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Preface

Cardiac Surgery: A Complete Guide provides a succinct and solid overview of the specialty of
cardiac surgery. The book predominantly aimed at trainees as well as practicing surgeons pres-
ents in a clear and accessible way the most up-to-date knowledge of the entire specialty of
cardiac surgery. With an emphasis on key concepts, high-yield information, and international
best practice, it concisely covers the breadth of material needed for certification and practice
of cardiac surgery. Thanks to the reader-friendly design, featuring an abundance of illustra-
tions, intraoperative photographs, tables as well as information boxes, the book enables the
readers to visually grasp and retain difficult concepts. Evidence-based approaches to the man-
agement of a range of cardiac surgical conditions will help readers overcome tough clinical
challenges and improve patient outcomes.

Cardiac Surgery: A Complete Guide brings together experts from around the world to dis-
cuss the full scope of cardiac surgery. It provides essential, up-to-date, need-to-know informa-
tion about the latest surgical perspectives and approaches to treatment including innovations in
minimally invasive surgery and percutaneous devices. Drawing together current knowledge
and evidence and examining all aspects of cardiac surgery in one succinct volume, Cardiac
Surgery: A Complete Guide is the ideal resource for the trainees as well as practicing surgeons
enabling them to effectively apply the latest techniques and evidence-based approaches in their
day-to-day practice.

A key feature of the book is the section on Review Questions that contains Single Best
Answer Questions that will prove to be an invaluable resource for residents preparing for their
certification examinations. The breadth of topics covered and detailed answers expand the
versatility of this book to a larger audience including doctors preparing for postgraduate exams
and other allied healthcare professionals who will be examined in cardiac surgery.

The questions are in line with the most recent developments in clinical guidelines and have
been written in accordance with the recent changes in certification examinations. They are
designed to provide a comprehensive coverage of the cardiac surgery curriculum and are simi-
lar to those that have or will feature in certification examinations. The answers provide detailed
explanations as to how the correct answer is reached, followed by a clear discussion of how the
incorrect answers are ruled out and supplementary information about other important aspects
of each question. The answers are designed to allow the reader to further enhance their clinical
knowledge, understanding, and single best answer technique, thus making this book an excel-
lent aid for exam preparation.

I would like to thank all the contributors who have produced excellent chapters and made
this collaborative venture worthwhile. Last but not least, my special thanks to the Springer
Nature team—Grant Weston, Leo Johnson, Rajeswari Balachandran, and Swathi
Chandersekar—for managing the project with courtesy and patience.

London, UK Shahzad G. Raja
2020

vii



Contents

PartI Perioperative Care and Cardiopulmonary Bypass
1 Cardiac Catheterization............. ... ... ... ... .. .. .. . ..
Konstantinos Kalogeras and Vasileios F. Panoulas

2 Fractional Flow Reserve. . . ............. ... . .. . . ..
Vasileios F. Panoulas

3 Echocardiography. ........ ... .. .. .. ..
Shelley Rahman Haley

4 Cardiac Computed Tomography and Magnetic Resonance Imaging ........
Tarun K. Mittal

5 Assessment of Myocardial Viability ...................................
Chandra Katikireddy, Nareg Minaskeian, Amir Najafi, and Arang Samim

6 Blood Conservation Strategies in Cardiac Surgery.......................
David Royston

7 Inotropes, Vasopressors and Vasodilators. . . ............ ... .. ... ......
Nandor Marczin, Paola Carmona, Steffen Rex, and Eric E. C. de Waal

8 CardiacPacinginAdults .............. .. ... ... .. ... ...
Daniel Keene, S. M. Afzal Sohaib, and Tom Wong

9 Adult Cardiopulmonary Bypass . .......... ... ... . ... . i
Demetrios Stefanou and Ioannis Dimarakis

10 Myocardial ProtectioninAdults . . ........... ... ... ... ... ... .. .. ...,
Francesco Nicolini and Tiziano Gherli

11 Heparin-Induced Thrombocytopenia . . ................................
Benilde Cosmi

12 Tissue Sealants in Cardiac Surgery. .. ........... .. .. ... ... ... ... ....
Louis P. Perrault and Fatima Zohra Moukhariq
Part I Coronary Artery Disease
13 Conduits for Coronary Artery Bypass Surgery..........................
Cristiano Spadaccio and Mario F. L. Gaudino

14 Endoscopic Saphenous Vein and Radial Artery Harvesting. . ..............
Fabrizio Rosati and Gianluigi Bisleri

15 Conventional Coronary Artery Bypass Grafting. . .......................
Kirthi Ravichandren and Faisal G. Bakaeen



Contents

16 Off-Pump Coronary Artery Bypass Grafting ...........................
Shahzad G. Raja and Umberto Benedetto

17 Minimally Invasive Coronary Artery Bypass Grafting. . ..................
Ming Hao Guo, Janet M. C. Ngu, and Marc Ruel

18 Totally Endoscopic Coronary Artery Bypass Grafting. .. .................
Brody Wehman and Eric J. Lehr

19 Redo Coronary Artery Bypass Grafting. . ..............................
Hitoshi Yaku, Sachiko Yamazaki, and Satoshi Numata

20 Hybrid Coronary Revascularization. ..................................
Elbert E. Williams, Gianluca Torregrossa, and John D. Puskas

21 Bilateral Internal Mammary Artery Grafting. . .........................
Shahzad G. Raja and David Taggart

22 Total and Multiple Arterial Revascularization. . .........................
James Tatoulis

23 Anastomotic Devices for Coronary Artery Surgery. ......................
Nirav C. Patel and Jonathan M. Hemli

24 Post-infarction Ventricular Septal Defect. . .............................
Joseph Nader, Pierre Voisine, and Mario Sénéchal

25 Ischemic Mitral Regurgitation. . . .....................................
Michael Salna and Jack H. Boyd

26 Post-infarction Ventricular Aneurysms. . .. .............................
Manish K. Soni and Shahzad G. Raja

27 Coronary Endarterectomy. .............. ... .. . i,
Nikolaos A. Papakonstantinou

28 Transmyocardial Laser Revascularization..............................
Justin G. Miller and Keith A. Horvath

29 Gene Therapy for Coronary Artery Disease. . .. .........................
Vivekkumar B. Patel, Christopher T. Ryan, Ronald G. Crystal,
and Todd K. Rosengart

30 Combined Carotid and Coronary Artery Disease . .. .....................
Salah E. Altarabsheh, Carolyn Chang, Yakov E. Elgudin, and Salil V. Deo

31 Coronary Artery Aneurysms and Fistulas . . .............. ... ... ... ...
Aimee Wehber, Kevin Oguayo, Joseph Pendley, Jonathan J. Allred,
J. Christopher Scott, and William Jeremy Mahlow

Part III Valvular Heart Disease
32 Mechanical Prosthetic Valves. . .......... ... ... ... ... ... . ... .. ... ....

Matthew C. Henn and Marc R. Moon

33 Stented Bioprosthetic Valves ... ...... .. .. .. ... .. .. .. ... .. .. ...
Giuseppe Santarpino and Shahzad G. Raja

34 Bentall and Mini-Bentall Procedure . ................. ... . ... . .......
Adam Chakos and Tristan D. Yan



Contents xi

35 Aortic Valve-Sparing Root Replacement .. ............................. 315
Mateo Marin-Cuartas and Michael A. Borger

36 AorticValve Repair........... ... .. ... .. i 325
Igo B. Ribeiro and Munir Boodhwani

37 The Small AorticRoot .. ... ... .. ... . . . . . . 345
John R. Doty

38 TheRoss Procedure . .......... ... . ... ... . . . . . . . 351
Ismail Bouhout and Ismail El-Hamamsy

39 Bicuspid Aortic Valve and Aortopathy ................................. 359
Sri Harsha Patlolla and Hartzell V. Schaff

40 Mitral Valve Replacement . ......... ... ... .. ... ... ... .. .. ... ... ... 373
David Blitzer, Jeremy J. Song, and Damien J. LaPar

41 Techniques for Mitral Valve Repair ................................... 381
Bassman Tappuni, Hoda Javadikasgari, Bajwa Gurjyot, and Rakesh M. Suri

42 Mitral Valve Repair in Rheumatic Mitral Disease. . . . .................... 389
Taweesak Chotivatanapong

43 Native Valve Endocarditis ............. ... ... ... ... . ... ... . ... ... .... 397
Kareem Bedeir and Basel Ramlawi

44 Prosthetic Valve Endocarditis ... .......... ... ... ... ... ... ... ... ..... 405
Bobby Yanagawa, Maral Ouzounian, and David A. Latter

45 Tricuspid Valve Surgery. . ... ... ...t 415
Christoph T. Starck and Volkmar Falk

46 Minimally Invasive Aortic Valve Surgery.............. ... ... ... ...... 421
Mattia Glauber and Antonio Miceli

47 Minimally Invasive Mitral Valve Surgery............................... 429
Mateo Marin-Cuartas and Piroze M. Davierwala

48 Transcatheter Aortic Valve Therapies. .. ............................... 437
Mohanad Hamandi and Michael J. Mack

49 Transcatheter Pulmonary Valve Replacement. . ......................... 447
Hussam S. Suradi and Ziyad M. Hijazi

50 Transcatheter Mitral Valve Therapies ................................. 455
Adolfo Ferrero Guadagnoli, Maurizio Taramasso, and Francesco Maisano

51 Carcinoid Heart Disease. . .. ........... ... ... . . . .. 463
Anita Nguyen, Hartzell V. Schaff, and Heidi M. Connolly

Part IV Thoracic Aorta

52 Acute Type A Aortic Dissection . ................... ... ... ............ 475
Alice Le Huu, Umang M. Parikh, and Joseph S. Coselli

53 Acute Type B Aortic Dissection . . ................ ... ... .............. 487
Ashraf A. Sabe and G. Chad Hughes

54 Chronic Type B Aortic Dissection . .. ........ ... ... ... .. .. .. ... .... 497

Konstantinos Spanos and Tilo Kélbel



xii <CA>

55 Aortic Intramural Hematoma and Penetrating Aortic Ulcer............... 507
Abe DeAnda Jr. and Christine Shokrzadeh

56 Descending Thoracic and Thoracoabdominal Aortic Aneurysms ........... 515
Konstadinos A. Plestis, Oleg 1. Orlov, Vishal N. Shah, Robert J. Meisner,
Cinthia P. Orlov, and Serge Sicouri

57 AorticArch Aneurysms . ............. .. .t 529
Mahnoor Imran, Mohammad A. Zafar, Tamta Chkhikvadze,
Bulat A. Ziganshin, and John A. Elefteriades

58 Hybrid AorticArchRepair .......... .. .. ... .. .. .. .. .. .. .. .. 545
Oliver J. Liakopoulos, Julia Merkle, and Thorsten Claus W. Wahlers

59 Endovascular Stent Grafting of ThoracicAorta ......................... 553
David Tobey, Allan Capote, Rodney White, and Ali Khoynezhad

60 Neuroprotective Strategies During Aortic Surgery ....................... 561
Jee Young Kim, Helen A. Lindsay, and George Djaiani

61 Sinusof Valsalva Aneurysms .. ................ ...ttt 567
Manish K. Soni and Shahzad G. Raja

62 Elephant Trunk Procedures. ............. ... ... .. ... .. .. .. .. ... 573
Suyog A. Mokashi and Lars G. Svensson

63 Porcelain Ascending Aorta.......... ... ... .. .. .. ... 579
Yigal Abramowitz and Raj R. Makkar

64 Cardiovascular Manifestations of Marfan and Loeys-Dietz Syndrome . . . . .. 587

Florian S. Schoenhoff and Thierry P. Carrel

PartV Mechanical Circulatory Support and Transplantation

65

66

67

68

69

70

71

72

73

Pharmacologic Support of the Failing Heart . . . ...................... ... 597
Haifa Lyster and Georgios Karagiannis

Cardiac Resynchronization Therapy for Heart Failure . ................ .. 607
Mumin R. Noor, Rebecca E. Lane, and Owais Dar

Intra-aortic Balloon Pump. .. ......... ... .. .. .. 613
Nnamdi Nwaejike and Mani A. Daneshmand

Extracorporeal Life Supportinthe Adult .............................. 623
Adeel Abbasi and Corey E. Ventetuolo

Temporary Circulatory Support Devices . .............................. 631
Gerin R. Stevens and Brian Lima

Heart Transplantation .. ........ ... ... .. .. ... ... . ... .. i, 639
Aravinda Page and Yasir Abu-Omar

