. HOKKAIDO UNIVERSITY

Mechanical Effects of Pumping of Left Ventricular Assist Device on the Left Ventricular and

Title Myocardial Function
Author (s) Nakamura, Takao; FAF, 23k
Degree Grantor biEEKE
Degree Name BL(I%)

Dissertation Number ZE4142

Issue Date 1992-06-30
DOI https://doi.org/10.11501/3089297
Doc URL https://hdl. handle.net/2115/49820
Type doctoral thesis
File Information 000000251730. pdf

kaid,
P U"/Le

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




v

feio) yepoy

c

€

i *"rmb‘

T
57::

anig

<)
4]
e
o
S
®
®

N

b—-
—
—
—
Lo~

sauou|

|

Tt

= s eras e ese W

-

- S mim— - e

A B
V &adN & Les W W awdBd

T e i

e
-~ ;
-—— o




MECHANICAL EFFECTS OF PUMPING OF LEFT VENTRICULAR ASSIST DEVICE

ON THE LEFT VENTRICULAR AND MYOCARDIAL FUNCTION

TAKAO NAKAMURA

June, 1992




CONTENTS

CHAPTER I INTRODUCTION «eeeeneases §EHIe S bk e ke e e el e elaly

101 INYITmD()CI‘ION llllllll ® & & ¢ & & 0 & 0 & 0 e & 4 ¢ 4 0 0 o e o 0

1-2HJRH)SEOFT}IISS’I‘[JDY 9 0 & ¢ 6 0 06 2 4 9 0 0 0 0 8 0 0 8 O B Ve B 0

CHAPTER II LEFT VENTRICULAR ASSIST DEVICE ......

2.1 CIRCULATORY ASSIST AND BLOOD PUMP .vevessse

4‘1 IN’Ith}CI‘ION ...... ® & & 06 0 0 & 0 & 0 & o ¢ 6 & 0 0 a o e ¢ o & @

4.38ENSOI{DESIW € 6 4 6 0 0 0 0 0 0 0 0 ® 0 @ & 6 ¢ ¢ 0 0 0 0 0 & 0 0 0 0

4.4RESOL[H‘ION ® 8 8 & ¢ 0 0 ¢ 6 0 0 4 2 8 S 0 P 60 00 08 e 0 0 ¢ 8 e 0 8 0

4.5 IN VIVO PERFORMANCE TEST +eeveosocossisae

4.6DISC[JSSION ® 6 ¢ 0 0 6 0 0 9 c 0 B0 S0 O 00 00 G0 0O S G e OB O

REF‘ERENCES @ 0 6 6 8 4 ¢ 2 0 0 6 ¢ 8 8 0 00000006 006G SO SO

CONTENTS

o e

3+ 1 INTRODUCTEONTET5 008 K ve 5 s b i s il s e % ki s

4.2 SYSmDESIGN ........ ® & & ¢ @ 0 0 8 0 0 & 0 8 B8 B 0 0 e o 0 & 0 0

¢ 0 0

oooooo

CHAPTER III ANALYSIS OF LEFT VENTRICULAR MECHANICS ....

CHAPTER IV EIGHT-CHANNEL ULTRASONIC DISPLACEMENT METER .

4‘7 SUmARY ® 0 4 0 0 8 8 0 0 0 0 0 0 s 0 0 @ & 0 4 6 0 0 0 0 0 06 86 0 8 & 0 & 0 0 80 6 8 s 0 0B O

oooooooo

ooooooooooo

9 6 0 ¢ 0 0 0 ¢ 0 & 5 0 0

e & 9 & 0 & 5 0 8 9 0

10

12

15

15

18

21

23

23

25

28

30

33

36

38

39




CHAPTER V EFFECT OF DRIVE MODE 6.4 DISCUSSION ‘ecuevavnanan A b ceesesaenne P CHERENENS S SRR ¢
OF LEFT VENTRICULAR ASSIST DEVICE vvvevvnnnnns e 6.5 SUMMARY «vvvveonnnns A T S 1 DO e 95
5 . 1 INTImDUCWPION ® 6 0 0 00 0 00 0 B8 00 6888608868064 0088004008060866068880 43 REFERENCES ooooooooooo € ¢ 6 & 8 6 0 0 5 & 0 0 E 0 0 0 6P SO S E S 6 PGS eSS C OO 8 s b 96

OZPM{OD ......... @ 8 & 6 0 ¢ 0 0 0 0 8 0 2 B G O 8 B ® 0 0 2 &6 8 0 0 & 0 8 8 0 0 4 6 & 2 0 8 0 o 44

9]

5.2.1 Experimental protocol ........ TRV okt 8, o) L DL P . 44 CHAPTER VII EFFECT OF LONG-TERM APPLICATION

0.2.2 Data analysisS ..eoeeeo. AN R g | R Py A ATy e bk sa 49 OF LEFT VENTRICULAR ASSIST DEVICE

5.3.1Hem0dyr)a_ﬂli08ffect‘ ........... PR e S E R e e 51 7.1 IN'I‘RODUC'I‘ION e ¢ 6 0 0 0 @ € ¢ 6 ¢ 0 0 8 ¢ 6 00 0 0 0 0 0 @ ® 6 00 6 6 0 0 0 0 8 8 ¢ e ¢ 0 000 0 0 98
5.3-2M80h8ni081 effect......‘.‘....‘.‘..............‘... 55 7.2MEIHOD ------- ¢ 86 0 0 0 0 A EEEEREER ®© ¢ 9 ¢ 6 0 0 & & 0 0 C O 0 ¢ 6 O O 8 8 6 8 O O S 6P WS 100

.3.3 Bulk mechanical work of the left ventricle ......... 57 7.2.1 Experimental procedure ........ R R 100

O

5.3.4 Regional mechanical work of the left ventricle ..... 60 7.2.2 Post-operative care and data acquisition ........... 103

B D TOCRIBETON o v st e v bae i m s d o b dun ik EETREERE S SRS 7.2.3 Data analysis ...oovvviieiiiiianns RRRER PR EERERE 105

(&]]

B0 BUMMARY o U ot b e i i SIS e A e s cee. 66 7.2.4 Histology «...ccovnvnn. REEERRRREE R AR RE oo 107

REFERENOHS =08, TR AT BT I W YA A, ol b SEERE 5 BT 7.3 RESULTS ....vvvvnnnn. R R EERERR ceeveeana. 108

7.3.1 Feasibility

'‘CHAPTER VI ACUTE EFFECT OF LEFT VENTRICULAR ASSIST DEVICE of the long-term ultrasonic measurements ........... 110
Hemodynamics «.ceeeeees R AT o e MR e e R e S 111

~1
w
Do

ON THE ISCHEMIC HEART «vovovuvn.. o FELt, 7 I S PO 69

Left ventricular dimension «........ S et s R ke o b e 116

~]
w
W

Gl INTRODUCTION s e dwld 855 v Y S R CES AR SRR 69

6.2 ME'I'HOD ---------------- e 0 0 00 0 6 0608 0600 0000 0 ¢ 008 00 0 0 0 ¢ o060 0 00 70 7.3.4 Bulkar)drEgiorlal mec}la'rllca'l work P U R R VS T L 119

(&7

6.2.1 Experimental protocol ..... s Wt SR le w4k cesees 10 7.3.5 Histological study «.....ccovvvinienn A I 2R vesess 123

6.2.2Dataa_rlalysls ................. AP FUAIS 7 e 50 SN Y 300 75 704DISCUSSION ooooooooooo ¢ 6 6006000000 0 € 6 0 0 00 5 800000 0060000 s e 127

S.BRESIJLTS S e S et PR M e A bt ek e b e Rwtate e e o 77 7.5SUMMARY ........ L L I I I I I I I I I I I I I O I I A A A B A B B A S S A B A ) 132

6.3.1 Hemodynamic efFECt +.sesesesnenenensnenes s R REFERENCES ..... AR N ARG 05, TR 00 kv 508

hed . Mechanionl effect IVl A iy Gl a P Ve Eu v an 84

6.3.2.1 Bulk mechanical work CHAPTER VIII EFFECT OF LONG-TERM APPLICATION
of the left ventricle ceocos Py Sok v, BB OF LEFT VENTRICULAR ASSIST DEVICE
6.3.2,2Regiomlmechmlicalwork ONmISC}MC}{EARPO.co-oQJoQQGQc. ooooo ¢ 6000 0080 ace 135

Of the leftventricle B AN e e S e o 89 801 INTT?,ODUCFION ® 6000060006000 0060068606060¢006060s06s060000006000s00008000 135

CONTENTS -3-

CONTENTS -2-




S 2o MBTHOD S s s e g R NP G R S e i B R e ARSI &
8.2.1 Experimental procedure «...ceeeceeees ASG NN AT P T « 137
8.2.2 Post-operative care ...... X ¢ SR SO e s Wy 140
8.2.3 Post-operative data acquisition ...... o n A b s 122
820 Dats Sl Yyel a0 L il v vty B LT IR [ g A P sty 144
8.2 .8 HistBlage Tl i PG g B R RS 2 P A LR 145

8.3 REJULIEE . . wcanis PR < U 1.7 o P RS e s . ‘ 146
8.3.1 Hemodynamics ..... . A e Ve R R e D s s 102

8.3.2 Left ventricular dimension ..

. ki e Al R « 105

8.3.3 Bulk and regional mechanical WOTK «.c.seeseeeeeesecses 158

8.3.4 Histological study ..cceeee. B TR o L s AT -5 A

8 . 4 DISC[}SSION ................. e & & & ¢ & 0 & 0 o e & 0 & 0 0 0 0 0 0 0 0 0 0 e 0 0 0 0 o 167

8.5 SUmARY ........... ® & & & & & 0 5 0 0 0 8 6 0 0 8 0o S 6 0 ¢ 0 0 ¢ 0 0 8 0 0 % 0 0 0 8 0 e o 0 173

AT TN AT R O M A S B ORI U U e B s e L7b

CHAPTER IX SUMMARY. v oo s isstamsivaes CaTS Gn Eabaa b tin hok wrwis s R e cve 178
ACKNOWLEDGMENT ..... e e e PR v B e e e AT R 182
APPENDIX 8 9 0 9 ® & 0 % 8 0 0 % 0 & 0 0 0 . L] L L] L] e o LI e 8 0 e 0 & 0 6 0 0 0 LN 184

A.1 Algorithm for calculation of 1loOp area ......eeceeee.. 184

A.2 Calculation of local myocardial wall tension «........ 186

CONTENTS

e

TO MY FAMILY

e e Y e R X P WSS T T A e G N e B e L




CHAPTER I

INTRODUCTION

1.1 INTRODUCTION

The heart is one of the most important organs in the body, although
it is a simple pump from the view point of engineering. Malfunction of
the heart, particularly ischemic heart disease, 1s fatal and the
mortality rate is extremely high.

To treat the ischemic heart disease, many internal medications have
been developed and introduced first such as digitalis and nitroglycerin.
Although this treatment is effective for the patients having minimal and
moderate infarction, many patients still cannot be salvaged by these
internal medicines. To these patients, several surgical methods called
circulatory assist techniques have been applied (1,2), which include
intra-aortic balloon pumping method (IABP) and veno-arterial bypass
technique (VAB). However, it has been pointed out from clinical
experiences that these mechanical support techniques are not still
powerful enough to rescue the patients with more profound heart failure.
To overcome the shortage of these methods, ventricular assist devices
(VADs) have been developed as one of the most powerful means for the
support of the damaged heart. The original concept of the VAD is to
bypass the severely damaged ventricle, aiming to keep the
systemic/pulmonary blood circulation under good condition as well as to
rest the damaged heart and increase the coronary flow for recovery.

Cardiac transplantation is another currently available surgical way




to help patients with severely damaged, un-recoverable hearts. By virtue
of the development of an immuno-control medicine (Cyclosporine-A), the
transplantation is now the most successful method for those patients.
However, there is a very important and serious problem with this method,
which is that the number of donor hearts is always extremely short from
the requirement and also donor hearts are not always available. For the
past several years, VAD has been used as a bridging mean to cardiac
transplantation to keep patients alive until their donor hearts become
avallable.

Total artificial heart (TAH) is an alternative way to keep patients
alive by substituting the damaged ventricles with two blood pumps.
However, the application is limited to unrecoverably damaged hearts
because the ventricles must be resected for the TAH application.

As mentioned above, VAD is applied in 2 ways:

(i) to rescue damaged but recoverable hearts, and

(1ii) to bridge to heart transplantation for un-recoverable hearts.
It was reported that by the 31st of December, 1988, 451 and 142 clinical
applications had been done in the categories of (i) and (XL )s
respectively (3,4).

Clinical application of VAD is expected to expand more with the
increased knowledge of its high potential. To use this powerful and
useful technique more effectively, basic studies of the effects of VAD
on the natural heart have been conducted extensively. Most of them,
however, were concerned with its hemodynamic effects in normal heart
models.

Very few studies have been conducted on the effects of VAD from the
stand point of cardiac mechanics, particularly on the mechanical effects

of VAD on ischemic and infarcted hearts. To clarify the function of the
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heart which is a mechanical pump, study on cardiac mechanics 1is
essential in addition to hemodynamic study. Therefore, effects of VAD on
the mechanical function of the natural heart, especially of the left
ventricle, is one of the most important subjects to be studied for more

effective use of this powerful means in clinical cases.




1.2 PURPOSE OF THIS STUDY

The main purpose of this study is to analyze bulk and regional
mechanical behavior of the left ventricle during pumping of the left
ventricular assist device (LVAD), which includes;

(i) development of a method for the evaluation of the effects of

cardiac assist on the left ventricular mechanics;

(ii) design of a suitable measurement system which can be used for

animal experiments;
(iii) selection of the most effective drive mode of LVAD;

(iv) study of the effects of LVAD on the bulk ventricular and local

myocardial behavior,

(v) study of the effects of LVAD pumping on the ischemic and normal

myocardium in the ischemic heart model;

(vi) evaluation of long-term effects of pumping;

(vii) study of the recovery process of the failing heart supported by
LVAD.

For the above-mentioned purposes, a sonomicrometer system was
developed and applied for the study of the mechanical effects of LVAD in
the normal and ischemic natural hearts both in acute and chronic animal
experiments.

This dissertation is divided into 9 chapters.

CHAPTER I is the introduction including the purpose of this study.

CHAPTER II shows the concept, history, and state of the art of the
techniques for circulatory assist, especially of ventricular assist
devices.

In CHAPTER III, studies on the cardiac mechanics are briefly

surveyed. After emphasizing the importance of cardiac mechanics for the

evaluation of effects of LVAD, methods used in this study for the
analysis of the mechanical effects of LVAD pumping on the natural left
ventricle are proposed.

To measure several important parameters including left ventricular
diameter, myocardial segment length, and wall thickness which are
required for the analysis described in CHAPTER III, an 8-channel
ultrasonic displacement meter was developed. Design details and
evaluation of the system are described in CHAPTER IV.

In the following chapters, protocols and results of animal
experiments are described. First of all, effects of drive mode of LVAD
on the left ventricular mechanics were studied by acute experiments on
dogs having normal hearts, and the methods and results are described in
CHAPTER V.

Based on these results, effects of LVAD on the cardiac mechanics
were studied by acute experiments on canine hearts induced with
myocardial ischemia. CHAPTER VI is devoted to describing this study.

After a series of the acute animal experiments, long-term effects
of LVAD pumping on the normal heart and feasibility of long-term use of
the sonomicrometers were studied using goats, and the experimental
protocol and the results obtained are explained in CHAPTER VII.

As a final goal of this study, a series of chronic experiments were
performed on goats with induced heart failure to observe the recovery
process of the natural heart from the myocardial infarction by LVAD
pumping, and are described in CHAPTER VIII.

CHAPTER IX is devoted to the conclusion and summary of this study.
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CHAPTER 11

LEFT VENTRICULAR ASSIST DEVICE

2.1 CIRCULATORY ASSIST AND BLOOD PUMP

To maintain the blood circulation while resting the seriously
damaged natural heart several mechanical support techniques have been
developed such as intra-aortic balloon pumping (IABP) and veno-arterial
bypass (VAB) methods, which are being used widely in clinical cases.
They are called 'circulatory assist"” methods (1-3). It has been pointed
out, however, that these means are not still powerful enough to rescue a
number of profound heart diseases.

To salvage patients who have severely damaged hearts beyond the
IABP capability or who cannot be weaned off from the cardiopulmonary
bypass during open heart surgery, or to bridge patients to cardiac
transplantation, a more powerful circulatory assist system called
ventricular assist device (VAD) has been developed. As the natural
ventricle is a simple pump from the engineering point of view, the VAD
is also a kind of mechanical blood pump. To the VAD system, much
interest has been directed because of its high ability (4): differently
from the other cardiac assist systems, VAD has the capability of
actively maintaining not only the blood pressure but also the
circulatory blood volume.

For the patients whose ventricle(s) was (were) too severely damaged

to recover by any methods, total artificial heart (TAH) has been

developed. To apply TAH to those patients, both ventricles are resected
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and replaced with two blood pumps (see Fig. 2.1). VAD is different from
TAH (5): VAD is attached to a patient in order to bypass the left and/or
right ventricles, keeping the heart intact as shown in Fig. 2.1. There
are several variations for the use of VAD: VAD is applied to the left
ventricle (LVAD), to the right ventricle (RVAD), or to both ventricles
(BVAD) . For the purpose of keeping blood circulation of patients having
non-functioning hearts, for example, for the bridge use to cardiac
transplantation, TAH or BVAD can be used (6). It has been reported
recently that LVAD can maintain the blood circulation of whole body even
if not only the left ventricle but also the right ventricle are fatally
damaged (7). However, in the case that the natural heart is expected to
recover, VAD should be selected with the ventricle(s) remained, and
should be removed after recovery. Most cardiac assist devices are used
temporarily for a short period to avoid the risk of severe infection and
thromboemboli (8) anticipated in long-term use, for the recovery of
natural heart or for the bridge to cardiac transplantation.

Historically, Kolff and Akutsu first kept alive a dog implanted
with TAH pumps for 2 hours in 1957 (9). Since that experiment, many
types of TAH and VAD systems have been developed; some of them have been
used clinically since the middle of 1970’s. Recent registries showed
that 297 LVAD, 62 RVAD, 234 BVAD and 77 TAH had been used clinically and
the hospital discharge rates were 24 % for cardiogenic shock cases and
45 % for bridge cases (73 % were transplanted) as of December 31, 1988
(8,10).

Since the left side of the heart is much more important than the
right side for the systemic blood circulation, LVAD is usually

considered as the first choice for the damaged heart. Because of

excellent blood-volume unloading effect, ability of maintaining the

systemic blood circulation in the physiologically normal range, and
improvement of coronary blood flow, LVAD is now considered to be the

most powerful mechanical means to support the left ventricle.

VENTRICULAR ASSIST DEVICE (VAD)

Right atrium —]

[T Left ventricle

gy
\/”Q\J Coronary ariery

Right ventricle —7

TOTAL ARTIFICIAL HEART (TAH)

Vensa cavea

Blood

Right strium

Valve )i}y

Blood pump (TAH)

Fig. 2.1 Blood pump used as ventricular assist device (VAD) and
total artificial heart (TAH).




2.2 LEFT VENTRICULAR ASSIST DEVICE (LVAD)

Figure 2.2 shows the classification of blood pumps developed so
far. They are divided into pulsatile and non-pulsatile pumps. Since the
natural heart is a pulsatile pump, most of the pumps developed as VAD
are pulsatile pumps. It has been proven that non-pulsatile blood flow
can also keep animals alive under good condition (11). However,
pulsatile pumps are still preferred because of similarity to the natural
heart. In this study, a pulsatile pump was used.

To actuate LVAD pumps, pneumatic pressure was used in this study.
Most of the blood pumps used clinically are driven with this method.
Several other actuating methods have been developed, mainly aiming to
implant for long-term-use, which include solenoid actuator (12),
electro-hydraulic actuator (13), electric-motor driven, mechanical
actuator (14,15), and cardiomyoplasty (16).

There are several types of pumps, among which diaphragm (e.g. 17)
and sac types (e.g. 18) of blood pumps are popular and some of them are
commercially available. A diaphragm type pump was used in this study.

LVAD pumps are attached to the natural heart in two ways: they are
implanted so as to withdraw the blood from the left atrium (LA) or left
ventricle (LV) and to send it to the aorta. For the temporary use
expecting the recovery of the heart, the LA access is much preferably
used to the LV access (see Fig. 2.1) because of less myocardial damage
with the LA access, although myocardial oxygen consumption can be
reduced much more in the case of LV access (19-21). Since more blood can
be withdrawn from LV than from LA, the LV access method is used for the

case that the heart is un-recoverable. The LA access was employed in

this study considering frequent clinical application of the method.

