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Preface

“Vides ut alta stet nive candidum” Quintus Horatius Flaccus
65-8 BC

From Carmina ode I, 9

It is, once again, a pleasure to introduce the third volume in the series
‘Perspectives in Cardiothoracic Surgery’. In this volume, the highlights of
the third SCTS Ionescu University, held in Belfast on 12th March 2017, are
published. This was the most successful SCTS Ionescu University to date
with 473 delegates. The twelve streams of the University addressed the key,
contemporary issues in cardiac and thoracic surgery. Their presentation
as edited, scholarly articles in the printed form we believe enhances their
educational value and makes ‘Perspectives’ one of the important educational
tools available to the cardiothoracic surgeons of today and tomorrow.

We are grateful to the authors of the chapters for their time and scholarship.
The Section Editors Yasir Abu-Omar, Mark Field, Steven Woolley and Michael
Shackcloth have all been essential contributors to the production of the book.
Paul Modi as Series Editor has, once again put in much hard work bringing the
project to fruition.

It is always a pleasure to recognise the contribution of Mr Marian Ionescu both
for his inspiration as Invited Editor and for his support for the University itself
and for the publication of this book.

We very much hope that you enjoy reading this third volume of ‘Perspectives’
and that it imparts pleasure as well as education.

Graham Cooper Richard Page
President 2016-18 President Elect 2018-20
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Quid Est Veritas

About Intellectual Humility

Almost two thousand years have passed and,
as the Romans used to say ‘Gramaticans
certant’. Thinkers, philosophers, priests,
politicians and many who tried to decipher
and explain the real meaning of truth as a
phenomenon, asan element of thought, have
given us a variety of differing interpretations
of the words uttered by Pontius Pilatus on
that fatidic Friday, the third of April in the
year 33AD, according to many Scriptures.
Most of the answers and interpretations hit
the Wailing Wall and perished. From Francis
Bacon to Fredrich Nietzsche, from Mikhail
Bulgatov to J L Austin and David Lodge and
Ludwig Andreas Feuerbach, etc. etc., the
meaning of the notion ‘truth’ remains open
to interpretation. On the other hand, the
banal knowledge of being true or untrue is
clear. There is nothing to argue about that.

In spite of the highly intellectual questions
of the notion of truth, my curiosity pushed
me to try to find an explanation. I was told
that somewhere outside logical thought and
outside the known world of ours, I should
try to find the Great Wizard on whom no
mortal has ever set eyes. He should be a
sage, a hermit or a sorcerer who might
know the ways of the occult as well as of the
enlightenment.

Suddenly, an arrow of fire crossed the
morning mist of the valley. The gates of a
new day flung open and light began to flow
in waves. I had to start my journey. The path
1 took was narrow, it led towards the old
woods where light and shadow replaced
each other in turn as the old trees darkened
the twisting trail. Fear began to envelop my
being. I stopped from time to time to listen
to the stillness. Then I heard my heartbeat
as a muffled sound, as my heart would beat
not in my chest but deep somewhere under
ground.

During my long journey I saw in daylight,
in a prairie, Beauty dancing with Zephyr,
Favonius and with autumn leaves.
Occasionally I caught a glimpse of a flock of
angels in flight crossing the diagonal of the
sky. At dusk, the lights of a warm sunset were
leaning over the earth from the windows
of a unique crepescule. At night, shadows
moved swiftly between the crooked tree
trunks giving the impression of an entire
army on the move. In the dark I saw many
bugs flying around but only a few fireflies. I
was reassured, I was still on our planet.

Suddenly, the firmament broke into pieces.
The storm arrived on its giant wings with
mighty winds, which shook the whole forest
and thunder and lightening proclaimed the
majesty of the sky. Shortly after, peace and
serenity restored, my journey continued
until, with a sound of a soft song, a sunny
green prairie opened its smiles to me. From
a sanctuary in a cave, a creature covered in
rags appeared, dancing on a hieratic song in
a sacred language spoken two millennia ago
around the Gulf of Corinth. She seemed to
be a seeress. Very friendly she told me that
today is Wednesday, the third day, call me
Tamserku. And if  had arrived the day before,
I asked her, what would be your name? She
quickly answered Heautontimoromenos,
and tomorrow will be Kumbi-ila. She was
the last descendant of Pythia of Delphi. I
had barely asked her about Quid est Veritas
when she said that she cannot talk about
the past. Her duty was, and remains, to tell
the future and to tell it in cryptic verses, to
be interpreted only by the great priests and,
if you want an answer to your question, you
should go to the Vault Keeper beyond the
green river, in the dark, cold woods. I bid
her good day and took my journey under
my arm and carried on walking. Before the
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sunset I reached the bank of the green river.
I had to wait for nightfall when the river
becomes completely still and the water
takes the colour of emerald. Then, one
could walk on the solid green water safely
to cross to the other side.

The morrow was clear and cool. I walked
steadily in the company of two ravens which
appeard from nowhere and showed me the
way. At the old vault carved in granite, the
two heavy gates were ajar. At one of the side
pillars was, growing out of the rock, the
Keeper. He appeared to have been born,
together with time, at the beginning of
eternity. His beard touched the ground and
his feet seemed to be attached to the rock.
He had to lift his eyelashes and eyebrows
with his staff to be able to see me. ‘What
made you take this long journey, what do
you search for ?” he asked. ‘Quid est veritas’
I replied. His answer was simple. ‘I cannot
tell you. I am here only to guard the souls
of those who tried to vanquish death, to be
united with a loved one. They rode in the
night on wild horses, as fast as they could,
but they were caught by the first sunrays
and their souls had to enter and remain
here. They will wander alone somewhere in
the invisible gulag inside the labyrinth with
a single exit, towards nowhere’.

Those words might have been just sea
waves from a sealed memory that keeps
the ledger of our yesterdays and also of all
ancient times. ‘Do not loiter around here.
The Great Priest, the one of the other realm,
the Great Wizard may answer your question.
Go over the slow River of Regrets, deep in
the moving woods and find him.” With these
words the old Keeper became again a part
of the rock from which he emerged.

I must have approached the end of the
world. Somewhere in the middle of
motionless time, where even the sun
stood still, I journeyed on and I saw from a
distance a thin spun-out thread of smoke. It
was a cauldron where Datura Stramonium,
Mandrake and Emerald powder were

boiled, together with some, unknown to
me, wild herbs by a priest, like an old man,
an anachoret or a sorcerer. He was in fact
the Great Wizard who reigns over the land
of our dreams. He holds counsel with the
trees, with the birds and the beasts of the
forest. He is a sorcerer, a thing free, a spirit
that envelops the earth and moves in the
empty spaces. The vapours from the boiling
potion became dense, enveloping the
Wizard’s whole being. He appeared now
like a Byzantine fresco.

‘What do you want from me stranger ?’ he
asked. ‘I came to you, Great Spirit, and I
found that your shadow is a light to me. I
walked a long and difficult path in quest
of the ultimate knowledge. What is the
meaning of Quid est veritas? 1 want to
understand the meaning of the word truth,
as used by Pontius Pilatus on that fatidic day
of the year 33 of our era.’ Following a long
silence, the Wizard spoke. “You will find the
roots of truth and untruth and the good and
the evil, all entwined together in the silent
heart of the earth. You will find them also
in yourself.’

‘Stranger, lover of unreachable heights, why
seek you the unattainable. What storm could
you trap in your net ? I cannot give sibylline
answers to your need of knowledge. You
came to me to talk when you ceased to be
at peace with your thoughts, although you
knew, in the depths of your heart, that you
always knew in thought what you would
hear in words. Learned people looked at
ancient worlds from afar and believed they
could understand their distorted, nebulous
look. Veritas-veritatis is a simple latin noun
with a simple meaning, nothing else. Vague
and nebulous is the beginning of all things,
but as we move further back on life’s stage,
we see the broader picture clearer. Life,
and all that lives, is conceived in the mist
and not in the crystal, and who knows but
crystal is mist in decay.’

As I listened to the Great Wizard I felt as
if sinking deeper and deeper in a bizarre
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sort of dream within a dream. I still heard
his voice. ‘Your life oscillates between two
contradictions, the duty to speak the truth
and the need to hide it. Let your heart
decide, you live now in a time of big events
and small people. Many people do not
know that everything is possible if you really
want it. My gift to you at your departure is
the truth you will find in the book you carry
under your arm without knowing.’

I started the long walk back, hastening
towards my world. During the journey, in
the autumn drizzle, I felt like the old soldier,
under the weight of his wet overcoat,
carrying the soul of an entire army defeated
in battle.

The sky cleared and everything changed. I
stopped and looked back towards sunset.
I became the witness of a miracle of light.
The last rays of a dying sun reflected their
light through the maze of fir tree branches
and the whole background of the woods
appeared ablaze, like a mysterious stained-
glass behind which the agony of an old
world unfolded.

The journey of understanding is over.
Beautiful and simple, the truth is within us.
Days later when I arrived home, indeed and
in truth, the third volume of Perspectives
had just been published.

Marian Ion Ionescu

December 2017
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The Radial Artery as the Second
Arterial Conduit

James Tatoulis

“Audi alteram partem”

Introduction

The Radial Artery (RA), is a long, robust, and versatile conduit that is assuming greater use
in coronary surgery, and is an important conduit in the armamentarium of the coronary
surgeon (Figure 1).

Introduced by Carpentier in 1973, the early experience was unsatisfactory with poor
patencies at a mean post-operative interval of 18 months. In retrospect, this was due to the
inadequate knowledge regarding its muscular wall structure, propensity to spasm, forceful
mechanical probe dilatation and lack of anti-spasm medication and spasm prophylaxis
protocols’.

Figure 1:

a. Composite images of a
barvested radial artery, 20-
22 cm in length.

b. The distal radial artery,
prepared for anastomosis.
Note excellent quality and
good size.

c. Preparation for bilateral
radial artery barvest.

d. Healed radial barvest
incision 3 months post op.

e. Aorto-coronary radial
artery graft to the mid
and inferior circumflex
marginal.
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Figure 2:

a. Schematic diagram

of the radial artery
anatomy in the forearm.
Note proximity to the
Superficial radial nerve
and the Lateral cutaneous
nerve of the forearm.

b. Open harvest of the
radial artery. Branches
are divided between
small vascular clips, the
adjacent vein is held and
there is no direct contact
with the radial artery
itself.

The RA was re-introduced 20 years later, when Acar noted a substantial number of the
original radial artery grafts placed by Carpentier to be patent on subsequent angiography.
This led to the concept of a “living”, physiologically responsive arterial graft with potential
for long-term patency, and improved coronary revascularisation results and patient
outcomes if arterial conduit spasm could be avoided or reversed 2.

The RA has been subsequently adopted in routine coronary surgery by an increasing
number of units, to the point where it is used routinely in many centres around the world.

Anatomical course and harvest

The RA arises at the elbow and runs between the brachioradialis laterally and the flexor
muscles and tendons medially, to the lateral aspect of the wrist where it then contributes to
the deep and superficial palmar arches in conjunction with the ulnar artery. Just beyond its
origin, there is often a lateral recurrent branch, and a deep interosseous branch (Figure 2a).

The majority of RA branches pass laterally or deeply. There are few or often no branches
on the volar/superficial aspect throughout its length. In its upper half, it lies in loose
areolar tissue, has few branches, and is easy to mobilize and harvest. Towards the wrist, the
branches become more frequent and are shorter before entry into neighbouring structures.
Occasionally a relatively large branch may arise 1 — 3 cm above the wrist and run laterally
over the radial styloid. Because these branches communicate with the ulnar artery, the
distal RA with as many of these branches should be preserved, providing the length of RA
conduit required is assured.

Prior to harvest, an Allen’s test or similar (index finger arterial wave plethysmography) is
essential to ensure adequate ulnar collaterals and hand perfusion ®. The RA is dominant
in 5% of cases and should not be used. Other contraindications to use include severe
RA wall calcification. When present, calcification is more pronounced near the wrist and
is more frequent in diabetics and older patients. This can be assessed pre-operatively
with ultrasound *. Generally, calcification does not impinge on the lumen, but may create
technical difficulties at the potential distal RA-coronary anastomosis. We try to avoid these
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Figure 3:
a. The distal radial artery prepared for anastomosis. 2.5 mm in diameter, 6-7 mm
“hood”.

b. The distal radial artery beld beside the opened posterior descending coronary artery.
Note the good size match, with the prepared radial artery hood approximately 25%
larger than the PDA arteriotomy.

areas of RA wall calcium. If that is not possible, we orientate the calcification into the hood
of the anastomosis. It is often possible to create the distal RA anastomosis between areas
of wall calcification, or discarding, or leaving in situ, the calcified components and using
the more proximal segment of RA either when a shorter conduit is required or as a Y-graft.
We routinely explore the distal RA just above the wrist prior to its harvest to ensure it is
of satisfactory size and quality 3. Other contraindications include collagen diseases such as
scleroderma, and in patients who experience intense Raynaud’s phenomenon and live in
cold climates 3.

The RA may be harvested via either open, or by “endo techniques” >. We prefer open harvest
as it is less traumatic, and less costly. The “endoharvest” technique is also satisfactory,
cosmetically superior, but the endoscopic and “harmonic scalpel” technology is expensive.
It is particularly suitable when an experienced operator performs these procedures, in
contrast to a teaching hospital environment where trainees rotate through a service every
3-6 months.

The incision for open harvest runs from the wrist to the cubital fossa somewhat medially
to avoid the Lateral Cutaneous and Radial nerves. The branches are exposed from distal to
proximal via a combination of sharp and diathermy dissection, and the branches divided by
scissors between small vascular clips (Figure 2b). After complete mobilisation of the distal
half, the distal stump is secured with two medium vascular clips, the RA transected and 3 ml
of Papaverine (30mg in 30ml buffered Ringers Lactate), or other vasodilator, in heparinised
arterial blood at 37°C is injected into the distal RA with a small bulb end 1mm cannula and
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the RA end secured with a vascular clip. Whilst the RA “beats against its occluded distal end”
the more proximal branches are divided between vascular clips *. Proximally it is important
to ensure one is well away from the brachial artery bifurcation. The longitudinal harvest is
lateral to, and incorporates, the vena commitantes. The accompanying veins are freed from
either side of the proximal RA, and divided between vascular clips. Intravenous 5000 units
of Heparin is given, and then the proximal RA is secured with at least 3 medium vascular
clips, and a suture ligature of 5/0 Polypropylene. The RA is then transected, haemostasis
checked and the RA stored in a Heparinised Papaverine warm arterial blood solution until
use. A long “Redivac” drain is left in situ, exiting laterally just below the cubital fossa taking
care not to accidentally damage the cephalic vein. The wound is closed in 2 layers and the
incision is covered with a waterproof dressing and firmly bandaged, the drain activated,
and the arm tucked in by the patient’s side with a further sterile drape covering everything
from the chest retractor down to the floor. The left internal mammary artery (LIMA), and
left RA are harvested simultaneously.

If bilateral RAs are used, they are usually harvested first, the arms put by the patient’s side
and covered before the sternotomy °.

Structure, pharmacology and physiology

The RA internal diameter is 2.0 — 2.5 mm distally, 2.5 — 3.0 mm proximally, although it may
be less in smaller elderly women. It is slightly larger than internal thoracic artery (ITA). In
contrast, the intimal layer is thicker than that of the ITA and has a much thicker (2-3 times)
muscular media layer, which is responsible for the greater propensity towards spasm. The
distal RA is a good size match, being slightly larger than most coronary artery branches
(Figure 3).

To ensure optimum patency, pharmacologic prophylaxis of spasm is essential, and
competitive flow must be avoided. The RA shows the best patencies when grafted to
occluded or tightly stenosed coronary branches. Vessels with only moderate stenoses are
best avoided if possible, and rather (if needed), grafted with an ITA, vein graft or stented,
depending on the individual vessel, available options, and patient circumstances >'*'!.

Deployment

Aorta Coronary

The versatility, length, and size of the RA
lends itself to multiple modes of use. The
most common is the 1:1 aorta coronary
construction and forms the majority of RA
use. In our experience, we use this technique
in over 70% of patients (Figure 4).

Figure 4: Diagram of potential

inflows to radial artery conduits. The
internal thoracic artery — radial artery
configurations are predominantly used
in off-pump coronary surgery.
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Figure 5:
a. Prepared proximal end of the radial artery graft prior to direct anastomosis to the
ascending thoracic aorta. 8-9 mm when opened out, similar in size to a saphenous vein
graft.

b. The completed proximal radial artery anastomosis to the aorta, of an aorto-coronary
radial artery to circumflex marginal graft.

Figure 6:

a. A proximal direct radial artery to aorta coronary anastomosis about to be
constructed. The aortic opening has been created with a 3.5 mm aortic punch. The
radial artery bood is approximately 30% larger to allow creation of a wide patulous
anastomeosis.

b. The completed proximal radial artery to ascending thoracic aorta anastomosis
(posterior descending coronary graft). 9 mm across, and a wide “hood” ensuring
excellent flow into the radial artery graft.
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Figure 7:

a. Aorto-coronary radial artery graft to the posterior
descending artery.

b. Aorto-coronary radial artery graft to the mid
circumflex marginal

c¢. Aorto-coronary radial artery graft to an inferior
circumflex marginal.

d. Aorto-coronary radial artery (RA) sequential graft to
the intermediate and diagonal arteries.

All radial artery grafts depicted bave been in-situ
for 15-20 years. Note the smooth lumen and absence
of atheroma in each. This is a typical appearance in
patent radial artery grafts.

In RA aorta-coronary grafts, the proximal anastomosis is
constructed directly to a standard 3.5 mm aortic punch
opening in the proximal ascending thoracic aorta —
in exactly the same fashion as one would construct a
proximal SVG aorta-coronary anastomosis. The proximal
RA is usually 3 — 3.5 mm in diameter and 8 — 9 mm
across, when opened out (Figure 5).

In some smaller patients, the RA may be of smaller calibre
and more delicate. In these circumstances, a 2.5 mm or
2.8 mm aortic punch is used, and the proximal RA hood
is made intentionally longer to mitigate against having a
flattened proximal RA inflow hood. Alternatively, inflow
can be from the LIMA. A wide patulous anastomosis
should be the end result (Figure 6).

Sequential grafts can be readily constructed, because of
the excellent size match, robust wall, and length. This
technique helps to maximise the number of arterial
anastomoses and is associated with excellent survival. RA |
patencies whether used a single, or sequential grafting
appear to be similar. There are some reports however that
the most distal segment of the sequential RA graft may have inferior patency and string signs,
so ending the sequential graft on a tightly stenosed large distal vessel would seem to be ideal.

The RA is up to 22 cm long, and from the aorta can usually reach any coronary vessel. The
aorta coronary format is the commonest use either as a single aorta coronary conduit,
or in a sequential fashion (15% of our cases, but often routinely by others). In younger
patients (< 70 years), we prefer to use bilateral ITAs with the LIMA to the LAD, and the
RITA to the next most significant coronary vessel - usually the circumflex, either by an in
situ skeletonised RITA through the transverse sinus to a high circumflex marginal, a LIMA/
RITA Y-graft, or a free RITA graft to the circumflex '2. Hence in such a situation, the RA
would be used to the posterior descending, or left ventricular branch, or both (Figure 7a).
In general, we prefer not to graft the RCA prior to the crux, as it usually has significant wall
disease (even though widely patent on angiography) and new disease often forms at the
crux many years post-operatively 3.
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In older patients, we place the RA to the circumflex system (Figure 7b). The distal RCA
could be grafted (if indicated), with either an additional RA (bilateral RAs) or an SVG —
particularly if there had been a prior RCA occlusion and inferior wall scar °.

In diabetic patients (but not morbidly obese) we would use two skeletonised IMAs,
supplemented with an RA to the PDA, or alternatively an LIMA and two radials (Figure 7c,
d) 3,6,10, 12.

LIMA-RA Y- or T-grafts

We use this technique in approximately 15% of our cases, particularly if there was conduit
shortage, or in anaortic off pump surgery °. We construct the anastomosis in a longitudinal
(Y) fashion, on the anterior wall of the LIMA either just above or just below the second
intercostal branch so that the anastomosis lies within the pericardial cavity and sits on
the anterior aspect of the pulmonary trunk. We support the anastomosis by interrupted
sutures in the adventitial tissues, and loosely “anchor” the LIMA in the region of the
Y-anastomosis to the epicardial fat over the pulmonary trunk. This arrangement allows
multiple sequential anastomoses to be constructed with the RA, which can usually reach
to the posterior descending. The volar aspect of the RA is preferred for construction of
sequential anastomoses as there are usually no branches, allowing placement of the RA
arteriotomy at any chosen/ideal location (Fig 8). We prefer to construct the sequential
anastomoses in a parallel fashion, if possible, or if not, the orientation is such to allow the
best possible lie of the graft (Fig 9a) >¢1013,

The larger size and thicker wall of the RA make it easier to use in a sequential fashion in
grafting intramyocardial coronary vessels, by comparison to the RITA, with less chance of
flattening or a “seagull” effect. The sequential anastomosis should be constructed as close
to parallel as possible whilst ensuring the best possible lie of the graft.

Figure 8: Arteriotonty
in the radial artery
in preparation

for sequential
anastomosis. The
radial artery is
approximately 3

mm in diameter

and the arteriotomy
approximately 5 mm
in length. In general,
the volar side of

the radial artery is
used for sequential
anastomoses, as there
are usually no or very
few branches
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“Baby Y-graft”

Not infrequently, the location of the stenosis, and wall disease in the circumflex marginals
may mitigate against ideal sequential grafting, i.e. the stenotic lesion in the first circumflex
marginal is more distal than that in the second. To allow uncompromised selection of the
best anastomotic target area, we graft the most distal circumflex vessel at the appropriate
site with the main RA graft, and then use a short segment of RA (often 3-5 cm) to graft the
more proximal circumflex marginal in the most ideal site, and then construct a proximal
end-to-side anastomosis. The inflow to the main graft can either be directly from the aorta,
or from the LIMA (Fig 9b).

A similar technique can be used to the inferior LV. In this instance, the main aorto-coronary
RA graft would go to the PDA, and an additional 4-5 cm RA segment runs from a more
distant left ventricular branch (LVbr) or distal inferior circumflex, back to the main RA graft.

Extension graft

The RA can be used to extend a RITA graft, end-to-end in order to sequentially graft the
PDA and LV branch of the RCA in anaortic off pump surgery (10% of cases). The end-to-end
anastomosis can be constructed directly using widely spatulated reciprocating ends. An
end-to-side RITA to RA anastomosis is easier, and the “blind” superior pouch of the RA can
be excluded and a smooth laminar inflow created by the angled placement of a vascular
clip.

Occasionally an intended aortocoronary RA or SV graft may be unintentionally short. The
best management is to extend this end-to-end with a segment of RA (or SVG) if any has
been left over. Often only a 3-4 cm segment is all that is required.

Figure 9: b. Aorto-coronary “baby y” radial artery

a. Aorto-coronary radial configuration to the intermediate, and first

artery sequential graft to an circumflex marginal. These vessels were separately
intermediate, and circumflex stenosed, but the anatomy was such that
marginal artery. sequential grafting would have been difficult. This

anatomic situation was addressed by a “baby y”
graft. The main aorto-coronary graft is to the first
circumflex marginal. A short segment of radial
artery graft runs to the intermediate.
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Figure 10: Graph

Coronaray conduits showing patencies of
Patency over time University of Melbourne coronary bypass grafts
8553 conduit angiograms in 8553 consecutive
symptom directed graft
angiograms (University
of Melbourne). The
radial artery (RA) and
right internal thoracic
artery (RITA) are both
90% at 10 years, and 88%
at 15 years. Far superior
~— LITA (2443) to sapbenous vein graft
[RaShghta _ (SVG) patency of 32%
|[—— SVG (4011) at 15 years. LIMA =
—_— left internal mammary
artery

Years

Inverted T graft

This is another alternative when left-sided vessels do not align for an ideal sequential graft
- an aortocoronary segment (SVG or RA) is connected end-to-side to the central portion of
an RA conduit, with flow passing superiorly to an intermediate or high marginal artery, and
inferiorly to a large second diagonal .

Patency

Observational Studies

Observational studies of 10 years and beyond describe excellent RA patencies, with reports
of 89% patency at 10 years >, and 86% at 20 years '°. Moreover, RA angiograms in these
late phases show the patent RAs to be smooth, and completely free of any atheroma.
These patency results are far superior to any reported with SVG (Fig 10). The excellent
RA patencies correlate with better long-term clinical results when multiple arterial grafts
(including RA) are performed as opposed to where the majority of bypass grafts are SVG >'7.

Randomised Control Trials (RCTs)
Three major RCTs all showed superior RA patencies by comparison to SVG:

1. The Radial Artery versus Saphenous Vein Patency (RVSP) study showed a 92% RA
patency by comparison to 78% for SVG at 5 years 8.

2. The Radial Artery Patency Study (RAPS) also showed superior RA patency at 1 year and
again at 7 years follow up *.

3. The Radial Artery Patency and Clinical Outcomes (RAPCO) study again showed
superior patency for the RA over SVG at 5 and again at 10 years. The RAPCO studies
are particularly relevant in that the RA or SVG was randomised to the next best vessel,
performed by a Consultant Cardiac Surgeon, and the SVG was the best on offer, usually
harvested from the leg, with uniform diameter, normal wall and often with no branches
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and no valves. The SVG was grafted to the next best available stenosed vessel after the
LAD. Hence the milieu for SVG patency was the best possible **2!. Additional / other
SVGs would be of a lesser quality (branches, valves, thicker walls, larger lumen) and
placed to smaller, less important, and often more diffusely diseased vessels.

