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Foreword

Cardiac catheterization was developed during the first half 
of the twentieth century, and together with electrocardiog-
raphy became one of the two cornerstones of modern car-
diology. Appropriately, the credit for applying this technique 
to patients and to employ it for assessment of cardiac func-
tion and to cardiac diagnosis was rewarded by the Nobel 
Prize in Medicine or Physiology to Forssmann, Cournand,  
and Richards in 1956. Cardiac catheterization made possi-
ble selective angiography, including, of course, coronary 
arteriography. These invasive techniques allowed measure-
ment of intracardiac pressures and flows and visualization 
of the cardiac chambers, valves, great vessels, and coronary 
arteries. Simultaneously, cardiac surgery, especially open 
heart surgery, made great advances. These two separate 
approaches to cardiac patients—precise diagnosis in the 
cardiac catheterization laboratory and successful treatment 
of cardiovascular and coronary disorders in the operating 
room—led to a proliferation of both catheterization labora-
tories and cardiac surgical suites around the world in the 
1960s and 1970s.

The 1970s also saw the development of a variety of  
new imaging techniques, including echocardiography, 
nuclear imaging, computed tomography, and magnetic reso-
nance imaging, which have allowed noninvasive assess-
ment of cardiac structure and function. This represented an 
enormous advance and reduced the need for diagnostic 
cardiac catheterization. Yet, invasive cardiologists did not 
gradually disappear, and cardiac catheterization laborato-
ries did not close. Instead, after Andreas Gruentzig’s gigantic 
leap forward in 1977, when he demonstrated that athero-
sclerotic obstructions in coronary arteries could be treated 
successfully by inflating a balloon near the tip of a cardiac 
catheter, many invasive cardiologists “morphed” into inter-
ventional cardiologists. Soon balloon angioplasty was sup-
plemented by stenting, and this approach was extended to 
relieving obstructions in the renal, femoral, carotid, and 
other systemic arteries. Percutaneous treatment of stenotic 
mitral and aortic valves with balloon valvotomy soon fol-
lowed. More recently, transcatheter aortic valve replacement 
has transformed the outlook of patients with aortic stenosis 
at high risk for surgical valve replacement, and transcathe-
ter mitigation of mitral regurgitation is now under develop-
ment as well. Catheter-based treatment of many congenital 
cardiac lesions is being widely practiced. Pumps incorpo-
rated into catheters inserted into the left ventricle by inter-
ventional cardiologists retrograde through the aortic valve 

can treat acute heart failure. The proliferation of such inter-
ventional procedures and of percutaneous devices is con-
tinuing, indeed accelerating.

As a consequence of these important advances, interven-
tional cardiology has become a robust subspecialty, with its 
own subspecialty board, training programs, journals, and 
international meetings. It is grounded in conventional car-
diology and interfaces with radiology, with both cardiac and 
vascular surgery, and with pediatrics and neurology as well. 
There is a growth of so-called “hybrid” interventional suites 
in which both percutaneous and operative procedures can 
be performed sequentially in the same patient, in parallel 
with the development of multidisciplinary “heart teams.” As 
a consequence, the lines that previously separated cardiol-
ogy from these other disciplines are becoming blurred.

Dr. Deepak L. Bhatt accepted the responsibility of editing 
Cardiovascular Intervention. While this comprehensive text 
focuses primarily on coronary interventions, it also describes 
interventions in valvular heart disease, congenital heart 
disease, advanced heart failure, as well as diseases of various 
systemic arterial beds and of the aorta. Dr. Bhatt brings a 
wealth of personal experience to this task. As a practicing 
interventional cardiologist, he faces the clinical problems 
that are discussed in this book on a daily basis. He is also 
an experienced clinical trialist, which provides him with the 
ability to assess the validity of the myriad studies published 
in this field as well.

Dr. Bhatt has assembled a group of talented, experienced 
authors for preparing Cardiovascular Intervention. The book 
is well illustrated and contains 431 figures and 116 tables 
that summarize an enormous amount of material. It is as up 
to date as this month’s journals and meetings. This text offers 
great value to trainees and practitioners in this field, as  
well as to radiologists, cardiovascular surgeons and general 
cardiologists who interact frequently with interventional 
cardiologists.

We are proud to welcome Cardiovascular Intervention to 
the growing family of Companions to Braunwald’s Heart 
Disease.

Eugene Braunwald
Douglas Zipes

Peter Libby
Robert Bonow
Douglas Mann
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Preface

Cardiovascular intervention has saved many lives and 
improved quality of life. The widespread adoption of cardio-
vascular intervention worldwide has, in part, led to a 
decrease in the rate of cardiovascular death for several con-
ditions—though in absolute terms, due to the aging of the 
population and increasing urbanization, the population at 
risk is growing and the global cardiovascular epidemic 
continues.

