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Preface

This Atlas presents a selection of topics in diagnostic and
interventional cardiology. It appears too voluminous at first
to be read from A to Z, although it is far from being a
comprehensive review of the topic. It is a sampler of
pertinent pieces of knowledge, tidbits, tricks, and knacks,
and helpful advice for people involved in interventional
cardiology or often in contact with it, and reminds the
reader of the fact that interventional cardiology does not
stop at coronary interventions. The Atlas is not unlike a
Sunday newspaper: you may pick up the paper after lunch
on Sunday and before you know it, it is suppertime; you will
not have learned everything; you will not have read
everything; you will not have understood everything, and
you will certainly not have memorized everything. But you
will have gathered a lot of new and interesting information
and you will have had an entertaining afternoon. This is
exactly what this book is supposed to do for you.

The Atlas starts with a warm-up exercise for your brain
cells. The physiology of coronary collateral circulation is
explained with just enough depth to lift the reader above the
crowd when it comes to understanding the enigmatic but
often life-saving role of coronary collaterals. The subsequent
chapter on frugal coronary angioplasty opens a different
view on one of the most common interventions in modern
medicine. The view deviates from evidence- or safety-driven
exhaustive employment of options and techniques. It shows
a way to get to the finish line swiftly, economically, and with
less ado. Alcohol ablation of septal hypertrophy is a 'new kid
on the block' of interventional cardiology. The criteria for
patients qualifying for the procedure are described and only
a few specialists are needed for this intervention.
Nevertheless, the modern cardiologist must know what it is
about, how it is done, and what one can expect from it.

A much more common feature is a patent foramen ovale.
One of four human beings walks around with one. It comes
to the attention of the physician when paradoxical emboli
occur, migraine becomes intolerable, or a diving career is
jeopardized. The pertinent chapter draws on the expertise of
a centre with extensive experience in this domain and puts
this topic well into perspective. After all, this already is the
second most common intervention in many a catheterization
laboratory and will be just that in all before long.

A chapter presents the method for exclusion of the left
atrial appendage to obviate the need for anticoagulation in
atrial fibrillation. It is unknown whether this method will be
commonplace in some years or whether it will be relegated to
the medical museum. Three different devices are on the
market for it but they are challenged by new and more simple
ways of anticoagulation as the procedure is by no means as
trivial as the closure of a patent foramen ovale. 

Electrophysiology is the topic of the next two chapters.
First, ablation of various forms of tachycardia is described,
beautifully illustrated by authors knowing the trade. A brief
summary on the technique to implant cardioverter-
defibrillators rounds up this section. These procedures will
be around for a long time for sure.

After this, the attention is turned to a representative of
balloon valvuloplasty. Let us not forget that interventional
cardiology started with transcatheter valvuloplasty for
stenoses. The mitral valve represents the most common
target for percutaneous valvuloplasty these days, although
the stock of patients in industrialized countries is limited.
Rheumatic disease has been eradicated for decades and the
reservoir of patients with secondary mitral stenosis is largely
exploited. This is not (yet) the case for third world countries,
where post-rheumatic mitral stenoses still abound.



Finally, a glimpse at the 'heart on the thigh' catches the
eye. What has been predicted for more than 40 years but
never considered really possible has become reality. The left
ventricle can be not only supported but downright replaced
for several weeks by a percutaneous intervention. You will
have to read the chapter to come to believe it.

To live up to the name Atlas, the book is replenished with
pictures. Authors and editors have gone to a great deal of
trouble to select the best and reproduce them at the highest

possible quality. Again, not unlike with the Sunday paper,
you may decide to look at the pictures before lunch and pick
it up again after lunch to read some or all of the text that
comes with the pictures. You will have to try this concoction
to be the judge of it. Your opinion may be mixed but you will
have to admit that the book is different. 