Patency determines clinical outcomes. The comparisons between RA, RIMA, and SVG as the
second graft after the LIMA are considered separately below. Contemporary randomised
Trials that have included non-symptom directed angiography of SVG have shown early
failure to be as high as 12% within 1 week. In the Prevent IV trial where over 4000 SV grafts
were studied as part of the protocol, SV grafts showed a failure of 26% at 12 months. SVG
failure was higher in off-pump surgery, and with endo harvesting of SVG, which is now
performed in over 80% of cases %2

In an observational study of over 4000 SVGs, patency at 10 years was 50%, and 13 years
32% and many of the patent SVGs in the late phases, though patent, were atheromatous
. Once RA grafts are in position and are patent (i.e. no technical, nor competitive flow
issues), then they remain free of atheroma and remain patent in the long-term. By contrast
SVGs are affected by sub-intimal proliferation (2-5 years post-operatively) and then from

progressive atherothrombosis and eventually occlusion in the long-term (5-15 years) > '*
16, 23, 24

Clinical Results

The overall survival for patients having CABG, which include a RA graft will vary depending
on age, co-morbidities, and number of arterial grafts (or conversely venous grafts). All
reports show better long-term survival and fewer Major Adverse Cardiac Events (MACE),
particularly greater freedom from recurrent angina, reoperation, myocardial infarction
(MI), and repeat revascularisation, in patients who have had multiple arterial grafts (MAG)
which include RA. Average survivals are 85-90% at 5 years, 70-80% at 10 years and 55-60%
at 15 years > '*17-2%7_ Broadly, for every 100 patients operated on, 10 more will be alive 10
years post-operatively if they had multiple arterial grafts (including RA) by comparison to
an ITA and SVG *2¢. Specific sub groups will be considered below.

RA versus sapbhenous vein as the second graft

The clinical outcomes parallel conduit patencies. It takes at least 10 years for the difference
in clinical outcomes to appear as the survival curves progressively diverge from the 7th
year onwards. This was also seen when bilateral IMA was compared to LIMA plus SVG.
Many groups have published long term (10 years plus) results for patients with LIMA plus
RA versus LIMA plus SVG. All have shown significant benefit for the former % 1 1617, 26,
Typical 10-year survival for LIMA plus RA is 85% - 90% versus 75% - 80% for LIMA plus SVG.
In addition, patients with SVG have a higher incidence of recurrent angina, MI, repeat
revascularisation and leg wound infection. Infection in the RA harvest site is extremely
rare. Recent modifications of SVG use (LIMA/SVG Graft, external “splinting”) and harvest
are showing more promising medium term SVG patencies 3.

RA versus RIMA as the second graft after LIMA

Clinical outcomes at 10 years and beyond are similar when either RA or RIMA is used as a
second graft to the second most important stenosed coronary artery. Some reports show
an advantage for the RA and others for the RIMA ?>3-% These differences may be due to
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incorporation of the earlier experiences with the RIMA and/or RA in the long-term follow-
up of these patients, and hence encompass the learning curves, evolutional experience,
elucidating the best ways of using these arterial conduits, and the delayed appreciation
and subsequent management of the importance of spasm prophylaxis and avoidance of
competitive flow.

In general, the 10-year survival is 85% - 90%. Bilateral IMA (BIMA) configurations have
been associated with higher rates of sternal infection and dehiscence but now this is largely
overcome by using skeletonized IMA grafts, which not only protect the vascularity of the
sternum, but also result in longer, more versatile grafts . In addition, the RIMA grafts
are less affected by competitive flow *°. Conversely RA grafts are longer, more versatile,
associated with fewer sternal problems, can be harvested more expeditiously concurrently
with the LIMA and have a significant place in CABG in diabetics, those with chronic
obstructive pulmonary disease (COPD), the elderly and the extremely obese > ¢ 2533 34,

Clinical Outcomes — Specific Sub-groups

Diabetes

The RA is well suited to diabetic patients, as it can potentially avoid the requirement for
bilateral IMA harvest, and extends the reach of arterial grafts. LIMA + RA for diabetics can
be performed with a hospital mortality of less than 1%, similar for that with BIMA or LIMA
+ SVG, an 80-85% 10-year survival, which is better than LIMA + SVG, and similar to BIMA
+/- SVG 37,

Fremes and co-workers, in their RAPS trial, found a RA graft patency of 95% versus 75% for
SVG at 7.7 years post-operatively (p=0.004) This difference was similar in both diabetic
and non-diabetic patients, and strongly reinforces the use of the RA in diabetic patients
undergoing CABG especially with high-grade target vessel stenosis *.

Chronic obstructive pulmonary disease (COPD)

Very little information exists for this specific sub-group, however severe COPD is a well
described contraindication for BIMA, because of a high incidence of sternal instability,
malunion, and infection. Hence to achieve multiple or total arterial grafting, the use of one
or both radial arteries should strongly be considered °.

Gender

A detailed propensity-matched study of 567 female matched pairs, and 1416 male matched
pairs found 10-year survival for females was 76% versus 66% for LIMA + RA versus LIMA +
SVG respectively (p<0.001), and for males 83% versus 73% (p<0.001) with the advantage
for LIMA + RA “. This again underscores the recurrent finding that 10 more patients
who have multiple arterial grafts (as opposed to LIMA +SVG) will be alive 10 years post-
operatively, for every 100 patients operated on.

Elderly Patients

Older patients, even octogenarians, benefit from multiple arterial grafting - the main form
tends to be LIMA + RA. Ten-year survivals in septuagenarians of 70% versus 52% favour
LIMA + RA over LIMA + SVG (p < 0.001), and similarly in octogenarians, 60% versus 40%
(p = 0.03) .
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The Melbourne group reported similar findings. In 507 matched elderly pairs (mean age
71 years), 10 years survivals of 68% versus 52% favoured LIMA + RA over LIMA + SVG (p=
0.008) “. These findings are important, as human life span increases. In most western
countries. a 70-year-old has a life expectancy of 18 years.

Obesity

Morbidly obese patients are known to have higher rates of sternal infection if BIMA is used
and may result in mediastinitis which can be catastrophic, not to mention the prolonged
and laborious and multi-interventional post-operative course to remedy sternal wound
breakdown. There are no major studies comparing BIMA versus LIMA + RA in this sub-
group. Intuitively, use of the radial artery markedly decreases sternal wound infection
whilst preserving the benefits of multiple arterial grafting and the additional avoidance of
leg or thigh donor site complications for SVG *°.

Renal Dysfunction

There are no specific data in this sub-group. Some workers have reported better long-term
survival with similar peri-operative mortality and morbidity with BIMA in patients with
severe renal dysfunction and even on permanent dialysis. LIMA + RA can be performed
more efficiently, with shorter operative and anaesthetic times, whilst achieving similar
patencies, and long-term results similar to BIMA. Hence this more efficient surgery may be
appropriate for patients with renal dysfunction, particularly those that may be tipped into
requiring long-term renal dialysis by longer surgery.

Conversely if patients requiring CABG are close to requiring long-term haemodialysis,
use of a RA may be relatively contraindicated if a forearm arterio-venous fistula is to be
constructed. This potential problem may be overcome by creation of a brachial artery-to-
vein fistula if the RA has been previously harvested.

CABG Re-Operations

Although specific CABG reoperations are not as frequent due to the greater use of arterial
grafts, PCI management of stenosed SVG, antiplatelet drugs, and statins, nevertheless they
still represent an important component of CABG surgery. The RA is ideally suited in this
environment, as often the best saphenous vein grafts have already been taken (often all the
available vein may have been used) resulting in conduit shortage. It makes sense to use the
RAs, which are now proven over the past 20 years rather than the worst possible remnants
of SVG. In addition, usually two RAs are available, and extensive revascularisation, can be
performed, often resulting in total arterial revascularisation (intact LIMA plus new RAs).
The results of reoperation with RAs are excellent ¥4,

When re-entry via the sternum is either not required, or contraindicated (past mediastinitis,
intact bilateral IMAs) and a new bypass graft is required to an important circumflex,
posterior lateral or posterior descending coronary artery, then a RA can be used via a left
thoracotomy, from the descending thoracic aorta below the left pulmonary hilum (after
dividing the pulmonary ligament) to the appropriate lateral or inferior wall vessel, using
beating heart off-pump techniques. The proximal anastomosis is constructed first either
using a partial occlusion clamp or an anastomotic device. This way the correct length of the
RA can be measured. Often only a short length is required (8-10cm) &%,
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Left Ventricular Dysfunction (EF < 40%)

CABG with multiple arterial grafts including RA can be performed in this group with
excellent perioperative outcomes, but with superior long-term results by comparison to
LIMA plus SVG. All forms of CABG provide better long-term outcomes in patients with
severe left ventricular dysfunction or heart failure by comparison to PCI with drug eluting
stents (DES) and even more so with MAG and total arterial revascularisation .

Conduit Shortage / Avoidance of Leg Incisions

Prior SVG harvest, severe varicose veins, severe peripheral oedema, leg ulcers, prior
lower limb venous thrombosis and severe peripheral vascular disease are all contra-
indications for lower limb surgery. In these instances, usually both RAs are available, can
be readily harvested, and are usually of excellent quality and allow extensive myocardial
revascularisation that would otherwise not have been possible > & 1% 43,

Skeletonised Radial Artery

The RA can be used in a skeletonised fashion. It can be harvested in this way, particularly
with a harmonic scalpel by pushing the accompanying veins away from the RA prior to
sealing the individual branches. Alternatively, the RA can be harvested as pedicle together
with its two accompanying veins, removed from the forearm and then the accompanying
veins can be dissected off ex-vivo prior to use. This technique results in potential maximal
dilatation of the RA, and an additional 2-3 ¢cm in length “°.

The Radial Artery as a 3rd Arterial Conduit

There is mounting evidence that the higher the number of arterial grafts, the better the
long-term outcomes (beyond 10 years), without compromising the currently established
excellent perioperative results. Total arterial revascularisation achieved with BIMA and RA
results in superior survival 1264748 A recent meta- analysis of 8 propensity score matched
series of over 10,000 patients showed that 3 arterial grafts (the majority of third conduits
being RA) showed a survival benefit for 3 arterial grafts over 2, of 24% over 6.5 years,
hazard ratio 0.8, p<0.001 %,

The instrumented Radial Artery

There is increasing use of the RA, particularly the right, for routine angiography and PCI.
Fortunately, the left radial is much more commonly used for CABG. Nevertheless, the
instrumented RA is usually significantly damaged in its most distal 3-5cms where a sheath
has been inserted, and there is intimal damage within the rest of the vessel by the catheters.
Some authors have recommended not to use the RA within 3 months of PCI. We avoid the
instrumented RA unless use is absolutely necessary because of conduit shortage, and then
we would avoid using the distal 3-5cms *°.

Conclusion

The radial artery is an important though under-used conduit in coronary surgery. It should
be part of every coronary surgeon’s skill set. It is extremely versatile — long, robust, an
excellent size match for the coronaries, facile to handle, easy to harvest and lends itself to
aorto-coronary and sequential grafting. It can be harvested and used exactly as a saphenous
vein graft but has far greater long-term patency, and it is associated with superior long-term
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survival as opposed to SVG. Bilateral RA use further extends possibilities of total arterial
revascularisation in those where bilateral IMAs are contraindicated, in morbidly obese
diabetic patients and those with COPD, and is extremely useful in repeat coronary surgery
where traditional conduits may not be available. Anti-spasm prophylaxis must be used and
competitive flow avoided.
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“Audiatur et altera pars”

Introduction

The choice of conduit for coronary artery bypass graft (CABG) is widely debated by cardiac
surgeons '. Since the seminal papers published by the Cleveland Clinic group on the use
of bilateral internal mammary artery (BIMA) grafts for coronary bypass surgery (CABG)
12" it has traditionally been accepted that the use of BIMA at the time of CABG leads to a
significant survival advantage especially over the longer term [3,4]. The current United
States and European Guidelines encourage the use of arterial grafts including BIMA grafts
in patients with long-life expectancy >¢’.

The evidence of the survival benefits of right IMA usage is extensive but based mostly on
observational series. The Arterial Revascularisation Trial (ART) is the only large randomized
controlled trial (RCT) comparing the clinical outcomes of CABG patients receiving single
internal mammary artery (SIMA) vs. BIMA grafts ®. The 5-year interim results of the trial
did not show any difference in terms of survival or event-free survival between patients
randomised to receive SIMA or BIMA grafts. However, a longer follow-up is needed to
draw final conclusions from the ART trial. In addition, as with every RCT, ART has its own
intrinsic strengths and limitations. We herein critically review the current evidence on the
use of BIMA grafts for CABG and discuss the apparent contradiction between the results of
ART and the previous literature.

Angiographic Outcome of BIMA Grafts and Venous Grafts

The patency rate of BIMA has been shown to be excellent and significantly superior to that
of saphenous vein grafts (SVGs). Tatoulis and associates ° reported 15-year BIMA patency
rates of >90%. The patency of SVGs is considerably lower. The Project of Ex Vivo Vein
Graft Engineering via Transfection IV trial (PREVENT IV) reported a 12-18 months SVG
patency of only 75% '°. SVG patency at 5 and 10 years is usually reported between 75-86%
and 55-60% respectively '3, The attrition rate of SVGs is 1-2%/year between 1 to 6 years
and 4%/year between 6 to 10 years .

In a previous network meta-analysis of 9 angiographic RCTs we showed a significantly
increased risk of late SVG graft occlusion when compared with the right IMA (odds ratio
(OR):4.07; 95% confidence interval (CI):1.28-20.88) and radial artery (RA) (OR:2.94;
CI:1.36-9.00) b.
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Clinical Outcomes of BIMA Grafts

Since 2001, five systematic reviews and 1 meta-analysis compared the clinical outcome
of CABG patients receiving single LIMA vs. bilateral IMAs (BIMA). All of them reported a
statistically significant survival advantage for the BIMA group. In the most recent of those,
Takagi and coauthors performed a systematic review of the adjusted studies that compared
LIMA vs. BIMA with at least 100 patients in each group and a minimum follow-up of 4 years
6. The authors identified 20 publications totaling 70,897 patients. Overall, the use of BIMA
was associated with a significant reduction in long-term mortality (hazards ratio (HR):0.80,
CI 0.77-0.84). Five studies (11,159 patients) had a follow-up < 5 years. Of these, only one
reported a significant survival benefit for the BIMA group.

In a meta-analysis of controlled observational studies with a mean follow up time > 9 years
and more than 100 patients in each group, Yi and co-authors pooled data from 9 studies
including over 15,000 patients. They reported a statistically significant 21% risk reduction
in mortality for BIMA patients (OR:0.79; CI:0.75-0.84) . Only three published studies have
failed to demonstrate the superiority of BIMA (Joo 2012, Dalen 2014 and Gansera 2010),
however, these were all limited to mid-term (5-7 years) follow-up.

Risk of Sternal Wound Complications

The mostimportant downside of BIMA use is a slightly increased risk of sternal complications.
A meta-analysis of observational studies, including 173,000 patients, reported a 38%
increase in deep sternal wound infection when a second IMA is used (1.6% LIMA vs. 2.05
BIMA, RR: 1.38; CI:1.29-1.45) V7. The ART reported an absolute increase in sternal wound
reconstruction from 0.6% in the SIMA group to 1.9% in the BIMA group, i.e. an absolute
difference of 1.3% or number needed to harm of 78 patients. However, if patients with both
diabetes and obesity were excluded, there was very little difference between the groups .
The risk increases in patients with diabetes, chronic pulmonary disease, and morbid
obesity. Deep sternal wound infection increases the operative mortality by 10-fold, has very
high complication rates, and increases hospital costs '®. The risk of sternal complications
can be reduced with skeletonization of the IMAs. Sa and colleagues, in a meta-analysis
of 22 observational studies involving 4817 patients, found that the risk of deep sternal
wound infection was reduced by 55% with skeletonized IMA (OR:0.44, CI:0.32-0.61) (19).
A post-hoc analysis of the ART trial showed that skeletonization almost eliminated the
increased risk of deep sternal wound infection associated with BIMA (OR:1.00, CI:0.65-
1.53 compared to LIMA) . Alternatively, patients at risk of deep sternal wound infection
might benefit from RA grafting. Diabetics are at higher risk of sternal complications and
observational studies have shown a survival advantage using the RA vs. the right IMA in
these patients ?!. In a sub-analysis of the Radial Artery Patency Study looking at diabetics,
RAs outperformed SVGs in long-term angiographic patency (95.2% vs 74.7%) 2.

The Choice Between BIMA vs. RA Grafts

Whether BIMA is superior to SIMA plus the RA is uncertain. In a meta-analysis of 8 propensity
score matched studies including 15,374 patients, BIMA compared to the RA was associated
with a reduction in late death (HR:0.75, C 1 0.58-0.97), and repeat revascularisation
(HR:0.37, CI 0.16-0.85) #. In the quoted angiographic network meta-analysis and in two
RCTs, RIMA and RA patency were similar and/or superior to SVG #2¢, Recently presented
results of the 10-year outcomes from the RAPCO trial (n=374) demonstrated similar
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patency and better overall survival when using the RA compared to the RIMA (p=0.19
and 0.03 respectively). The RA has patency rates comparable to BIMA grafts when the RA
is anastomosed to a target vessel with =290% stenosis %4. The severity of the target vessel
stenosis is probably more important for the RA than for the RIMA # making the latter better
for revascularising targets with moderate lesions. On the other hand, the RA should be
preferred over BIMA grafts in patients at significant risk for sternal wound complications.

Effect of BIMA Grafts on Disease Progression in the Native
Coronary Circulation

Growing evidence suggests that the conduits used at the time of CABG have the potential to
influence the native circulation after surgery. Grafting with SVG accelerates the progression
of native coronary stenosis to total occlusion, whereas grafting with arterial grafts is
associated with a reduced incidence of progression to occlusion . In the Coronary Artery
Surgery Study; a significant increase in the left anterior descending coronary artery territory
disease progression was found in patients who received a SVG instead of a LIMA graft ¥’. In
the RAPCO trial, the use of arterial grafts instead of SVGs was an independent predictor of
disease regression in the native vessel at 6-year follow-up .

Zhang and associates compared the 5-year progression rate of distal disease in the left
anterior descending coronary artery in patients who received percutaneous coronary
intervention (PCI) with bare metal stents or drug-eluting stents vs. CABG using the IMA %°.
Patients treated with IMA had a significantly lower risk of downstream disease progression
(HR:0.34, CI 0.20-0.59 and HR:0.39, CI 0.20-0.79, respectively). The mechanisms of this
protective effect are speculative, but it seems likely that the same vascular mediators that
protect arterial grafts from atherosclerosis can elicit their action on the native downstream
coronary bed after CABG.

Right / Left Choice with BIMA Grafts

While the use of BIMAs to graft the left coronary system has been consistently reported
to be associated with excellent patency rates *° and improved outcomes *', the role of a
second IMA for revascularisation of the right coronary system remains controversial 2.
Angiographic follow-up studies have demonstrated a hierarchy of right IMA patency; best
for the left anterior descending artery (LAD), then the circumflex, and lowest to the right
coronary artery (RCA) 3*. Although, a similar hierarchy of patency has also been observed
for SVG, it has been shown that the patency of the right IMA is significantly affected by the
stenosis of the recipient RCA *°, most likely as a result of competitive flow or poor runoff .
The variability of right IMA-RCA graft patency rate according to the severity of the RCA
stenosis might partially account for conflicting findings reported on survival benefit from
the use of right IMA instead of SVG. Schmidt et al. observed long-term survival of 93% when
the right IMA was used to bypass left-sided coronary arteries but only 70% when grafted to
the RCA system after a mean follow-up of 9.2 years (p=0.02) *. In contrast, Kurlansky et al.
found similar survival after a mean follow-up of 12 years . In their series, in situ grafting
was used in the majority of cases (approximately 98% of arteries grafted) and when the
right IMA was used to graft the RCA, efforts were made to graft severely stenosed vessels
and distal branches rather than the main RCA. In this context, Sabik at al. documented
equivalent long-term results with the use of the right IMA, whether applied to the left or
right coronary artery systems, and this was attributed to careful patient selection *’. There
were 2 important factors: (1) RCA stenosis of 70% to 90% with viable myocardium in its
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distribution; and (2) freedom from distal stenosis. In the present cohort, the right IMA was
used only in case of native vessel stenosis >75% and this can partially explain the observed
survival benefit over SVGs. We recently demonstrated that when compared to vein grafts,
the use of right IMA for revascularisation of the RCA system was associated with improved
late survival *. The beneficial impact on survival with use of the right IMA was delayed by
as much as 9 to 10 years and persisted beyond that period. These findings support the
hypothesis that the SVG failure rate increases significantly after 5 years and longer follow-
up is needed to demonstrate a survival benefit from the use of right IMA regardless of the
coronary artery system treated.

The ART Trial

The ART trial is the largest RCT designed to compare BIMA vs. SIMA, with a sample size
of 3102 patients 8. The trial included 28 centers in 7 countries and the enrolment phase
lasted from June 2004 through December 2007. The study was powered to detect a 20%
difference in mortality at 10 years (the primary outcome), mostly on the basis of a meta-
analysis that analyzed the literature existing prior to the year 2000 3.

At the planned 5-year interim analysis, survival was 91.3% in the BIMA group and 91.6%
in the SIMA group without significant difference between the two groups (HR:1.04, CI
0.81-1.32) 8. It is probably important to note that this survival rate exceeds by 5-10 % those
reported in the majority of the studies published in the 1980’s and 1990’s. The rate of
sternal wound complication was 3.5% in the BIMA versus 1.9% in the LIMA group (p =
0.005), and the rate of sternal reconstruction was 1.9% versus 0.6% (P = 0.002).

While the interim analysis of the ART potentially represents a step back for BIMA grafting,
alternative explanations need to be considered. First, the attrition rate of SVGs is known
to increase exponentially after the 4th-5th post-operative year '°. It is possible that at 5
years, the SVG failure rate may not be high enough to have an obvious adverse effect on
outcomes especially in the era of optimal medical therapy. In the ART trial, extremely high
compliance with optimal medical therapy was noted (almost 90% of patients on aspirin,
statins and beta-blockers at 5 years). Indeed, in Takagi’s meta-analysis, 4 of the 5 studies
with a follow up < 5 years did not show a survival benefit for BIMA .

There was a sizeable proportion of patients in the SIMA group that received a RA graft as a
second arterial conduit (23%). This is another major potential confounder as the RA shows
better patency rates and clinical outcomes compared to vein grafts at 5 years and this aspect
may have further narrowed any potential differences in clinical outcome between the SIMA
and BIMA groups along with a substantial rate of crossover in the BIMA group (16.4%). In
addition, the four-fold higher crossover rate in the BIMA arm probably expresses the lack
of complete confidence with the systematic use of BIMA grafting. Using BIMA is a more
complex operation than the traditional CABG using SIMA and, although surgeons could
participate in the trial only if their experience included 50 or more BIMA operations, this
number does not seem high enough to guarantee absolute confidence. If this is indeed the
case, technical errors (likely more frequent in the BIMA series) could have played a role
in determining ART results. It is also noteworthy that in the absence of imaging data it is
not possible to quantify the incidence and pathophysiology of graft failure in both groups.

Moreover, almost 25% of ART patients were 70 years or older. The use of BIMA is
controversial in older patients *° and in ART the treatment age interaction approached
statistical significance (p=0.08). Finally, the higher incidence of sternal complication in
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the BIMA group must be noted because, in ART, the IMA harvesting technique was not
standardized and 48.9 % of the BIMA patients received pedicled arteries. As discussed
above, a post-hoc analysis of the trial showed that skeletonization almost completely
eliminated the increase in the risk of sternal wound complications .

Conclusions

BIMA grafts have better patency rate than SVGs at long-term follow-up. They also appear to
exert a protective effect on the native coronary circulation. Whether the increased patency
rates and the reduction in the progression of native coronary atherosclerosis translates
into clinical benefits in the majority of patients submitted to CABG remains to be definitely
proven.

To date, a large amount of observational evidence suggests a survival benefit for the use
of BIMA grafts. However, these data will need to be confirmed as the final results of the
ART trial become available. For the moment, BIMA grafts should be considered in patients
with reasonable life expectancy and where the use of BIMA confers no additional risk. In
addition, operator and centre experience remain key to achieving excellence in clinical
outcomes.
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Introduction

Coronary artery bypass graft (CABG) surgery is an established treatment for angina pectoris
of ischaemic origin and can increase both quality of life and improve survival as well as
reduce ischaemic complications '. The long-term results depend on graft patency.

Angiography is still the gold standard for intraoperative graft assessment, but it is rarely
carried out routinely because of logistics and lack of time. Besides angiography, other
techniques of intraoperative graft assessment have been introduced into clinical practice,
namely transit time flow measurement (TTFM), epicardial ultrasound scanning of
coronary anastomoses and fluorescence imaging *.

