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Abstract

In human medicine, in the past, open-heart techniques for low-bodyweight children and newborn babies with
congenital heart disease were more difficult than high-bodyweight adults. In toy- and small-breed dogs with mitral
regurgitation (MR), an acquired heart disease, these techniques are more difficult to perform than for congenital heart
diseases in young medium-sized or large dogs because of old age and low body weight. Therefore, improved open-
heart techniques and mitral valve surgery for severe MR in older toy- and small-breed dogs are essential. Through
our surface-cooling hypothermia (sHT) studies, we designed a new, improved open-heart method, namely, “the low-
flow cardiopulmonary bypass (CPB) combined with deep sHT in toy- and small-breed dogs (Japan method)”; sHT
was later replaced by blood-cooling hypothermia (bHT). At the same time, we devised a new, improved mitral valve
plasty (MVP) applicable to severe MR, instead of mitral valve replacement, in toy- and small-breed dogs. This MVP
technique was combined with artificial chordal reconstruction, semi-circular suture annuloplasty (AP), and direct
scallop-suture valvuloplasty. These MVP techniques are simple, durable, and lead to good long-term quality of life
in toy- and small-breed dogs. This review highlights the benefits of our improved CPB and MVP techniques (Japan
method) for severe MR in toy-and small-breed dogs, which have led to a high success rate for MVP in severe clinical
MR cases in Japan. It may further contribute to the development of more robust techniques for MR in toy- and small-
breed dogs. This also represents the first comprehensive review of the history of open-heart surgery, CPB techniques,
and MVP methods for MR in toy- and small-breed dogs.

Keywords: Direct scallop-suture valvuloplasty, Mitral regurgitation, Mitral valve plasty, Open-heart techniques, Toy
and small dogs.

Introduction

Mitral regurgitation (MR), an acquired heart disease,
has a high incidence and is responsible for three-
fourth of congestive heart failure cases among dogs.
Moreover, it occurs more frequently in older toy- and
small-breed dogs (Kittleson and Kiene, 1998). Although
MR is usually managed by medical treatment during
the moderate to the severe stage (American College of
Veterinary Internal Medicine (ACVIM) stage B2—C), it
progresses gradually with the lapse of time (Atkins et
al., 2009). If it progresses to the final stage (ACVIM
stage C—D) and pulmonary edema cannot be controlled
by medical treatment, surgical treatment of MR has
been recommended as the final procedure in humans
(Kouchoukos et al., 2013d).

At present, some textbooks on open-heart surgery
techniques recommend using CPB in veterinary
medicine (Holmberg, 1933; Orton, 2003). These
techniques are similar CPB techniques for humans and
are applied to treat many congenital heart diseases in
medium-sized or large dogs (Klement et al., 1987a,
1987b; Komtebedde et al., 1993; Orton et al., 2005).

Worldwide, early open-heart surgery using CPB has
been mostly performed based on collaborative research
of veterinary and medical doctors in the universities
or research institutes. Therefore, there are few reports
on CPB techniques in small dogs, although MR is
frequently observed in toy- and small-breed dogs.

Before 2010, there was only one report (Lew et al.,
1997) dealing with experimental open-heart techniques
using low-flow hypothermic CPB in small dogs, except
for our clinical report on CPB study (Kanemoto et al.,
2010) in toy- and small-breed dogs. In 1976, there
was only one case report of successful mitral valve
replacement (MVR) using CPB for MR in a large-
breed dog (Eyster ef al., 1976). In small dogs, surgical
treatment of MR was considered impossible until 1990,
when we successfully repaired moderate MR with
mitral valve plasty (MVP) using deep sHT in a small-
breed dog (Kanemoto et al., 1990). However, it was
difficult to repair severe MR with only sHT because
it required a long aortic cross-clamp (ACC) time of
more than 1 hour. In 1996, a veterinary team with a
pediatric cardiologist conducted a successful MVP in a
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small-breed dog using the human MVP technique and
child CPB circuit (Boggs et al., 1996); however, they
did not continue using this technique. Thereafter, there
has been no report of MVP in a small-breed dog until
ours on a new improved open-heart surgery method
combined with sHT and CPB (Kanemoto et al., 2001,
2004, 2009, 2010). Safety of open-heart techniques
permitting a long ACC time and adopting the MVP
method instead of MVR has not yet been confirmed in
toy- and small-breed dogs with severe MR.

Over the years, we have studied and improved on these
techniques, which are adoptable for severe MR in toy-
and small-breed dogs, with only veterinary doctors
in our hospital. In this paper, we review our new,
improved open-heart techniques and MVP methods
in toy- and small-breed dogs in relation to human
methods. All the experimental studies, stated in this
review, were performed in accordance with appropriate
ethical considerations.

Open-heart techniques for MR in toy- and small-
breed dogs

Literature review of open-heart surgery in humans
and dogs

There are only a few reviews about open-heart surgery in
dogs (Kanemoto, 2005; Pelosi et al., 2013). Therefore,
herein, we describe our experience regarding open-heart
surgery in toy- and small-breed dogs, in comparison to
that in humans (Kouchoukos et al., 2013a).