Few areas in medicine have advanced as meaningfully 
and rapidly as cardiovascular intervention. The field now 
encompasses complex coronary intervention, peripheral 
arterial and venous procedures, cerebrovascular interven-
tion, congenital heart disease, and valvular as well as other 
structural heart intervention. The care of this panoply of 
diseases involves multidisciplinary teams increasingly 
housed in heart and vascular centers, designed around opti-
mizing the patient experience as opposed to the silos of 
physician and surgeon specialties of the past.

What was previously only treatable with a scalpel can 
currently be approached with a catheter. This transforma-
tion of several open surgical procedures to truly minimally 
invasive interventional procedures has been of great benefit 
to patients. Additionally, this evolution potentially allows 
many more patients to be served even in relatively resource-
poor settings and with greater cost effectiveness in all eco-
nomic environments.

For decades now, innovation and intervention have gone 
hand in hand. Pioneers in cardiovascular intervention have 
boldly pushed the boundaries of what is possible. Physi-
cians, scientists, and engineers from industry have served as 
valuable partners in this exciting journey. The advances in 
devices, pharmacotherapies, and procedural techniques 
would not have been possible without this collaboration. As 
well, the free flow of information across countries and spe-
cialties has allowed cardiovascular intervention to mature 
at an impressive pace for what—viewed within the larger 
context of medicine—is still a relatively young field.

The resulting explosion of the required knowledge  
base for practitioners in the field of cardiovascular interven-
tion has created a challenge—how to keep up! In this  
companion to Braunwald’s Heart Disease, world-renowned 

authors provide the latest data to inform decision making 
in cardiovascular intervention. Furthermore, they provide 
details on the technical aspects of optimizing procedural 
care. This focus on both cognitive and procedural elements 
of cardiovascular intervention provides a needed resource 
in this dynamic field.

In joining the great lineage of the Heart Disease family, 
Cardiovascular Intervention: A Companion to Braunwald’s 
Heart Disease aims to provide the wide variety of health 
care personnel involved with cardiovascular intervention 
with evidence-based information critical for successfully 
ensuring the best possible care. It is meant as an aid to 
make decisions at the bedside, as a reference text for spe-
cific questions, and also as a resource for scientific inquiry 
and investigation. Cardiovascular intervention is a very 
visual specialty, and this book has ample figures and abun-
dant videos to provide that necessity. Frequent online sup-
plements will keep the book vibrant in an era of rapid 
change, with the textbook portion anchoring that knowl-
edge which has stood the test of time. Electronic links with 
Braunwald’s Heart Disease and other companion textbooks 
should make for a comprehensive, current, and visually 
compelling resource in cardiovascular intervention that is 
placed within the larger universe of cardiovascular disease 
care.

My dream is that interventional cardiologists, cardiac and 
vascular surgeons, interventional radiologists and neurolo-
gists, trainees, medical students, nurses and nurse practitio-
ners, physician assistants, industry partners, and others 
involved with patients undergoing cardiovascular interven-
tions can learn from this book, guiding them in the daily 
care of their patients. As such, my sincere hope is that  
these diverse readers find Cardiovascular Intervention: A 
Companion to Braunwald’s Heart Disease to be a valuable 
educational tool that conveys the passion the authors  
and I feel for the beauty and grandeur of cardiovascular 
intervention.

Deepak L. Bhatt, MD, MPH, FACC, FAHA,  
FSCAI, FESC


	Front cover
	Endsheet 2
	Cardiovascular Intervention
	Copyright page
	Dedication
	List of Contributors
	Foreword
	Preface
	Acknowledgments
	Table of Contents
	Video Contents
	Look for These Other Titles in the Braunwald’s Heart Disease Family
	Braunwald’s Heart Disease Companions
	Braunwald’s Heart Disease Review and Assessment
	Braunwald’s Heart Disease Imaging Companions
	Coming Soon!

	I Interventional Cardiology
	1 The Birth of Interventional Cardiology
	The Innovator of Angioplasty
	The First Peripheral Arterial Angioplasty
	The Development of Coronary Angioplasty
	Coronary Angioplasty Then and Now
	Acute Angioplasty Failure
	Mechanism of Balloon Angioplasty
	Dissemination of Coronary Angioplasty
	Andreas Grüntzig, the Man
	Development of Interventional Cardiology and Minimally Invasive Surgery
	Acknowledgment
	References

	2 Guidelines and Appropriateness Criteria for Interventional Cardiology
	Introduction
	Practice Guidelines
	Guideline Development
	Guidelines for ST-Elevation Myocardial Infarction
	Guidelines for Unstable Angina/Non–ST-Elevation MI
	Guidelines for Stable Ischemic Heart Disease

	Appropriateness Criteria
	Development Process
	Summary of Recommendations for Coronary Revascularization

	Other Methods to Improve Quality
	Performance Measures
	Public Reporting
	Putting Guidelines into Practice

