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Objectives: Few data have been available regarding the immediate response in
ventricular mechanics to acute volume reduction caused by aortic valve replacement
for aortic regurgitation.

Methods: We studied 9 patients in the operating room immediately before and after
the institution of cardiopuimonary bypass. Left ventricular pressure and cross-
sectional area {a surrogate of left ventricular volume) were measured with a
catheter-tip manometer and a transesophageal echocardiographic system equipped
with autormnated border-detection technology. Left ventricular pressure-area loops
were constructed, and the caval occlusion method was used to obtain the slope of the
end-systolic pressure-area relationship and the end-systolic area associated with 100
mm Hg. From the steady-state beats, stroke area was obtained by subtracting the
minimum area from the maximum area. Effective arterial elastance, a measure of
ventricular afterload, was calculated from end-systolic pressure, and stroke area as
follows: effective arterial elastance equals end-systolic pressure divided by stroke
area.

Results: Reductions in maximum area (21.0 + 8.5 to 16.0 * 6.8 cm? [SD]and
minimum area (15.3 * 8.4 to 12.0 % 6.1 m®) shifted the baseline pressure-area
loops to the left. The slope of the end-systolic pressure-area relationship (11.6 * 4.8
to 16.0 = 7.5 mm Hgfem?) and afterload (effective arterial elastance, 17.9 = 11.6
to 26.3 % 164 mm Hglcmz) were increased, and the end-systolic area associated
with 100 mm Hg was reduced (18.3 = 10.0 to 13.7 = 5.8 cm?).

Conclusion: Correction of volume overload reduced preload (minimum area),
shifted the end-systolic pressure-area relationship to the left (decreased end-systolic
area), and improved ventricular contractility (increased slope of the end-systolic
pressure-area relationship). The result indicated that acute volume reduction favor-
ably influenced ventricular mechanical parameters immediately after the operation.

mprovement in ventricular function caused by load-reduction therapy is a
well-established concept in the treatment of congestive heart failure. The
immediate effect of acute load alteration on ventricular function is not
clearly understood, however. In patients with aortic regurgitation (AR), the
elimination of regurgitant volume by means of aortic valve replacement
(AVR) causes significant reduction in left ventricular (LV) end-diastolic
volume or preload.! Irr general, reduction in preload results in a decrease in blood
pressure. Thus when preload is reduced, an improvement in contractility, an increase
in afterload, or both should accompany the maintenance of adequate blood pressure.
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There have been few data available, however, to show the
restoration of LV contractility immediately after AVR in the
operating room.

Accordingly, the current study was designed to elucidate
the interrelationship among preload, afterload, and contrac-
tility immediately before and after AVR in patients with
AR. For this purpose, we applied the framework of the LV
pressure-volume relationship? and the concept of ventricle-
afterload coupling. We used transesophageal echocardiog-
raphy (TEE) with the capability of automated border detec-
tion (ABD), which provided online output of the ventricular
cavity area measurement. Because there is a close relation-
ship between LV volume and short-axis cross-sectional area
(CSA),*5 CSA has been used as a surrogate of LV volume.
Combining LV pressure and CSA yields LV pressure-area
loops, which could be used to apply the framework of LV
pressure-volume relationship. With this approach, we mea-
sured end-systelic elastance (Ees; contractility} and effec-
tive arterial elastance (Ea; afterload) to elucidate the mech-
anism of the response of LV performance after AVR.

Patients and Methods

Nine male patients (age range, 38-74 years; median, 66 years) who
underwent elective AVR for the comection of pure AR were
studied in the operating room. LV ejection fraction (EF) measured
by means of a preoperative catheterization study was normal
(mean, 57% % 10% [SD]), with increased end-diastolic volume
index (236 *+ 64 mL/m”) and end-systolic volume index (114 + 50
mL/m®). LV end-diastolic pressure was moderately increased
(17.5 = 6.6 mm Hg), with a normal cardiac index (3.1 = 09 L -
min~! - m™2). All patients had grade 4/4 AR, except for 2 patients
who had grade 3/4 AR. The study was approved by the institu-
tional review board of the Faulty of Medicine, Kyushu University.
Informed written consent was obtained from all patients. In the
operating room a radial artery line was inserted after achievement
of local anesthesia. After the induction of general anesthesia, a
7.5F thermodilution pulmonary artery catheter {model 93-A431H;
Baxter Healthcare Corp, Irvine, Calif) was positioned through the
right internal jugular vein. The heart was exposed through a
median sternotomy and a longitudinal incision of the pericardium.
Heparin was given, and arterial and venous cannulas were inserted
and connected to a heart-lung machine. Tapes were passed around
the superior and inferior venae cavae. A catheter-tipped manom-
eter (MPC 350; Millar Instruments, Inc, Houston, Tex) or a fiber-
optic catheter (Sentron, AC Roden, The Netherlands) was inserted
through the stab wound of the left ventricle or through the right
upper pulmonary vein through the mitral valve. A 5-MHz om-
niplanc TEE probe {model HP 21362C; Hewlett-Packard, An-
dover, Mass) that had been inserted after the induction of anes-
thesia was positioned to obtain a cross-sectional view of the left
ventricle at the level of the midpapillary muscle. Echocardio-
graphic images were acquired by using a Hewlett-Packard Sonos
2500 echocardiographic system (model M2406A, Hewlett-Pack-
ard) with an ABD capability. A region of interest was drawn
manualty immediately beyond the LV endocardial border to ex-
clude low-density ultrasound signals that might appear within the

lateral myocardium. Once the image had been established, the
same region of interest and the gain setting were maintained
throughout the protocol for each patient,

Protocol

After the adequate placement of the TEE probe, thermodilution
cardiac output was measured, and LV pressure and CSA were
recorded simultanecusly to obtain steady-state baseline data. Using
the tape passed around the inferior vena cava, we occluded the
cava to obtain multiple beats with different preload. The quality of
the recorded data was checked immediately. When satisfactory
recordings were obtained, cardiopulmonary bypass was instituted,
and a routine AVR was performed. The same measurement was
performed within 5 minutes after the discontinuation of cardiopul-
monary bypass before removing the cannulas and neutralizing
heparin. The postcardiopulmonary bypass measurement took no
more than 10 minutes.

Data Acquisition and Analysis

Pressures of the left ventricle, the radial artery, the pulmonary
artery, and the right atrium along with lead II echocardiographic
signals and LV area signals from the echocardiography machine
were digitized online at 200 Hz with an analog-to-digital converter
(Mac Lab System; AD Instruments, Ltd, Dunedin North, New
Zealand). These signals were recorded on a hard disk of a laptop
computer (Macintosh Power Book 550C; Apple Computer, Inc,
Cupertino, Calif), and LV pressure and area signals were plotted to
display pressure-area loops. There is a delay in LV area signal
because of the signal processing. Our preliminary study directly
comparing ventricular volume obtained from a conductance cath-
eter and area signal from ABD showed that the delay was 40 ms.
Accordingly, we advanced the LV area signal by 40 ms in all
patients,

From the steady-state beats, maximal CSA (Amax) and mini-
mal CSA (Amin) were obtained. Stroke area (SA; SA = Amax ~
Amin) and fractional area change (FAC; FAC = SA/Amax) were
calculated. SA and FAC were used as the echocardiographic
equivalents of stroke volume and EF, respectively.

Contractility was assessed by using 3 indices: (1) Ees, 2% which
is the slope of the end-systolic pressure-area relationship (ES-
PAR); (2) the slope of the stroke work (SW) end-diastolic area
(Aed) relationship (Msw)"; and (3) the ratio of maximal dp/dt to
Acd (dp/dt,,,, to Aed ratio).? For ESPAR and SW-Amax relation-
ships, area axis intercepts were measured as well (Ao.es and
Ao,sw, respectively). The area associated with the LV end-systolic
pressure (Pes) of 100 mm Hg was calculated to determine the
position of the ESPAR in the operating range as follows:

Anes = Ao + 100/Ees N

Similarly, the position of the SW-Aed in the operating range
was determined by calculating Aggo.5w. Diastolic function was
assessed by fitting the end-diastolic pressure-area relationship to
exponential function, and the stiffness constant (8) was calculated
as previously reported.® By using the above obtained exponential
function, the area that provides the end-diastolic pressure of 8 mm
Hg was calculated (Aged).