In the history of open-heart surgery, sHT was
developed as the first technique (Bigelow ef al., 1950a,
1950b). The cross circulation bypass method (Cohen
and Lillehei, 1954; Lillehei ef al., 1955) performed
in a child and an adult was developed as the second
technique, although it was later discontinued due to
lack of safety. Ultimately, the CPB method (Gibbon,
1937, 1954) was developed as the third technique.
However, there were several problems since the initial
CPB machine (especially artificial lung) was very
large, and only large animals (big dogs and sheep)
were used in experimental CPB studies for humans to
improve the function of the CPB machine. Therefore,
clinical open-heart surgery using CPB was started for
high-bodyweight young children or adults and large
dogs (Eyster et al., 1976), and was delayed in low-
bodyweight children and small-size dogs.

Our study of open-heart surgery in a small dog was
started with sHT using ether anesthesia (Kanemoto
et al., 1985, 1987), followed by a transient early CPB
method combined with sHT during cooling and blood
warming using a heart-exchanger during rewarming in
small dogs (Kanamoto ef al., 2003). Since then, it has
been performed with blood cooling and rewarming using
a heart-exchanger. Therefore, our open-heart studies are
described in order below, along with these trends.
Surface-cooling deep hypothermia (HT)

Bigelow et al. (1950b) developed sHT in experimental
dogs, which proved the possibility of recovery after
circulatory arrest (CA) time of 15 minutes at a rectal

temperature (RT) of 20°C and that it might be useful in
cardiac surgery. In addition, they reported that oxygen
consumption dropped from 100% at 37°C to about 20%
at 20°C using sHT (Bigelow et al., 1950a). Lewis and
Taufic (1953) reported a successful repair of an atrial
septal defect in a S5-year-old girl weighing 13.4 kg with
a CA time of 5.5 minutes using this moderate sHT (RT:
26°C); this was the first successful open-heart surgery
in the world. However, the CA time was very short
(approximately 10 minutes) in the early sHT method
because there was no cardioplegia.

In 1956, however, Watanabe et al. (1956) developed a new
sHT method using ether anesthesia and acquired a long
CA time over 60 minutes in experimental dogs, using the
Japan method (Spohn et al., 1959). In veterinary medicine,
there are some reports of open-heart surgery using sHT
in dogs (Breznock et al., 1971; Weirich et al., 1973).

Up to this era, CA time using sHT was very short because
only simple ACC was used. Since this era, however,
crystalloid cardioplegia using a high dose of potassium
was gradually used in sHT and CPB. In 1980, we started
the study of sHT using ether anesthesia and cardioplegia
(Young solution; Brown et al., 1956), because it seemed
that small dogs are appropriate for easy surface cooling
and rewarming, although large dogs are suitable for CPB
because of easy blood cooling and warming using heat
exchangers. The advantages and disadvantages of both
methods are in contrast to each other.

We succeeded in experimental studies on sHT using
ether anesthesia and cardioplegia (Young solution +
oxygenated Glucose-Insulin-Kalium (GIK) solution;
Lolley et al., 1974) with a CA time of 60 minutes at an
esophageal temperature (ET) of 20°C (Kanemoto ef al.,
1985, 1987, 2003). We also succeeded in experimental
auto-heart transplantation in a puppy during 76 minutes
of CA time at an ET of 19°C using this sHT method
(Kanemoto et al., 1989).

In 1990, we applied this sHT method to a clinically
moderate MR case in a 7-year-old small-breed
(Maltese) dog weighing 3.8 kg and succeeded in
performing MVP during 40 minutes of CA time at an
ET of 21.5°C; this was the first successful MVP case in
veterinary medicine (Kanemoto et al., 1990).

CPB with HT in children

In 1961, the “Drew method” combined with profound
bHT using a heat-exchanger and CPB using a
biventricular bypass was developed as an open-heart
method for children, and this method became popular in
Europe (Drew, 1961). In 1963, the “Tohoku University
method” (Horiuchi, 1963) combined with sHT and
Young solution, and hot oxygenated blood coronary
perfusion at early rewarming was developed in baby,
and this method became popular in Seattle, USA
(Dillard et al., 1967; Mohri et al., 1969). In 1967, the
“Kyoto University method” (Hikasa et al., 1967, 1968)
combined with sHT and Young solution, transferred to
CPB just before ACC, and controlled blood rewarming
using a heat-exchanger was developed in children, and
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this method became popular in New Zealand (Barratt-
Boyes et al., 1971), and then later worldwide.

In 2000, we started the study of CPB combined with
sHT and cardioplegia (St Thomas II solution), and blood
rewarming using a heat-exchanger, and demonstrated
excellent results in low-bodyweight small-breed dogs
(Kanemoto et al., 2001, 2004, 2009, 2010).

Our CPB techniques with HT in toy- and small-breed
dogs

There were some problems with adopting the same
CPB technique, similar to that of humans (Davis et al.,
2008), in small dogs because of the small body size and
operative field, and the small heart size similar to the
neonatal infant.

The first problem was related to thoracotomy. Median
sternotomy is usually used for flat chests in humans.
However, we selected intercostal thoracotomy for
V-shaped or barrel-shaped chests in dogs because both
atria were located dorsal to the heart, and the open-heart
method usually approached the atriotomy. In addition,
it seemed that intercostal thoracotomy was not more
invasive than median sternotomy.

The second problem was related to access vessels
of drain and sending tubes for CPB. These tubes are
usually applied to large central vessels [two venae cavae
and the aorta (AO)] for median sternotomy in humans
(Khonsari and Sintek, 2003). However, the access
vessels for CPB were changed to the peripheral blood
vessels, jugular vein, and carotid artery for left or right
intercostal thoracotomy because of the small operative
field. We also thought these vessels for CPB access are
larger than the femoral vein and artery and more nearer
to the heart. Moreover, we selected “the low-flow CPB
combined with deep HT” method because high-flow
CPB using peripheral vessels was difficult.