Transit-time flow measurement has been in clinical use for more than a decade and it is
the most frequently utilised technique for intraoperative assessment of CABG. In 2016, the
National Institute for Health and Care Excellence in the United Kingdom (NICE) suggested
that intra-operative TTFM is effective in detecting imperfections that may be corrected by
graft revision; this may reduce the incidence of graft occlusion and may therefore reduce
perioperative morbidity and mortality. They concluded that the application of TTFM
is associated with an estimated cost saving of £115 per patient compared with clinical
assessment, when it is used routinely for assessing coronary artery bypass grafts during
surgery °. The guidelines on myocardial revascularisation, issued jointly by the European
Society of Cardiology (ESC) and the European Association for Cardio-thoracic Surgery
(EACTS) in 2014, recommended that routine intraoperative graft flow measurement should
be considered (Class Ila, Level C) *.

This chapter will focus mostly on the principles and clinical applications of TTFM for
intraoperative assessment of grafts in coronary artery bypass surgery.

Principles of Transit-time Flowmetry

The transit-time flowmeter measures the time difference between an upstream and
downstream ultrasonic pulse when transmitted and received by two spatially separated
transducers in the flow probe. The time-delay difference can be converted to flow volume,
which is displayed on-screen as a digitized signal. The flow is recorded as analogue signals
that are initially sampled at a sufficiently high frequency according to the Nyquist-Shannon
sampling theorem ° (Figure 1).

Transit-time flowmetry in the operating room is easy to perform. The timing of TTFMs
during the operation is dependent on the CABG technique employed:

(1) On-pump CABG - the measurements are usually done after discontinuation of
cardiopulmonary bypass. Measuring the LIMA-LAD flow is also recommended before
removal of the aortic clamp because this time point has no competitive flow and it is
ideal to assure a patent LIMA anastomosis. Some cardiac surgery units register graft flow
both before and after application of diluted papaverine, particularly within vein grafts.
Some surgeons recommend repeated flow measurements when the sternal edges are
approximated during chest closure in order to assure correct graft position and absence
of kinking.

(2) Off-pump CABG - the arterial grafts are usually assessed both immediately after they
have been constructed and before chest closure. For vein grafts, the assessment may be
performed as with on-pump surgery.
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Figure 1: : The transit time flow principle. The perivascular transit-time flow probes
used in coronary surgery are composed of two transducers placed at a specific angle
with a metal reflector on the opposite side of the vessel. The two transducers act as

the transmitter and the receiver for the ultrasound beams. The ultrasound beam
transmitted through the vessel is wide enough to cover the entire flow diameter (or the
vessel). When the beams are transmitted through the blood, there is a difference between
the upstream and downstream transit-time (time of flight or time difference), which

is proportional to flow velocity. The average cross-sectional flow velocity is calculated
and presented as mean, diastolic and systolic flow at the flowmeter display. Larger time
differences are correlated with higher flow velocities.

Lop iown = the up and downstream transit time, respectively; L = distance between the transducer
and the reflector; V = velocity of the blood flow; ¢ = ultrasound or phase velocity; 0 = angle
between the flow direction and the line formed by the transducers.

The final measurements should be carried out under stable haemodynamic conditions,
as flow in the graft is also pressure dependent. The hook of the flow probe connected to
the flowmeter is placed around the bypass graft. The graft should fit within the flow probe
because the ultrasound beam must illuminate the entire graft. A 4-mm probe is applicable
in most situations; alternatively, a 3-mm probe may be used for IMA grafts (Figure 2).

When assessing a pedicled LIMA graft, a short segment of the graft should be skeletonised
to fit the probe hook. By measuring the graft both before and after application of papaverine
into the vein graft, the flow reserve for the individual graft is also measured. For the LIMA
graft, papaverine is usually applied only externally, which is not as efficient as when it is
given intraluminally. In order to obtain a correct interpretation of the blood flow patterns,
an ECG recording should be combined with flowmetry to differentiate systole from diastole.

During assessment of grafts, transit-time flow meters automatically generate the following
measurements:
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Figure 2: Transit time flow measurement of LIMA-to-LAD grayft.

1) Mean graft flow (MGF) (ml/min) = antegrade — retrograde flow (or Q) in ml/min.

Graft flow will depend on graft quality and diameter, target vessel quality and distal run-off
of the coronary artery. It also depends on arterial blood pressure, although it is not taken
into consideration for calculation.

2) Pulsatility index (PI) = (maximum peak flow — minimum peak flow)/mean flow.

The PI is a dimensionless positive number that is considered a non-invasive method for
the assessment of peripheral vascular resistance of coronary arteries. In other words, PI
provides information on the resistance in the graft and, therefore, the distal target vessel
run-off. It was first introduced by Gosling and King, and was originally defined as the peak-
to-peak height of the waveform divided by the mean height during a single cardiac cycle, as
assessed by Doppler ultrasound °.

The flowmeter typically uses a low-pass filter to smooth the signal and attenuate the noise.
Since the level of filter settings in a flowmeter may influence the waveform, different
maximum and minimum peak flows may be registered and influence the PI values. Filter
settings are usually at 20 Hz and 10 Hz, as in the flowmeters manufactured by MediStim ASA
(Oslo, Norway) and Transonic Systems Inc. (Ithaca, NY, USA). The authors, in a previous
study, demonstrated that lower filter settings produce lower PI values °. On clinical
grounds, the difference in waveforms due to different filter settings may have important
repercussions. The shape of the flow curve is an element that comes into play when
assessing grafts that are difficult to interpret (low flows and high PI). In cases involving
a failed anastomosis or a graft directed to coronary arteries with high peripheral vascular
resistance, the waveform will present multiple spikes that will be higher than expected.
On one hand, a device equipped with a higher filter setting will produce very spiky flow
curves, making it difficult to evaluate the graft flow. On the other hand, a device with low
filter setting will smooth out most of the spikes, making the graft assessment appear to be
better than it actually is. Figure 3 shows PI values of eight different grafts calculated under
various filter setting °. Therefore, the level of filter setting of the flowmeter, or at least the
type of flowmeter, should always be reported when providing PI values of coronary grafts.
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Figure 3: Pulsatility index values of eight different grafts measured under various filter
settings.

3) Diastolic filling or diastolic flow fraction (DF) (%) = (diastolic flow/systolic + diastolic
flow) x100.

Diastolic filling is determined by connecting the TTFM console to an ECG, to calculate the
percentage of the total flow during diastole. Diastolic filling should be higher than systolic
flow, in particular for the left coronary system due to the higher transmyocardial pressure
gradients of the left ventricle. A DF < 50% is suspicious of disturbed graft flow because it
represents a systolic graft flow pattern ¢. Figure 4 overleaf shows transit-time parameters
calculated before and after revision of a failed graft.

Some authors have introduced another parameter to detect graft failure by looking at the
amount of retrograde flow within the graft. It is generally known as the systolic reverse flow
(SRF), backward flow (BF) or insufficiency rate (IR), which corresponds to the percentage
of the flow area below the zero line 7. The accepted cut-off value for SRF is <5 % and it is
calculated by the following formula:

SRF (%) = (retrograde flow/antegrade flow) X 100.

Clinical Application

Numerous reports have looked at TTFM, especially its reliability and its impact on the rate
of graft failure at early and mid-term follow-up. Transit-time flowmetry has been carried
out in an array of different clinical settings, target coronary arteries and graft types: the
mammary arteries either single or as T or Y grafts, the radial artery, the gastroepiploic artery
and saphenous vein grafts (SVG) either single or sequential 82

Mean graft flow

Guidelines by the EACTS/ESC recommend a mean graft flow (MGF) of = 20 ml/min as
acceptable post-operative results for TTFM 4. Some authors accept lower threshold values
with a MGF of < 15 ml/min ! and < 10 ml/min * before labelling TTFM abnormal. Our
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Figure 4: Transit time assessment of a SVG to obtuse marginal before and after revision.
Unsatisfactory values of mean flow, PI and diastolic filling of a failed graft (top image).
Satisfactory values after graft revision (bottom image).
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study reported mean graft flows of LIMA-LAD in 386 male and 109 female consecutive
patients, operated upon by the same surgeon (RH) of 34 = 22 ml/min and 27 * 15 ml/min,
respectively ' (Table 1). In a study enrolling 354 patients, the graft failure rate was 6.5% for
single LIMA at 1-year follow-up '*; MGF was directly correlated with the follow-up results,
with an observed 4% decreased risk of graft failure for every 1 ml/min increase in MGF. This
study confirms the current recommendation to achieve a minimum of 20 ml/min MGF for
LIMA grafts '3.

The mean graft flow of the LIMA correlates well with the degree of coronary stenosis.
Honda et al. evaluated the fractional flow reserve (FFR) of the LAD by dividing it into
severe stenosis (FFR < 0.70), mild (FFR 0.70-0.74) and non-stenotic lesions (FFR =0.75).
Corresponding rates of MGF were 24.7 * 10.6, 19.2 * 14 and 16 * 9.7 ml/min, indicating
higher bypass flow in cases of more severe LAD stenosis. String signs were observed in
4.2%, 21% and 50% of severe, mild, and non-stenotic lesions, respectively 7. The authors
agreed on a cut-off of 20 ml/min for LIMA grafts 7. Walker found a significant difference in
intra-operative MGF between LIMA-LAD grafts which were either patent or occluded at
follow-up * with six LIMA-LAD grafts with a MGF of < 15 ml/min not patent at follow-up .

Kieser et al. in their series of arterial grafts reported median flows in the major single
conduits (LIMA, RIMA and radial) of 39, 32, and 34 ml/min, respectively (average 35 ml/
min) 8. In sequential grafts (LIMA, RIMA and radial), the median flow was 43, 45.5 and 42
ml/min, respectively (average 43.5 ml/min), and composite grafts had the highest median
flow (54 ml/min) 8. Sequential grafts had greater flow than single conduits and when
these in-between segments were in a technically easy accessible location to measure, the
individual components were evaluated. Flow in the sequential grafts was 1.24 times higher,
and flow in the composite grafts was 1.5 times higher than flow in single conduits ®. In a
study evaluating two different anastomotic techniques (standard running suture versus
nitinol U clips) of free RIMA on LIMA, Bigdeli et al. measured a MGF at the common T graft
of 93.7 = 44 and 108 = 68.4 ml/min, respectively, and an overall graft failure rate of 2% at
follow-up '°.

Uehara et al. found no statistical differences in MGF values in occluded versus patent
gastro-epiploic arteries to the right coronary artery '2. Similarly, Lehnert et al. did not find
any correlation between MGF and radial artery graft failure .

With regard to saphenous vein grafts, Lehnert et al. observed a rate of 16.9% graft failure
for single vein grafts. Increased MGF was significantly associated with a better result (a 2%
decreased risk of graft failure for every 1 ml/min increase in MGF) and an MGF of at least
40 ml/min was recommended for SVG . In a study of post-operative antiplatelet treatment
comparing aspirin to aspirin and clopidogrel, 169 (68%) out of 248 patients received a SVG
with a graft failure rate was 8.4%. Predictors of SVG patency were dual anti-platelet therapy;,
a higher MGF and a lower PI V7. Data from the GRIIP trial revealed that, in a subgroup of 65
SVG, a MGF < 31 ml/min was associated with 50% late graft occlusion 8.

In our study, analyzing TTFMs in single and sequential saphenous vein coronary artery
bypass grafts, several findings were highlighted both for single and sequential vein grafts
(Table 1 overleaf) ''. Within the single SVG group, grafts directed to the diagonal branches
exhibited significantly lower flows than those directed to other target vessels, and this held
true both for men and women. The explanation is that diagonals may be vessels of smaller
diameter and with less peripheral flow reserve, thus posing a higher coronary resistance.
Overall, flows were significantly higher in men versus women because the former are



50  Perspectives In Cardiothoracic Surgery Vol III

Table 1: Mean graft flow and Pulsatility Index values.

Male Female
Graft Target N Flow PI N Flow PI
vessel (grafts) (ml/min) ggrafts)
ml/min)
Single LAD 386 34 = 22 24 *09 109 2715 22+
LIMA 0.8
Single  Diagonal 60 3618 19%x08 15 32+x17 16=
SVG 03
PDA 200 47 26 25=*15 59 4228 22 =
1.0
OM 78 5429 21*x10 24 4826 20 =
0.7
RCA 37 56 = 32 23+16 19 49 +22 21 =+
1.1
Posterolateral 12 5433 28*x17 0 / /
LAD 20 56+25 21*08 9 5123 19 =
0.9
Double PDA- 33 62 + 32 2310 8 50 26 3.0=*
SSVG  posterolateral 1.5
OM-OM 57 62=*33 21*x09 13 4420 19 =
0.5
Diagonal- 9 7442 19*09 0 / /
diagonal
OM-diagonal 153 73+33 19*09 43 56 28 2.1=
1.2
Triple Left coronary 37 8444 2107 9 7519 20=*
SSVG artery system 0.7

SSVG: sequential sapbhenous vein grafts
Data are mean values * 1 standard deviation.

assumed to have coronary arteries of larger diameter than the latter as well as larger
ventricular mass. Another finding was an increased blood flow in sequential SVG compared
with single SVG. This observation was consistent both for male and female patients, with
male patients exhibiting the highest flow (Figure 5). Specifically, male patients were
predicted to have a graft flow of 8.7 ml/min higher than women of the same age and left
ventricular ejection fraction. The blood flow increased according to the number of distal
anastomoses: from a lower flow in single SVGs to a higher flow in double sequentials, up to
the highest flow in triple sequentials. The trend was confirmed by the linear mixed model
predicting that, in patients of the same age, sex, and left ventricular ejection fraction, a
triple sequential graft had 13 and 39 ml/min flow higher than double sequential and single
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Figure 5: Transit time mean
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SVG, respectively '! This behaviour is recognized to be caused by decreased total resistance,
better run-off, and minimized impedance difference. Although all the differences among
the three flow values reached statistical significance, flows in double and triple SVGs were
not twofold or threefold higher, respectively, compared with flows in single SVGs. A likely
explanation may be the relation between the capacity of the graft, blood flow velocity in
the graft, and the run-off of coronary vessels. Although a sequential SVG would be able
to provide a blood supply two or three times larger than a single SVG, this will not occur
because blood flow velocity should be similarly high. The native coronary blood velocity is
relatively fixed because it is dependent on the cross-sectional area of the coronary lumen
and regional left ventricular mass.

Pulsatility index

The pulsatility index (PI) provides information on peripheral vascular resistance of grafted
coronary vessels. There is substantial evidence from several studies that a PI < 5 should
be considered normal #. Increasing mean Pls of 2.4 = 0.6 and 3.0 = 1.1 in severe (FFR
< 0.70) and mild (FFR 0.70-0.74) coronary lesions, and abnormal PI values (5.5 * 8.2)
in non-stenotic lesions (FFR = 0.75) were associated with increased graft failure rates at
follow-up due to the increased competitive native coronary blood flow ”. In a series of 1000
consecutive arterial grafts (LIMA, RIMA, radial and gastro-epiploic), Kieser et al. underlined
the substantial importance of PI assessment to predict outcomes, especially mortality 8.
In summary, 916 grafts out of 990 were considered satisfactory because the PIs were < 5,
whereas the remaining 74 grafts with PIs > 5 were deemed suboptimal.

No major differences of PI values were noted across the board for arterial graft types and
construction. Moreover, during follow-up, PI values proved their predictability with regard
to major adverse cardiac events (MACE) and death: MACE occurred in 10/59 (17%) of those
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patients with at least one bypass graft with a PI > 5, and in 15/227 (5.4%) of those with a PI
=5 for all bypasses (p = 0.005) 8. Similarly, there were significantly more deaths in the high
PI group: 5/54 (11%) compared to 5/250 (2%) patients in the low PI group (p= 0.02) 3.
The authors concluded that PI is a good indicator of graft function. For this purpose, they
have introduced a flow chart based on PI values, as a guide to intraoperative conduct after
CABG transit-time assessment 2.

Herman and associates, in their series of 985 patients, had abnormal flow defined as PI
> 5 in 184 (19%); the remaining patients had a median PI of 2.9. The abnormal flow
group had a higher incidence of peri-operative MI (0.7% vs 1.0 %; p=0.02), required more
reoperation for graft occlusion (0% vs 0.5%; p = 0.04), and had more frequent low output
syndrome post-operatively (10% vs 18%; p = 0.005) °. When a composite adverse event
outcome was applied, it was more prevalent in the abnormal flow group (17% vs 31%;
p<0.0001). After adjustment, abnormal flow was found to be an independent predictor of
the in-hospital composite outcome with an odds ratio of 1.8 (1.1 - 2.7) °.

In their prospective angiography-controlled study, Jokinen et al. found that the best
predictor of early (<6 months) graft patency was the PI value: PI > 3 resulted in highest
sensitivity (72%) and specificity (70%) in ROC analysis, and predicted reduced graft patency
better than MGF or the insufficiency rate alone or in combination . The average PI in
the right coronary artery was statistically significantly higher than in the LAD artery (3.0;
interquartile range 2.0 — 4.3 vs 1.9; interquartile range 1.7 — 3.2; p = 0.007) . With regard
to saphenous vein grafts, the authors found that, overall, the mean PI (% standard error
of the mean) of SVG to the left or right coronary system were 2.0 = 0.05 and 2.4 = 0.00,
respectively, with the difference being significant (p < 0.001) '*.

In our study, there were no significant differences between PI values for any type of grafts
within the single and double SVG group to the left or right coronary system (P = 0.55) .
Moreover, PI values of single, versus double, versus triple SVGs within the left coronary
system were not significantly different (p = 0.244). Similarly, PI values of single versus
double SVGs to the right coronary system were also not significantly different (p = 0.126).
Pulsatility index values were similar for men and women (p = 0.534) . PI values of grafts
directed to the left or right coronary circulation are shown in Figure 6. These findings
are contrary to what one could expect as sequential grafts provide higher flows owing
to a reduced peripheral vascular resistance. Thus, sequential grafts should theoretically
provide lower PIs compared with single SVGs. Nonetheless, our data indicate that the
increased blood flow from single to sequential SVGs is not associated with a decreased
PI. The likely explanation is that the shape of the flow curves of the single and sequential
grafts are similar, resulting in similar PI values. Thus PI, a dimensionless number derived
from an equation taking into account the maximum and minimum peaks and mean flow
measurements, will change concomitantly with marked changes in the flow curve. This is
typically seen as a gross increase of resistance in the bypass grafts (i.e. technical failure of
the anastomosis, graft kinking, or torsion) or coronary arteries (i.e. small diameter, poor
run-off). This is in line with previous reports which showed a large increase of PI as a
consequence of a progressive tightening of the LIMA-LAD graft in the pig causing a reduced
mean flow > ?°. On the other hand, the right coronary system had significantly higher PI
values compared with the left across all graft types because of a more spiky and systolic
flow pattern, indicating higher vascular resistance in the right system. However, it is also
known that blood flow to the right coronary artery takes place during systole as a result of
minor compression of the epicardial vessels during right ventricular contraction.
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Diastolic filling

Diastolic filling (DF) is rarely indicated, but may be useful. In an experimental animal
model, Pagni et al. showed that competitive blood flow would have a greater impact
(i-e. decreased blood flow rate) on LIMA than SVG, which is particularly evident during
diastole *'.

Kieser et al. reported a median DF in the major single conduits (LIMA, RIMA and radial) of
72, 68, and 62%, respectively. In the sequential grafts (LIMA, RIMA and radial), the DF was
73, 64 and 67%, respectively. Although DF appears to be a significant predictor of MACE
in their non-emergency group of patients, the authors are concerned this result may be
incidental for several reasons: the significant p-value was achieved only when emergency
patients were excluded, and DF is the least well-defined cut-off point of all three transit-
time flowmeter parameters ®. It is important to remember that a cut-off of DF = 50% for a
well-functioning graft was recommended by one of the flowmeter manufacturers; to the
best of our knowledge, there are no research data to support this.

Systolic reverse flow or insufficiency index

Although this parameter may allow the identification of an oscillatory flow through the
graft, it is not widely used because it is not generated automatically by the flowmeter.
Tokuda and associates found that in a group of 104 grafts which have undergone coronary
angiography at mid-term follow-up, systolic reverse flow (SRF) at the time of surgery was
3.08 £ 6.32 '°. This group was subdivided into two groups: group A with graft stenosis and
group B with fully patent grafts. Systolic reverse flow was 6.13 = 9.47 and 2.30 = 5.02 for
group A and B, respectively (p < 0.05). In the univariate analysis, SRF was a predictor of
midterm graft failure (odds ratio 1.08, p < 0.05) .
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The SRF represents the amount of flow through the graft directed backward across the
anastomosis, which reflects the amount of competitive flow through the native coronary
arteries. It has been reported that greater competitive flow from the native coronary vessel
observed at angiography is strongly associated with midterm graft failure '°. A higher SRF
represents greater competitive flow and lower downstream runoff, which can predispose
a graft to functional failure.

Discussion

Mean blood flow and PI are the main parameters of TTFM applied in clinical practice.
Although there is no consensus on the reference values for either measurement, the EACTS
guidelines indicate that a MGF < 20 ml/min and a PI > 5 are indicative of a technically
inadequate graft *22.

Initially the MGF was the considered the most important measurement after grafting
because of its immediate ease of interpretation !, but experience and the literature have
pointed out that other parameters, such as the PI, are relevant for a thorough assessment
of grafts. This trend has been confirmed over the years to the point that several authors
believe PI to be a better indicator of graft function, especially when the predictive value for
outcome at follow-up is concerned 3.

Several studies have underlined the role of TTFM to predict mid-term results after CABG.
In general, high MGF and low PI are predictive of satisfactory early and mid-term (i.e.
within 12 months from surgery) graft patency, as assessed by coronary angiography®- ' 1>
1419 In particular, the assessment of PI has been recognized as a valuable tool to identify
grafts with competitive flow, which are vulnerable to early stenosis or occlusion. The PI is
an indicator of graft quality that decreases with the severity of the coronary stenosis. Low
values of this index indicate an adequate bypass; high values indicate technical failure
and flow competition. Low values were observed in patients who have severe coronary
stenosis; high values were observed in patients who had mild coronary stenosis .

Besides PI, the systolic reverse flow is another parameter that can demonstrate flow
competition between native coronary and bypass graft flow °. Unfortunately, only a few
clinical reports provide details on systolic reverse flow, most of them appearing recently .
The authors have shown, in a porcine experimental setting, that the LIMA graft flow was
significantly reduced by the competitive flow of the native coronary: MGF and diastolic
filling were at the lowest, whereas the PI value and systolic reverse flow were at the highest,
when full competitive flow was present in the LAD. Moreover, MGF was not affected, as
much as one would expect, by experimental stenosis of the anastomosis #. See Figure 7
and Table 2 overleaf.

All these findings bring to attention the impact of competitive flow from the native vessel
on graft patency. There is also further experimental work, carried out by the authors, to
support this statement ??. Different degrees of competitive flow in the coronary arteries
determine different wall shear stress (WSS) distributions in the LIMA-to-LAD anastomosis in
the pig *. The WSS is the tangential frictional force on the endothelial surface and there is
substantial evidence that this may result in impairment of endothelial function. Vessel areas
with low and oscillatory (bidirectional) WSS, like the inner wall of curved segments and
the outer wall of bifurcations, are considered non-optimal and more prone to endothelial
dysfunction and vascular disease. The authors demonstrated that, high competitive flow, as
may occur in the presence of non-significant coronary stenosis, resulted in the lowest WSS
in the LIMA graft and the anastomosis. Partial competitive flow, as may occur in significant
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stenosis, produced a WSS distribution comparable to the ideal situation of non-competitive
flow #. On clinical grounds, this means that the coronary graft can tolerate a modest degree
of competitive flow without major alterations in WSS distribution. On the contrary, major
competitive flow triggers a decrease of WSS that may impair graft patency in the long term.

In line with these findings, TTFM results were linked to pre-operative fractional flow reserve
of coronary arteries 7 % '°) because non-stenotic lesions are responsible for competitive
flow 7% 1° Transit-time flow measurements are significantly higher in grafts constructed on
coronary vessels exhibiting a FFR < 0.75 — this percentage being the expression of severe
stenosis [7, 8, 10]. Furthermore, results from several studies are all concordant that the
rate of graft patency is significantly higher, at follow-up, in those grafts to coronary arteries
with a pre-operative FFR < 0.75. The results of TTFM assessment, as well as graft patency,
became gradually and significantly worse in grafts directed to coronaries exhibiting mild
stenosis (0.70 < FFR < 0.75) and functionally non-stenotic lesions (FFR = 0.75) 7% '°. The
proven relationship between FFR and TTFM is an indirect confirmation of the key role of
TTFM, as a very suitable method of graft assessment. The take home message is that, in the
face of coronary lesions of uncertain severity, FFR should always be calculated, with the
knowledge that grafting a coronary vessel with low FFR (as an expression of mild stenosis)
will result in poor patency rates.

According to current evidence, the predictive power of TTFM measurements is limited
to early and mid-term follow-up. Progressive stenosis after one year may be an ongoing
process, principally affecting venous grafts, and may be due to factors other than surgical
skill. Ongoing atherosclerosis or intimal fibrosis of the arterialized venous conduits
may be the main mechanisms '. Internal mammary arteries remain, in general, free of
atherosclerosis and failure is usually due to “technical” problems .