	Conclusions
	References

	3 Vascular Access and Closure
	Femoral Arterial Access
	Introduction
	Anatomic Considerations
	Preprocedural Considerations
	Procedure
	Special Considerations
	Using a Micropuncture Needle
	Using a SmartNeedle Percutaneous Doppler Vascular Access Device
	Using Ultrasound Guidance
	Femoral Arterial Cannulation in a Challenging Patient Subgroup
	Morbidly Obese Patients
	Patients with Ilio-femoral Bypass Grafts
	Patients with Calcified Femoral Artery


	Postprocedure Care
	Complications
	Bleeding/Hematoma
	Retroperitoneal Hemorrhage
	Arteriovenous Fistula
	Pseudoaneurysm
	Artery Occlusion
	Dissection
	Femoral Neuropathy
	Groin Site Infection


	Femoral Arterial Access Site Closure
	Introduction
	Manual Compression
	Mechanical Compression
	Assisted Compression Devices/Topical Hemostasis Accelerators
	Vascular Closure Device
	Collagen-Plug-Based Devices—Angio-Seal
	Collagen-Plug-Based Devices—Mynx
	Suture-Mediated Closure Devices
	Clip-Based Device—StarClose


	Radial Arterial Access and Closure
	Introduction
	Anatomic Considerations
	Preprocedural Considerations
	Modified Allen Test
	Barbeau Test

	Procedural Considerations
	Positioning
	Conscious Sedation and Local Anesthesia
	Technique

	Closure and Postprocedural Care
	Closure
	Postprocedure Care

	Complications and Challenges
	Radial Artery Occlusion
	Access Failure
	Perforation
	Hematoma
	Compartment Syndrome
	Radial Artery Pseudoaneurysm (Figure 3-34)
	Radial Arteriovenous Fistula
	Sterile Granuloma
	Radial Artery Avulsion


	Ulnar Arterial Access and Closure
	Brachial Arterial Access and Closure
	Introduction and Anatomy
	Procedure
	Closure and Complications

	Venous Access and Closure
	Right Heart Catheterization via the Basilic Vein
	Anatomy
	Procedure
	Complication

	Other Venous Access—Femoral/ Internal Jugular
	Procedure
	Closure
	Complications


	Conclusions
	References

	4 Pharmacotherapy in the Modern Interventional Suite
	Pathophysiology of Arterial Thrombosis
	Aspirin
	Aspirin Dosage

	Oral P2Y12 Receptor Inhibitors
	Ticlopidine
	Clopidogrel
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Variability in Responsiveness to Clopidogrel
	Interaction with Proton Pump Inhibitors
	The Role of Genotyping

	Prasugrel
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Additional Considerations

	Ticagrelor
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Additional Considerations

	Duration of Therapy with Oral P2Y12 Receptor Inhibitors
	Choice of Oral P2Y12 Receptor Inhibitor Therapy
	Use of Oral P2Y12 Receptor Inhibitors with Fibrinolytic Therapy
	Timing of Discontinuation of Oral P2Y12 Receptor Inhibitor Therapy
	Oral Glycoprotein IIb/IIIa Receptor Inhibitors

	Intravenous Antiplatelet Drugs
	Intravenous Glycoprotein IIb/IIIa Receptor Inhibitors
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Duration of Therapy
	Additional Considerations

	Timing of Administration of Glycoprotein IIb/IIIa Receptor Inhibitor
	Choice of Intravenous Glycoprotein IIb/IIIa Receptor Inhibitor
	Timing of Discontinuation of Glycoprotein IIb/IIIa Receptor Inhibitors
	Cangrelor

	Intravenous Anticoagulant Drugs
	Unfractionated Heparin
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Additional Considerations

	Enoxaparin
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Additional Considerations

	Bivalirudin
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Additional Considerations

	Fondaparinux
	Mechanism of Action
	Evidence
	Indications
	Dosage
	Additional Considerations

	Other Parenteral Anticoagulants
	Duration of Anticoagulation Therapy after Percutaneous Coronary Intervention

	Vasodilators and Antihypertensive Drugs
	Hypertension Urgency/Emergency
	The No-Reflow Phenomenon
	Selective Vasodilators and Antihypertensive Medications (Table 4-4)
	Nitroglycerin
	Adenosine
	Nitroprusside
	Ca2+ Channel Antagonists
	β Adrenergic Receptor Antagonists


	Vasopressors and Inotropic Drugs
	Hypotension
	Acute Heart Failure/Cardiogenic Shock
	Selective Vasopressors and Inotropes (Table 4-5)
	Phenylephrine
	Dopamine
	Norepinephrine
	Dobutamine
	Epinephrine
	Additional Agents


	Procedural Sedation: Anxiolytics and Analgesics
	Miscellaneous Drugs
	Anti-arrhythmic Medications
	Diuretics

	Conclusions
	References

	5 Hemodynamic Support During High-Risk PCI
	Introduction
	Rationale for Definition of High Risk
	Clinical Presentation
	Coronary Blood Flow and Myocardial Energetics During High-Risk PCI
	History of Development of LV Support Devices for HRPCI
	History of Use of IABP During HRPCI
	BCIS Investigation
	History of TandemHeart Development
	Transvalvular Axial Flow Pumps
	History of Impella Development
	Clinical Trials of Impella in HRPCI
	Protect II
	Optimal Use of Impella for Hemodynamic Support
	Alternative Access Sites
	Case Example
	Complications of Impella
	Novel Uses of Impella
	Future Advances
	Conclusions
	References