Bernhard Meier, MD
May 2004

Preface8



9

Abbreviations

2D two dimensional

A atrial sensing/pacing

(L/R)A (left/right) atrium

(d/p)Abl (distal/proximal) ablation catheter

(L/R)AC (left/right) anterior cranial (view)

ACC American College of Cardiology

ACT activated clotting time

ADP adenosine diphosphate

AF atrial fibrillation

A. fem femoral artery

ANF atrial natriuretic factor

(L/R)AO (left/right) anterior oblique (view)

AR sensed atrial event within refractory period

AS sensed atrial event 

ASA atrial septal aneurysm

ASD atrial septal defect

ASH asymmetric septal hypertrophy

AV atrioventricular

bpm beats per minute

Brugada-S Brugada syndrome

BS bystander site

CABG coronary artery bypass grafting

CAD coronary artery disease

CFI collateral flow index

CI central isthmus site

CK creatine kinase

CPS cardiopulmonary support

CS coronary sinus

CT computed tomography

CVP central venous pressure

D diastole

DCA directional coronary atherectomy

DCM dilated cardiomyopathy

DFA deep femoral artery

DFT defibrillation threshold

ECG electrocardiogram

EGM intracardiac electrocardiogram

ELCA excimer laser coronary angioplasty

ESC European Society of Cardiology

EV Eustachian valve

f fibrillation waves

FA false aneurysm

FVT fast ventricular tachycardia

GP glycoprotein

HCM hypertrophic cardiomyopathy

HF heart failure

HNCM hypertrophic nonobstructive cardiomyopathy

HOCM hypertrophic obstructive cardiomyopathy

HR heart rate

HRA high right atrium

HV shock delivery by implantable cardioverter-
defibrillator

ICD implantable cardioverter-defibrillator

IL inner loop site

(L/R)IPV (left/right) inferior pulmonary vein

IVC inferior vena cava

IVUS intravascular ultrasound
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L length

LAA left atrial appendage

LAD left anterior descending coronary artery

LCX left circumflex coronary artery

LM left main stem

LMWH low molecular weight heparin

LO location only

LQTS long-QT syndrome

L-VAD left ventricular assist device

LVEF left ventricle ejection fraction

LVP left ventricular pressure

MI myocardial infarction

MR magnetic resonance

NSVT nonsustained ventricular tachycardia

Oa anatomic orifice

Oe echocardiographic orifice

Os ostium

P P-wave

PA pulmonary artery

Pao mean aortic pressure

PCI percutaneous coronary intervention

PET positron emission tomography

PFO patent foramen ovale

PI proximal isthmus site

PLAATO percutaneous left atrial appendage occluder

Poccl mean distal coronary occlusive pressure

PTCA percutaneous transluminal coronary angioplasty

(e)PTFE (expanded) polytetrafluoroethylene

PTSMA percutaneous transluminal septal myocardial
ablation

PVP pulmonary venous potential

R ventricular sensing

RB right bundle

Ref reference catheter

RF radiofrequency

RPM revolutions per minute

RVC right ventricular cardiomyopathy

Rx therapy delivered by implantable cardioverter-
defibrillator

S systole

SAM systolic anterior motion

Sat oxygen saturation

SCD sudden cardiac death

SFA superficial femoral artery

SP septum primum

(L/R)SPV (left/right) superior pulmonary vein

SS septum secundum

ST sinus tachycardia

Stim stimulation catheter

SVC superior vena cava

SVT supraventricular tachycardia

TA tricuspid annulus

TEC transluminal endarterectomy catheter

TOE transoesophageal echocardiography

TS tachycardia sensed event

UAP unstable angina pectoris

US ultrasound

V ventricular sensing/pacing

(L/R)V (left/right) ventricle

VF ventricular fibrillation

Voccl distal occlusive coronary flow velocity

Vø-occl coronary flow velocity during vessel patency

VP paced ventricular event

VS sensed ventricular event

VT ventricular tachycardia

W width

Abbreviations



Invasive Assessment of
the Coronary Collateral
Circulation
Christian Seiler, MD

Chapter 1

Introduction

The coronary collateral circulation has been recognized for
a long time as an alternative source of blood supply to a
myocardial area jeopardized by ischaemia1. Numerous
investigations have shown a protective role of well versus
poorly developed collateral arteries, showing smaller
infarcts, less ventricular aneurysm formation, improved
ventricular function, fewer future cardiovascular events, and
improved survival2, 3 (1.1). Precise characterization of
collateral vessels has become increasingly important, since
new therapeutic strategies for the promotion of collateral
vessels, i.e. angiogenic and arteriogenic therapy, have been
developed which await proper efficacy testing4. Ultimate
coronary collateral assessment excluding confounding
factors of forward flow requires an occlusion of the collateral
receiving vessel, be it natural or artificial (1.2). 