In summary, as one of the most popular VAD systems, a pneumatically
driven, diaphragm-type blood pump with LA access was used in this study
to evaluate effects of pumping on the left ventricular mechanics. This

pump has been approved by Japanese government for clinical use (17).

Flow Actuator Pump
; ; i I ! :
———- Pneumatic ——= =——= Diaphragm
! |
\ ——— Electro-hydraulic -- \—— Sac
—-— Pulsatile ----—- | -——— Electro-mechanical --|--|-- Tubular

-—— Starling engine e i Pusher-—plate

——- Nuclear energy .
VAD -

—-—— Centrifugal

-- Non-pulsatile ----- Electro-mechanical -----|-- Viscous
-- Tea-spoon

-—- Axial flow

Fig. 2.2 Cardiac assist system.
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CHAPTER 111

ANALYSIS OF LEFT VENTRICULAR MECHANICS

3.1. INTRODUCTION

Because the heart is a sort of mechanical pumps, to know the
mechanical characteristics of the bulk heart as well as the local
myocardium is one of the most important subjects to understand the heart
function. From the hemodynamical view point, many parameters have been
proposed and used to analyze and evaluate the cardiac function
(contractility), including time-domain derivative of the positive slope
of left ventricular pressure (dP/dt) (1), tension time index (TTI) (2),
their modifications (3), max. negative dP/dt (4), and time constant of
the negative slope of left ventricular pressure (5,6). In addition, mean
fiber shortening velocity (Mean Vef) (7), end-systolic pressure-volume
relation (Emax) (8), and left ventricular pressure-volume area (PVA) (9)
have been proposed for more direct and accurate evaluation of cardiac
mechanics.

Bulk stroke work of the left ventricle and mechanical external work
done by the local myocardium are the most basic parameters. Because the
myocardial infarction is often caused by blockage of coronary artery and
has a local nature, regional myocardial work is particularly important
for the evaluation of local myocardial infarction. A method to obtain
the local myocardial stroke work has been proposed (10,11) in which

anisotropic nature of the heart is taken into account.

These parameters proposed for the evaluation of ventricular
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£ %3 ized in Table III.I (1) Table 11I.1 Ventricular performance indexes.
unction are summariz in Ta . )
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Index Definition
myocardium and by ‘the whole left ventricle were used for the evaluation — § 0 R
of local and bulk ventricular function, respectively. The details of the Isovolumetric indexes
Vmax Maximum velocity of shortening from velocity curve extrapolated to zero force.
method for obtaining these parameters are described in this chapter. e T, S D R et o b S fegd
DP time Time from beginning of systole to DP.
P@ Ventricular pressure at DP.
R time Time for ventricular pressure to rise from 25 to 45 mmHg .
DP/P Maximum dP/dt divided by ventricular pressure.
DP/DEV P Maximum dP/dt divided by ventricular pressure minus end-diastolic ventricular

pressure.,

DP/KP Same as DP/P, but using an elastic modulus constant of 28-32.
DP/P@ DP divided by ventricular pressure at DP.
3 i Integrated isometric tension: area under ventricular pressure curve from

beginning of systole to 1.5xDP time.

DP/IIT DP divided by IIT.
DP4qo dP/dt at ventricular pressure of 40 mmHg.
FRCP50'75 DP/P + d2P/dt2/DP at ventricular pressures of 50 and 75 mmHg.
PEP Pre-ejection period.
Vce Contractile element velocity (same as Vmax).

Ejection indexes

3 Vecf Velocity of circumferential fiber shortening at peak left ventricular wall
tension.
f} Peak Vcf Maximum velocity of shortening.
ﬁ, Mean Vcf Mean velocity during ejection.
EF Ejection fraction = (stroke volume)/(end-diastolic volume).
PVP Peak ventricular pressure.
Max E(t) Maximum pressure-volume ration.
BMW bulk mechanical external work = (bulk stroke work of ventricle)/(heart rate).
RMW Regional mechanical external work = (regional stroke work of myocardium)/(heart
rate)
Emax End-systolic pressure-volume relation.
PVA Left ventricular pressure-volume area.

Combined indexes
PVP time Time from beginning of systole to PVP.
Systolic time Length of systole.

FOM Figure of merit = (PVP time)x(heart rate).




3.2 BULK AND REGIONAL MECHANICAL WORK

Bulk and regional mechanical behavior of the left ventricle have
been extensively studied in the field of cardiac mechanics (10-14).
Little et al. (12) studied anisotropic change of left ventricular
diameter, and anisotropic behavior of regional muscular length was
observed by Lew and LeWinter (13). These results suggest that we should
analyze both whole and regional behavior of the left ventricle multi-
dimensionally for precise evaluation of ventricular function: at least
three different diameters should be measured to analyze bulk behavior of
the left ventricle, and two segmental lengths in different directions
for regional mechanics of the myocardium.

As reported by Suga et al., mechanical work of the ventricle is
closely related to myocardial oxygen consumption (15): reduction of the
left ventricular work corresponds to decrease in the myocardial oxygen
consumption. Thus, the left ventricular mechanical work could be one of
the most useful indices for the evaluation of mechanical effects of LVAD
pumping.

In this study, left ventricular bulk stroke work was calculated
from the left ventricular pressure-volume relationship in a cardiac
cycle. The ventricular pressure-volume relation forms a counterclockwise
loop, and the area inside the loop gives external mechanical stroke work
done by the left ventricle. To obtain this loop, left ventricular
pressure (LVP) and volume (LVV) must be measured simultaneously and
accurately.

In the field of cardiac mechanics, for the measurement of LVP,
implantable wire strain gauge-type pressure transducers have been

employed to avoid the distortion and phase delay of the LVP signals.
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This type of transducer was used in this study.

Ultrasonic transit-time technique using a pair of implantable
miniature sensors has been widely used to measure the left ventricular
dimensions. Rushmer et al. (16) first measured left ventricular diameter
by this method. Because of anisotropic behavior of the left ventricle as
stated above, at least three different diameters and two segmental
length in the different directions should be measured to analyze bulk
behavior of the left ventricle (12) and regional mechanics of the
myocardium (13), respectively. Since ultrasonic displacement meters
(i.e. sonomicrometers) commercially available are equipped with only 4
channels, they cannot be used for the purpose of this study. To overcome
this drawback, an 8-channel sonomicrometer system was newly designed,
the detail of which is described in the next chapter.

To obtain the LVV, a long axis inner diameter and two short axis
diameters parallel and perpendicular to the septum were measured
simultaneously by means of the newly designed ultrasonic sonomicrometer.
By using the measured diameters, LVV can be calculated by:

VW = -2- LD -SDp - SDn, (3.1)

6
where the shape of the left ventricular cavity was assumed ellipsoidal
(11,129

Calculation of the LVV from only three diameters still might be
criticized because the shape of the left ventricular cayity is not a
simple ellipsoid. The ventricular shape is distorted by open chest
surgery and by induction of local ischemia. Besides, sensors might not
be always embedded at prescribed positions. It has been reported,

however, that the linear correlations between the LVV calculated from

three ventricular diameters measured by the ultrasonic technique and




that by the other conventional methods, are excellent (11,12). Based on
these results, three ventricular diameters were measured in this study.

To calculate local myocardial work, myocardial wall tension-area
relation was utilized (10,11). This relation is similar to the left
ventricular pressure-volume relation; the area inside the loop gives
regional myocardial work.

Regional wall tension (Tw) was calculated from measured left
ventricular diameters and pressure using the law of Laplace for thin-

layered spherical model (17,18), which is given by:

Tw = ————- ; (3.2)

where r is the radius of the sphere and P the internal pressure. The
radius r was calculated from measured diameters by a method described in
each chapter, and left ventricular pressure was used for P in this
study.

Local subendocardial area (Am) is given by a rhombus area
surrounded by 2 pairs of ultrasonic sensors embedded in the
subendocardium to measure segment lengths in orthogonal directions (LS

and SS), and is calculated by:

Am = —mm—mee : (23}

These measured parameters were fed into a mini-computer system and
bulk and regional stroke work done were calculated using an algorithm
shown in APPENDIX A.l1. Then, the bulk and regional stroke work were
normalized by left ventricular weight and regional myocardial volume,
respectively, and, then, they were normalized by the heart rate to

obtain each average work per second.

10.
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CHAPTER IV

EIGHT-CHANNEL ULTRASONIC DISPLACEMENT METER

4.1 INTRODUCTION

Since the pioneer work of Rushmer et al. (1), a variety of
ultrasonic dimension gauges have been developed to measure ventricular
diameter (e.g., 1-4), myocardial segment length (e.g., 5), and vascular
diameter (e.g., 6-10). In these systems, dimensions are determined from
the transit time of an ultrasonic pulse wave between a pair of sensors
embedded in biological tissues. Four-channel systems are commercially
available for the study of cardiovascular physiology and mechanics, and
have been applied to measure the diameter, segment length, and wall
thickness of the ventricles. For the detailed study of cardiac
mechanics, it i1s necessary to determine not only the regional myocardial
characteristics but also the bulk ventricular behavior. However, very
few studies have been reported on the simultaneous measurement of the
regional dimensions of cardiac muscle and the ventricular diameter,
because of the shortage of channel numbers incorporated in these
systems.

In the commercially available four-channel systems, cut-off
frequencies of the output low-pass filters (LPFs) are around 100 Hz,
pulse repetition frequencies (PRFs) are between 1 and 2 kHz, and maximum
measurable distances are designed to be longer than 250 mm for a very
wide variety of applications. For the design of a system with more than

four channels, the PRF must be lowered, which results in worse




resolution. Although the resolution would be improved if the cut-off
frequency of the output signal 1is decreased, the frequency response
might be slower. However, if we design a system with a shorter
measurable distance than 250 mm, we can increase the channel number
without reduction in the resolution. For the measurement of ventricular
dimensions, it is sufficient to be able to determine the distance up to
100 mm because the longest dimension (long axis diameter) 1in the
ventricle is estimated to be less than 100 mm in animals weighing up to
several tens of kilograms.

Considering these factors, an ultrasonic displacement meter for
eight pairs of implantable miniature sensors was designed. This chapter
deals with the design specifications, resolution, and performance of the

system.

4.2 SYSTEM DESIGN

As the ultrasonic pulse propagates at a speed of around 1.5 mm/Us
in biological soft tissues (11), the distance between a pair of
miniature sensors can be calculated from the pulse transit time. Fig.
4.1 shows the block diagram of the newly designed displacement meter.
One of the paired sensors is driven by the pulse train generated by each
driver. The RPF and pulse-halfwidth are 1.95 kHz and 0.5 Us,
respectively. The amplitude of the driving pulse is manually adjustable
between 60 and 110 V according to the measuring distance and the ringing
characteristics of each sensor. The RPF was determined to be low enough
for the measurement of ventricular diameter (12). To generate the pulse
train, a source frequency of 1 MHz is divided by the frequency divider
consisting of a nine-stage binary counter. The cyclic period of the
ultrasonic pulses (512 pys) is divided into successive 64 Us periods by a
decoder for the eight-channel operation. Each divided period corresponds
to the maximum measurable distance (96 mm) in the system.

The pulse wave emitted by one of a pair of sensors is received by
the other after the transit time which proportional to the distance
between two sensors has elapsed. A miniature pre—émplifier, which is a
source follower circuit consisting of a field-effect transistor, was
inserted in the cable near the receiving sensor to decrease the line
impedance, to suppress the signal attenuation and to improve the signal-
to-noise ratio. By virtue of the pre-amplifier, the RF signals were
attenuated by only 3 dB in a 5 m cable, whereas the length of the cable
was limited to only 2 m without the pre-amplifier.

After being amplified by an RF amplifier (45 dB), the pulse train

of the received signal is detected by a voltage comparator. The

bl




threshold level for the detection is manually adjustable according to
the amplitude of the received RF signal.

The function of the comparator is inhibited by two gating signals.
One of these signals is generated from a monostable multivibrator which
is triggered at the time of emission of ultrasonic pulses. This signal
gates a large noise component which is mixed with the received signals
by the capacitive coupling between a pair of sensors when the ultrasonic
pulse 1is emitted. The duration of the noise is dependent on the
amplitude and waveform of the driving pulse and the ringing and coupling
characteristics of the sensors. In addition to this noise component,
various other noises are mixed with the signal component in the case of
long distance measurement. The gating duration should be set longer than
the duration of these noise components. In this system, the pulse width
generated by the multivibrator, i.e. the gating duration, is manually
adjustable in the range 1-47 us which corresponds to the distance range
1.5-70.5 mm. The minimum measurable distance in this system is
determined by the minimum gating duration.

The other gating signal is generated from a flip-flop circuit. Once
the pulse train in the received signal is detected by the voltage
comparator, the flip-flop is set to inhibit the function of the
comparator to improve the signal-to-noise ratio. It is reset when the
next ultrasonic pulse is emitted.

Transit time of the pulse wave is modulated into a pulse width by
another flip-flop circuit. The pulse-width modulator (PWM) is set when
the ultrasonic pulse is emitted and is reset when the received pulse
train is detected. This pulse-width-modulated signal is then converted
into a voltage signal by an LPF which has a cut-off frequency of 80 Hz

and an attenuation coefficient of -18 dB per octave. The filtered signal

is amplified to an appropriate magnitude by a buffer amplifier.

Two reference signals are generated for the calibration of distance
from the same frequency divider (counter) as used for the emission of
the PRF signal. The outputs of the fourth (62.5 kHz) and fifth (31.25
kHz) stages of the counter are used as the calibration signals for 24

and 48 mm, respectively. These signals are also fed into the PWM.
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Fig. 4.1 Eight-channel ultrasonic displacement meter.
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4.3 SENSOR DESIGN

Figure 4.2 shows two types of sensors used for the measurements of
(a) myocardial segment length and (b) ventricular diameter. A pair of
sensors of each type is used for the measurement of these dimensions.

Each sensor was made of a disk of 2 mm diameter cut from a 5 MHz
lead zirconate titanate ceramic plate (Piezotite, Murata, Kyoto, Japan).
The electrical wires were attached perpendicularly to the disk surface
for the measurement of ventricular diameter and parallel to it for the
muscular length. After a pair of fine electrical wires made of stainless
steel were bonded to the disk, tungsten-loaded epoxy foils were attached
to both surfaces of the disk to reduce the reflection of ultrasonic
pulses. The ratio of tungsten powder to epoxy resin of the foil was
3.5:1 by weight according to Bertram (6). Each sensor was then coated
with epoxy resin not only to form an acoustic convex lens (2,5,8) but
also to prevent electrical leakage. Although the ultrasonic beam
diverges slightly due to the small size of the sensor, the acoustic lens
makes the beam diverge more widely, which eliminates the error due to
the transducer rotation as reported by Tomoike et al. (8). Even if there
1s a sensor misalignment, the acoustic lens makes the measurement

accurately. The thickness of each sensor is approximately 1.5 mm.

T S R P e e e e e e D S Y R T AN P T e

MM
0 10

20

R

~ |
O e
~

Epoxy lens

/

4

ceramic

steel wire foil

Stainless 2 mm l loaded

Piezoelectric

Tungsten-

o AP

=

|
|

b

Stainless
steel wire

disc

eooxy/////1‘ 2 mm

Epoxy lens

(a)

(b)

Fig. 4.2 Photograph and schematic drawings of two types of ultrasonic
sensors for the measurement of muscular length (a) and diameter
(b) of the ventricle.




4.4 RESOLUTION

Pulse width-modulated signal, v(t), in a cyclic period (T) is

expressed by Fourier spectra as follows:

v(t) = ap + L (a sin(nwt) + b cos(nwt)), (4.1)
where

w=2m/T,

gy = A LT) 5 wit) @,

a, = (2/T) [{ v(t)-sin(nwt) dt,
and

b, = (2/T) [{ v(t)-cos(nwt) dt.

In the present system,

T=1/1.95 (ms),

vit) ‘= K, (until a pulse wave is received and detected)
and

vt )=, (after a pulse wave was received and detected)
where E is the constant amplitude of v(t). The component ag corresponds
to the voltage proportional to the distance between two sensors and the
other components are concerned with noise. Total amplitude (A,) of the
angular frequency nw is expressed by:

B (a2 % BRI SR 18NS (4.2)
By virtue of the LPF, the output voltage of each harmonic component is
negligibly small compared with that of the A; component in this system.
Thus the static resolution depends mainly upon the A; component and the
minimal resolution is obtained when A; is maximum. A; is maximum when
the pulse wave is detected at 64 us (T/8) after the pulse emission, that
is, when the maximum measurable distance is measured, and the maximum

value is 0.244E. Being attenuated 80 dB by the LPF, the peak-to-peak

voltage of the maximum Aq (0.488E) is reduced to 2.45 x 10"5E. Since the
voltage of E/8 corresponds to the distance of 96 mm, this attenuated
voltage is equivalent to the distance of 18.8 um, which is the static
resolution of the system.

Dynamic resolution of the system is calculated by dividing the
deformation velocity of the left ventricle by the PRF. If we assume that
the left ventricular diameter changes 10 mm for the period of 0.15 s at
the heart rate of 120 bpm and that the maximum deformation velocity is
five times as much as the average velocity in this period (333 mm/s),
the resolution is about 170 Um. If the muscular length of ventricular
wall changes 2 mm under the same condition, the resolution is about 34
tm. The dynamic resolution is these cases is 1.7 % of the reference
dimension.

Specifications of the system are summarized in Table IV.I.




TABLE IV.I Specification of the system. 4.5 IN VIVO PERFORMANCE TEST

—————— —————————— —-—— {——————————— —————— —————— — —— — —_——_— ———————— — ——— -

After the linearity between the distance between a pair of sensors

Channel number =8 and the output voltage of the system had been confirmed (r = 1.000) by

Pulse repetition frequency = 1.95 kHz an in vitro calibration test, this system was applied to measure eight

Driving pulse amplitude = 60 to 110 V dimensions in the left ventricle (LV) of a mongrel dog. As shown in Fig.

Driving pulse duration FRLR 4.3 three pairs of sensors were inserted into LV cavity and attached to

Output low-pass filter the endocardium to measure a long axis diameter and two short axis

Cut-off frequency = 80 Hz diameters parallel and perpendicular to the septum. Four pairs of
Attenuation coefficient = -18 dB per octave sensors were embedded in the subendocardium of the LV free wall. Two
Measurable distance = 1.5 to 96, mm

pairs were implanted in the central region of the free wall and the

Calibration distance = 24 and 48 mm other two were positioned in the distributing area of the left anterior
Static resolution = 18.8 Um descending coronary artery (LAD). Two pairs in each location were
Dynamic resolution = J.0 %

oriented so as to measure the muscular length in the orthogonal

of the reference dimension (equatorial and meridian) direction. The remaining pair of sensors was

Dimensions of sensor used to measure the wall thickness in the central region of the free

Diameter = 2 mm : wall. The aortic pressure was changed from 110 mmHg to 108 mmHg by the

Thickness = 1.5 mm implantation of these sensors. At the same time, the left atrial

———————————————————————————————————————————————————————————— pressure and aortic blood flow became 13 mmHg and 2.5 1/min,
respectively, from 10 mmHg and 2.3 1/min. Ischaemia was induced by the
LAD ligation at the proximal position to the first diagonal branch.

All data were acquired by a data recorder (XR-510, Teac, Tokyo,

Japan) and then analyzed off-line by a mini-computer system (PDP-11/44,
DEC, Maynard, Massachusetts, U.S.A.). Fig. 4.4 shows an example of the
computer output of phasic tracing of the hemodynamic and dimensional
data obtained after the LAD ligation. Waveforms of the dimensional data

were magnified by the computer. The ventricular diameters (LD, SDn and

SDp) and segment lengths (LSn and SSn) in normal area changed out of




phase by around 90° compared with the change in the left ventricular

pressure. The meridian segment length (LSi) in the ischemic area did not

change so much. The change of the equatorial segment length in the e ‘ |
ischemic area (SSi) was shifted by around 180° phase compared with that LﬂijJTqﬂﬁwm ‘4 J qvu#“W‘H'W
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Fig. 4.4 Phasic tracings of hemodynamic and dimensional data after

sensors for major axis diameter ligation of the left anterior descending coronary artery.

Fig. 4.3 Experimental arrangement. Ao, aorta; IVC, inferior vena cava;
LA, left atrium; LAD, left anterior descending coronary artery;
LV, left ventricle; LVP, LV pressure; PA, pulmonary artery; RA,
right atrium; RV, right ventricle; SVC, superior vena cava.
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4.6 DISCUSSION

The ultrasonic dimension gauge is useful in the study of
cardiovascular mechanics. Many investigators have measured the dynamic
behavior of the ventricles (e.g. 1,3,4,13-21), their regional segment
length (e.g. 18,19,21-25) and wall thickness (e.g. 14,18,20,23-28), and
arteries (e.g. 6-8,10) by means of the systems which have different
channel numbers (up to 4), PRFs (1 to 5 kHz) and cut-off frequencies of
output LPFs (16 to 150 Hz). As mentioned in 4.1, more than four channels
are necessary for the system to study the bulk and regional cardiac
function in detail.