	6 Radiation Safety in the Cardiac Catheterization Laboratory
	Introduction
	Fluoroscopic Equipment Function
	C-Arm
	X-Ray Tube
	Image Detector
	Operator Consoles
	Image Display Monitor

	Terminology of Fluoroscopic Modes, Radiation Doses
	Terminology of Fluoroscopic Modes
	Terminology of Radiation Doses
	Air Kerma Rate at the Reference Plane (a,r)


	Radiation-Induced Injuries
	Deterministic Risk of Radiation
	Stochastic Risk of Radiation

	Fluoroscopic Image Quality
	Spatial Resolution
	Contrast Resolution
	Temporal Resolution
	Noise
	Summary of Fluoroscopic Image Quality Characteristics

	Minimization of Procedural Radiation Exposure
	Radiation Exposure to the Patient
	Radiation Exposure to Operator and Lab Personnel

	Future Cardiac Cath Lab Technology
	X-ray Generation
	X-ray Detection
	Image Processing
	Radiation Dose Tracking
	Summary of Cath Lab Innovations

	Conclusions
	References

	7 Contrast Selection
	Introduction
	Chemical Structure
	Classification
	Properties of CM
	Hematologic Effects
	Hemodynamic Effects
	Electrophysiologic Effects

	Adverse Effects Related to CM Administration
	Hypersensitivity Reactions

	Ischemic Complications
	Contrast-Induced Nephropathy (CIN)
	Definition and Clinical Course
	Incidence
	Risk Factors
	Pathophysiology
	Preventive Strategies
	Periprocedural Hydration
	Isotonic Sodium Bicarbonate
	RenalGuard System
	Removal of CM by Extracorporeal Therapies
	Renal Artery Vasodilation
	Antioxidant Therapy
	Statins

	Prognosis

	Overall Considerations
	Conclusions
	References


	II Coronary Artery Intervention
	8 Percutaneous Coronary Intervention for Unprotected Left Main Disease
	Introduction
	Randomized Controlled Trials
	Metaanalyses
	Ongoing Trials
	Current Guidelines and Appropriate use Criteria
	Scoring Algorithms
	Impact of Stent Choice
	In-Stent Restenosis
	Disease Location: Ostial/mid-Shaft versus Distal LM
	One-Stent versus Two-Stent Approach for LM Bifurcation Disease
	Two-Stent Techniques
	Dedicated Bifurcation Stents
	Importance of Final Kissing Balloon Inflation
	Role of Imaging
	Intravascular Ultrasound
	Fractional Flow Reserve
	Myocardial Infarction due to LM Thrombosis
	Hemodynamic Support
	Dual Antiplatelet Therapy Selection and Duration
	Follow-Up after Left Main PCI
	Left Main Bifurcation PCI Techniques
	Provisional Stent Technique (Figure 8-6 and Video 8-1)
	Two-Stent Techniques
	Description of Techniques
	Culotte Technique (Figure 8-7 and Video 8-2)
	Crush Techniques (Figure 8-8 and Video 8-3)
	T-Stent Techniques (Figure 8-10 and Video 8-5)
	V-Stent Technique (Figure 8-11 and Video 8-6)


	Ostial LM PCI
	Conclusions
	References

	9 Chronic Total Coronary Occlusions:
	Introduction
	Anatomic Considerations
	Histopathology of CTOs
	Collaterals and CTOs
	Target Vessel

	Indications
	Angina and Quality of Life
	Improvement in Left Ventricular Dysfunction
	Reduction in Arrhythmic Events
	Improved Tolerance of Ischemic Events
	Survival and Completeness of Revascularization

	Procedural Outcomes and Fundamentals
	Predictors of Procedural Outcome
	Vascular Access, Equipment Selection, and Angiography
	Guidewires and Microcatheters
	Procedural Antithrombotic Therapy
	Technical Strategies
	Traditional Antegrade Techniques
	Antegrade Device-Assisted Dissection Reentry Technique
	Retrograde Techniques: CART and Reverse CART
	Hybrid Technique
	Imaging: Computed Tomographic Angiography and Intravascular Ultrasound

	Stent Selection for CTO Revascularization
	Clinical Rationale for Drug-Eluting Stents in Percutaneous Revascularization of Coronary Occlusions
	Contemporary DES Trials in CTO Revascularization