The effective arterial elastance, Ea, a measure of LV afterload,
was calculated as Pes/SA.? and the ventricle-aftertoad coupling
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TABLE 1. Conventional hemodynamic data

HR Prads Prad.d Prad,m ¢ LAP RAP SVRI
{min~") {mm Hg} {mm Hg) {mm Hg} {L-min~t-m-% {mm Hg) (mm Hg) {dynes - 37" em~%-m™?)
Before 7314 10510 389 61+9 2708 8220 44+08 1913 = 950
After 90=19 9315 55+ 13 68 =15 28x08 70+21 45+12 1922 + 693
P value o .169 027 316 781 243 .851 987

All values are expressed as means * SD. HR, Heart rate; Prad.s, systalic radial antery pressure; Prad,d, diastolic radial artery pressure; Prad,m, mean radial
artery pressure; Cl, cardiac index; LAP, left atrial pressure; AAP, right atrial pressure; SVAI systemic vascular resistance index,

ratio was obtained (Ea/Ees). In addition, the systemic vascular
resistance index, a standard parameier of afterload, was calculated
as follows:

([Mean arterial pressure
— Right atrial pressurel/Cardiac index) X 80 (2)

The total mechanical energy generated by means of ventricular
contraction defined by pressure-volume area (PVA)'® was ob-
tained as the area circumscribed by the end-systolic trajectory of
the pressure-area loop, the end-systolic pressure-area line, and the
end-diastolic pressure-area relationship. SW was calculated as the
area inside the pressure-area loop. The efficiency of energy trans-
fer from PVA to SW was evaluated as SW/PVA.

Statistics
Results are presented as means % SD. A paired f test was per-
formed to compare the variables before and after AVR.

Results

All 9 patients underwent AVR with mechanical prostheses
(Carbomedics, Austin, Tex). The ischemic time ranged
from 31 to 124 minutes, with a median value of 61 minutes.
No patients received inotropic or vasodilating agents. There
were no study-related complications, and all patients were
discharged with an uneventful postoperative course.

There was no change in conventional hemodynamic vari-
ables after AVR, except for increased heart rate and higher
diastolic radial artery pressure (Table 1). During the vena
caval occlusion, there was no significant increase in heart
rate, but heart rate tended to increase after the release of
occlusion. This phenomenon indicated that caval occlusion
did cause a baroreflex response, but the reflex was not
prompt enough to influence the data during vena caval
occlusion. Representative LV pressure-area loops before
and after AVR are shown in Figure 1. Because of the
reduction in Amax and Amin, baseline loops were shifted to
the left. The ESPAR also shifted to the left with an increase
in the slope (Ees). It can be appreciated that there was no
isovolumic relaxation phase caused by AR. The pressure at
the start of ejection (the right shoulder of the loop) was
lower before AVR, probably because of low diastolic arte-
rial pressure. Ea, a parameter of afterload, was increased
after AVR. Variables obtained from the baseline loops in all

patients are summarized in Table 2. There was a 24%
reduction in Amax and a 22% decrease in Amin. SA was
reduced by 31%. There was no change in FAC. The param-
eters of contractility are shown in Table 3. There was an
increase in Ees by 38%, with no difference in the area axis
intercept (Ao.es). A decrease in A y.es indicated that the
operating points of the ESPAR were shifted to the left after
AVR. The slope of the SW-Aed relationship was reduced by
31% (marginally significant, P = ,136), which usually in-
dicated reduced contractility. The reason for the decrease in
Msw will be given in the “Discussion” section. A parameter
fairly independent of preload (dp/dt_,, to Aed ratio)® was
increased by 59%. As shown in Table 4, Ea was increased
by 46%. Because there were similar increases in Ea and Ees,
there was no significant change in the coupling ratio Ea/Ees.
Because of the reduction in LV volume, PVA was reduced
by 24%, although the difference was marginal (P = .128).
The reduction in SW was 42%. There was no change in
SW/PVA. No difference was found in the parameters of
diastolic function (8 and Ag,ed).

Discussion

We found that in patients with pure AR, there was an
improvement in contractile function, reduction in both pre-
load and mechanical LV work, and increase in ventricular
afterload immediately after AVR. We used a previously
validated method**!! of using the cross-sectional cavity
area, obtained by means of echocardiography, as a surrogate
for volume, which allowed us to apply the framework of LV
pressure-volume relationship in the operating room. To the
best of our knowledge, this is the first study to demonstrate
improvement in contractile function immediately after AVR
by using the framework of the pressure-volume relationship
in patients with AR, :

There was a significant improvement in ventricular con-
tractility evidenced by the increase in the slope (Ees) and
the leftward shift (decrease in A qqes) of the ESPAR. One
might argue that in the presence of reduced LV volume after
AVR, Ees was falsely high because there is an inverse
relationship between Ees and the size of the ventricle.
However, this might not be the case. First, this is because
the observation was limited to the same subject {(same heart)
and we were not comparing Ees among the subjects with
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Figure 1. Representative pressure-area loops before (left panel) and after (right panel} AVR. Baseline loops are
shown by large dots, and loops during caval occlusion are shown by smalf dots. Solid lines are the lines of Ees
and Ea. In the right panel thin fines are the lines of Ees and Ea before AVR. LVP, LV pressure.

TABLE 2. Variables obtained from baseline loops

Ped Pes Amax Amin SA FAC dpfdt,..,
{mm Hg) {mm Hg) {em?) {em?) {em?) (%) {mm Hgjs)
Before 1618 8.7 170 210+ 85 153+ 84 5820 304 £ 140 723+ 228
- After 13x14 89.8 + 225 160 = 68 120+ 6.1 40+ 14 268+ 9.1 850 = 344
P value 829 B899 D3 045 022 276 .280

Ped, LV end-diastolic pressure; dp/dt,,, maximum value of the first derivative of LV pressure.

TABLE 3. Parameters of contractility

Ees Aoes Ajpots Msw Aosw AcooSW dp/dt,,, /Aed
{mm Hg/cm?) {em?) {cm?) {mm Hg) {cm?) {cm?) {mmHg-s'-em™d)
Before 11648 66 =57 18.3 = 10.0 68.9 = 141 135+ 80 21080 413192
After 180175 571x39 13758 498 + 309 98+45 222+67 655 x 445
P value 03B 561 037 138 035 A3 .040

Ao.es, Area-axis intercept of the end systolic pressure area relationships; A,q, 85, end-systolic area that gives the Pes of 100 mm Hg; Ao,sw, area-axis
intercapt of the SW-Aed relationships; As,ysw, area that gives the SW of 500 mm Hg.cm? dp/dt,,,,, maximum value of the first derivative of LV pressure.

TABLE 4. Parameters and variables of afterfoad, energetics, and diastolic function

Ea sw PVA .
{mm Hg/em?) Ea/Ees {mm Hg.cm?) (mm Hg.cm?) SW/PVA B Aged lem?}
Before 179 £ 116 198+ 1.72 447 = 135 1082 = 430 045 £ 0.16 0.14 = 0.07 199 + 10.1
After 263+ 16.4 189 £ 1.38 258 =103 - 820 = 458~ 0.34 + 012 D15 =0N 167 69
P value 010 20 003 .128 030 704 2N

B. Stiffness constant of the end-diastolic pressure-area relationship; A,ed, area associated with an end-diastolic pressure of 8 mm Hg.

different ventricular sizes. Second, this is because the in-  a given end-diastolic pressure), which results in reduced
crease in Ees and the leftward shift of the ESPAR did not  overall pump function (smaller stroke volume). In our pa-
accompany the alteration in diastolic pressure-area relation-  tient there was no change in diastolic function after AVR.

ship. In general, a smaller heart shows higher Ees with  Thus the lefiward shift of the ESPAR definitely implied
stiffer diastolic function (smaller end-diastolic volume with  improvement in overall LV pump function. Our view was
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supported by the improvement in the dp/dt ,, to Amax
ratio, another parameter of contractility, which is less sen-
sitive to ventricular size or preload.?