Heart-Lung Transplantation . . ............ ... ... ... ... ............. 645
Don Hayes Jr., Michael S. Mulvihill, and David McGiffin

Immunosuppression in Cardiac Transplantation ..................... ... 655
Yu Xie, Kevin W. Lor, and Jon A. Kobashigawa

Complications of Heart Transplantation ............................... 665
Mayooran Shanmuganathan and Owais Dar



xiii

Part VI Miscellaneous Cardiovascular Disorders

74 Cardiac TUmOLS. . .. ... .
Maria Romero and Renu Virmani

75 Concomitant Coronary Artery Disease and Lung Cancer .. ...............
Wilhelm P. Mistiaen

76 Trauma to the Heart and Great Vessels . ...............................
Ankur Bakshi, Matthew J. Wall Jr., and Ravi K. Ghanta

77 Pericardial Diseases ... ............... .
Rolando Calderon-Rojas and Hartzell V. Schaff

78 Pulmonary Thromboendarterectomy ..................................
Michael M. Madani and Jill R. Higgins

79 Surgical Management of Atrial Fibrillation. . ...........................
Kareem Bedeir and Basel Ramlawi

80 Hypertrophic Cardiomyopathy . ............ .. ... ... .. ... ... .......
Hao Cui and Hartzell V. Schaff

81 Left Ventricular Volume Reduction. . .. ....... ... ... ... ... ... .........
Antonio M. Calafiore, Massimiliano Foschi, Antonio Totaro, Piero Pelini,
and Michele Di Mauro

82 Renal Failure After Cardiac Surgery ..................................
Marc Vives and Juan Bustamante-Munguira

83 Bleeding and Re-exploration After Cardiac Surgery .....................
Xun Zhou, Cecillia Lui, and Glenn J. R. Whitman

84 Sternal Wound Infections. . . ......... ... ... ... .. . . ...
Tomas Gudbjartsson

85 Atrioventricular Disruption. . ......... ... ... .. ... .. ..
Sheena Garg and Shahzad G. Raja
Part VII Paediatric and Congenital Heart Disease
86 Pediatric Cardiopulmonary Bypass and Hypothermic Circulatory Arrest . . .
Craig M. McRobb, Scott Lawson, Cory Ellis, and Brian Mejak

87 Myocardial Protectionin Children . ............. ... .. ... ... ... ......
Abdullah Dogan and Riza Tiirkoz

88 Pediatric Extracorporeal Membrane Oxygenation and Mechanical
Circulatory Assist Devices ... .......... ... .. i,
Akif Undar, Shigang Wang, Madison Force, and Morgan K. Moroi

89 Palliative Operations for Congenital Heart Disease ... ...................
Masakazu Nakao and Roberto M. Di Donato

90 Coronary Anomaliesin Children. . ........... .. ... ... ................
Phan-Kiet Tran and Victor T. Tsang

91 Congenital Valvar and Supravalvar Aortic Stenosis . .. ...................
Viktor Hraska and Joseph R. Block

783



Xiv Contents
92 Atrial Septal Defects. . ......... .. ... ... . . . . 839
Iman Naimi and Jason F. Deen
93 Isolated Ventricular Septal Defect. .. ......... .. ... .. ... ... ... ....... 849
Sian Chivers and Attilio A. Lotto
94 Patent Ductus Arteriosus . ... .......... ... ... ... 865
Robroy H. Maclver
95 Aortopulmonary Window . .......... ... ... .. 869
G. Deepak Gowda and B. C. Hamsini
96 CoarctationoftheAorta............. .. .. ... .. .. ... . .. ... .. .. 875
Shafi Mussa and David R. Anderson
97 Pulmonary Valve Stenosis ............. ... ... .. . . . 885
Fazal W. Khan and M. Serta¢ Cicek
98 Truncus Arteriosus . ... ...... ...ttt 891
Sandeep Sainathan, Ken-Michael Bayle, Christopher J. Knott-Craig,
and Umar S. Boston
99 Transposition of the Great Arteries. .. ................................. 897
Erik L. Frandsen and Matthew D. Files
100 Congenitally Corrected Transposition of the Great Arteries . .............. 905
Michel N. Ilbawi, Chawki El-Zein, and Luca Vricella
101 Tetralogyof Fallot. . ......... ... ... .. ... . . . . . 917
Damien J. LaPar and Emile A. Bacha
102 Hypoplastic Left Heart Syndrome. . . .................................. 923
David J. Barron
103 Congenital Aortic Arch Interruption and Hypoplasia .................... 933
Serban C. Stoica
104 Pulmonary Atresia with Intact Septum . ........... ... .. ... .. .. .... 941
Imran Saeed
105 Complete Atrioventricular Septal Defect . ... ........................... 949
Tom R. Karl, Nelson Alphonso, John S. K. Murala, and Kanchana Singappulli
106 Double Outlet Right Ventricle . ............. ... .. .. .. .. .. ... .... 961
Ravi S. Samraj, Ross M. Ungerleider, and Inder Mehta
107 Neonatal Ebstein’s Anomaly . ....................... ... ... .......... 971
Umar S. Boston, Ken Bayle, T. K. Susheel Kumar,
and Christopher J. Knott-Craig
108 Vascular Rings and Pulmonary Artery Sling. . .......................... 981
Carl L. Backer
109 Congenital Left Ventricular Outflow Tract Obstruction. . ................. 993
Imran Saeed
110 Pediatric Heart Transplantation . .. ................................... 1001
James K. Kirklin
Review Questions . . .............. . . . 1011
AMSWETS . . oottt e 1033



Part |

Perioperative Care and Cardiopulmonary Bypass



l‘)

Check for
updates

Cardiac Catheterization

Konstantinos Kalogeras and Vasileios F. Panoulas

High Yield Facts

e Selective coronary angiography was first described
by Mason Sones in 1958.

e The main goals of invasive coronary angiography
are to confirm the presence and nature of coronary
artery disease, to assess the location and extent of
luminal stenosis and finally, to decide upon the opti-
mal therapeutic approach.

e Coronary angiography is a relatively safe procedure
in experienced hands with a mortality rate of
1/1000.

* Ongoing infections, acute kidney injury or failure,
severe anemia, active bleeding, previous allergic
reaction to contrast and severe electrolyte imbal-
ance are considered relative contraindications.

History of Cardiac Catheterization

Although the first cardiac catheterization in animals was per-
formed by the French physiologist Claude Bernard in 1840s,
it was not before 1929 when the first right heart catheteriza-
tion was done in human by the German doctor Werner
Forssmann on himself. Selective coronary angiography was
first described by Mason Sones in 1958, while special cath-
eters for coronaries engagement and contrast injection were

K. Kalogeras
Royal Brompton and Harefield NHS Foundation Trust,
Harefield, UK

V. E. Panoulas (0<)
Royal Brompton and Harefield NHS Foundation Trust,
Harefield, UK

National Heart and Lung Institute, Imperial College London,
London, UK
e-mail: v.panoulas @imperial.ac.uk

© Springer Nature Switzerland AG 2020

further developed by Kurt Amplatz and Melvin Judkins in
1967 (Fig. 1.1) [2]. The coronary arteries soon became the
most frequently examined vessels, using mainly pre-shaped
femoral catheters by Judkins, but also those by Bourassa,
Schoonmaker, King, El Gamal and many others. After the
establishment of coronary angiography, a new era began in
September 1977 when the first coronary angioplasty was
achieved by Andreas Gruentzig [3].

Invasive Diagnostic Coronary Angiography

Coronary angiography is an integral part of the workup of
patients with heart disease and a key element in the evaluation
of patients with coronary artery disease (CAD). The main

Fig. 1.1 Melvin Paul Judkins (1922-1985) with his pre-shaped coro-
nary catheters for femoral access (Reprinted from “The PCR-EAPCI
Textbook™, chapter: A history of cardiac catheterization, Authors:
Michel E. Bertrand, Bernhard Meier [1])

S. G. Raja (ed.), Cardiac Surgery, https://doi.org/10.1007/978-3-030-24174-2_1
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goals of invasive coronary angiography are to confirm the
presence and nature of CAD, to assess the location and extent
of luminal stenosis and finally, to decide upon the optimal
therapeutic approach. Today, the simple coronary angiography
has been further enriched by functional evaluation by means
of intracoronary pressure measurements and anatomical eval-
uation using advanced intracoronary imaging modalities.
Although coronary angiography is a relatively safe procedure
in experienced hands (mortality rate of 1/1000), it can rarely
be potentially harmful [4, 5].

Indications
A coronary angiogram is indicated as an elective procedure

» For any patient in whom a diagnosis of CAD is suspected
or made on clinical grounds or based on additional non-
invasive stress tests for the purpose of confirming the
diagnosis as well as for defining the optimal therapeutic
strategy.

* As part of the preoperative work-up in patients planned
for a major non-cardiac or valvular cardiac surgery.

On an emergency basis, all patients presenting with acute
ST-elevation myocardial infarction (STEMI) should undergo
a coronary angiogram and a percutaneous coronary interven-
tion (PCI) within 90 min from presentation [6].

On a semi-urgent basis, coronary angiography is indi-
cated for all patients presenting with non ST elevation acute
coronary syndromes (NSTEACS) including unstable angina
or non-STEMI (NSTEMI) within a timeframe, defined by
risk stratification scores [7].

Ongoing infections, acute kidney injury or failure, severe
anemia, active bleeding, previous allergic reaction to con-
trast and severe electrolyte imbalance are considered relative
contraindications. However, each patient should be evalu-
ated separately and analyzed on a risk-benefit basis.

Pre-procedure Preparation

Following history and clinical examination, a written
informed consent should be obtained in every patient follow-
ing a clear and full description of the indication(s), the pro-
cedure and the treatment options. A routine recent set of
blood samples (within a week), is required to ensure patient
safety. From the hematology profile, hemoglobin, white cell
and platelets count are important [8] to ensure there is no
recent or occult blood loss, no underlying infection or throm-
bocytopenia. With regards to biochemistry tests, creatinine,
urea and liver profile are equally important to ensure absence

of kidney or liver injury. Bleeding history and evidence of
elevated international normalized ratio (INR) or activated
partial thromboplastin time (aPTT) are elements of great
importance to ensure patient safety. In patients who are anti-
coagulated (warfarin, novel oral anticoagulants) and man-
aged with transradial approach, there is increased confidence
to do diagnostic angiography without treatment interruption
[9, 10]. However, elective percutaneous interventions,
including pressure wire measurements, should not be per-
formed in anticoagulated patients as the risk of bleeding
complications rises.

A transthoracic echocardiogram [11] prior to any coro-
nary catheterization is essential to identify regional wall
motion abnormalities, valvular disease or left ventricular
thrombus, information that will guide the decision making
during coronary angiography.

There is evidence to support the pre-hydration before
administration of contrast medium, particularly in patients at
risk of contrast induced nephropathy (CIN). However, the
modalities of fluid administration remain uncertain [12].
Patient’s hydration status should be assessed prior to the pro-
cedure, while the aim is to have the patient euvolemic or
even slightly hypervolemic before the angiogram. For most
patients 1000 ml of 0.9% saline infused over 6 h is consid-
ered sufficient. Although not proven, it is considered reason-
able to routinely pre-hydrate all patients regardless of renal
function [13, 14].

