
wrap, and from 1.21±0.06 to 1.38±0.07 using the cir-
cumferential wrap. The circumferential wrap effected a
significantly greater EVR than the helical coil, and the
wringer wrap effected a significantly greater EVR than
either the helical coil or circumferential wrap.

Counterpulsation increased coronary minute-flow
(CQ) from 12.1±1.2 to 12.7±1.3 ml/min using the heli-
cal coil wrap, from 12.2±1.7 to 14.1±1.9 ml/min using
the wringer wrap, and from 12.2±1.4 to 13.6±1.5
ml/min using the circumferential wrap. Compared to
baseline, the increase in CQ using either the wringer or
circumferential wrap was statistically significant.

The helical coil wrap ejected the least volume (WSV),
the wringer ejected the greatest volume, and the circum-
ferential wrap ejected an intermediate volume. With 1:2
mode stimulation, the wrap output (WO) for the helical
coil, wringer, and circumferential wraps were 101±31,
179±63, and 153±54 ml/min, respectively. The volume
ejected by the wringer or circumferential wrap was sig-
nificantly greater than the volume ejected by the helical
coil wrap.

Compared to baseline, EDP was significantly lower
following muscle stimulation — from 7.4±1.0 to
6.5±1.0 mm Hg following stimulation of the helical
coil, from 6.8±0.7 to 6.2±0.7 mm Hg following stimu-
lation of the wringer wrap, and from 8.5±1.0 to 7.6±1.1
mm Hg following stimulation of the adjacent wrap. The
PLVP was reduced slightly by counterpulsation — with
no difference among wrap techniques. The +dP/dt was
significantly greater in all three wraps when compared
to baseline. However, there were no differences among
the three wraps. The -dP/dt and τ were unaffected by
aortic counterpulsation.

Discussion

The success of counterpulsation by aortomyoplasty is
related to how effectively muscle contraction decreases
aortic cross sectional area and ejects blood from the
wrapped aortic segment. The amount of blood ejected
from the wrapped aortic segment is influenced by both
aortic and muscle factors. Factors relating to the aorta
include the inside and outside vessel diameter, the
length of the wrapped aortic segment, and aortic com-
pliance. Factors relating to the muscle include the force
and speed of contraction, as well as muscle power-
generating ability. These muscle factors are influenced
by the anatomic region of the muscle flap being used. In

Table 1. Hemodynamic data for the three muscle wraps. Muscle was stimulated during diastole in a 1:2 muscle-to-cardiac
ratio. Stimulated beats are compared to unstimulated baseline beats for each wrap. MDAP = mean diastolic aortic
pressure; CQ = coronary blood flow; EVR = endocardial viability ratio; WSV = wrap stroke volume; WO = wrap
blood output; PLVP = peak left-ventricular pressure; EDP = end-diastolic pressure; +dP/dt = maximum positive
change in ventricular pressure; -dP/dt = maximum negative change in ventricular pressure; Tau (τ) = constant of iso-
volumic pressure relaxation, was calculated as the negative reciprocal of the slope of the plot of the natural logarithm
of left ventricular pressure versus time from maximum negative dP/dt (maximum rate of decrease of left ventricular
pressure) to 5 mm Hg above the left ventricular end-diastolic pressure. Data were compared using repeated measures
ANOVA. *p < 0.05 compared to baseline; † p < 0.05 compared to helical coil wrap; ‡ compared to circumferential
wrap.

Wrap Type MDAP   CQ EVR WSV WO
 (mm Hg)   (ml/min)  (ml) (ml/min, 1:2)

helical coil baseline 93.1 ± 4.2 12.1 ± 1.2 1.27 ± 0.06 — —
stimulated 96.9 ± 4.4* 12.7 ± 1.3 1.37 ± 0.06* 1.5 ± 0.4 101 ± 31

wringer baseline 92.1 ± 4.6 12.2 ± 1.7 1.28 ± 0.06 — —
stimulated 99.9 ± 4.8* 14.1 ± 1.9* 1.48 ± 0.07*†‡ 3.3 ± 0.8† 179 ± 63†

circumferential baseline 94 ± 3.7 12.2 ± 1.4 1.21 ± 0.06 — —
stimulated 100.9 ± 3.6* 13.6 ± 1.5* 1.38 ± 0.07* 2.9 ± 0.7† 153 ± 54†

Wrap Type PLVP EDP +dP/dt -dP/dt    tau
(mm Hg) (mm Hg) (mm Hg/s) (mm Hg/s)     (ms)

helical coil baseline 107.5 ± 4.5 7.4 ± 1 2263 ± 215 -2889 ± 281 35.5 ± 2.8
stimulated 106.6 ± 4.4 6.5 ± 1* 2081 ± 192* -2835 ± 272 35.4 ± 2.8

wringer baseline 107.9 ± 4.7 6.8 ± 0.7 2067 ± 137 -2805 ± 260 35.2 ± 3.2
stimulated 107.7 ± 4.5 6.2 ± 0.7* 1929 ± 142 -2813 ± 270 35.8 ± 3.4

circumferential baseline 110.0 ± 3.7 8.5 ± 1 2120 ± 161 -2942 ± 223 36.6 ± 2.9
stimulated 108.8 ± 3.9 7.6 ± 1.1* 1961 ± 137* -2853 ± 207 36.3 ± 2.9
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turn, all of these aortic and muscle variables are interde-
pendent, based on the geometric relationship between
the linearly contracting skeletal muscle and the cylindri-
cal aorta.