Natural coronary occlusion model
(chronic total occlusion model)

In the situation of a natural coronary artery occlusion
without myocardial infarction, a well-developed collateral
circulation must be the reason for the salvaged cardiac
muscle (1.3, 1.4). The entire filling of a chronically
occluded, collateral-receiving coronary artery from a
collateral-supplying vessel (1.3) illustrates that the area at
risk for infarction, i.e. a determinant of infarct size aside
from vascular occlusion time, is closely and inversely
dependent on collateral flow5. Thus, to detect normal
ventricular wall motion (1.4) in the presence of a proximal
or middle chronic occlusion represents a way of qualifying
‘good’ collateral flow. 

Artificial coronary occlusion model
(angioplasty model)

At present, invasive cardiac examination is a prerequisite for
reliable assessment of coronary collaterals. In the natural
occlusion model, it is needed to confirm total vascular
obstruction; in the artificial occlusion model, it is essential
for briefly blocking the vessel using an angioplasty balloon
catheter (1.2). Employing the angioplasty model, there are
several qualitative and quantitative methods which can be
used to characterize the collateral circulation6.

Angina pectoris and intracoronary
electrocardiogram (ECG) during 
vessel occlusion 
The simplest but rather imprecise way to qualify collateral
vessels is to ask the patient about the presence of angina
pectoris shortly before the end of arterial balloon occlusion.
The predictive value of absent or present chest pain for
collaterals sufficient or insufficient, respectively, to prevent
ischaemia as detected by intracoronary electrocardiogram
(ECG) is rather low. The use of an intracoronary ECG lead
obtained via the angioplasty guidewire for collateral
assessment provides a good representation of the pertinent
myocardial area. Intracoronary ECG ST-segment changes
of >0.1 mV constitute the definition of collaterals
insufficient to prevent ischaemia in the respective
myocardial territory (1.5, 1.6).

11



Angiographic methods
The coronary angiographic method for collateral
qualification most widely used is similar but not identical to
the one first described by Rentrop and coworkers7. The
latter provides a score from 0–3 for recruitable collateral
vessels upon occlusion of the ipsilateral artery, the former an
identical score for spontaneously visible collaterals without
artificial vascular occlusion. The score describes epicardial
coronary artery filling with radiographic contrast dye via
collaterals as follows: 

0: no filling; 
1: small side branches filled; 
2: major side branches of the main vessel filled; 
3: main vessel entirely filled (1.3). 

Clinically, the fact that only spontaneously visible collaterals
are routinely scored further impairs the method’s sensitivity,
which is quite limited to begin with. Recruitable collateral
vessel grading in the absence of chronic coronary occlusion,
however, requires the insertion of two coronary catheters, i.e.
one for balloon occlusion of the collateral-receiving vessel
and one for injection of contrast dye into the collateral-
supplying artery. An alternative, semiquantitative
angiographic method consists of determining the number of
heart beats during coronary occlusion needed to wash out
the contrast medium; the contrast medium is retained in the
vessel segment distal to the balloon because it was injected
into the ipsilateral artery during balloon inflation. The
contrast medium caught distal to the occlusive balloon can
only be washed out by collateral flow (i.e. washout
collaterometry8). A washout time of approximately 11 heart
beats accurately predicts collaterals sufficient to prevent
ischaemia during a brief coronary occlusion (1.7, 1.8).

Intracoronary pressure or Doppler 
sensor measurements
Pressure or Doppler sensor tip angioplasty guidewires are
available which are almost equivalent to regular guidewires
in their handling properties. The theoretical basis for the use
of intracoronary pressure or blood flow velocity
measurements to determine collateral flow relates to the fact
that perfusion pressure or velocity signals obtained distal to
a balloon-occluded stenosis originate from collaterals (1.5,

1.6, 1.9, 1.10). The measurement of aortic and
intracoronary pressure or velocity provides the basic
variables for the calculation of a pressure-derived or
velocity-derived collateral flow index (CFI), both of which
express the amount of flow via collaterals to the vascular
region of interest as a fraction of the flow via the normally
patent vessel. Pressure-derived CFI is determined by
simultaneous measurement of mean aortic (Pao), mean
distal coronary occlusive (Poccl), and central venous pressure
(CVP) (1.5, 1.6, 1.9): 

CFI = (Poccl – CVP)/(Pao – CVP) 

Velocity-derived CFI is measured by obtaining distal
occlusive coronary flow velocity (Voccl) and coronary flow
velocity during vessel patency (VØ-occl) taken at the same
location and following occlusion-induced reactive
hyperemia: 

CFI = Voccl/ VØ-occl (1.10) 

Pressure-derived and Doppler-derived intracoronary
collateral measurements are regarded as the reference
method for clinical assessment of coronary collateral flow.