Technical Aspects of the Procedure

Access

This can be gained through femoral, radial, ulnar, brachial or
in rare circumstances, axillary/subclavian artery approach.
However, transradial approach has mostly replaced the other
techniques, becoming the most popular approach, due to the
better hemostasis control, faster patient mobilization and
increased patient comfort, while data suggest that it is asso-
ciated with reduced vascular and bleeding complications
alongside reduced mortality, particularly in emergency cases
[15, 16]. The Seldinger technique used for access is shown in
Fig. 1.2. Subsequently, all catheters can be introduced
through the sheath and over a J guidewire to the aortic root,
to avoid dissecting the vasculature. Problems that can be
encountered in advancing the guidewire include severe arte-
rial tortuosity, stenosis, occlusion or dissection. Such diffi-
culties can be overcome only by understanding the anatomy
using peripheral contrast injections and the appropriate use
of kit (e.g., hydrophilic wires (e.g., Terumo®) or insertion of
long sheaths (45 cm), use of guide rather than diagnostic
catheters, use of stiff wires (Amplatz super stiff)), ensuring
optimal catheter and/or wire manipulation at all times.
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Fig. 1.2 Vascular access for
percutaneous insertion of a
sheath (a) Vessel punctured
with the needle until blood
back flows. (b) A flexible J-tip
guidewire advanced through ~
the needle into the vessel
lumen. (¢) The needle
removed, and the wire is left
in place. The hole around the
wire can be enlarged with a
scalpel. (d) Sheath and dilator
placed over the guidewire. (e)
Sheath and dilator advanced,
over the guidewire, into the
vessel. (f) Dilator and
guidewire removed, while
sheath is left in the vessel

JR 3.5 JR425>JRG

5‘9 @
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Fig. 1.3 Different catheters available for diagnostic coronary angiog-
raphy (Reprinted from “The PCR-EAPCI Textbook™, chapter: Invasive
diagnostic coronary angiography, Authors: Guy R. Heyndrickx, Aaron

a

Pharmacology

Intra-arterial administration of verapamil or nitrates via the
radial sheath is used to limit the occurrence of vascular
spasm, an issue not encountered with transfemoral access.
Vascular spasm, as well as patient anxiety can be effectively
addressed with the use of sedation prior to coronary angio-
gram. With regards to anticoagulation, for routine transradial
diagnostic coronary angiography, an intravenous bolus of
2500-5000 units of unfractionated heparin is adequate for
optimal short-term anticoagulation to avoid radial artery
occlusion. Finally, it is general practice to administer nitrates
(sublingual, intravenous or intracoronary) before starting the
coronary angiographic injections to obtain maximal coro-
nary dilatation and prevent potential arterial spasm at the
time of catheter manipulation.

L35/ JL4 JL451JL5 JLQAL | WAL Il AL AR M]AJA:)AR IIIMPA 1/

PIG /LCB SONI| |SON Il |SONIIICAS I CASII| CAS I

J. Peace, Chrysafios Girasis, Christoph K. Naber, Christos V. Bourantas,
Patrick W. Serruys [17])

Catheter Selection and Manipulation

Improvements in catheter technology have allowed the grad-
ual decrease of diagnostic catheters’ size from 8 Fr during the
early years of coronary angiography to 6 Fr and even 5 or 4 Fr
size catheters. The Judkins left and right (JL/JR) pre-shaped
catheters are the most commonly used catheters in the world
for engaging the left and the right coronary arteries, respec-
tively. Other pre-shaped catheters (e.g., Amplatz) can be used
for injecting both coronary vessels (Fig. 1.3). While initially
the same type of preformed catheters were used for the radial
approach, more dedicated catheters are now available for
radial procedures such as the Kimny (Boston Scientific®),
Optitorque Tiger, Jacky and Sarah (Terumo®), Sones (Cordis®)
and PaPa (Medtronic®) catheters which allow for engagement
of both coronary ostia without need for exchanging catheters.
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Angiographic Views

Angiographic views are labelled according to the position of
the C-arm image receptor (the flat portion of the C-arm posi-
tioned over the patient) in relation to the patient. In the left
anterior oblique (LAO) and right anterior oblique [15] the
X-ray machine is positioned on the left or right side of the
patient respectively, while in the cranial (CRAN) and caudal
(CAUD) views the machine is positioned cranially or cau-
dally respectively. When the receptor is in the midline then
the term postero-anterior (PA) is used.

Left coronary angiography can be performed by using a
wide range of catheters, depending on the approach used
(radial, femoral, other) and other anatomic variables includ-
ing aortic root size, coronary ostia location (high, low, ante-
rior, posterior) and coronary artery take off (superior,
horizontal, inferior, Shepherds crook). Before engaging and
making injections to the left main or any vessel it is important
to recognize that blood is coming freely from the catheter
ensuring that the catheter has been purged of air and that a
satisfactory arterial pressure trace is obtained. Any reduction
in arterial pressure or change in the morphology of the arte-
rial waveform (ventricularization—low diastolic values),
should alert the operator that the catheter is obstructing flow,
due to either the presence of a true ostial stenosis, or deep
catheter engagement (Fig. 1.4). Although individual prefer-
ences between operators exist as to which angiographic
views and in what order to be obtained, paired orthogonal
views are generally required for a correct diagnosis and ade-
quate treatment guidance (Fig. 1.5a, b). Most commonly
used views include: RAO caudal, PA caudal, LAO caudal

Fig. 1.4 Waveform of
pressure ventricularization
during coronary ostia
engagement due to forward
blood flow obstruction

(also termed spider), LAO cranial, PA cranial and RAO
cranial.

The right coronary artery (RCA) is intubated in the LAO
projection (Fig. 1.6). One of the easy ways to recognize the
type of view is the presence (in all cranial vies) or absence
(in all caudal views) of the diaphragm. Furthermore to iden-
tify whether the projection is LAO or RAO one has to locate
the spine which should be seen at the contralateral site of the
image in relation to the projection—i.e., on the right of the
image in an LAO view.

In 10%—15% of cases an abnormal origin of the RCA
complicates the search for the right coronary ostium. A mul-
tipurpose, a 3DRC or Williams, an Amplatz right or Amplatz
left catheter can be used in these circumstances. For the RCA
three views, the LAO, RAO and LAO cranial (20/20) or PA
cranial (showing the bifurcation-crux to PDA and PL) are
usually sufficient to identify all stenoses. On rare occasions,
the left circumflex artery (LCx) can be seen originating from
the right coronary sinus (Fig. 1.7).

Left ventricular angiography used to be an essential part
of invasive coronary angiogram with pigtail catheters being
the first choice. After entering the left ventricle cavity, a cor-
rect measurement of the left ventricular end diastolic pres-
sure is the first and most important measurement to evaluate
global LV function, while during catheter withdrawal, the
pressure gradient across the aortic valve should be measured.
Apart from pressure evaluation, left ventriculography offers
a lot of information regarding the regional wall motion func-
tion of the left ventricle. Usually, it is obtained in two orthog-
onal views, RAO (30°) and LAO (40°-60°).
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RAO CAUDAL PA CAUDAL LAO CAUDAL

RAO 20° Caudal 20°

Septal Perforators

LAO 50 Caudal 30

RAO CRANIAL PA CRANIAL LAO CRANIAL

RAO CRANIAL

Fig. 1.5 (a) Angiographic caudal views of the left coronary artery system. (b) Angiographic cranial views of the left coronary artery system. LMT
left main stem, LAD left anterior descending, LCX left Circumflex, OM oblique marginal, Diag diagonal

Fig. 1.6 Angiographic views of the right coronary artery (RCA). (a) Left anterior oblique view (LAO). (b) Right anterior oblique. (RCA right
coronary artery, PDA posterior descending artery, PL posterolateral branch, RV right ventricle branch)
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Post-procedure Care

Sheath Removal and Closure Devices

Standard manual compression after sheath removal is usu-
ally enough to acquire haemostasis after transfemoral
approach diagnostic angiography. However, several vascular
closure devices have been introduced to alleviate potential
bleeding complications; these can be suture-based (Prostar,
Proglide etc.), collagen-based (Angioseal), non-collagen
based or clip closure [18, 19]. In case of transradial access,
manual compression can often stop the bleeding, while a
number of devices have been designed to provide haemosta-
sis (e.g., TR band).

Fig. 1.7 Anomalous origin of the left circumflex artery (LCx) from the
right coronary sinus

Coronary Angiogram Analysis

The conventional angiographic classification is based on
visual estimation of the diameter reduction of the stenosis
compared to a normal segment. The severity classification
ranges from low grade stenosis (<49%), to intermediate
grade (50-74%), high grade (75-90%), subtotal (91-99%)
and total occlusion (100%) [20]. Further parameters required
to describe in detail a coronary lesion, are the length of the
stenosis, the eccentricity, tortuosity, degree of calcification,
and relation to bifurcation. A number of scoring systems
have been proposed to describe coronary anatomy, like the
ACC/AHA Classification, the Leaman score and the
SYNTAX score [21-24].

Examples of coronary lesions are shown in Figs. 1.8-
1.11; Fig. 1.8 demonstrates a subtotal occlusion of the ostia
of the intermediate and the left circumflex in a primary set-
ting requiring urgent left main trifurcation stenting. In
Fig. 1.9 significant mid RCA (a) and mid LCx (b) lesion are
shown pre and post PCI. Figure 1.10 shows examples of
LMS disease, distal (a) or diffuse/body (b). Finally, in
Fig. 1.11 a tight proximal LAD lesion is shown pre- and
post-PCI.

Complications

Coronary angiography is not harmless and carries a certain
mortality and morbidity risk. The frequency of serious
complications, such as death, myocardial infarction or
cerebro-vascular accident with permanent damage, is very
low (0.1-0.2%) and is usually attributed to high risk
patients. Access site complications, including pseudo-
aneurysms or hematomas requiring blood transfusions,
can occur mainly in case of transfemoral access with an
incidence of 2-5%.

Fig. 1.8 Subtotal occlusion of ostial intermediate and LCx involving the left main stem (LMS) before (a) and after (a”) primary PCI of the
trifurcation
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Fig. 1.9 Significant mid right coronary artery (RCA) lesion (a) treated with percutaneous coronary intervention (PCI) (a’). Tight mid LCx lesion

(b) also treated with PCI (b")

With the newer generation of contrast agents, allergic
reactions are becoming less frequent. However, severe reac-
tions, including prolonged hypotension, bronchospasm,
laryngeal edema, and severe anaphylactic shock have been
reported. Severe hypotension during a coronary angiogram
can be caused due to vasovagal reaction, drug reaction, car-
diac tamponade, coronary dissection/occlusion/perforation
retroperitoneal bleeding or anaphylactic shock. Furthermore,
pulmonary edema can occur after contrast and volume load-
ing especially in those patients with an already decreased left
ventricular function. Transient myocardial ischemia can be
caused by accidental air bubble injection. Finally, severe
complications can occur by catheter manipulation or forceful
against the wall injections, causing dissection of the aortic
root or coronary ostia.

Right Heart Catheterization
Indications

Pulmonary artery catheters (PACs), also called Swan-Ganz
catheters, are used for the management of critically ill
patients, and for the evaluation of unexplained dyspnoea or
suspected pulmonary hypertension. They are particularly
helpful in the acute setting in the management of severe car-
diogenic shock. In an elective setting, right heart catheteriza-
tion (RHC) is the cornerstone for the diagnosis and follow up
of pulmonary artery hypertension. Furthermore, RHC can be
helpful in identifying the severity of other underlying cardio-
pulmonary diseases (e.g., congenital heart disease, left-to-
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Fig. 1.11 A tight proximal left anterior descending (LAD) artery lesion before (a) and after (a’) percutaneous coronary intervention

right shunt, severe valvular disease such as mitral valve
disease, pulmonary hypertension) prior to corrective or other
surgery.

Direct measurements of the following can be obtained
from an accurately placed PAC: Central venous pressure
(CVP), right-sided intracardiac pressures (right atrium [RA],
right ventricle [RV]), pulmonary arterial pressure (PAP),

pulmonary capillary wedge pressure (PCWP) and mixed
venous oxyhemoglobin saturation (SvO,).

The PAC can also indirectly measure the following:
Cardiac output (CO), cardiac index (CI = CO/body surface
area), systemic vascular resistance (SVR = 80 x [mean artery
pressure — CVP]/CO), and pulmonary vascular resistance
(PVR =80 x [mean PAP — PCWP]/CO).
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Procedure

Access is obtained either from the common femoral vein or
the forearm, basilic, cephalic or median cubital vein of the
arm. Most commonly the catheters used to perform a RHC
are multipurpose and Swan-Ganz (5 Fr or 7 Fr sheath)
which has an inflatable balloon on its tip and generally
safer to use [11].

Complications

Complications are rare but these can be life threatening
including RV/RA chamber perforation followed on by tam-
ponade or distal pulmonary artery perforation (which carries
a 40-70% mortality and requires often emergency thoracot-
omy) [25]. Less sinister complications include access site
hematomas, arrhythmias, pulmonary infarction, thromboem-
bolism or stroke—in the presence of patent atrioseptal defect
or patent foramen ovale.

Interpreting Haemodynamics

Pressure waveforms are obtained in various locations includ-
ing the RA, RV and PA and its terminal branches.

Right Atrium
The normal waveforms include:

* a wave: contraction of the atria, x descent is the drop in
RA pressure following the contraction

e ¢ wave: represents the closure of the tricuspid valve

e v wave: ventricular systole alongside the passive atrial
filling, followed by the y descent which represents the
opening of the tricuspid valve

Cannon/giant a waves can be seen in any cause of atrio-
ventricular (AV) dissociation (complete heart block, V-paced
rhythm, ventricular tachycardia, AV nodal tachycardia etc.).
In atrial fibrillation a-waves are absent [26].