Improvements of intra-operative evaluation of coronary artery bypass grafts may be
achieved with the concomitant use of TTFM and epicardial ultrasound scanning of coronary
anastomoses 2¥?°. The two techniques applied together can provide useful information
regarding the physiology of the graft conduit (i.e. flow rate, competitive flow, peripheral
vascular resistance) and morphology of the anastomosis *+% (Figure 8). As shown previously,
technical failures of the anastomosis may produce mixed TTFM results that are difficult
to interpret, whereas ultrasound scanning can readily visualize any technical failure.
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Figure 7: Four different experimental flow conditions ». In an experimental porcine
model of LIMA-to-LAD graft, the authors reproduced four clinical situations: A)
baseline flow with proximal LAD totally occluded; B) partial competitive flow with
50% occlusion of the LAD; C) full competitive flow with no LAD snaring proximal to the
anastomosis, and D) on-purpose stenotic anastomosis with no competitive flow. See
Table 2 for mean flows, derived indexes, and comparisons.



56  Perspectives In Cardiothoracic Surgery Vol III

Table 2: True values of mean flow and derived indexes of four different experimental
flow conditions in LIMA-to-LAD graft. See also Fig 7 .

Parameter Baseline (A) Partial
competitive
flow (B)

Mean flow 48 (35-50) 38 (18-52) *
(ml/min)

Pulsatility 3.3 (1.6-10.1) 4.0 (2.09.7)
index

Diastolic 67 (56-85) 56 (40-71) *
filling (%)

Insufficiency 2.3 (0-13.1) 5.1 (0-14.5)
(%)

Median and range (N = 9).
P refers to Friedman’s test.

Full
competitive
flow (C)

29 (3-38) *°
5.8 (2.2-12.8) *

46 (31-58) *°

9.4 (0.21-37.0)
ES o

Stenosis

of the
anastomosis
(D)

41 (19-60)

3.9 (1.5-10.1)
61 (46-75)

2.0 (0-14.6)

* P < 0.05 refers to comparison with baseline condition analyzed by the Post-hoc test.
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Figure 8: Ultrasound scanning of an on-purpose technically failed LIMA-to-LAD
anastomosis in a porcine model. The stenosis of the anastomosis was created by placing
a stitch at the toe. DA = diameter of LIMA, D1 = diameter of LAD.
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Ultrasound scanning can be improved by the application of Doppler, especially blood flow
imaging (BFI) techniques, which allow detailed identification of blood flow direction at the
anastomotic site 242°,

Conclusion

Transit-time blood flowmetry is a validated method of intra-operative assessment of grafts
and anastomoses in coronary surgery. Several aspects of graft evaluation by TTFM remain
to be clarified, but the widespread use of this technique, innovation from the industry
and future research may enhance its reliability, for the benefit of the patients undergoing
coronary revascularisation.
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Introduction

Ischaemic heart disease remains the leading cause of death globally. Approximately 10-20%
of patients with ischaemic heart disease have at least moderate ischaemic mitral regurgitation
(IMR) '. IMR is grouped under the category of secondary mitral regurgitation (MR), defined
as MR occurring in the setting of a structurally normal mitral valve. By contrast, primary
MR entails structural disease of the mitral valve or its associated subvalvular apparatus.

The pathophysiological basis of IMR rests within the left ventricle. Indeed, IMR is often
referred to as a “disease of the ventricle”. Wall motion abnormalities arising from coronary
disease result in migration and tethering of the papillary muscles. This, combined with
adverse remodeling of the left ventricle and distortion of the mitral annulus leads to
malcoaptation of the leaflets resulting in IMR.

IMR is graded on a similar scale echocardiographically as primary MR, from none to severe.
There is a graded positive association between the presence and severity of IMR and heart
failure or mortality '. It is unknown however whether this association is related to the
IMR itself or if IMR is a surrogate for more advanced heart failure. Controversy exists as
to the optimal management of IMR, particularly in the moderate or severe IMR settings.
In moderate IMR, controversy exists as to whether any concomitant mitral valve surgery
should be added to coronary artery bypass grafting (CABG) or not. In severe IMR, there
is no question the mitral valve should be addressed, the debate, however, is whether the
mitral valve should be repaired or replaced.

Indications and Techniques for Mitral Valve Surgery in
Moderate Ischaemic Mitral Regurgitation

It is unclear whether performing mitral valve repair at the time of CABG for moderate IMR
improves quality of life, relieves symptomatic burden, or improves survival. The 2014
American Heart Association and American College of Cardiology (AHA/ACC) guidelines
provide a “could consider” IIb recommendation for mitral valve repair plus CABG for
moderate IMR 2. The 2012 European Society of Cardiology and European Association for
Cardio-Thoracic Surgery (ESC/EACTS) guidelines provide a stronger “should consider” Ila
recommendation for CABG with concomitant mitral valve repair in moderate IMR 2.

There is a balance of reducing the severity of IMR by the addition of mitral valve repair
to CABG in moderate IMR versus the additional cardiopulmonary and aortic cross-clamp
time that accompanies the addition of concomitant procedures. In essence, to justify the
addition of mitral valve repair in this setting, the long-term benefits of repair should be of
enough significance to justify the increased operative mortality and morbidity risk incurred
with the addition of a concomitant procedure. Advocates for coronary revascularisation
alone argue that CABG will improve regional contractility and restore mitral valve function
over time. Advocates for the addition of mitral valve repair suggest that CABG alone may
not be sufficient and that reducing the degree of IMR will hinder adverse remodeling and
the development or worsening of heart failure.

There are 3 randomized trials that have helped address this debate in moderate IMR. In
the first of these trials, which was published in 2009, Fattouch and colleagues randomized
patients with moderate IMR to CABG alone (n=54) or CABG with mitral valve repair
(n=48) *. Survival was similar at 5 years at 89% for CABG alone versus 94% for CABG plus
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mitral valve repair. There were significant improvements in other outcomes, however,
for the CABG plus mitral valve repair group, including greater reduction in New York
Heart Association class, left ventricular end-diastolic and end-systolic dimensions, systolic
pulmonary artery pressure, grade of MR, and left atrial size.

The second trial named the Randomised Ischaemic Mitral Evaluation, or RIME trial,
randomized patients with moderate IMR and a left ventricular ejection fraction >30% to
CABG alone (n=39) or CABG plus mitral valve repair (n=34) °. The results of this study
favored the addition of mitral valve repair. Moreover, the CABG plus mitral valve repair
cohort had greater improvement in peak oxygen consumption, left ventricular end-systolic
volume index, and plasma B-type natriuretic peptide levels with less MR than the CABG
alone group. Similar to the Fattouch trial, mortality was similar between the groups. At
1-year, mortality was 5% in the CABG alone group and 9% in the CABG plus mitral valve
repair group.

The third and most recent trial was published in 2016 by Michler and colleagues °. This
trial, sponsored by the Cardiothoracic Surgical Trials Network (CTSN), was the largest of
the 3 studies, randomizing patients with moderate IMR to CABG alone (n=151) or CABG
plus mitral valve repair (n=151). At 2-year follow-up, there were no differences between
the groups in measures of reverse remodeling, namely decrease in left ventricular end
systolic volume index. There was a nearly threefold increase in the rate of at least moderate
MR at 2 years in the CABG alone group (32% versus 11%). Mortality, major adverse event,
and readmission rates were comparable between the groups.

When the collective results of these 3 trials are reviewed in detail, there is not a unanimous
and clear recommendation in favor of one strategy versus the other for all patients with
moderate IMR. Rather, we recommend the addition of mitral valve repair in certain subsets
of moderate IMR where patients are similar to those in the Fattouch and RIME trials where
a benefit to repair was demonstrated. This would include patients with moderate IMR
with a large ventricle as measured by a left ventricular end-diastolic dimension >55mm
or left ventricular end systolic volume index >70 ml/ m2. It would also include patients
with left ventricular ejection fraction of 35% or less, in those with poor coronary bypass
targets in the posterior descending or circumflex territories, when there is inferolateral
ventricular wall scarring, a basal aneurysm, or dyskinesia. In contradistinction, if a patient
has similar characteristics to those in the CTSN trial, where no benefit to mitral repair was
demonstrated, CABG alone will likely be sufficient. Such characteristics included having a
mildly reduced left ventricular ejection fraction of around 40%, not having a large ventricle,
and having reversible ischaemia. In these cases, moderate IMR is relieved in nearly 70%
with the remaining 30% having only moderate persistent MR that is well tolerated clinically.
In a study of 135 patients with moderate IMR, CABG alone resulted in an improvement
in MR in those with a large extent of viable myocardium and the absence of dyssynchrony
between the anterolateral and posteromedial papillary muscles 7.

Mitral valve repair for moderate IMR should entail a restrictive annuloplasty. This is
performed by undersizing the ring by at least one size below the standard measurement.
Small rigid and complete rings are preferred for treating IMR. A zone of coaptation of at
least 8mm and the absence of MR or mitral stenosis on intraoperative echocardiography
following weaning from cardiopulmonary bypass mark a successful mitral valve restrictive
annuloplasty.
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Indications and Techniques for Mitral Valve Surgery in
Severe Ischaemic Mitral Regurgitation

In patients with chronic severe IMR who are undergoing CABG, the 2014 AHA/ACC
guidelines provide a IIa “should consider” recommendation for the addition of mitral valve
surgery *. The ESC/EACTS guidelines provide a class I recommendation for mitral valve
surgery concomitant with CABG in severe IMR where the left ventricular ejection fraction
is greater than 30% and in symptomatic patients with a left ventricular ejection fraction of
less than 30% who have evidence of viability and suitable bypass targets *. In the authors’
opinion, the mitral valve should be addressed at the time of CABG in the setting of severe
IMR. The controversy lies more in whether repair or replacement should be performed.

The balance between repair versus replacement lies in the fact that mitral valve repair
is associated with lower operative morbidity and mortality. However, recurrence of MR
is greater in these patients. Although mitral valve replacement provides a more durable
correction of MR, there is greater operative risk as well as greater risk of thromboembolism,
structural prosthetic valve deterioration, and infective endocarditis.

The best evidence regarding this controversy comes from another CTSN sponsored trial
in the setting of severe IMR. Acker and colleagues randomly assigned 251 patients with
severe IMR to mitral valve repair or chordal-sparing replacement . At 1 year, there was no
difference in the left ventricular end-systolic volume index between groups. Furthermore,
mortality rates were similar between the repair (14%) and replacement (18%) cohorts.
Data regarding quality of life, functional status, and adverse events were also comparable.
However, the most provocative finding was that rates of recurrent moderate or severe MR
at 1 year were substantially higher in the repair group at 33% versus 2%.

A 2-year follow-up to this CTSN trial in severe IMR was conducted °. The major findings
from the 1-year trial were mirrored in the 2-year trial. Moreover, there were comparable
decreases in left ventricular end-systolic volume index between the groups. Mortality at 2
years was also comparable: 19% for repair and 23% for replacement. The rate of recurrent
moderate or severe MR was again much higher in the repair group at 59% versus 4%. This
difference one could argue was even more pronounced than in the 1-year trial. In addition
to higher rates of recurrent moderate or severe MR, those patients undergoing repair had
a higher rate of major adverse events related to heart failure and more cardiovascular
readmissions. Collectively, the results from both the 1-year and 2-year CTSN trial advocate
for mitral replacement in the setting of severe IMR.

Although not supported by the randomized data discussed above, if mitral valve repair is
selected in the setting of severe IMR, a similar technique of using a small rigid complete
ring that is undersized for a restrictive annuloplasty is utilized. In the case of replacement,
a complete choral sparing technique should be used. This results in more favorable
maintenance of the mitral axis and left ventricular function. Indeed, a randomized
trial compared complete versus partial chordal sparing mitral valve replacement and
demonstrated the beneficial effects of complete sparing on left ventricular performance ™.
Complete chordal sparing can be achieved by bisecting the anterior leaflet and rotating
the leaflet tissue to the left and to the right with placement of annular sutures through the
leading edge of the rotated leaflet tissue, thus “tacking” it to the annulus. The posterior
leaflet tissue can be sutured in continuity with the posterior annular sutures by bringing
the needle through the leaflet edge, thus tucking the tissue behind the annulus of the
prosthetic valve.
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Conclusions and Future Direction

The mitral space has witnessed an exponential increase in transcatheter therapies similar
to what has occurred in aortic valve disease. This is particularly attractive in that many
patients with moderate or severe IMR are high surgical risk patients. There are several
transcatheter devices that are currently used for degenerative mitral disease that may have
potential utility in IMR. The MitraClip (Abbott Vascular, Santa Clara, California, USA)
device uses an edge-to-edge repair technique that is similar to the Alfieri stitch to create a
double orifice and reduce MR. Other devices are implanted within the coronary sinus to
push the posterior leaflet anteriorly and thus reduce the anterior-posterior dimension of
the mitral annulus. The coronary sinus lies 6-12 mm away from the annulus and therefore
the effectiveness of this approach is unclear, particularly when there is mitral annular
calcification.

The number of patients with IMR will likely climb in coming years due to the aging
population and concomitant increase in the number of heart failure patients. The role of
such percutaneous devices is currently being evaluated and will undoubtedly evolve over
the next several years for not only IMR but for mitral valve disease in general. The central
controversies of adding mitral valve repair to CABG in moderate IMR and in selecting mitral
valve repair versus replacement in severe IMR have been addressed by several randomized
trials. As further data accumulates, this will hopefully be met with continually improving
outcomes for this patient population.
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Functional Mitral Regurgitation

Functional mitral regurgitation (FMR) is mitral regurgitation (MR) occurring in the absence
of intrinsic structural damage to the leaflets, chordae, and papillary muscles with variable
degrees of left ventricular (LV) dysfunction. Also known as secondary mitral regurgitation,
FMR can occur in the setting of either dilated, ischaemic, or idiopathic cardiomyopathy.
Most commonly, FMR occurs in association with coronary artery disease and previous
myocardial infarction (MI) and is termed chronic ischaemic MR (IMR) '. The development
of chronic IMR has been associated with worse prognosis after myocardial infarction
despite subsequent percutaneous or surgical revascularisation. The degree of IMR is
directly related to diminished long-term survival 3.

The pathophysiology of FMR can be attributed to a combination of anatomical and
physiological changes that occur in response to chronic ischaemic disease: annular
flattening and dilation, papillary muscle displacement, mitral leaflet tethering, and diffuse
left ventricular dysfunction with global LV dilatation. With myocardial infarction, the
papillary muscles and LV remodel resulting in a thin, dilated LV with reduced LV closing
force. This ultimately leads to the development of posterolateral papillary muscle
displacement and stretching of the chordae tendinae increasing the tethering forces on the
mitral valve (MV) leaflets. As a result, leaflet coaptation occurs in a more apical direction
with restricted leaflet closure leading to MR *°. Due to the posterolateral location of the
papillary muscles, infarction in the right and left circumflex coronary territories results in
a greater incidence of MR. Moreover, LV dyssynchrony may play a role in the setting of left
bundle branch block exacerbating MR. Fundamentally understanding the pathophysiology
of the disease process provides the framework for the surgeon to be able to provide the
patient with durable surgical treatment. As the LV continues to dilate due to the severity
of MR, mitral annular dilation worsens resulting in further retraction of the mitral leaflets
leading to even less complete closure of the MV. “Mitral regurgitation begets more mitral
regurgitation” as the dictum says.

Within the Carpentier classification, MR due to ischaemic disease is associated with
papillary muscle displacement and chordae tethering and is classified as Type Illb. This
aetiology of MR differs from isolated annular dilatation with normal leaflet motion (Type
I). The pre-operative echocardiographic evaluation of a patient and the intra-operative
three-dimensional visualization of the valve should help identify whether a Type IIlb vs.
Type 1 is responsible for the MR. If Type IIIb MR predominates, it stands to reason that a
simple annular repair method is less likely to be durable than with a Type I dysfunction.
In contrast to organic mitral regurgitation from degenerative or rheumatic aetiologies,
functional MR is fundamentally a ventricular problem first and a valvular problem second.

The American Heart Association/American College of Cardiology (AHA/ACC) Guidelines
were revised in 2017 restoring the echocardiographic criteria for chronic secondary MR
to be the same as primary MR, specifically an effective regurgitant orifice area (EROA) =
0.4 cm?, regurgitant volume = 60 mL, and regurgitant fraction = 50% °. These revisions
were a reversal from the changes made in the 2014 guidelines with regards to EROA and
regurgitant fraction in defining severe secondary MR since changes were felt to be less
specific for severe MR 7®. The European guidelines outlined in 2017 by the European Society
of Cardiology and the European Association for Cardio-Thoracic Surgery issued similar
recommendations °. For patients with secondary MR undergoing CABG and LVEF>30%
concomitant MV surgery was a Class I recommendation and for patients with LVEF<30%, it
was considered a Class IIA recommendation. However, both the AHA/ACC and ESC/EACTS
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guidelines continue to caution against the use of these criteria alone in the assessment
and treatment of chronic secondary MR, in the absence of a clear survival benefit. It is
recommended to integrate the clinical, exercise, and echocardiographic findings together
to prevent unnecessary operations when the MR may not be as severe as documented on
echocardiography.

Surgical Management with a Restrictive Mitral
Annuloplasty Repair

Initial surgical management with MV repair for FMR was popularised in the 1990s, and
most commonly consists of restrictive mitral annuloplasty (RMA) repair during myocardial
revascularisation as advocated by Bolling '°. Physiologically, the purpose of a RMA is to
force the posterior leaflet to coapt to the anterior leaflet through the mechanism of septo-
lateral cinching ''. Given its relative ease of placement during myocardial revascularisation
and reproducible technique, the RMA has been adopted worldwide for the surgical
management of FMR. To date, however, there has not been a prospective randomised
trial of mitral valve surgery (repair or replacement) compared with goal-directed medical
therapy in patients with FMR and heart failure demonstrating a survival benefit to surgery .
Thus, it is with appropriate humility that surgeons approach this condition.

While the best method of RMA remains debatable with regards to whether a partial versus
complete, or flexible vs. rigid/semi-rigid ring is needed, there is a consensus that suture
annuloplasty alone does not achieve durable and adequate septo-lateral cinching for
reliable long-term results 2. Complete rigid annuloplasty rings have been associated with
reduced rates of recurrent FMR by addressing the anterior annular dilation that occurs
along the inter-trigonal distance not achieved by incomplete rings '3. Stringent downsizing
of the mitral annulus has been advocated by some due to favorable clinical outcomes and
reverse left atrial and LV remodeling at 18-month follow-up . In IMR the annulus loses
its dynamic ability in systole to deepen its saddle shape to improve leaflet coaptation. The
recent introduction of three-dimensional physiological annuloplasty rings with a saddle-
shape can restore the physiological non-planarity and 3D leaflet curvature across the entire
mitral valve surface ** with good early results and significant reductions in mitral annular
diameter, mitral tethering area, and tenting height . This is the senior author’s favoured
annuloplasty ring.

Early studies assessing the benefits of RMA during myocardial revascularization
demonstrated excellent results in terms of survival, clinical status, LV reverse remodeling,
cardiac output, and preserved systolic function °. However, the reported recurrence rates
of MR after RMA during the follow-up period generally ranged between 15 and 30 % within
6 months and later recurrence rates as high as 66 % with the Peri-guard annuloplasty
repair V. It is important to intervene with a RMA before the LV has dilated beyond “the
point of no return.” Dion and colleagues identified a pre-operative left ventricular end
diastolic dimension (LVEDD) of 65mm was the threshold measurement for adverse
results 8. Specifically, in patients with a LVEDD of 65 mm or less, actuarial survival rates
at 1, 3, and 5 years were 93%, 87%, and 80%, respectively, whereas for LVEDD greater than
65 mm these rates were 71%, 61%, and 49%, respectively (p = 0.002). Additionally, in the
group with a LVEDD of 65 mm or less, all late survivors showed a sustained significant
reduction of LVEDD at intermediate follow-up, with a further decrease at late follow-up.
On the other hand, only 25% of the group with a LVEDD greater than 65 mm demonstrated
reduction. Despite these encouraging results, there are conflicting results regarding the
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long-term survival benefit with the addition of a RMA to myocardial revascularisation in
FMR patients with moderate to severe MR 2! Furthermore, a RMA does not address the
ventricular mechanism that leads to the development of FMR. This has led to increased
focus on the development of complementary subvalvular techniques for FMR.

Mitral Valve Repair versus Replacement for Surgical
Management of FMR

While there remains significant debate regarding the optimal surgical strategy for
patients with severe FMR, there has been speculation about the traditional role of MV
replacement compared to repair. Earlier meta-analyses investigating mitral valve repair
versus replacement in patients with ischaemic FMR favoured mitral valve repair, which
was associated with better short-term and long-term survival compared to mitral valve
replacement ?>. However, the marked patient heterogeneity made it difficult to generalize
these results. Additionally, the studies included within these meta-analyses applied sub-
optimal replacement techniques, specifically inconsistent chordal preservation leading
to disruption of valvular-ventricular continuity, a lack of LV remodeling, and resultant LV
dysfunction %?24 In identifying echocardiographic findings predictive of recurrent MR
after mitral valve repair for FMR, several factors were associated with poor outcomes: mitral
valve tenting height > 10 mm, posterior leaflet angle > 45°, tenting area = 2.5 cm?, systolic
interpapillary muscle distance = 20 mm, systolic sphericity index = 0.7, end-systolic volume
= 145 ml and wall motion score = 1.5 ?°. The discrepancy in these studies highlighted the
need for a randomised control trial to identify if one strategy was optimal in this patient
population.

In 2014, the Cardiothoracic Surgical Trials Network (CTSN) conducted a multicenter,
randomised trial to evaluate the relative benefits and risks of repair versus replacement,
with or without coronary revascularisation, in patients with severe IMR with follow-up for
12 months with a primary endpoint of LV reverse remodeling as determined by the LV End
Systolic Volume Index (LVESVI). A total of 251 patients (126 in the repair group, and 125 in
the replacement group), with an average age of 68 years, LVEF 41%, and EROA of 0.4 cm?
were enrolled. There were no significant differences in LV reverse remodeling or survival
between the MV repair or replacement groups. Additionally, no significant differences in
major adverse cardiac or cerebrovascular events, functional status, or in quality of life were
noted. What received the most attention was that the recurrence rate of moderate or severe
MR was significantly higher in the repair group than in the replacement group (32.6% vs.
2.3%, respectively; p < .0001). Similar findings were identified at the 2-year follow-up of
the trial, with no significant between-group differences in the rate of a composite of major
adverse cardiac or cerebrovascular events, LV reverse remodeling or survival. An even
larger discrepancy, however, was identified with regards to the recurrence rate of moderate
or severe mitral regurgitation in the repair group versus the replacement group (58.8%
vs. 3.8%, respectively; p < 0.0001) 2. Additionally, patients in the repair group had more
serious adverse events related to heart failure and cardiovascular readmissions. Although
the trial was not powered for a survival difference, it should be noted that despite a < 4%
rate of recurrent MR compared to the almost 60% seen in the repair group, there was no
evidence of a survival benefit within two years in the replacement group, underscoring the
lack of survival difference even with less recurrent MR. It remains to be seen if at longer
follow-up (5 years) a survival difference becomes apparent. It should be noted, however,
that the 2-year mortality rate of 19% in the repair group and 23% in the replacement group
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(p=0.39) is still considerable. In response to the findings of the CTSNet trial, the ACC/AHA
2017 guidelines were revised and currently favour MV replacement as a IIA recommendation
over repair in secondary or FMR °.

It should be noted that post hoc analysis of this trial demonstrated that recurrent MR
after MVA alone was greatest in patients with a postero-basal aneurysm leading to apical
tethering of the posterior leaflet #7.

Despite the large difference in recurrent MR in the CTSN trial, advocates of mitral repair for
FMR point out that only 12% of patients in this study received a concomitant subvalvular
procedure for their mitral repair. While there has been no study to date comparing
chordal-sparing mitral valve replacement versus mitral repair with RMA and a concomitant
subvalvular procedure, the initial results from the addition of a sub-mitral technique have
been promising, as we will outline. These initial studies have led to increased efforts to
identify patient populations who would benefit the most from a mitral repair utilizing a
subvalvular procedure which potentially restores the anatomy of the papillary muscles
at the time of RMA allowing for LV remodeling and reducing the rate of recurrent MR.
In the senior author’s practice, patients who receive a mitral repair for FMR beyond
simple Carpentier Type I annular dilatation will receive a subvalvular procedure with MV
annuloplasty given the results of RMA alone. Certain criteria, on the other hand, make
mitral valve replacement more advantageous including advanced age (>75 years), the
need for concomitant procedures at the time of surgery that may significantly increase the
cross-clamp and cardiopulmonary bypass times, additional complex MV leaflet pathology
increasing the repair difficulty, or previous attempt at MV repair. Elderly patients, in
particular, benefit from a minimally invasive chordal-sparing bioprosthetic MVR with
excellent operative outcomes 8.

Subvalvular Techniques of Mitral Valve Repair for
Ischaemic Mitral Regurgitation

Chordal Cutting

A variety of different subvalvular techniques have been developed (Table 1). The technique
of chordal cutting, first introduced by Messas et al. * in 2001 in an ovine model of ischaemic
MR, focuses on anterior mitral leaflet tethering in FMR resulting from the attachment of basal
chordae to the basal and mid body of the anterior mitral leaflet. This attachment can lead to
an abnormal bend in the anterior mitral leaflet described as a “seagull wing” by Professor
Alain Carpentier *. In theory, second-order chordal cutting should reduce the degree of
leaflet tethering and increase leaflet mobility and coaptation height limiting the degree of
mitral regurgitation. Chordal cutting is typically performed by dividing secondary chords
to the anterior leaflet, posterior leaflet, and the commissure that arise from the papillary
muscle or muscles affected by the infarcted myocardium 3°. This procedure is performed
prior to placement of the annuloplasty band to optimize visibility during chordal cutting to
prevent inadvertent injury to primary chords.