The third problem was excessive hemodilution due
to the relatively large circuit packing volume against
small body size. First, we used a minimal small
volume circuit and added donor blood. Additionally,
the cardioplegic solution volume was decreased to
half of the usual volume (20 ml/kg) to avoid more
hemodilution, although we used the lowest deep HT
(ET 20°C) for cardioplegia. Thereafter, we used a
hemoconcentrator to prevent excess hemodilution
due to additional cardioplegic solution (Taguchi et al.,
2014; Mihara et al., 2017; Yokoyama et al., 2017).

The fourth problem was the cooling methods, either
sHT or bHT. Through our sHT studies, we selected sHT
during cooling and blood warming during rewarming
using the CPB heat-exchanger as the slow cooling using
sHT and fast rewarming using the heat-exchanger may
result in stable hemodynamics and have little adverse
effects of quick bHT in toy-and small-breed dogs.
Moreover, it seemed to shorten the pump time.

By resolving these problems, in 2010, we reported our
new improved method, “The low-flow CPB combined
with deep sHT in toy- and small-breed dogs (Japan
method)” (Kanemoto e al., 2010). In 1997, Lew et

al. (1997) reported the same method (low-flow CPB
using deep HT) in small dogs. However, their methods
differed widely from our methods as described below:
(1) experimental normal small dog weighing 7.7-9.2
kg versus a toy- and small-breed dog, with clinically
severe MR, weighing 2.0-5.3 kg, (2) profound bHT
(nasopharyngeal temperature 15°C—18°C) versus deep
sHT (ET 19.8°C-23.8°C), (3) low perfusion flow (20 ml/
kg/minutes) versus mean lowest pump flow (PF) (29.2
ml/kg/minutes), (4) median sternotomy versus intercostal
thoracotomy, and (5) drain tube from the big right atrium
(RA) versus the small jugular vein. Further, they stated
that the technique was more difficult in small-bodyweight
dogs than in large-bodyweight dogs. However, we had
a high operative success rate in many clinically severe
MR cases using these CPB techniques, compared to only
sHT, in toy- and small-breed dogs weighing less than 5 kg
(Kanemoto et al., 2001, 2004, 2009, 2010).

Actual stream of initial CPB method using sHT and
blood rewarming for MVP in small dogs

Under anesthesia for sHT + CPB (Table 1), heavy
premedication was used to prevent shivering by
blocking the autonomic nerve during deep sHT. Dogs
were administered hydroxyzine hydrochloride [1 mg/
kg intramuscularly (IM)], acepromazine maleate
(0.05 mg/kg IM), and atropine sulfate (0.025 mg/kg
IM) twice at 1 hour and at 30 minutes, followed only
acepromazine maleate 0.05 mg/kg IM at 15 minutes
before inducing anesthesia with thiamylal sodium [12.5
mg/kg intravenously (IV)]. After intubation, anesthesia
was maintained with 2%-2.5% isoflurane in oxygen.
Isoflurane concentration was gradually reduced from
2% at cooling to 1.5% at an ET of 30°C, 1% at an ET
0f 25°C, and 0% during ACC. Isoflurane concentration
was maintained at 1% from aortic declamping to the
end of surgery. Pancuronium bromide (0.04 mg/kg
IV) was administered at the beginning of cooling, and
intermittent positive pressure ventilation (tidal volume
= 15 ml/kg, ventilation frequency = 20/minutes) using
a volume-type ventilator was initiated. During cooling,
dexamethasone (4 mg/kg IV) was administered
with low-molecular-weight dextran (5 ml’kg at 10
ml/kg/hours). Cefazolin (20 mg/kg) was injected
subcutaneously before and after the surgery.

During MVP, the patient dog was positioned in the
right recumbent position. A small drain tube (8§—10 Fr.)
up to the maximal big size was inserted from the left
jugular vein (LJV) into the RA, and a small sending
tube (6-8 Fr.) up to the maximal big size was inserted
into the left carotid artery (LCA) directed to the heart.
Then, the two tubes were connected to the CPB circuit
and stand by (Fig. 1). Next, the dog was covered with
a vinyl sheet and dipped into ice water. After the ET
reached 23°C, the dog was taken out from the ice
bath and ready for sterilization. Left fifth intercostal
thoracotomy was performed. The pericardium was cut
horizontally along the left vagal nerve and was made
into a hammock to sling the heart. A root cannula for
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Table 1. Anesthetic drugs and cardioplegia in each open-heart technique.

sTH?*

TH + CPB®

Premedication Atropine 0.025 mg/kg im

Acepromazine 0.05 mg/kg im once (15 minutes before
induction)

Hydroxyzine 1 mg/kg im
3 drugs im twice (30, 60 minutes before induction)

Induction Thiamylal: 12.5 mg iv

Maintain Ether: 1 ml/kg (closed, 10 minutes) — 2 ml/kg (20~30 minutes) -

3 ml/kg (60 minutes) - off (CA) - semi closed (declamp~end)

Pancuronium 0.04 mg/kg iv (at cooling)

Dexamethasone 4 mg/kg iv (cooling)

same as left
Ketamine 2.5 mg/kg iv
Midazolam 0.2 mecg/kg iv
Fentanyl 5 meg/kg iv

same as left or

Alfaxalone 2 mg/kg iv
Isoflurane 0.5%—1.5%

Fentanyl 10 meg/kg/h CRI
Alfaxalone 0.02 mg/kg/minutes CRI
same 0.06 mg/kg iv or
Rocuronium 0.5 mg/kg iv - 6 meg/kg/