As four-channel systems developed so far have been designed to have
the maximum measurable distance greater than 250 mm for various
applications, it was impossible to increase the channel number without
reduction of the resolution and frequency response. In the present 8-
channel system, 1.95 kHz PRF was selected, being aimed to apply it for
the measurement of ventricular dimensions of up to 100 mm. The cut-off
frequency of 80 Hz and attenuation coefficient of -18 dB/oct was chosen
to obtain a static resolution of 19 um. This cut-off frequency is
considered to be optimal, as more than 99 % of the signal power is
contributed by frequencies of lower than 10 Hz in the measurement of
ventricular diameter (4).

The feasibility of the system was studied by the simultaneous
eight-channel measurement of ventricular dimensions in a canine heart.
By the pre-amplifiers inserted in the cables, the received signals could
be transferred more than 5 m without large attenuation even in the

measurement of the long axis diameter of the ventricle. Changes in the

ventricular diameter, myocardial length and wall thickness were

reasonable, as shown in Fig. 4.4. The hemodynamic data were not changed
much by the implantation of sensors, which indicates that the
implantation procedures gave little damage to the cardiac muscle. In
conclusion, this system is very useful for the eight-channel

simultaneous measurement of the regional and/or bulk dimensions of the

left ventricle.




4.7 SUMMARY

For the study of bulk and regional mechanical behavior of the
ventricle, an eight-channel ultrasonic displacement meter for
implantable miniature sensors was developed to measure ventricular
dimensions and myocardial segment lengths.

The distance between a pair of sensors is measured by the transit-
time technique of ultrasonic pulse wave. The pulse repetition frequency
(PRF) is 1.95 kHz and pulse interval (512 Us) is divided for eight-
channel operation. Measurable distance is between 1.5 and 96 mm. The
theoretical static resolution calculated from the PRF and the cut-off
characteristics of the output low-pass filter (80Hz and -18 dB/oct) was
19 um. The dynamic resolution calculated from the PRF and the
deformation velocity was 1.7 % of the reference dimension.

Preliminary in vivo tests showed that the system is useful to

measure the segment length, wall thickness, and diameter of the left

ventricle.
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5.1 INTRODUCTION

One of the important subjects to be studied is on the most
effective drive mode of LVAD for the recovery of the left ventricle.
Whether the synchronized drive with electrocardiogram (ECG) is essential
and effective for reduction of the left ventricular work rather than the
asynchronous pumping has not been documented well.

Although there are many reports on the bulk behavior of the left
ventricle and the hemodynamics in the systemic circulation during
cardiac assist (1-3), regional myocardial mechanics and bulk ventricular
mechanics have not been studied well even in acute experiments on the
normal heart. The regional mechanics of the myocardium is particularly
important because the myocardial infarction often occurs locally.

This chapter primarily deals with influences of LVAD pumping modes
on the bulk and regional cardiac mechanics. In order to find the best
driving method of LVAD for the minimal left ventricular work with the

acceptable systemic circulation and coronary blood flow, left

ventricular dimensions and hemodynamic parameters were measured

simultaneously during the LVAD pumping in various synchronous and

asynchronous drive modes.




5.2 METHOD

5.2.1 Experimental Protocol

Seven mongrel dogs of both sexes weighing 15-27 kg (20 kg average)
were anesthetized by the intravenous injection of pentobarbital sodium
(25 mg/ (kg body weight)), and maintained by the intermittent
administration of this dose throughout the experiments. They were
ventilated with room air and oxygen by a respirator (Mark-7, Bird, Palm
Springs, California, U.S.A.). Left thoracotomy was performed at the 5th
intercostal space, and the pericardium was widely open. Pneumatically
driven, diaphragm-type LVAD pumps having a stroke volume of 40 ml (4)
were 1implanted between the left atria and the descending aortae, as
shown in Fig. 5.1. Newly designed tri-leaflet valves made of segmented
polyether polyurethane (TM5, Toyobo, Osaka, Japan) (5) were used for the
pump inflow and outflow (6). The diaphragm was made of the same
polyurethane and was fabricated so as to be stable at the end-diastolic
position.

Miniature ultrasonic sensors were embedded in the left ventricle
while the LVAD was being pumped at the rate of 60 bpm with the systolic
duration of 30 % to maintain the systemic circulation under good
conditions. Three pairs of sensors were attached to the endocardium of
the left ventricle for the measurements of a long-axis inner diameter
(LD) and two short-axis inner diameters parallel and perpendicular to
the septum (SDp and SDn, respectively) by the technique used by Goto et
al. (7). Briefly, these sensors were inserted from the epicardium
through small stab wounds and penetrated the myocardium. The sensors

were then pulled back until they attached to the endocardium, and were

fixed by suturing their electrical wires to the epicardium. It took 3-8
min to attach a pair of sensors.

Two pairs of ultrasonic sensors were inserted in the same way as
the diameter sensors, but embedded in the subendocardial muscle in the
central region of the left ventricular free wall for the measurement of
muscular length in the orthogonal (equatorial (SS) and meridian (LS))
directions, as shown in Fig. 5.1. The left ventricular diameter and
segment length were measured by the eight-channel displacement meter
described in CHAPTER IV (8,9).

Left atrial pressure (LAP) and aortic pressure (AoP) were monitored
with fluid-filled catheter-type pressure transducers (P50, Gould,
Oxnard, California, U.S.A.). Left ventricular pressure (LVP) was
measured with an implantable wire strain gauge-type transducer (P6.5,
konigsberg, Pasadena, California, U.S.A.) to avoid the distortion and
phase delay of the LVP signals. These transducers were calibrated prior
to the experiments by measuring the pressure simultaneously with a
mercury manometer.

Ascending aortic blood flow (AoFd) and pump bypass flow (BFd) were
measured with electromagnetic flowmeters (MFV-2100 and -1100,
Nihonkohden, Tokyo, Japan). A cuff-type and a cannulation-type probes
were used to measure the AoFd and BFd, respectively. The AoFd and BFd .
were normalized by the animal body weight, which were denoted by AoF and
BF, respectively. Total flow (TF) was calculated by adding AoF and BF.
Total peripheral resistance was obtained by dividing the mean AoP by TF.

Five drive modes were used to study the mechanical effects of LVAD.
In the synchronous modes, the pumps were counterpulsated synchronously

with the electrocardiograms (ECGs) at three duty ratios: one pumping in

a cardiac cycle (1:1 mode), one pumping in two cycles (2:1 mode), and




one pumping in for cycles (4:1 mode). The delay time of the start of the
pump ejection from the R-wave of the ECG signal was adjusted so as to
obtain the maximum pump bypass flow in each mode. In the 2:1 and 4:1
modes, the LVAD was held under the filling condition during the cardiac
cycles without pumping. In the asynchronous modes, the LVADs were driven
at two fixed rates: 60 bpm (I60 mode) and 80 bpm (I80 mode) with the
systolic duration of 30 %.

Drive pressure and vacuum were controlled to obtain the maximum
flow in each pumping mode (around 250 and -60 mmHg, respectively). Drive
modes used in these experiments are summarized in Table V.I. The control
data were obtained when the pumping was stopped temporarily, with its
diaphragm being held at the end-systolic position.

All the dimensional and hemodynamic data were acquired when they
became stable, usually around 30 min after all the sensors and devices
were 1mplanted. The first control data were obtained after acquiring the
first pumped data arbitrarily selected among the five drive modes. The
drive mode was then changed to one of the other four modes, and each
series of data was recorded. Then, the third series of pumped data was
obtained, followed by the acquisition of the second control data. The
drive mode was then changed to one of the remaining two modes, and data
were recorded. After the same procedure was taken for last pumping mode,
the third series of control data was obtained, Thus, each series of
pumping data was obtained before or after acquiring control data, which
provides three control data for each animal. Each series of pumping data
was recorded 2-5 min after changing the experimental conditions, when
they seemed to be stable. Each series of data was acquired on magnetic
tapes for around 15 seconds by a data recorder (XR-510, Teac, Tokyo,

Japan) and on pen oscillographs (Recti-Horiz 8K23, and Polygraph 361,

NEC San-ei, Tokyo, Japan). It took about 30 min to obtain a series of
the data on each animal.

After these experiments, the animals were killed by potassium
chloride injection. During autopsies, their hearts were carefully
examined to confirm the proper positioning of the ultrasonic sensors and
Konigsberg’s pressure transducers. Then, their left ventricular weights
(LVWs) and the wall thickness (WT) at the position where the ultrasonic

sensors for segment length were embedded were measured.

LAP
EMF

for aortic

‘ LVAD

-

EMF for
bypass flow

Sensors for muscular
segment length

Sensors for long and short axis
diameters

Fig. 5.1 Schematic diagram of the experimental arrangement for the
implantation of ultrasonic sensors, hemodynamic transducers,
and left ventricular assist device (LVAD). Ao, aorta; AoP, Ao
pressure; EMF, electromagnetic flowmeter; IVC, inferior vena
cava; LA, left atrium; LAP, LA pressure; LV, left ventricle;
LVP, LV pressure; PA, pulmonary artery; RA, right atrium; RV,
right ventricle; SVC, superior vena cava.
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Table V.I Drive modes used for LVAD pumping,

Synchronous with ECG Asynchronous

Mode |5 2:1 4:1 160 180
1 cp 1 cp 1 cp 60 bpm br 80 bpm br
in 1 cc in 2 ccs in 4 ccs 30 % sys 30 % sys

ECG = electrocardiogram; cp = counterpulsated pumping; cc = cardiac

cycle; bpm = beats/min; br = beat rate; sys = systole.

5.2.2 Data analysis

All data recorded on magnetic tapes were fed off-line into a mini-
computer system (PDP-11/44, DEC, Maynard, Massachusetts, U.S.A.) via 12-
bit A/D converters at the 333 Hz sampling frequency (3 ms interval).
Left ventricular volume (LVV) was calculated from the measured three
inner diameters of the ventricular cavity by eq. (3.1).

The loop area of the trajectory of LVP versus LVV drawn in a
cardiac cycle gives the left ventricular external stroke work as stated
in CHAPTER III. Normalized bulk stroke work (BSW) was calculated by
dividing this area by the LVW. By multiplying BSW by the heart rate
(HR), the averaged bulk mechanical work per second (BMW) was obtained.

Regional wall tension (Tw) was calculated from the left ventricular
radius and pressure by eq. (3.2), where the mean of two short axis
diameters of the ventricle was used to calculate r (Fig. 5.2). Regional
rhombus area (Am) in the ventricular wall was calculated from a pair of
muscular lengths by eq. (3.3). The loop area drawn by the relation
between Tw and Am gives the left ventricular regional stroke work in a
cardiac cycle as mentioned in CHAPTER III. Normalized regional stroke
work (RSW) was obtained by dividing this area by the regional muscle
volume (VM) which was calculated from the wall thickness and the rhombus
area measured after sacrifice, that is, VM = Am*WI. It was multiplied by
HR to obtain the averaged regional work per second (RMW).

BSW and RSW were calculated for several cardiac cycles and
averaged. For the synchronous pumping modes and the control condition,
the data in four cardiac cycles were averaged to obtain the BSW and RSW

in each dog. Thus obtained, three control data were averaged and finally

used as the control data. In the asynchronous modes, the average was




carried out for four to eight cardiac cycles, according to the cyclic
period of the beat frequency determined by the rates of the LVAD pumping
and the natural heart.

All data were shown in mean+SD. Statistical significance was
evaluated by the paired t test, where the significant limit was taken at

p =008,

LS

SS

LVP W

Tw

Fig. 5.2 Geometrical expression of regional wall tension (Tw) and
rhombus area (Am) of the left ventricle (LV). LS, meridian
segment length; SS, equatorial segment length; LVP, left
ventricular pressure; r, radius.

5.3. RESULTS

5.3.1 Hemodynamic effect

An example of the phasic tracings (computer output) of the
hemodynamic and dimensional parameters obtained during pumping in five
modes and under the non-pumped, control condition are shown in Fig. 5.3.

Figure 5.4 summarizes the hemodynamic data. The heart rate (HR)
seemed to be slightly higher under the control condition (148+16 bpm)
than during pumping (143+17 to 148+19 bpm) although the differences were
not statistically significant. The mean AoP (mAoP) in the 1:1 pumping
mode (97+11 mmHg) was significantly higher than those in the other modes
(7849 to 89+10 mmHg). The mAoP during 4:1- and 160-mode pumping (7849
and 86+10 mmHg, respectively) were significantly lower than that
observed under the control condition (9148 mmHg). These results show
that the 1:1 mode is most effective for maintaining the systemic
circulation and coronary blood flow; the 4:1 and 160 modes are not
preferred.

The variations of the peak LVP (pLVP) among the five modes were
almost similar to those of the mAoP. This result might be partly
attributed to the fact that the blood was withdrawn from the atrium by
the LVAD, and partly to the fact that the LVAD was applied to the normal
heart in these experiments. The normal left ventricle is powerful enough
to suck the blood from the atrium and to eject it into the aorta even
when the LVAD is inserted between the atrium and the aorta. Under the
total bypass condition, the effect of LVAD on the pLVP would not be

similar to that on the mAoP. All the pLVP except that measured during

the 1:1-mode pumping were significantly lower (p < 0.01) than the




control value. The pLVP in the 1:1-mode pumping was higher (p < 0.01)
than those in the other pumping modes. It might be ascribed to much more
blood sucking into the left ventricle in the 1:1 mode due to the
shortest period of the pump diastole.

The mean LAP (mLAP) under the pumping condition was between 2+4
(I80 mode) and 3+3 mmHg (4:1 mode). It increased significantly up to 5+3
mmHg by stopping the LVAD pumping (the control condition).

The total flow (TF) during the LVAD pumping (72+22 to 80+24
ml/min/kg) was slightly less than the control value (85+34 ml/min/kg)
except that in the 1:1 mode (86+26 ml/min/kg). However, the differences
between them were not statistically significant, with only one exception
observed between the 4:1 mode (72+22 ml/min/kg) and the control
condition. The bypass flow (BF) in the asynchronous modes (69+19 and
69+22 ml/min/kg) were greater than those in the synchronous modes (32+14
to 61424 ml/min/kg). The BF during 2:1-mode pumping (61424 ml/min/kg)
was highest in the synchronous modes. The averaged stroke volume of the
natural heart under the control condition was calculated by dividing AoF
by HR and was around 12 ml, which was large enough compared with the
pump stroke volume (40 ml).

The total peripheral resistance under the pumping condition was
between 9.1x10%+2.3x10% (4:1 mode) and 9.8x10%+3.5x10% dyn*s *cm ™2 ke
(I80 mode). It was not changed by stopping the pumping (9.5x104i3.3x104
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Phasic tracings (computer output) of electrocardiogram (ECG),
aortic pressure (AoP), left ventricular pressure (LVP), left
atrial pressure (LAP), aortic root flow (AoF), pump bypass
flow (BF), long-axis diameter of the left ventricle (LD),
short-axis diameter parallel (SDp) and perpendicular (SDn) to
the septum, meridian (LS) and equatorial (SS) segment length
of the left ventricular free wall.
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Fig. 5.4 Hemodynamic effects of LVAD pumping with various synchronous
and asynchronous modes.

5.3.2 Mechanical effect

As shown in Fig. 5.3, large phase shifts were observed between the
long- and short-axis diameters in all cases. The SDp was in phase with
SDn, whereas the LD was out of phase with SDp and SDn. The LS and the SS
were in phase, and these muscular lengths were in phase with short axis
diameters. Since the sensors for the measurement of SS were positioned
along the equator, it might be natural that the SS is in phase with SDp
and the SDn. On the other hand, the LS and the LD were not in phase in
spite of the meridian direction of LS, which implies that the
deformation of the ventricular wall in the meridian direction varies not
only with location but also with time, as is widely known (10). The
phase differences among these dimensional data observed under the
control condition were similarly seen in all pumping modes, showing that
the shape of the left ventricular cavity was not distorted by the LVAD
pumping. This phenomenon may be attributed to the fact that the blood
was withdrawn from the atrium.

In the 2:1 mode, the pLVP was reduced during non-pumped cardiac
cycles possibly because more blood was sucked into the pump from the
atrium than into the left ventricle for this period. In this phase, the
natural left ventricle frequently could not eject much blood and did
very little mechanical work, as will be described later. In the cardiac
cycle with the LVAD pumping, the blood is mainly sucked into the left
ventricle, and then ejected against the high systemic blood pressure
developed by the preceding LVAD pumping. This might be one of the
reasons why the BF in the 1:1 mode is lowest (Fig. 5.3).

In the 4:1 mode, the pump diaphragm reaches the full end-diastolic

position in the first to second non-pumped cardiac cycles, and the pump




is filled with blood during this period. In the third non-pumped cycle,
the blood is all sucked into the left ventricle from the atrium. For
this reason, the pLVP and the AoF in the last non-pumped cycle were
highest among three non-pumped cycles (Fig. 5.3). However, the pLVP
could not be as high in this phase as the control value because the
circulatory blood volume was reduced by the blood being temporarily
stored in the LVAD pump until the next pumping out.

Phasic tracings of the LVV and the Am, calculated from the
dimensional data by eqgs. (3.1) and (3.3), respectively, are shown in
Fig. 5.5. The LVV was closely in phase with the Am in each case. The
difference of the average values of the LVV between pumping and non-
pumping (control) conditions were not so large. This result is
attributed to the fact that much blood could not be sucked from the
atrium because the LVAD sucking pressure had to be maintained at

moderate levels in order to avoid the collapse of the flexible atrium.
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Fig. 5.5 Phasic tracings (computer output) of the left ventricular
volume (LVV) and subendocardial regional muscular rhombus area
(Am) calculated from the data shown in Fig. 5.3. ECG,
electrocardiogram.

5.3.3 Bulk mechanical work of the left ventricle

Figure 5.6a shows LVP-LVV loops depicted from the 2:1-mode and
control data. The loops in the 2:1-mode pumping were obtained from the
successive two cardiac cycles: the smaller loop was obtained in the non-
pumped cardiac cycle, and the larger one in the pumped cycle. The
summarized data of the bulk mechanical work are shown in Fig. 5.7a.
Since the HRs did not change so much among five pumping modes, the BMW
showed similar variations to the BSW.

As expected from the hemodynamic data, the BSW done during the LVAD
pumping (27+21 to 47+31 mJ/(100 g LVW)) was significantly smaller (p <
0.01) than that performed under the control condition (88+42 mJ/(100 g
LVW)): the former was 30-50 % of the latter. The BSW in the 2:1, 160,
and I80 modes (36+27, 27+24, and 27421 mJ/(100 g LVW), respectively)
were lower (p < 0.05) than those in the 4:1 and 1:1 modes (46+30 and
47431 mJ/ (100 g LVW), respectively).

Similar to the BSW, the BMW observed during the LVAD pumping (61+52
to 110 +63 mW/ (100 g LVW)) was significantly smaller (p < 0.01) than the
control value (216+97 mW/(100 g LVW)): the former was 30-50 % of the
latter. The BMW in the 2:1, 160, and I80 modes (81456, 61+52, and 64+51
mW/ (100 g LVW), respectively) were lower (p < 0.05) than those in the
1:1 and 4:1 modes (109464 and 110463 mW/(100 g LVW), respectively). In
the synchronous modes, the BSW and BMW were lowest in the 2:1 pumping
mode.

In the asynchronous modes, the rate of the natural heart was often
around twice or three times as much as the LVAD pumping rate. In such a

case, a quasi-synchronous pumping might occur, which could reduce the

BSW and the BMW, as in the synchronous modes.
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5.3.4 Regional mechanical work of the left ventricle

Figure 5.6b shows examples of the Tw-Am loops observed during the
2:1-mode pumping and under the control condition. In the 2:1 pumping
mode, two successive loops are shown in the same figure, as is the case
in LVP-LVV loops. The calculated results on six dogs are summarized in
Fig. 5.7b, where the data on one dog are not included because its Tw-Am
relation showed clockwise loops even under the control condition,
indicating that the muscle in the region did not work. The myocardial
damages due to the experimental maneuver seemed to be severe for this
particular dog.