	Limitations
	CTO Complications

	Conclusions
	References

	10 Bifurcations
	Introduction
	Simplified Guidelines After 10 Years of Bifurcation Studies
	Provisional Approach Is the Default Strategy
	Two Stents Can Be Selectively Implanted As Intention to Treat or Crossover from Provisional
	Residual SB Stenosis After the Provisional Approach Is Often Not Significant
	Kissing Balloon Inflation or High-Pressure Individual (SB & MB) Postdilatation Should Always Be Used When Implanting Two Stents and Optionally When Implanting One Stent
	Optimal Technique Is a Must, Especially When Two Stents Have Been Implanted
	Stent Thrombosis After Bifurcation PCI

	An Individualized Approach to Bifurcations
	Technical Aspects of Bifurcation PCI
	General Aspects
	Guide Catheter
	Vascular Access
	Wiring Both Branches of the Bifurcation and Jailed Guidewires
	Difficult SB Access

	Provisional Approach
	Proximal Optimization Technique (POT)
	Final Kissing Balloon Inflation (FKBI)
	Technical Tips for Provisional Approach

	Crossover to Double Stenting from a Provisional Approach
	T Technique
	T-Stenting and Small Protrusion (TAP)
	Reverse Crush
	Provisional Culotte

	Elective Double Stenting
	Selecting a Double Stenting Technique
	Double Stenting Technique Description
	The Culotte Technique
	The Minicrush Technique (SB Stent Crushed by the MB Stent)
	Double-Kissing Minicrush (DK Crush)
	T and Modified T Techniques

	Modified T Technique
	The V and the Simultaneous Kissing Stent (SKS) Techniques
	Final Kissing Inflation (FKBI) after Double Stenting
	Difficult Access to the SB or MB after Stenting

	Ancillary Devices and Procedures
	Intravascular Ultrasound (IVUS)
	Lesion Preparation: Role of Debulking
	Drug-Eluting Balloons in Bifurcations
	Dedicated Bifurcation Stents
	Bioresorbable Scaffolds (BRS) in Bifurcations


	Conclusions
	References

	11 Bypass Graft Interventions
	Introduction
	Epidemiology
	Indications for Bypass Graft Interventions
	Distal Embolization and Embolic Protection Devices
	SVG Stenting
	Adjunctive Pharmacotherapy
	Technical Aspects of SVG PCI
	Intravascular Imaging
	SVG Engagement
	Acutely Occluded SVGs
	Chronically Occluded SVGs
	Intermediate SVG Lesions
	SVG PCI Complications

	Arterial Graft Interventions
	Conclusions
	Acknowledgment
	References

	12 Calcified Lesions
	Introduction
	Percutaneous Transluminal Rotational Atherectomy
	Procedural Details
	Clinical Studies of Rotational Atherectomy
	Summary

	Orbital Atherectomy
	Procedural Details
	Clinical Studies of Orbital Atherectomy
	Summary

	Scoring Balloon Angioplasty (SBA)
	Clinical Studies of Scoring Balloon Angioplasty
	Summary

	Excimer Laser Atherectomy
	Procedural Details
	Clinical Studies of Excimer Laser Atherectomy
	Summary

	Conclusions
	References

	13 Treatment of In-Stent Restenosis
	Introduction
	Mechanisms of In-Stent Restenosis
	Balloon Angioplasty
	Plaque Debulking With Atherectomy
	Cutting and Scoring Balloon Angioplasty
	Vascular Brachytherapy
	Bare-metal Stenting
	Drug-Eluting Stenting
	Restenosis Within Bare-metal Stents
	Restenosis Within Drug-Eluting Stents

	Bioresorbable Stents
	Drug-Coated Balloon Angioplasty
	Restenosis Within Bare-Metal Stents
	Restenosis Within Drug-Eluting Stents

	Coronary Bypass Surgery
	Role of Intravascular Imaging
	Additional Considerations
	Bioresorbable Stent Failure

	Conclusions
	References

	14 Management of Thrombotic Lesions
	Introduction
	Stent Thrombosis
	Pharmacological Strategies to Improve Myocardial Perfusion
	Mechanical Strategies to Improve Myocardial Perfusion
	Currently Approved Devices
	Case
	Potentially Useful Devices
	Devices That Are Not Used

	Clinical Trial Data
	Aspiration Thrombectomy
	Rheolytic Thrombectomy and Distal Embolic Protection
	Infusion Catheter

	Guideline Recommendations
	Conclusions
	References

	15 Fractional Flow Reserve
	Introduction
	Rationale for In-Lab Coronary Physiologic Measurements
	Derivation of Fractional Flow Reserve from Coronary Pressure Measurements
	Coronary Flow Reserve versus Fractional Flow Reserve
	Fractional Flow Reserve and Myocardial Bed Size

	Techniques of Intracoronary Pressure Sensor Wire Measurement
	Pharmacologic Coronary Hyperemia
	Adenosine
	Regadenoson
	Alternative Hyperemic Agents

	Precautions and Pitfalls of Fractional Flow Reserve
	Safety of Intracoronary Sensor Wire Measurements
	Validation and Threshold of Ischemia