The reduction in Msw, which is called preload re-
cruitable stroke work, generally implies a decrease in con-
tractility.” In our patients reduced Msw could be explained
by altered ejection physiology in AR. When forward stroke
volume is maintained in AR, LV stroke volume (the differ-
ence between end-diastolic and end-systolic volume) is in-
creased because of the excessive regurgitant volume. The
low diastolic blood pressure in AR causes the increased rate
and volume of blood flow into the aorta during early systole
to midsystole,'? whick results in wide pulse pressure but
relatively normal end-systolic pressure. Early angmented
ejection with increased LV stroke volume might imply
reduced ejection load to the ventricle, This was indeed the
case in our study because Ea was low before AVR and was
increased after the operation. Ea is a parameter of ventric-
ular afterload, which represents both pulsatile and static
load to the ventricle,!? and is vsed to evaluate the interac-
tion between the ventricle and the ejection load. According
to Sunagawa and colleagues,® SW is determined by the
interaction among Ea, Ees, and end-diastolic volume. The
linearity and load independence of preload recruitable SW
is considered to be due to the fact that SW is fairly constant
when the value of Ea is in the normal range.’® In our
patients, however, there was a greater than 40% increase in
Ea after AVR, which resulted in a decrease in SW. Because
it has been shown that SW decreases when Ea is in-
creased,* it is conceivable that reduced Msw in our patients
was due to the increase in Ea (below normal preoperatively
returning to normal) after AVR. .

Several previous studies support our view. Gaynor and
coworkersi$ performed an experimental study showing the
increase of Msw after the creation of AR. Although they did
not provide Ea data, their pressure-volume loops clearly
demonstrated a widening of the loop (increased stroke vol-
ume) with no significant change in height (no change in
Pes), indicating decreased Ea after the creation of AR. In
another study Starling and colleagues!? made an interesting
observation in patients who underwent AVR for AR. They
measured maximal elastance (Emax; a term almost identical
to Ees®) before AVR and found that those who had had
normal EF and mildly decreased Emax (group I) showed no
change in EF (61% to 63%), those who had had mildly
decreased EF and moderately decreased Emax (group II)
showed an improvement in EF (50% to 64%), and those
who bad had severely decreased EF and Emax (group III)
showed a further decrease in EF (35% to 30%). Why was
there a decrease in EF in group IIT? The researchers did not
perform a postoperative pressure-volume study, but it is
highly conceivable that the postoperative Emax value im-
proved in all patients because there was a significant reduc-

tion in end-systolic volume in all patients. A further de-
crease in EF despite an increase in Emax in group Ml
patients could be explained by the fact that the degree of
increase in Ea after AVR was largest in these patients. The
values of Ea calculated from their preoperative stroke vol-
ume and LV pressure data were 1.45, 0.84, and 0.58 mm
Hg/mL, respectively, for groups 1, II, and III. Thus normal-
ization of Ea by AVR must have caused the largest increase
in Ea for group IIT patients, which caused a decrease in EF.
These data, including ours, indicate a close inverse relation-
ship between the severity of AR and Ea, .

In general, LV function improves after AVR in patients
with AR.1.1819 Most previous reports used EF to estimate
contractility. There has been no post-AVR study that used
Ees as the parameter of contractility under the framework of
the pressure-volume relationship. The current study is also
unique in ¢lucidating load-independent ventricular function
immediately after the discontinuation of cardiopulmonary
bypass. Although load-independent indices are not available
weeks or months after surgical intervention, it is highly
conceivable that the improved contractile function observed
in our study might continue to be improved because LV
end-systolic volume is reported to be significantly reduced 3
to 6 months after AVR.!7 Because Pes, which is very close
to mean arterial pressure, is fairly constant, smaller volume
with similar end-systolic pressure indicates that Ees is in-
creased weeks or months after AVR.

The mechanism of the immediate recovery of contractil-
ity after AVR in our study is not clear. Reduction of LV

_volume caused a decrease in the work load of the left

ventricle, with an increase in energy supply (higher diastolic
blood pressure implying better myocardial perfusion). The
improvement in the energy supply and demand ratio might
bave had a favorable effect in causing contractility enhance-
ment. At the sarcomere level, reduction in volume after
AVR, which caused the decrease in sarcomere length, might
bave optimized the operationa! length of the sarcomere. In
terms of LV wall stfess, the decrease in LV diameter after
AVR should reduce the LV wall stress, which would work
favorably for LV mechanics. A similar mechanism for ex-
plaining the improvement in ventricular volume or wall
stress reduction operations (such as the Batista operation) or
the Myosplint procedure has been advocated.202! Qur re-
sults also might explain the mechanism of improved ven-
tricular function observed after LV assist device implanta-
tion in some patients.?? Further study is warranted to
elucidate the exact mechanism.

One might argue that these findings could be the result of
cardiopulmonary bypass and not AVR. This might not be
the case, however, because our preliminary results sidying
patients with aortic stenosis showed exactly the opposite
response after AVR (ie, reduction in both Ees and Ea).
Combining our current results and the described unpub-
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lished data, we might safely assume that the changes in
loading condition has a significant influence on contractile
function and that the findings obtained in our current study
were the result of AVR and not the result of cardiopulmo-
nary bypass.

Ees is the slope of the ESPAR, which is assumed to be a
load-insensitive parameter of contractility.? In addition to
the size-dependent nature of the Ees, whick has been al-
ready discussed in this article, the limitation of Ees includes
curvilinearity of ESPAR when the contractility is either
markedly increased or severcly decreased?' Among the
parameters we used, the decrease in A, q.es indicated shift
to the left of ESPAR, which is independent of curvilinearity,
In addition, the dp/dt_,, to Aed ratio, another parameter of
contractility that is assumed to be independent of loading
conditions, was increased. These results support the conclu-
sion of increased contractility after AVR.

Heart rate has positive effects on both Ees?? and Ea.’?
The increases in Ees and Ea might partly be due to the
increase in heart rate observed in our patients. However, the
increases observed in our patients (38% increase in Ees and
47% increase in Ea) were larger than the predicted increases
in Ees of 13%23 and Ea of 23%,!? provided that the increase
in heart rate from 73 to 90 beats/min was the only contrib-
uting factor for the increases in Ees and Ees. We thus
assume that replacing the leaking valve with a competent
valve was the major cause of the increases in Ees and Ea in
our patients.

The approach of using LV cavity area as a surrogate for
volume has been validated.4+5-! We performed preliminary
animal studies comparing CSA and LV volume measured
either with a conductance catheter or with an isolated canine
ejecting heart preparation. Both studies showed extremely
linear correlation between the area and volume. We also
found that the area signal was delayed for 40 ms. On the
basis of this finding, area signal in the present study was
advanced for 40 ms. Although previous validation studies
support the use of area as a surrogate for volume, no
validation study has been performed in the dilated heart,
such as in our patients. In addition, rotational or swinging
movement of the heart during one cardiac cycle might alter
the relationship between cross-sectional cavity area and
ventricular volume. Further investigation, such as that with
3-dimensional reconstruction of the LV cavity, should be
performed to validate the methodology for applying this
technique for hearts with abnormal geometry and move-
ment.

The majority of our patients had normal EF preopera-
tively. Thus our results might not be able to be extrapolated
to patients with AR with decreased EF. However, the results
for patients with AR with low EF in the literature are
encouraging,’*19 and accordingly, further study is war-
ranted 1o elucidate the mechanism of improvement in the

LV function in patients with AR with the most decreased
ventricular function.

We thank Dr Nonya Taki, the director of The Institute for
Medical Statistics, for his work as a consultant statistician.
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Total Aortic Arch Replacement Through the

L-Incision Approach
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Hisataka Yasui, MD
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Background. Even though the median sternotomy is the
standard approach for surgery involving the aortic arch,
access to the site of distal anastomosis is problematic
when the aortic pathology involves the distal arch. We
recently developed an “L-incision” approach (a2 combina-
tion of a left anterior thoracotomy and upper half median
sternotomy) for total arch replacement.

Methods. We reviewed our surgical technique and
operative results for 11 patients whe underwent total
aortic arch replacement through the L-incision between
July 1999 and July 2000. With a patient in a left antero-
lateral position, a left anterior thoracotomy was per-
formed through the fourth to sixth intercostal space. An
upper half median sternotomy followed. Operative ex-
posure was enhanced with spring retractors. The proxi-
mal anastomosis (between the four branched graft and
ascending aorta) was accomplished first. Upon comple-
tion of the proximal anastomosis, the heart was reper-
fused from one branch of the graft. The three arch vessels

mong reported surgical approaches [1, 2], the me-
dian sternotomy is most frequently used for treat-
ment of aortic arch aneurysms [3, 4]. However, in patients
who present with an arch aneurysm, the exposure af-
forded by a median sternotomy is less than ideal Inad-
equate visualization of the proximal descending thoracic
aorta and phrenic and recurrent laryngeal nerves may
result in distal anastomotic bleeding or postoperative
nerve palsy. The combination of a full median sternot-
omy and left thoracotomy has been used frequently for
total arch replacement. This extensive incision provides
excellent operative exposure; however, the postoperative
morbidity is considered excessive. Recently we used a
hemi-clamshell incision (“L-incision” approach) [5] for
total aortic arch replacement, particularly when the pres-
ence of a distal arch aneurysm demands better exposure
of the distal anastomosis. We herein review our surgical
technique and early postoperative results when replac-
ing the aortic arch through the L-incision approach.