The first large clinical study utilizing chordal cutting techniques in the surgical management
of ischaemic MR was published by Borger et al. comparing patients who underwent chordal
cutting mitral valve repair versus conventional RMA mitral valve repair for IMR *°. The mean
age was 04 years with the majority in both groups presenting with an MR grade >3+ (71%
in the control group and 57% in the chordal cutting group). Pre-operatively, patients in
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the chordal cutting group had a significantly lower LVEF than patients in the control group
(33% versus 43%, respectively; p < 0.001). Patients who underwent a chordal cutting
mitral repair experienced greater reductions in tenting area as well as greater mobility of
the anterior leaflet, as measured by a reduction in the distance between the free edge of the
anterior mitral valve leaflet and the posterior left ventricular wall without compromising
post-operative left ventricular ejection fraction. This led the authors to conclude that
chordal cutting improved mitral valve leaflet mobility and reduced mitral regurgitation
recurrence in patients with ischaemic mitral regurgitation, without any obvious deleterious
effects on left ventricular function. What is less clear is whether the same benefit would be
expected in the group of patients with better preserved LVEFs? Would “prophylactic” chord
cutting prevent later leaflet tethering and provide a more durable repair or at least delay
the onset of recurrence of MR?

Song et al. reported their findings in 38 consecutive patients with dilated or ischaemic
cardiomyopathy who were candidates for cardiac transplantation by analyzing the impact
basal chordae insertion site had on the development of secondary MR *'. Wide variations
in basal chordae insertion sites on the anterior leaflet dictated the severity of secondary
MR in patients with LV dysfunction secondary to severe dilatation. Ultimately the authors
concluded that basal chordal cutting would reduce the tenting angle and increase the
bending angle of the anterior MV leaflet, thereby reducing the MV tenting area. However,
if selective partial basal chordal cutting is needed to preserve LV systolic function, it may
be best to cut the outer two basal chordae to reduce mitral valve tenting and MR severity.
Calafiore et al. published their results from a propensity-matched analysis of 52 patients to
determine the optimal surgical treatment of ischaemic mitral regurgitation (MR) utilizing
a chordal cutting technique. 3? Patients were equally divided between chordal cutting (CC)
and no chordal cutting (noCC) with a mean age of 62 years, EF of 30%, and LVEDD of
57mm. With a mean follow-up of 33 months, they found that in patients with a bending
angle < 145° and a coaptation depth < 10 mm, chordal cutting led to less residual or
persistent MR, improved EF, and lowered New York Heart Association class (Figure 1).

Papillary Muscle Relocation

In the early-mid 2000s, significant efforts were made primarily by Irving Kron and Frank
Langer to develop surgical papillary muscle relocation techniques to address restrictive
leaflet motion associated with severe leaflet tethering and displacement of the coaptation
point seen in ischaemic MR. Kron et al. reported their technique of surgical relocation
of the posterior papillary muscle using a 3-0 polypropylene suture placed through the
posterior papillary muscle fibrous tip and then passed through the adjacent mitral annulus
just posterior to the right fibrous trigone *. Subsequently the mitral annuloplasty is
performed using a partially, flexible ring. After placement of the annuloplasty ring and
saline testing, if there is evidence of leaflet tethering with inadequate leaflet coaptation and
resultant MR typically located in the P3 segment, a single throw is placed in the posterior
papillary muscle relocation suture and brought up to the annulus, drawing the posterior
papillary muscle tip closer to the annulus. The final position of the posterior papillary
muscle tip is then estimated by determining the point at which leaflet coaptation occurs in
the plane of the mitral annulus.

Building upon the work of Kron, and in conjunction with the work by Tibayan et al. >
which determined that the distance between the mid-septal fibrous annulus and the
posterior papillary muscle plays a key role in the pathogenesis of IMR, Langer and
colleagues developed a new posterior papillary muscle repositioning “ring plus string”
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Figure 1: Chordal cutting technique in the surgical management of ischaemic MR

repair technique that could be adjusted under TEE guidance on the beating heart 353°.
This technique is performed by anchoring a Teflon-pledgetted suture in the head of the
posterior papillary muscle, then passed through the fibrosa (midseptal annular saddle
horn) under direct vision and exteriorized through the aortic wall underneath the
commissure between the non-coronary and left coronary aortic cusps. The suture is then
tied under echocardiographic guidance in the loaded beating heart to reposition the
displaced posterior papillary muscle toward the fibrosa. This technique has since been
refined to allow for further reduction of the septal-lateral diameter after implantation in
the loaded beating heart with their DYANA nitinol-based dynamic annuloplasty device that
can be deformed by activation with radiofrequency *’.

Fattouch et al. reported their midterm results on the surgical management of severe,
ischaemic MR in 115 patients who underwent a papillary muscle relocation plus non-
restrictive mitral annuloplasty and coronary artery bypass grafting *. In their cohort, the
five-year freedom from cardiac-related death and events was 91.3% and 84%, respectively,
and the incidence of more than moderate recurrent MR occurred in only 3 patients
(2.7%). Additionally, reversal in left ventricular remodeling, as measured by a change in
the end-diastolic and systolic diameter was observed. Based on their findings, the authors
concluded that in patients with ischaemic MR, papillary muscle relocation with a CV-4
Gore-Tex suture plus non-restrictive mitral annuloplasty promotes a significant reversal
in left ventricular remodeling, a decrease in tenting area and coaptation depth, and less
recurrent MR. What remains to be seen is if restrictive MVA compared to non-restrictive
MVA would have led to better results. This study brings up the question of the relative
contribution of the annuloplasty technique vs. the subvalvular repair in the success of MV
repair for FMR.

Papillary Muscle Approximation

The technique of papillary muscle approximation (PMA) with a papillary muscle sling
technique was first introduced in 2003 by Hvass et al. to treat patients with ischaemic LV
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dysfunction and FMR ¥. By restoring a more normal alignment between the mitral annulus
and the laterally displaced papillary muscles, this technique could relieve the excess
tethering on the mitral leaflets, and significantly restore leaflet mobility. This method is
performed by placing a 4 mm Gore-Tex (W.L. Gore & Assoc. Newark, DE, USA) tube graft
around the base of the posterior and anterior papillary muscles (Figure 2). The loop is
then progressively tightened until there is no residual graft between the bases of the two
papillary muscles. Placement of an annuloplasty ring that is “true sized” to the anterior
leaflet is then placed and the procedure has been termed the “sling and ring” repair.

This technique has since been modified and performed safely in a minimally invasive
fashion via a mini-right thoracotomy by Lamelas “#!. Briefly, after standard femoral artery
and vein cannulation, a 5-6 cm incision is made in the right 4th or 5th intercostal space
lateral to the anterior axillary line. A rib spreader is inserted and the pericardium opened
anterior to the phrenic nerve. A single dose of antegrade del Nido cardioplegia is infused
and then repeated after 90 minutes if needed. A left lateral atriotomy is performed through
Waterston’s groove to enter the left atrium. An atrial lift retractor and atrial exposure blade
are used to visualize the mitral valve. A specially designed papillary exposure instrument is
used to evaluate the subvalvular apparatus. A long curved clamp is used to encircle all sets
of papillary muscles with great care to make sure that the clamp is as close to the base as
feasible. A 4mm polytetrafluoroethylene graft (Gore-Tex. WL Gore & Associates. Newark,
DE) is placed around the base of the papillary muscles with attention to ensuring that the
graft has an anchoring muscle to prevent upward migration (Figure 3). The edges of the
sling are approximated as tightly
as possible and then sutured
together with a 4-0 Prolene
suture (Ethicon, Inc. Somerville,
NJ) (Figures 3). At this point,
the “sling” portion is completed
and attention is directed to the
annuloplasty ring. Using the
anterior leaflet height to size the
ring, a rigid saddle ring is placed
without under-sizing (Figure 4).
The remainder of the operation
proceeds in a standard fashion. In
patients with previous coronary
bypass grafting, the procedure is
performed with moderate to deep
hypothermia (24-26°C) under
fibrillatory arrest. In patients
with  concomitant  tricuspid
regurgitation, both cavae are
snared after the single femoral
venous cannula is withdrawn into
the inferior venae cava. The right
atrium is opened and a sump
suction, as opposed to a separate

Figure 2: Papillary Muscle Approximation
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Bottom: complete approximation of papillary muscles with tightened sling
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Figure 4: True sized complete rigid annuloplasty ring

superior vena cava cannula, provides adequate drainage for the procedure. In patients with
atrial fibrillation, after the MV is immediately opened, the left atrial ablation is performed
followed by closure of the left atrial appendage. Attention is then directed towards the
mitral valve procedure.

Outcomes utilizing a “sling and ring” repair have shown promise with regards to
improvement in LV remodeling and leaflet mobility. Hvass. et al. reported an immediate
effect on mitral leaflet mobility by suppressing the tethering resulting from displacement
of the papillary muscles 2. This anatomical correction led to improvements in ventricular
diameter, ejection fraction, volume, and sphericity index. Similar positive results have been
seen when comparing papillary muscle sling plus RMA to annuloplasty ring alone. In the
senior author’s experience, the papillary muscle sling plus a true sized mitral annuloplasty
ring was associated with a lower MV tenting height, MV tenting area, inter-papillary muscle
distance, as well as a smaller posterior leaflet tethering angle and a greater leaflet coaptation
length when compared with RMA alone . Additionally, recurrent moderate or greater MR
occurred significantly less in the sling and ring group, as compared with RMA only (15.7%
vs. 35.3% respectively, p < 0.001) with a mean follow-up of 11 months.

In 2008, Rama et al. described a similar subvalvular approach of papillary muscle
approximation (PMA) where a single U-shaped stitch, reinforced by two patches of
autologous pericardium and passed through the bodies of posterior and anterior
papillary muscles, repositions the papillary muscles to the midline *. This method of
PMA is believed to correct papillary muscle displacement with a more anatomic papillary
muscle-to-mitral annulus alignment. Nappi et al. conducted the PMA trial — a randomised
controlled trial designed to determine the benefits of papillary muscle surgery on long-
term clinical outcomes of patients with ischaemic MR #. A total of 96 patients were
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enrolled in this study divided equally into groups with each receiving CABG and RMA and
one group undergoing additional PMA. At 5-year follow-up, the PMA group was noted to
have significant improvement in ventricular remodeling with reduction in mean LVEDD
and improvement in mean LVEF. While there was no statistically significant difference in
mortality at 5 years, the freedom from MACCE favored PMA. Additionally, PMA significantly
reduced tenting height, tenting area, and inter-papillary distance both immediately and at
late follow-up with significantly lowered recurrent moderate-to-severe MR. A sub-analysis
by the same group determined that patients with pre-operative symmetric and asymmetric
tethering and isolated inferior wall dyskinesia benefit most from concomitant subvalvular
surgery “. This is consistent with the CTSNetwork trial that demonstrated more complex
tethering may benefit from additional subvalvular procedures.

Surgical Ventricular Reconstruction

In certain populations, the addition of left ventriculoplasty to mitral valve repair for FMR has
been found to be associated with more effective control of MR and further improvement of
LVEF than RMA alone . Surgical ventricular reconstruction (SVR) was first popularized for
the management of heart failure with LV remodeling caused by coronary artery disease, and
was shown to reduce the left ventricular volume, increase the ejection fraction, and improve
ventricular function . In the STICH trial, despite a significantly greater reduction in LV
volume with SVR than CABG alone, this improvement did not translate into a measurable
survival benefit for patients *°. However, as sub-mitral techniques for mitral valve repair
have begun to gain favor in the treatment of FMR, the combination of left ventriculoplasty
with a subvalvular procedure has been investigated.

Wakasa et al. reported on patients with severe mitral tethering and significantly enlarged
LVs (LVEDD > 65 mm) who underwent concomitant PMA and left ventriculoplasty >'.
When compared with annuloplasty alone, or annuloplasty with PMA, the addition of left
ventriculoplasty was associated with a significant improvement in LVEF. There was also
a trend toward greater improvement in MR grade when a left ventriculoplasty was also
performed; however, this finding was not statistically significant.

Mandegar and colleagues studied 30 patients with pre-operative EF < 30% who were
candidates for CABG and left ventriculoplasty . Some patients received PMA plus left
ventriculoplasty, and this group experienced significant changes in the concavity area,
ejection fraction, and sphericity index. These findings led the authors to conclude that
PMA as an adjunct to CABG results in better left ventricular function and shape, even at
long-term follow-up. While interesting, these patients with very severe LV dilation may
be appropriately evaluated in conjunction with a multidisciplinary advanced heart failure
team to determine if primary MV surgery with mechanical circulatory back-up, or durable
left ventricular assist device, is the optimal treatment.

Conclusions

The surgical management of FMR continues to evolve with improvements in surgical
techniques designed to address the pathological changes in the mitral valve apparatus
and left ventricle associated with chronic, ischaemic heart disease. Current guidelines by
the AHA/ACC and ESC/EACTS continue to recommend surgical management for severe,
chronic secondary MR. Earlier attempts to surgically correct annular dilation and resultant
MR secondary to chronic ischaemic heart disease utilized RMA; however, recent results
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from the CTSN multicenter, randomised trial have demonstrated that these patients have a
high rate of recurrent MR compared to mitral valve replacement at 1- and 2-year follow-up.
The lack of long-term benefit from mitral repair alone in these studies appears to indicate
the need for additional techniques to MVA alone. Based on these studies, the current AHA/
ACC recommendation for treatment of severe, chronic MR is mitral valve replacement.
There remains the potential for percutaneous intervention with the Mitraclip device
in the treatment of FMR as the Cardiovascular Outcomes Assessment of the MitraClip
Percutaneous Therapy for Heart Failure Patients with Functional Mitral Regurgitation
(COAPT) Trial (Abbott Vascular, Abbott Park, IL. USA) is currently ongoing (NCT01626079).

Several new subvalvular surgical techniques for the mitral valve have been developed
over the past decade to address the pathological changes associated with chronic FMR,
specifically annular flattening and dilatation (RMA), papillary muscle displacement (PMA
and PM relocation), mitral leaflet tethering (chordal cutting, PMA), and global LV dilation
(left ventriculoplasty). Early results utilizing these techniques in the surgical management
of FMR have demonstrated positive results with evidence of favorable LV remodeling seen
on post-operative echocardiogram and less MR recurrence. There are continued efforts
to identify subsets of patients who will benefit the most from subvalvular procedures in
addition to an annuloplasty for chronic FMR, as performed by Nappi and colleagues with
regards to PMA. Additionally, some patients may benefit from a combination of subvalvular
techniques during MV repair to address all potential causes of FMR in this population. The
senior author has demonstrated that any of these techniques can be reliably performed
from a minimally invasive right thoracotomy platform.

As the role for individual subvalvular techniques continues to evolve in the surgical
management of FMR, there will be an impetus to compare results with mitral valve
replacement and percutaneous mitral intervention. A randomized control trial between
subvalvular MV repair versus chordal-sparing mitral valve replacement would address
current concerns regarding the durability of MV repair in this population. Furthermore,
as percutaneous mitral techniques continue to improve and are determined to provide
a durable, lesser invasive approach to this problem, they will also need to be compared
against mitral annuloplasty and subvalvular mitral repair. A survival benefit to any form
of FMR surgical correction has yet to be shown. Symptom relief may be the metric to
determine outcomes. Newer minimally invasive approaches to valve surgery via a right
mini-thoracotomy have demonstrated significant reductions in ICU and hospital stay, blood
transfusions, and pain and narcotic use when compared even to a mini-sternotomy, and
may further improve short and long-term morbidity >.

References

1. Onorati F, Santini F, Dandale R, et al. Functional mitral regurgitation: a 30-year unresolved
surgical journey from valve replacement to complex valve repairs. Heart failure reviews. May
2014;19(3):341-358.

2. Boyd JH. Ischaemic mitral regurgitation. Circulation journal : official journal of the Japanese
Circulation Society. 2013;77(8):1952-1956.

3. Hickey MS, Smith LR, Muhlbaier LH, et al. Current prognosis of ischaemic mitral regurgitation.
Implications for future management. Circulation. Sep 1988;78(3 Pt 2):151-59.



Chapter 4 79

10.

11.

12.

13.

14.

15.

16.

Levine RA, Schwammenthal E. Ischaemic mitral regurgitation on the threshold of a solution:
from paradoxes to unifying concepts. Circulation. Aug 02 2005;112(5):745-758.

Otsuji Y, Handschumacher MD, Liel-Cohen N, et al. Mechanism of ischaemic mitral regurgitation
with segmental left ventricular dysfunction: three-dimensional echocardiographic studies in
models of acute and chronic progressive regurgitation. Journal of the American College of
Cardiology. Feb 2001;37(2):641-648.

Nishimura RA, Otto CM, Bonow RO, et al. 2017 AHA/ACC Focused Update of the 2014 AHA/ACC
Guideline for the Management of Patients With Valvular Heart Disease: A Report of the American
College of Cardiology/American Heart Association Task Force on Clinical Practice Guidelines.
Circulation. Jun 20 2017;135(25):e1159-e1195.

Nishimura RA, Otto CM, Bonow RO, et al. 2014 AHA/ACC guideline for the management of
patients with valvular heart disease: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines. The Journal of thoracic and cardiovascular
surgery. Jul 2014;148(1):e1-e132.

Grayburn PA, Carabello B, Hung ], et al. Defining “severe” secondary mitral regurgitation:
emphasizing an integrated approach. Journal of the American College of Cardiology. Dec 30
2014;64(25):2792-2801.

Baumgartner H, Falk V, Bax JJ, et al. 2017 ESC/EACTS Guidelines for the management of valvular
heart disease: The Task Force for the Management of Valvular Heart Disease of the European
Society of Cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS).
European heart journal. Aug 26 2017.

Bolling SF, Deeb GM, Bach DS. Mitral valve reconstruction in elderly, ischaemic patients. Chest.
Jan 1996;109(1):35-40.

Onorati F, Rubino AS, Marturano D, et al. Mid-term echocardiographic results with different
rings following restrictive mitral annuloplasty for ischaemic cardiomiopathy. European journal of
cardio-thoracic surgery : official journal of the European Association for Cardio-thoracic Surgery.
Aug 2009;36(2):250-260; discussion 260.

American College of Cardiology/American Heart Association Task Force on Practice G,
Society of Cardiovascular A, Society for Cardiovascular A, et al. ACC/AHA 2006 guidelines for
the management of patients with valvular heart disease: a report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines (writing committee
to revise the 1998 Guidelines for the Management of Patients With Valvular Heart Disease):
developed in collaboration with the Society of Cardiovascular Anesthesiologists: endorsed by the
Society for Cardiovascular Angiography and Interventions and the Society of Thoracic Surgeons.
Circulation. Aug 01 20006;114(5):e84-231.

Kwon MH, Lee LS, Cevasco M, et al. Recurrence of mitral regurgitation after partial versus
complete mitral valve ring annuloplasty for functional mitral regurgitation. The Journal of
thoracic and cardiovascular surgery. Sep 2013;146(3):616-622.

Bax JJ, Braun Jsv, Somer ST, et al. Restrictive annuloplasty and coronary revascularization in
ischaemic mitral regurgitation results in reverse left ventricular remodeling. Circulation. Sep 14
2004;110(11 Suppl 1):11103-108.

Ryan LPB, Jackson BM, Hamamoto H, et al. The influence of annuloplasty ring geometry on mitral
leaflet curvature. The Annals of thoracic surgery. Sep 2008;86(3):749-760; discussion 749-760.

Daimon M, Fukuda S, Adams DH, et al. Mitral valve repair with Carpentier-McCarthy-Adams IMR
ETlogix annuloplasty ring for ischaemic mitral regurgitation: early echocardiographic results
from a multi-center study. Circulation. Jul 04 2006;114(1 Suppl):1588-593.



80

Perspectives In Cardiothoracic Surgery Vol I11

17.

18.

19.

20.

21.

22.

23.

24.

25.

20.

27.

28.

29.

30.

31.

32.

McGee EC, Gillinov AM, Blackstone EH, et al. Recurrent mitral regurgitation after annuloplasty
for functional ischaemic mitral regurgitation. The Journal of thoracic and cardiovascular surgery.
Dec 2004;128(6):916-924.

Braun J, van de Veire NR, Klautz RJ, et al. Restrictive mitral annuloplasty cures ischaemic
mitral regurgitation and heart failure. The Annals of thoracic surgery. Feb 2008;85(2):430-4306;
discussion 436-437.

Deja MA, Grayburn PA, Sun B, et al. Influence of mitral regurgitation repair on survival in the
surgical treatment for ischaemic heart failure trial. Circulation. May 29 2012;125(21):2639-2648.

Smith PK, Puskas JD, Ascheim DD, et al. Surgical treatment of moderate ischaemic mitral
regurgitation. The New England journal of medicine. Dec 04 2014;371(23):2178-2188.

Wu AH, Aaronson KD, Bolling SF, Pagani FD, Welch K, Koelling TM. Impact of mitral valve
annuloplasty on mortality risk in patients with mitral regurgitation and left ventricular systolic
dysfunction. Journal of the American College of Cardiology. Feb 01 2005;45(3):381-387.

Vassileva CM, Boley T, Markwell S, Hazelrigg S. Meta-analysis of short-term and long-term survival
following repair versus replacement for ischaemic mitral regurgitation. European journal of
cardio-thoracic surgery : official journal of the European Association for Cardio-thoracic Surgery.
Mar 2011;39(3):295-303.

Murphy MO, Rao C, Punjabi PP, Athanasiou T. In patients undergoing mitral surgery for ischaemic
mitral regurgitation is it preferable to repair or replace the mitral valve? Interactive cardiovascular
and thoracic surgery. Feb 2011;12(2):218-227.

Ucak A, Ugur M, Onan B, et al. Conventional versus complete chordal-sparing mitral valve
replacement: effects on left ventricular function and end-systolic stress. Acta cardiologica. Oct
2011;66(5):627-634.

Wakasa S, Kubota S, Shingu Y, Ooka T, Tachibana T, Matsui Y. The extent of papillary muscle
approximation affects mortality and durability of mitral valve repair for ischaemic mitral
regurgitation. Journal of cardiothoracic surgery. Jun 03 2014;9:98.

Goldstein D, Moskowitz AJ, Gelijns AC, et al. Two-Year Outcomes of Surgical Treatment of Severe
Ischaemic Mitral Regurgitation. The New England journal of medicine. Jan 28 2016;374(4):344-
353.

Kron IL, Hung J, Overbey JR, et al. Predicting recurrent mitral regurgitation after mitral valve
repair for severe ischaemic mitral regurgitation. The Journal of thoracic and cardiovascular
surgery. Mar 2015;149(3):752-761 e751.

Lamelas J, Sarria A, Santana O, Pineda AM, Lamas GA. Outcomes of minimally invasive valve
surgery versus median sternotomy in patients age 75 years or greater. The Annals of thoracic
surgery. Jan 2011;91(1):79-84.

Messas E, Guerrero JL, Handschumacher MD, et al. Chordal cutting: a new therapeutic approach
for ischaemic mitral regurgitation. Circulation. Oct 16 2001;104(16):1958-1963.

Borger MA, Murphy PM, Alam A, et al. Initial results of the chordal-cutting operation for ischaemic
mitral regurgitation. The Journal of thoracic and cardiovascular surgery. Jun 2007;133(6):1483-
1492.

Song JM, Kim JJ, Ha TY, et al. Basal chordae sites on the mitral valve determine the severity of
secondary mitral regurgitation. Heart. Jul 2015;101(13):1024-1031.

Calafiore AM, Refaie R, Iaco AL, et al. Chordal cutting in ischaemic mitral regurgitation: a
propensity-matched study. The Journal of thoracic and cardiovascular surgery. Jul 2014;148(1):41-
406.



Chapter 4 81

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

406.

47.

Kron IL, Green GR, Cope JT. Surgical relocation of the posterior papillary muscle in chronic
ischaemic mitral regurgitation. The Annals of thoracic surgery. Aug 2002;74(2):600-601.

Tibayan FA, Rodriguez F, Langer F, et al. Annular or subvalvular approach to chronic ischaemic
mitral regurgitation? The Journal of thoracic and cardiovascular surgery. Jun 2005;129(6):1266-
1275.

Langer F, Rodriguez F, Ortiz S, et al. Subvalvular repair: the key to repairing ischaemic mitral
regurgitation? Circulation. Aug 30 2005;112(9 Suppl):1383-389.

Langer F, Schafers HJ. RING plus STRING: papillary muscle repositioning as an adjunctive repair
technique for ischaemic mitral regurgitation. The Journal of thoracic and cardiovascular surgery.
Jan 2007;133(1):247-249.

Langer F, Groesdonk HV, Kunihara T, Schafers HJ. Dynamic RING + STRING for ischaemic mitral
regurgitation: papillary muscle repositioning and modification of the septal-lateral diameter
in the loaded beating heart under echocardiographic guidance. The Journal of thoracic and
cardiovascular surgery. May 2011;141(5):1315-1316.

