Skeletal Muscle Ventricles in Pulmonary
Circulation and Myoventriculoplasty of the Right
Ventricle
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Fig.1. Schema of mock circulation of skeletal
muscle ventricle.
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Fig. 2a. Schema of transection of special latex
pouch equiped with inflow and outflow valved
conduit. The coil is attached to the center of
the pouch to keep it inflated.
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Fig. 2b. Photograph of latex pouch. Priming
volume is 120ml. The latissimus dorsi muscle
is wrapped around the pouch.

RV, right ventricle ; SMV, skeletal muscle ventricle: SMVA, skeletal muscle ventricular
assistance ; SVC, superior vena cave; Thoracodorsal A. V. N, Thoracodorsal artery,
vein, nerve; VVI, ventricular pacing, ventricular sensing, and inhibition (mode of

pacemaker)
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Fig.3. Method of long-term electrical stimu-
lation of latissimus dorsi muscle.
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Fig. 4. ‘Skeletal muscle ventricle in pulmonary
circulation. The inflow and outflow conduit
of the skeletal muscle ventricle is connected
to main pulmonary artery and both vena
cave. These skeletal muscle ventricles are
stimulated at a frequency of 20Hz for 200
msec at fixed rate of 90/min. A, artery; V,
vein ; N, nerve.
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The operative procedures to produce right ventricular bypass (RVB) and

The hemodynamic changes with or without

skeletal muscele ventricle assistance are evaluated in four conditions. Without
caval occulusion (condition I), superior vena caval partial RVB (condition II),
inferior vena caval partial RVB (condition III), and total RVB (condition IV).
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Fig. 6. Skeletal muscle ventricle in pulmonary
circulation. The inflow and outflow conduit
of the skeletal muscle ventricle is connected
to main pulmonary artery and right atrium.

1) fE#k MR E

ALEEHHMBEGE LB L, ESH0 6 258 &
DI ERIE%ITo7. 6 —127 BRRL B 3k
USRS DAL 3E % I E U LLBRARET L 7

2) FEMFERRE

. BYIA QML | MITBIRED RERE, BB SH
B (27 R) 2T-> 1 ELEES 8 L U HOR & %
ToTORVELRYEHD 1 5+ 2BRRL, £EAE
A THH LB » Iz » B0 a8BH CRYO-M-BED
(Bright #, XE) dic & LHEERIC TEEL 7.

i RE BREREOB M ESEN L L
myosin adenosine triphosphatase (I F myosin
ATPase) REEBMERE PH4.3) BLTT7 LS Ui
Bt (pH 10.7) TITo7.

4. BELEHC X 252 HHEEE (M7ab)

SHENR L LEELEHH LA TEED S he
BEZITV, BRHBEMZ 2BRGAIGEC L 25
LREBIRIR 2 RET L 72 .

1) BEBRGROER

B rABCELEHrEEL, S5 Rng ¢
H 5 FEE IR LA O S4B T B IR 8 2 18 TR 2Ry
BEL 7z, M%0 L % 4 LA LW & LT IR~
Lic. 25 58Cci+aoEMnBEentinosro
TR EEEIF & L TS HE R IR L TR 21T -
7z.

2) BEHHERR

BB & FIRR I IRE 2 1T, WRIBEMIC COM% B d
Lie. REIRRES, LTABRICA=2—L—vay
%, NEAALOHER BT, BEEAERSZSE
ABREMIT L. AT SRBERA, MG
BERBINY Yk~ r = b~ 1000ml &4k 5
BRA L 7o #78E 500m] £ Vs Ao KBIARENT L OSR
BREA LD OB 2B 8, EEEBEL AR
HE» o MBEECES s T2BYURLE:. LYEH
BF e EEEBERRT 2L Y27 L
®, 30 oY R TYIREICESEZSL 7. BR
BRI OETSALCEDRMICEITIZR 2 & 5,
EREORESORER, TRLELSICEN, &
WEhTh lom 2HALKRES L L. ZLHEDY,
FHIBREFELZRAABAL 2L 27, KEIRE
BTERBA T DM SBEB L 72 WL S X BHE
FREBIRE Z N ENRER, L REBIRCEAYS L
7z, BRHFCEIVEORMEEYEEL, 2160
Bileryr7AEBREE L. BREOMIE,
HoOM2KwL 1IEOEEE L, R F I B,
HLABROER 4 RMmE L.



