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ABSTRACT. Porcine bioprosthetic valves cross-linked with glutaraldehyde and polyepoxy compound were newly developed for mitral valve
replacement (MVR) in dogs. Five beagle dogs were performed a left thoracotomy and underwent MVR using the porcine bioprosthetic
valves during cardiopulmonary bypass (CPB). A vein catheter inserted into right atrium and a vent catheter inserted into the right ven-
tricle to drain. The hemodynamic conditions of CPB were excellent during surgery. The left atrial pressure was measured before and
after MVR; there was no significant difference and it was normal. Thrombosis and the prosthetic valve regurgitation were not observed
one week after MVR. Pressure half time (PHT) prolonged significantly (P<0.05) from 31.40 + 4.0 msec presurgery to 99.20 = 19.4
msec at seven days after MVR, although it indicated the normal range as the bioprosthetic valve. The symptom of the prosthetic valve
failure was not observed. This study indicated that the MVR using porcine bioprosthetic valves under CPB might have been effective

in dogs as a short-term evaluation.
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Mitral regurgitation (MR) is the most common cause of
congested heart disease, occurring secondary to myxoma-
tous degenerative mitral valve in dogs. In myxomatous
degeneration, the valves are thickened and the valve leaflets
become redundant; and secondary dilation of the valve
annulus contributes to mitral regurgitation. MR progresses
insidiously with time and develops into congestive heart
failure [13]. In a retrospective study, where 1421 dogs were
diagnosed with cardiovascular diseases, MR comprised
83% of all acquired heart diseases, excluding dirofilariasis.
MR was seen more frequently in small breeds and the peak
occurrence was observed in 10 to 12 years of age [30].

Medical therapy of MR is angiotensin converting enzyme
(ACE) inhibitors, diuretics, vasodilators and digoxin admin-
istration. However, progressive congestive heart failure and
death are the inevitable consequences of severe MR despite
any optimal medical treatment [7]. In human medicine, the
definitive treatment of MR is surgical correction. Surgical
treatment of MR is mitral valve replacement (MVR) or
mitral valve repair (MVr). MVr has become the procedure
of choice for surgical treatment of MR because it provides
better postoperative clinical outcome than MVR in human
medicine [1]. A few studies on successful MVr for dogs
also have been reported [8, 12]. However, MVr is more dif-
ficult to accomplish than MVR. Moreover, MVR is recom-
mended for non-ischemic severe MR and for non-reparable
acute symptomatic MR, advanced symptomatic status, sys-
tolic dysfunction and/or ventricular dysfunction [1, 17].

MVR can be conducted using either bioprosthetic valves
or mechanical valves. Mechanical valves have excellent
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durability but have thrombogenicity and require a lifetime
anticoagulation therapy. If thrombosis happens, the valves
will not function normally. On the other hand, bioprosthetic
valves have limited durability but have low thrombogenicity
and do not require long-term anticoagulation therapy [1,
22]. In dogs, mechanical valve replacement is so difficult to
obtain a long-term survival rate because of a prosthetic
valve thrombosis [21, 24]. Therefore, bioprosthetic valves
are recommended for dogs, and porcine bioprosthetic valves
cross-linked with glutaraldehyde and polyepoxy compounds
were newly developed for MVR. Glutaraldehyde and Poly-
epoxy compounds (Denacol EX-313) have been used for
bioprosthetic valves to reduce thrombosis and tissue antige-
nicity [19, 20]. In mitral valve recipients, the rate of throm-
boembolism during the first 10 days was significantly
higher than after 10 days [9]. The first several days from the
perioperative period are very important for the evaluation of
the MVR.

The aims of this study were to evaluate the short-term
performance of the newly developed porcine bioprosthetic
valves and techniques of cardiopulmonary bypass (CPB)
and MVR in dogs.