Others

minutes CRI

LMW dextran 5 ml/kg CRI (10 ml/kg/hours)

Cefazolin 20 mg/kg (Before and after surgery)

Heparin 400 IU/kg iv (Before CPB start)
Protamine 2 mg/kg iv (After CPB end)
The first, Young solution 1 ml/kg + Oxygenated GIK 4 ml/kg

Cardioplegia

followed the same GIK 4 ml/kg every 20 minutes

same as left

same as left

St Thomas’ II solution

The first, 20 ml/kg, followed 10 ml/kg
every 20 minutes or when action potential
occurred on ECG

Just before ACC release, repeat terminal
warm

BCP (Hot shot)

(sHT): surface-cooling hypothermia; (TH+CPB): moderate-deep hypothermia combined CPB.

*Cited from Kanemoto ez al. (2003), Kanemoto (2005).
°Cited from Kanemoto et al. (2010), Mihara et al. (2017).

cardioplegia was inserted into a pure-string suture in
the aortic root and fixed. If hemodynamic instability
was noted during this procedure, partial CPB was
started. Venous blood from the jugular vein was
drained to a reservoir, from a drop height of about
1 m, and using a roller pump and a heat-exchanger,
it was oxygenated with an artificial lung. Then, the
oxygenated blood was sent to the LCA. After the AO
was clamped behind the aortic root cannula (ARC),
St Thomas II solution at 4°C (Jynge et al., 1981)
was infused at the rate of 10 ml/kg into the coronary
circulation and continued every 20 minutes at an
infusion rate of 5 ml/kg. After the cardiac arrest was
achieved, the left atrium (LA) was opened, and the
MVP was initiated at around an ET of 20°C.

The current improved CPB technique and future
recommendations for CPB in toy- and small-breed dogs
To date, the following are the improvements in the CPB
technique made by us (Mihara et al., 2017; Kanemoto
et al.,2017b):

(1) Anesthesia for cardiac transplantation due to dilated
cardiomyopathy (DCM) is very light to maintain
stable hemodynamics in human (Kouchoukos et
al., 2013c). Severe MR finally develops congestive
heart failure with secondary DCM. Therefore,
anesthesia was changed from deep anesthesia to light
“balanced” anesthesia for premedication, anesthesia
induction, and maintenance using fentanyl and
isoflurane, for ensuring stable hemodynamics
(Table 1, TH + CPB) (Kouchoukos et al., 2013c).

(2) On CPB, preparation of tip holes, or position
adjustment of the venous cannula in the RA via
transthoracic echocardiography was performed
to increase drain blood volume. If drain blood
volume decreased, blood volume was increased
using additional transfusions, or an additional
big-size drain tube was inserted from the right
appendage to the RA. A smaller CPB circuit (total
priming volume: 188 ml) (Terumo Baby RX-
05; Terumo Co., Tokyo, Japan) was used with a
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Fig. 1. Diagram of the CPB circuit with a hemoconcentrator
and access to the vessels and heart for left atriotomy
(partially modified CPB circuit of Kanemoto et al., 2010).
Unoxygenated blood is drained by gravity through a venous
cannula in the LJV; the tip of the cannula is inserted into the
RA, and the blood drains into the hard reservoir. A roller pump
then returns the oxygenated blood to an arterial cannula in the
LCA through a heat-exchanger and membrane oxygenator.
In this CPB circuit, a hemoconcentrator is added to the
ultrafiltration circuit to prevent excessive hemodilution by
ultrafiltration of the same volume as that of the cardioplegic
solution administered through the ARC. AO = aorta;
PA = pulmonary artery; RV =right ventricle; LA = left atrium;
LV = left ventricle; ACC = aortic cross clamp.

hemoconcentrator (Aqua stream AS04; JMS Co.,
Tokyo, Japan) to prevent excessive hemodilution
by ultrafiltration of the same volume as the
cardioplegic solution (Fig. 1). The slow sHT was
replaced with slow bHT and the quick rewarming
was replaced with slow rewarming. The low
PF at deep HT was also changed to a moderate
PF at an ET of 26°C-28°C (moderate HT) to
recover rapidly hemodynamics, although the ET
decreased during prolonged ACC time. Therefore,
although the time proportion of surface-cooling
and blood rewarming with sHT and CPB was
about 2:1 (Fig. 2) (Yokoyama et al., 2017), the
time proportion of the rates of blood cooling and
rewarming was reversed to about 1:2 with the bHT
and CPB (Fig. 3) (Mihara et al., 2017).