As expected, the RSW and the RMW showed similar variations in five
punping modes to the BSW and the BMW. The RSW during pumping (0.17+0.19
Lo U.36#0.31 mJ/cmB) was significantly lower than the control data
(D B2+0 .33 mJ/cmB): the former was 30-60 % of the control value. The RMW
measured during pumping (0.43+0.51 to 0.90+0.89 mW/cmB) was also smaller
(p < 0.05) than that under the control condition (1.57+0.95 mW/cmB).

These results are fairly comparable to those of the bulk mechanical

work.

5.4 DISCUSSION

The mechanical effect of the LVAD pumping on the natural heart has
not been fully studied yet even on the normal heart. To study the
effects of LVAD pumping on the left and right ventricular behavior,
Farrar et al. (11) have used implantable ultrasonic sensors similar to
those used in this study, although their system was equipped with only
two channels for the data acquisition. They observed the change in the
short-axis diameters of the left and right ventricles in normal dogs
implanted with apically cannulated LVADs, and reported that LVAD pumping
reduced the area of the left ventricular pressure-diameter loop
significantly. They did not observe the local deformation of the
ventricular wall.

The main objectives of the LVAD pumping are to rest the natural
heart and recover its function while maintaining the systemic
circulation and coronary blood flow. The mAoP and TF in the 1:1 mode
were highest among those in the other pumping modes, which indicates
that this mode is best for the maintenance of the systemic circulation
and coronary blood flow. If the LVAD was applied to the debilitated
heart rather than to the normal heart, the blood might be sucked into
the LVAD pump more easily, and the total bypass would be brought about
due to the degraded function of the natural heart. The differences of
the bypass flow among drive modes might be smaller.

It has been expected that the LVAD reduces the bulk and regional
mechanical work of the left ventricle to rest it although there have
been few detailed studies about the ventricular mechanics during the
cardiac assist. It has been proven in this study that the BSW, BMW, RSW,

and RMW in each pumping mode are significantly lower than those under




the control condition.

In the ECG synchronous pumping modes, the timing of the pump
ejection must be determined carefully. The counterpulsation method
utilized here has been widely used because the diastolic augmentation in
the aortic pressure obtained by this method improves the coronary blood
flow. In this study, the delay time of the start of the pump ejection
from the R-wave of the ECG signal was set so as to obtain the maximum
pump bypass flow.

The 2:1 mode was most effective for reducing the mechanical work in
the synchronous pumping modes. As mentioned above, the blood did not
enter the left ventricle so much during the non-pumped cardiac cycles
because the pump diaphragm was held at the diastolic position, and the
blood was sucked into the pump. As the result, the left ventricular
stroke volume was fairly small, as shown in the second and fourth
cardiac cycles in Fig. 5.5c and as demonstrated by the smaller loop in
Fig. 5.6a. In the pumped cardiac cycles, on the other hand, the left
ventricle could suck much blood, especially during the LVAD ejection
period, resulting in large stroke volume, as shown in the first, third,
and fifth cardiac cycles in Fig. 5.5c and as demonstrated by the larger
loop in Fig. 5.6a. Therefore, the average blood volume sucked into the
left ventricle, i.e. the average stroke volume, in the 2:1 pumping mode
was less than that in the 1:1 mode (Fig.5.5c and d). This is one of the
main reasons why the left ventricular mechanical work in the 2:1 mode is
lower than that in the 1:1 mode.

In the 4:1 pumping mode, the LVAD could not sufficiently unload the
left ventricle, resulting in larger left ventricular mechanical work

than that in the 2:1 mode.

The mechanical work of the left ventricle done in the asynchronous

pumping modes was similar to or slightly lower than that in the 2:1
synchronous mode. In the asynchronous modes, the LVAD pump ejects the
blood regardless of the systolic or diastolic phase of the natural
heart. When the blood is ejected during the diastole, the similar effect
to that observed in the synchronous pumping modes occurs. As stated
above, the LVAD pumping rates used for the asynchronous modes in this
study (60 and 80 bpm) were very often around one-half and one-third of
the pulse rates of the natural hearts, which brought about a kind of
quasi-synchronous pumping. The LVAD pumping during the systolic phase of
the natural heart, on the other hand, elevates the afterload pressure,
which reduces the stroke volume of the natural heart. This phenomenon is
observed in the second cardiac cycle in Figs. 5.3e and 5.5e. As a
result, the mechanical work of the left ventricle was significantly
lowered in the asynchronous modes.

From the results obtained in this study, it is suggested that the
drive mode should be carefully selected considering the condition of the
patients. To maintain the systemic circulation and coronary blood flow,
the 1:1 mode is best; the 2:1 mode might be effective to rest the heart.
When the LVAD pump is weaned off, the duty ratio is usually decreased
step by step in order to gradually load the natural heart. A lower duty
ratio such as 4:1 is useful for this purpose because the decrease in the
ratio increases the load exerted on the left ventricle, and the heart
would gradually adapt to the non-pumping condition.

The full stroke volume of the pump (around 40 ml) used in this
chapter was large enough compared with that of the natural heart (around
12 ml). If we use a pump having a larger stroke volume, the blood

staying in the pump would decrease the circulatory blood volume,

especially in the 2:1 and 4:1 modes, and would cause the decrease in the




afterload. Besides, thrombus formation might occur inside the pump due

to the low blood velocity in the large pump. A smaller pump having a
stroke volume less than that of the natural heart could not unload the
left ventricle well. Therefore, the stroke volume of the pump should be
chosen carefully (4).

The high filling capability is one of the most important
performances required of the pump, especially when the blood is sucked
from the flexible atrium. If the blood filling was not very smooth in
the pump diastole, the effect of the LVAD pumping on the natural heart
would not be very good because much blood would be sucked into the left
ventricle. The diaphragm of the pump used here was fabricated so as to
be stable at the end-diastolic position to make the blood filling
smooth.

In these experiments, the blood was withdrawn from the atrium and
bypassed to the descending aorta. Total bypass was hardly brought about
by this arrangement because the left ventricle competed with the pump
for blood suction. The rate of the blood entering the pump is determined
by both the LVAD pump performance and the left ventricular function. If
the blood was withdrawn from the apex, the total bypass would be
obtained easily because the whole blood is sucked into the pump, and the
results might have changed. For example, the LVP during pumping would be
much smaller and the BMW and the RMW would be much less compared with
those observed in the case of atrium-aorta bypass, dealt with in these
experiments.

The bulk and regional behavior of the ischemic ventricle implanted
with LVAD is very important for the effective application of the LVAD to
clinical cases. Because the myocardial infarction is usually of a local

nature, regional behavior of the ventricular muscle should be studied in

both the normal and ischemic areas. For this purpose, the method used

here is very useful. Bulk and regional mechanical effects of LVAD

pumping on the ischemic heart are shown in the next chapter.
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5.5 SUMMARY

Pneumatically driven left ventricular assist devices (LVADs) were
acutely implanted between the left atria and the descending aortas of
dogs, and were driven in five pumping modes: electrocardiogram
synchronous modes with the duty factors of 1:1, 2:1, and 4:1, and
asynchronous modes with the pulse rates of 60 and 80 beats/min. The
ventricular diameter and myocardial segment length were measured by the
ultrasonic displacement meter and implantable miniature sensors. Bulk
mechanical work of the left ventricle and regional mechanical work of
the myocardium were calculated from these dimensions and the left
ventricular pressure.

LVAD reduced the bulk mechanical work of the left ventricle by 30-
50 % and the regional work by 30-60 %. The mean aortic pressure and
total flow (= aortic flow + pump bypass flow) were highest in the 1:1
synchronous pumping mode, which indicates that this mode is most
effective to maintain the systemic circulation and coronary blood flow.
Asynchronous pumping and synchronous pumping with 2:1 duty factor were

most useful to reduce the mechanical work of the left ventricle.

L.
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CHAPTER VI

ACUTE EFFECT OF LEFT VENTRICULAR ASSIST DEVICE ON THE ISCHEMIC HEART

6.1 INTRODUCTION

In the preceding chapters, an 8-channel ultrasonic displacement
meter was developed and applied to the study on the effects of LVAD
drive modes on the left ventricular bulk and regional mechanical work as
well as on the hemodynamics in the dogs having the normal heart (1).

This chapter is devoted to the analysis of the mechanical and
hemodynamic effects of LVAD pumping on the failing heart in acute animal
experiments. LVADs were implanted in dogs with induced myocardial

ischemia. The regional mechanical work done in the ischemic myocardial

area of the failing heart was compared with that in the normal area (2).




6.2 METHOD

6.2.1 Experimental Protocol

Eight mongrel dogs of both sexes weighing 15-29 kg (average 20 kg)

were anesthetized by the intravenous injection of pentobarbital sodium
(25 mg/(kg body weight)), and maintained by the occasional
administration of this dose throughout the experiments. They were
ventilated with room air and oxygen gas by a respirator (Mark-7, Bird,
Springs Farm, California, U.S.A.). The left thoracotomy was performed at
the 5th intercostal space, and the pericardium was opened widely.

The same LVAD pump as that described in CHAPTER V, that is a
pneumatically driven diaphragm-type LVAD pump having the stroke volume
of 40 ml (3), was implanted between the left atrium and the descending
thoracic aorta, as shown in Fig. 6.1.

The left ventricular diameter and myocardial segment length were
measured by the 8-channel ultrasonic displacement meter (4,5). Miniature
ultrasonic sensors were embedded in the left ventricle while the LVAD
was being pumped under conditions of 60 bpm pumping rate and 30 %
systolic duration to maintain the systemic circulation in a good state.

Three pairs of sensors were attached to the LV endocardium for the
measurement of a long axis inner diameter (LD) and two short axis inner
diameters parallel and perpendicular to the septum (SDp and SDn,
respectively) according to the procedure mentioned in CHAPTER V.

Four pairs of ultrasonic sensors were used to measure the
myocardial segment length. They were embedded in the subendocardium in
the same way as that explained in CHAPTER V. Two pairs were implanted in

the central region of the left ventricular free wall for the measurement

of muscular length in the orthogonal (equatorial (SSn) and meridian
(LSn)) direction. Since this area was kept normal even after local
ischemia was induced, it was called the 'normal’ region.

The other two pairs were positioned in the distributing area of the
left anterior descending coronary artery (LAD) in the same manner . as
that used for the implantation in the ’normal’ area. Ischemia was
induced in this area by the ligation of the LAD, and this area was
called the ’ischemic’ region. The equatorial and meridian segment
lengths in the ’ischemic’ region were denoted by SSi and L81,
respectively.

Left atrial pressure (LAP), aortic pressure (AoP), and left
ventricular pressure (LVP) were monitored with the same pressure
transducers as stated in CHAPTER V. These transducers were calibrated
with a mercury manometer prior to each experiment.

The blood flow in the ascending thoracic aorta (AoFd) and pump
bypass flow (BFd) were measured by the same method described in CHAPTER
V. The AoFd and BFd were normalized by the animal body weight, which
were denoted by AoF and BF, respectively. Total blood flow (TF) was
calculated by adding AoF and BF. Total peripheral resistance (TPR) was
obtained by dividing the mean AoP by TF.

The pump was counterpulsated synchronously with the ECG signal at
two duty ratios: one pumping in a cardiac cycle (1:1 mode) and one
pumping in two cycles (2:1 mode). These drive modes were selected
according to the results obtained from the experiments described in
CHAPTER V, which indicated that the 1:1 mode was useful to maintain the
systemic and coronary circulation and the 2:1 mode was effective to rest
the left ventricle (1). The systolic duration of the pumping (around 30

% of the cardiac cycle), the pressure of compressed air (around 250




mmHg) and vacuum (around -60 mmHg) for driving the pump, and the delay
time from the R-wave of the ECG signal for the pump ejection were
controlled so that the maximum pump flow was obtained.

The pump was driven in the 2:1 pumping mode through the experiments
except when 1t was stopped to obtain non-pumping data and was being
pumped in the 1:1 mode to record the data in this mode. A series of data
was acquired (before the induction of local ischemia) as follows when
all dimensional data became stable, usually around 30 minutes after all
sensors and devices were implanted. The data in the 2:1 pumping mode
were recorded first. Then, the pumping was stopped temporarily, with the
pump diaphragm being held at the end-systolic position to prevent the
decrease 1in the circulatory blood volume. The non-pumping data were
recorded 2 to 5 minutes after stopping the pumping, when they seemed to
be stable. Then the pumping was started again in the 1:1 mode, and the
drive condition was tuned to obtain the maximum BF. After all parameters
seemed to be stable, the data in this mode were acquired. Then, the
pumping mode was returned to the 2:1 mode and the drive condition was
tuned again. All data were recorded on magnetic tapes and on pen
oscillographs in the same way as stated in CHAPTER V.

After collecting these data, the LAD was ligated at the proximal
position to the 1st diagonal branch, as shown in Fig. 6.1. In the first
4 experiments, data were obtained 0.5, 1, 2, and 3 h after the ligation
in order to observe the time course of cardiac and hemodynamic
parameters. The data at each time were obtained in the same manner as
that used before the LAD ligation. As will be mentioned later, the
results obtained from these experiments showed that all parameters

became stable around 2 h after the LAD ligation. Therefore, in the other

4 dogs which were used to study the effects of the local ischemia, all

data were acquired around 2 h after the ligation.

After the experiments, the animals were sacrificed by the injection
of potassium chloride. During autopsies, their hearts were carefully
examined to confirm the proper positioning of the ultrasonic sensors and
Konigsberg’s pressure transducers. To calculate the regional wall
tension in the ’normal’ and ’ischemic’ myocardium, the angle of each
sensor for the segment length was measured on the equatorial plane (see
APPENDIX A.2 for detail). The left ventricular weight (LVW) and the wall
thickness at the ultrasonic sensors for the segment length were
measured.

Two more experiments were performed to confirm the severity of the
left ventricular damage caused by the LAD ligation. In these cases, the
LVAD was not applied. In the first dog, ventricular fibrillation
occurred around 2 minutes after the LAD ligation, and the heart did not
recover in spite of the electrical defibrillation procedure and the
injection of an anti-arrhythmic drug (lidocaine hydrochloride). In the
other dog, ventricular fibrillation and tachycardia continued for 20
minutes after the LAD ligation. Although the anti-arrhythmic drug was
administrated throughout the experiment, the hemodynamic condition did
not become stable for over 3 h, and ventricular tachycardia occurred
many times. No inotropic drugs were used in these experiments in order
not to change the myocardial contractility. These results indicate that
the ischemia induced by the maneuver used in these experiments was too
severe for the hearts to maintain their function without the LVAD

application.




EMF probe
for
bypass flow

Sensors for
muscular segment length

Sensors for long- and
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Fig. 6.1 Schematic diagram of the experimental arrangement for the

implantation of ultrasonic sensors, hemodynamic transducers and
left ventricular assist device (LVAD). Ischemia was induced by
the ligation of the left anterior descending coronary artery
(LAD). Ao, aorta; AoP, aortic pressure; EMF, electromagnetic
flowmeter; IVC, inferior vena cava; LA, left atrium; LAP, left
atrial pressure; LV, left ventricle; LVP, left ventricular
pressure; PA, pulmonary artery; RA, right atrium; RV, right
ventricle; SVC, superior vena cava.

6.2.2 Data Analysis

The data were analyzed by almost the same methods as those
described in CHAPTER V (1).

Left ventricular volume (LVV) was calculated by eq. (3.1). The
external stroke work of the left ventricle was obtained from the
relation between the LVP and LVV as described in CHAPTER III. The stroke
work was normalized by the LVW and multiplied by the heart rate (HR) to
obtain the averaged bulk mechanical work per second (BMW).

Regional wall tensions (Twn and Twi in the ’normal’ and ’ischemic’
regions, respectively) were calculated from the LV diameters and
pressure, and the angle of the each local area, using eq. (3.2). They
are given by:

i T el (k = n and 1) (6.1)

Z
where ry . was calculated by the method mentioned in APPENDIX A.Z2.
Local rhombus areas in the ’normal’ and ’ischemic’ regions of the
LV free wall (Amn and Ami, respectively) were calculated by eq. (3.3),

which are given by:
Amy = -—- LSk +SSk. (k. = n and i) (6.2)

Regional stroke work of the left ventricle was obtained from the
relation between the wall tension and area as stated in CHAPTER III. It
was normalized by the regional muscular volume, calculated by
multiplying the wall thickness and rhombus area measured after
sacrifice. The averaged regional work per second were derived by

multiplying the normalized stroke work by HR. The regional work in the

"'normal’ and ’'ischemic’ areas were denoted by RMWn and RMWi,




respectively.

The bulk and regional work of the left ventricle done during LVAD
pumping were compared to those obtained without pumping, and the
regional work in the ’ischemic’ area of the ischemic heart was compared
to that in the ’normal’ area. Statistical significance was evaluated by

paired t test, where the significant limit was taken at p = 0.05.

6.3 RESULTS

Examples of the phasic change (computer output) in the hemodynamic
and dimensional data observed before and 2 h after the LAD ligation are
shown in Fig. 6.2. The left atrial pressure (LAP) elevated by the  LAD
ligation was reduced to the normal level by the LVAD pumping. All the
left ventricular diameters were elongated by the LAD ligation (20 %
increase in LD, 37 % increase in SDp, and 41 % increase in SDn under
pump-off condition), which shows that the left ventricular cavity was
enlarged to do the demanded work with lower contractility. The left
ventricular diameters in the ischemic heart were shortened by 4 % (p <
0.05) by the LVAD pumping. The regional myocardial segment lengths in
the 'normal’ region (LSn and SSn) were not changed by the LAD ligation,
whereas the segment length in the ’ischemic’ area (SSi) was elongated to

172 % of that measured before the ligation.
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6.3.1 Hemodynamic effect

Figure 6.3 summarizes the time course of the hemodynamic data. The
heart rate (HR) was almost unchanged for 3 h after the LAD ligation. The
peak LV pressure (pLVP), mean aortic pressure (mAoP), and total blood
flow (TF) measured under pump-off condition were decreased to 84, 85,
and 87 %, respectively, by the myocardial dysfunction. All data obtained
during the 1:1 pumping mode were similar to those in the 2:1 mode,
except that pLVP and mAoP were 8 % higher in the 1:1 pumping mode. The
pump bypass flow (BF) decreased to 87 % after the LAD ligation, possibly
because of the decrease in the circulatory blood volume. The mean left
atrial pressure (mLAP) measured under pump-off condition increased very
slightly after the ligation. Although the total peripheral resistance
(TPR) under pump-off condition was not changed by the LAD ligation, that
obtained during pumping was increased gradually. All of these data
became stable 1 to 2 h after the LAD ligation except HR, which increased
slightly between 2 and 3 h. Because the LV mechanical work also became
stable around 2 h after ligation, as shown later, hemodynamic and
cardiac data were procured before and 2 h after ligation in the
following four experiments.

The hemodynamic data obtained from 8 dogs before and 2 h after the
LAD ligation are summarized in Table VI.I. The heart rate, HR, was
slightly higher under non-pumping condition (149417 and 147+19 bpm
before and after the LAD ligation, respectively) than during 2:1
pumping (146+18 and 141+16 bpm) and 1:1 pumping (143420 bpm after the
ligation). The heart rate measured under pump-off condition was not
changed by the LAD ligation.

In the non-pumping state, the peak left ventricular pressure, pLVP,

P




obtained after the LAD ligation (100+12 mmHg) was lower (p < 0.05) than
that obtained before ligation (113+15 mmHg ). The pLVP during pumping
(95+16 and 107+17 mmHg before ligation, and 84+20 and 88+25 mmHg after
ligation) were lower than those obtained when the pumping was
temporarily stopped (p < 0.05). Although the pLVP observed during the
2:1 pumping in the normal heart was significantly lower than that in the
1:1 mode, it was not significant in the failing heart. In two dogs, the
pLVP was lower than the minimum AoP after the LAD ligation, which
indicates that the blood was totally bypassed by the LVADs in these
cases.

Under pump-off condition, the mean aortic pressure, mAoP, obtained
after the LAD ligation (87+11 mmHg) was significantly lower than that
observed before ligation (98+16 mmHg). The mAoP during the 1:1 mode
pumping (100415 and 90+16 mmHg before and after ligation, respectively)
were not significantly different from those measured under pump-off
condition (98416 and 87+11 mmHg). The mAoP in the 2:1 mode (92+15 and
84+12 mmHg before and after ligation, respectively) were lower (p <
0.05) than those in the non-pumping and 1:1 modes.

The mean left atrial pressure, mLAP, in the non-pumping mode was
elevated from 6+3 to 8+4 mmHg by the LAD ligation. Irrespective of the
LAD ligation, the mLAP was increased by stopping the pumping.