Accepted for publication Aug 12, 2002,

Address reprint requests to Dr Tominaga, Department of Cardiovascular
Surgery, Kitakyushu Municipal Medical Center, 2-1-1, Bashaku, Kokura-
kitaky, Kitakyushu 802-0077, Japan; e-mail: tominaga21@fk.enjoy.ne.jp.

© 2003 by The Society of Thoracic Surgeons
Published by Elsevier Science Inc

were subsequently reconstructed under deep hypother-
mia and retrograde cerebral perfusion. Antegrade cere-
bral perfusion was accomplished through the graft as the
distal anastomosis (between the graft and descending
thoracic aorta) was performed.

Results. No early operative deaths were observed. One
patient sustained a permanent neurologic deficit. A tran-
sient recurrent laryngeal nerve palsy lasting 1 month
occurred in 1 patient. No patient required reoperations
for bleeding, nor did any patient develop a postoperative
phrenic nerve palsy, aspiration pneumonia, or renal
dysfunction.

Conclusions, The L-incision allows extensive replace-
ment of the aortic arch and is associated with a low
incidence of postoperative bleeding and respiratory in-
sufficiency.

(Ann Thorac Surg 2003;75:121-5)
© 2003 by The Society of Thoracic Surgeons

Material and Methods

Patients

Between July 1999 and July 2000, we performed total
aortic arch replacement through the L-incision approach,
using the “proximal-first” technique [6], in 11 patients
(Table 1). All patients were men aged 55 to 80 years
(mean age, 68 years). Emergent operations were per-
formed in 2 patients: 1 for rupture of an aortic arch
aneurysm, and 1 for an ascending aortic dissection. The
patient with vascular Behget disease had previously un-
dergone patch plasty of the aortic arch on two occasions:
the first by a median sternotomy, the second by a left
thoracotomy. Concomitant procedures included replace-
ment of the entire descending thoracic aorta in 2 patients,
coronary artery bypass grafting with saphenous vein
grafts to the left anterior descending and the left circum-
flex arteries in 2 patients, and aortic valve resuspension
in 1 patient. We were unable to cross-clamp the ascend-
ing aorta in 6 patients as intraoperative epiaortic echo-
cardiography revealed severe atherosclerotic plaque.

Operative Technigues

All patients were intubated with a double-lumen endo-
tracheal tube as the distal anastomosis was performed
under single-lung anesthesia. With the patient in a left
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Table 1. Patient Demographics

Ann Thorac Surg
2003;75:121-5

Patient No. Age (y) Etiology Previous Operation Concomitant Procedure
1 78 Arteriosclerosis
2 70 Arteriosclerosis AAA
3 66 Combined DAR
4 77 Arteriosclerosis
5 61 Arteriosclerosis AAA, amputation of legs
[ 59 Dissection (I} AoV resuspension
7 53 Dissection (I1Ib) DAR
8 80 Arteriosclerosis CABG
9 74 Arteriosclerosis AAA
10 74 Arteriosclerosis AAA CABG
11 55 Behget disease Patch plasty of Ao. arch

AAA = resection of abdominal aortic aneurysm;
DAR = replacement of the entire descending thoracic aorta.

anterolateral position, a left fourth to sixth intercostal
space (ICS) anterior thoracotomy was performed. An
upper half median sternotomy followed (Fig 1). The left
anterior thoracotomy was performed through the fourth
ICS in 2 patients, the level being determined by the
concomitant procedures. The left internal thoracic artery
(LITA) was ligated and divided. Two spring retractors
(Kent-boomerang/spring retractor, Takasago, Tokyo, Ja-
pan) were used; one to retract the left hemi-sternum in a
left cranial direction and the other to retract the right
hemi-sternum in a right caudal direction (Fig 2).

Fig 1. The L-incision for total arch replacement on the 14th postop-
erative day. The right axillary artery was used for arterial perfusion
in this particular case.

632

Ao, arch = aottic arch;

AoV = acrtic valve;, CABG = coronary artery bypass grafting:

In most instances, systemic arterial perfusion was
performed through a cannula inserted into the ascending
aorta. However, when intraoperative epiaortic echocar-
diography revealed atheromatous plaque in the ascend-

Fig 2. The operative view during total arch replacement with the
L-incision through the fifth intercostal thoracotomy. Two spring re-
tractors (SR) provided operative exposure. One retractor was used to
retract the left hemi-sternum in a left cranial direction, while the
second retractor withdraws the right hemi-sternum in the right cau-
dal direction. This approach offers excellent access to both the as-
cending and descending thoracic aorta, The arch vessels (arch V)
are also easily visualized The aneurysm (AN) was located at the
distal arch. (Ao = ascending aorta.)
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ing aorta, arterial perfusion was performed through an
8-mm Hemashield graft {Hemashield Gold, Meadox
Medicals, Inc, Oakland, NJ) that was anastomosed in an
end-to-side fashion to the right axillary artery. Either the
right or left femoral artery was exposed, and a 10-mm
Hemashield graft anastomosed to it for lower body
perfusion during arch vessel reconstruction. The arch
vessels were never perfused through the femoral artery
as retrograde aortic perfusion is associated with the risk
of cerebral embolism. Two venous cannulas were in-
serted directly into the superior vena cava and inferior
vena cava. Cardiopulmonary bypass (CPB) was estab-
lished. A left ventricular vent was inserted through the
left superior pulmonary vein, roof of the left atrium, or
the left atrial appendage. Of these, the left superior
pulmonary vein was preferred. Systemic cooling was
initiated as the ascending aorta, aortic arch, and descend-
ing thoracic aorta were exposed. The fat pad containing
the vagus and phrenic nerves was isolated by a tape.
The operative procedure is shown in Figure 3. The
patient is cooled on CPB. An aortic cross-clamping is
applied and antegrade cardioplegia administered. If mu-
ral disease precludes the application of an aortic cross-
clamp, the aorta is transected under circulatory arrest
and cardioplegia administered directly into the coronary
osta. The ascending aorta is anastomosed to a sealed
graft with four branches {Hemashield Gold, Meadox
Medicals, Inc, Oakland, NJ) (Fig 3A). Upon completion of
the proximal anastomosis, the heart is reperfused
through one branch of the Hemashield graft (Fig 3B).
After confirming the rectal temperature is below 20°C,
retrograde cerebral perfusion (RCP) is initiated. Retro-
grade cerebral perfusion was performed through the
superior vena cava cannula, while maintaining the jugu-
lar vein pressure of 15 to 25 mm Hg with a flow rate of 300
to 400 mL/min. Lower body systemic perfusion protects
the viscera and spinal cord, and is accomplished through
the femoral artery after a cross-clamp is applied to the
descending thoracic aorta. Reconstruction of three arch
vessels (each branch of the graft to the left subclavian
artery, left carotid artery, and innominate artery) is
subsequently performed (Fig 3B). When arch vessels
reconstruction is complete, RCP is discontinued and
antegrade cerebral flow through the graft and arch ves-
sels is restored (Fig 3C). The left lung is deflated to
expose the descending thoracic acrta. The operating
table is rotated 30 degrees from supine toward the
patient’s right side, and the surgeon moves from the
patient’s right to left side. Lower body systemic perfusion
is discontinued and an open distal anastomosis (20- or
22-mm straight Hemashield graft-to-distal descending
thoracic aorta) is performed using a2 modified elephant
trunk technique (Fig 3D). While the open distal anasto-
mosis is performed, the rectal temperature is kept below
20°C to protect the spinal cord. The arch graft is passed
beneath the pedicle containing the vagus and phrenic
nerves. The graft-to-graft anastomosis (four-branched
graft to descending thoracic aorta) completes the opera-
tion (Fig 3E). As the graft-to-graft anastomosis is per-
formed, femoral arterial perfusion is reestablished to

TOMINAGA ET AL 123
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Fig 3. The “proximal first” operative technique for total arch re- .
placement using a sealed graft with four branches. The first step is*
the anastomosis belween the ascending aorta and the graft (A), fol-
lowed by immediate restoration of myocardial reperfusion through
one of four branches (B). The arch vessels are reconstructed under

deep hypothermia and refrograde cerebral perfusion (B). After arch
vessel reconstruction, antegrade cerebral blood perfusion is restored
(C). The open distal anastomosis is accomplished using a modified
elephant trunk technigue (D). The final step is the anastomosis be-
tween the proximal and distal graft (E).

remove air and debris. Upon completion of the distal
anastomosis, the patient is rewarmed. We have reported
this proximal-first technique previously in detail, using
the four-branched graft (Hemashield; 26 or 28 mm with
four branches (10, 10, 8, 8 mm) [6).