Fattouch K, Castrovinci S, Murana G, et al. Papillary muscle relocation and mitral annuloplasty in
ischaemic mitral valve regurgitation: midterm results. The Journal of thoracic and cardiovascular
surgery. Nov 2014;148(5):1947-1950.

Hvass U, Tapia M, Baron F, Pouzet B, Shafy A. Papillary muscle sling: a new functional approach
to mitral repair in patients with ischaemic left ventricular dysfunction and functional mitral
regurgitation. The Annals of thoracic surgery. Mar 2003;75(3):809-811.

Benjo AM, Macedo FY, Santana O, Lamelas J. Papillary muscle sling placement for functional mitral
regurgitation during minimally invasive valve surgery. Innovations. Nov-Dec 2012;7(6):448-451.

Santana O, Solenkova NV, Pineda AM, Mihos CG, Lamelas J. Minimally invasive papillary muscle
sling placement during mitral valve repair in patients with functional mitral regurgitation. The
Journal of thoracic and cardiovascular surgery. Jan 2014;147(1):496-499.

Hvass U, Joudinaud T. The papillary muscle sling for ischaemic mitral regurgitation. The Journal
of thoracic and cardiovascular surgery. Feb 2010;139(2):418-423.

Mihos CG, Capoulade R, Yucel E, Melnitchouk S, Hung J. Combined papillary muscle sling and
ring annuloplasty for moderate-to-severe secondary mitral regurgitation. Journal of cardiac
surgery. Nov 2016;31(11):664-671.

Rama A, Nappi F, Praschker BG, Gandjbakhch I. Papillary muscle approximation for ischaemic
mitral valve regurgitation. Journal of cardiac surgery. Nov-Dec 2008;23(6):733-735.

Nappi F, Lusini M, Spadaccio C, et al. Papillary Muscle Approximation Versus Restrictive
Annuloplasty Alone for Severe Ischaemic Mitral Regurgitation. Journal of the American College
of Cardiology. May 24 2016;67(20):2334-2346.

Nappi F, Spadaccio C, Nenna A, et al. Is subvalvular repair worthwhile in severe ischaemic mitral
regurgitation? Subanalysis of the Papillary Muscle Approximation trial. The Journal of thoracic
and cardiovascular surgery. Feb 2017;153(2):286-295 e282.

Mandegar MH, Saidi B, Yousefnia MA, Alaeddini F, Roshanali F. Long-term effect of papillary
muscle approximation combined with ventriculoplasty on left ventricle function in patients
with ischaemic cardiomyopathy and functional mitral regurgitation. European journal of cardio-
thoracic surgery : official journal of the European Association for Cardio-thoracic Surgery. Sep
2011;40(3):756-760.



82

Perspectives In Cardiothoracic Surgery Vol I11

48.

49.

50.

51.

52.

Athanasuleas CL, Buckberg GD, Stanley AW, et al. Surgical ventricular restoration in the treatment
of congestive heart failure due to post-infarction ventricular dilation. Journal of the American
College of Cardiology. Oct 06 2004;44(7):1439-1445.

Athanasuleas CL, Stanley AW, Jr., Buckberg GD. Restoration of contractile function in the enlarged
left ventricle by exclusion of remodeled akinetic anterior segment: surgical strategy, myocardial
protection, and angiographic results. Journal of cardiac surgery. Nov-Dec 1998;13(6):418-428.

Jones RH, Velazquez EJ, Michler RE, et al. Coronary bypass surgery with or without surgical
ventricular reconstruction. The New England journal of medicine. Apr 23 2009;360(17):1705-
1717.

Wakasa S, Shingu Y, Ooka T, Katoh H, Tachibana T, Matsui Y. Surgical strategy for ischaemic
mitral regurgitation adopting subvalvular and ventricular procedures. Annals of thoracic and
cardiovascular surgery : official journal of the Association of Thoracic and Cardiovascular
Surgeons of Asia. 2015;21(4):370-377.

Miceli A, Murzi M, Gilmanov D, et al. Minimally invasive aortic valve replacement using right
minithoracotomy is associated with better outcomes than ministernotomy. The Journal of
thoracic and cardiovascular surgery. Jul 2014;148(1):133-137.



83

Chapter 5

Mitral Valve Surgery:

Mitral Valve Catheter-Based
Interventions: An Update

Vinayak (Vinnie) Bapat & Oscar Millan Iturbe

‘Argumentum ad judicium”



84  Perspectives In Cardiothoracic Surgery Vol III

Introduction

Mitral valve disease is one of the most common valvular heart disorders, particularly in
ageing populations, with a prevalence of more than 10% in people over 75 years of age .
Heart failure is one of the most frequent causes of functional mitral valve regurgitation (MR)
2. Enriquez-Sarano and colleagues estimated that moderate to severe mitral regurgitation
will double its prevalence by 2030 affecting more than 4 million people 2. Interestingly,
MR is the second most common valve disease requiring surgery in Europe. MR is divided
into either primary (a structural or degenerative abnormality of the mitral valve apparatus)
or secondary MR (a disease of the left ventricle (LV) which interferes with the function and
integrity of the mitral valve apparatus). Mitral stenosis is usually due to rheumatic disease,
often with heavy calcification of the mitral leaflets involving the subvalvular apparatus .

The most common cause of primary MR is degenerative mitral valve disease, in which
there is myxomatous degeneration of the mitral valve leaflets and elongated and redundant
chordal apparatus °. Thickened redundant leaflets will prolapse back into the left atrium
causing malcoaptation of leaflet edges and subsequent regurgitation. Rupture of chordal
structures is common in patients with MR, especially in older men, which will then cause a
further increase in the severity of MR because of unsupported segments of the mitral valve
leaflets. Other causes of primary MR include rheumatic disease, with rare causes being
drug-induced mitral valve disease, healed infective endocarditis, and MR associated with
systemic disease. Secondary MR is usually due to annular dilatation or leaflet tethering,
both resulting in incomplete coaptation of the leaflets resulting in regurgitation.

Surgical mitral valve repair and replacement are the current treatment options. American
and European guidelines support surgical repair of the mitral valve over valve replacement
whenever possible *°. However, in up to 50% of patients with severe MR, surgical treatment
is not performed owing to increased risk related to comorbidities 7. For these patients,
the possibility of percutaneous solutions has generated increased interest in recent years.
Catheter-based approaches have focused on replicating a surgical repair or replacement.
Repair techniques usually focus on the leaflets, annulus, or chordae. The largest body
of experience comes from the use of a leaflet based technique, the MitraClip® system 2.
MitraClip imitates the surgical technique of Alfieri (edge-to-edge) stitch and is associated
with an improvement in mitral regurgitation in a high percentage of well-selected patients °.
Other approaches, which are leaflet-, annulus- or chordae-based, are at various stages of
development.

With the success of transcatheter aortic valve implantation (TAVI), technological
developments in the field of catheter-based treatment of MR is advancing at a rapid pace,
with treatment modalities aimed to treat both primary and secondary MR. However,
compared to TAVI, technological development in this field faces multiple challenges owing
to the more complex structure of the mitral valve with unique anatomy and physiology,
heterogeneity in mitral pathology and engineering challenges to design and deliver a much
larger size valve in cases of replacement >'°.

Further, it is still unclear if reduction in MR rather than abolition of MR is essential for clinical
benefit. Most percutaneous repair techniques achieve reduction rather than elimination of
MR but are relatively low risk procedures ''. However, it may be conceivable that following
repair using one technique, a second procedure may be required in some patients thus
increasing risk, complexity, and cost. On the other hand, independent of the pathology;,
transcatheter mitral valve replacement (TMVR) has a potential to abolish MR completely
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but may be associated with higher risk. Mitral annular calcification (MAC) represents
rather a unique problem as surgical treatment can be suboptimal and transcatheter
repair or replacement techniques may also fall short. Interestingly, TAVI devices are being
increasingly used to address this issue 2. This chapter will focus on transcatheter repair
and replacement techniques.

Mitral Valve Anatomy Relevant to Percutaneous Techniques

It is important to understand the mitral anatomy and its relationship with the surrounding
structures relevant to percutaneous techniques. The mitral is a complex apparatus that
includes the annulus, the leaflets, the chordae, and the papillary muscles (PM). As the
PM originate from the LV, the mitral apparatus plays a fundamental role in the structural
and functional integrity of the LV. Therefore, disruption of the mitral-ventricular geometry
could result in maladaptive remodeling and impaired LV performance *.

1. Mitral valve annulus:

The mitral annulus is an oval saddle shape structure, which provides the base for the
leaflets. The anterior annulus (1/3rd of the total circumference) is fibrous but the posterior
annulus (2/3rd of the circumference) is predominantly muscular and hence prone to
dilatation (Figure 1A). The annulus also changes in size during different parts of the cardiac
cycle with an estimated reduction of 25% of the diameter during systole 4. The annulus
location is variable in relation to adjacent vascular structures but can lie 1cm below the
coronary sinus and 2cm below the circumflex artery. Furthermore, the length of contact
between the coronary sinus and the posterior annulus varies and is relevant to therapies
based on external annular compression. (Figure 1B). Proximity of the posterior annulus to
the circumflex artery is important as variation in anatomy dictates the risk of injury to the
circumflex artery.
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Figure 1: A. Mitral valve anatomy: The mitral valve is a complex structure composed
of the annulus (anterior annulus shown in red and posterior annulus in green), two
leaflets, chordae tendinae and papillary muscles. B. End on view of all four beart
valves demonstrating external relationship between posterior mitral valve apparatus,
coronary sinus and circumflex coronary artery.
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2. Leaflet and subvalvular
apparatus:

The mitral valve has two leaflets, a wider
anterior mitral leaflet (AML) and a longer
posterior mitral leaflet (PML). The leaflets
are attached with their base to the mitral
valve ring and they are attached with
their free edges to the left ventricle via
the subvalvular apparatus. Both leaflets
receive chordae from both papillary
muscles (Figure 1A) 5. All TMVR devices
interact with leaflets and subvalvular
apparatus, and hence pathologies of
these structures such as flail or tethered
leaflet, calcification on the leaflet, fused
subvalvular apparatus or abnormal
papillary muscle morphology may pose
a challenge for placement and secure
deployment of TMVR devices. Usually
there are two PMs: anterolateral and
posteromedial. It must be recognized
that these structures are dependent on
adequate myocardial blood flow through
the coronary arteries for optimal
function. The anterolateral PM is often a
single structure with dual blood supply
from the left coronary artery, whereas
the posteromedial PM is usually a multi-
head structure with blood supply from
only the right coronary artery (Figure
1A) 1°,

3. Left ventricular morphology:

As the PM connect the LV wall with
the mitral apparatus, any changes in
the LV geometry can result in mitral
valve dysfunction either due to leaflet
tethering or annular dilatation. As most
TMVR devices will project to varying
degrees into the left ventricular cavity,
any deformation of the LV geometry may
affect device implantation and function.
Because most of the ventricles with MR
are dilated due to volume overload,
TMVR device design must take LV
dilatation into account. Furthermore,
LV geometry can also influence the
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Figure 2: Anatomical factors that might be
associated with the risk of left ventricular
outflow tract (LVOT) obstruction in
transcatheter mitral valve replacement:

effect of depth of valve implant (a, b); effect
of flaring of the device (c, d); aorto-mitral
annular angle (AMAA; e, [); extent of septal
bulge (g, h). Reproduced with permission Tang
Getal?
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optimum delivery angle and apical anchoring, both representing important components
of TMVR implantation V. In addition, a septal bulge can also limit the suitability for a
particular type of TMVR.

4. Left ventricular outflow tract (LVOT):

The AML is essentially a curtain, which divides blood flow between the LV inflow and outflow.
During surgical mitral valve replacement, the AML is often removed or repositioned, which
is not possible during transcatheter TMVR. Hence, the AML will be held open by the TMVR
and essentially wraps the TMVR device similar to a covered stent. The wrapping could
however result in LVOT obstruction (LVOTO) '®'. Various factors, such as size of the LV
cavity, septal bulge, aorto-mitral annular angle, length and bulk of the AML and finally
length of the TMVR device in the LV will determine the presence and degree of LVOTO
(Figure 2) 920,

Transcatheter mitral valve repair technology

Mitral valve repair is currently the most widely used approach for transcatheter interventions
for MR. Transcatheter mitral valve repair (TMVRep) options currently approved for medical
use are Mitraclip *' (leaflet approximation), NeoChord ** (replacement of chordae),
Carilion # (external annuloplasty) and Cardioband ** (internal annuloplasty). Each of
these techniques tends to address one component of the mitral complex, i.e. annulus,
leaflets or chordae rather than the entire mitral valve complex; hence, the majority of
these interventions may result in reduction rather that elimination of MR '"*4, Furthermore,
patient suitability for each technique may be limited due to the variable aetiology of MR ''.
We discuss briefly these techniques and also some of those novel techniques currently
under development.

Figure 3: Percutaneous Mitral valve repair approaches: A: Cardioband, B: Carillon,
C: Mitralign, D: MVRx, E: Intrepid, F: Accucinch, G: NeoChord, H: Harpoon



88

Perspectives In Cardiothoracic Surgery Vol III

A) Annuloplasty techniques:

1.

CARDIOBAND TF (Valtech, Israel), Direct annuloplasty
(Figure 3A)

Concept: An adjustable, sutureless posterior annuloplasty
band.

Approach: Transfemoral venous and trans-septal.

Procedure: Anchors are screwed to attach the incomplete ring
of the device along the posterior annulus, and then a cable is
used to tighten the ring to accomplish reduction of the mitral annular circumference
thus reducing MR #. The main reduction occurs in the septo-lateral annular diameter.

Imaging guidance: 3D TEE and fluoroscopy.

Clinical experience: Published data reported outcomes from 31 consecutively enrolled
high-risk adult patients at five institutions in Europe with symptomatic secondary MR
despite optimal medical therapy and cardiac resynchronisation therapy (CRT) where
indicated. All patients received the full implant of a Cardioband. Adjustment of the
Cardioband resulted in a significant reduction in the septolateral dimension in all but
two patients experienced device failure. Excluding the two patients with device failure,
MR was none or trace in six (21%), mild in 21 (72%), and moderate in two (7%). No
patient had severe MR after adjustment. Procedural mortality was zero and in-hospital
mortality was 6.5% (two of 31 patients). The two mortalities were not device-related.
At 30 days, 88% of patients had MR =2 +. The reduction of MR was stable at 12 months,
with 90% of patients having MR <2+ on TTE at one year. The observed reduction of
MR is associated with substantial and sustained improvement of quality of life and
functional capacity®.

CE mark: for the treatment of functional MR was issued in September 2015

CARILLON (Cardiac Dimensions, Kirkland, WA, USA) -
Indirect Annuloplasty (Figure 3B)

Concept: This implantable mitral annular constraint device
is percutaneously placed into the coronary sinus and great
cardiac vein. Its working principle is based on the assumption
that due to proximity of the coronary venous system to the
posterior mitral annulus tightening of the shaping ribbon
connecting the two anchors of the device will remodel and
shorten the circumference of the mitral valve annulus. The device was specifically
designed for heart failure patients with significant MR due to mitral annular dilatation.

Approach: Transjugular venous.

Procedure: Constructed of nitinol wire with distal and proximal anchors connected
by an intervening cable. Shortening of the shaping ribbon results in cinching of the
coronary sinus and thus remodeling of the posterior mitral annulus. The magnitude
of beneficial effect appears to be similar to MitraClip ?°. A particular unusual feature of
the response to a CARILLON device is a delayed response with progressive reductions
in mitral annular dimensions.

Imaging: 3D TEE, TTE and fluoroscopy.
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Clinical experience: The Transcatheter Implantation of Carillon Mitral Annuloplasty
Device (TITAN) trial, which evaluated the clinical impact of the Carillon in heart failure
subjects with significant functional MR, showed a significant reduction in functional
MR grade with a reduction in LV diastolic and systolic volumes. Treated subjects were
compared with a pseudo-control group consisting of subjects without implants. Functional
and performance status significantly improved in the treated subjects. Late results showed
that coronary sinus annuloplasty was associated with delayed reverse LV remodeling and
clinical improvements up to 24 months even in subjects in whom an acute response was
not observed ?’. The upcoming REDUCE (Safety and Efficacy of the CARILLON Mitral
Contour System in Reducing Functional Mitral Regurgitation Associated with Heart Failure)
randomized trial will compare the Carillon device to optimal medical therapy in 120 heart
failure subjects with FMR. The first subject was enrolled in June 2015.

CE mark: CE mark approval (Model XE2) 2011. Not approved outside Europe and the
Middle East.

3. MITRALIGN Direct annuloplasty (Figure 3C)

* Concept: Direct reduction of the annulus resulting in reduction

mitral annulus, accompanied by decreased MV tenting area
and an increase in MV coaptation depth .

*  Approach: Transfemoral arterial retrograde (14F).

* Procedure: Plication of the mitral annulus is achieved by

placing two sets of pledgets, one in the anterior annulus and the other in the posterior
annulus and then plicating them together. A deflectable guiding catheter is placed at
the ventricular side of the mitral annulus and then with the use of radiofrequency, a
wire is passed through the annulus into the left atrium. The pledgets are then delivered
in the atrial and ventricular side. This is repeated for the posterior annulus. Over the
sutures a dedicated plication lock device is advanced to one of the pledgets. Once the
required plication is achieved, a stainless-steel lock is placed, maintaining the plication
of the mitral annulus. As a final step, the sutures are cut approximately 4mm from the
lock 2.

¢ Imaging: 2D/3D TEE and fluoroscopy.

¢ (Clinical experience: The results of the CE Mark Trial have been recently reported in 51
high-risk subjects with functional MR. Thirty day mortality was 7.8%; survival at 6 months
was 88% with an 80% freedom from valve intervention. Significant improvements in
MR severity, reduction in annular dimensions, and significant LV remodeling were
demonstrated at 6 months (Schofer J. Mitralign procedure and results of the CE Mark
Trial. Presented at the TVT Conference. Chicago, June 4, 2015). Results from the study
also confirmed that 2 pairs of pledgets were more effective in reducing MR than a
single pair of pledgets. The procedure was also safe with no procedure-related events.

e CE mark: CE mark approval in February 2016. D

4. PS3 (MVRx) ANNULOPLASTY (Figure 3D)

* Concept: Direct leveraged trans-atrial shortening of the septo-
lateral dimension of the mitral valve by providing two anchor
points that are tensioned together #.
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Approach: Femoral or jugular trans septal.

Procedure: Anchors a cord between the CS and the atrial septum, which is shortened
to reduce mitral annular septo-lateral distance.

Imaging: Fluoroscopy-guided. 2D/3D TEE and TTE only to assess MR.
CE mark: CE mark trial underway.

MILLIPEDE RING (Millipede, LLC, Ann Arbor, MI, USA) (Figure
3E)

Concept: Semirigid circumferential annular ring.

Approach: Femoral retrograde or trans-septal.

Procedure: Complete ring that is anchored into the mitral
annulus using screws, and mechanical cinching to reduce the
mitral annular circumference *°.

Imaging: echo guidance.
CE mark: Pre-clinical studies are underway.

GDS ACCUCINCH (Guided Delivery Systems, Santa Clara,
Calif) (Figure 3F)

Concept: Catheter-based delivery of a subvalvular left ventricular
reshaping (ventriculoplasty) system designed to reshape and
resize the left ventricular base and to re-establish native mitral
valve geometry while preserving native leaflet function and
restoring leaflet coaptation.

Approach: Femoral artery, retrogradely across the aortic valve
with the guide tip shape chosen to sit in the anterior aspect of the sub-annular space.

Procedure: Placement of a shaped guide catheter retrogradely across the aortic valve
and into the sub-annular space, wiring of the sub-annular space, placement of a modular
guide tunnel over the guidewire, deployment of 12-14 anchors with force distribution
members between proximal and distal anchors, removal of the modular guide tunnel,
cinching of the cinch cable and placement of a lock to maintain the applied tension
within the system, and cutting of the cinch cable to leave the completed implant prior
to removal of the guide catheter 3'.

Imaging: 2D/3D TEE and fluoroscopy.
CE mark: International feasibility trial underway.

B) Chordae replacement

NEOCHORD (NeoChord DS1000) (Figure 3G)

Concept: Placement of new chordae directly on to the leaflets.
Approach: Transapical.

Procedure: The LV apex is exposed via a left lateral
minithoracotomy, and a sheath is advanced via the apex
towards the MV leaflets. A catheter is used to grasp the leaflets
and attach artificial chordae, which are then anchored to the
LV apex. A fiber-optic monitoring device confirms that the leaflet has been adequately
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captured. Once the NeoChord is attached, the operator can optimize real-time
reduction in MR by varying chord tension and the extent of MV prolapse .

¢ Imaging: TEE and fluoroscopy.

¢ Clinical Experience: The Transapical Off-Pump Mitral Valve Intervention with Neochord
Implantation (TOP-MINI) assessed early clinical outcomes. Forty-nine patients were
treated. Acute procedure success (defined as successful placement of at least 3 neochords
with reduction of residual MR to < 2+ was achieved in all patients. In-hospital mortality
was 2%. At 30 days, major adverse events included one AMI (2%) successfully treated
percutaneously and one sepsis (2%); no stroke or bleeding events occurred. At 3
months, overall survival was 98% and MR was absent in 16 patients (33.4%), grade 1+
in 15 (31.2%), and grade 2+ in 12 (25%). Five patients (10.4%) developed recurrent
severe MR due to anterior native chordae rupture. Four of them were successfully re-
operated. At 3-month follow-up, freedom from reoperation was 91.7 + 4%. Early results
with Neochord procedure indicate that it is feasible and safe. Efficacy is maintained up to
3-month follow-up with significant clinical benefit for the patients *2.

¢ CE mark: CE approval in December 2012 for minimally invasive mitral valve repair via
surgical implantation of artificial chordae tendinae.

2. HARPOON (Harpoon Medical) (Figure 3H)

* Concept: Placement of pre-knotted chordae directly on leaflets.
*  Approach: Trans-apical, beating heart, 14 F delivery system

* Procedure: A small anterolateral thoracotomy is performed in
the fourth or fifth intercostal space. The introducer is inserted
into the ventricle through a purse-string suture in a location that
is 3 to 4 cm basal from the apex and lateral to the left anterior
descending coronary artery. The Harpoon device is steered
to the underside of the prolapsed leaflet at the targeted location, and once leaflet
stabilization is achieved, the device is actuated, forming a double-helix knot on the
atrial surface. Multiple expanded polytetrafluoroethylene (ePTFE) cords are anchored
on the leaflet, the introducer is withdrawn, and the cords are titrated to maximize
coaptation and to minimize mitral regurgitation. The cords are tied on a Teflon pledget
on the epicardium at the insertion site *.

¢ Imaging: Echo guided procedure.

* Clinical Experience: In the first-in-human experience, the Harpoon used for beating-
heartimage-guided MV repair demonstrates a significant reduction in MR with favorable
left ventricular and left atrial reverse remodeling. Eleven patients with posterior leaflet
prolapse and severe MR were treated with 100% procedural success. Immediate post-
procedural mean MR grade was ‘trace’. At 1 month, the mean MR grade was ‘mild’ with
significant decreases in end-diastolic volume and left atrial volume **.

* CE mark: Feasibility study

C) Leaflet based repair

1. MITRACLIP (Abbott)

* Concept: Based on the Alfieri stitch (Figure 4A).
* Approach: Trans-septal.
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Figure 4: Mitraclip: device and procedure.

A: Trans-septal delivery system

B: Mitraclip close up

C: Trans-septal puncture

D: Leaflet grasping with the Mitraclip.

Procedure: This is performed under general anaesthesia with TEE imaging. It is a trans-
septal procedure. A dedicated system with multi-directional control is introduced
through the femoral vein. Following a trans-septal puncture, the delivery system is
introduced into the left atrium and steered towards the mitral valve. Once the system
is aligned, the clip is opened and the edges of both leaflets are grasped at the desired
location and secured by closing the clip. If necessary, additional clips are placed. It
is important to ensure adequate tissue grasp to avoid early or delayed detachment.
Similarly, before releasing the clip, it is important to assess the possibility of mitral
stenosis and reduction in MR.

CE mark and FDA approval: Mitraclip has the largest clinical experience with over
20,000 procedures performed worldwide. Mitraclip was the first product to receive CE
mark in Europe for transcatheter mitral repair. The EVEREST trial in the USA led to a
limited approval for degenerative MR only. The COAPT trial has not finished enrolling
and will clarify its efficacy in primary MR.

MISTRAL (Mitralix)

Concept: Leaflet gathering.
Approach: Transseptal.

Procedure: Delivered with12F catheter (3D nitinol spiral shaped atraumatic wire) for
mitral valve repair via chord grasping. This is Mitralix’s 1st product *.

International Status: Pre-clinical underway.

MITRA-SPACER-TRANSAPICAL (Cardiosolutions)

Concept: Facilitate leaflet coaptation.
Approach: Transapical.

Procedure: Catheter-based mitral valve spacer to reduce MR improving leaflet
coaptation ¥.