Normal RA pressures range from 0 to 7 mmHg. These can
be elevated in

e Conditions that cause downstream pressure elevation
(pulmonary hypertension, pulmonary valve stenosis),

e Volume/pressure overload due left to right shunts,

e RV dysfunction (cardiomyopathies including restrictive,
infarction)

e Tricuspid valve disease (regurgitation causing tall
v-waves — even cv waves, and stenosis cannon a waves)

e External compression (tamponade, constrictive
pericarditis).

Right Ventricle

Normal RV systolic pressure varies from 15 to 25 mmHg and
normal RV end diastolic pressure (RVEDP) from 3 to
12 mmHg. The RV diastolic wave form consists of early
rapid filling (60% of filling), slow filling phase (25% of fill-
ing) and an atrial systolic phase (a-wave in RV trace).

RV systolic pressures are elevated when there is increased
afterload (e.g., pulmonary hypertension, massive pulmonary
embolism, pulmonary stenosis). Elevations in RVEDP occur
when RV is failing (longstanding pulmonary hypertension,
cardiomyopathies affecting RV, RV infarction), external
compression (constriction, tamponade).

Pulmonary Artery
Normal PA systolic pressures range from 15 to 25 mmHg
while PA diastolic pressures from 8 to 15 mmHg. Mean PA
pressures vary from 10 to 22 mmHg (typically around
16 mmHg). Pulmonary hypertension is defined as a mean PA
pressure > 25 mmHg.

The etiology of pulmonary hypertension is split in the fol-
lowing 5 categories:

1. Pulmonary arterial hypertension (e.g., idiopathic, connec-
tive tissue disease, congenital heart disease).

2. Left heart disease (e.g., left heart failure, mitral valvular
disease).

3. Chronic lung disease and/or hypoxemia (e.g., emphy-
sema, interstitial lung disease).

4. Chronic pulmonary thromboembolism.

5. Multifactorial mechanisms (e.g., sickle cell disease).

Transient elevations in PA can occur in massive/submas-
sive pulmonary embolism, hypoxia.

Pulmonary Capillary Wedge Pressure

The PCWP is an estimate of the left atrial pressure (LA). This
is obtained by inflating the balloon tip of the Swan-Ganz
catheter in the distal capillary thus creating a static column of
blood between the catheter tip and the left atrium [11].
Normal PCWP varies from 6 to 15 mmHg with a mean of
9 mmHg.

Elevations in PCWP pressure occur in any condition that
elevates LA or LV pressures like LV systolic and diastolic fail-
ure, mitral and aortic valve disease, cardiac tamponade, con-
strictive or restrictive cardiomyopathies. Low PCWP can be
seen in hypovolemia, pulmonary veno-occlusive disease and
obstructive shock due to large pulmonary embolism [27, 28].

PCWP (as RA) has a, ¢ and v waves as well as x and y
descents. Large a waves can be seen in mitral stenosis, LV
systolic or diastolic dysfunction. Large v waves can be seen
traditionally in severe mitral regurgitation, but also in dia-
stolic LV dysfunction (caused by longstanding hypertension,
hypertrophic cardiomyopathy, myocardial infarction) [29].
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Cardiac output (CO) can be measured either using the
indicator thermodilution or the Fick method [30]. Cardiac
index is derived from CO divided by the body surface area
(BSA). Normal values for CI are 2.8—4.2 L/min/m?. Low CO
and CI can be seen in LV failure (systolic or diastolic), RV
systolic failure, severe mitral regurgitation, pulmonary
hypertension and hypovolemia.

Detection of left to right shunts: in the presence of a shunt
blood would naturally flow from the higher pressured left
chambers to the right corresponding ones. By sampling all the
way from superior venal cava, inferior vena cava, RA (high,
mid, low), RV and PA the operator can pick up the location of
the step up in the oxygen saturation SaO2 (typically >10%
rise) compared to mixed venous SaO2. Mixed venous SaO2
is calculated as (3xSVC + IVC)/4 [31]. The degree of the
shunting can then be calculated using the ratio of pulmonary
flow (Qp) to systemic flow (Qs) as shown below.

Qp/Qs =SAO, ~SMVO, /SPVO, —SPAO,

where: SAQ, is arterial (aortic) saturation, SMVO, is mixed
venous saturation, SPVO, is pulmonary vein saturation, and
SPAQO, is pulmonary artery saturation.

Finally, the calculation of systemic and pulmonary vascu-
lar resistance can be estimated from CO using the Ohm’s law
(Resistance = Pressure/Flow):

SVR = 80 (mean arterial pressure —RA )/ CO
PVR =80x(meanPA PCWP)/CO

Conclusion

The standard coronary angiography, despite its invasive
character and the drawback of relying on a limited number of
subjectively selected 2D acquisitions, remains the gold stan-
dard method for the evaluation of patients with coronary
artery disease. However, several softwares have been devel-
oped that permit online co-registration of intravascular imag-
ing, hemodynamic indices and angiographic data. These
systems provide representation of coronary angiography,
combined with details about lesion morphology and plaque
composition, as given by intravascular imaging modalities
such as intravascular ultrasound and optical computed
tomography [32, 33]. While these approaches have still
application mainly in the field of research, the role of stan-
dard coronary angiography and right heart catheterization in
everyday clinical practice remains fundamental.
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Check for
updates

Fractional Flow Reserve

Vasileios F. Panoulas

High Yield Facts

Visual angiographic stenosis assessment is a poor
predictor of the functional significance of a
stenosis.

Sensor tipped angioplasty guidewires have been
developed and are used to measure pressure and
flow across a coronary stenosis in the catheteriza-
tion laboratory.

A normal fractional flow reserve (FFR) value is 1,
while a positive test is considered when the FFR
<0.80.

Dobutamine stress echocardiography has been
shown to correlate well with FFR.

FFR is superior to intravascular ultrasound

The most common reason to have a false negative
FFR (i.e., a falsely high FFR) is guide catheter pres-
sure damping.

False positive FFR values (falsely low FFR) are the

emia as demonstrated in prior non-invasive testing. However,
commonly the lesions encountered in coronary angiograms
are intermediate (Fig. 2.1), with luminal stenosis in the range
of 40-80% diameter reduction [1, 2]. In this subtype of
lesions coronary artery physiologic data, usually coronary
artery pressure and flow, can aid decision on the need for
revascularization, particularly in individuals without prior
non-invasive stress test. Furthermore, visual estimation of
stenosis severity has been shown to be highly variable
between different operators (inter-observer) but also in
repeated assessments (intra-observer) [3]. Visual angio-
graphic stenosis assessment is a poor predictor of the func-
tional significance of a stenosis.

Sensor tipped angioplasty guidewires have been devel-
oped and are used to measure pressure and flow across a
coronary stenosis in the catheterization laboratory [4, 5]. The
use of coronary pressure guidewires is generally safe and
typically adds a few minutes to the total procedure time for
the assessment of each lesion.

result of technical failures.

Introduction

Myocardial revascularization with either percutaneous coro-
nary intervention (PCI) or coronary artery bypass grafting
(CABQG) is indicated in the presence of significant ischaemia
in one or more coronary territories. In most cases, coronary
artery stenoses with greater than 80% diameter reduction on
coronary angiography are associated with myocardial isch-
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Definitions

Fractional flow reserve (FFR) is the ratio of the maximum
achievable blood flow to a myocardial territory in the pres-
ence of a stenosis to the maximum achievable flow to the
same territory in the absence of the stenosis [6] (Fig. 2.2).

Pd — Py
oS _ Am yoS

FFR = =
ON Pa- Py
RmyoN

Where

e Qg is the maximum achievable flow to the territory sup-
plied by the epicardial vessel with stenosis in question.

*  Qy is the maximum achievable flow to the same territory
presuming the epicardial vessel is normal.

Pd/Pa 0.88
Pa:iPa
gd:iPd 9?130

P, is the pressure measured at the guidewire pressure sen-
sor which should be positioned distal to the lesion in
question and

P, is the aortic pressure which is the pressure measured at
the tip of the guide catheter.

P, is the central venous pressure which is much lower
than P,, P4 and close to zero

RmyoS is the myocardial resistance in the territory sup-
plied by the stenosed vessel

RmyoN is the myocardial resistance in the territory sup-
plied by the same vessel with no coronary artery stenoses

If we consider

The central venous pressure Pv = 0 and
RmyoS = RmyoN

Fig. 2.2 Determination of fractional flow reserve (FFR) and instantaneous wave-free pressure ratio (iFR)
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then the equation can be simplified to:

FFR = Pd

Pa
To obtain accurate FFR measurements, pressures obtained
during hyperaemia are required. Maximal blood flow (hyper-
aemia) is most commonly induced by intravenous (140 mcg/
kg/min) or intracoronary adenosine (right coronary artery
50-100 mcg, left coronary artery 100-200 mcg bolus). A
normal FFR value is 1, while a positive test is considered

when the FFR <0.80.

How Was This Cut-Off Decided?

In a seminal paper by Pijls et al. [7] FFR was compared to
exercise testing, thallium scintigraphy, dobutamine stress
echocardiography (DSE) and quantitative arteriography in
45 consecutive patients with moderate coronary stenosis
and chest pain, prospectively testing the cut-off value of
0.75 [8] to a true gold standard based upon the combina-
tion of the three non-invasive tests, all performed within
24 h from the FFR measurement. Using multi-testing
sequential Bayesian approach, the sensitivity of FFR in the
identification of reversible ischemia was 88%, the specific-
ity 100%, the positive predictive value 100%, and the neg-
ative predictive value 88%. In order to avoid not treating
an ischemic lesion than treating a non-ischemic lesion, in
the FAME [9] and FAME 2 [10] trials a cut-off value of
0.80 was used, demonstrating the prognostic benefits of
FFR guided revascularization. In a more recent retrospec-
tive study, in an attempt to justify the use of the 0.80 cut-
off in clinical practice, Adjed;j et al. [11] investigated the
outcomes of patients with single lesions in the so called
“grey zone” or FFR 0.76-0.80 who were either revascula-
rised or treated with medical therapy alone. Of interest,
even though there was no significant difference in overall
major adverse cardiovascular events (MACE), there was a
trend for higher mortality (p = 0.059) and the combined
outcome of myocardial infarction (MI)/death (p = 0.06) in
the medical therapy group.

FFR Compared to Other Non-invasive
Diagnostic Techniques

DSE has been shown to correlate well with FFR (cut off 0.8)
in a study of 62 patients with a single intermediate angio-
graphic lesion with kappa 0.682 and a diagnostic agreement
in 87% of patients [12].

Magnetic resonance myocardial perfusion imaging
(MRMPI), with intravenous adenosine and a first-pass gad-
olinium bolus, has been shown to correlate well with FFR
(using a cut off at 0.75) in detecting reversible ischemia in
a study of 103 patients with stable angina (300 coronary
artery segments), MRMPI had a high sensitivity 91%, spec-
ificity 94%, positive predictive value 91% and negative pre-
dictive value 94% for detecting functionally significant
coronary stenosis [13]. In a similar study, of 42 patients
who had undergone quantitative stress cardiac magnetic
resonance imaging (cMRI) 52 lesions were pressure wired
and a cut off of 0.75 was chosen to determine significance.
Sensitivity and specificity of cMR to detect haemodynami-
cally significant lesions were 82% and 94% respectively
whereas optimum myocardial perfusion reserve (MPR) was
1.58 [14].

Dipyridamole technetium-99 m sestambi (MIBI) single-
photon emission computed tomography (SPECT) appears to
correlate modestly with FFR in a study of 127 patients (161
coronary lesions) with a 77% diagnostic agreement with
FFR and a modest kappa of 0.47 [15].

Single- photon emission computed tomography (PET-CT)
myocardial perfusion imaging showed poor correlation with
FFR in identifying ischemic territories in patients with mul-
tivessel disease, in a study of 67 patients (201 vascular terri-
tories) with angiographic 2- or 3-vessel coronary artery
disease. The two modalities detected identical ischemic ter-
ritories in only 42% of patients with kappa of 0.14 (—10 to
0.39) [16].