Results

The operative and CPB times ranged from 465 to 770
minutes and 182 to 334 minutes, respectively (Table 2).
The aortic cross-clamp (myocardial ischemic time) and
RCP times ranged from 15 to 64 minutes and 20 to 49
minutes, respectively. These times were determined, in
patt, by the need for concomitant procedures and the
feasibility of aortic cross-clamping. The distal anastomo-
sis (graft-to-descending thoracic aorta) was performed
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Table 2. Perfusion Data and Outcome

Ann Thorac Surg
2003;75:121-5

Patient Operation Time CPB Time AoX Time RCP Time LCA Time
No. (nin) {min) (min) {min) {min) Complication Qutcome
1 485 194 17 39 35 None Alive
2 510 182 pa 40 37 None Alive
3 680 215 20 39 30 None Alive
4 535 2 19 37 23 None Alive
5 465 202 19 20 26 Diffuse cerebral damage Late death
[ 590 324 64 36 47 None Alive
7 770 34 28 27 27 Temporal general weakness Alive
8 621 270 2 38 1 None Alive
9 585 226 23 4% 17 Recurrent laryngeal nerve palsy Alive
10 660 214 15 33 72 None Alive
11 540 193 32 36 30 None Alive
Median 585 215 2 37 30

AoX = ascending aortic cross-clamping;
anastomosis;  RCP = retrograde cerebral perfusion.

under lower body circulatory arrest with times ranging
from 17 to 72 minutes. High-dose catecholamine admin-
istration was required in 1 patient to correct abnormal
systemic vasodilation. No patients required a reoperation
for bleeding or developed postoperative renal
dysfunction.

The duration of postoperative mechanical ventilation
ranged from 13 to 136 hours (mean 84 hours). The
intensive care unit (ICU) length of stay ranged from 1.7 to
6.7 days (mean 5.5 days). These data excluded 2 patients
who had neurologic complications. Long-term (longer
than 72 hours) respiratory support was required in 4
patients. There were no early operative deaths. One
patient developed hoarseness secondary to a recurrent
laryngeal nerve palsy. However, the hoarseness resolved
within 1 month of surgery. Phrenic nerve function was
preserved in all patients. No patient developed aspira-
tion pneumonia after the operation. One patient com-
plained of intercostal wound pain and required intra-
muscular pentazocine for 1 week after the operation. Two
patients developed postoperative neurologic deficits, al-
though both patients had normal brain computed tomog-
raphy; 1 patient had diffuse cerebral damage and the
other patient had temporal general weakness. The pa-
tient with general weakness improved dramatically
within 1 month of the operation. The patient with diffuse
cerebral damage was transferred to a rehabilitation hos-
pital and died of pneumonia 9 months after the opera-
tion. The remaining 10 patients were discharged from the
hospital. All 10 patients are alive and well 3 to 21 months
after the operation (mean follow-up 12 months).

Comment

The L-incision approach is, for a number of reasons,
ideally suited for total aortic arch replacement particu-
larly when aortic pathology involves the distal arch. First,
the descending aorta is well visualized through the left
anterior thoracotomy. Enhanced exposure facilitates per-
formance of the distal anastomosis, thereby reducing the
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CPB = cardiopulmonary bypass;

LCA time = lower body circulatory arrest time during open distal

incidence of postoperative hemorrhage from that site.
This anastomosis can also be performed more distally on
the descending thoracic aorta. Second, both the phrenic
and recurrent laryngeal nerves are easily isolated and
preserved. These nerves play important roles in main-
taining lung function, as a postoperative recurrent laryn-
geal nerve palsy can predispose patients, particularly the
elderly, to aspiration pneumonia. Third, the lower part of
the sternum is not divided. As thoracic integrity is main-
tained, pulmonary function is optimized and physical
rehabilitation is enhanced. Fourth, improved visualiza-
tion of the three arch vessels, especially the left subcla-
vian artery, facilitates the anastomoses, thereby reducing
RCP time. Finally, the L-incision approach always per-
mits the ascending aorta to serve as the arterial cannu-
lation site. Antegrade systemic perfusion reduces the
incidence of neurologic complications particularly when
atheromatous aneurysms involve the aortic arch [7, 8].

As the L-incision provides ready to access to both the
ascending and descending aorta, it is well suited for
extended replacement of the descending thoracic aorta.
In 2 patients (#3, #7), we successfully replaced the entire
thoracic aorta through this incision with a sixth ICS
thoracotomy. In patient #7, we were able to reconstruct
five intercostal arteries between T9 and T11 using short
10-mm diameter side grafts. As each intercostal artery
required an individual side graft, the distal anastomosis
took 72 minutes to complete. Consideration should be
given to an additional thoracoabdominal incision when
more complex intercostal arterial reconstruction is re-
quired. The L-incision approach may also be used in
patients with a DeBakey type I aortic dissection in whom
the entry site is unknown. If the entry point is thought to
be in the descending thoracic aorta, with retrograde
dissection across the arch [9], the L-incision allows ready
identification of the entry point and facilitates perfor-
mance of the distal anastomosis.

Disadvantages of the L-incision include sacrifice of the
LITA and wound pain. In our series, the LITA was
divided in all 11 patients; however, we believe that it can
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be harvested and used as a conduit for concomitant
coronary artery bypass grafting. Through the L-incision
approach it would be feasible to perform coronary revas-
cularization to either the left anterior descending coro-
nary artery or the region of the left circumflex coronary
artery. Inadequate exposure may make right coronary
artery bypass difficult. One of 11 patients complained of
intolerable wound pain. The patient had undergone a
previous aortic operation and had received chronic ste-
roid therapy. At his operation, osteoporosis resulted in
multiple rib fractures that led to intolerable postopera-
tive wound pain. A reduction in wound pain decreases
the incidence of respiratory complications and facilitates
patient rehabilitation and hospital discharge. Spring re-
tractors provide excellent operative exposure and help
prevent rib fractures.

We have used the proximal-first technique [6] for total
arch replacement since 1995. Cur goal in using this
technique is to reduce myocardial ischemic and RCP
time. In the current series the myocardial ischemic time
(median 22 minutes) and RCP time (median 37 rmintites)
were shorter than those reported in a previous series [8].
With respect to cerebral injury, only 1 of 11 patients
developed a permanent neurologic deficit. This patient
had undergone a prior abdominal aortic aneurysmec-
tomy and bilateral leg amputation due to arteriosclerosis
obliterans. Mural atheroma, which may not be detected
by epiaortic echocardiography, may shower the central
circulation, resulting in diffuse cerebral damage.

In our small series, 4 of 11 (36%) patients required
long-term (longer than 72 hours) respiratory support.
However, respiratory insufficiency did not result in pa-
tient death. Ergin and associates [10] reported that 27% of
patients (54 of 200 patients) who underwent thoracic
aortic aneurysmectomy using a median sternotomy ex-
perienced postoperative respiratory insufficiency. The
incidence of respiratory insufficiency in Ergin’s series
and the current series is similar. It may be possible to
reduce the incidence of postoperative pulmonary dys-
function by gentle manipulation of the left lung during
the operation. With respect to the ICU length of stay,
Hoefer and colleagues [11] reported a median postoper-
ative ICU stay of 5 days (range 1 to 72 days) after surgery
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for acute aortic dissection, a result that is similar to the
current series.