International Status: First-in-man study underway

Transcatheter mitral valve replacement (TMVR)

In some patients, mitral valve repair is not feasible or effective. TMVR has several advantages,
compared with valve repair, as it can potentially eliminate MR irrespective of the underlying
pathology. TMVR also preserves the chordae and leaflets and hence helps to preserve left
ventricular function 3.
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A) Device design
The ‘Ten Commandments’ of an ideal TMVR design would be:

Ease of implantability,

Reproducibility,

Results in complete elimination of MR,

No risk of left ventricular outflow tract (LVOT) obstruction,
No adverse effect on LV function,

Addresses a wide range of sizes,

Effective independent of the aetiology,

Long-term durability,

e B S

Non-thrombogenic,
10. Does not result in hemolysis.

First-in-man experience has now demonstrated feasibility and proof of principle for many
devices but these early experiences have also revealed some challenges . When designing
a TMVR, there are numerous challenges. These can be grouped as follows:

1. Anatomical: large and saddle-shaped annulus, varying morphology of leaflets depending
on the pathology, size of the left ventricle and proximity to left ventricular outflow tract
(LVOT). A large valve requires a large device, which can accommodate dynamic changes
in the annulus.

2. Physiological: Higher closing pressures influencing stability, effects on blood flow in the
atrium and LVOT and thrombogenicity. Higher closing pressures also impact durability.

3. Challenges with device delivery: delivery systems and route of delivery.

Thus, the design of potential therapeutic devices is rather complex, particularly when
compared with the development of TAVI devices.

B) Delivery system

The larger nature of the device and delivery routes influence the construction of the
delivery system. Designing a suitable delivery system that allows a safe route of delivery is
a key factor influencing outcome. As the majority of TMVR devices are manufactured from
a nitinol stent frame, most delivery systems are self-contained i.e. the device is crimped
within the delivery system. Some of the common features are:

1. A gradual, stepwise deployment of the device and, to a certain degree, retrieval of the
device within the sheath if the result is not satisfactory.

2. Access route defines the orientation of the device within the delivery system. Thus,
a TMVR device delivered through a transapical approach will have the atrial portion
towards the distal end of the delivery system.

3.  As the device size is relatively large, most delivery systems will be larger than the
current TAVI delivery systems, i.e. > 30F outer diameter.

C) Approaches

The mitral valve can be accessed through multiple approaches i.e. transapical, transseptal
or transatrial. The majority of TMVR implants to date have been performed through the
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transapical approach, which reflects on the ease of access to the mitral valve, size and
maneuverability of the delivery system.

1.  Transapical approach (Figure 5A):

This approach is similar to that of the transapical approach in TAVI, but with some important
differences. In contrast to TAV], the site of the puncture needs to be accurately determined,
as angulation during TMVR deployment can result in technical difficulties and imperfect
results. Thus, the puncture site is determined pre-operatively using 3D-reconsruction of
the CT scan, which will allow a near perpendicular direction of the delivery system in
relation to the mitral annulus. The size of the purse-string is large, reflecting the size of the
current delivery systems. Difficulties can be encountered at the puncture site due to the
thickness of the myocardium. The presence of an apical aneurysm, thrombus, or a thin,
friable ventricle would be contraindications for this approach.

2. Tranmsseptal approach (Figure 5B):

Percutaneous access though the femoral vein has been used for balloon mitral
valvuloplasty for several decades and more recently also for transcatheter procedures
such as Mitraclip and valve-in-valve replacements in the mitral position. For most
procedures, the tear/puncture of the inter-atrial septum can be left alone without
any clinically relevant consequences. But, delivering a large TMVR device with a large
delivery system will result in a much larger tear, which will need to be closed with
a device 3%. Furthermore, the nature of the current delivery systems may not allow
optimum manipulation for placement of the device in a perfect position, and can
add to the complexity of an already complex procedure. This is supported by the
fact that most valve-in-valve procedures in the mitral position are performed through
a transapical approach *. It is, however, conceivable that with improvements in the
device and delivery system technology, this approach will become viable in future.

3. Transatrial approach (Figure 5C):

Delivery of a transcatheter mitral valve via transatrial access for a valve-in-valve or
valve-in-ring device implantation has been described. Feasibility of this approach in
the native mitral annulus has been only demonstrated in animal models *. Essentially,

Figure 5: Approaches for TMVR. A: Transapical; B: Transseptal; C: Transatrial
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a small thoracotomy is performed on the right side and left atrium or right superior
pulmonary vein is accessed. After placing purse strings, a short delivery system is used
to implant the valve in the mitral position. Although this approach may allow better
control of the implant due to the proximity to the mitral valve and antegrade nature
of delivery, it still remains an invasive surgical approach and coaxiality of the device
is not always feasible. This approach is currently reserved only when transapical or
transseptal approaches are not feasible.

Figure 6: Transcatheter mitral valve replacement (TMVR) devices with successful clinical
implants. A: CardiAQ valve system; B: FORTIS valve; C: Tiara™; D: Tendyne valve;
E: Twelve; F: Highlife; G: Caisson; H: Navigate.

D) TMVR devices

We describe devices with first in man experience and highlight some of the unique features,
advantages and disadvantages of these devices.

CardiAQ wvalve system (Edwards Lifesciences, Irvine, CA)
(Figure 6GA)

* Stent frame: self-expanding nitinol frame, circular.

* Leaflets: three leaflets made of bovine pericardium.

* Anchoring mechanism: two sets of opposing anchors, atrial
and ventricular. Ventricular anchors, hook around the leaflets.

e Suitable for native annulus size: 36 to 39.5 mm.

* Delivery system: 33F.

* Approach: Transapical and transseptal.

* Effect on LVOT: Minimal, as the device sits relatively high in the atrium
*  Sizes: Single 30 mm at the inflow and 40 mm at the annulus.

¢ (Clinical experience to date: The first implant was performed in 2012 with the first
generation CardiAQ porcine bioprosthesis through a transseptal approach.
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From May 2014 to June 2015, the second generation of the CardiAQ bovine bioprosthesis
was implanted in 10 patients. The transapical approach was used in 9 cases and the
transseptal approach was used in one case *'. The CardiaAQ valve has been implanted
in ten patients in a compassionate use protocol. The outcomes of 3 patients who
underwent TMVR through the apex were published. Successful implant was achieved
in all subjects and 30-day mortality rate was 33.3% without late mortality. Of the 3
patients, 1 patient died in hospital as result of post-operative pneumonia 2. The
same group published the successful implant of the second generation of the CardiAQ
valve through transfemoral-transseptal approach in 1 patient .

* Stage of development: Feasibility trial.

]

Fortis (Edwards Lifesciences) (Figure 6B) e L"E 2" s
e Stent frame: self-expanding nitinol frame, circular and S e
cylindrical. e

* Leaflets: three bovine pericardial leaflets symmetrical. e
* Anchoring mechanism: the Fortis TMV uses paddles located in ﬁ

the outflow of the central valve body allowing capture of the
mitral leaflets.

e Suitable for native annulus size: 30 to 44 mm.

* Delivery system: 42F.

* Approach: Transapical.

e Effect on LVOT: Contraindicated in a small left ventricle.

* Sizes: single - 29 mm.

* Clinical experience to date: Twenty patients have been treated with the Fortis TMV 4.,
In the US, the results of only 13 patients performed outside trial protocol are available.
Procedural success was obtained in 10 patients. Two patients required conversion to
open surgery, one due to malposition and another due to chordal entanglement. One
patient had partial migration of the valve and died on post-procedure day 4. In-hospital
mortality rate was 30.8% (4/15). Excellent results in abolishing MR were seen on
echocardiogram at the time of discharge. The 30-day mortality rate was 38.5%, as one
patient died on day 15 post implant due to suspected valve thrombosis/endocarditis .

e Stage of development: On hold/withdrawn

r ~7
Tiara (Neovasc) (Figure 6C) r r/ i ll
¢ Stent frame: Self-expanding nitinol frame, D-shape. ;1; :'_
* Leaflets: Three asymmetric leaflets made of bovine pericardium. ;" ' “‘--. ,._f{..—
* Anchoring mechanism: 3 tabs, 2 anterior and 1 posterior. The = u_.i__ '

tabs help to secure the device by anchoring it against the fibrous
skeleton of the mitral valve.

e Suitable for native annulus size: The A-P diameter is 30-34 mm, and the lateral diameter
is 35-40 mm.

* Delivery system: 32F.
* Approach: Transapical.
e Effect on LVOT: Minimal as it is a D-shaped device
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Tendyne/Lutter TMVR (Tendyne) (Figure 6D)

Intrepid (Medtronic) (Figure GOE)

Sizes: multiple. Although the only size available for investigational use is 35 mm. The
other sizes (40 mm and 45 mm sizes) are under development.

Clinical experience to date: Nineteen patients have been treated with Tiara valve.
These patients were considered high-risk for mitral valve surgery. Three patients were
reported to have malposition with conversion to open surgery (16%). The remaining
valves were successfully implanted and the 30-day echocardiogram evaluation showed
no evidence of mitral regurgitation *°. Mortality at 30 days was 16% (3 patients). There
was one case of late mortality on day 69 post-implant despite successful implantation
of the valve with abolishment of MR due to refractory end-stage heart failure .

Stage of development: Feasibility trial; the TIARA-I study is currently actively enrolling.

i)

Stent frame: Two self-expanding nitinol stents. Outer stent is

D-shaped. - - g

. . . . : L
Leaflets: Three symmetric leaflets made of porcine pericardium. %2 L 'k o
Anchoring mechanism: Atrial flange and left ventricular apical e o ¢

tethered system with apical pad.
Suitable for native annulus size: 30 to 43 mm.
Delivery system: 34F.

Approach: Transapical and Transseptal (Feasibility study for transseptal access route
underway).

Sizes: Multiple.

Clinical experience to date: The first two patients who underwent a successful
temporary implant of a Tendyne valve were operated in Paraguay under the
International Organisation for Standardisation regulations %, These two valves were
explanted as per the protocol agreed and replaced with a surgical valve. A series of 30
patients was subsequently reported. All patients underwent a Tendyne valve implant
via transapical approach. The majority of patients (76%) treated had secondary MR.
In 89% (26 patients) the EF was >30%. Two patients required device retrieval, one
because satisfactory position of the implant was not achieved, and the second due
to LVOT obstruction. Mortality at 30 days was 0%, information on late mortality is
not available. One patient had haemolysis requiring transfusions and one patient
had valve thrombosis. Overall results were impressive with no apical complications,
improvement in functional class and abolition of MR 474,

Stage of development: Feasibility trial.

Stent frame: Self-expanding nitinol frame which has a unique
dual structure design consisting of a circular inner stent
to house the valve and a conformable outer fixation ring to
engage the mitral annular anatomy:.

Leaflets: Trileaflet bovine pericardial valve.

Anchoring mechanism: Unlike other devices, the Intrepid valve

is retained due to its unique interaction with the mitral annulus. The “cork effect”
produced at the level of the annulus due to the variable stiffness of the stent frame
is the primary mechanism for fixation. Small cleats on the outer stent also help by
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HigbLife Mitral Valve Replacement (HighLife) (Figure GF) F

Caisson TMVR (Caisson) (Figure 6G)

engaging with the mitral leaflets and promoting tissue ingrowth. The conformable
outer stent engages the annulus, providing fixation, and sealing while isolating the
inner stent from the dynamic anatomy. The circular inner stent houses a 27-mm
tricuspid bovine pericardium valve. The flexible brim aids imaging during delivery and
subsequent healing .

Suitable for native annulus size: 30 to 42mm (96% of screened patients).
Delivery system: 33F.

Approach: Transapical.

Effect on LVOT: Minimal, as the stent is short.

Sizes: 43 mm, 46 mm, and 50 mm outer diameters.

Clinical experience to date: The last data presented included 38 patients enrolled
in the Intrepid TMVR Pilot with successful deployment in 36 out of 38 patients %.
Mortality at 30 days was 7 out of 38 (18%), with the cause of death not related to the
procedure in 3/7 and cause of death related to the procedure but not the device in the
remaining 4. There was one additional mortality between 3-6 months, which was not
related to the procedure. Abolition of MR and improvement in the functional class was
seen in all patients.

Stage of development: Feasibility trial.

Stent frame: Nitinol.
Leaflets: Glutaraldehyde cross-linked bovine pericardium.

Anchoring mechanism: A ring-shaped sub-annular implant
(SAI) placed around the native leaflets and a specifically
designed stent with a groove placed inside the SAI. The SAI
together with the native leaflets provide complete paravalvular
sealing .

Suitable for native annulus size: Not specified.

Delivery system: First access is made to the femoral artery and an 18F introducer sheath
is positioned.

Approach: Transatrial and transfemoral approaches.

Effect on LVOT: Not specified.

Sizes: Not specified.

Clinical experience to date: The single-centre early feasibility clinical trial started in
Kiev (Ukraine). The first patient was treated successfully and discharged home at day
seven [51].

Stage of development: Preclinical trials underway.

Stent frame: Dacron panels for tissue in-growth, D-shaped
sealing cuff.

Leaflets: Porcine pericardium.

Anchoring mechanism: Unique ‘feet’ on the outer stent frame
provide anchoring by engaging with the sub-annular fibrous
grove.
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* Suitable for native annulus size: Not specified.

¢ Delivery system: Not specified.

* Approach: Transseptal.

¢ Effect on LVOT: Not specified.

* Sizes: Not specified.

* Clinical experience to date: First in human PRELUDE: US early feasibility study

* Stage of development: Preclinical trials underway.

Navigate TMVR (NCSI) (Figure GH)

¢ Stent frame: Self-expanding nitinol stent.
¢ Leaflets: Trileaflet fabricated from bovine pericardium.

* Anchoring mechanism: Self-expandable 21mm height nitinol
stent with a truncated cone configuration and annular winglets
for anchoring the native mitral leaflets. Annular winglets are
attached around the lower portion of the valve for secure anchoring >'.

* Suitable for native annulus size: Not specified.
¢ Delivery system: Not specified.

* Approach: Transatrial.

e Effect on LVOT: Not specified.

* Sizes: Not specified.

* Clinical experience to date: Successfully implanted in two patients via a transatrial
approach. Both patients had excellent valve performance without residual mitral
regurgitation or left ventricular outflow tract obstruction. The first patient showed
significant improvement in functional class and freedom from hospitalization at 6
months, but the second patient died within a week of the implant due to advanced
heart failure >'.

e Stage of development: Clinical implants have occurred.

Future Direction

The mitral valve is undoubtedly the next frontier after the success of TAVI. With reasonable
intermediate results, data on long-term outcomes are needed. As with all new procedures,
appropriate patient selection is key for optimal results. Thus, better understanding of the
anatomical and physiological factors affecting the outcome, implantability of the device
and the need for device specific anticoagulation will all be important to ensure good
outcomes. Anticoagulation strategy is still unclear and may play an important role in the
success of TMVR, as the devices are large, are covered with fabric and the majority patients
are in atrial fibrillation. As in TAVI, for now the transapical approach will likely remain the
commonest access site but developments in the delivery system and device profile will
move this technology towards the less invasive transseptal approach. TMVR success will
also depend on further improvements in mitral repair and replacement technologies.
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Mitral Valve Surgery:

Transcatheter versus Conventional
Mitral Valve Surgery

Which Questions Should Future Clinical
Trials Seek to Answer?

Francis Wells

“Stare super vias antiquas”
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Introduction

Perhaps the biggest challenge in modern cardiac surgery is the development of ever
less interventional procedures to correct cardiac pathology without reducing safety and
efficacy. This has been happening in most surgical specialties. The drivers for this have
been improved patient experience and reduced length of hospital stay. To that end there
has been an explosion in the development of transcatheter devices for remote correction
of cardiac pathology. Over the last three and a half decades the path has been led by intra-
luminal coronary interventions first introduced by Grunzig with balloon angioplasty.
This was followed by the introduction of coronary artery ‘smart’ stenting with drug
eluting materials, which has now reached a mature form of reliability with predictable
outcomes. Interestingly although in the earliest years of the current millennium and in
the absence of meaningful comparative surgical data, it appeared that this novel technique
would completely supersede coronary artery surgery, this situation was averted. The near
capitulation of surgery in the face of this interventionist cardiology onslaught was as a
result of an almost surgical data free zone; all the fault of the surgical community which
literally fell academically to sleep on the job. It took a major effort on the part of energised
and committed research oriented members of the surgical community to restore the
balance with good quality prospective data. A position of acceptable equipoise between the
disciplines has now been achieved with cardiologists recognising the true value of modern
surgical intervention in well-defined groups of patients with coronary atherosclerosis.

Similarly, we have seen the rise of percutaneous transcatheter techniques in the management
of heart valve disease. Prompted by the early relative success of closed transthoracic and
then open valvotomy in rheumatic mitral valve stenosis, percutaneous techniques using
balloon dilatation developed. Early success was clouded by poor selection of patients with
post-procedural regurgitation occurring in several patients and rapid restenosis in others.
Once again refinement of patient groups has led to the appropriate but now restricted use
of this technique to carefully selected patients. The same has been true for aortic stenosis,
with early enthusiasm being tempered by poor patient selection.

The development of transcatheter implantation of an expandable tissue valve in the
pulmonary position in the paediatric population led on to the now extremely widely
adopted trans-arterial/apical valve insertion (TAVI) into the aortic position. Once again,
this technique has grown extremely fast and expanded beyond the initial population of
elderly patients with multiple co-morbidities (arguably precluding safe surgery) into an
ever-younger population, once again in the absence of level 1 evidence of its superiority
over the mid- to long-term. The surgical community has begun to challenge this with less
aggressive surgical strategies (mini-sternotomy and sutureless valves for example) and
better constructed prospective clinical trials. The out-turn of these studies are awaited.

All of this more scientific assessment of surgical vs. catheter laboratory based procedures
is confounded by the continued introduction by industry of putatively ‘improved devices’,
refuting any objections to the inferiority of prior devices in the face of good surgical results.
This pseudo-academic warfare is a real challenge in the production of truth, which patients
and their relatives can understand and use meaningfully in decisions about which way to
proceed with treatment options.

We are now in the midst of another revolution, this time in the treatment of the mitral
valve. Interestingly it was initially suggested that the mitral valve would be more accessible
to transcatheter techniques than the aortic because of the problem of aortic valve annular
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calcification. However, the reverse has been the case. Whereas, even the heavily calcified
aortic valve has been manageable with dilatation and stenting, control of the regurgitant
mitral valve has proved a much more difficult problem to address because of the pliability
of the atrio-ventricular orifice and the lack of secure anchoring points for devices.

This realisation has led to the development of a number of technologies that set out to
mimic accepted surgical techniques. These include attempts at annuloplasty either utilising
the coronary sinus, or more directly with various forms of attachment to the mitral annulus,
neo-chordal insertion via a left ventricular puncture and perhaps, most controversially so
far the “Alfieri edge-to-edge” technique.

During his surgical practice, Professor Alfieri came across a Mitral valve in which the aortic
and mural leaflets were fused in the mid-line. This observation fostered the concept of
surgical repair that became known as the “Alfieri edge-to-edge” repair. This technique,
particularly useful for severe bileaflet prolapse encountered by the more occasional mitral
surgeon, involved the suturing of the aortic and mural leaflets together, usually in two
layers at the level of the secondary chords at the point of maximal prolapse. Accompanied
by an annuloplasty ring, to compensate for annular dilatation and to stabilise the annulus,
this technique has been shown to give a good long-term stable result. This technique
has been reproduced for a transcatheter approach in the form of the “MitraClip” which
reproduces the surgical result but utilising cloth-covered clips introduced transvenously
and applied transseptally. This device was first implanted in 2003 and was approved by
the FDA in 2013 and has been the subject of a growing number of published studies
including the important Everest 1I trial. There are now numerous other techniques under
development (some of which have been mentioned above) which are at various stages of
implementation, which along with the MitraClip technology need full evaluation in well-
constructed trials particularly in comparison with the gold standard of well-conducted
accepted surgical techniques carried out by expert mitral valve surgeons. As a caveat to the
last remark, it is important to note that the majority of mitral valve reconstruction continues
to be done by low volume mitral surgeons. An argument can therefore be made that a
comparison also needs to be made between these newer transcatheter techniques with
results achieved by the more infrequent mitral surgeon especially in the more challenging
forms of mitral valve pathology as it is unlikely that all surgery will be concentrated in the
hands of so-called experts. This would need to be the subject of second order studies once
the new technologies have been validated as safe and reproducible with sustainable results
over many years.

As always with surgical procedures there is more than one important end-point. First, the
mortality and morbidity of the procedure has to be acceptably low. Second, the immediate
success of the procedure is essential. Third, the mid-term results and finally the long-term
outcome is paramount. After all, the intention is to correct the lesion once and for all. Each
of these variables needs to be measured and reported preferably in prospective studies
framed by intention to treat. As mentioned earlier it is difficult to envisage how this can be
achieved in such a fast-moving world of development when technology is changing (and
improving) quickly and studies such as these need years to complete.

Whilst interested specialist mitral valve surgeons have been refining their surgical
techniques and decision-making, the technology companies have been developing ever
more ingenious tools for percutaneous approaches. Squaring this particular circle in the
modern era is more difficult than ever before.
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Let us begin with the desirable outcome for surgical mitral valve repair/reconstruction.
Experienced surgical practices should be achieving repair rates well in excess of 90% for
degenerative mitral valve disease. Mortality rates ought to be less than 1% and for many
units <0.5% is regularly achieved. With minimal access approaches shorter hospital length
of stay are claimed although like for like prospective trials are lacking. Those practicing
frequent (>150) mitral repairs per year through open sternotomy can claim similar lengths
of stay both for ICU recovery and ward stay.

Data of this kind is readily easy to access, however once one moves into the area of outcome
by intention to treat and both mid and long-term results we enter a very data sparse zone.
There are some long-term longitudinal data from which differences in result between types
of mitral valve lesion can be discerned. However, the vast majority of surgical repairs go
unstudied once the patient has left hospital, only presenting for re-study with new onset of
symptoms. Before the surgical community begins to criticise the interventional cardiology
results we, in the surgical community, need to put our own house in order and capture
more of these important data. The development of heart valve teams ought to engender
much better long-term data collection. It would behove the NHS to demand longitudinal
data collection to allow much better apportionment of funds in patient care.

We do know that in the hands of an experienced surgical team, posterior (mural) leaflet
mitral valve repair can achieve a better than 90% functionally competent valve up to and
beyond ten years. For anterior (aortic) leaflet repairs the results are less good but still
achieve more than 80% competency at the same time reference point, with bileaflet prolapse
in the same territory. Therefore, we have data for comparison with the newer transcatheter
techniques as they evolve. The ideal scenario would be for these techniques to be studied
in a randomised controlled prospective setting but, as pointed out earlier with the rapidly
changing/maturing transcatheter technologies, this is not going to be possible until stable
technological platforms have been achieved.

What, therefore, are the questions that need to be
answered in future clinical trials?

First and foremost, we ought to know across the whole cardiac surgical community the real
frequency of mitral valve repair by intention to treat. A “happy hunting ground” for valve
interventionist cardiologists are the patients that, with degenerative mitral regurgitation,
still have mitral valve replacement. Whilst this is not necessarily a bad option for some
patients, especially in the hands of infrequent mitral surgeons, it does leave room for
the transcatheter cardiologist/surgeon to claim these patients. This situation demands
the wider distribution of heart valve teams so that patients can access optimal care.
Data that we do not have is prospective data on valve replacement with full subvalvular
preservation versus repair in the more advanced degrees of mitral regurgitation where the
inexperienced surgeon might feel that repair/reconstruction was beyond their capacity to
perform safely and reliably. Just as the more recent comparative trials in ischaemic mitral
regurgitation have shown, mitral valve insertion with full subvalvular preservation can lead
to satisfactory results with longer functioning valves than many with severe MR that are
repaired. There is nothing that would predict that a similar situation would obtend in
degenerative regurgitant valves. It is quite possible that patients treated in this way who
were not in the position to have successful repair could still fare better than following
transcatheter techniques as the prosthetic valve is unlikely to leak for many years.
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Long-term outcome data such as these would be very powerful in the face of the
onslaught of transcatheter techniques with historical data suggestively damming mitral
valve replacement. So much of the existing data are retrospective trawls of surgical valve
patients with no control over surgeon experience, procedure actually carried out and stage
of disease for which the surgery was carried out. Just like the absence of coronary data, the
absence of these data leave the surgical therapy arm open to serious criticism.

Long-term functionality of repaired valves is urgently needed to be held up as gold
standards for comparison with the newer transcatheter technologies. At the moment, data
is accumulating out to 5 years and in a smaller number of patients out to 7 years, but we
know that for our surgical patients we are aspiring to life-long post-operative competency
for the vast majority.

If for the most part transcatheter technologies continue to be employed for the more
elderly with co-morbidities in whom lifespan of more than 5 years is less likely, then
comparison with surgery becomes less urgent. However, if the goal for these technologies
is to target younger and fitter patients, then 10-15-year data (and beyond) becomes much
more important.

As the drive to develop, progress and disseminate these technologies is unstoppable, then
excellent quality surgical outcome data becomes ever more important. These data can then
stand as defined end-points for the interventionist cardiologist to aim at, and to stand as
trusted comparators, for true informed consent when patients face decisions over which
therapy to choose.

It is perhaps facile to demand prospective randomised trials for all new developments
in the modern world with technology advancing quickly every year, therefore known
surgical end-points would act as a buffer to the too rapid introduction and dissemination
of transcatheter technologies.