106
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#e

Latissimus dorsi flap

Fig. 7a. Myoventriculoplasty of right ventricular free wall. A and B, Right
ventricular free wall is resected under the cardiopulmonary bypass. C, The
right ventricular free wall is reconstructed with the full-thickness myogrft.
Myoventriculograft is synchronously
thoracodorsal artey and vein.

vantricle ; AVN, artery, vein and nerve.

stimulated.

Thoracodorsal A. V.,

Fig. 7b. Photograph of myoventriculoplasty. MG, myoventriculograft; LV, left
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Fig. 9. Isovolumetric pouch pressure against
prelood for skeletal muscle ventricles during
electrical stimulation (four pulses in each
trains). Values are mean+S.D. (n=6).

“Stimulation pattern” showed the waveforms of skeletal muscle
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Fig.10. Flow produced versus preload and
afterload of skeletal muscle ventricles during
electrical stimulation (four pulses in each
trains and 90 trains/ min.). Values are mean
+SD. (n=6). *, p<0.01 by student t-test.
S ®, afteload are 30 mmHg; & m|,
afterload are 40 mmHg.
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Fig. 12. Changes in aortic pressure, in mmHg,
with and without skeletal muscle ventricular
assistance. The dashed lines indicate the
changes of aortic systolic pressure (upper) and
diastolic pressure (lower) in each four con-
ditions. SVC, superior vena cave:; IVC,
inferior vena cava; (I), conditionI; (II),
condition II; (Ill), condition IIl; (IV), condition
IV; on, skeletal muscle ventricular assistance
(SMVA) on; off, SMVA off; *, p<0.05 versus
SMVA off; **, p<0.01 versus SMVA off by
2-way ANOVA followed by Dunnett’s multiple
comparison. ++, p<0.01 versus control by
2-way ANOVA followed by Scheffé’s multiple
comparison. Values are mean+S.D. (N=11).
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Fig. 13. Changes in aortic blood flow, in 1/min,
with and without skeletal muscle ventricular
assistance. The dashed lines indicate the
changes of aortic blood flow in each four
conditions.  **, p<0.01 versus SMVA off by
2-way ANOVA followed by Dunnett’s multiple
comparison ++, p<0.01 versus control by
2-way ANOVA followed by Scheffe’s multiple
comparison. Values are mean+S.D. (N=11).
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Fig. 14. Changes in left atrial pressure, in
mmHg, with and without skeletal muscle
ventricular assistance. The dashed lines
indicate the changes of left atrial pressure in
each four conditions. *, p<0.05 versus SMV A
off; **, p<0.01 versus SMVA off by 2-way
ANOVA followed by Dunnett’s multiple
comparison, ++, p<0.01 versus control by
2-way ANOVA followed by Scheffé’s multiple
comparison, Value are mean+S.D. (N=11).
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Fig.15. Changes in pulmonary artery pressure,
in mmHg, with and without skeletal muscle
ventricular assistance. The dashed lines
indicate the changes of pulmonary arterial
systolic pressure (upper) and diastolic pressure
"(lower) in each four conditions. *, p<0.05
versus SMVA off; **, p<0.01 versus SMVA
off by 2-way ANOVA followed by Dunnett’s
multiple comparison. +, p<0.05 versus
control : ++, p<0.01 versus control by 2-way
ANOVA followed by Scheffé’s multiple
comparison. Values are mean+=S.D. (N=11).
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Fig. 16. Changes in pouch end-diastolic pressure,
in mmHg, with and without skeletal muscle
venricular assistance. The dashed lines
indicate the changes of pounch end-diastolic