The total blood flow, TF, under pump-off condition, i.e. AoF, was
significantly decreased from 93+36 to 82+28 ml/min/kg by the LAD
ligation (p < 0.05). There were no significant differences in the TF
between the 1:1 mode (94+35 and 76+32 ml/min/kg before and after
ligation, respectively) and the 2:1 mode (88+40 and 73+24 ml/min/kg).
Under the ischemic condition, pumping seemed to decrease the TF,

although the change was not statistically significant.

The bypass flow, BF, was slightly decreased by the myocardial
dysfunction (from 75+43 to 65+25 ml/min/kg in the 2:1 mode and from
61429 to 58432 in the 1:1 mode), possibly due to the lower circulatory
blood volume. These values measured after the LAD ligation were around
87 and 95 % in the 2:1 and 1:1 pumping modes, respectively, of those
before ligation. The ischemia decreased the TF obtained under pump-off
condition by around 12 %, which is fairly close to the percentages of
the decrease in BF.

The TPR in the non-pumping state was not changed by the LAD
ligation (9.643.6 and 9.4+3.5 xlO4 dyn-* s 'Cm_S'kg before and after
ligation, respectively). Under the ischemic condition, it was slightly
higher during pumping than in the non-pumping state, but the differences

were not significant.
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Fig. 6.3 Hemodynamic change after the ligation of the left anterior
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6.3.2 Mechanical effect
6.3.2.1 Bulk mechanical work of the left ventricle

Examples of the left ventricular pressure-volume relations during a

Figure 6.4 exhibits phasic tracings of the left ventricular volume : . .
cardiac cycle are shown in Fig. 6.5. In each case, a counterclockwise

(LVV) and local myocardial areas (Am. and Am.) calculated
n i ated from the loop was drawn in a cardiac cycle. As shown in Fig. 6.5 (b-1), two

dimensional data shown in Fig. 6.2 by usi egs. (3.1
* ng egs. ( ) and (6.2). The different but successive loops were depicted in the 2:1 pumping mode.

LVV was closely in phase with the and Am:. in th
Amn 1 e normal heart, The loops moved towards right and their areas increased when stopping

whereas in the case of ischemic heart, it was in phase with th Am“
E P % » but the LVAD pumping. They were also shifted to right by the LAD ligation.

out of phase with the Am..

'S Figure 6.6 (a) shows the time course of the left ventricular bulk
work (BMW) obtained in 4 dogs. The bulk work obtained under intermittent
pump-off condition decreased gradually until around 2 h after the LAD
ligation. The work in the pumping modes decreased rather rapidly for the
first 30 minutes and, then, became stable. The decreases of BMW in these
cases were smaller than that obtained under pump-off condition. Before
the LAD ligation (i.e. in the normal heart), the bulk work in the 2:1
mode was smaller than that in the 1:1 mode. However, the difference

seemed to be reduced after the induction of myocardial dysfunction.

Table VI.II summarizes the bulk mechanical work obtained in 7 dogs

! | ! l | h joey l | { before and 2 h after the LAD ligation. The data obtained of one out of 8
R Ty | W‘ PP S o L gl
- V] 1 | j l i J ﬁ dogs were omitted and are not included in the table because of the
Lvy \
A NA T\
m N\~ ! ) 1 1
(ml) G O Cav ) e R | an g SRR N ,«F~7-,7 malposition of an ultrasonic sensor for the measurement of the left
o o ventricular long axis diameter in this animal.
m':'z) 2V Y el B e S I e B = D ) S0 T (S —~——————
:g: i . l ™ The BMW obtained under pump-off condition was significantly
A, YA .  aWaW oW NW 4 od f 0.2740.16 16 ] ;
(mg)zom\f\J\ /\\A\qum\/j.ﬁ\j\J\vﬂ\/\ 4J ecreas rom 0.27+0. to 0.16+0.11 W/(100 g LVW) by the LAD ligation
LT:E_J (p < 0.01). The BMW was significantly increased (p < 0.005) by stopping
(a) Non-pumplng (b) 2:1 mode (c) 1:1 mode (d) Non-pumoi (e) 2:1 mode (f) 1:1 mod .
L | | L i " , | ’ the LVAD pumping, regardless of the normal or ischemic heart. The
Normal Heart Ischemic heart
difference of the BMW between the 2:1 and 1:1 modes was smaller in the
Fig. 6.4 Phasic tracings (computer output) of the left ventricular ischemic heart than in the normal one.

Yolume 5LVV) and subendocardial regional rhombus areas in the
normal (A@n) gnd 'ischemic’ (Ami) regions calculated from the
data shown in Fig. 6.2. ECG denotes electrocardiogram.
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Fig. 6.5 Left ventricular pressure-volume loops ((a-1) and (b-1)) and
regional wall tension-area loops in the ’normal’ ((a-2) and (b-
2)) and ’ischemic’ areas ((a-3) and (b-3)). The loops obtained
before and 2 h after the ligation of the left anterior
descending coronary artery are shown by the thin and thick
lines, respectively. Two successive loops are depicted for the
2:1 mode. These loops were obtained from the data shown in
Figs. 6.2 and 6.4.




Table VI.II

LAD

Before

After

Effect of the LAD ligation and LVAD pumping on the
ventricular mechanical work (n=7, Mean+SD).

LVAD BMW RMWi RMWn
ligation pumping (W/(100 g LVW)) (mW/cmB) (mW/cms)
off 0.2740.16 2.8041.90 1.641.2
gl | 0.10+0.09%d 0.6+0.4*c 0.8+0.5%*a
331 0.1540.15%c 0.940.7%*d 0.8+0.6%a
Of f 0.1640.11%b 0.240.545 1.240.7
231 0.08+0.08#%c -0.140.4 0.5+0.2¢#a
| 38 | 0.1040.08#%d 0.040.4 0.6+0.6#c

BMW, bulk mechanical work of the left ventricle; LAD,

left anterior descending coronary artery; LVAD, left

ventricular

weight; RMWi1 ,

assist device; LVW, left ventricular

regional mechanical work 1in the LAD

distributing area of the left ventricular free wall

('ischemic'’

area); RMWn, regional mechanical work in

the central region of the left ventricular free wall

('normal! area).

Key for
a,

b 4

#

$,

statistics:

Bt R0 e E K 0Dl 0 % 0 008 d Tp T4 100017
compared to the pump-off data obtained before the
LAD ligation;

compared to the pump-off data obtained after the LAD
ligation;

compared to the pump-off data obtained in the

"normal’ region after the LAD ligation.

left

6.3.2.2 Regional mechanical work of the left ventricle

Examples of the wall tension-area relations during a cardiac cycle
are also shown in Fig. 6.5. Fig. 6.5 (a-2) and (b-2) demonstrate the
results obtained at the central position of a left ventricular free wall
(’normal’ region), which gave counterclockwise loops. Fig. 6.5 (a-3) and
(b-3) show the loops obtained of a LAD distributing area (’ischemic’
region). These loops in the ’ischemic’ areas were not always
counterclockwise, indicating that the work 1in these regions were
occasionally done on the ventricles. Fig. 6.5 (a-2) and (a-3)
demonstrate the relations obtained in the 1:1 and non-pumping modes, and
Fig. 6.5 (b-2) and (b-3) represent those in the 2:1 and non-pumping
modes. Two successive loops are shown in the case of 2:1 pumping mode.
In all cases, the loops moved towards right and their areas increased
when the pumping was stopped. The loops in the ’ischemic’ region were
remarkably shifted towards right by the LAD ligation, whereas those in
the 'normal’ region did not move. The maximum wall tension in the
'normal’ area was similar to that in the ’ischemic’ area.

Figure 6.6 (b) and (c) show the time course of the left ventricular
regional work in the ’'normal’ (RMWn) and ’'ischemic’ (RMWi) areas,
respectively. Under pump-off condition, the regional work in the
'normal’ area was not changed by the LAD ligation. The regional work in
the ’ischemic’ region, however, dropped to near zero within 0.5 h after
ligation and was maintained at that level for at least 2.5 h.

Table VI.II summarizes the regional mechanical work obtained of 7
dogs before and 2 h after the LAD ligation. The data on one dog are not
included in this table because its myocardial wall tension-area relation
showed clockwise loops even under the non-pumping condition with the

normal heart, indicating that the muscle in the region did not work.




Experimental maneuver might have induced unusually severe myocardial
damages in this dog. This particular animal 1is different from the dog
whose BMW data were omitted.

The RMWn and RMWi in the normal heart gave similar values in each
pumping mode, and they were significantly increased (p < 0.005) by
stopping the LVAD pumping. After the LAD ligation, the RMWn under pump-
of f condition slightly decreased, whereas the RMWi dropped to near zero
{ Q2400 mW/cmB). The latter result indicates that the myocardium in the
’ischemic’ region turned out to do no mechanical work. The LVAD pumping

reduced the RMWn by around 55 %, but did not change the RMW1 .

6.4 DISCUSSION

Kresh et al. (6) measured the regional intra-myocardial pressure in
the failed left ventricles of dogs during LVAD pumping, and concluded
that the intra-myocardial pressure was not reduced by the mechanical
assist device. However, they did not measure the LV dimension. Since the
LVAD is often used for volume unloading, the LV dimensional change is
important to evaluate the mechanical effect of the LVAD.

Farrar et al. (7,8) measured the short axis diameters of the non-
ischemic left and right ventricles in the dogs implanted with LVADs by
apical cannulation, and reported that the LVAD significantly reduced the
left ventricular pressure-diameter loop area. However, they did not
study the local deformation of ventricular wall. Since the heart failure
induced by ischemia is generally of local nature, it is required to
study the regional behavior of myocardium for the detailed analysis of
the mechanical effects of LVAD and the mechanism of the recovery of
failing heart.

In the present experiments, ischemia was induced locally by
ligating the left anterior descending coronary artery (LAD) which
provides the blood flow in the anterior region of the left ventricular
wall. The ischemia was so severe that the heart could not stably
maintain its function without the aid of LVAD. The regional myocardial
behavior in the ’ischemic’ area was compared with that observed in the
'normal’ central region.

In clinical cases, the LVAD is usually applied a fairly long time
after the development of myocardial infarction. The ischemic model used
in this chapter is different from the clinical cases because the

ischemia was induced at the time of the onset of LVAD pumping. However,




pertinent and valuable insights could be obtained from the present study
for the clinical application of LVAD.

It has been anticipated that the LVAD reduces the bulk and regional
mechanical work of the failing heart, although there have been few
direct studies on the mechanical effects. This study proved that the
LVAD decreases the mechanical work in the ’'normal’ region of the left
ventricle, and exerts no load to the ’ischemic’ myocardium, and reduces
the bulk mechanical work. By virtue of the LVAD, the blood circulation
was maintained well in spite of the severely damaged natural ventricle.

In these experiments, the author applied the left atrial
cannulation technique, which has been widely used in clinical cases. 1If
the blood is sucked from the left ventricle by the apical cannulation, a
greater reduction of LVP and increase in the pump bypass flow might be
expected compared with the case of atrial cannulation.

In two dogs, the blood was totally bypassed through LVADs after the
LAD ligation. In the normal heart, the blood cannot be totally bypassed
because the natural heart is powerful enough to suck the blood from the
atrium (1) as seen in CHAPTER V. In such a case, the drive mode and
condition of LVAD are important for the reduction of the ventricular
mechanical work. This is not the case for the debilitated ventricle. As
the result, the difference of pLVP between the 1:1 and 2:1 pumping mode
was statistically significant before the LAD ligation, but not after
ligation. In addition, the difference between the bulk mechanical work
done during the 1:1 and 2:1 pumping was smaller in the ischemic heart
than in the normal heart.

The myocardium in the ’ischemic’ region became to do no external
work within 0.5 h after the LAD ligation, while the mechanical work in

the ’normal’ area remained unchanged during the experimental period

(Fig. 6.6). The total blood flow (TF) and bulk mechanical work (BMW)
measured under pump-off condition decreased gradually until 1 to 2 h
after ligation and did not change thereafter, whereas those obtained
during pumping greatly decreased within 0.5 h. Considering that the BMW
in the pump-off state is dependent on the local myocardial contractility
in the normal area, the passive mechanical properties of the severely
damaged myocardium in the ischemic area, and the behavior of the border
region, the results shown in Fig. 6.6 indicate that the myocardial
damage gradually extends into the ’normal’ region within 1 to 2 h after
ligation. If there was no aid of LVAD, the damaged area would extend
more rapidly and continuously, resulting in the failure of the whole
heart. In fact, this episode was confirmed by the additionally performed
non-LVAD experiments. These results imply that the LVAD unloads the
myocardium and also supplies enough oxygen to the myocardium possibly by
the increased blood flow in the co-lateral coronary arteries. That is,
the LVAD is useful not only to rest the severely damaged natural heart
but also to maintain the viability of ischemic myocardium.

Although the LVAD unloads and rests the damaged myocardium, the
regional mechanical work in the ’ischemic’ area (RMWi) remained at near
zero until 3 h after the LAD ligation. This result indicates that the
ischemic myocardium did not recover. Although some part in the ischemic
area was necrotized and infarcted by the ligation, other part of the
ischemic myocardium might not have been completely infarcted, having the
possibility of recovery by the longer-time LVAD pumping if a sufficient
amount of co-lateral coronary flow was retained. To clarify whether the
ischemic myocardium can recover its mechanical function by the LVAD
pumping or not, and to know the mechanism of recovery process of the

bulk and regional left ventricular function, a series of chronic animal
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experiments were performed and the details are stated in CHAPTER VIII. 6.5 SUMMARY

Before going those experiments, another series of chronic experiments

were preliminary conducted to confirm the feasibility of long-term use Pneumatically driven left ventricular assist devices (LVADs) were

of the sonomicrometer and to know the effect of long-term pumping on the implanted between the left atria and the descending thoracic aortas of

left ventricular mechanics in the normal heart. The method for these dogs and were counterpulsated synchronously with the electrocardiogram

experiments and the results obtained are described in the next chapter. at 1:1 and 2:1 duty ratios. Seven pairs of miniature sonomicrometers
were 1mplanted into the left ventricle (LV) to measure the LV muscular
length and diameter. Ischemia was induced by the ligation of the left
anterior descending coronary artery (LAD). Bulk and regional mechanical
work were calculated from these dimensions and the left ventricular
pressure.

LVAD reduced the bulk work in the ischemic and normal hearts not
only in the 1:1 but also in the 2:1 pumping modes. The left ventricular
bulk work measured under pump-off condition decreased progressively
until around 2 h after the LAD ligation, and thereafter it became
constant. The regional myocardial work in the normal area of the
1schemic heart was significantly decreased by the LVAD pumping (by 55
%), whereas that in the ischemic area remained at near zero level
regardless of pumping or non-pumping.

The results obtained indicated that LVAD is useful not only to rest

the severely damaged natural heart, but also to maintain the viability

of ischemic myocardium.
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experiments, and (ii) to know the effects of long-term LVAD pumping on
CHAPTER VII

the bulk and regional mechanics of the normal left ventricle.

EFFECT OF LONG-TERM APPLICATION OF LEFT VENTRICULAR ASSIST DEVICE

ON THE NORMAL HEART

7.1 INTRODUCTION

As described in the previous chapters, the following results were

obtained from acute animal experiments:

(i) in the normal heart model, LVAD pumping in the
electrocardiogram (ECG) synchronous mode at the duty ratio of
2:1 (one counterpulsated pumping in two cardiac cycles) was
most effective to reduce the left ventricular mechanical work,
whereas that of 1:1 (one pumping in a cardiac cycle) was best
to maintain the systemic circulation (1),

(ii) in the induced ischemic heart model, LVAD reduced the regional
mechanical work done in the normal area, keeping the work in
the ischemic myocardium at near zero level, and decreased the
mechanical work of the bulk left ventricle (2).

From these acute experiments, however, still unclear are the

effects of long-term pumping of LVAD on the myocardial mechanics. For

example, long-term unloading, particularly excessive unloading may cause

myocardial atrophy. Very few reports have been published on the effects

of long-term LVAD pumping on the ventricular and myocardial mechanics.
This chapter is devoted to describing the results of the studies

carried out aiming: (i) to confirm the feasibility of chronic

application of the ultrasonic miniature sensors used in the acute




7.2 METHOD

7.2.1 Experimental procedure

Three goats of both sexes weighing 29 (experiment no. P8520), 34
(P8613) and 28 kg (P8620) were used for this study. Each goat was
anesthetized with the gas mixture of fluothane and oxygen after the
administration of ketamine hydrochloride. The ventilation was maintained
by a positive pressure respirator (Servo Ventilator 900C, Siemens-Elema,
Sweden). The left thoracotomy was performed at the 5th intercostal
space, and the pericardium was widely opened.

A pneumatically driven, diaphragm type LVAD pump having a stroke
volume of 70 ml (3) was implanted between the left atrium (LA) and the
descending thoracic aorta (Ao) as shown in Fig. 7.1. The pump was
fabricated of a segmented polyether polyurethane (TM3, Toyobo, Osaka,
Japan). Bjork-Shiley disc valves of 23ABP and 21ABP were used for the
inflow and outflow, respectively. Polyvinyl chloride tubes coated with
the same polyurethane as used for the pump were utilized for the inflow
and outflow cannulae. The inflow cannula was inserted into LA from its
appendage. Cooley low porosity woven Dacron vascular graft (Meadox,
Oakland, New Jersey, U.S.A.) was attached to one end of the outflow
cannula and was used for the end-to-side anastomosis with Ao.

Six pairs of miniature ultrasonic sensors (2 mm in diameter) (4)
were implanted in the left ventricle (Fig. 7.1) to measure the left
ventricular diameter, segment length, and wall thickness with the 8-
channel ultrasonic displacement meter (4).

Three pairs of them were attached to the endocardial surface of the

left ventricle for the measurements of the long axis diameter (LD) and

two short axis diameters parallel (SDp) and perpendicular (SDn) to the
septum. Two pairs of sensors were positioned in the central area of the
left ventricular free wall. They were embedded in the subendocardium to
measure the segment length in the orthogonal (equatorial (SS) and
meridian (LS)) direction. The technique used for the implantation of
these five pairs of sensors was the same as that applied to the acute
experiments (1,2) described in the previous chapters.

The remaining one pair of sensors were implanted close to the
sensors for the segment length, and were used for the measurement of
left ventricular wall thickness (WT): one of the sensors was inserted
into the subendocardium obliquely, while the counterpart was attached to
the epicardium using a Dacron velour backing of the sensor.

Left atrial pressure (LAP) and aortic pressure (AoP) were measured
with extracorporeal, fluid-filled catheter-type pressure transducers
(P50, Gould, Oxnard, California, U.S.A.) which were calibrated prior to
each experiment. These transducers were periodically calibrated during
the experiments.

Left ventricular pressure (LVP) was measured by a wire-strain-gauge
type pressure transducer of high fidelity (P6.5, Konigsberg, Pasadena,
California, U.S.A.) to avoid the distortion and delay of the signal,
which was inserted into the left ventricular cavity through the apex.
This transducer was calibrated prior to each experiment. The long-term
stability was tested in vitro prior to the series of experiments, which
showed that the drift of the output for the atmospheric pressure at 37
Oc temperature was less than 1.8 mmHg for 1 month.

Pulmonary arterial blood flow (PAFd) and pump bypass flow (BFd)

were monitored by electromagnetic flowmeters (EMFs) (MFV-2100 and -1200,

respectively, Nihonkohden, Tokyo, Japan) and perivascular probes. Since
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it was very difficult to attach the EMF probes to the anatomically very
short ascending aorta in the goat, PAFd was measured for the total
systemic blood flow. BFd was measured on the vascular graft attached to
the pump outflow conduit. PAFd and BFd were normalized by dividing them
by the body weight measured during the autopsy, and denoted by PAF and
BF, respectively.

During the implantation of these sensors and probes, the LVAD pump
was driven in the asynchronous mode (30 %-systole at the 60 bpm pumping

rate) to maintain the systemic circulation well.

\‘\?

EMF for
bypass flow

Sensors for
wall thickness

Sensors for
muscular seagment length

Sensors for long- and
short axis diameter

Fig. 7.1 Schematic diagram of the experimental arrangement. Ao, aorta;
AoP, Ao pressure; EMF, electromagnetic flowmeter; IVC,
inferior vena cava; LA, left atrium; LAP, LA pressure; LV,
left ventricle; LVAD, LV assist device; LVP, LV pressure; PA,
pulmonary artery; RA, right atrium; RV, right ventricle; SVC,

superior vena cava.