(3) Additional cardioplegia with the usual cardioplegic
regimen (volume: first 20 ml/kg continued at 10 ml/
kg every 20 minutes) using St Tomas II solution
at 4°C was appended for strict cardioplegia if
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Fig. 2. Anesthesia and pump record about 1 and half hours
of ACC time during complex MVP performed for severe
MR in a male mixed Chihuahua aged 10 years and 2 months
and with a bodyweight of 6.1 kg (the same dog as described
in Fig. 7). ACC time: 1 hour and 26 minutes, whole pump
(CPB) time: 2 hours and 18 minutes, the lowest ET: 20.1°C,
mean PF during ACC: 56.2 ml/kg/minutes, mean arterial
pressure (AP) during ACC: 41.1 mmHg, extubating time
from operation end: 3 hours and 20 minutes, heart rate (HR).
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Fig. 3. Anesthesia and pump record over 2 hours of the aortic
cross clamp (ACC) time during multiple MVP performed for
extra-severe MR in a male Cavalier King Charles Spaniel
aged 11 years and 4 months and with a bodyweight of 8.4
kg. ACC time: 2 hours and 5 minutes, whole pump (CPB)
time: 2 hours and 41 minutes, the lowest ET: 22°C, mean PF
during ACC: 61.8 ml/kg/minutes, mean arterial pressure (AP)
during ACC: 26.1 mmHg, extubating time from operation
end: 3 hours.
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action potential appeared (Table 1, Cardioplegia).
Moreover, just before ACC release, we repeated
terminal warm blood cardioplegia (BCP) (hot
shot) until the appearance of self-beating (Teoh et
al., 1986), which involved aspirating 10-20 ml/
kg warm and oxygenated blood from the sending
tube using a 20-50 ml disposable syringe and
infusion through the ARC (Table 1. Cardioplegia).
In the future, although St. Thomas II is an excellent
cardioplegic solution, BCP (Follette et al., 1978)
and new cardioplegic solutions such as del Nido
(Matte and del Nido, 2012) or Bretschneider
solution (Bretschneider et al., 1975) and the new
integrated BCP (Buckberg, 1995) should be assayed
for admittable longer and safer ACC time, which
is required for more complex MVP techniques
for extra severe MR or simultaneous surgery of
complicated tricuspid regurgitation (Kouchoukos et
al. 2013b; Pelosi et al., 2013).

Summary

A long ACC time is required to perform a high-quality
MVP surgery for severe MR. Table 1 also shows each
type of cardioplegia, according to the improvement
with the lapse of time. St. Thomas II solution seemed
to provide excellent cardioplegia, which requires
adequate volume to maintain cardiac arrest, continuing
to append the final hot shot better.

As a result, we had a high success rate for several
combined MVP cases for severe MR, which required
a long ACC time of over 90 minutes in small dogs
(Mihara et al., 2017). In addition, we reported two
successful MVP cases, necessitating a long ACC time
of over 2 hours, in small dogs with more severe MR
(Kanemoto et al., 2017b) (Fig. 3).

MYVP for MR in toy- and small-breed dogs

Mitral valve plasty (MVP) for MR in humans and dogs
There are two methods of mitral valve surgery, MVR
using an artificial (mechanical or bioprosthetic) valve and
MVP for repairing damaged self-valves (Kouchoukos
et al., 2013d). In human medicine, in the past, MVR
was mainstream; however, MVP has currently gained
mainstream acceptance because of the good quality of
life (QOL) achievable after the surgery. The advantage
of MVR is good durability, although it requires life-long
anticoagulant therapy. However, artificial valves are not
only expensive but also not available as there are no
artificial valves with a small diameter suitable for toy-
and small-breed dogs. There are some reports of MVR
performed in large dogs (Eyster et al., 1976; Klement
et al., 1987b; Orton et al., 2005). We had one case of
MVR, performed in a small dog, using the smallest-
diameter (19 mm) Bjork—Shiley aortic valve, which
was sutured reverse in the mitral position; the dog died
due to thrombosis after 2 years and 1 month (Taguchi et
al., 2014). It seemed that it was difficult to support life-
long anticoagulant therapy in dogs. The advantage of
MVP is the converse of the disadvantages of MVR, i.e.,
there is no need for life-span anticoagulant therapy and

high-priced artificial valve. However, there is concern
regarding the durability of the effect of MVP. Moreover,
MVP requires trained, skilled, and experienced surgeons
and some combined techniques applicable for severe
MR instead of MVR in toy- and small-breed dogs. If not,
residual or recurrent MR is possible. There have been a
few reports of MVP performed in toy- and small-breed
dogs (Kanemoto ef al., 1990, 1999; Boggs ef al., 1996)
and some recent reports of MVP performed in small
and medium-sized dogs (Kanemoto et al., 2001, 2004,
2010; Griffiths et al., 2004; Uechi, 2012; Uechi et al.,
2012). However, we reported cases of long-term survival
in small-breed dogs, one alive for 9 years and 1 month
and another for 7 years and 10 months after MVP at 10
years of age (Kanemoto et al., 2017c). At present, we
are performing MVP for all MR cases, including cases
with severe MR, which was previously considered an
indication for MVR.

Mitral valve lesion of MR in humans and dogs

Dr. Carpentier showed three types of mitral valve
lesions in human MR: type I, a normal leaflet motion
with annular dilatation; type II, a leaflet prolapse with
chordal rupture or elongation; type 11, arestricted leaflet
motion with commissure fusion or leaflet thickening
(Carpentier, 1983). In dogs, most MR lesions present
with some ruptured or elongated chordae tendineae or
valve prolapse (type II) due to mucoid degeneration,
accompanied by secondary dilatation of the mitral
valve annulus (type I) (Kittleson and Kiene, 1998).
Literature review of MVP technique in humans
Although there are many techniques of MVP in humans
(Carpentier et al., 1971, 2010), it is difficult to apply
these human MVP techniques without any selection to
toy- and small-breed dogs because of the small heart
structure and embrittlement. Therefore, MVP should
be recommended for small dogs as a simple and easy
technique with as little artificial material as possible.
These MVP techniques are basically classified into
three methods: (1) Annuloplasty (AP) for dilated
mitral valve annulus, which is performed in all MVPs
as this method restores the normal size of the dilated
mitral valve annulus and increases the coaptation zone
of both leaflets; (2) valvuloplasty (VP) for deformed
valve leaflets, which is performed in severe, complex
MR cases in which especially the posterior leaflet (PL)
is deformed; and (3) artificial chordal reconstruction
(ACR), which is performed in all MVPs, for ruptured
or elongated chordae tendineae because it is the most
important underlying cause for MR.