MATERIALS AND METHODS

Bioprosthetic valves: Porcine aortic valves, with similar
dimensions to that of canine mitral valves, were used. The
porcine aortic valves were obtained aseptically from the
slaughterhouse. Fat and myocardium were politely
removed from the valves. After the trimming, the valves
were packed with cottons to prevent the aortic annulus and
the leaflet deformation, and were immersed in 50% ethanol
solution. Within two weeks, the valves were fixed as fol-
lows.
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1. 0.2% protamine sulfate (for 30 min at room tempera-
ture)

2. 0.5% glutaraldehyde (for 30 min at room temperature)

3. 4% polyepoxy compounds* (for 48 hr at 40°C)

4. Washing with sterile water (for 24 hr at room temper-
ature)

5. 1% heparin sodium (for 1 hr at 37-40°C)

* Denacol EX-313, Nagase Chemicals Ltd., Osaka Japan

The valves were preserved in 70% ethanol solution.

The valves were trimmed again, the porcine aortic wall
was removed and only the leaflets and commissures were
left. The stainless stents appropriate for the annular and the
commissure were made with Kirschner stainless wires of
0.6 mm in diameter. The annular and the commissure were
sewn on the stainless stents. After covering and suturing the
stents by Dacron fabrics, porcine bioprosthetic valves were
completed (Fig. 1). The porcine bioprosthetic valves were
then preserved in 30% ethanol solution under cold storage.
At least two hours before transplantation, they were washed
by sterilization using physiological saline solution to
remove the alcohol.

Animals: Five male apparently healthy beagle dogs (1
year of age, 10—14 kg) were used. The dogs were subjected
to clinical examinations, complete blood counts, heartworm
antigen tests, blood chemistry, thoracic radiography, elec-
trocardiography, phonocardiography and echocardiography.
No abnormal findings were observed in the dogs.

In this study, all dogs were housed in individual runs.
Standard environmental conditions of 22-23°C ambient
temperature and 40-50% relative humidity were main-
tained. The dogs were given balanced maintenance diets and
fresh water. During all phases of this study, the laboratory
animals were handled and care for in accordance with the
standards established by Tokyo University of Agriculture
and Technology as described in its “Guide for the care and
use of laboratory animals”.

Anesthesia and CPB system: In this study, the basic pro-
tocols for anesthesia and CPB system used were those per-
formed previously by our group [10, 23, 28].

Technique of CPB and MVR: An arterial pressure catheter
and an arterial catheter for CPB were each inserted into a
different femoral artery. A central venous pressure catheter
was inserted via the jugular vein. A left lateral thoracotomy
was performed via the fifth intercostal space and the pericar-
dium was exposed. After preparing a pericardial tent, a two-
stage single catheter (18-24FG) was inserted into the right
atrium, and a 12FG vent catheter was inserted into the right
ventricle to drain the blood from the heart. A cardioplegia
cannula was positioned at the root of the aorta [25]. An arte-
rial catheter for CPB, a two-stage single catheter and a 12FG
vent catheter were connected to CPB system.

After hemodynamics was stabilized in a partial perfusion,
the ascending aorta and pulmonary artery were cross-
clamped and total perfusion was achieved. Cold Young’s
solution was administered from a cardioplegia cannula and
cardiac arrest was achieved. GIK solution was also admin-
istered via a cardioplegia cannula every 20 min while the
aorta was cross-clamped [25]. The dogs were cooled to
approximately 26-28°C, and ice slush saline was used to
cool the heart regionally [23].

The mitral valve was approached via an incision in the
left atrium. All mitral valves and the chordae tendineae
were excised. Three 5-0 polypropylene sutures were pre-
placed through the mitral annulus from the atrial to the ven-
tricular side of the annulus and then through the
bioprosthetic ring from the ventricular to the atrial side. The
bioprosthetic valve was seated into the mitral annulus with
its left coronary cusp oriented to the left ventricular outflow
tract. After the continuous suture of the bioprosthetic ring
and mitral annulus, atriotomy was closed and air was
removed from the left side of the heart (Fig. 2). After the
aortic cross clamp was removed, the heartbeat resumed with
cardiac massage and/or internal electrical defibrillation. As
the atrial pressure rose, gradual cessation of CPB was initi-
ated. After discontinuation of CPB, all catheters were
removed. The left atrial pressure was measured directly
before and after MVR, a thoracostomy tube was placed and
thoracotomy incision was closed routinely.

Fig. 1.

The porcine bioprosthetic valve, cross-linked with glutaraldehyde and polyepoxy compound,
used in this study.
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Fig. 2.
using the porcine bioprosthetic valve under cardiopulmo-
nary bypass.