7.2.2 Post-operative care and data acquisition

Each animal was kept alive for around 1 month after operation. In a
goat (P8620), the LVAD was removed on the 1lst post-operative day to
obtain the control data. In the remaining two goats (P8520 and P8613),
the LVAD was counterpulsated synchronously with the ECG at the duty
ratio of 2:1 through the experiments. Because heart rate (HR) was very
high for one week after the operation as shown later, the duty ratio was
set at 2:1 and was not changed through each experiment, although pumping
was stopped temporarily while the pump-off data were acquired, and also
temporarily pumped in the 1:1 pumping mode while the data in this mode
were recorded. The pump driving conditions, namely the drive pressure
(around 200 mmHg), drive vacuum (around -60 mmHg), systolic duration,
and delay from the R-wave of the ECG signal were often set carefully to
obtain the maximum pump bypass flow.

Hemodynamic and cardiac data were acquired once a day, and recorded
on magnetic tape for around 15 sec using a data recorder (XR-510, Teac,
Tokyo, Japan) and on pen oscillographs (Polygraph 361 and Recti-Horiz
8K23, NEC San-ei, Tokyo, Japan).

In the animals implanted with LVADs, pumping conditions were tuned
to obtain a maximum bypass flow before acquiring data. After all the
hemodynamic and dimensional data became stable (usually within several
minutes), they were recorded while being pumped in the 2:1 mode. Then,
pumping was stopped temporarily, and non-pumping data were acquired
after all parameters became stable again. Pumping was then restarted in
the 1:1 mode, and pumping conditions were tuned again. The data in this
mode were acquired after all parameters became stable. The pumping mode

was then returned to 2:1 mode, and the drive conditions were tuned up.
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Around 1 month after the operation, these animals were sacrificed.
The heart was carefully resected and the positioning of the implanted
sensors and probes was checked. The body weight and left ventricular
weight (LVW) were measured. The myocardial thickness of the left
ventricular free wall where the ultrasonic sensors for the measurement

of segment length were embedded was also measured.

7.2.3 Data analysis

Method of data analysis used for this study is the same as that
mentioned in detail in CHAPTER V (1). A mini-computer system (PDP-11/44,
DEC, Maynard, Massachusetts, U.S.A.) was used to analyze the data
recorded on magnetic tape.

Left ventricular volume, LVV, was calculated from the three
diameters by eq. (3.1), as described in CHAPTER III. The maximum and
minimum LVV 1n a cardiac cycle were regarded as the end-diastolic (EDV)
and end-systolic volume (ESV), respectively.

The bulk external mechanical stroke work done by the left ventricle
was obtained from the left ventricular pressure-volume relation as
mentioned in CHAPTER III. This stroke work was normalized by the left
ventricular weight (LVW) measured during autopsy, and multiplied by the
heart rate (HR) to obtain the bulk mechanical work per second (BMW).

The left ventricular wall tension, Tw, was calculated by eq. (3.2).
The subendocardial rhombus area, Am, surrounded by two pairs of sensors
for the measurement of segment length was calculated by eq. (3.3). The
end-diastolic and end-systolic myocardial area (EDA and ESA,
respectively) were determined at the same time as the EDV and ESV were
obtained, respectively.

From a relation between Tw and Am, the regional external mechanical
stroke work done by the local myocardium was obtained as stated in
CHAPTER III, and was normalized in the same way as that used in CHAPTER
V (1) to obtain the regional mechanical work per second (RMW), where the
regional myocardial volume was calculated multiplying the rhombus
subendocardial area by the wall thickness measured during autopsy.

All data shown in this chapter are expressed as mean values + one
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standard deviations (SD) except for the data expressed by %. The 7.2.4 Histology

percentage data are shown by mean values only.

Myocyte diameter was used as a histological parameter. The
myocardium located at the central part of the left ventricular free wall
was cut out and used to make histological specimens stained with
hematoxylin-eosin. To avoid the influence of cutting angle against the
axis of myocyte, the shortest diameter of each myocyte containing
cellular nucleus was measured using microscopic photographs of the
endocardial one-third, middle, and epicardial one-third layers, assuming
that the cross section of myocardial filament is round.

Statistical significance was evaluated by the standard t test,

where significant limit was taken at p = 0.05.




7.3 RESULTS

Figure 7.2 shows the waveforms of hemodynamic and cardiac
parameters measured on the 10th post-operative day in the P8613
experiment. The peak-to-peak value of each left ventricular dimension 1n
a cardiac cycle measured during LVAD pumping was generally smaller than
that obtained under pump-off condition, showing unloading effect of

LVAD.
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Phasic tracings (computer output) of electrocardiogram (ECG),
left atrial pressure (LAP), left ventricular pressure (LVP),
aortic pressure (AoP), pulmonary arterial flow (PAFd), pump
bypass flow (BFd), long axis diameter of the left ventricle
(LD), short axis diameter parallel (SDp) and perpendicular
(SDn) to the septum, meridian (LS) and equatorial (SS) segment
length of the left ventricular free wall, and wall thickness
(WT'). Data were obtained on the 10th post-operative day in the
P8613 experiment.
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7.3.1 Feasibility of the long-term ultrasonic measurements

The ultrasonic sensors worked very well during each experiment,
although the signals were getting slightly weaker with time possibly due
to the increase in the electrical leakage flux between the sensors and
biological tissues. The ultrasonic displacement meter is useful for the

long-term measurements of cardiac dimensions.

7.3.2 Hemodynamics

Figure 7.3 shows the hemodynamic changes observed throughout the
experiments. Almost all data were stable during the second half month
after surgery. Table VII.I summarizes the hemodynamic data in each
experiment after the 15th post-operative day (POD).

Heart rate (HR) obtained in the 2:1 pumping mode was close to that
in the 1:1 mode. It was high (over 140 bpm) for the 1lst week in all the
animals. After the 15th POD, HR was maintained relatively higher in the
LVAD animals than in the control animal (97+5 bpm) (Table VII.I). In the
LVAD animals, HR increased by around 15 bpm when pumping was stopped
temporarily.

Mean aortic pressure (mAoP) increased for a couple of days after
surgery and, then, decreased to the normal level between 80 and 100 mmHg
in the LVAD cases. The mAoP obtained in the 2:1 pumping mode was not
different from that in the 1:1 mode. Temporary stop of pumping sometimes
reduced the mAoP by a few mmHg.

Peak left ventricular pressure (pLVP) was higher in the control
animal than in the LV-assisted animals. The pLVP did not depend on the
pumping mode, but was elevated very slightly by the temporary pump-
stopping.

Mean left atrial pressure (mLAP) measured under pump-off condition
was always higher than that observed during pumping. The pumping mode
did not much affect the mLAP.

Pulmonary arterial flow (PAF) decreased by 8 and 6 % in P8520 and
P8613, respectively, when pumping was stopped temporarily. Again, PAF
was not affected by the drive mode.

Pump bypass flow in the 2:1 pumping mode was higher than that in




the 1:1 mode by around 20 ml/min/kg in each animal. After the 15th POD,
the bypass ratio (BF/PAF) was 68 and 96 % in the 2:1 mode for P8520 and
P8613, respectively, and 55 and 78 %, respectively, in the 1:1 mode.
Almost total bypass was observed in P8613 under the 2:1-mode drive

condition.
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Fig. 7.3 Change in the hemodynamic parameters. HR, heart rate; mAoP,
mean aortic pressure; pLVP, peak left ventricular pressure;
mLAP, mean left atrial pressure. The other abbreviations are
the same as those in Fig. 7.2.
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Table VII.I Hemodynamic data (Mean+SD) obtained after the 15th post- 7.3.3 Left ventricular dimension
operative day when the animal condition became stable.
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EDV and ESV in the control animal increased gradually from 30 and 20 ml

to 50 and 30 ml, respectively. EDA and ESA were smaller for the first

several days than those obtained thereafter, possibly due to the




myocardial local damage caused by surgical maneuvers.

EDV and ESV in the LV-assisted animal P8613 showed little change
throughout the experiment. EDV obtained during pumping was smaller than
that recorded under temporary pump-off condition, whereas ESV was not
affected by pump-off nor by pumping condition. EDA and ESA observed in

the same animal showed some irregular changes for the first 10 days,
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7.5 Phasic tracings (computer output) of left ventricular volume
(LVV) and regional subendocardial rhombus area (Am) calculated

from the data shown in Fig. 7.2.
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7.6 Change in the left ventricular end-diastolic (EDV) and end-
systolic (ESV) volume, and end-systolic (EDA) and end-
diastolic (ESA) subendocardial rhombus area.

7.3.4 Bulk and regional mechanical work

Figure 7.7 shows examples of left ventricular pressure (LVP)-volume
(LVV) loops, and wall tension (Tw)-area (Am) loops in a cardiac cycle
obtained from the data demonstrated in Figs. 7.2 and 7.5. Successive 2
loops are depicted for the 2:1 pumping mode. The areas inside the loops
obtained during LVAD pumping were smaller than those under pump-off
condition, indicating that LVAD pumping reduced the left ventricular
bulk and local stroke work.

As shown in Fig. 7.8 and Table VII.II, the bulk mechanical work
(BMW) in the control animal (0.43+0.07 W/(100 g LVW)) was larger than
those obtained in the LVAD-pumped animals. BMW obtained under temporary
pump-off condition were in between these two values. BMW done during
pumping in P8520 were 57 and 74 % in the 2:1 and 1:1 modes,
respectively, of those under pump-off condition after the 15th post-
operative day. Those during pumping in P8613 were 60 and 70 % in the 2:1
and 1:1 modes, respectively.

The regional mechanical work (RMW) in the control animal increased
rapidly within a few days after surgery and, then, reached a fairly
constant level (4.3+40.9 mW/cms). RMW in the LV-assisted P8613 increased
gradually for 2 weeks after surgery and, then, reached constant levels
of 6.2+0.7, 4.340.5 and 4.6+0.8 mW/cm3 under the pump-off, 2:1-mode and
1:1-mode conditions, respectively. RMW done during pumping were 69 and
74 % in the 2:1 and 1:1 modes, respectively, of those obtained under
pump-off condition. RMW obtained under pump-off condition during the

last 15 days was somewhat larger than that in the control animal.
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Fig. 7.7 Relationships between the left ventricular pressure (LVP) and respectively).
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obtained from the data shown in Figs. 7.2 and 7.5.




Cardiac data (Mean+SD) after the 15th post-operative day
when the animal condition  became stable.

Table VII.II

———————— - ——————————— ——————————— —————— ——————————————————_—————— — — -
——————— ———— — — —— ———— —— ——— - —— ———— - —— ————————— -

Experiment no. P8620 P8520 P8613

(Control, n=7) (LVAD, n=5) (LVAD, n=6)

—————————— -~ —— —{— — —— — — — ———— —— — - —— — — ———— —— — — — — — — ———— -

Bulk mechanical work (BMW, W/(100 g left ventricular weight))

Pump-off 0.4340.07 0.23+0.03 0.20+40.09

2:1 mode —— 0.,1340.05 0.1240.05

1:1 mode - 0.1740.05 0.14+0.07
Regional mechanical work (RMW, mW/cmB)

Pump-off 4.340.9 - 6.2+0.7

2:1 mode —— - 4.340.5

1:1 mode —— - 4.6+40.8

———————————— ———————— —————————————————————————— — — ————————————————— — - —
—————————— — ——— G ——— " -~ —— —— ———— ——— —
————— —————————— ———— — ———— —— — — — — —

7.3.5 Histological Study

Figure 7.9 shows photographs of the histological specimens obtained
from subepicardium (a), middle myocardium (b) and subendocardium (c) of
the control and LV-assisted animals (P8620 and P8613, respectively). As
shown in Fig. 7.10, the myocyte diameter in the left ventricular free
wall was smaller in the LV-assisted ventricles than in the control
heart, which was more obvious in the subendocardial layer (p < 0.001).
In the control animal, the myocyte diameter in the subendocardial layer
was greater than or similar to those in the middle and subepicardial
layers, while in the LV-assisted animals the subendocardial myocytes
were smaller than those in the other two layers (p < 0.02).

Figure 7.11 shows the relation between the myocyte diameter and the
bulk mechanical work (BMW) calculated by averaging the data obtained
during the last 10 days in each animal. The myocyte diameter in the

subendocardium decreased with the decrease in BMW more than those in the

middle and subepicardial layers.
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Fig. 7.9 Photographs of histological specimens obtained fgom
gubepicardium (a), middle myocardium (b), and subendocardium
(c) stained with hematoxylin-eosin, obtained from the control
(P8620) and LV-assisted (P8613) animals.
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by a least squares method for each layer.

7.4 DISCUSSION

By chronic animal experiments, Nakatani et al. obtained the left

ventricular volume by means of the left ventriculography to depict the

LVP-LWV loop, and showed that LVAD pumping reduces the left ventricular
mechanical work (9). However, this method is not applicable to the local
myocardium.

The ultrasonic displacement meter functioned very well at least for
a month without any problems except the technical error of
malpositioning of sensors.

For the long-term pressure measurement, the drift of transducer
signals is sometimes one of the most important problems. In this study,
two types of pressure transducers were used: fluid-filled catheter-type
transducers for the measurements of LAP and AoP, and an indwellable tip-
type transducer for LVP. The former extracorporeal transducers were
reset their position level prior to each data acquisition and were
calibrated often during the experiments. For the implantable sensor, the
drifts of signals were measured prior to these experiments, which showed
that the drifts for a month are as quite small as less than 1.8 mmHg.

Based on the results described in CHAPTER V (1), ECG synchronous
pumping modes with the duty ratios of 2:1 and 1:1 were selected for this
study. The drive pressure, drive vacuum, pumping delay from the onset of
cardiac cycle, and %-systole of the pumping were manually adjusted
several times everyday to obtain the maximum pump bypass flow.

The hemodynamic parameters were almost stable after around the 10th
post-operative day (POD): surgical effects seemed to remain for a week

or 10 days. The differences in the hemodynamic data between the 2:1 and

1:1 modes were very little except the bypass flow (Fig. 7.3 and Table




VII.I). These results are different from those obtained in the acute
experiments (CHAPTER V) (1), where the 1:1 mode was superior to the 2:1
mode for maintaining the circulatory condition well. The main reason for
the difference might be attributable to the difference in the metabolism
between the anesthetized animals in the former acute experiments and the
conscious ones in the present experiments.

The left ventricular dimensional data, which are affected by
surgical damage, ventricular contractility, stroke volume (circulatory
blood volume), pump-on or -off, and so on, were also stable during the
last half period of the experiments. LD and SDp in the control animal
(P8620) increased gradually, whereas those in the LV-assisted animals
did not change much (P8520) or rather decreased (SDp in P8613) (Fig.
7.4). Although the reason for the increase in these diameter 1s not
known well, the phenomena observed in the assisted ventricles may show
their morphological adaptation caused by the unloading effect of LVAD!:
the assisted ventricles do not need to have large diameter.

WT in P8613 also decreased gradually, whereas those in P8620 and
P8520 changed little. This phenomenon could be related to the fact that
almost all the blood was bypassed_in this particular animal P8613. Such
a great unloading might have reduced the wall thickness.

As shown in Fig. 7.6, the differences between EDV and ESV, i.e.
stroke volume, in the LV-assisted animals were similar to each other
but significantly smaller than those in the control animal, which means
that the stroke volume in the assisted ventricle is less than in the
control heart. EDV was increased much more than ESV by the temporary

pump-of f maneuver, which possibly causes the small stroke volume during

pumping .

The bulk and regional mechanical work done during pumping were

smaller than those observed under pump-off condition (Fig. 7.8), which
was brought about by such a decrease in the end-diastolic volume and
area during pumping as stated above. These results are consistent with
those obtained in the acute experiments shown in the previous chapters
(1,2)

BMW in the 2:1 and 1:1 pumping modes were 59 (57 % for P8520 and 60
% for P8613) and 72 % (74 % for P8520 and 70 % for P8613), respectively,
of those obtained under pump-off condition. The regional mechanical work
in the 2:1 and 1:1 modes were 69 and 74 %, respectively. These results
show that the 2:1 mode is more useful for the reduction of the left
ventricular mechanical work, which is consistent to such a result
obtained by acute experiments as described in CHAPTER V (1).

Kinoshita et al. reported that the myocardial histological change
observed after the 3-month implantation of LVAD was atrophic, although
little change was observed after 1-month pumping (10). Since the normal
natural heart was very powerful before the LVAD implantation and had
enough cardiac reserve to tolerate even against such a high load
condition as exercise, the 1-month LVAD pumping should have reduced only
the myocardial reserve.

In the histological observation, the myocardium was divided into 3
parts: subendocardial, middle and subepicardial layers. There were no
large differences in the myocyte diameter in the middle and
subepicardial layers between the LV-assisted and non-pumped myocardia,
which is a similar finding to that reported by Kinoshita et al. (10).
However, the subendocardial myocytes in the LV-assisted ventricles were
thinner than those in the control heart. Since the subendocardium 1is
more highly stressed and contributes more to the left ventricular

mechanical work than the subepicardium, it is reasonable that the




subendocardial myocyte diameter was somewhat greater than that in the
mniddle and subepicardial layers in the control animal, and that the
decreased load by the LVAD pumping reduced the myocyte dimension in the
subendocardial layers more than those in the middle and subepicardial
layers.

As shown in Fig. 7.11, the subendocardial myocyte diameter was
closely related to the left ventricular bulk work, although the number
of data was not satisfactory. This relation might result from the
adaptation of myocardial fiber to the mechanical loading, which 1is often
observed in the skeletal muscle. Longer pumping period than 1 month or
larger amount of unloading even for shorter period causes the reduction
of left ventricular work and may lead to the more atrophic change of the
myocardium.

In the severely failed hearts experienced in clinical cases, the
normal cardiac muscle is generally mixed with the damaged one especially
in border zone. In those cases, the left ventricular load must be
reduced much in order to rest the damaged myocardium and/or to avoid the
ventricular rupture. However, the similar phenomena of myocardial
atrophy to that observed here in the normal heart might appear in the
normal part of the infarcted heart: excessive unloading may cause the
atrophy of the normal myocardium even of failing heart at the same time
and might result in slow recovery. Therefore, the pump-weaning timing
and bypass rate are very important for the recovery of the damaged
myocardium and the recovery process of the failed heart should be
documented well for more effective use of this powerful mechanical means
and, then, the optimal-drive method and condition should be established.

Based on the results shown in this chapter, chronic animal

experiments were conducted to study the effects of LVAD pumping on the

myocardial mechanics in the infarcted hearts, particularly to know the
recovery mechanisms of the left ventricular function. The experimental

method and the results are described in the next chapter.




7.5 SUMMARY

Pneumatically driven, diaphragm type left ventricular assist
devices (LVADs) were implanted for around 1 month into 2 goats having
normal hearts to study the effects of long-term pumping of LVAD on the
cardiac mechanics. One sham operated goat was used to obtain control
data. Diameters, and myocardial segment lengths of the left ventricle
were measured with the ultrasonic displacement meter to obtain the bulk
mechanical work (BMW) and regional myocardial mechanical work (RMW),
respectively. LVAD was pumped in the 2:1 drive mode (one counterpulsated
pumping in two cardiac cycles), and was driven temporarily in the 1:1
mode (one pumping in a cardiac cycle) or stopped to obtain the data
under these conditions.

During the second half of the post-operative period while the
animal condition was stable, BMW in the 2:1 and 1:1 modes were around 59
and 72 % of that observed under the temporary pump-off condition (0.22
W/(100 g)), respectively. RMW in the 2:1 and 1:1 modes were 69 and 74 %
of that obtained during pump-off (6.2 mW/CmB), respectively. The myocyte
diameter in the subendocardial layer was reduced by unloading effect of
one-month pumping, whereas those in middle and subepicardial layer

showed little change.
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CHAPTER VIII

EFFECT OF LONG-TERM APPLICATION OF LEFT VENTRICULAR ASSIST DEVICE

ON THE ISCHEMIC HEART

8.1 INTRODUCTION

As was described in the previous chapters, acute experiments on the
normal heart model indicated that LVAD pumping in the electrocardiogram
(ECG) synchronous modes at the duty ratios of 1:1 =21nd 2:1 are most
effective to maintain the systemic circulation and to reduce the left
ventricular mechanical work, respectively (1).

Based on tihese results, acute experiments on the ischemic heart
model were carried out, and the results obtained showed that LVAD
reduces the regional mechanical work done in the normal region, keeping
the work done by the ischemic myocardium at near zero level, and
decreases the bulk mechanical work of the left ventricle (2).

Subsequently to these acute experiments, a series of chronic
experiments on goats with the normal hearts were performed to confirm
the feasibility of long-term use of the sono-micrometers, and to study
chronic effects of LVAD on the left ventricular mechanics (3). This
study showed that LVAD exhibits a powerful unloading effect for a long
period of time and that there might appear a subendocardial atrophy if
applied under a continuously high unloading condition: these results
imply that too much unloading may delay the recovery of damaged heart.