These techniques are usually combined to treat each
lesion in each of the MR cases.

AP techniques

There are mainly three techniques:

1. Commissural annuloplasty (CAP) (Kay) method: an
early and easy technique in which posterior and/or
anterior commissure (AC) is reduced in size with a
purse-suture or mattress-suture to treat regurgitation
(Kay and Egerton, 1963). We used this Kay method
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in the first MVP case in a small dog (Kanemoto et
al., 1990).

2. Artificial ring AP method: Carpentier and Duran
rings have recently been developed and are used in
human MVP; these rings are sutured to reduce the
size of the mitral valve annulus (Carpentier et al.,
1971; Duran and Ubago, 1976; Carpentier, 1983).
However, we do not use this artificial ring because
its size is too large for a small dog.

3. Semi-circular suture annuloplasty (SAP) (modified
DeVega) method: in this technique, alternatively,
purse-string suture with proline suture attaches
the two pledgets around half the mitral valve
annulus along the PL from the anterior to posterior
commissure (PC) at both ends of the basal portion of
the anterior leaflet (AL) and reduces the normal size
of the mitral valve annulus. We have used this method
in all MVP cases (Kanemoto et al., 2001, 2004, 2010,
2017¢) (Fig. 5B). Although the DeVega method was
originally adapted to the tricuspid valve annulus
(DeVega et al., 1973), we adapted this method to the
half mitral valve annulus. The basal portion of the
AL is not dilated because it is composed of a part of
the cardiac fibrotic bony framework. The advantages
of this method are that it is simple and easy, and there
is no obstruction of the blood inflow from the LA to
the ventricle, unlike in the case of an artificial ring.
Another advantage is that it maintains the natural
flexibility of the mitral valve annulus, unlike the
artificial ring method. There are two reports on using
polytetrafluoroethylene (PTFE) strip as a substitution
for the artificial ring method in dogs, although we do
not use it for the same reason stated above (Griffiths
et al., 2004; Uechi, 2012; Uechi et al., 2012).

VP techniques
There are mainly two methods, triangular and
rectangular resection-suture techniques:

1. Triangle plication or resection VP method is an old
technique in which the redundant part of the leaflet
is resected triangularly and sutured to each other
(McGoon, 1960) (Fig. 4A). We used this McGoon
method combined with the Kay technique in a
small dog (Kanemoto et al., 1990). However, the
disadvantage of this technique is the reduction of the
whole size of the AL (Suri and Orsulak, 2005).

2. The rectangular or quadrangular resection VP method
is a relatively recent technique and is often used
to resect and suture the redundant part of the PL
with artificial rings in human MVP (Carpentier et
al., 1971; Carpentier, 1983; Carpentier et al., 2010)
(Fig. 4B). However, we do not use this technique in
small dogs because it requires careful (cut and suture)
manipulation and decreases the size of the PL, and
the redundant PL is rare in our experience. Instead,
we used a newly devised technique, (3) direct scallop-
suture (SS) VP method, which converts two or three
damaged scallops with deep gaps to two scallops or
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Fig. 4. Diagram showing each valvuloplasty (VP) method
for each deformed valve leaflet. (A): Triangle resection
VP: triangle resection and suturing of prolapsed A2-3
area for elongated chorda in the anterior leaflet (AL). (B):
Rectangular resection VP: rectangular resection and suturing
of the prolapsed P2 scallop in the posterior leaflet (PL).
(C): Direct scallop-suture (SS) VP: direct suturing of each
prolapsed scallop (P1-P2, P2-P3) with deep gaps in the PL
resulting in three damaged scallops sutured to one posterior
leaflet (Kanemoto et al., 2017c).

Fig. 5. Basic mitral valve plasty techniques (artificial chordal
reconstruction and semi-circular suture annuloplasty)
(cited from Kanemoto et al., 2017c¢). (A): Artificial chordal
reconstruction (ACR): A preoperative diagram is shown on
the left, and a perioperative diagram is shown on the right.
(B): Semi-circular suture annuloplasty (SAP) (modified
DeVega method). (AL): anterior leaflet (A1, A2, A3); (PL):
posterior leaflet; (CH): chordae; (APM): anterior papillary
muscle; (PPM): posterior papillary muscle.

one PL by directly suturing the prolapsed scallops with
each other (Fig. 4C). This SSVP absolutely differs
from a magic stitch to repair a shallow cleft in the
leaflet (Carpentier et al., 2010; Varghese and Adams,
2011). The advantage is that there is no reduction in
the whole size of the PL, and this method is easily
adaptable to severe MR cases involving the whole PL
in small dogs (Yokoyama et al., 2017).