Invasive Assessment of the Coronary Collateral Circulation12
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1.1 Cumulative rate of major adverse cardiac
events in patients with stable coronary artery
disease. During a follow-up period of almost
4 years, the event rate is significantly lower in
patients with well versus those with poorly
developed collateral vessels (where well
developed collaterals are defined as invasively
obtained CFI ≥25% of normal antegrade flow
through the patent vessel, and poor collaterals
are defined as CFI <25%). CFI: collateral flow
index; MI: myocardial infarction; UAP: unstable
angina pectoris.

1.2 Schematic drawing illustrating the condition
under which the collateral supply to a specific
coronary artery (i.e. the left circumflex coronary
artery, LCX) can be assessed. Natural or
artificial vascular occlusion of the collateral-
receiving (i.e. ipsilateral artery, LCX) artery is
mandatory for accurate assessment. LAD: left
anterior descending coronary artery.

CFI ≥0.25

CFI <0.25

0 50 100 150 200
(n=403)       (n=305)        (n=201) (n=82)          (n=7)

Follow-up (weeks)

1.00

0.95

0.90

0.00
E

ve
n

ts
 (

M
I 

o
r 

U
A

P
)

Occluded
stenosis

Pressure or
Doppler sensor

LCX

LAD

Guiding
catheter



Invasive Assessment of the Coronary Collateral Circulation14

1.3 RAO (right anterior oblique) (caudal view)
coronary angiogram with injection of radiographic
contrast medium into the left coronary artery. The two
images are taken early (A) and late (B) during contrast
injection. There are chronic total occlusions (red
circles) of the proximal left circumflex (LCX) and the
middle left anterior descending (LAD) coronary
arteries, as well as retrograde filling via collateral
vessels of the occluded right coronary artery (arrow).
Complete retrograde filling with contrast (i.e.
angiographic score 3; curved arrows) is documented
for the LCX and LAD coronary arteries.

A

LAD

LCX

B



Invasive Assessment of the Coronary Collateral Circulation 15

1.4 Left ventricular angiogram of the patient in (1.3) obtained
briefly after the coronary angiogram. RAO (right anterior oblique)
view taken at end-diastole (A) and end-systole (B), illustrating an
entirely normal systolic left ventricular function despite three-
vessel coronary artery occlusion. 

A

1.5 Schematic drawing illustrating the principle of
collateral assessment during coronary artery balloon
occlusion using a sensor guidewire (blue line). This
pressure or Doppler sensor is positioned distal to the
occluded site. Pressure signals (except for venous back
pressure) or flow velocity signals detected during
vascular occlusion originate from collateral vessels
supplying the blocked vascular region.

B

Collateral vessels

Microcirculation
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1.6 Insufficient coronary collaterals:
simultaneous recordings of an
intracoronary electrocardiogram (i.c.
ECG) lead (top), phasic (left side) and
mean (right side) aortic (Pao, mmHg),
coronary occlusive (Poccl, mmHg), and
central venous pressures (CVP,
mmHg). Pao is gauged via the coronary
guiding catheter, Poccl via the pressure
guidewire positioned distal to the
stenosis to be dilated, and CVP via a
right atrial catheter. To the right of the
phasic pressure tracings obtained
during coronary artery patency, mean
pressures are recorded before, during,
and after angioplasty balloon deflation.
During balloon occlusion, there are

marked ECG ST-segment elevations (arrows) indicating collateral vessels insufficient to prevent myocardial ischaemia.
Collateral flow index (CFI) is calculated as follows: CFI = (Poccl – CVP)/(Pao – CVP).