Adenosine stress computed tomography myocardial per-
fusion imaging (CTP) showed a moderate correlation with
FFR in a study of 42 patients (126 vessels) with at least one
>50% angiographic stenosis [17]. CTP achieved 76% diag-
nostic accuracy in ischaemic lesions and 84% in non-
ischaemic territories (Table 2.1).

Table 2.1 Diagnostic indices of non-invasive modalities using FFR as
gold standard

Sensitivity Specificity PPV NPV
(%) (%) (%) (%)
DSE [12] 60 87.5 100 83.8
Stress cMRI 91 94 91 94
[13]
PET-CT [16] 76 38 66 50
CT perfusion 76 84 82 79
[17]
MIBI [15] 83 66

DSE dobutamine stress echocardiography, cMRI cardiac magnetic reso-
nance imaging, CT computed tomography, MIBI dipyridamole
technetium-99m sestambi, NPV negative predictive value, PET-CT
Single- photon emission computed tomography, PPV positive predic-
tive value
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Limitations of Pressure Wire Measurements

The most common reason to have a false negative FFR (i.e.,
a falsely high FFR) is guide catheter pressure damping (pre-
venting flow into the vessel), failure to induce hyperaemia
(wrong concentration, poor intravenous infusion), or acute
coronary syndrome with an impaired myocardial bed acutely
that then improves over time.

False positive FFR values (falsely low FFR) are the result
of technical failures due to inaccurate calibrations, guidewire
signal drift downward, or aortic pressure drift upward.

In addition to obstructive focal lesions, flow to the myo-
cardium can be impaired by the presence of diffuse athero-
sclerotic disease or microcirculatory dysfunction. Other
measurements of coronary flow, such as the coronary flow
reserve and the index of microcirculatory resistance, have
been evaluated as tools for assessing the microcirculation
[18]. The role of these measures in clinical practice has not
been established.

Intravascular Ultrasound and FFR

Intravascular ultrasound (IVUS), a standard for intravascular
anatomic information, has attempted to establish a physiologic
correlation to anatomic dimensions. In a prospective registry
of 350 patients with 367 intermediate coronary lesions (40—
80% by angiography), anatomic measurements by IVUS
showed only a moderate correlation with FFR values [19]. The
cross-sectional lumen area (i.e., minimal luminal area or
MLA) measured by these techniques has been proposed as a
surrogate measurement of the functional significance of a
given stenosis, however the correlation with FFR has been
only moderate. Overall an MLA < 3.07 mm? (64.0% sensitiv-
ity, 64.9% specificity, AUC = 0.65) was the best threshold
value for identifying FFR < 0.8. The accuracy improved when
reference vessel-specific analyses were performed. An
MLA < 2.4 mm? (AUC = 0.66) was best for reference vessel
diameters<3.0 mm, an MLA < 2.7 mm? (AUC = 0.71) for ref-
erence vessel diameters of 3.0-3.5 mm, and an MLA < 3.6 mm?
(AUC = 0.68) for reference vessel diameters>3.5 mm. FFR
correlated with plaque burden (r = —0.220, p < 0.001) but not
with other plaque morphology.

Assessing Left Main Stem Stenosis Using FFR

The left main stem (LMS) stenosis is among the most diffi-
cult lesions to interpret angiographically and among the most
critical of clinical presentations. LMS stenosis may involve
the aortic-ostial junction, mid-body, or distal segments, which
may involve the left anterior descending (LAD)/circumflex
ostia. When assessing ostial LMS narrowing by fractional

flow reserve (FFR) , care is needed to avoid guide catheter
damping by disengaging the guide from the ostium and using
intravenous adenosine to achieve consistent hyperaemia. In
case of a distal narrowing of the LMS, this procedure may be
performed twice, once with the pressure wire in the LAD
artery and then again in the circumflex artery.

Numerous studies support FFR for assessment of LMS
stenoses. In the largest study [20], five-year outcomes were
examined in 213 patients with an angiographically equivocal
LMS stenosis in whom revascularization decisions were
guided by FFR. When FFR was >0.80, patients were treated
medically or another stenosis was treated by coronary angio-
plasty (nonsurgical group; n = 138). When FFR was <0.80,
CABG was performed (surgical group; n = 75). The five-
year survival and event-free survival rates were similar with
90 and 74% in the nonsurgical (FFR >0.80) group and 85
and 82% in the surgical (FFR <0.80) group (p = 0.48). Of
note only 23% of patients with LMS >50% diameter stenosis
had a hemodynamically significant FFR.

FFR in LMS lesions with downstream disease (e.g., LAD
lesions) requires an understanding of serial lesions and how
they affect one another. The myocardial bed flow for the
LMS is the sum of both the LAD and circumflex territories
and this flow determines the LMS FFR. In the presence of a
significant LAD stenosis, flow in the LAD territory may be
reduced, reducing total LMS flow and hence falsely increas-
ing the apparent LMS FFR value. The higher “apparent”
LMS FFR is only a concern if either the LAD or circumflex,
are severely hemodynamically impaired (FFR of LMS and
LAD <0.6) [21]. For serial LMS with downstream LAD dis-
ease, when FFR beyond LAD is <0.60, the apparent LMS
FFR may be questioned. In this case, IVUS assessment with
a threshold of <6.0 mm? is recommended.

FFR Use Pre Coronary Artery Bypass Grafting

The issue of whether the use of FFR to evaluate intermediate
lesions can improve outcomes in patients referred for CABG
has been evaluated in one observational study [22]. Among
627 patients having at least one angiographically intermedi-
ate stenosis, 429 had bypass grafts placed based on angio-
graphic findings only, and 198 based on FFR (bypass of a
lesion was deferred if the FFR was >0.80). At 3 years, major
adverse cardiovascular events (a composite of overall death,
MI, and target vessel revascularization) were similar between
the two groups (12% versus 11%; HR 1.03, 95% CI 0.67-
1.69). The rate of angina was significantly lower in the FFR-
guided group (31% versus 47%), despite fewer venous grafts
being placed.

While the surgical practice of grafting all vessels with
angiographic stenosis of >50% has been a long-standing
standard, CABG of vessels with haemodynamically non-
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significant stenosis has a higher rate of graft closure com-
pared with those vessels with haemodynamically significant
stenosis [23]. This was shown in 525 lesions in 153 patients
referred for bypass surgery. FFR was performed in all lesions
to be grafted, with the surgeon blinded to the results. Repeat
angiogram performed one year after CABG showed that
21.4% of grafts on functionally non-significant lesions (FFR
>0.75) were occluded, compared with 8.9% of grafts on ves-
sels with FFR <0.75.

Main Outcome Studies with FFR
DEFER Trial [24]

In 325 patients scheduled for PCI of an intermediate steno-
sis, FFR was measured just before the planned intervention.
If FFR was >0.75, patients were randomly assigned to defer-
ral (Defer group; n = 91) or performance (Perform group;
n = 90) of PCI. If FFR was <0.75, PCI was performed as
planned (Reference group; n = 144). After 15 years of clini-
cal follow up the rate of death was not different between the
three groups: 33.0% in the Defer group, 31.1% in the Perform
group, and 36.1% in the Reference group (Defer vs. Perform,
RR 1.06, 95% CI: 0.69-1.62, P = 0.79). The rate of myocar-
dial infarction was significantly lower in the Defer group
(2.2%) compared with the Perform group (10.0%) [RR 0.22,
95% CI: 0.05-0.99, P = 0.03].

FAME Trial [9]

In the FAME study, 1005 patients with multivessel coronary
artery disease were randomly assigned to undergo PCI with
implantation of drug-eluting stents guided by angiography
alone or guided by FFR measurements in addition to angiog-
raphy. The primary end point was the rate of death, nonfatal
MI, and repeat revascularization at 1 year. The 1-year event
rate was 18.3% (91 patients) in the angiography group and
13.2% (67 patients) in the FFR group (P = 0.02). All-cause
mortality at 1 year was 3.0% (15 deaths, 10 of which had
cardiac causes) in the angiography group and 1.8% (9 deaths,
7 of which had cardiac causes) in the FFR group (P = 0.19).
MI occurred in 43 patients (8.7%) in the angiography group
and in 29 (5.7%) in the FFR group (P = 0.07). Repeat revas-
cularization occurred in 47 patients (9.5%) in the angiogra-
phy group and 33 (6.5%) in the FFR group, p = 0.08. At
5-years major adverse cardiac events occurred in 31% of
patients (154 of 496) in the angiography-guided group ver-
sus 28% (143 of 509 patients) in the FFR-guided group (rela-
tive risk 0-91, 95% CI 0-75-1-10; p = 0-31) [25].

FAME 2 Trial [10]

In 1220 stable angina patients with angiographically signifi-
cant stenosis, those in whom at least one stenosis was hemo-
dynamically significant (FFR <0.80) were randomly
assigned to FFR-guided PCI plus medical therapy or to
medical therapy alone. Patients in whom all stenoses had an
FFR of more than 0.80 received medical therapy and were
entered into a registry. The primary end point was a com-
posite of death, MI, or urgent revascularization. A total of
888 patients underwent randomization (447 patients in the
PCI group and 441 in the medical-therapy group). At
5 years, the rate of the primary end point was lower in the
PCI group than in the medical-therapy group (13.9% vs.
27.0%; hazard ratio, 0.46; 95% confidence interval [CI],
0.34-0.63; P < 0.001) [26]. The difference was driven by
urgent revascularizations, which occurred in 6.3% of the
patients in the PCI group as compared with 21.1% of those
in the medical-therapy group (hazard ratio, 0.27; 95% CI,
0.18-0.41). There were no significant differences between
the PCI group and the medical-therapy group in the rates of
death (5.1% and 5.2%, respectively; hazard ratio, 0.98; 95%
CI, 0.55-1.75) or MI (8.1% and 12.0%; hazard ratio, 0.66;
95% (I, 0.43-1.00) [26].

COMPARE ACUTE Trial [27]

In this study 885 patients with ST elevation MI and multives-
sel disease who had undergone primary PCI of an infarct-
related coronary artery were randomly assigned in a 1:2 ratio
to undergo complete revascularization of non—infarct-related
coronary arteries guided by fractional flow reserve (FFR)
(295 patients) or to undergo no revascularization of non—
infarct-related coronary arteries (590 patients). The FFR pro-
cedure was performed in both groups, but in the latter group,
both the patients and their cardiologist were unaware of the
findings on FFR. The primary end point was a composite of
death from any cause, nonfatal MI, revascularization, and
cerebrovascular events at 12 months. The primary outcome
occurred in 8% of patients in the complete-revascularization
group and 21% of patients in the infarct-artery-only group
that did not receive complete revascularization (HR, 0.35;
95%CI, 0.22 t0 0.55; P < 0.001). Death occurred in 4 patients
in the complete-revascularization group and in 10 patients in
the infarct-artery-only group (1.4% vs. 1.7%) (HR, 0.80;
95%ClI, 0.25-2.56), MI in 7 and 28 patients, respectively
(2.4% vs. 4.7%) (HR, 0.50; 95% CI, 0.22—1.13), revascular-
ization in 18 and 103 patients (6.1% vs. 17.5%) (HR, 0.32;
95%CI, 0.20-0.54), and cerebrovascular events in 0 and 4
patients (0 vs. 0.7%) [27].
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Instantaneous Wave-Free Pressure Ratio
(iFR)

An adenosine-independent, resting pressure-derived index of
coronary stenosis severity has been developed and tested as
a substitute for FFR. Using wave intensity analysis [28], it
was determined that the period of diastole in which equili-
bration or balance between pressure waves from the aorta
and distal microcirculatory reflection was a “wave-free
period” led to minimal and constant coronary resistance. Pd/
Pa during the wave-free period (75% into diastole ending
5 ms before the R wave) is called the instantaneous wave-
free pressure ratio (iFR) (Fig. 2.2).

It was demonstrated that at iFR cut off-points of >0.93 or
<0.86, there was a strong correlation with normal and abnor-
mal FFR values respectively (using 0.80 as an FFR cut
point). In the ADVISE II study [29], iFR was compared to
FFR in 690 intermediate stenoses. Compared to FFR (using
the 0.80 cut off point), iFR cut-off of 0.89 correctly classified
83% of stenoses. iFR correctly classified those stenoses out-
side the 0.85-0.94 iFR “gray zone” with 92% agreement.