Intraoperative view of mitral valve replacement

Postoperative management. Ampicillin sodium 50 mg/kg
IV (QID) and heparin sodium 50-100 U/kg SC (TID-QID)
were administered postoperatively. Oral administration of
dipyridamole and warfarin were initiated 2—-5 days after
operation. Warfarin was administered at 0.1 mg/kg (BID)
and its dose was adjusted according to the results of the
Thrombotest (20%). Postoperative pain was managed by
administration of butorphanol tartrate (0.2—0.8 mg/kg intra-
muscularly) as necessary.

Clinical examination: The examinations included tho-
racic radiography, phonocardiography, electrocardio-
graphy, echocardiography and blood tests (CBC, TP, AST,
ALT, ALP, BUN, Cre, TBil, Glu, TCho and CK) were con-
ducted before and seven days after MVR. Vertebral heart
size (VHS) and cardio thoracic ratio (CTR) were calculated
by thoracic radiography [7, 13].

The annular diameter of the mitral valve before surgery
was measured by two-dimensional echocardiography to
choose the bioprosthetic valve. Diastolic atrioventricular
pressure gradients (Bernoulli equation) were obtained from
the continuous-wave Doppler signal of mitral flow velocity
[3]. Pressure-half time (PHT), which is the time interval
during which the atrioventricular pressure gradient fell to
half its initial value, was calculated from these tracings.
Mitral valve area (MVA) was calculated by the continuity

Table 1.

equation (MVA=220/PHT) [3]. Left ventricular end-dias-
tolic diameter (LVEdD), left ventricular end-systolic diam-
eter (LVEsD), left ventricular posterior wall thickness in
diastole (LVPWd), left ventricular posterior wall thickness
in systole (LVPWs), interventricular septum thickness in
diastole (IVSd), interventricular septum thickness in systole
(IVSs) and fractional shortening (FS) were obtained by M-
mode echocardiography [3, 7]. Movements of bioprosthetic
valves were also observed immediately after MVR.

Differences in the examinations conducted were deter-
mined by paired-f test, and statistical significance was estab-
lished at p<0.05.

RESULTS

Surgical evaluation: In a left lateral thoracotomy, the
insertion of a two-stage single catheter into the right atrium
and a vent catheter into the right ventricle were performed
smoothly. The volume of blood flow to the CPB system
from these catheters (venous drainage) was enough to per-
form CPB.

All dogs underwent MVR using the porcine bioprosthetic
valves; the annular diameter of the measured mitral valve
was 22.50 £ 0.9 (mean + SE) mm by echocardiography and
the diameter of the porcine bioprosthetic valve used was
23.75 £ 0.8 mm. The mitral valve was approached easily via
an incision in the left atrium. The porcine bioprosthetic
valve was seated into the mitral annulus, and was sutured
tightly. The handling of the porcine bioprosthetic valve was
excellent, and was easy to suture. CPB time was 84.00 £ 9.7
min, and cardiac arrest time was 42.20 = 1.9 min. Time
from release of aortic cross clamp to cessation of CPB was
34.00 £ 7.3 min. The lowest rectal temperature was 27.32 +
0.3°C, while the lowest esophagus temperature was 28.10 +
0.3°C (Table 1). These surgical times were almost similar
because MVR and CPB were conducted smoothly in all
dogs. The left atrial pressure, prior to MVR was 5.41 £ 0.5
mmHg, post MVR was 8.64 + 2.3 mmHg; there was no sig-
nificant difference observed. It was considered that the
valve functioned normally.

Postsurgical evaluation: Blood examination, phonocar-
diography and electrocardiography were not significantly
different before and seven days after surgery, the values
were in the normal range. In the thoracic radiography, VHS
and CTR were not significantly different before and seven
days after surgery (9.98 £ 0.2 and 10.04 + 0.2, 62.96 + 0.7

Values of different parameters obtained during CPB* in dogs subjected to mitral

valve replacement using porcine bioprosthetic valves

Case NO. CPBtime Cardiac arrest time Lowest rectal Lowest esophagus
(min) (min) temperature (°C) temperature (°C)

1 77 46 279 28.5

2 91 46 27.2 28.6

3 72 41 27.1 27.8

4 62 36 27.9 28.5

5 118 42 26.5 27.1

* Cardiopulmonary bypass.
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Fig. 3.
after MVR.