pressure, in each four conditions. *, p<0.05
versus SMVA off; **, p<0.01 versus SMVA
off 2-way ANOVA followed by Dunnett’s
multiple comparison. 4+, p<0.05 versus
control; ++, p<0.01 versus control by 2-way
ANOVA followed by Scheffé’s muitiple
comparison. Value are mean=S.D. (N=11).
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Fig. 17. Relation between pouch end-diastolic
pressure, in mmHg, and the rate of assistant
flow, in ml/min, generated by skeletal muscle
ventricles. Skeletal muscle ventricles are
stimulated at fout pulses in each trains and a
fixed rate of 90 trains/min.
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Fig.18. Changes in aortic pressure, in mmHg,
with and without skeletal muscle ventricular
assistance. The dashed lines indicate the
changes of aortic systolic pressure (upper) and
diastolic pressure (lower) in each conditions.
(I), condition I; (II), condition II; **,
p<0.01 versus SMVA off by 2-way ANOVA
followed by Dunnett’s multiple comparison.
++, p<0.01 versus control by 2-way ANOVA
followed by Scheffé’s multiple comparison.
Values are mean=+S.D. (N =14).
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Fig.19. Changes in aortic blood flow, in 1/min,
with and without skeletal muscle ventricular
assistance. The dashed lines indicate the
changes of aortic blood flow in each con-
ditions. *, p<0.05 versus SMVA off; **,
p<0.01 versus SMVA off by 2-way ANOVA
followed by Dunnett’s multiple comparison.
++, p<0.01 versus control by 2-way ANOVA
followed by Scheffé's multiple comparison.
Values are mean+S.D. (N=14).
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et 2 1 BERHE (type [slow twitch fiber) 231& &
ArBDoNFIHEBH TCED SR T8, 18HER
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MR X 0 RS L D I RFRE~ORE G
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Fig. 20. Changes in left atrial presure, in mmHg,
with and without skeletal muscle ventricular
assistance. The dashed lines indicate the
changes of left atrial pressure in each con-
ditions. *, p<0.05 versus SMVA off; **,
p<0.01 versus SMVA off by 2-way ANOVA
followed by Dunnett’s multiple comparison.
++, p<0.01 versus control by 2-way ANOVA
followed by Scheffé’s multiple comparison.
Values are mean+S.D. (N=14).
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Fig. 21. Changes in pulmonary artery pressure,
in mmHg, with and without skeletal muscle
ventricular assistance. =~ The dashed lines
indicate the changes of pulmonary arterial
systolic pressure (upper) and diastolic pressure
(lower) in each conditions. *, p<0.05 versus
SMVA off; **, p<0.01 varsus SMVA off by
2-way ANOVA followed by Dunnett’s multiple
comparison. ++, p<0.01 versus control by
2-way ANOVA followed by Scheffé’s multiple
comparison. Values are mean*S.D. (N=14).
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Fig. 22. Changes in central venous pressue, in
mmHg, with and without skeletal muscle
ventricular assistance. The dashed lines
indicate the changes of central venous
pressure in each conditions. **, p<0.01
versus SMVA off by 2-way ANOVA followed
by Dunnett’s multiple comparison. + 4+,
p<0.01 versus control by 2-way ANOVA
followed by Scheffé’s multiple comparison.
Values are mean+S.D. (N=14).

L L BEBOIEA & AL BEIZIR 2 8E Lic. 19664
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Fig. 23. Relation between central venous

pressure, in mmHg, and the rate of assistant
flow, in ml/min, generated by skeletal muscle
ventricles. Skeletal muscle ventricles stimu-
lated at four pulses in each trains and a fixed
rate of 90 trains/min.