Two large randomized, non-inferiority trials in low-risk
patients have evaluated clinical outcomes in patients with
stable or unstable disease who had one or more coronary
artery lesions for which physiologic assessment prior to
revascularization was indicated; In the iFR SWEDEHEART
study, 2037 patients were randomly assigned to iFR (cut off
0.89) or FFR (cut off 0.8) [30]. The primary end point (all
cause death from, nonfatal MI, or unplanned revasculariza-
tion within 12 months) occurred with equal frequency (6.7%
versus 6.1%; difference in event rates, 0.7 percentage points,
95% CI —1.5 to 2.8; HR 1.12, 95% CI 0.79-1.58). In the
DEFINE-FLAIR trial, 2492 patients were randomly assigned
to iFR or FFR [31]. At one year, the primary end point, a
composite of death from any cause, nonfatal MI, or unplanned
revascularization, occurred with equal frequency (6.8% ver-
sus 7.0%; difference in risk, —0.2 percentage points; 95%CI,
—2.3t0 1.8; P <0.001 for noninferiority; HR, 0.95; 95% CI,
0.68-1.33; P =0.78).

Conclusions

FFR has become the clinical standard for the invasive physi-
ologic assessment of the hemodynamic significance of inter-
mediate stenoses. FFR is superior to intravascular ultrasound
and in many cases to noninvasive stress radionuclide myo-
cardial perfusion imaging. For intermediate stenoses where
there is a question of whether revascularization should be
carried out, with no prior noninvasive physiologic data to
guide decision making, FFR should always be measured
before the decision to revascularize.
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Echocardiography

Shelley Rahman Haley

High Yield Facts

* Echocardiography is the most widely-practiced
noninvasive imaging modality and uses ultrasound
to build up a detailed anatomical and physiological
picture of the heart and great vessels.

* Echocardiography is widely-available, repeatable,
reproducible, very low-risk, virtually painless and
relatively cheap.

e Different modalities of imaging within the tech-
nique allow the identification and accurate assess-
ment of global and regional ventricular systolic and
diastolic dysfunction, myocardial viability and
ischemia, stenotic and regurgitant valve lesions,
pericardial disease and intracardiac masses.

* Data accumulated over almost five decades of prac-
tice means that information obtained by echocar-
diography predicts outcomes of surgical procedures
including mitral valve repair, aortic valve replace-
ment, myocardial revascularization and left ven-
tricular assist device implantation.

Introduction

Echocardiography uses ultrasound to build up images of the
heart and great vessels. In cardiothoracic surgery in devel-
oped economies, it is the most widely-practiced and highest-
volume non-invasive diagnostic imaging test performed. The
proven utility of the technique along with its low risk-profile
mean that it is the cornerstone of cardiac imaging. Entire
textbooks are devoted to single modalities of echocardiogra-
phy, and the interested reader is directed to the bibliography
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at the end of this chapter. However, this chapter is intended
to provide a brief and focused survey of the technique as it
applies to the cardiothoracic surgical patient. A brief section
on ultrasound theory is included, containing only the facts
deemed to be essential for a basic understanding of the way
various measurements are made and parameters calculated.
Some formulae are also included in the text where it is felt
that this facilitates understanding.

Essential Ultrasound Theory
for Echocardiography

The ultrasound used in echocardiography is produced by
passing electric current through a piezoelectric crystal, caus-
ing it to vibrate at frequencies of 2—7 MHz. The ultrasound
waves pass through the tissues of the thorax, and are scat-
tered, attenuated or reflected particularly at tissue interfaces.
The reflected signals deform the piezoelectric crystal and
generate tiny electric currents which are used to build up a
detailed picture of the structure of the heart. The simultane-
ous recording of the patient’s surface ECG allows the images
to be gated, transforming them into the real-time cines with
which surgeons are most familiar (Fig. 3.1). Doppler echo-
cardiography utilizes the physics of the Doppler frequency
shift to allow calculation of the speed of motion of blood
through the heart valves and this in turn allows the calcula-
tion of valve area/stenosis, cardiac output and regurgitant
volume. The attenuation of ultrasound by body tissues means
that image quality is affected by body habitus, and some sub-
jects simply have poor acoustic windows, so image quality
can never be guaranteed. Nevertheless, with advances in
hardware and software, there are few patients in whom use-
ful information cannot be obtained.
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Fig.3.1 2D 4-chamber view in a patient with a normal heart

Modalities of Echocardiography

In addition to the 2D echo images already mentioned, there
are a number of other echo modalities with specific uses and
these are summarized in Table 3.1.

Motion-mode (M-mode) has extremely high temporal
resolution and is particularly good for situations where an
understanding of the relative timing of events is key. An
example of this is in the assessment of the hemodynamic sig-
nificance of a pericardial effusion when the presence of early
diastolic collapse of the free wall of the right ventricle is one
of the important echo indicators of incipient tamponade [1].

Pulsed-wave (PW) and continuous-wave (CW) Doppler
echocardiography are used to assess flow velocity (Fig. 3.2).
The former is uses a sample-volume to provide information
from a particular selected depth, but is only able to assess
relatively low flow velocities (up to approximately 1.8 m/s).
This is because the transducer acts as a receiver for the time
necessary for the signals to return from the sample volume,
after which a further pulse is emitted. This in turn means that
there is a limit to the sampling rate, and this limits the maxi-
mum velocity able to be detected accurately [1]. Continuous
wave Doppler is not limited in this way because the trans-
ducer acts as a continuous emitter and receiver of ultrasound.
However, this modality is not able to provide range
resolution.

Color flow Doppler is used to provide an -easy,
immediately-appreciable visual assessment of blood flow
through the chambers and valves. By convention, in areas of
the image where blood is flowing towards the transducer it is
coded red and when it is flowing away from the transducer it
is coded blue. Although color flow mapping allows the

Table 3.1 Modalities of echocardiography and their main uses

Modality of
echo Advantages Disadvantages Main uses
2D Recognizable,  Dependent on Anatomy and
moving images acoustic windows morphology;
and operator “eyeballing”
function and
valve motion
M Mode Very high Images harder to  Dimensions,
temporal interpret for the  accurate timing
resolution less experienced  of motion of
observer structures such
as valve leaflets
CcwW Can be used Not fully Measuring
(continuous  with 2D and steerable so velocities
wave) color flow measurements across stenotic
Doppler Doppler to may be less and regurgitant
measure accurate if correct valves
velocities over a angle cannot be
wide range obtained
PW (pulsed  Sample volume Can only be used Measuring
wave) means able to  to measure filling
Doppler localize velocities up to parameters,
velocities ata 2 m/s LVOT /RVOT
specific point in velocity,
the heart pulmonary and
hepatic venous
flow
“Standalone” Highly steerable The operator Valve lesions,
CW Doppler allowing cannot see the 2D accurate
accurate image assessment of

aortic stenosis,
separating out
complex
overlapping
velocity traces

measurement of
velocities at
tricky angles

simultaneously,
so harder to use
and requires more
experience

2D two dimensional, CW continuous wave, LVOT left ventricular out-
flow tract, RVOT right ventricular outflow tract

viewer to easily appreciate abnormal flows such as fistulae,
septal defects (Fig. 3.3), regurgitant valve lesions and the tur-
bulence associated with stenotic lesions, attempting to quan-
tify the severity of a lesion from the appearance of the color
jet alone is fraught with error and should be avoided.

Tissue Doppler imaging (TDI) uses the Doppler principle
to assess the motion of myocardium, most commonly at the
lateral and septal mitral annulus and the RV free wall.
Abnormal TDI is a good way to confirm early myocardial
dysfunction and is also particularly useful when assessing
diastolic filling (Fig. 3.4) and when differentiating pericar-
dial constriction from restrictive cardiomyopathy—an E’ at
the lateral annulus of >8 cm/s indicates constriction rather
than restriction.

Strain imaging by echocardiography measures the extent
of myocardial deformation, i.e. the change in myocyte length
during systole. Change in length per unit time is strain rate.
Either global or regional strain or strain rate can be measured
and evidence is growing that strain abnormalities are one of
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Fig. 3.2 Top panel shows
PW Doppler from a normal
left ventricular outflow tract;
Bottom panel is CW Doppler
across a normal aortic valve.
Note that PW traces appear
“hollowed out”. This is
because most of the signal is
coming from one particular
depth—in this case
approximately 1 cm below
the aortic valve

LVOT Vmax

LVOT Vmean

LVOT maxPG 4.87 mmHg
LVOT meanPG 2.51 mmHg
LVOT VTI 23.2 cm
LVOT Env.Ti 314 ms
HR 194 BFM
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the earliest detectable signs of subclinical contractile dys-
function. The normal value for global mean longitudinal
strain is >—19%. Marked reductions in global strain are seen
in cardiomyopathies, and in particular in infiltrative cardio-
myopathies such as amyloidosis (Fig. 3.5).
Three-dimensional (3D) echocardiography is a relatively
new development and although initially very exciting, it has
taken some time to find its place in the armamentarium. This
was probably due to limitations in probe technology in its
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early iterations, which limited temporal resolution, espe-
cially with color flow Doppler. However, with technological
advances, it has become clear that 3D echo has a role to play
especially in planning complex surgical procedures such as
mitral valve and aortic root repair, in complex congenital
heart disease, in the assessment of intracardiac masses
including thrombus in the left atrial appendage and in assess-
ing the complications of infective endocarditis [2] (Figs. 3.6
and 3.7).
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Fig. 3.3 Colour flow Doppler
confirming a large secundum
atrial septal defect (arrow) in
a 6 year-old boy. Red color
indicates blood moving
towards the transducer, at

the apex of the scan sector

Fig. 3.4 Normal tissue
Doppler signals from the
lateral mitral annulus. The S’
velocity should be >10 cm/s

Time 0 ms|
Lateral E' 0.16 rn.-".-'.l
Lateral E/E' 4.388|

Assessment of Myocardial Function
Left Ventricular Systolic Function

The assessment of myocardial systolic contractile function is
done indirectly by echocardiography by assessing three
parameters; the change in volumes (2D/3D) or dimensions
(2D/M-mode) from diastole to systole, indices of contractil-
ity such as the rate of rise of pressure with time (dp/dt) and

Tei index, and strain. None of these is perfect and all are, to
a greater or lesser extent, load-dependent.

Changes in Volumes/Dimensions

The most frequently requested and quoted parameter is the
left ventricular ejection fraction (LVEF) which is the
stroke volume expressed as a proportion of the end-dia-
stolic volume. If end-diastolic and end-systolic dimen-
sions are measured by 2D or M-mode then the fractional
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Fig. 3.5 Strain imaging
using 2D speckle-tracking
echo—in this patient with
amyloidosis, the global mean
longitudinal peak strain is
severely reduced at —4.8%

shortening (%FS) can be calculated—values for FS are
typically half the value of the LVEF in the non-remodeled
heart, such as the donor heart after orthotopic transplanta-
tion. Fractional shortening measured from M-mode echo is
much less relevant in patients with regional contractile
abnormalities, as the degree of shortening in one plane
may be completely different from that in another.
Nowadays, most echo laboratories routinely measure
LVEF by either the biplane 2D method (Simpson’s biplane
method of discs) or by 3D volumetric measurements,

which have been shown to be highly-reproducible. LVEF
is highly-dependent on loading conditions and reflects
myocardial contractility only under the loading conditions
at the time at which it is measured. Hence, interpretation
of LVEF must be done in the context of those conditions,
which may include consideration of the actions of sedative
or anesthetic drugs, inotropic agents and valve lesions. For
example, in the volume-overloaded heart, such as in severe
mitral or aortic regurgitation, LVEF may be elevated, in
accordance with the Frank-Starling Law.
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Fig. 3.6 2D transesophageal echocardiography (TEE) of the left atrial appendage showing echoes suspicious for thrombus (yellow arrow) and
corresponding 3D TEE confirming that the suspicious “mass” is in fact part of the wall of the appendage (blue arrow)
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Fig. 3.7 Dehiscent mitral prosthesis seen by 3D transesophageal
echocardiography

With the advent of new techniques it has become clear that
there are parameters which show abnormalities earlier in the
course of LV systolic dysfunction, before there is a change in
LVEEF or the development of obvious regional abnormalities.
Early systolic dysfunction can be detected by assessing abnor-
malities of long axis function or by assessment of strain using
2D speckle tracking echo. The latter has been shown to be
particularly useful in identifying early dysfunction in patients
receiving cardiotoxic drugs to treat cancers, and perhaps more
relevant to the surgeon, it is becoming clear that even in the
presence of an apparently-normal LVEF, subtle abnormalities
of strain are predictive of poorer functional outcomes after
mitral surgery. It is likely that pre-operative strain measure-
ments will be recognized as valuable prognostic indicators.