Functional (Ischaemic) MR

There has been a move towards adopting the Mitraclip technology as a potential solution
to patients with advanced ischaemic mitral regurgitation. It has been shown by Alfieri and
colleagues that for satisfactory mid-term to long-term results with the Alfieri procedure
an annuloplasty ring is an important adjunct to stabilise the repair and to prevent later
basal ventricular dilatation. It is becoming possible to achieve this with transcatheter
annuloplasty but whether this is essential or not is another potential study that will need
to be done.

Synopsis of Questions that Need to be Answered

Primary outcome measures that need to be assessed:

1. Mid- to long-term function of both technological platforms (surgical and transcatheter).
Minimum of 5 years and preferably 10 years.
Recurrence rate of the primary lesion.
Rate and timing and nature of any re-intervention.

4. Occurrence and frequency of additional lesions.
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Who Should be Offered Transcatheter Mitral Valve Interventions?

The elderly and infirm or is it ready to be introduced into a younger population?
When should intervention occur?

Early / late

What are the real mid- to long-term outcomes?

Success

Morbidity / mortality

What options are there in failed procedures?

Cost

AN A S A e
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Chapter 7

Heart Failure Surgery:

Veno-Arterial Extracorporeal
Membrane Oxygenation (VA-ECMO)
for Post-Cardiotomy Cardiogenic
Shock

In favour: Mike Charlesworth, Rajamiyer Venkateswaran
Against: Jorge Mascaro

Editorial: VA ECMO - A Solution for the UK
Antonios Kourliouros, Steven Tsui

“Per angusta ad angusta”
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In Favour: VA-ECMO for Post-Cardiotomy Cardiogenic
Shock

“Technology is nothing. What’s important is that you have a faith
in people, that they’re basically good and smart, and if you give
them tools, they’ll do wonderful things with them. It’s not the
tools that you have faith in - tools are just tools. They work, or
they don’t work. It’s people you have faith in or not.”

Steve Jobs, 1994
Introduction

For the majority of cardiac surgical procedures, separation from cardiopulmonary bypass
(CPB) is uneventful with the patient subsequently able to support their own circulatory
demands. For some, vasopressors, inotropes, and intra-aortic balloon pump (IABP)
counterpulsation are required. Rarely (~0.7%) cardiac performance following surgery is
refractory to this support and there is a need therefore to consider peripheral or central
veno-arterial extracorporeal membrane oxygenation (VA-ECMO) as a bridge to recovery,
ventricular assist device (VAD) implantation or transplantation. Postcardiotomy cardiogenic
shock (PCCS) describes the syndrome of refractory cardiac performance following cardiac
surgery, yet there is no agreed consensus with regards how it should be defined or managed.
This is further complicated by the wide range of devices available to treat PCCS, the
availability of such interventions in different centres, variations in experience and expertise
as a function of local VA-ECMO workload, and regional variations in the diagnosis and
management of PCCS. This article considers the use of VA-ECMO to treat non-transplant
PCCS through our own experiences at University Hospital South Manchester, UK.

History and Development

Despite a recent upsurge in clinical activity, ECMO is by no means a new technology having
been developed in the 1950s primarily for CPB '. The desire to provide longer periods of
mechanical circulatory support than can be offered with CPB gave rise to a simpler, closed
circuit configuration, that we now recognise as ECMO. It was not until the 1970s however
that the first clinical report of VV-ECMO for acute respiratory distress syndrome (ARDS)
emerged in the literature %. Despite initial promise, interest faded following reports of high
mortality for ARDS treated with VV-ECMO as compared to traditional medical management
3. Thereafter, ECMO research and practice was confined to the fringes of paediatric practice
until a recent upsurge in adult interest in the 1990s. It is likely that this second wave of adult
ECMO practice was born out of technological improvements in catheters, circuits, pumps,
and oxygenators in combination with general improvements in critical care medicine. Even
more recently, the practice of VV-ECMO for respiratory failure has seen significant advances
through acquired expertise and experience during the 2009 HIN1 influenza pandemic *.
Concurrently, several randomised controlled trials (RCTs) and observational studies of
VV-ECMO for respiratory failure in adults have reported good outcomes as compared
to traditional medical management >°. Despite this and notwithstanding continued
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reporting of successes from across the world, it has not yet been possible to pool such
data in a meta-analysis to provide an overall appraisal of VV-ECMO due to considerable
data heterogeneity 7. The efficacy of postcardiotomy VA-ECMO is even more difficult to
prove through traditional research methods despite observational data suggesting that it
provides a significant survival benefit for what is ordinarily a condition with an extremely
high mortality 8.

Approaches and Techniques

When VA-ECMO is initiated in theatre following intrathoracic CPB, the ‘central’ configuration
is usually selected, as cannulation sites are identical. The sternum is sometimes left
open so as to allow frequent re-exploration for bleeding. Peripheral VA-ECMO may be
selected for cases where extrathoracic CPB is used, for example repeat surgery, minimally
invasive surgery and cases where there is disease of the great vessels such as a thoracic
aortic dissection. Additionally, peripheral VA-ECMO or extracorporeal cardiopulmonary
resuscitation (ECPR) may be initiated in the intensive care unit without the need for re-
sternotomy. Combined central and peripheral venous drainage (VVA-ECMO) may also be
employed to enhance the venous drainage capabilities of the circuit.

Despite their similarities, VA-ECMO has several advantages over CPB in the context of PCCS.
Firstly, it allows mechanical circulatory support for days, weeks or months as compared to
hours. It is a closed circuit with shorter tubing, no venous reservoir, and less stagnation
of flow in the cardiac and pulmonary vasculature. It therefore requires lower doses of
intravenous unfractionated heparin. Although there is always a risk of intrathoracic or
intracerebral haemorrhage, this risk is lessened though the reduced need for systematic
anticoagulation. In addition to allowing for closure of the sternum through the tunneling of
tubing, VA-ECMO achieves a more physiological haematocrit and blood flow, more efficient
delivery of oxygen to tissues and normothermia. It allows concurrent cardiac ejection and
thus further reduces the risk of thrombus formation. Finally, patients receiving VA-ECMO
can be cared for in the critical care environment whereas those undergoing CPB cannot.

Of course, whilst any comparison of CPB and VA-ECMO gives an insight into their technical
differences, pragmatically, the clinical choice is in fact between VA-ECMO or no circulatory
support beyond IABP counterpulsation and vasopressors/inotropes. Regardless of the
underlying cause, PCCS without mechanical circulatory support has an extremely poor
prognosis and most cases will not survive the immediate post-operative course. VA-ECMO
allows the opportunity for the acutely shocked heart to recover without also having to
meet the demands of the circulation.

Despite these advantages, VA-ECMO for PCCS is an expensive resource with an as yet
unproven evidence base and with funding bodies such as the National Institute for Health
and Care Excellence (NICE) uncertain with regards its safety profile °. Highly skilled
staff are required at all stages of the process, from initiation in theatre or critical care to
maintenance, weaning and rehabilitation thereafter. Individual hospitals providing ECMO
absorb the financial cost of their VA service, as there is currently no central funding in the
UK. Such centres are usually expected to participate in the decision-making process for
postcardiotomy VA-ECMO initiation at non-ECMO centres and sometimes even retrieve
patients from other centres. There are controversies around the use of VA-ECMO for
PCCS in non-transplant or low volume-ECMO centres in the UK, as whilst it is possible
to initiate VA-ECMO in such centres patients are arguably best cared for in high volume
ECMO centres '°. The financial and logistical arrangements for such patients are therefore
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complex and decisions are taken on a case-by-case basis. Some typical initial targets are
provided below for reference only, however most targets are also selected on a case-by-case
basis.

*  Flow of 60-80 mL/kg/min

*  FiO2 of 100%

e SpO2 of 95-100%

*  MAP of 60-90 mm Hg

* pHof7.35-7.45

* Haematocrit of greater than 28%

* Functioning platelet count of greater than 80
* ACT 180-220 seconds

Anticoagulation practices vary between centres, clinicians and patients. The Extracorporeal
Life Support Organization (ELSO) have attempted to standardise this through their
guideline "'. For PCCS VA-ECMO, patients may not require an initial dose of unfractionated
heparin (UFH). In the absence of bleeding and when the ACT falls into the target range, a
heparin infusion of 20-50 units/kg/hour can be used for maintenance. A reduced platelet
count, increased urine output or concurrent renal replacement therapy may increase the
need for UFH 2. Heparin induced thrombocytopenia and heparin resistance lie outside the
scope of this article.

Weaning from VA-ECMO can be as a bridge to recovery, VAD implantation or transplantation.
Where recovery is anticipated, signs of ejection, pulsatility and contraction should be seen
using transoesophageal echocardiography (TOE) in at least the first week. TOE should
also rule out significant valvular pathology and estimate ventricular function. ECMO flow
rates can be incrementally reduced concurrently with TOE examination. If appropriate,
the ECMO circuit is clamped and a trial of recirculation is initiated for 1-4 hours. The
cannulae are continuously flushed during this period with UFH/saline to avoid cannula
thrombosis. Decannulation is considered if haemodynamic parameters allow. Where VA-
ECMO is a bridge to VAD implantation, this is considered only following the resolution of
end-organ dysfunction.

Indications and Patient Selection

The technical aspects of VA-ECMO for PCCS are arguably more explicit than the tacit
subtleties of decision-making, timing and patient selection. Whilst two recent systematic
reviews conclude a significant survival benefit of VA-ECMO over and above alternative
strategies, the majority of included research is retrospective and observational, with no
randomised controlled trials '>'4. Retrospective observational studies provide a good
means for centres to report their results, but those who wish to make predictions for future
patients must interpret this with great caution. Most are in fact reporting a case series and
are therefore inherently prone to selection and information biases, amongst others ®'.
Due to these problems, the majority of postcardiotomy VA-ECMO research has been
unable to implicate prognostic indicators that can be used by clinicians to make evidence-
based decisions. At our institution therefore, VA-ECMO for PCCS can only be initiated on
a case-by-case basis with the agreement of four consultants including two surgeons and
two anaesthetists with adequate clinical ECMO experience. The indication for VA-ECMO
for PCCS is simple — inadequate tissue perfusion as evidenced by hypotension and low
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cardiac output despite adequate intravascular volume that is refractory to inotropes,
vasopressors and IABP counterpulsation. In general, all planned operative procedures
should be complete and the chances of successful recovery should be considered to be
high. Deciding where VA-ECMO is contraindicated is more complex. Where cardiac failure
is considered irreversible in combination with a patient that is not a candidate for VAD
implantation or heart transplantation, VA-ECMO for PCCS is absolutely contraindicated.
Relative contraindications include advanced age, chronic organ dysfunction, multiple co-
morbidities, established multi-organ failure syndrome (MOFS), obesity and when it is not
possible to administer anticoagulants.

There is a dissimilarity between heart transplant and non-heart transplant patients
with regards this decision-making process. In our own experience, the threshold for
postoperative VA-ECMO is somewhat lower following heart and/or lung transplantation as
compared to non-transplant procedures. It is often used pre-emptively, but it may also be
used for primary graft dysfunction, acute organ rejection or refractory cardiogenic shock.
A discussion of postoperative VA-ECMO following heart and/or lung transplantation lies
outside the scope of this article, but its increasing role for such cases is increasing VA-
ECMO expertise at regional transplant centres.

Clinical Outcomes

The generic complications of VA-ECMO are accepted to be thrombosis (1-22%),
haemorrhage (5-79%), limb ischaemia (13-25%), infection (17-49%) and irreversible
neurological sequelae (10-33%) 5. A summary of several key studies reporting outcomes
for patients undergoing VA-ECMO for PCCS is provided below. This does not represent a
systematic synthesis of all the relevant literature and studies are presented to provide a
representative overview only.

As demonstrated by Table 1, the vast majority of results are single centre retrospective
analyses where survival data (usually in the form of hospital discharge) and complication
rates are reported. Many also report the cause of death or try to establish a relationship
between survival and factors such as serum lactate, vasopressor use/dose, age, risk
stratification scores (EuroSCORE), surgery type, urgency, duration of support and obesity.
Pragmatically, it would be unwise to pool the above clinical studies with all other related
studies due to considerable data heterogeneity. Retrospective non-randomised non-
controlled data of this type is unlikely to reflect the true efficacy of VA-ECMO for PCCS or
the true incidence of procedure-related complications. These limitations together with the
possibility of high complication rates are a major barrier to funding at present.

Unfortunately, the answer is not to simply perform a randomised controlled trial (RCT) 8.
This would invoke the unethical randomisation of patients to a non-VA-ECMO arm that will
most likely lead to death as compared to a treatment that is arguably beyond experimental
and where outcomes such as hospital discharge and 2-year survival have been reported to
be as high as 50% ?7. We argue that to statistically treat VA-ECMO as a binary intervention
with an on/off switch, such as a pharmaceutical agent, is a gross oversimplification. It is a
complex multi-variable technology applied to a heterogeneous patient population at the
extremes of pathology and physiology. Practices also vary between clinicians and between
centres. Even if several RCTs were to be conducted, there may still be considerable data
heterogeneity that will preclude meta-analysis. Therefore, clinical decision-making is
determined by consensus, debate, summing factors for and against, negotiation and wider
contextual factors such as location and resources.



114 Perspectives In Cardiothoracic Surgery Vol III

Table 1: Several key studies reporting outcomes for patients treated with VA-ECMO for
PCCS. Our own results from South Manchester are at the bottom of the table.

Study Patients Design PCCS Survival Complications
Doll et al 2004 n = 219, Prospective 5-year 16.8%, to Mediastinal bleeding
16 1997-02, case series discharge 24% 62%, CVVHF 56%,
all PCCS Sepsis 24%, lower
limb ischaemia 13%,
oxygenator change
22%, neurological
complications 15.5%
Combes etal n = 81, Retrospective To decannulation  Overall major
2008 V7 2003-00, case series 69%, after weaning complications
16 PCCS 50%, to discharge  including
cases 44% haemorrhage,
thrombosis,
ischaemia, sepsis,
CVVHF and stroke of
65%
Rastan et al n =517, Retrospective To decannulation  Stroke 17%,
2010 '8 1996-08, case series 63%, to discharge  ischaemic bowel
all PCCS, 25%, 6-months 19%, CVVHF 65%.
same 18%, 1 year 17%,
centre as 5 years 14%
[16]
Wu et al n =110, Retrospective To decannulation Neurological injury
2010 ¥ 2003-09, case series 61%, to discharge  6.3%, ischaemic limb
all PCCS 42% 10%, CVVHF 42%,
haemorrhage 7% and
sepsis 25%
Elsharkawy et n = 233, Retrospective To discharge 36%  Not reported
al 2010 *° 1995-05, case series
all PCCS
Unosawa etal n = 47, Retrospective To decannulation  Leg ischaemia
2013 % 1992-07, case series 62%, to discharge  26%, CVVHF 32%,
all PCCS 30% pneumonia 13%,
sepsis 17%
Saxena et al n = 45 Retrospective To decannulation  AKI 44%, pneumonia
2015 * aged 70 case series 53%, to discharge  27%, sepsis 24%.
and over, 11%
2003-13,
all PCCS
Lietal 20152 n = 123, Retrospective To decannulation  Leg ischaemia 17%,
2011-12, case series 56%, to discharge  sepsis 10%, stroke
all PCCS 34% 4%, CVVHF 24%
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Study Patients Design PCCS Survival Complications
Khorsandiet n = 16, Retrospective 3-day 37.5%, to 63% suffered a
al 2016 * 1995-15, case series discharge 31.2% major complication
all PCCS, including
one VAD haemorrhage, stroke,
included ischaemia, AKI and
sepsis.
Whitman et al ELSO Retrospective Increase in use N/A
2017 % database case series of ECMO for
analysis PCCS has been
2000-2016 exponential, but

an already poor
survival appears
to have only

decreased.
Chen et al 1141 Retrospective Patients receiving  Acute renal failure
2017 % ECMO vs.  propensity ECMO for PCS had and massive
5685 non- matched equal outcomes to  blood transfusion
ECMO study those of a non- independent
PCCS ECMO group after predictors of in-
2000-2011 the first year of hospital mortality
follow-up.
Charlesworth n = 28, Retrospective  30-day 50%, 2-year One limb ischaemia
etal 2017 % 2012-16, case series 50% and one stroke

all PCCS

AKI = Acute kidney injury, CVWHF = continuous venovenous haemofiltration.

Conclusion

The questions of who should provide VA-ECMO for PCCS or which patients are most
likely to benefit from it have no easy answers. It is also unlikely that traditional research
will provide a breakthrough solution to guide clinicians anytime soon ®. What is known
is that PCCS without VA-ECMO is fatal for the majority of cases. It is likely that transplant
centres are more familiar with postcardiotomy VA-ECMO as it is commonly employed pre-
emptively following heart and/or lung transplantation. Due to this familiarity, together with
increased experience and expertise, it is also likely that such centres will be more proactive
at an earlier stage and prior to an established MOFS. Outcomes are likely to be worse
when initiated later in the PCCS course in the context of an intractable lactic/metabolic
acidosis, a MOFS and a failing heart in the critical care unit. VA-ECMO should be seen as
a bundle of care and as an adjunct to other resuscitative measures as opposed to a binary
intervention. It is likely that other factors such as the quality of medical and nursing care
contribute significantly despite our inability to measure these. As outcomes appear to be
better at transplant centres, there are many difficult ethical questions with regards current
arrangements for PCCS VA-ECMO in the UK. Based on our own experience together with
emerging observational evidence from around the world, we argue that VA-ECMO for PCCS
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is far beyond experimental and that it greatly enhances cardiac surgical patient safety. We
must increase collaboration to bring uniformity to practices, strive to better understand
patient selection and establish an optimal bundle of care for such patients.
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Against: VA-ECMO for Post-Cardiotomy Cardiogenic Shock

“Mens aequa in arduis”

Introduction

Cardiac surgery is a well-established treatment for patients requiring coronary artery
bypass grafting (CABG), aortic and/or mitral valve repair/replacement and, although
the postoperative results have improved, there are still 3-6% of patients that develop
severe cardiac dysfunction postoperatively . The treatment of this involves the use of
inotropic support and intra-aortic balloon pump (IABP) counterpulsation but 25% to 30%
of this group still develop an even more catastrophic cardiac dysfunction with refractory
cardiogenic shock. The treatment of this condition will usually require the use of advanced
mechanical circulatory support in the form of Extra Corporeal Membrane Oxygenation
(ECMO). Although ECMO has gained popularity as cardiac surgeons, intensivists and
cardiologists have become more familiar with the technique, there are still important issues
with its management that need to be overcome.

Once ECMO support is established in this group of patients, some questions should be
rapidly answered by the team: what is the aim of the support, how long should it be used
for, and most importantly, what to do if treatment fails? The answer to the first question is
to achieve satisfactory recovery of the patient but this is not quite as simple as we would
like it to be. Recovery might never happen, or it might happen but at the expense of a
prolonged period in the intensive care unit (ICU) as well as with increased morbidity.
This will undoubtedly impact on the delay in treatment of other cases with associated
loss of revenue. We know that the most common expected outcomes for ECMO in post-
cardiotomy cardiogenic shock (PCCS) are: recovery, death of the patient, or bridging to a
longer-term type of mechanical circulatory support or transplantation * 8. The extent to
which pursuing recovery or bridging is justifiable is the subject of this chapter.

Current data

Currently available data are based on single centre experiences and case reports. There are
no randomised trials and it is unlikely that such a trial will ever be carried out. Historically,
the first successful ECMO reported in the literature was by Hill and colleagues in 1972 4.
Hill reported the successful treatment with VA-ECMO of a young man who developed
acute respiratory distress syndrome (ARDS) following a car accident. A second successful
case of VA-ECMO for ARDS was reported in 1975. Following on from this, the National
Institute of Health (NIH) funded a randomised trial comparing VA-ECMO to standard
mechanical ventilation but unfortunately the results were discouraging: the mortality was
high in the two groups (90%) with the big disadvantage that ECMO proved to be very
resource consuming 4. It wasn’t until the Influenza epidemic in 2007 to 2009 that VA-ECMO
started again to show utility with survival rates for ARDS of 50 to 60%. Since then the use
of respiratory VA-ECMO has shown an exponential increase (Figure 1). Interestingly a
similar and parallel increase has been seen in the use of VA-ECMO for refractory and post-
cardiotomy cardiogenic shock (PCCS).
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Figure 1: Taken from the US Extracorporeal Life Support registry, this graph shows the
exponential increase in the use of extracorporeal membrane oxygenation (ECMO) for
all respiratory diagnoses during the last 10 years. Reproduced with permission from
The Journal of Thoracic and Cardiovascular Surgery, 53(1).

Interestingly a similar and parallel increase has been seen in the use of VA-ECMO for
refractory cariogenic shock (Figure 2). The data is extracted from the ELSO database
but this time for non-respiratory ECMO.

Clearly something positive has happened that has allowed VA-ECMO to experience such a
growth. However, when the survival to discharge rate is studied, this growth is associated
with a diminishing survival. Mortality and discharge from hospital remain poor despite the
increase in activity. The interpretation of this data is difficult and requires a careful analysis.
Currently, there is no available consensus or guideline to define PCCS, or to guide the
selection of patients that will benefit from ECMO with PCCS or what the most appropriate
escalation triggers are to follow until a decision can be made regarding the institution
of advanced mechanical circulatory support (MCS). This lack of data makes the available
literature difficult to compare.

The outcome data for ECMO for PCCS in the US between 2002 to 2012 was reviewed by
McCarthy and colleagues °. Their findings reflect the poor outcome of ECMO for PCCS
with a mortality rate of up to 60%, in keeping with the data reported by ELSO, but also the
high incidence of morbidity. In one of the largest reviews available, Rastan et al. analysed
more than 40,000 patients and found that the use of ECMO for PCCS was required in 1.2%
of patients 7. Most of these patients underwent CABG, valve replacement or a combination
of the two, with 40% having ECMO instituted intraoperatively and 60% in the Intensive
Care Unit (ICU), implying that a catastrophic event may have happened immediately post-
operatively. As expected, morbidity was high with the major complications being bleeding,
renal failure, reoperation, stroke, gastrointestinal complications, and leg ischemia .
Fukuhara at al. analysed the outcomes for all types of MCS strategies in the treatment of
PCCS ° reviewing 22 different publications between 1993 and 2015. The conclusions were,
once again, discouraging. Mortality rates were high, ranging from 25% to 50% regardless
of the type of mechanical support used (IABE, short-term ventricular assist device (VAD),
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Figure 2: Taken from the US Extracorporeal Life Support registry, this graph, which
parallels the respiratory experience, shows the increase in the use of extracorporeal
membrane oxygenation (ECMO) for all cardiac diagnoses during the last 10 years.
Reproduced with permission from The Journal of Thoracic and Cardiovascular Surgery,
53(1).

Surprisingly or not, the use of VA-ECMO for the rescue of post-cardiotomy cardiogenic
shock shows a similar trend to the data already shown for respiratory ECMO (Figure 3).

VA-ECMO), and morbidity was high. Rastan et al. found that only 25-30% of patients were
discharged from hospital 7. It is of interest perhaps that there was no difference between
ECMO support being instituted intraoperatively or post-operatively in the ICU. In keeping
with the ELSO registry data, little progress has been made in improving outcome in patients
undergoing ECMO for PCCS and perhaps there is even a trend to worse survival in recent
years.

Shao-Wei et al. reported the Taiwanese experience where the Taiwan Health Care System
fully funds ECMO in whichever centre it is instituted 3. This, from a comparative point
of view, is reassuring that patients have not been selected on the basis of funding as may
happen in the UK where this service is not funded by the NHS. The authors looked at
12 years of experience of ECMO in patients developing PCCS using propensity matching
of a similar population that underwent cardiac surgery to ensure more robust and solid
conclusions. The incidence of PCCS requiring ECMO was similar to prior reports at 1.9%
with mortality in the ECMO group remaining high at 62% against 6% in the non-ECMO
group, and only 25% of patients being discharged from hospital following MCS. Looking
at long-term data following discharge, they found that during the first year post-discharge,
the ECMO group remained at higher risk of readmission and mortality, but following this
there was no difference compared to the non-ECMO group. Costs were twice as high in
patients requiring ECMO compared to those who did not. They also found that younger
age, absence of preoperative heart failure, absence of renal dysfunction and absence of
liver cirrhosis were associated with increased survival following ECMO in PCCS. These
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Temporal Trends in Post-cardiotomy VA ECMO
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Figure 3: Data abstracted from the ELSO database show the exponential increase in
venoarterial extracorporeal membrane oxygenation (VA-ECMO) for post-cardiotonry
shock. This increase unfortunately appears to be associated with a diminishing
survival. Reproduced with permission from The Journal of Thoracic and Cardiovascular

Surgery, 53(1).

findings correspond with previous observations that patients with existing co-morbidities
have worse outcomes than those without co-morbidities.

Khorsandi et al. recently published a meta-analysis of 24 studies which combined
outcomes of almost 2000 cases of ECMO for PCCS 8. The primary endpoint was survival
and they also tried to identify Adverse Prognostic Indicators (APIs) as secondary endpoints.
Age >70 years, impaired pre-operative left ventricular function, pre-operative renal
dysfunction or development of renal dysfunction requiring renal replacement therapy;,
diabetes mellitus, gastrointestinal complications during ECMO, prolonged ECMO support
and EuroSCORE were amongst the m