	Use of Fractional Flow Reserve for Specific Angiographic Subsets
	The Intermediate Coronary Lesion
	Fractional Flow Reserve in Multivessel Disease
	Fractional Flow Reserve After Percutaneous Coronary Intervention
	Left Main Stenosis
	Complex Left Main Lesion Assessment (LM Plus Downstream Lesions) with Fractional Flow Reserve

	Fractional Flow Reserve and Small-Vessel Disease
	Serial (Multiple) Lesions in a Single Vessel
	Practical Technique of Serial Lesion Assessment

	Diffuse Coronary Disease
	Ostial and Side Branch Lesions
	Saphenous Vein Graft Lesions
	Fractional Flow Reserve in Acute Coronary Syndrome

	Intravascular Ultrasound and Fractional Flow Reserve in Lesion Assessment
	Fractional Flow Reserve and Intravascular Ultrasound Comparisons for Non–Left Main Coronary Artery Stenosis

	Assessing Collateral Flow
	Index of Microcirculatory Resistance
	Economics of Physiologic Guided Interventions
	Conclusions
	References

	16 Intravascular Ultrasound Imaging
	Background and Limitations of Angiography
	IVUS Imaging, Basic Image, and Measurements
	Guidelines for Use and Appropriate Indications
	Diagnostic Applications
	Ambiguous Angiograms and Indeterminate Coronary Lesions
	Evaluation of the Left Main Coronary Artery
	Evaluation of Transplant Vasculopathy

	Interventional Applications
	Vessel Sizing
	IVUS Imaging in Coronary Stenting
	Bare-Metal Stents
	Drug-Eluting Stents
	Strut Malapposition
	Management of Stent Restenosis

	Assessment of Complications After Intervention
	Advanced Applications of IVUS Imaging in Chronic Total Occlusion Angioplasty
	IVUS Imaging in the Peripheral Arterial System

	Research Applications—Progression/Regression Trials
	Advancing IVUS Technologies and Future Directions
	IVUS-Derived Virtual Histology
	IVUS and Near Infrared Spectroscopy (NIRS)
	IVUS and OCT Imaging

	Future Directions
	Conclusions
	Acknowledgment
	References

	17 Optical Coherence Tomography
	Introduction
	Physics of Optical Coherence Tomography
	Image Acquisition by Optical Coherence Tomography
	Time Domain Optical Coherence Tomography
	Frequency Domain Optical Coherence Tomography
	Potential Risks and Complications

	Evaluation of Coronary Pathology
	Normal Artery
	Lipid Plaque
	Fibrous and Fibrocalcific Plaque
	Intraluminal and Intramural Pathology Seen by Optical Coherence Tomography
	Macrophages
	Cholesterol Crystal
	Microchannels
	Thrombus
	Others

	Thin-Cap Fibroatheroma

	Pitfalls of Image Interpretation
	Optical Coherence Tomography Imaging Artifacts

	Assessment of Coronary Plaque Characteristics
	Clinical Presentations and Plaque Morphology
	Etiology of Acute Coronary Syndrome
	Acute Myocardial Infarction at Rest versus with Exercise

	Role of Optical Coherence Tomography In Percutaneous Coronary Intervention
	Pre-stent Deployment
	Immediate Post-stent Deployment
	Bifurcation Intervention
	Clinical Benefit of Optical Coherence Tomography–Guided Percutaneous Coronary Intervention
	Late Stent Evaluation

	Assessment of Non–Coronary Artery Pathology
	Pulmonary Hypertension
	Peripheral Vascular Disease
	Transplant Vasculopathy

	Future Directions
	Multimodality Systems
	Three-Dimensional Optical Coherence Tomography
	Micro-optical Optical Coherence Tomography

	Conclusion
	References


	III Peripheral Artery Intervention
	18 Intervention for Lower Extremity Arterial Disease
	Clinical Assessment
	Causes of Peripheral Artery Disease
	Acute Limb Ischemia
	Chronic Limb Ischemia
	Physical Exam
	Physiological Tests
	Arterial Imaging

	Percutaneous Revascularization Tools
	Approach and Access
	Guides and Sheaths
	Wires
	Anticoagulation
	Reentry Devices
	Other Chronic Total Occlusion (CTO) Devices
	Balloon Angioplasty
	Drug-Eluting Balloons
	Stents
	Covered Stents
	Drug-Eluting Stents
	Atherectomy
	Other Plaque-Modifying Technologies
	Brachytherapy
	Catheter-Based Thrombolysis
	Intravascular Imaging

	Interventions in Specific Arteries
	Aorto-iliac Interventions
	Superficial Femoral Artery
	Popliteal Artery
	Tibial Arteries
	Venous and Prosthetic Graft Interventions

	Conclusions
	References

	19 Upper Extremity Intervention
	Introduction
	Diagnosis and Clinical Syndromes
	Treatment
	Surgical Revascularization
	Endovascular Therapy
	Interventional Technique


	Conclusions
	References

	20 Renal Artery Intervention:
	Introduction
	Diagnosis
	Screening for Renal Artery Stenosis
	Duplex Ultrasonography
	Resistive Index
	Noninvasive Angiography
	Invasive Angiography
	Translesional Pressure Gradients
	TIMI Frame Count