Indices of Global Contractility
The rate of development of LV pressure (LV dP/dt) during
systole can be assessed from the slope of the mitral regurgi-
tant Doppler waveform (Fig. 3.8). Normal values are
>1200 mmHg/s, mild impairment 800—1200 mmHg/s, mod-
erate impairment 600-800 mmHg/s and severe impairment
<500 mmHg/s.

The Myocardial Performance Index or 7ei index is the ratio
of the sum of the isovolumic contraction time (ICVT) and the
isovolumic relaxation time (IVRT) to the ejection time.

Myocardial Performance (Tei) Index =IVCT + IVRT / Ejection fraction

The IVCT is prolonged in systolic dysfunction and the
IVRT is prolonged in both systolic and diastolic dysfunction
i.e. when there is ventricular dysfunction, the heart spends
relatively less time ejecting blood. Tei index is less load-
dependent than some parameters, but more time-consuming
to calculate and so not performed routinely in most depart-
mental “minimum standards” studies.

Systolic Strain

Global longitudinal strain has now been shown to be a
more subtle method of identifying early systolic dysfunc-
tion than LVEF. It can also be used prognostically; in a
study of heart failure patients every 1% increase in mean
GLS was shown to be associated with a 5% decrease in
mortality. However, one problem with strain analysis by
echocardiography is that currently available proprietary
software packages do not give the same results. Hence a
patient who is undergoing serial scans for monitoring of
function should always have strain analysis done using the
same software package.
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Fig. 3.8 Measuring the LV
dP/dt from the mitral
regurgitant signal

1 MR dp/dt763.9 mmHg/s|
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Regional Contractile Function

Regional/segmental contractile abnormalities are most com-
monly seen in ischemic heart disease and represent areas of
full or partial thickness myocardial infarction. There are
some other more unusual causes of regional abnormalities of
contraction but these are less frequently encountered in a sur-
gical setting. The assessment of regional abnormalities has
traditionally relied on the experienced eye of the echocar-
diographer but assessment of endocardial motion alone can
be misleading as, in cases where there is a limited segmental
infarction, the areas of myocardium adjacent to the infarcted
segment may appear to move well but in reality this is due to
these regions being tethered to adjacent uninfarcted regions
which drag them in. In recent years, software advances have
allowed the measurement of segmental systolic strain and
strain rate. Demonstration of segmental strain abnormalities
gives added confidence to the sonographer when diagnosing
a regional abnormality of contraction.

Right Ventricular Systolic Function

The right ventricle (RV) is structurally more complex than
the left ventricle (LV) and consequently is more difficult to
assess by noninvasive imaging. However, RV function is of
great importance, because in any condition affecting the left
heart, the addition of impaired RV function increases mortal-
ity. As with the LV, all parameters we can currently measure
are load dependent. Fractional area change (FAC, normal
>31%) and tricuspid annular plane systolic excursion
(TAPSE, normal >15 mm) are two easily measured parame-
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ters, although studies have shown significant variation in the
values which predict outcomes in a variety of clinical con-
texts. As a result, despite the availability of advanced soft-
ware packages, 3-dimensional volumetric analysis and strain
imaging, many surgeons remain most comfortable with the
subjective and qualitative opinion of a trusted and experi-
enced echocardiology colleague.

Diastolic Function

The importance of diastolic function in the surgical patient
has been increasingly recognized in recent years. It is
assessed echocardiographically by measuring the transmitral
Doppler E and A waves, and the tissue E’ velocity, usually
from the lateral mitral annulus. A lateral E/E’ value of <10 is
normal, values of >15 are abnormal and values of 10-15 rep-
resent a “grey area” where there is an increased likelihood of
raised filling pressures. The time taken for peak early filling
velocity to fall back to zero, the early deceleration time is
another important parameter. When prolonged, it indicates
impaired relaxation and when shortened it may indicate
restrictive filling, if the E/A ratio is >2.0 and intraventricular
relaxation time is abnormal. If a restrictive filling pattern,
also known as a “pseudonormal” pattern, is suspected, a
Valsalva manoeuvre should be performed and this should
reduce the early filling velocity such that the E/A ratio
becomes <1.0. Most patients with abnormal systolic function
have some concomitant filling abnormality, and some
increase in ventricular stiffness with impairment of relax-
ation (mild or Grade I diastolic dysfunction) is “normal”
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with ageing, but diastolic abnormalities may predominate in
patients with LVH such as HCM, aortic stenosis and infiltra-
tive disorders e.g. amyloidosis. In such patients, the impaired
ventricular relaxation means that they are highly-dependent
on atrial contraction for LV filling, and if they develop atrial
fibrillation perioperatively, this can be very difficult to man-
age, resulting in a downward spiral where increased intrave-
nous filling and inotropes fail to produce an increase in
cardiac output. In addition, the surgeon may encounter myo-
cardial protection issues in patients with significant LVH
and this may exacerbate the diastolic dysfunction of an
already-impaired ventricle. Detailed descriptions of dia-
stolic filling patterns indicative of different degrees of dys-
function can be found in any standard echo textbook.
However, from the surgeon’s point of view, it is more useful
simply to know if diastolic function is normal, mild, moder-
ately or severely impaired as this is likely to have an impact
on the patient’s postoperative/intensive therapy unit (ITU)
course.

Assessment of Valve Pathology
Aortic Stenosis

The appearance of the valve is considered first—the mor-
phology and motion of the leaflets, any degenerative changes
and the degree of calcification, which is categorized qualita-
tively as mild, moderate or severe. Color flow Doppler is
used to assess turbulence through the valve and then pulse
and continuous wave Doppler is used to measure the velocity
of blood flow in the left ventricular outflow tract (LVOT) and
through the valve respectively. The pressure drop or “gradi-
ent” across a narrowed valve is calculated using a simplified
Bernoulli equation, where pressure drop (gradient) AP = 4V?
(V is the maximum velocity of blood flow through the valve)
(Table 3.2). In cases where the LVEF and flow rate are nor-
mal, a velocity of 4 m/s across the aortic valve (gradient of
64 mmHg) is indicative of severe aortic stenosis (AS). The
shape of the CW Doppler waveform is also a clue to sever-
ity—as AS advances from “just-about-severe” to “critical”
the shape of the trace changes from being asymmetrical with
a faster upstroke to becoming symmetrical or “dagger-
shaped” (Fig. 3.9) However, in many cases, the LVEF and
flow rate are reduced and in these cases it can be much more
difficult to appreciate the degree of valve stenosis. Other use-
ful measures are the effective orifice area (EOA) and the
dimensionless velocity index (Table 3.3). Calculation of
EOA is done using the continuity equation, shown below,
where CSA is the cross-sectional area of the LVOT, VTI, is
the subaortic velocity-time integral and VTI, is the transaor-
tic velocity-time integral.

Table 3.2 Examples of surgically-relevant information obtained by
echocardiography in different patient groups®

Patient group

Ischemic heart
disease for
revascularization

Mitral
regurgitation

Aortic stenosis

Aortic
regurgitation

Endocarditis

Information obtained
by echocardiography
Global and regional
left ventricular
function, LVEF

Left and right
ventricular function;
severity and
mechanism of
regurgitation,
tricuspid valve
function

Aortic valve and root
dimensions,
myocardial thickness,
diastolic function

Aortic root
dimensions, valve
morphology,
ventricular function

Evidence of
complications e.g.
fistulae and abscess
formation

Relevance to surgeon
Impaired ventricular
function is a significant
risk factor for decreased
survival; surgeon may
choose not to
revascularize fully-
infarcted areas
(especially if this would
be technically-difficult or
there is the need to
reduce bypass time)
Reduced left and right
ventricular function may
result in difficult wean
from bypass; RV failure
may prolong intensive
care; tricuspid
annuloplasty may be
performed if tricuspid
annulus is dilated

>40 mm

Choice between
prostheses; valve or root
replacement; moderate-
severe left ventricular
hypertrophy may cause
myocardial protection
issues; diastolic
dysfunction may prolong
ITU stay if filling is very
impaired especially if
there is perioperative
atrial dysrhythmia
Choice of operative
strategy—valve
replacement or repair,
root replacement,
valve-sparing root
surgery?

Informs operative
planning regarding likely
length and complexity of
surgery

ITU intensive therapy unit, LVEF left ventricular ejection fraction, RV

right ventricular

*This is NOT comprehensive

Flow-corrected EOA = SubaorticCSA x VTI, / VTI,

The calculation uses the square of the radius of the LVOT,

which relies on accurate measurement of the LVOT diame-
ter. Any error in this measurement is compounded by the
squaring operation and hence is a significant source of error
in the calculation of EOA. The dimensionless velocity index
is the ratio of maximum flow velocity in the LVOT to maxi-
mum flow velocity through the stenotic valve. It eliminates
error due to inaccurate measurement of the LVOT diameter.
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Fig. 3.9 The symmetrical
“dagger-shaped” CW Doppler
trace seen in very severe
aortic stenosis

Table 3.3 Criteria for assessing severity of aortic stenosis

Criterion Mild Moderate  Severe
Vmax (m/s) 2.5-3.0 3.0-4.0 >4.0
Peak gradient (mmHg) <40 40-64 >64
Mean gradient (mmHg) <25 25-40 >40
Effective orifice area (cm?) >1.2 0.8-1.2 <0.8
Dimensionless velocity index ~ >0.5 0.25-0.5 <0.25

The 2017 ESC Guidelines on the management of valve dis-
ease [3] recognizes four different categories of aortic steno-
sis, based on flow and LVEF (Table 3.4).

Aortic Regurgitation

The etiology of aortic regurgitation generally falls into one
of two broad categories: valve abnormalities (congenital,
infective, rheumatic, degenerative and other rarer causes)
and root dilatation. The latter is commonly associated with
longstanding hypertension, as well as being a feature of
Marfan’s, Loeys-Dietz and Ehlers-Danlos syndromes along
with other collagen vascular disorders not yet genetically-
characterized. Aortic valve and root morphology is visually
assessed and aortic dimensions are measured at standard
levels: the LVOT, the ‘“annulus”, across the sinuses of
Valsalva, the sino-tubular junction and the ascending aorta
(Fig. 3.10). The vena contracta of the color jet is measured
and the width of the regurgitant jet is also expressed as a
percentage of the LVOT diameter 5—10 mm below the valve
(Fig. 3.11). As with mitral regurgitation, the PISA method

may be used to calculate EROA and regurgitant volume.
The most commonly-quoted parameter is the pressure half-
time, measured from the CW Doppler trace. This can be
misleading in advanced disease, because the pressure half-
time is shortened in the presence of raised end-diastolic
pressure. The density of the regurgitant signal is also com-
pared visually to the density of the forward flow trace. LV
volumes and LVEF are also important because a hyperdy-
namic ventricle suggests severe regurgitation and a dilated
ventricle usually means the regurgitation is chronic.
Perhaps the most sensitive parameter is the demonstration
of pandiastolic flow reversal in the descending limb of the
aortic arch by color flow or PW Doppler. Parameters used
to assess the degree of aortic regurgitation are shown in
Table 3.5.