1.7 RAO (right anterior oblique)
coronary angiogram (projection: 27°,
caudal 24°) showing slow contrast
washout in the left circumflex (LCX)
coronary artery. On the left (A), the
situation 4 heart beats (large arrow)
after angioplasty balloon inflation
(position in the proximal LCX; black
arrow head) is shown with the LCX
distal to the balloon filled with
radiographic contrast medium. On the
right (B), the situation 20 heart beats
(large arrow) after angioplasty balloon
inflation is shown, whereby the
radiographic contrast medium is not yet

washed out distal to the balloon (arrow head). Collateral flow index in this case was 0.06. Contrast washout distal to the
occluded vessel within 11 heart beats accurately separates collaterals sufficient from those insufficient to prevent
ischaemia during brief coronary occlusion with 88% sensitivity and 81% specificity. LAD: left anterior descending 
coronary artery.

A B

Beat 20
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LAD

Beat 4

200

150

100
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1.9 Sufficient coronary collaterals:
simultaneous recordings of an
intracoronary electrocardiogram (i.c.
ECG) lead (top), phasic (left side), mean
(right side) aortic (Pao, mmHg), coronary
occlusive (Poccl, mmHg), and central
venous pressures (CVP, mmHg). Pao is
gauged via a 6 French coronary artery
guiding catheter, Poccl via a pressure
guidewire positioned distal of a stenosis
to be dilated, and CVP via a right atrial
catheter. To the right of the phasic
pressure tracings obtained during
coronary artery patency, mean pressures
are recorded during balloon inflation.
During inflation, there are no ECG ST-
segment elevations indicating collateral
vessels sufficient to prevent myocardial ischaemia. Collateral flow index (CFI) is calculated as follows: 
CFI = (Poccl – CVP)/(Pao – CVP).

1.8 RAO (right anterior oblique)
coronary angiogram (projection: 17°,
cranial 28°) showing fast contrast
washout in the left anterior descending
(LAD) coronary artery. On the left (A),
the situation 4 heart beats (white arrow)
after angioplasty balloon inflation
(position in the mid-LAD; black arrow
head) is shown, with the LAD distal to
the balloon filled with radiographic
contrast medium. On the right (B), the
situation 10 heart beats (white arrow)
after angioplasty balloon inflation
(position in the mid-LAD; black arrow
head) is shown, whereby the
radiographic contrast medium is washed
out distal to the balloon in the LAD but not in the diagonal branch. Collateral flow index in this case was 0.37. LCX: left
circumflex coronary artery. 

A B

Beat 4

LAD

Beat 10

LCX

CFI=(34-5)/(100-5)=0.305
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150
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1.10 Intracoronary Doppler flow velocity signals obtained distal to a balloon occluded vessel using
a 0.014 inch, 20 MHz Doppler coronary guidewire. Upper panel: Instantaneous occlusive flow
velocity profile recorded over time (horizontal axis). Bidirectional velocity signals indicate collateral
flow towards and away from the Doppler sensor which is located at the tip of the guidewire. Lower
panel: Flow velocity trend obtained over 90 seconds. Doppler-derived collateral flow index roughly
corresponds to the ratio of flow velocity during occlusion (Voccl, cm/s) divided by flow velocity at the
same site during vessel patency (VØ-occl, cm/s).

Instantaneous flow velocity

Flow velocity trend over 90 sec

VØ-occl

Voccl

Occlusion
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Conclusion

Well developed coronary collateral arteries in patients with
coronary artery disease (CAD) mitigate myocardial infarcts
with less ventricular aneurysm formation and improved
ventricular function. They reduce future cardiovascular
events, and improve survival. Myocardial infarct size is a
product of coronary artery occlusion time, area at risk for
infarction, and the inverse of collateral supply. Collateral
arteries preventing myocardial ischaemia during brief vascular
occlusion are present in one-third of patients with CAD.

Coronary collateral flow can be assessed only during
natural or artificial vascular occlusion of the collateral-
receiving artery. The entire filling of a chronically occluded,
collateral-receiving coronary artery from a collateral-
supplying vessel illustrates that the area at risk for infarction
is closely and inversely dependent on collateral flow. The
coronary angiographic method for collateral qualification
describes epicardial coronary artery filling with radiographic
contrast dye via collaterals, using a score from 0–3. An
alternative, semiquantitative angiographic method consists
of determining the number of heart beats during coronary
occlusion needed to wash out the contrast medium caught
in the vessel segment distal to the balloon due to pre-
occlusion injection (washout collaterometry). Presently, the
gold standard for clinical coronary collateral assessment is
the measurement of intracoronary occlusive pressure-
derived or velocity-derived CFI, which expresses collateral
flow as a fraction of flow during vessel patency.
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