In conclusion, the L-incision approach for total arch
replacement facilitates extensive replacement of the tho-
racic aorta while reducing the potential for postoperative
bleeding and respiratory complications. Qur favorable
initial expetience justifies further clinical evaluation of
this technique.

We gratefully thank Dr Wayne Richenbacher for his editorial
assistance. ’
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Transfection With a Dominant-Negative Inhibitor of
Monocyte Chemoattractant Protein-1 Gene Improves
Cardiac Function After 6 Hours of Cold Preservation

Noriyoshi Kajihara, MD; Shigeki Mdrita, MD; Takahiro Nishida, MD; Hideki Tatewaki, MD;
Masataka Eto, MD; Kensuke Egashira, MD; Hisataka Yasui, MD

Background—Monocyte chemoattractant protein-1 (MCP-1), a potent chemotactic factor for monocytes, is induced
during ischemia-reperfusion. As monocytes might play an important causative role in reperfusion injury, we
investigated if inhibition of monocyte activation could attenuate ischemia-reperfusion injury and thereby improve
cardiac preservation. To inhibit monocyte activation, we transfected a dominant-negative inhibitor of MCP-1

(7ND) gene in an animal model.

Methods and Results—We used an isolated rabbit heart preparation perfused with support-rabbit blood and
transfected 7ND genes to skeletal muscle of the support rabbits (n=7) using electroporation technique; causing an
elevation of serum 7ND level to 207 pg/mL at 5 days afier transfection. Animals receiving empty plasmid served
as controls (n=7). Five days after transfection, hearts from other rabbits were excised, stored in UW solution for
6hours, and perfused with blood from transfected support rabbits. The 7ND group showed better cardiac output
(128.7£17.9 versus 81.6*19.8 mL/min; P<0.01), lower serum CK-MB levels (5.0%1.8 versus 11.1+2.9 ng/mL;
P<0.01), lower serum IL-18 levels (257.2+23.2 versus 311.2+37.4pg/mL; P<0.05), and lower serum TNF-¢
levels (19.0£8.4 versus 35.1%13.0pg/mL; P<0.05). The numbers of infiltrating cells in myocardium were

significantly reduced in the 7ND group.

Conclusions—Inhibition of MCP-1 with 7ND gene transfection reduced cytokine activation, attenuated myocardial
damage, and improved cardiac function after 6 hours of preservation. These results show that MCP-1 plays an important
role in ischemia-reperfusion injury. {Circulation. 2003;108[suppl II}:1I-213.11-218.)

Key Words: gene therapy m leukocytes m reperfusion injury m cytokines

yocardial ischemia-reperfusion injury is believed to be

associated with inflammatory reactions involving var-
ious types of cells and cytokines.!-3 Leukocytes are recog-
nized as a major factor in ischemia-reperfusion injury. A
number of studies, most focusing on neutrophils, have dem-
onstrated harmful effects of leukocytes, such as the produc-
tion of cytokines and oxygen radicals, adhesion to endothe-
lium, and activation of complement systems.

Recently, in addition to neutrophils, several studies have
demonstrated that in the early phase of reperfusion monocyte
chemoattractant protein-1 (MCP-1) is induced and monocytes
migrate into the reperfused myocardium.4-¢ We thus hypoth-
esized that inhibition of monocyte activation would attenuate
ischemia-reperfusion injury.

To inhibit monocyte activation we used a 7ND skeletal
muscle transfection model.”-!' 7ND is an N-terminal deletion
mutant of the MCP-1 gene and has been shown to be a
dominant negative inhibitor of MCP-1.12.13 Studies show that

7ND protein is secreted from transfected skeletal muscle cells
into circulating blood, and subsequently blocks MCP-1-
induced chemotaxis in remote organs,’™!!

Using a blood perfused isolated rabbit heart prepara-
tion,'415 we investigated whether the inhibition of monocyte
activation with 7ND gene transfer could attenuate ischemia-
reperfusion injury.

Methods

Experimental Animals

Japanese white rabbits (KBT oriental, Tokyo, Japan) weighing from
2.9 to 3.3 kg were vsed (27 for preliminary experiments, and 14 each
as heart donors, support rabbits, and blood donors), This experiment
was reviewed by the Committee on the Ethics of Animal Experi-
ments of the Faculty of Medicine, Kyushu University, and was
carried out under the Guidelines for Animal Experiments of the
Faculty of Medicine, Kyushu University, and the Law (No. 105) and
Notification (No.6) of the Japanese Government.
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Figure 1. Line graph shows the levels of 7ND protein in serum
after 7ND gene transfection. Levels significantly increase at
5day. *P<0.01 versus before. All values are mean*SD (n=>5).

Expresston Vector Mutant

Human 7ND ¢DNA was constructed by recombinant polymerase
chain reaction using a wild-type MCP-1 ¢cDNA as template and
cloned into the Bam HI (5") and Not I (3') site of the pcDNA3
expression vector plasmid.

Gene Transfer

Rabbits received intramuscular injections of empty plasmid or
pcDNA3-TND plasmid DNA (500 pg/kg) into the femoral muscle.
Transgene expression was enhanced by intramuscular electropora-
tion at the injection site immediately after injection. Six electronic
pulses of SOV, 100 ms were applied to each injection site using an
electric pulse generator (CUY201; BEX, Tokyo, Japan).

To determine the optimal timing for the experiment of ischemia-
reperfusion, we performed preliminary experiments to examine at
what day the 7ND protein level peaked after 7ND injection. We
measured serum 7ND protein levels before, 3, 5, and 7 days after
gene transfection by enzyme linked immunoassay using human
MCP-1 ELISA kit (BioSource International, Inc, Camarillo, CA).
Because this human MCP-1 ELISA kit does not react with the rabbit
MCP-1, it was considered that serum 7ND protein levels could be
measured by the use of this human ELISA kit. The serum 7ND
protein levels peaked at 5 days after TND gene transfection (207
pe/mL} (Figure 1). The rabbits injected with empty plasmid showed
no detectable 7ND protein in the serum.

To confirm the effect of 7ND, recombinant human MCP-1 (2
pg/t00 pmL) or PBS (100 pmL) was injected into the dermis 5 days
after gene transfer to confirm the effect of 7ND. Twenty-four hours
after the intradermal injection of MCP-1, a marked infiltration of
mononuclear cells was detected in the MCP-1 injected site of rabbits
that received injections of empty plasmid (Figore 2A). On the other
hand, few infiltrated mononuclear cells were detected in the MCP-)
injected site of rabbits that received injections of 7ND genes (Figure
2B). At the PBS injected skin sites, no infiltration cells were detected
(Figure 2C). Based on the data gained from these experiments, we
decided to perform the main ischemia-reperfusion experiments 5
days after transfection of support rabbits with 7ND,

Donor Heart Management

The rabbits were anesthetized uvsing sodium thiamylal (20 mg/kg)
and intubated with a tracheal tube connected to a mechanical
ventilator (model SN-480 to 5, Shimano, Tokyo, Japan) utilizing
100% oxygen. For further anesthesia, vecuronium bromide {1
mg/kg) and fentanyl citrate (700 pg/kg) were given. After perform-
ing a median sternotomy, the thymus and the pericardium were
carefully cemoved and then the heart and aortic arch exposed. After
heparinization (1500 U/kg), the innominate artery was cannulated to
administer University of Wisconsin (UW) solution (ViaSpan, Neth-
erlands Production Laboratory for Blood Transfusion Apparatus and
Infusion Fluids. Inc, Emmer-Compascuum, Netherlands). After the
inferior vena cava was transected to decompress the hear, the aortic
arch was cross-clamped and UW solution (0°C, 20 mL/fkg) was
infused at constant flow rate of 12 mL/min with a syringe infusion
pump (Compact Infusion Pump Modet 975, Harvard Apparatus,
South Natick, MA). The hearts were quickly excised and immersed

Figure 2. HE staining of MCP-1 or PBS injected skin sites 24
hours after injection. Bar=200 pm. (A) In recombinant human
MCP-1 injected skin sites of the rabbit that was transfected the
empty plasmid, a marked infiltration of mononuclear cells is
detected. (B} In recombinant human MCP-1 injected skin sites
of the rabbit that was transfected with 7ND genes, a few infil-
trated mononuclear cells are detected. (C) In PBS-injected skin
sites, no infittration cells are detected.

in cold UW solution (0°C) during preservation. The temperature was
maintained by a heat-exchanger (model RTE-210, Neslab instru-
ments, Inc, Newington, NH).