RlO G&Q CB, A4

Fig.4. Color and continuous-wave Doppler of the porcine bio-
prosthetic valve flow of a dog seven days after MVR.

and 63.70 + 1.8, respectively ), the values were also in the
normal range (Fig. 3).

In the echocardiography conducted immediately after
MVR, the movements of the bioprosthetic valves were
found to be smooth; laminar flow was also obtained seven
days after surgery (Fig. 4). The prosthetic valve regurgita-
tion and thrombosis were not observed immediately after
MVR and seven days after MVR. Diastolic atrioventricular
pressure gradient increased significantly (P<0.01) from 3.95
+ 0.8 mmHg before surgery to 14.02 £ 1.5 mmHg seven
days after surgery. PHT prolonged significantly (P<0.05)
from 31.40 £ 4.0 msec before surgery to 99.20 £+ 19.4 msec
at seven days after surgery. MVA decreased significantly
(P<0.05) from 7.44 + 0.8 cm? before surgery to 2.68 + 0.6
cm? seven days after surgery. LVEdD, LVPWd, IVSd and
IVSs were significantly (P<0.01) different before and seven
days after surgery. No significant differences were

Lateral (left) and dorsoventral (right) thoracic radiographs of a dog seven days

Table 2. M-Mode echocardiographic findings in dogs subjected to
mitral valve replacement using porcine bioprosthetic valves

Before surgery (mm)  Seven days after surgery (mm)

LVEdD 33.68+1.1 28.48 £ 1.3*
LVEsD 20.92+0.7 16.80 £ 1.8
LVPWd 6.56£0.2 10.56 + 0.8*
LVPWs 10.52+£0.7 13.72+£1.2
IVSd 7.28+£0.7 1036 £ 0.4 *
IVSs 10.44£0.4 14.08 £0.9*

Values are expressed as mean + standard error. LVEdD: left
ventricular end-diastolic diameter, LVEsD: left ventricular end-
systolic diameter, LVPWd:left ventricular posterior wall thickness in
diastole, LVPWs: left ventricular posterior wall thickness in systole,
IVSd: interventricular septum thickness in diastole, IVSs:
interventricular septum thickness in systole. * P<0.01 (vs. before
surgery).

observed between before and after surgical LVEsD, LVPWs
and FS values (P>0.05) (Table 2).

DISCUSSION

The cardiopulmonary bypass system has been used for
over ten years in various canine congenital heart diseases in
this group [23, 28, 29]. In a median sternotomy or a right
lateral thoracotomy, venous catheters were generally
inserted through the right atrium into a cranial vena cava and
a caudal vena cava to drain the blood from the heart to CPB
system [21, 23, 29]. But in this study, we performed MVR
with a left lateral thoracotomy because the approach to the
mitral valve via a left atrium incision was very easy. How-
ever, there was a big difficulty to perform CPB with a left
thoracotomy, a cranial vena cava and a caudal vena cava
were not seen from this side and venous catheters were not
able to be inserted into the vena cava. Therefore, we tried to
use a two-stage single catheter inserted into the right atrium
and a vent catheter inserted into the right ventricle to drain.
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The volume of blood flow to the CPB system from these
catheters was enough to perform CPB and the hemodynam-
ics condition was excellent. The annular diameter of the
mitral valve was measured by two-dimensional echocardio-
graphy before surgery to choose the bioprosthetic valve.
The value was almost accurate, the porcine bioprosthetic
valve was able to be inserted without trouble. The biopros-
thetic sewing ring covered with Dacron fabrics, was easy to
suture the mitral annular. The handling of the porcine bio-
prosthetic valve was excellent. CPB time, cardiac arrest
time and time from release of aortic cross clamp to cessation
of CPB were not very different respectively, because CPB
and MVR were performed smoothly and stabilized.