ACR techniques

This is the most important MVP technique, which uses
artificial suture for chordal reconstruction. Although
ACR with pericardium and silk, nylon, Teflon, or
Dacron sutures was used in ancient times, it was not
used because of calcification and/or degradation with
age (Rittenhouse et al., 1978). Recently, a new ACR
using a PTFE suture was developed in sheep (Frater
et al., 1983; Vetter et al., 1986; Revuelta ef al., 1989;
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Zussa et al., 1990) and applied to human MVP (David et
al., 1991, 1993). In 1995, we studied the PTFE suture as
an artificial chordae in experimental dogs (Kanemoto et
al., 1995, 2017a). Since then, we have used PTFE suture
for ACR in all clinical MVPs performed in small dogs
(Kanemoto et al., 1999, 2001, 2004, 2010) (Fig. SA).
The PTFE sutures are already covered by endocardium
in 2 months, although Proline sutures are almost not
covered even after 1 year (Kanemoto et al., 2017a).
Moreover, PTFE sutures used for chordal reconstruction
were covered with endocardium after 5 years, like the
neighboring native chordae, and there was no change in
the size of artificial chordae (Kanemoto et al., 1999).
Our MVP techniques for MR in toy- and small-breed
dogs

After left atriotomy, the impaired sites of the whole
mitral valve were checked by ocular inspection and
leak test using injected saline solution together with
assessment using pre-echocardiography.

1.In MR lesions (elongated and/or ruptured chordae)
limited mainly to the AL, ACR using PTFE sutures
was combined with a semi-circular SAP (modified
DeVega) using a Proline suture as the basic MVP
technique (Kanemoto ef al., 2017¢c). For ACR, PTFE
sutures (Gore-Tex, CV-6) with two needles at both
ends were sewn and fixed in the shape of a cross at
the base of the ruptured chordae in the papillary
muscle. Each suture was also applied in a scroll-like
pattern from the ventricular side to the atrial side on
both sides of the ruptured (or elongated) chordae in
the AL (Fig. 5A). Both sets of sutures were ligated,
after determining the length of the artificial chordae,
to the opposing position of the mitral valve annulus.
As a result, one ruptured (or elongated) chordae was
replaced by two suture arms. For semi-circular SAP
(Fig. 5B), a polypropylene (Proline 5-0, Ethicon)
suture with two needles at both ends and a pledget in
between was used. The sutures were alternately sewn
in a semi-circular pattern in the mitral valve annulus
side of the PL from the anterior to the PC site on both
bases of the AL; they were attached with another
pledget and ligated by inserting a sizer, with the same
diameter as the AL area, into the valvular orifice.

2. In cases with more severe MR involving the AL, PL,
and commissure leaflet (Fig. 6), in addition to basic
MVP for ACR in the AL set forth above, the direct
SSVP in the PL and the CAP (Kay) method in the
AC were performed as additional MVP techniques.
The prolapsed two scallops of the PL were sutured
directly using two 6-0 Proline sutures. As the CAP
method, a mattress suture with a pair of pledgets was
placed at the AC for localized residual regurgitation
(Fig. 6) (Kanemoto et al., 2017c¢).

3. In cases with the most severe MR with two elongated
strut chordae (A1-2 and A2-3) of the AL and four
ruptured chordae (P1, P1-2, P2-3, P3) of the PL (Fig.
7A), we performed ACR using a pair of PTFE sutures,
each manipulated with two needles, which were

Fig. 6. Additional MVP techniques (direct SS VP method in
the PL and commissural AP method in the AC in addition to
the basic MVP (Fig. 5) (cited from Kanemoto et al., 2017¢c).
The prolapsed P1 and P2 scallops in the PL were sutured
directly using 6-0 Proline sutures (direct SSVP). Mattress
sutures with a pair of pledgets are placed at the AC for
localized residual regurgitation (Key method). AL = anterior
leaflet; PL = posterior leaflet; PC = posterior commissure.

# Prolapsed site

AL @ rupturedsite
A2

Al

Fig. 7. Mitral valve lesion site on the mitral valve map
and MVP performed in a mixed Chihuahua with the most
severe MR (the same dog as described in Fig. 2) (cited from
Yokoyama et al.,2017). (A) A1, A2, and A3 in the AL contact
to P1, P2, and P3 in the PL, as shown in the mitral valve map.
Black diamond shapes show two prolapsed chordae due to
elongation in A1-2 and A2-3 in the AL. Red round shapes
show four ruptured chordae in P1, P2, and P3 in the PL. Black
margins of the AL and PL are remarkably hypertrophied.
(B) Red lines show four ACRs performed in A1-2 and A2-3
chordae in the AL, and P1-2 and P2-3 chordae in the PL.
Blue lines show three direct SS VPs performed in P1-P2,
P2-P3 scallops, P3-PC scallop and leaflet with deep gaps in
the PL, thus fixing all scallops in one leaflet. Brown dotted
lines show SAP performed with alternately suturing from the
anterior to the posterior base in the AL through the fibrous
annulus of the PL. (C) (At the top middle part of Fig. 7B):
Two PTFE sutures with triple-tying in the center and attached
to a pledget are previously prepared. AL = anterior leaflet; PL
= posterior leaflet; PC = posterior commissure leaflet; ACR =
artificial chordal reconstruction; VP = valvuloplasty.