(ml/min/100g)
100 *
\
50

L

Pre-pacing Post-pacing

Fig. 24. Skeletal muscle blood flow, in ml/min/
100g, before and after long-term electrical
stimulation. Values are mean+S.D. (N=10).
*, p<0.01 by Student t-test.
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BB 12 & 5 Intra-aortic baloon pumping™®,
Extra-aortic baloon pumping™® & 7z = LR 8 — T
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3, BRBHL DLEOEO—HEER, KT 00
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augmentation method 2 THi{ER 1T /2 S THEx
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Fig. 25. (upper); ATPase stain with acid (pH =4.3) preincubation of unstimulated

latissimus dorsi muscle.

Slow-twitch, type Ifiber stains dark.

(bottom) ;

ATPase stain with acid preincubation of latissimus dorsi muscle stimulated

100/ min for a year.
slow-twitch, type I fibers.

Note that the muscle has converted completely to
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Fig. 26. Electrical and mechanical events of
myoventriculoplasty during sinus rhythm and
synchronous pacing of myograft. Representa-
tive illustrative tracings of the electrocardio-
gram (ECG), aortic pressure (AoP), pulmonary
artery pressure (PAP), left atrial pressure
(LAP), central venous pressure (CVP), and
myograft strain gauge. Heavy vertical lines
indicate the onset of R wave in ECG. The
positive strain gauge deflections (large*) are
noted in contrast to without pacing (small*),
and augmentation of the pulmonary artery
pressure (large*) during synchronous myograft
pacing. +, strain gauge is shortening. —,
strain gauge is stretching.
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Fig. 27. Changes in aortic pressure and pulmonary artery pressure, in mmHg,
with and without myograft stimulation. AoP, aortic pressure; PAP, pulmonary
artery pressure ; *, p<0.01 by Student t-test. Values are mean+S.D. (n=9).
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Fig. 28. Changes in left atrial pressure, in mmHg, and aortic blood flow, 1/min,
with and without myograft stimulation. LAP, left atrial pressure ; AoF, aortic
flow ; *, p<0.01 by Student t-test. Values are mean+S.D. (n=9).
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Abstract

We studied the feasibility of assisting the right ventricular function with long-term
electrically stimulated skeletal muscle graft in forty dogs. In six dogs, latissimus dorsi
myograft was wrapped around a latex pouch equiped with inflow and outflow valved
conduits (skeletal muscle ventricles; SMVs) and electrically stimulated, varying the pulse
number and frequency. A train of four pulses was found to be more effective than 2 or 3
pulses and was able to generate maximum flows in mock circulation. In twenty five dogs,
the latissimus dorsi muscles were electrically stimulated. Six or 10 months later, right
thoracotomy was performed and then the SMVs were connected to the pulmonary
circulation. These SMVs were stimulated at a frequency of 20Hz for 200msec at a fixed
rate of 90/min, and the hemodynamic changes with or without skletal muscle ventricle
assistance (SMVA) were measured. All animals showed circulation failure after right
ventricular bypass without SMVA. However, the SMVA significantly (p<0.0l) increased
aortic blood flow, left atrial pressure, pulmonary artery pressure and aortic pressure. There
was a linear correlation between pouch enddiastolic pressure and the rate of assist flow of
SMVs. Each of these animals exhibited stable hemodynamic function. In nine dogs, the
right ventricular free wall was resected and reconstructed with a full-thickness myograft
during cardiopulmonary bypass. Synchronous stimulation produced vigorous contraction
of the right ventricular myoventriculoplasty during cardiac systole. Mpyorafts that were
stimulated electrically for several months showed an incvease in tissue blood flow
(mean=63%). Histological studies showed that the conditioned muscles had a higher
percentage of slow-twitch fibers. These results suggested that long-term electrical
conditioning of the skeletal muscle ventricle results in fatigue resistant characteristics and
could substitute for the workload of the right ventricle. Also it might be possible to use
skeletal muscle in humans to provide support in heart disease.