Even from these experiments, it is still unclear (i) whether the

ischemic myocardium can be recovered by LVAD pumping, and (ii) how the




left ventricular function recovers. Although these subjects are very
important, very few studies have been done.

The main purposes of the studies described in this chapter are to
know chronic mechanical effects of LVAD on the ischemic heart and to

analyze recovery process of the left ventricular function from

myocardial damage.

8.2 METHOD

8.2.1 Experimental procedure

Eight goats of both sexes weighing between 25 and 35 kg (average
31.5 kg) were used for this study. Each animal was anesthetized with the
mixture gas of fluothane and oxygen after administration of ketamine
hydrochloride. While ventilation was maintained by a positive pressure
respirator (Servo Ventilator 900C, Siemens-Elema, Sweden), left
thoracotomy was performed at the 5th intercostal space, and the
pericardium was widely opened.

The same LVAD system as that described in CHAPTER VII was implanted
between the left atrium (LA) and the descending thoracic aorta as shown
in Fig. 8.1.

Nine pairs of miniature ultrasonic sensors (around 2 mm in
diameter) (4) were implanted in the left ventricle to measure left
ventricular diameter, myocardial segment length, and wall thickness
o gt o9 iy B

Three pairs of these sensors were attached to the endocardial
surface of the left ventricle to measure a long axis diameter (LD), and
two short axis diameters parallel (SDp) and perpendicular (SDn) to the
septum. The technique used for the implantation of these sensors was the
same as that stated in the previous chapters (1-3).

A similar method to that described in CHAPTER VI was used to
compare the behavior of normal myocardium with infarcted one. The
central area of the left ventricular free wall was chosen as the

'normal’ area and the distributing area of the left anterior descending

coronary artery (LAD) as the ’ischemic’ area, since the heart failure




was induced in the LAD distributing area as shown later.

Two pairs of sensors were embedded in the subendocardium to measure
the segment length in the equatorial and meridian directions. The
segment lengths in the equatorial and meridian directions are denoted by
SSn and LSn, respectively, for the ’normal’ area, and SSi and LSi,
respectively, for the ’ischemic’ area.

One pair of sensors were used for the measurement of left
ventricular wall thickness (WIn and WTi for the ’normal’ and ’ischemic’
positions, respectively), which were embedded near the sensors for the
measurement of segment length.

Left atrial pressure (LAP), aortic pressure (AoP), left ventricular
pressure (LVP), pulmonary arterial flow (PAFd), and pump bypass flow
(BFd) were measured in the same way as that described in CHAPTER VII.
The extracorporeal pressure transducers used for the measurements of LAP
and AoP were calibrated prior to each experiment and periodically during
the experiments. The implantable pressure transducer for LVP was also
calibrated prior to each experiment, and the long-term stability test
showed that the drift of the output was low within 1.8 mmHg for 1 month,
as was shown in CHAPTER VII (3). PAFd and BFd were normalized in the
same way as that stated in CHAPTER VII.

After all the sensors and probes were implanted, the left anterior
descending coronary artery (LAD) was ligated at the distal position to
the first diagonal branch, and all small arteries in the LAD
distributing area were ligated.

To maintain the systemic circulation under good condition, LVAD
pump was driven in the asynchronous pumping mode (30 %-systole at 60 bpm

pumping rate) during the implantation of the sensors and probes and the

induction of left ventricular failure.
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atrium; LAP, LA pressure; LV, left ventricle; LVAD, LV assist
device; LVP, LV pressure; PA, pulmonary artery; RA, right
atrium; RAP, RA pressure; RV, right ventricle; SVC, superior
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8.2.2 Post-operative care

After the operation, the LVAD pumping was continued until pump
removal. When the left ventricular function began to recover, the pump-
weaning procedure was started. It took several days to remove the LVAD.
After pump removal, the animals were observed for around 1 month.

Based on the results obtained from the experiments described 1in the
previous chapters (1,2), the pump was usually counterpulsated
synchronously with the electrocardiogram (ECG) at the duty ratio of 2:1
(one pumping in two cardiac cycles) until pump removal. Because the
heart rate (HR) was high in the 1st week after the operation as was the
case of normal hearts shown in CHAPTER VII (3), 2:1 drive mode was
suitable to this period. Drive conditions, i.e. drive pressure (around
200 mmHg), vacuum (around -60 mmHg), systolic duration, and delay from
the R-wave of ECG signal, were tuned up carefully several times a day to
obtain the maximum pump bypass flow until the left ventricular function
began to recover.

The pumping was stopped temporarily when pump-off data were
acquired. During this procedure, the left ventricular function was
evaluated by the left arterial pressure (LAP) level. If LAP did not
exceeded 20 mmHg when pumping was stopped, pump-weaning procedure was
started: pump bypass flow was reduced slightly by reducing the drive
pressure/vacuum and/or %-systole. This procedure was repeated once a day
fot several days until the bypass flow (BF) was reduced to 2 1/min which
is the minimum flow for prevention of thrombus formation in the pump
(5). If LAP became lower than 20 mmHg when pumping was stopped, the pump
was removed under anesthetic condition, and the remained pump conduits

were plugged by silicone stoppers in sterile environment. It took around

5 days to complete the pump-weaning and removal.
Each animal was kept for around 1 month thereafter to observe the

recovery course and, then, sacrificed.




8.2.3 Post-operative data acquisition

Data were acquired once a day until sacrifice of animals, and
recorded on magnetic tape for around 15 s each time by a data recorder
(XR-510, Teac, Tokyo, Japan) and on the pen oscillographs (Polygraph 361
and Recti-Horiz 8K23, NEC San-ei, Tokyo, Japan).

Prior to the data acquisition, pumping condition was tuned to
obtain the desired bypass flow. After all parameters became stable
(usually within several minutes), hemodynamic and dimensional data were
recorded during LVAD pumping in the 2:1 mode. Because the ultrasonic
displacement meter has only 8 channels, the measurement was performed
twice to obtain a series of data on 9 parameters. First, LD, SDp, SDn,
SSn, LSn, SSi, and LSi were measured and, then, the channels for SSi and
LSi were exchanged to measure WIn and WTi, respectively, and data were
acquired again.

After that, pumping was temporarily stopped to obtain data under
pump-off condition. If the left atrial pressure (LAP) elevated and
reached 30 mmHg, the data acquisition was stopped and pumping was
started again immediately. This procedure was repeated to obtain all
data.

Usually, the pumping mode was then returned to 2:1 mode, and the
drive condition was tuned up to obtain a desired bypass flow. Or in the
case that LAP was less than 20 mmHg and BF was more than 2 1/min, bypass
flow was reduced slightly after pumping was restarted. Or in the case
that both LAP and BF were low enough, the pump was removed.

After pump removal, only pump-off data were acquired for around 1

month in the same method as mentioned above. At autopsy, the heart was

resected carefully and it was checked whether the implanted sensors and

probes positioned properly. Body weight (BWA) and left ventricular
weight (LVW) were measured. To calculate regional wall tension in the
'normal’ and ’ischemic’ myocardia, positions of the ultrasonic sensors
for the segment length were measured on the equatorial plane, as
explained in APPENDIX A.2 (2).

All data shown in this chapter are expressed as mean values + one

standard error (SE) unless otherwise stated.




8.2.4 Data analysis

Data analysis was carried out in the same fashion as that
mentioned in CHAPTER VI (2). A mini-computer system (PDP-11/44, DEC,
Maynard, Massachusetts, U.S.A.) was used to analyze the data recorded on
magnetic tape.

Left ventricular volume, LVV, was calculated by eq. (3.1). Bulk
external mechanical stroke work done by the left ventricle during a
cardiac cycle was obtained from the method described in CHAPTER II1I.
This stroke work was normalized by the left ventricular weight (LVW)
measured during the autopsy, and multiplied by the heart rate (HR) to
obtain the bulk mechanical work per second (BMW).

Left ventricular wall tension in the ’normal’ and ’ischemic’
regions, Twn and Twi, respectively, were obtained using eq. (6.1).
Subendocardial rhombus area, Am, and Am,, surrounded by two pairs of
sensors for the measurement of segment length in the 'normal’ and
’ischemic’ regions, respectively, were calculated by eq. (6.2). Regional
myocardial external stroke work done by the local myocardium was
obtained by the method stated in CHAPTER III. This work was normalized
by the regional myocardial volume and multiplied by the heart rate to
obtain the regional mechanical work per second (RMWn and RMWi for
'normal’ and 'ischemic’ area, respectively). Each myocardial volume was

calculated by multiplying the averaged Amy (k = n and i) in a cardiac

cycle by the averaged wall thickness.

8.2.5 Histology

Myocyte diameter was used as a histological parameter as was in
CHAPTER VII. Myocardial segments were cut out from the normal and
infarcted areas, and histological specimens were made and stained with
hematoxylin-eosin. Myocyte diameter of the normal myocardium was
measured using the same method as that shown in CHAPTER VII. The
diameters obtained from the subendocardial, middle, and subepicardial
one-third layers were compared with the control data shown in CHAPTER

VII.




8.3 RESULTS

Table VIII.I summarizes basic data of all experiments. Four goats
out of 8 died under LVAD pumping: causes of death in these cases were
ventricular fibrillation, poor lung function, septicemia, and low
cardiac output, respectively. Three of the remaining 4 animals, P8627,
P8703 and P8725, were recovered well by the LVAD pumping and the pumps
were removed successfully on the 13th, 11th, and 15th post-operative day
(POD), respectively.

The remaining animal, P8712, did not recover well in spite of ot
days’ pumping together with long-term administration of digitalis. Until
the 18th post-operative day, the left atrial pressure (LAP) or end-
diastolic left ventricular pressure (LVEDP) of this particular animal
exceeded 30 mmHg whenever the LVAD pumping was stopped temporarily.
After 27 days’ pumping, the pump was removed intensively. After pump
removal, in spite of continuous administration of digitalis, general
condition of this animal was getting worse but she survived for 1 month.

Body weight of each survived animal measured at autopsy (BWA) was
less than the initial weight (BWO) by 2 or 4 kg. Ventricular
fibrillation (Vf) occurred in 3 of 4 pump-removed animals on the
operation day and, sometimes, on the first or second post-operative day
(POD) again, although they were recovered by a conventional
defibrillation procedure. The animals having experienced Vf(s) needed
administration of epinephrine for first several days post-operatively.
Digitalis was administered to the animals, P8725 and P8712, at 8 and 14
days prior to pump removal, and it was continued for 16 and 38 days

thereafter, respectively. Anemia was observed in 2 pump-weaned animals

possibly due to their poor appetite. The surface area of thin and

fibrous myocardium in the pump-removed animals macroscopically observed
at the autopsy was 10 to 70 % of that of the left ventricular wall
including the septum and free wall.

Figures 8.2, 8.3, and 8.4 shows the waveforms of hemodynamics,
ventricular diameter and segment length, and wall thickness,
respectively, obtained (a) during pumping on the 4th POD (7 days before
pump removal), (b) during temporary pump-off on the same POD, (c) on the
15th POD (4 days after the pump removal), and (d) on the 36th POD (25
days after pump removal) in the successfully recovered P8627 animal. LAP
measured under temporary pump-off condition before pump removal was
slightly higher than that after pump removal. LD, SDn, SDp, and LSi
became greater at the later stage of the experiment compared with those
at the earlier stages (Fig. 8.3(d)). The waveforms of LSi and SSi were
out of phase from those of the other segment length and ventricular
diameter. The wall thickness, WIn and WTi, decreased after pump removal
(Fig. 8.4). WIi was out of phase from WIn. The peak-to-peak amplitudes
of left ventricular dimensions, especially SDn, SDp, SSn and WTn,
measured during LVAD pumping ((a) in Figs. 8.3 and 8.4) were smaller
than those obtained under pump-off condition ((b) in Figs. 8.3 and 8.4).
Their amplitudes observed after pump removal were larger than those
obtained under temporary pump-off condition before pump removal. The
changes in these amplitudes were mainly due to the changes of the

dimensions in the end-diastolic phase.




Table VIII.I  Summary of experiments.
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Key: BWO, body weight before operation; BWA, body weight at autopsy; 1(5) =
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septicemia y poor lung Tunction F 1 SRR LIS T O Fig. 8.2 Examples of phasic tracings (computer output) of

electrocardiogram (ECG), left atrial pressure (LAP), left
ventricular pressure (LVP), aortic pressure (AoP), pulmonary
arterial flow (PAFd), pump bypass flow (BFd) in the P8627
experiment. Data were obtained (a) during pumping on the 4th
posto-perative day (POD) (7 days before pump removal), (b)
under temporary pump-off condition on the same day, (c) on the

13th POD (4 days after pump removal), and (d) on the 36th POD
(25 days after pump removal).
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the explanation of (a), (b), (c) and (d).

Fig. 8.3 Phasic tracings (computer output) of electrocardiogram (ECG),
long axis diameter of the left ventricle (LD), short axis
diameters perpendicular (SDn) and parallel (SDp) to the
septum, meridian (LSn) and equatorial (SSn) segment length in
the ’'normal’ region of the left ventricular free wall, and
meridian (LSi) and equatorial (SSi) segment length in the
'ischemic’ region in the experiment P8627. See Fig. 2 for the
explanation of (a), (b), (c) and (d).




8.3.1 Hemodynamics

Figure 8.5 (a) and (b) shows the hemodynamic data obtained from
well-recovered animals (P8627, P8703 and P8725) and a poorly recovered
animal (P8712). The minus attached to the period (day) in the horizontal
axis means the time before pump removal. Since in the P8712 experiment
the catheter for the measurement of LAP was blocked on the 15th post-
operative day, left ventricular end-diastolic pressure (LVEDP) was shown
in the Fig. 8.5 (b) thereafter.

Heart rate (HR) was high before starting the pump-weaning process,
that is until around 5 days before pump removal: it was 14845 and 16346,
under pump-on and temporary pump-off conditions, respectively, in the
well-recovered animals (Fig. 8.5 (a)). The HR during pumping fell down
to around 110 bpm immediately before pump removal. The HR under pump-on
condition was lower than that under pump-off condition by 18+2 bpm in
the well-recovered cases. After pump removal, the HR became fairly
stable and was around 135 bpm.

The temporary stop of pumping reduced the mean aortic pressure
(mAoP) by 448 mmHg in the well-recovered animals. The mAoP in P8712 was
lower than that observed in the well-recovered cases by around 20 mmHg.
After the mAoP decreased to 87+2 mmHg for 10 days after pump removal in
the well-recovered animals, it increased to 101+4 mmHg at the last stage
of experiments.

Peak left ventricular pressure (pLVP) in the poorly recovered
animal was also lower than that observed in the well-recovered animals
by around 20 mmHg. It was around 100 mmHg during pumping in the well-

recovered cases. The pLVP was not changed much by the temporary stop of

pumping. Again, the pLVP was low (9543 mmHg) for 10 days after pump

removal in the well-recovered cases and, then, increased to 108+2 mmHg
at the last stage of experiments.

Mean left atrial pressure (mLAP) was higher under temporary pump-
off condition by 14+3 mmHg than that during pumping in the well-
recovered animals; the mLAP was kept low (4+1 mmHg) during pumping.
Although the mLAP during pump-off was as high as 1942 mmHg immediately
before pump removal in the well-recovered cases, it dropped to 1143 mmHg
only 1 day after. However, in the P8712, LVEDP remained high after the
pump removal. The mLAP was quite stable after pump removal in the well-
recovered animals.

Pulmonary arterial flow (PAF) was 100+5 ml/min/kg during LVAD-
pumping in the well-recovered cases. It decreased by 22+2 ml/min/kg when
pumping was stopped temporarily before starting pump-weaning. The
difference of PAF between under pump-on and pump-off conditions became
smaller during the pump-weaning process. After pump removal, PAF was
stably kept around 100 ml/min/kg until experiments were terminated. In
the P8712 experiment, however, PAF decreased to around 80 ml/min/kg
after pump removal.

Pump bypass flow (BF) was 97+12 ml/min/kg before starting pump-
weaning procedure in the well-recovered animals: bypass ratio (BF/PAF)
was around 97 %. The BF was reduced gradually during the pump-weaning
process. In the P8712 experiment, the BF was kept low for a fairly long

period, that is for 18 days, and the mLAP increased much during this

period.
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Fig. 8.5 Temporal change of hemodynamic parameters obtained of well-

recovered three animals (P8627, P8703 and P8725) (a) and a
poorly recovered animal (P8712) (b). HR, heart rate; mAoP,
mean aortic pressure; pLVP, peak left ventricular pressure;

mLAP, mean left atrial pressure; LVEDP, left ventricular end-
diastolic pressure; PAF, pulmonary arterial flow; BF, pump

bypass flow. Data in (a) are demonstrated by means + SEs.

8.3.2 Left ventricular dimension

Figure 8.6 shows changes in the left ventricular dimensions
observed in the experiment P8627; they are averaged values in a cardiac
(LD, SDn and SDp) all increased with

cycle. Left ventricular diameters

time, which implies that the left ventricular cavity enlarged to do
necessary mechanical work, compensating for the debilitated heart. The
LD and SDn increased much for 10 days after pump removal. The segment
length in the ’normal’ area (LSn and SSn) did not change much throughout
the experiment, whereas those in the ’ischemic’ area (LSi and SSi)
increased slightly after pump removal. The wall thickness in the
'normal’ area (WIn) decreased much when pump was removed; it was stable
thereafter. The wall thickness in the ’ischemic’ area (WTi) decreased
gradually throughout the experiment.

Figure 8.7 shows the waveforms of the left ventricular volume (LVV)
and the myocardial rhombus areas in the ’normal’ and ’ischemic’ regions
(Amn and Am, , respectively) which were calculated from the data
demonstrated in Fig. 8.3 using egs. (3.1) and (6.2). When pumping was
temporarily stopped, the diastolic LVV and Am,6 increased, although the
systolic LVV and Amn did not change; Ami did not change even in the
diastolic phase. The averaged LVV, and peak-to-peak amplitude and
average of Am, increased when pump was removed, and they continued to
increase thereafter. Before pump removal, the waveform of Am; was out of
phase from that of Am , although it became in phase after pump removal.

The average of Am; also increased when pump was removed, and it

continued to increase thereafter.
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8.3.3 Bulk and regional mechanical work

Figure 8.8 shows examples of left ventricular pressure-volume loops
(a), and wall tension-area loops of the myocardia in the ’normal’ region
(b) and ’ischemic’ region (c) which were drawn from the data
demonstrated in Figs. 8.2 and 8.7. Successive 2 loops are depicted for
the pump-on data. In Fig. 8.8 (a) and (b), the area inside the loop
obtained during LVAD pumping was smaller than that under pump-off
condition, indicating that the LVAD pumping reduced the bulk and local
stroke work. The loop of each relation moved with time to the right
direction after pump removal, indicating that the left ventricular
volume and myocardial area increased with time, and the ejection
fraction was reduced gradually. The regional myocardial stroke work done
in the ’'ischemic’ region was much less than that in the 'normal’ area,
as understood from Fig. 8.8 (b) and (c).

Figures 8.9, and 8.10 demonstrate the changes in the left
ventricular bulk mechanical work and the regional myocardial mechanical
work in the 'normal’ and ’ischemic’ regions observed of 3 well-recovered
animals (P8627, P8703 and P8725) (a) and a poorly recovered animal
(P8712) (b).

The bulk mechanical work (BMW) obtained when the pumping was
stopped temporarily was 0.22+0.01 W/(100 g LVW) in the well-recovered
animals and was larger than that obtained during LVAD pumping. The BMW
during pumping was 0.08+0.01 W/(100 g LVW) before starting pump-weaning
procedure in these animals, and it increased during the weaning process.
The difference between the BMW obtained under pump-on and -off

conditions decreased with time in the well-recovered cases, whereas it

did not in the experiment P8712. After pump removal, the BMW continued

to increase gradually for around 10 days in the well recovered cases;
thereafter it became stable at a level of 0.3340.03 W/(100 g LVW). In
the experiment P8712, however, it decreased gradually after pump
removal .

Before starting the pump-weaning procedure, the regional mechanical
work obtained of the ’normal’ area (RMWn) during pumping (1.5+0.4
mW/omB) was much smaller than that obtained under pump-off condition
(4.340.9 mW/cmB) in the well-recovered animals; during the pump-weaning
process, the pump-on RMWn increased rapidly, and the difference from the
pump-of f RMWn decreased with time. After pump removal, the scattering of
RMWn became very wide, and the mean value continued to increase and

reached around 10 m.W/cm3

at the last stage of these experiments.
However, RMWn in the experiment P8712 remained very low throughout the
experiment: even in the ’normal’ area the myocardial function was
affected by the ischemia in this particular animal.