Support Rabbit and Cross-Circulation System

The support rabbits were anesthetized and pretreated in the same
manner as the donor rabbits. Anesthesia was maintained with
consiant infusion of fentanyl citrate (200 pg/h) and vecuronium
bromide (1 mg/). After heparinization (1500 Uskg), the common
carotid artery and the external jugular vein were exposed and
cannulated. Oxygenated blood from the common carotid artery of the
support rabbit was introduced by a microtube pump (model MP-3,
Tokyo Rikakikai Inc, Tokyo, Japan) to a cannula connected to the
ascending aorta of the donor heart. The blood draining from the
system was then returned to the jugular vein by another microtube
pump (Figure 3A). During use of this system, hematocrit of
perfusion blood was maintained at 23% by the using blood donor
rabbits. Arterial blood gas analyses of the support rabbit were done
with a pH/blood gas analyzer (model IL-1304, Instrumentation
Laboratory, Barcelona, Spain). The femoral artery pressure of the
support rabbit was also continuously monitored.

Measurement of Left Ventricalar Function in
Working Model

We measured LV function after 6-hours of preservation using a
working preparation, as previously described.'* The donor heart was
perfused through the aorta and then Langendorff preparation perfu-
sion was initiated (Figure 3A). Perfusion pressure was maintained at
60mmHg and blood temperature maintained at 37°C. The superior
and inferior vena cava and pulmonary veins were closed, and a
double lumen cannula was inserted into the teft atrium. One lumen of
the double lumen cannula was connected o a pressure transducer to
measure left atrial pressure (LAP), and the other to an atrial
reservoir. Aortic flow rate was measured by an in-line electromag-
netic flow probe {model 2N764, Transonic System Inc, NY) con-
nected to a flowmeter (model T206, Transonic System Inc). Aortic
pressure was measured from a sidearm in the aortic tract (Figure 3B).
All signals (pressures and flows) were continuously moniiored on an
oscillograph (polygraph 360 system, NEC Sanei, Tokyo. Japan),
digitized on-line at 200Hz with an analog-to-digital converter
(MacLab System, AD [nstruments, Ltd. Dunedin North, New Zea-

637



Kajihara et al
A B

Air chamber
o |

Support rabbit

land) and recorded on a digital computer (PowerBook 550C, Apple
Compuler, Inc, Cupertino, CA).

In the working preparations, hearls were paced atrially at 250
beat/min and aortic afterload pressure fixed at 60 mm Hg. Aortic
flow rates were measured at points of varied LAP. Systolic and
diastolic pressures, the variables determined by the cardiac output
and the stiffness or compliance of the afierload system, varied
according to increases in LAP; whereas mean pressure was kept
stable (60 mm Hg) throughout the measurements. Based on these
data, we determined the Frank-Starling curve.

Experimental Protocol

The rabbits were divided into two groups according to the transfec-
tion of 7ND genes. The IND group (n=7) was transfected with
pcDNA3-7ND plasmid DNA (500 pg/kg) and the control group
(n=7) was transfected with the empty plasmid. Support rabbits and
blood donors were transfected into their femoral muscle.

Five days after transfection, the heart from another rabbit was
excised and stored in UW solution for 6 hours. Afier the preservation
period, the heart was perfused with blood from a transfected support
rabbit with the Langendorff preparation at 60 mm Hg of perfusion
pressure. We measured the serum creatine kinase MB (CK-MB),
interleukin-18 (IL-18), and tumor necrosis factor-a (TNF-a) levels
in the coronary effluents at 10, 60, and 120 minutes after reperfusion.
At 40 and 120 minutes after reperfusion, we measured left ventricle
function in working preparation. The donor heart was paced atrially
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Figure 3. Cross-circulated rabbit heart
preparation. (A) in the Langendorft prep-
aration, oxygenated blood from the
cormmon carotid artery of the support
rabbit was introduced to an aortic inflow
tract of this system. The coronary
venous blood was collected and
returned to the support rabbit. (B} In the
working preparation, the left atrium was
cannulated with a double lumen can-
nula. The blood collected in the atrial
reservoir was ejected: by the heart.
AoP=aortic pressure, PA=pulmonary
artery, LA=left atrium, LAP=left atrial
pressure.

at 250 beat/min. After the measurement at 120 minutes after
reperfusion, the donor heart was quickly removed from the cross-
circulation system and the left ventricles were immersed in 10%
paraformaldehyde histopathological examination. For a reference,
we performed an experiment in which freshly harvested hearts
without preservation were attached to the system using a nontrans-
fected support rabbit (n=3). The support rabbit was killed with a
lethal dose of anesthesia.

Measurement of CK-MB, IL-18, and TNF-«

The serum CK-MB levels were measured by chemiluminescent
immunoassay, and the IL-18 and TNF-a levels by enzyme linked
immunoassay using a rat IL-18 and TNF-a ELISA kit (BioSource
International, Inc).

Histopathology and Number of Infiltrating Cells

in Myocardium

Cardiac tissue was fixed in 10% paraformaldehyde. Tissue was
dehydrated, embedded in paraffin and cut into 5 pm thick slices, and
then stained with Hematoxylin and Eosin. The number of infiltrating
cells in myocardium was counted as the sum of the cell counts on 3
fields at X400 magnification.'s

Statistical Analysis
Results for each grovp are expressed as mean*SD. Values between
the two groups were examined by two-way repeated measures

LAP (mmHg)

Figure 4. Frank-Starling curve data obtained in this study. The red thick line represents the fitted Frank-Starling curve in the 7ND group
{n=7). The red dashed lines show the individual curves in the 7ND group. The biue thick line represents the fitted Frank-Starling curve
in the control group (n=7}. The blue dashed lines show the individual curves in the control group. The black thick line represents the
fitted Frank-Starling curve of freshly harvested hearts without preservation and gene transfection {n=3). (A) Frank-Starling curve data
obtained at 40 minutes after reperfusion. The curve was significantly shifted to the left side in the 7ND group
{y=—0.98x+28.82x+32.32) compared with that in the control group {y=—1.70x?+35.11 x-51.38). For reference, we also show fitted
curves of freshly harvested hearts without preservation and gene transfection (y=—3.41x2+55.41x+38.82). (B) Frank-Starling curve
data obtained at 120 minutes after reperfusion, The curve was significantly shifted to the left side in 7ND group
{y=—2.46x*+37.08x+9.15) compared with that in control group (y=—2.30x2+40.82x - 67.88). We show fitted curves of freshly har-
vested hearts (y=~3.41x?455.41x+38.82). AoF=aortic flow, LAP=left atrial pressure.
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Figure 5. {A) Bar graph shows serum CK-MB levels. Serum
CK-MB level in the 7ND group is significantly lower than that in
the controls at 120 minutes after reperfusion. ‘F<0.01 versus
control group. (B) Bar graph shows serum IL-18 levels. Serum
IL-18 levels in the 7ND group are significantly lower than those
in control group at 10 minutes and 60 minutes after reperfusion.
#P<0.05 versus control group. {C) Bar graph shows serum
TNF-a levels. In the 7ND group, serum TNF-a level is signifi-
cantly lower than that in the controls at 10 minutes after reper-
fusion. #P<0.05 versus control group. All values are mean=SD.
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analysis of variance (ANOVA). When ANOVA showed a significant
intergroup difference, unpaired Student’s t test was used to examine
the difference in each parameter. The relationship between LAP and
AoF was analyzed by a multiple regression model using a dummy
variable technique to investigate intergroup difference.'? Signifi-
cance was designated as a probability value of less than 0.05

Results
Between the two groops no significant differences were
observed in body weights of donor rabbits. During the
experiments, hemodynamics of the support rabbits were

20

Number of infiltrating cells
(cells / in 3 fields)
8
T

control

stable and systolic blood pressure was maintained at over
100 mm Hg. Minimum alterations in the arterial carbon
dioxide tension, pH, and arterial bicarbonate levels were
observed in the support rabbits.

Cardiac Function: Frank-Starling Curves

At both 40 and 120 minutes after reperfusion, the fitted
Frank-Starfing curve obtained by a multiple linear regression
model was significantly shifted to the left (P<0.01) in the
7ND group compared with that of the control group (Figure
4). We also show fitted curves of freshly harvested hearts
without preservation and gene transfection in Figure 4.