Mitral Stenosis

This is seen less frequently in the West due to the decline in
prevalence of rheumatic heart disease. However, worldwide
it continues to be the commonest cause of mitral stenosis
(MS). The “hockey stick” appearance of the anterior mitral
leaflet is diagnostic (Fig. 3.12). Echocardiography is excel-
lent for demonstrating calcium in the leaflets and subvalvar
apparatus and the degree of stenosis may be assessed using
Doppler parameters such as pressure half-time (mitral valve
area (cm?) = 220/pressure half-time (ms)) and planimetry.
(Severe MS <1 c¢m?, moderate 1.0-1.5 cm?, mild >1.5 cm?)
When considering whether balloon valvuloplasty may be
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Table 3.4 Types of aortic stenosis recognized in the 2017 ESC Guidelines for the management of valve disease

Type of aortic stenosis Mean gradient Area Flow LVEF Notes

High PG >40 mmHg <l cm? Normal/reduced Any  For surgical intervention, bearing in mind that
lower LVEF increases risk

Low-flow, low PG, low LVEF <40 mmHg <lem®>  Reduced (SVi <35 ml/m?) <50% Role for DSE

Low flow, low PG, Normal <40 mmHg <lcm?> Reduced >50% Older, female, LVH, BP
LVEF MSCT calcium score
Normal flow, low gradient, <40 mmHg <lem? Normal (SVi>35 ml/m?®) >50% Moderate AS (in general..)
normal LVEF

AS aortic stenosis, BP blood pressure, DSE dobutamine stress echo, LVEF left ventricular ejection fraction, LVH left ventricular hypertrophy,
MSCT multislice computed tomography, PG peak gradient, SVi stroke volume index

Fig.3.10 The normal aortic

root seen in a TEE lower ;IDEG%J F, TIS0.2 MI 0.5
esophageal view at 19652 Dist NMd:16
approximately 120° showing ;¢ Dist > = 2
aortic measurements made at = Dist

various standard levels - ¢ Dist

PAT T. 37.0C
TEET: 38.0C
EPIQ7CATHLAB

Harefield Hospital

Fig.3.11 Jet width in the left
ventricular outflow tract in
aortic regurgitation. Panel
a—mild, Panel b—severe
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Table 3.5 Criteria for assessing severity of aortic regurgitation

Criterion Mild Moderate Severe
Jet width as % of LVOT width <30 31-60 >60
Pressure half-time (ms) >650 250-650 BUT this is a very grey area, with mild and <250

severe AR sometimes falling into this category by PHT
measurement, which can be affected by a number of
other factors such as LVEDP

Density of CW Doppler trace ~ Faint or incomplete

<3
None/early “flash” due to
aortic recoil

Vena contracta (mm) 3-6
Flow reversal in the descending

limb of the arch

Complete but not as dense as forward flow

Present but not pandiastolic

As dense as forward
flow Doppler trace
>6
Pandiastolic/long
diastolic tail

AR aortic regurgitation, LVEDP left ventricular end-diastolic pressure, LVOT left ventricular outflow tract, PHT pulmonary hypertension

Fig.3.12 Parasternal long axis (a) and 4-chamber (b) views showing a rheumatic mitral valve—note the typical “hockey stick” appearance of the
anterior leaflet

more appropriate for the patient than surgery, the Wilkins
Score may be used to assess the likelihood of a favorable
outcome. The score is based on echo appearances and rates
the valve for leaflet mobility, leaflet thickening, calcification
and subvalvar involvement. The maximum score for each
category is 4 and the minimum is one, hence the scores range
from 4 to 16. A score of 8 or below is predictive of a favor-
able outcome with balloon valvuloplasty. Some measure-
ments may be less reliable in the presence of other valve
lesions, and in many cases, a detailed examination by trans-
esophageal echocardiography is helpful to clarify the
situation.

Mitral Regurgitation

Echocardiography is key to distinguishing between primary
degenerative mitral valve disease and secondary mitral regur-
gitation (MR) due to abnormalities of LV geometry and func-
tion (Fig. 3.13). A systematic approach to the assessment and
grading of MR involves assessment of the morphology of the
valve, the annulus, leaflets, subvalvar apparatus and papil-
lary muscles. Color flow Doppler is used to demonstrate the
regurgitant jet, although relying on this alone for the estima-
tion of severity of MR is inadvisable. The most distinguish-
ing parameter for severity of MR in the awake patient is the
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Fig. 3.13 Mitral leaflets tethered in to the left ventricle due to adverse
ventricular geometry and increased interpapillary muscle distance. The
annular pane is marked by the white line

transmitral PW Doppler trace. In severe MR, the early filling
(E wave) should be >1 m/s. An assessment of pulmonary
pressure should be made from the tricuspid regurgitant sig-
nal, if present. The PISA equation can be used to calculate
effective regurgitant orifice area and regurgitant volume. It
must be remembered that for the same calculated MR regur-
gitant volume, the prognosis for degenerative MR is better
than that for ischemic functional MR. This has led many
experts to suggest that “moderate MR” in ischemic patients
is “in reality severe MR”. However, the author is of the opin-
ion that the MR volume is exactly what it is measured as—it
is the prognosis that differs depending on the etiology. The
box below is a list of suggested questions that the surgeon
should ask him/herself when reviewing echo images during
heart team discussions of mitral regurgitation cases.

e What is the jet width?

e How dense is the Doppler trace?

e What are the EROA and regurgitant volume by
PISA calculation?

* How big is the left atrium?

 Is the filling pattern consistent with severe MR?
— Short filling time?
— High-velocity E wave?

 Is there presystolic MR?

 Is there systolic blunting/reversal of the pulmonary
venous flow signal?

e What is the mechanism?

Transthoracic echocardiography is more than adequate to
assess the severity of native mitral valve regurgitation, but in
patients who are likely to require surgical or percutaneous

mitral intervention, the exact mechanisms of the MR are best
shown by a detailed transesophageal echo, including 3D
imaging or reconstruction.

Tricuspid Valve Assessment

As with other valves, the first question is whether the valve is
morphologically normal. Abnormalities of the leaflets should
be noted, along with assessment of the annulus and
RV. Causes of tricuspid regurgitation (TR), as with MR fall
in to two broad categories—primary valve disease and sec-
ondary ventricular/functional etiology. Echo criteria for
grading the severity of TR include the density and shape of
the CW Doppler trace, the vena contracta width and the pres-
ence of hepatic vein systolic flow reversal or blunting.
Pulmonary artery systolic pressure (PASP) may be estimated
by measuring the pressure drop across the tricuspid valve
from the TR CW Doppler signal and adding this to the right
atrial (RA) pressure estimated from the inferior vena cava
(IVC) dimension and inspiratory reactivity. However, in
cases of severe chronic TR where the pressures in the RA
and RV have virtually equalized, the TR signal is no longer a
reliable method of estimating PASP.

Pulmonary Valve Assessment

The normal pulmonary valve is mildly regurgitant. The
regurgitant signal may be used to estimate pulmonary artery
end-diastolic pressure, using the end-diastolic velocity of the
regurgitant signal, whether normal (physiological) or patho-
logical. Pulmonary valvar abnormalities are seen predomi-
nantly in patients with congenital heart disease, although
there are a few conditions which are known to affect pre-
dominantly right-sided valves, including carcinoid syndrome
and device-associated infective endocarditis.

Infective Endocarditis

Echocardiography has long been the first-line imaging test
performed on patients with suspected endocarditis. Despite
this, it was only relatively recently that the criteria for diag-
nosing endocarditis were modified to include echo evidence
of infection as one of the major criteria. Any of the four
native valves in the heart can be infected, but the initial
source of infection is elsewhere in the body—the heart is
very rarely the primary source [2]. In the mid to late twenti-
eth century, the commonest suspected source of bacteremia
was the mouth, with oral streptococci being the usual cul-
prits. In some cases, a temporal relationship to dental work
can be demonstrated. Skin organisms such as staphylococci
and in particular the very invasive S. aureus were the other
commonly-seen infective organisms—often in association
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Fig.3.14 (a) Aortic root abscess (arrow) seen by TEE with color flow Doppler and severe aortic regurgitation in a patient with infective endocar-
ditis. (b) In this patient with aortic endocarditis, a fistula (arrow) has formed between the aortic root and the left ventricle

with intravenous drug use, and primarily affecting the venous
or right side of the heart. However, many other organisms,
both bacterial and fungal, are known to be causally impli-
cated in endocarditis. Recently, there has been a significant
rise in infections in patients who have implantable cardiac
devices. This so-called “device-associated endocarditis” is
commonly caused by skin organisms. Prosthetic material in
the heart, whether it be artificial valves, Dacron patches and
conduits or pacing leads may all present focuses for infec-
tion. Organisms in the bloodstream become attached to the
prosthetic material and form infected clumps composed of
organisms, fibrin, and blood cells, termed a vegetation. Once
prosthetic material is involved, it is virtually impossible to
clear the infection and effect a cure without removing the
infected material. Despite advances in virtually all fields of
medicine and in particular in the field of infectious diseases,
the mortality from infective endocarditis has remained
depressingly constant at 25-40%, with infected prosthetic
material, such as heart valves, carrying the highest mortality
and morbidity rates. The reasons for this include delay in
diagnosis and the increased age and hence frailty of many
patients, especially in the device-associated infection group.

Echo Findings in Endocarditis

Typically, echocardiography demonstrates vegetations as
mobile intracardiac masses, often associated with any pros-
thetic material or artificial valve. The size, shape and mobil-
ity of vegetations varies greatly depending on a number of
factors including the type of organism involved, the exact
site of the lesion and the amount of free space in which the
vegetation can move. Other findings reflect the damage
caused to endocardial structures by the invasive infecting
organism—these findings include fistulae between cham-
bers, abscesses of the aortic root and mitral annulus/leaflets,
destruction of tissue e.g., valve leaflets, and dehiscence of
prosthetic valves or graft material. The consequences of such
destruction often produces new regurgitant valve lesions,
paravalvar leaks, abscesses and shunting between chambers

and/or great vessels—demonstrable by abnormal color flow
Doppler findings (Fig. 3.14a, b).

Transesophageal echocardiography (TEE) is significantly
more sensitive than transthoracic echo for visualizing vege-
tations (approximately 90% vs. 60% respectively), espe-
cially in the presence of prosthetic material which causes
echo artefacts. Real time 3D TEE has proven to be very use-
ful in this regard, and is also useful for confirming paravalvar
leaks.

It must be noted that, despite advances in echo, it is
entirely possible for echocardiographic appearances to be
normal in the presence of intracardiac infection, hence, the
diagnosis of infective endocarditis rightly remains a clinical
one.

Pericardial Disease

Echocardiography is the technique of choice to confirm the
presence of pericardial effusion. In the cardiac surgical
patient this is most commonly a request made during the
early post-operative course, but there are some later-
presenting cases at 3—6 weeks post-operatively due to
Dressler’s syndrome. Preoperative assessment of effusion is
also made in the oncology patient, or patients with other
pericardial diseases. Echo plays two roles: firstly, confirm-
ing the presence of pericardial fluid and differentiating it
from pleural fluid, and secondly assessing any haemody-
namic effects of the effusion. The accumulation of pericar-
dial fluid can cause tamponade, a clinical syndrome in
which elevated intrapericardial pressure restricts filling of
the heart, hence reducing cardiac output. It cannot be suffi-
ciently emphasized that tamponade is a clinical diagnosis,
based on the findings of Beck’s triad: true or relative hypo-
tension, distended neck veins and muffled or absent heart
sounds, often with an associated tachycardia. Unfortunately
for those relying on clinical examination in the postopera-
tive patient, heart sounds may be less distinct due to inflam-
mation and tissue edema, bruising or iv catheters may make
it difficult to appreciate the neck veins, the patient may be
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paced and there are other reasons for hypotension.
Nevertheless, tamponade is relatively unlikely in a com-
pletely well, asymptomatic postoperative patient with stable
blood pressure and heart rate.

The typical findings are of an echo-free space around the
heart (Fig. 3.15). The first priority is to distinguish pericardial
from pleural fluid. If the echo-free space extends behind the
aorta, then this is a pleural collection. The size of the space is
directly correlated with the fluid volume. In cases where this
is large, the ventricle may appear to be moving within the

S Fibrinous strands causing loculations
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Fig. 3.15 Loculated pericardial effusion seen by TEE in transgastric
view
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fluid—the so-called “swinging heart”. In the postoperative
patient the fluid may be circumferential or loculated, and
associated with the right or left sides of the heart or both. The
sonographer will assess the volume of fluid, and then any
hemodynamic effects by assessing cardiac inflow and outflow
Doppler across the mitral, tricuspid and aortic valves during
respiration. Typically, there should be <20% variation in the
amplitude of the inflow Doppler during respiration. However,
in the post-operative patient, this may be confounded by the
patient’s filling status and by positive pressure ventilation,
which splints the IVC. The most significant finding in the
awake, spontaneously-breathing patient is of an engorged
IVC which does not reduce in size when the patient performs
a short, sharp intake of breath, the “sniff test”.

Pericardial constriction can be challenging to diagnose by
echocardiography, but as mentioned above, tissue Doppler
imaging can distinguish between constriction and restriction
in many cases.

Masses

The most commonly encountered masses in the heart are
thrombi due to low flow or thrombophilia traits. Thrombi are
particularly seen in the left atrial appendage of patients in
atrial fibrillation and lining the wall of akinetic aneurysmal
infarcted areas of the left ventricle. Contrast may be used to
confirm the presence of thrombus. Tumors of the heart are
much rarer but may be either primary, such as myxomata and
fibroelastomata (Fig. 3.16), or secondary such as renal or
breast metastasis and malignant melanoma.
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Fig.3.16 2D and 3D echo of a mass in the right ventricle in a patient who presented with pulmonary embolism—this was a myxoma
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