The regional work in the ’ischemic’ area (RMWi) was minus or near
zero for several days after the induction of heart failure; after then,
during the pump-weaning process, the myocardium in this area became to
do some external work under pump-off condition in the well-recovered
cases although it was small (0.5+0.2 mW/cms). After pump removal, the
RMWi was kept at a similar level to that observed under temporary pump-
off condition immediately before pump removal in these animals. In the

animal P8712, however, the RMWi1i remained at near zero level throughout

the experiment.
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8.3.4 Histological study

Figure 8.11 shows microstructure of the specimens obtained from the
infarcted and normal regions. Clear differences are observed between
them. Fig. 8.12 shows microstructure of subepicardium, middle myocardium
and subendocardium in the normal area of the animal P8627.

Myocyte diameters in the three myocardial layers in the normal
areas of well-recovered animals (P8627, P8703 and P8725) are shown in
Fig. 8.13, which are compared with the control data shown in Fig. 7.10.
Except for the myocyte diameter in the subendocardial layer of the
animal P8627, they were significantly greater than the corresponding
control data (p < 0.001 to 0.05).

Fig.8.14 demonstrates the relation between the myocyte diameter in
the normal myocardium and BMW calculated by averaging the data obtained
during the last 10 days in each animal, shown together with the data
obtained of the normal heart cases demonstrated in CHAPTER VII. Myocyte
diameter in the infarcted heart was greater than that given by the
regression lines calculated from the normal heart data, especially in
the subendocardial layer. In contrast to the normal heart case, the
myocyte diameter in the heart with smaller BMW was larger than that with

greater BMW.

Fig. 8.11 Hematoxylin-eosin stained histological specimens obtained from
the infarcted (a) and normal (b) areas (P8627).
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the control animal.
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8.4 DISCUSSION

Until now very few studies have been conducted on the recovery
process of the infarcted heart by LVAD pumping. Brugger et al.
classified left ventricular activity into 5 stages in clinical cases,
using aortic pressure of the patients supported by LVAD, and reported
that the left ventricular function recovers with time in a cyclic
fashion rather than in a gradual and continuous fashion (6). Nakatani et
al. studied the LVP-LVV loop obtained from left ventriculography on an
infarcted heart model in chronic animal experiments and concluded that
LVAD pumping reduces the left ventricular bulk mechanical work (7).

In the experiments described in this chapter, a profound infarction
was induced in the goat heart. This kind of experiment is extremely
difficult to be done because of the complexity in surgical procedures as
well as difficulty in keeping alive and recovering animals. Therefore,
very few reports have appeared on this kind of studies in spite that
such an experiment is very important to understand the clinical course
of patients who have been applied LVADs.

To insure induction of myocardial infarction in the LAD
distributing area, all coronary arteries coming into this area were
ligated in addition to the ligation of the LAD itself. The heart failure
induced by this method was so severe that the half animals died before
weaning the LVADs. Although the infarction size could not be determined
quantitatively during operation, the induced heart failure was profound
enough to evaluate the effects of LVAD pumping. Because of too severe
heart failure, the animal of P8712 was under a very poor condition and

the condition got worse with time. Therefore, the data from this animal

were not used for the study on the animals well-recovered by LVAD




pumping.

Based on the results obtained from the previous acute experiments
(1,2), the ECG synchronous mode having the duty ratio of 2:1 was
selected for the LVAD pumping. The drive pressure, vacuum, delay from
the onset of cardiac cycle, and %-systole of pumping were adjusted
manually several times a day to obtain the desired pump bypass flow.

In the successfully recovered cases, heart rate (HR) started
decreasing at the same time when we recognized that the heart started
recovering (Fig. 8.5 (a)). However, the decrease in HR may be
attributable simply to the animals’ recovery from surgical damage. It is
impossible to determine the cause of decrease, because the pumping
duration was rather short.

Before starting pump-weaning process, mean left atrial pressure
(mLAP) increased much when the pumping was temporarily stopped (Figs.
8.2 and 8.5 (a)). The mLAP observed under the temporary pump-off
condition was used to evaluate the heart recovery in this study: when it
became lower than 20 mmHg, pump-weaning procedure was started. To
simulate clinical cases, the pump-weaning was done by decreasing the
bypass flow rate very gradually to 2 1/min for around 5 days.

After pump removal, mean aortic pressure (mAoP) and peak left
ventricular pressure (pLVP) were slightly low for around 10 days (Fig.
8.5 (a)), while bulk mechanical work (BMW) and regional mechanical work
in the ’normal’ area (RMWn) increased much (Figs. 8.9 (a) and 8.10 (a)).
These results imply that it needs around 10 days after pump removal for
the left ventricle to stabilize the function.

Long axis diameter (LD), short axis diameter perpendicular to the
septum (SDn) of the left ventricle, and meridian and equatorial

myocardial segment lengths in the ’ischemic’ area (LSi and SSi,

respectively) increased much for several days after pump removal (Fig.
8.6); BMW and RMWn increased much during this period, but regional
mechanical work in the ’ischemic’ area (RMWi) did not (Figs. 8.9 (a) and
8.10 (a)). Although meridian and equatorial segment lengths in the
'normal’ area (LSn and SSn, respectively) did not increase in P8627
during this period (Fig. 8.6), it is presumed that the normal myocardium
in the other areas was elongated and that the LVP-LVV and Tw,-Am,
relations moved toward the right with time (Fig. 8.8). These results
coincide with the data reported by Nakatani et al. (7). The elongation
observed in the ’ischemic’ area (LSi and SSi) must be a passive
phenomenon caused by an active contraction of the normal myocardium. It
is widely known that the longer the cardiac muscle is, the greater power
it can produce under some limit. In the case of this study, since some
part of myocardium could not function due to the heart failure, the
remaining normal myocardium was elongated to generate the necessary
power.

| Wall thickness in the ’normal’ area (WTn) decreased immediately
after pump removal, whereas that in the ’ischemic’ area (WTi) decreased
gradually, rather independently of the event of pump removal. These
results may support the above-mentioned phenomenon.

Bulk mechanical work (BMW) and regional mechanical work in the
'normal’ area (RMWn) done during pumping was smaller than those done
under temporary pump-off condition, respectively. These differences were
mainly ascribed to the changes in the end-diastolic volume and area
developed by the temporary stop of pumping, which coincides with the
results observed in the normal heart (3). The BMW obtained under pump—on

and temporary pump-off conditions (0.0840.01 and 0.22+0.01 W/(100 g

LVW), respectively) were close to those obtained in the normal heart




experiments (around 0.12 and 0.21 W/(100 g LVW), respectively) and
described in CHAPTER VII (3). The BMW in the stable state after pump
removal (0.33+0.03 W/(100 g LVW)) was slightly smaller than that
obtained from the control animal (0.4340.07 (mean+SD) W/(100 g LVW))
stated in CHAPTER VII (3), possibly due to the remained infarction.

Before pump removal, the RMWn showed a similar change with time to
that of the BMW. The RMWn during pumping was quite low for a couple of
days after the induction of heart failure and, then, increased gradually
during pump-weaning process, which reduced the difference from that
obtained under the temporary pump-off condition.

The RMWn at the last stage of experiments (around 10 mW/cmB) was
much greater than the regional myocardial work in the normal heart (RMW,
around 4.3 mW/cmB) which was shown in CHAPTER VII (3). Before pump
removal, the RMWn (4.340.9 mW/cm3) under pump-off condition was similar
to that in the normal heart. After pump removal, however, it increased
gradually and 2 weeks after, it reached as much as around twice of the
RMW in the normal heart. This phenomenon indicates that the normal part
of the myocardium works more to compensate for the disabled myocardium
in the infarcted area. The wide scattering of the RMWn observed after
pump removal might be due to the differences of the recovery level 1in
the three animals.

LVAD pumping reduced the RMWn without inducing adverse effect on
the ’ischemic’ area for several days after surgical operation (Fig. 8.10
(a)), which was the same as that observed in the acute experiments (2).
Although the myocardium in the ’ischemic’ area could not work for the
first several days after Surgery, it became to do some but slight
external work at several days before pump removal. It continued to do

work after pump removal. The recovery of the damaged myocardium is

attributable not only to the load reduction by virtue of LVAD but also
possibly to the growth of co-lateral arteries: they reduced the oxygen-
demand/supply ratio in the damaged myocardium.

The results obtained from this study indicate that load reduction
caused by LVAD pumping somewhat recovers the myocardium from damage if
LVAD was applied before the damage became fatal (8,9). However, the
functional recovery of the heart is mostly due to the compensatory
increase of the work done by the remaining normal myocardium rather than
that by the damaged but slightly recovered myocardium. These results
coincide with the phenomena observed by other researchers in canine and
human hearts implanted with no LVAD (10-12). The myocardium in the
'normal’ area which is to be exposed to high stress condition after some
myocardium has been infarcted becomes powerful during the pump-weaning
process and after pump removal. It took around 10 days after pump
removal until the left ventricular function became apparently normal and
stable.

Histological data on the myocyte diameter plotted against BMW
support the above-mentioned phenomenon. They showed that the myocyte
diameter in the normal area of the infarcted heart was greater than that
of the normal heart even in the case that BMW in the infarcted heart was
less than that in the control heart (Fig. 8.14). The myocyte diameter
was larger when BMW was smaller, which might mean that the normal
portion of myocardium comes up in doing more BMW by thickening the
muscle fibers. Such a compensatory behavior as observed in the normal
myocardium might result from some adaptation of myocardium to mechanical

environment.

The health condition of a poorly recovered animal P8712 was getting

worse 1in spite of long-term administration of digitalis. This animal was




considered as a critical case between pump-dependent and recoverable. In
such a case, heart transplantation, or replacement with a permanently
implantable LVAD or an artificial heart should be applied.

In the well-recovered animals (P8627, P8703 and P8725), the surface
area of thin, rigid and fibrous regions was below 50 % of the left
ventricular myocardium including septal muscle; it was 70 % in the
animal P8712. These results show that LVAD can rescue even the patients
having such severe heart failure as the infarcted area of 50 % of the
myocardium. However, if the remained normal myocardium is less than 30

%, it is difficult to recover even if supported by LVAD.

8.5 SUMMARY

Pneumatically driven, diaphragm type left ventricular assist
devices (LVADs) were implanted into 8 goats who were induced profound
infarction in the left ventricle by multiple ligations of the left
anterior descending coronary artery (LAD) as well as small arteries in
the LAD distributing area. Left ventricular diameters, regional
myocardial segment lengths and wall thickness were measured by
sonomicrometers.

After the left ventricular function seemed to be recovered, the
LVADs were weaned off after decreasing the pump bypass flow gradually
for several days. The hemodynamic and cardiac parameters were observed
for around 1 month thereafter.

Three animals were recovered successfully by virtue of LVAD
pumping. Before starting pump-weaning procedure, the bulk mechanical
work (BMW) done by the left ventricle during LVAD pumping and under
temporary pump-off condition were 0.08+0.01 (meant+SE) and 0.22+40.01
W/(100 g left ventricular weight (LVW)), respectively, while the
regional mechanical work done by the normal myocardium (RMWn) were
1.540.4 and 4.340.9 mW/cmB, respectively. BMW and RMWn obtained under
pump-on condition both increased gradually during the weaning process.
Even after pump removal, they continued to increase and reached constant
values of around 0.3 W/(100 g LVW) and 10 mW/cm3, respectively, around
10 days after pump removal. Although the myocardium in the infarcted
area did no work for the first several days after surgical operation, it
recovered to do some but slight external work by virtue of LVAD pumping.

Myocyte diameter of remaining normal myocardium was larger than those of

normal heart. Recovery of the left ventricular function owed much to the




compensatory lncrease of the ability of the remaining normal myocardium
rather than to the recovery of the damaged myocardium. LVAD could
salvage severely damaged hearts unless the infarcted area exceeds 50 %

of the left ventricular wall including the septum and free wall.
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CHAPTER IX

LVAD is one of the most powerful and useful circulatory assist
means to salvage patients having profound yet recoverable heart failures
and to keep alive patients having unrecoverable heart diseases until
cardiac transplantation is available. To apply the LVAD system more
effectively, fundamental studies on the effect of LVAD pumping on the
hemodynamics and the left ventricular mechanics are indispensable.
However, very few studies have been carried out on the effects of LVAD
on the ventricular and myocardial mechanics although hemodynamic studies
have been done rather extensively. The main purpose of this study is to
analyze bulk and regional left ventricular mechanics during LVAD
pumping.

This study was conducted to know: (i) the most effective drive mode
for LVAD, (ii) mechanical effects of LVAD on the normal and ischemic
myocardium as well as on the whole left ventricle, (iii) long-term
effects of LVAD, and (iv) recovery process of the failing heart
supported by LVAD.

First of all, heart diseases and their treatment methods were
surveyed in CHAPTER I. It was emphasized that very few studies have been
conducted on the effects of LVAD pumping from the view point of cardiac
mechanics. The purpose of this study was also stated in this chapter.

In CHAPTER II, general concept of LVAD system and importance of

LVAD for the patients having severe heart diseases were stated. And

then, it was described that a pneumatic driven, diaphragm-type LVAD was

used in this study and that it was inserted between the left atrium and
the descending thoracic aorta to bypass the left ventricle.

It was pointed out in CHAPTER III that the bulk and regional
mechanical work are useful and important parameters for the evaluation
of the mechanical effects of LVAD on the left ventricular and myocardial
function. As the preparation for obtaining these works, equations for
the calculation of left ventricular volume, myocardial local wall
tension, and local myocardial area were introduced.

In order to obtain these volume and area, an 8-channel ultrasonic
displacement meter and implantable miniature sensors were developed for
the measurements of ventricular diameter and myocardial segment length.
The design specifications and performance of the system were described
in CHAPTER IV. This ultrasonic system was used in a series of acute and
chronic animal experiments.

First, effects of drive mode of LVAD on the hemodynamic and left
ventricular functions were studied by acute animal experiments on dogs
having normal hearts. Two fixed rate modes (pumping rates of 60 and 80
bpm) and three electrocardiogram-synchronous counterpulse modes at
different duty ratios (1 pumping in 1, 2 and 4 cardiac cycles) were
evaluated. It was shown in CHAPTER V that the synchronous mode at 2:1
duty ratio was most effective to rest the left ventricle and that the
same mode at the ratio of 1:1 was best to maintain the systemic
circulation.

Then, acute effects of LVAD pumping on the hemodynamic and cardiac
functions was studied on dogs induced with ischemia in the heart by
ligating the left anterior descending coronary artery (LAD). Based on
the results described in CHAPTER V, the 2:1 and 1:1 synchronous modes

were used to drive LVAD. The method for this experiment and the results




obtained were described in detail in CHAPTER VI. Briefly, there was
1ittle difference in the effects between two pumping modes in the case
of ischemic heart. LVAD reduced myocardial work in the normal area,
while exerting no load to the ischemic region and keeping the work in
this region at near zero level.

After these acute experiments, chronic animal experiments were
conducted to know the long-term effects of LVAD pumping as well as to
study the recovery process from heart failure.

As the first series of chronic animal experiments, goats having the
normal hearts were implanted with LVADs and were kept alive for 1 month
as was described in CHAPTER VII. LVAD had a capability of decreasing the
bulk left ventricular and local myocardial work for a long duration as
observed in the acute experiments. Myocyte diameter in the
subendocardial layer observed after 1 month LVAD pumping was thinner
than that in the middle and subepicardial layers and that in the
subendocardial myocardium of normal heart. It increased with the left
ventricular mechanical work although those in the middle and
subepicardial layers did not change. Long-term feasibility of the
ultrasonic system was confirmed by the animal experiments.

Finally, recovery process of the natural heart induced with
myocardial infarction and supported by LVAD was studied using the
similar techniques to those explained in the previous chapters, and the
results obtained were shown in CHAPTER VIII. When the left atrial
pressure measured under temporary pump-off condition became lower than
20 mmHg, LVAD was weaned-off. Recovery process of the left ventricular
function was observed for around 1 month after pump removal. Although

the myocardium in the ischemic area recovered slightly to do some work,

overall function of the left ventricle owed much to the compensatory

work done by the myocardium in the remaining normal area. Myocyte
diameter in the normal area of this ischemic heart model was greater
than that in the normal heart model described in CHAPTER VII. In the
animals recovered successfully, percentage of the area occupied by
normal myocardium was more than 50 % of the whole left ventricular free
wall and septum.

In conclusion, it was demonstrated from the stand point of cardiac
mechanics that LVAD is a very powerful and useful mean to salvage
severely debilitated left ventricle. Bulk and regional mechanical work
of the left ventricle measured in this study were very useful parameters
to evaluate the left ventricular and myocardial function during LVAD
pumping. The effects of LVAD on the infarcted left ventricle are
summarized as follows: LVAD can maintain the systemic blood circulation
under good condition until the remained normal myocardium becomes
capable of producing necessary bulk left ventricular work without LVAD
pumping, while salvaging a part of ischemic myocardium slightly. It is
expected that the results obtained from this fundamental study
contribute much to more effective use of LVAD in clinical cases as well
as to better understanding of the left ventricular function in the field

of cardiac mechanics.
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APPENDIX

A.1 Algorithm for calculation of loop area

The areas inside the LVP-LVV and Tw-Am loops in a cardiac cycle
were calculated by the following algorithm (Fig. A.l) using a mini-

computer system:

1. The maximum and minimum values of LVP or Tw in a cardiac cycle

were searched.

2. The LVP or Tw in the cardiac cycle was equally divided into 100
levels between the maximum and minimum values. The height of

each leveled band area, h, is expressed as:

N R e R T : (A.1)

3. The maximum value of LVV or Am (LVVx or Amx) and the minimum

value of LVV or Am (LVVn or Amn) were searched in each band.

4. The area of the i-th band, Ai (i = 0,1,---,99), is calculated
by:
i+l
.Z'((LVVX or Amx)j ~ (LVVn or Amn)j)
Jj=i
Ai = h ——————————————————————————————————————— ] (AQZ)
2

assuming that the shape of the band is a trapezoid.

5. The area inside the loop, A, is calculated by:

99
A= L A, (A.3)
120 g

max. (LVP or Tw) - min.(LVP or Tw)
100

341

jg;((vax or Am )y = (LW, or Am.),)

Ai = h - *
2
(i=0, 1, ---, 99)
99
A= Y Ad
1=0

=100
& §3”:—?Zﬁ%%%%iz'j:4lh
S
Q-
>
o
\\\\ Trapezoidal area Ai
|
| | A
min.
30 |
0 (LVv,, or Am_); (LVV, or Am,);

LVV or Am

Fig. A.1 Calculation algorithm of the area inside the loop obtained
from the relationship between the left ventricular pressure
(LVP) and volume (LVV) or between the subendocardial wall
tenfion (Tw) and regional rhombus area (Am) in a cardiac
cycle.




A.2 Calculation of local myocardial wall tension

The wall tension in the normal and ischemic regions of the left
ventricle were calculated as follows.

After the experiments, the hearts were resected and cut
equatorially at the level of the ultrasonic sensors for the measurement
of the short axis diameter of the left ventricle (See Fig. A.2). The
equatorial angles between the reference direction and the normal and
ischemic regions where the ultrasonic sensors were embedded were
measured, and denoted by On and 61, respectively, where the short axis
diameter perpendicular to the septum was taken as the reference
direction. The origin was set at the crossing point of the two short
axis diameters perpendicular and parallel to the septum.

The radius of curvature, rp, was calculated from the two short axis
diameters, SDp and SDn, and an angle, 6 k, measured during the autopsies,
assuming that the equatorial cross section is an ellipse. It is given

by:

where k = n and 1.

The radii for the normal (rn) and ischemic (ri) regions were
calculated from the above equation, and used to obtain the wall tension,
Wy by eq. (3.2). The wall tension is given by:

Tk
Tw, = --—- LVP, ik = n, 1) (A.5)
2

where LVP is the left ventricular pressure.

1
rs) = «(( SDpY « cos?s + SDn* o sin? 2 el B Teiee o dA
2 « SDn = SDp cosS SDn sin<® )/( SDp cos4s + SDn sins ))
rl =.r(9i)
rn = ri(9n)
r
T, = <2 & LVP
LIRS
o
Twy EC LVP Sensor for LV diameter parallel

to the septum (SDp)
SDn

Posterior

M

Sensor for LV
diameter perpendicular
to the septum (SDn)

Sensor for LV
diameter perpendicular
////’to the septum (SDn)

SDp

_7r:7’2/,\\\:§§§§\~ Sensors for myocardial
nterior segment length in

normal region (SSn)

Sensors for myocardial
segment length in

ischemi¢ region (SSi)
Sensor for LV diameter parallel

to the septum (SDp)

Fig. A.2 Cross-sectional shape of the ventricles and geometrical

expression of the angle and location of the embedded ultrasonic
Sensors.
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