Serum Levels of CK-MB, 1L-18, and TNF-«

Serum CK-MB levels in the 7ND group were significantly
lower than those in the control group at 120 minutes after
reperfusion (5.0 1.8 versus 11.1£2.9 ng/mL, P<0.01) (Fig-
ure 5A).

Serum IL-18 levels in the 7ND group were significantly
lower than those in the control group at [0 minutes
(244.7x46.2 versus 300.6*37.8 pg/mL, P<0.05) and 60
minutes after reperfusion (257.2%+23.2 versus 311.2*x374
pg/mL, P<0.05) (Figure 5B).

Serum TNF-a levels in the 7ND group were significantly
lower than those in the control group at 10 minutes after
reperfusion (35.1%13.1 versus 19.0+8.4 pg/mL, P<0.05)
(Figure 5C).

Histopathology and Number of Infiltrating Cells in
Cardiac Tissue

Histological appearances of myocardium from the 2 groups
are shown in Figure 6. The extravasation of polymorphonu-
clear and mononuclear leukocytes was recognized in the
myocardium from the control group (Figure 6A). On the other
hand, few levkocytes existed in myocardium from the 7ND

Figure 6. (A) HE staining of myocardium
from the control group. Extravasation of
polymorphonuclear and mononuclear infiltrat-
ing cells is recognized. (B) HE staining of
myocardium from the 7ND group; few infil-
trating cells exist. Closed arrow=infiltrating
cell, Open ammow=endathelial cefl,

Bar=200 pm. (C) Bar graph shows the num-
ber of infiltrating cells in myocardium. The
nurmber of infiltrating cells is significantly
reduced in the TND group compared with
controls. The number is the sum of the cell
counts on 3 fields at a X400 magnification.
'P<0.01 versus control group. All values are
mean=SD.

639



Kajihara et al

group (Figure 6B). The number of infiltrating cells in myo-
cardium was significantly reduced in the IND group com-
pared with the control group (19.0£8.9 versus 51.0%16.0
cells / in 3 fields; P<<0.01) (Figure 6C).

Discussion
In this study we demonstrated that inhibition of MCP-1 with
TND gene transfection reduced cytokine activation, attenu-
ated myocardial damage and improved cardiac function after
6 hours of cold preservation. Qur results indicated that
monocytes and their chemoattractant, MCP-1, played an
important role in ischemia reperfusion.

MCP-1 is a member of a family of proinflammatory
cytokines called chemokines, which are structuraily refated.
Chemokines affect the migration and activation of various
types of leukocytes. MCP-1, a prototypic chemokine belong-
ing to the C-C family, binds to MCP-1 receptor (CCR2) on
monocytes as a dimmer and exhibits chemoattractant poten-
tial for monocytes, but not for neutrophils. It has been
demonstrated that MCP-1 expression is increased in chronic
inflammatory diseases such as atherosclerosis and rheumatic
arthritis.'® As has the migration of monocytes and inducement
of MCP-1 at an early phase of reperfusion.*-¢ Kumar et al
have reported that MCP-1 mRNA was induced in endotheli-
um of the small veins in ischemic and reperfused canine
myocardium.® Matsumori et al reported that plasma concen-
trations of MCP-1 are increased in patients after acute
myocardial infarction.® These studies indicate that increased
production of MCP-1 and subsequent monocyte infiltration
are observed at the reperfusion phase of myocardial ischemia.
In this study, we directly inhibited MCP-1 and prevented
activation of monocytes in a myocardial ischemia and reper-
fusion model, and showed that inhibition of MCP-1 attenu-
ated reperfusion injury and preserved post-ischemia cardiac
function. Qur finding of improved cardiac function with
MCP-1 inhibition was in accordance with the study of Ono et
al that showed the favorable effects of administrating anti-
MCP-1 antibody to reduce the infarct size in a rat model of
ischemia-reperfusion.!?

Although the exact mechanism by which cardiac function
is improved with inhibition of MCP-1 is not clear, it would be
highly probable that reduced production of inflammatory
cytokines with MCP-1 inhibition was the main factor atten-
vating ischemia reperfusion injury. Herskowitz et al?® and
Formigli et al* showed that monocytes are the main source of
inflammatory cytokines in a myocardial ischemia-reperfusion
model in rats and pigs, respectively. Inflammatory cytokines
such as IL-18 and TNF-a were demonstrated to possess
negative inotropic effects,?!2? and these were also shown to
have chemoattractant actions for neutrophils,?*2* which play
an important role in ischemia-reperfusion. In our study, the
number of infiltrating cells in myocardium was significantly
reduced in the 7ND group. Infiltrated cells found in the
control group were polymorphonuclear and mononuciear
leukocytes, which indicated that 7ND reduced the number of
polymorphonuclear leukocytes as well. These findings sug-
gested that inflammatory cytokines produced by monocytes
activated neutrophils and further promoted inflammatory
reactions in ischemia-reperfusion. Since 7ND and MCP-1 do
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not exhibit direct effects on neutrophils, it is highly probable
that monocytes play a crucial role in the cascade of ische-
mia-reperfusion injury.

We used IND genes to perform anti-MCP-1 therapy in this
study. 7ND lacks amino-terminal amino acids 2 to 8 in the
amino sequence of MCP-1,'2* and forms a heterodimer with
wild type MCP-1. This heterodimer has been shown to bind
to CCR2 and to work as 2 dominant negative inhibitor of
MCP-1.1* IND protein is produced by TND gene transfection
to skeletal muscle and intensively inhibits monocyte infiltra-
tion.™'! Although a logical strategy to inhibit MCP-1 would
be to administer 7ND protein at the time of reperfusion, we
used 7ND gene transfection to the skeletal muscle because
7TND protein was not available.

In this study, we used a mutant gene of human MCP-1 in
a rabbit model. The amino acid sequence similarity of rabbit
MCP-1 to human MCP-1 is high and it has been demon-
strated that human MCP-1 has a high affinity for rabbit
monocytes.?* Indeed, we showed in the present study that
7ND gene transfer inhibited monocyte infiltration by intra-
dermal injection of human MCP-1 in rabbits. Because recom-
binant rabbit MCP-1 was not available, we were not able to
prove that 7ND gene transfer blocks activity of rabbit MCP-1.
This is a limitation; however, we proved that inhibition of
human MCP-1 induced monocyte infiltration into rabbit
dermis by 7ND gene transfer. Since the sequence of human
MCP-1 and rabbit MCP-1 show high similarity, it is highly
probable that human 7ND may inhibit rabbit MCP-1. In fact,
other studies show that 7ND is effective in experiments using
mice, rats, and monkey.?’-!! We recently showed suppression
of macrophage recruitment into injured rabbit carotid artery
by 7ND gene transfer.2¢ Considering those results, we belicve
it is safe to assume that 7ND blocked the action of rabbit
MCP-1.

We used a blood-perfused isolated working rabbit heart
model developed in our laboratory.'*'* Compared with iso-
lated heart preparations perfused with crystalloid solutions,
our blood-perfused model is well suited to investigate the
process of ischemia-reperfusion, which involves numerous
cellular components such as leukocytes and platelets. A
potential limitation of our preparation is that because it is in
extra-corporeal circulation, which allows blood to contact
foreign surfaces; running an extra-corporeal circulation per se
might have activated inflammatory process. To investigate
the influence of our cross-circulation system on inflammatory
reactions, we performed preliminary experiments running
extra-corporeal circulation with support rabbits attached but
without connecting the donor heart o the preparation. These
showed that there were no increases in serum cytokine levels
or blood leukocyte counts. Thus, we assumed that the
increases in IL-13 and TNF-a observed in the controls were
the result of ischemia and reperfusion.

The drug delivery system used in this study is a limitation;
currently, 7ND protein has not been manufactured, delaying
further study on the clinical application of TND. We modeled
our experiments for hypothermic storage, but further refine-
ment is needed in 7ND administration for clinical application.
One possibility is to manufacture 7ND protein and deliver it
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intravenously: thus, TND may be administered to patients
undergoing heart transplantation or open-hecart surgery.

In conclusion, inhibition of MCP-1 with 7ND transfection
reduced cytokine activation, attenuated myocardial damage
and improved cardiac function after 6 hours of cold preser-
vation. These results indicate that MCP-1 plays an important
role in ischemia-reperfusion injury. 7ND gene transfection
might become a useful strategy for attenuating ischemia-
reperfusion injury.
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