previously prepared by triple-tying in the center and
attaching to a pledget (Fig. 7B, top middle). This suture
pair was sutured in the mattress form and fixed in a
sandwich-shape with another pledget at the anterior
papillary muscle (APM) (Fig. 7B). Next, one pair
of sutures was used to suture both sides of the A1-2
chorda of the AL, followed by adjusting the length to
the opposing position of the mitral valve annulus and
ligation. The other pair of sutures were used to suture
both the P1 and P1-2 chordae of the PL, followed by
ligation (Fig. 7B, red lines). Similarly, the second pair
of PTFE suture was used at the posterior papillary
muscle (PPM), and one pair of sutures was used
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to suture both sides of the A2-3 chorda of the AL,
followed by ligation. Another pair of sutures were
used to suture both the P2 and P3 chordae of the PL,
followed by ligation (Fig. 7B, red lines). For VP, the
deep gaps between the P1 and P2 scallops, and the P2
and P3 scallops of the PL were sutured with a direct
cross suture (SSVP) using a Proline 6-0 suture (Fig.
7B, blue lines). Finally, semi-circular SAP using a
Proline 4-0 suture attached to a pledget with two
needles was performed by alternately suturing from the
anterior base to the posterior base of the AL, through
the fibrous annulus of the PL, and attaching to another
pledget, followed by ligation. This was performed
for the mitral valve ring with a diameter from 20 mm
(preoperative) to 13 mm (the same size as the AL area),
measured using a sizer (Fig. 7B, brown lines). Based
on the leak test, the gap between the P3 scallop and
PC leaflet was sutured using two 6-0 Proline sutures
(Fig. 7B, blue lines). As a result, MR flow mostly
disappeared without mitral stenosis. Then, this dog
safely underwent two major operations: a splenectomy
for a splenic tumor at 9 months post-MVP and a right-
lung lobectomy for lung cancer at 3 years and 5 months
post-MVP (Yokoyama et al., 2017).

The current improved MVP techniques and future

recommendations for MVP in toy- and small-breed dogs

In 1998, the edge-to-edge technique (Alfieri method)

was devised as a new simple MVP that consists of

suturing the free edge of the prolapsing AL to the

corresponding free edge of the facing PL, resulting in a

double orifice valve (Maisano et al., 1998; Alfieri et al.,

2001). We feared the recurrence of MR due to tearing

of the sutured brittle tissue in a small dog.

In 2000, the loop technique was designed as a new

conventional ACR using premeasured PTFE loops,

which were preoperatively prepared as in human MVP

(von Oppell and Mohr, 2000). However, it was difficult

to make multiple loops because it was too short to

adjust the correct length in small dogs.

Since 2016, we designed a new improved ACR, the

“anchor method,” which is applicable to many ACRs

in small dogs because of an easy and simple technique

(Mihara et al., 2018). A new suture for additional ACR

was quickly prepared only to pass through a small hole,

previously prepared for an anchor, without additional
damage to the small papillary muscle.

In the future, we should aim to improve the high-

quality MVP technique, which is applicable to extra-

severe MR cases in toy- and small-breed dogs instead
of MVR.

Summary

The advantages of our improved MVP technique are

summarized below:

1. PTFE suture used for ACR was covered by
endocardium by 2 months, resembled neighboring
native chordae, and did not change in size after 5
years.

2. Semi-circular SAP leads to no obstruction of blood
inflow from the LA to the left ventricle (LV) and
maintains the natural flexibility of the mitral valve
annulus in a small dog.

3. Direct SSVP does not reduce the size of the PL by

directly suturing two or three scallops and can easily

repair multiple regurgitation lesions without mitral
stenosis.

4. An additional CAP (Kay method) is a very simple

and useful technique.

We have two cases of long-term survival in a small-

breed dog, one alive for 9 years and another for 8 years

after MVP at 10 years of age.

These MVP techniques are very simple and show good

durability and can result in good long-term QOL in toy-

and small-breed dogs.

General overview

This is the first comprehensive review about the history

of open-heart surgery, CPB techniques, and MVP

methods for MR in toy- and small-breed dogs.

1. We first studied sHT as an open-heart method in a
small dog. Using this sHT, we succeeded in the first
clinical case of MVP for MR in a small dog.

2. We then applied the deep sHT method combined
with the CPB method in a small dog, sHT has
been replaced with slow bHT. At present, we could
improve the CPB technique to permit open heart
surgery with over 2 hours of ACC time. As a result,
we have been able to apply CPB techniques to
complex congenital cardiac diseases other than MR
in toy- and small-breed dogs.

3. At the same time, we developed MVP techniques
suitable for treating MR in toy- and small-breed
dogs. Our recommended MVP techniques include
ACR, semi-circular SAP, and direct SSVP. Our MVP
techniques make it possible to repair severe MR,
which was previously indicated for MVR, in small
dogs.

4. As of now, we have performed MVP on 102 cases
in our hospital, using our open-heart techniques and
improved on MVP methods during the 9 months
from January 2020 to September 2020, with 98 dogs
successfully discharged from the hospital (a success
rate of 96.1%) in toy- and small-breed dogs (Mihara
et al., 2020 personal communications).

5.In Japan, Kanemoto et al. (2010, 2017b, 2017c),
Mihara et al. (2017, 2018), Uechi (2012), Uechi et
al. (2012), and other cardiac surgeons performed our
improved CPB techniques and MVP methods and
have achieved high success rates for MVP in toy-
and small-breed dogs. However, in other countries,
cardiac surgeons using the usual CPB techniques
and MVP methods have achieved low success rates
for MVP or ceased to perform MVP in small dogs,
although they succeeded in some MVP procedures
in medium-sized or large dogs. It appears that our
“Japan methods” of CPB and MVP are better suited
for severe MR in toy- and small-breed dogs.
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6. In the future, we hope to establish highly safe open-
heart techniques and high-quality MVP methods in
toy- and small-breed dogs.

7. Limitation of the review: This review was about
open-heart techniques and MVP for MR in toy- and
small-breed dogs. Therefore, some applicable CPB
techniques and MVP method in medium-size or
large dogs were omitted from this review.
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