	Renal Artery Intervention
	Technique for Renal Artery Intervention
	Renal Artery Atherosclerotic Lesions
	Fibromuscular Dysplasia
	Procedural Complications
	Embolus Protection Devices

	Radial Artery Access
	Renal Artery In-Stent Restenosis

	Asymptomatic Renal Artery Stenosis
	Renovascular Hypertension
	Clinical Characteristics
	Prevalence
	Epidemiology
	Evidence-Based Treatment

	Ischemic Nephropathy
	Prevalence
	Evidence-Based Treatment

	Cardiac Destabilization Syndromes
	Conclusions
	References

	21 Mesenteric Artery Intervention:
	Introduction
	Prevalence
	Etiology
	Natural History

	Diagnosis
	Clinical Presentation
	Imaging

	Management of Chronic Mesenteric Ischemia
	Medical Therapy
	Catheter-Based Endovascular Therapy
	Surgical Therapy
	Post-procedure Management and Follow-up

	Conclusions
	References

	22 Renal Denervation
	Introduction
	Role of the Kidney in Hypertension
	Anatomy and Physiology of the Renal Sympathetic Nervous System
	Efferent Fibers (Figure 22-1)
	Afferent Fibers

	Animal and Human Data Supporting a Link Between the Renal Sympathetic Nervous System and Hypertension
	Percutaneous Renal Sympathetic Denervation
	Limitations
	Symplicity HTN-3

	Practical Aspects: Patient Selection and Performance of the Procedure
	Case Selection
	Patient Selection
	Procedure
	Antiplatelet Therapy and Anticoagulation
	Access
	Angiography
	Denervation
	Sedation, Analgesia, and Other Necessary Medications
	Equipment


	Effect of Renal Denervation on Conditions of Sympathetic Overactivity Other Than Hypertension
	New Concepts and Devices
	Conclusions
	References

	23 Endovascular Management of Aortic and Thoracic Aneurysms
	A. Abdominal Aortic Aneurysm
	Introduction
	Natural History
	Risk Factors
	Laplace Law
	Predictors of Rupture

	Diagnosis
	Physical Exam
	Abdominal Ultrasound
	Magnetic Resonance Angiography
	Computerized Tomography

	Indications for Revascularization
	Symptomatic Patients
	Asymptomatic Aneurysms

	Clinical Data
	Initial Comparisons of Open Surgical Repair Versus Endovascular AAA Repair
	Randomized Controlled Trials of EVAR Versus Open Surgical Repair
	DREAM
	EVAR 1
	EVAR 2
	The OVER Trial


	Endovascular Repair
	Preoperative Imaging
	Anesthesia
	Strategic Planning and Multispecialty Team
	Anatomic Considerations
	Proximal and Distal Attachment Sites
	Aortic Neck: Diameter, Length, Angulation, Taper, Reverse Taper, and Thrombus

	Access Arteries
	Percutaneous Endovascular Aneurysm Repair
	Renal Artery Anomalies

	FDA-Approved Devices for EVAR (Figure 23-13)
	Fenestrated Stent Grafts and Physician-Modified Grafts for Complex Aneurysms
	Physician-Modified Grafts for Complex Aneurysms
	Step-by-Step Deployments of EVAR Stent Graft (Video 23-2)
	Case

	Complications
	Endoleak
	Type I Endoleak
	Type II Endoleak
	Type III Endoleak
	Type IV Endoleak

	Endotension
	EVAR Limb Occlusion

	Endovascular Stent Graft Migration
	Postimplantation Syndrome
	Contraindications to EVAR
	Surveillance After EVAR

	Conclusions

	B. Thoracic Endovascular Aortic Repair (TEVAR)
	Background
	Devices
	Indications for TEVAR
	Clinical Data for TEVAR
	Early Experience
	Aneurysmal Disease
	Type B Aortic Dissection
	Ruptured Thoracic Aortic Aneurysm

	Endovascular Technique for TEVAR
	Imaging for TEVAR
	Aortic Arch Anatomy
	Aortic Arch Vessel Revascularization and Stent Graft Coverage
	Spinal Drainage
	Vascular Access
	Perioperative Risk
	Anesthesia
	Operating Theater
	Contraindications
	Patient
	Aortic Arch and Distal Seal Zone
	Iliac Access
	Aortic Branches

	Complications
	Step-by-Step Deployment of TEVAR Grafts
	Postimplant Care and Discharge
	Surveillance
	Case

	Conclusions

	References


	IV Cerebrovascular Intervention
	24 Carotid and Vertebral Intervention
	Carotid Intervention
	The Data
	The Procedure
	Lesion Considerations
	Access
	Embolic Protection
	Stent
	Balloon Dilation
	Hemodynamic Management
	Neurological Management
	Pharmacology