A large aortic diameter together with greatest possible
muscle-to-aorta coverage will maximize the effects of
muscle contraction during aortomyoplasty. A method of
maximizing the volume of the wrapped aortic segment
involves placing a pericardial patch to enlarge aortic di-
ameter [4, 5]. Aortic compliance varies minimally from
subject to subject, though decreases in compliance are
seen in the diseased aorta. The speed, force, and power-
generating ability of the muscle are known to diminish
following conversion of the muscle to fatigue resistance
[24], though researchers are considering methods of
manipulating skeletal muscle adaptation [1, 12, 16]o r
improving its performance through advanced methods
of activation [19, 26, 27, 29]. Furthermore, it is unclear
whether diminished muscle force following chronic
electrical stimulation decreases the effectiveness of
aortomyoplasty [9].

This study varied muscle wrap geometry as a means to
optimize the hemodynamic benefits of aortomyoplasty.
To displace blood from the wrapped aortic segment, the
force of a linearly contracting muscle must be translated
into a decrease in volume of the cylindrical aorta. Since
volume changes in a cylinder are related to the square of
the changes in radius, it is more efficient to decrease the
volume of a cylinder by decreasing its cross-sectional
area (as opposed to decreasing its length). A wrap ge-
ometry that maximizes the circumferential component
of the muscle force vector should provide the greatest
decrease in aortic volume. In the helical coil, muscle
fibers are oriented at an angle. This could be one reason
why the helical coil wrap was not as efficient in effect -
ing counterpulsation. The circumferential and wringer
wraps have force vectors more closely aligned with the
short axis of the aorta.

Regional perfusion of the assisting LDM also influ-
ences the efficacy of counterpulsation via aortomy o-
plasty. During isolation, the distal region of LDM suf-
fers ischemia and contractile dysfunction [11, 16-
18]Following a vascular delay, the muscle partially re-
covers [16-18]. Since the helical coil wrap makes use of
the distal muscle region to cover the aorta, a potential
reason for the ineffectiveness of the helical coil wrap in
this study is distal muscle ischemia. The circumferential
and wringer wraps do not rely as much on the distal is-
chemic region.

The proximal portion of healthy and well-perfused
muscle not directly wrapped around the aorta might also
affect wrap function. For the helical coil and circumfer-
ential muscle wraps, the well-perfused proximal por-
tions cannot contribute to wrap ejection because con-
traction of the proximal muscle region displaces the

aorta laterally but does not decrease the aortic cross
sectional area. For the wringer wrap, the muscle
wrapped clockwise and counterclockwise fashion forms
a loop around the aorta — pulling the ends of this loop
produces a garrote-like effect to augment ejection.

Two muscle wrap techniques have been reported in
aortomyoplasty of the descending thoracic aorta —
helical coil and adjacent. Successful counterpulsation
using each muscle wrap has been reported following
chronic muscle stimulation, however, a comparison of
these two wrap techniques has not been made.

The potential advantages of aortomyoplasty as a cir-
culatory support technique include the use of the most
proximal muscle portion for the basis of the wrap. The
thoracodorsal artery is the basis for the blood supply to
this muscular flap. The more proximal muscle used, the
less likelihood of distal muscle fibrosis effecting the
performance of the wrap. The procedure can be per-
formed entirely through a left thoracotomy without need
for additional incisions. Muscle training may begin
within days of the procedure, as opposed to weeks for
cardiomyoplasty, thus enabling the procedure to give
the patient early benefit during training. Finally, there
will be no early impairment of cardiac function because
the muscle is wrapped around the aorta as opposed to
around the heart. Contraindications to aortomyoplasty
are severely calcified or atherosclerotic aorta, aortic
valvular insufficiency, or severe heart failure (NYHA
Class IV), in which a more aggressive treatment (such
as the left-ventricular assist device) is required.

We have shown that muscle wrap geometry influences
counterpulsation with aortomyoplasty. A critical factor
in determining wrap performance is the volume of blood
a given wrap can eject. Compared to the two wrap tech-
niques used clinically (circumferential and helical coil)
the new wringer technique provides modest advantages.
Additionally, the helical coil wrap proved the poorest,
and should not be chosen over the circumferential or
wringer. This information should be considered when
applying aortomyoplasty to patients.

This study is limited because it utilized an acutely
isolated, unconditioned skeletal muscle. The acutely
isolated muscle suffers greater ischemia because it has
not had the vascular delay period. Lack of a vascular
delay may have had greater impact on the helical coil
wrap, which uses more of the distal muscle region than
the circumferential and wringer wraps. This acute study
may have been further limited because the muscle was
not adhered to the aorta (as will occur chronically).
Since there were no adhesions between the aorta and
LDM in this acute study, afterload reduction — partly
attributable to the opening of the aortic lumen by elastic
recoil of the adhered skeletal muscle — was likely re-
duced. Since the LDM was not conditioned for this
study, it had greater strength and speed than a chroni-
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cally stimulated muscle. However, preliminary results
from our laboratory suggest that muscle conditioning
may have only minor affects on aortomyoplasty [9]. We
believe that factors such as distal muscle ischemia and
muscle-to-aortic adhesions are more dominant than the
absolute strength of the LDM. An important question
for future work is whether the wringer wrap, which re-
quires splitting of the LDM has any deleterious effects
on the muscle. Acute pilot studies accomplished by our
laboratory (unpublished), in which the contractile per-
formance of the canine LDM was measured before and
after dividing the muscle for the wringer wrap, suggest
there is no diminution in muscle performance following
the division.
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