There are different types of bioprosthetic valves for
humans, including Hancock II bioprostheses (porcine bio-
prosthesis), Carpentier-Edwards bovine pericardial valves
and Mosaic bioprosthesis (porcine bioprosthesis); the long-
term prognoses of these valves have been reported only in
human medicine [4, 6]. Glutaraldehyde has been widely
used as a tissue fixative for these bioprosthetic valves and
vascular grafts due to its ability to produce collagen cross-
linking, reduce tissue antigenicity and sterilize the valves
[27]. Bioprosthetic valves have a possibility of the pros-
thetic valve failure due to calcification, pannus formation
and tissue degeneration; several reagents have been exten-
sively investigated to inhibit them [5, 22]. Polyepoxy com-
pound (Denacol EX-313) was developed in order to reduce
calcification, degeneration and thrombosis [20, 26]. Previ-
ous studies by this group have demonstrated the excellent
durability of polyepoxy compound fixed bovine jugular
vein graft for reconstruction of right ventricular outflow
tract in dogs [16]. An apico-aortic valve conduit using
canine aortic bioprosthetic valve was also developed for sur-
gical treatment of aortic stenosis in dogs. The canine aortic
bioprosthetic valve was fixed with glutaraldehyde and
epoxy compound and was found to be effective for aortic
stenosis [11]. In this study, the bioprosthetic valve was
newly developed with the porcine aortic valve, because the
size of valve is similar to canine mitral valves, the stable
supply is possible and porcine bioprosthesis are used in
human medicine. The rate of thromboembolism in patients
undergoing bioprosthetic replacement of the mitral valve,
during the first 10 days was 55%/year, 11 to 90 days was
10%/year and after 90 days was 2.4%/year. The complica-
tion of MVR was significantly higher than after 10 days [9].
The first several days from surgery are very important for
the evaluation of MVR. Therefore, as the first step, we eval-
uated performance of the newly developed porcine biopros-
thetic valves one week after the MVR.

In this study, there was no significant increase in the left
atrial pressure before and after the MVR, the movement of
the bioprosthetic valve was smooth and the laminar flow
was obtained seven days after MVR. Complications, such
as acute regurgitation of the prosthetic valve and the throm-
bogenesis, were not observed in all dogs. After MVR, dias-
tolic atrioventricular pressure gradient and PHT increased
significantly to 14.02 £ 1.5 mmHg and 99.20 £ 19.4 msec,

respectively. The values deviated from the normal canine
values, and were similar to those observed in natural
occurred canine mitral stenosis (MS) [3, 15]. On the other
hand, there is a criterion of the bioprosthetic valve, and the
bioprosthetic valve is evaluated based on this [2, 31]. The
diastolic atrioventricular pressure gradient was greater than
16 mmHg and PHT greater than 180 msec, which suggests
abnormal functioning of the bioprosthetic valve [2, 18].
Thus, the values of the atrioventricular pressure gradient
and PHT after MVR in this study were suggested to be nor-
mally functional as the bioprosthetic valve. Mitral valve
area can be calculated using PHT. The value was also in the
normal range as the bioprosthetic valve, although a signifi-
cant reduction was observed compared to the value before
MVR [31].

A significant change in the size of the left ventricle such
as decreases of LVEdD was observed after MVR. In 14
dogs of MS, there was no relationship observed between left
ventricular size and MS, because the left ventricular size
was normal (6/14), increased (5/14), or decreased (3/14), as
assessed by measurement of LVEdD [15]. In humans,
LVEdD was usually reduced after MVR and MVr, because
left ventricular volume overload was eliminated [14].
LVEdD increases with progression of congestive heart fail-
ure, so the decrease of LVEdD after the MVR and MVr usu-
ally shows the effectiveness of the operation. In this study,
it was difficult to evaluate whether the change in size of the
left ventricle after MVR was influenced by MVR or by the
porcine bioprosthetic valve, because apparently healthy
dogs were used. However, left ventricular systolic function
was kept normal after MVR, because FS was in the normal
range after MVR.

We concluded that MVR procedures by a left thoracot-
omy under CPB and the use of the newly developed porcine
bioprosthetic valves might have been effective in dogs as a
short-term evaluation. The long-term evaluation of anti-
thrombotic, durability and the anti-acquired immune charac-
teristics of the bioprosthetic valve need to be investigated.
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