	Conclusions

	References

	25 Intracranial Intervention and Acute Stroke
	Introduction
	Cerebrovascular Disease
	Epidemiology
	Clinical Manifestations
	Diagnostic Evaluation

	The Cerebral Vasculature
	Acute Ischemic Stroke Treatment
	Techniques
	Intraarterial Thrombolysis
	Combined IV/IA Thrombolysis
	Mechanical Embolectomy
	Balloon Angioplasty and Stenting

	Clinical Outcomes
	Peri-procedural Management

	Ischemic Stroke Prevention
	Intracranial Angioplasty and Stenting
	Indications and Patient Selection
	Clinical Manifestation
	Techniques
	Clinical Outcomes


	Conclusions
	References


	V Venous Intervention
	26 Interventional Management of Lower Extremity Deep Vein Thrombosis and Pulmonary Embolism
	Introduction
	Section 1: Lower Extremity Deep Vein Thrombosis
	Acute Deep Vein Thrombosis
	Epidemiology and Pulmonary Embolus Prevention
	IVC Filters
	The Post-Thrombotic Syndrome
	Preventing the Post-Thrombotic Syndrome: Beyond Anticoagulation
	Endovascular Thrombus Removal Techniques
	Patient Selection (Table 26-1)
	Outcomes and Data (Table 26-2)

	Chronic Deep Vein Thrombosis
	Patient Workup
	Noninterventional Management of PTS
	Endovascular Intervention in the Setting of Established PTS
	Interventional Techniques to Recanalize Post-Thrombotic Deep Veins
	Complications and Outcomes


	Section 2: Acute Pulmonary Embolism
	Epidemiology and Classification
	Treatment Escalation for Massive Pulmonary Embolism
	Treatment Escalation for Submassive Pulmonary Embolism
	Patient Follow-Up

	Conclusions

	References

	27 Management of Chronic Venous Insufficiency
	Epidemiology and Risk Factors of Chronic Venous Disease
	Venous Anatomy and Physiology
	Superficial Veins of the Lower Limb
	Great Saphenous Vein
	Anterior Accessory Saphenous Vein
	Posterior Accessory Saphenous Vein
	Small Saphenous Vein (SSV)

	Perforators of the Lower Limb
	Deep Venous System
	Physiology of the Venous System

	Etiology and Pathophysiology of Chronic Venous Insufficiency
	Evaluation and Classification of the Patient with Chronic Venous Insufficiency
	Anatomic and Physiologic Testing of Chronic Venous Insufficiency
	Duplex Venous Ultrasound of the Lower Limb
	Plethysmography

	Treatment of Superficial Chronic Venous Insufficiency
	Compression Therapy
	Endovascular Heat Ablative Therapies
	Endovascular Laser Ablation
	Endovascular Radiofrequency Ablation
	Steam Ablation

	Nonthermal Ablative Therapies
	Sclerotherapy
	Catheter-Assisted Balloon Sclerotherapy
	ClariVein or Mechanochemical Endovenous Ablation
	Cyanoacrylate Adhesive

	Phlebectomy
	Surgical Vein Stripping
	Pharmacologic Management of Chronic Venous Insufficiency

	Endovascular Management of Venous Ulcerations
	Deep Venous Valves
	Conclusions
	References

	28 Hemodialysis Access Intervention
	Introduction
	Epidemiology and Prevalence of Stage V Kidney Disease
	Survival
	Hemodialysis

	Vascular Anatomy
	Nomenclature
	Autogenous Arteriovenous Accesses
	Prosthetic Arteriovenous Accesses
	Anatomic Variants

	Pathogenesis of Access Failure
	Failure to Mature
	Stenosis Development in Mature Accesses, with or without Thrombosis

	Diagnostic Evaluation
	Monitoring
	Surveillance
	Diagnostic Testing

	Catheter-Based Treatment of Failing Accesses
	Indications
	4-Step Procedure for Thrombosed Accesses
	Thrombectomy
	Angioplasty, Stenting, or Stent-Grafting of Stenosis
	Fogarty Embolectomy
	Central Venous Angiography


	Outcomes
	Success Rates
	Complications

	Newer Approaches
	Stent Grafts
	Interventional Nephrology
	Pre-emptive Angiography
	Salvage of Hypoplastic Fistulas

	Conclusions
	References


	VI Structural Heart Intervention
	29 Aortic Valvuloplasty and Transcatheter Aortic Valve Replacement
	Introduction
	Balloon Aortic Valvuloplasty
	Procedural Considerations
	Outcomes
	Indications
	Next Generation BAV Devices

	Transcatheter Aortic Valve Replacement (Implantation)— General Concepts
	Historical Perspectives and Unmet Clinical Need
	Clinical Indications
	Heart Team Model and Risk Assessment
	Anatomic Screening and Need for Multimodality Imaging
	Procedural Considerations

	Balloon Expandable Valves
	Technology Overview and Early Access Approaches
	Procedural Details for Sapien or Sapien XT Implantation
	Alternative Access Approaches
	Early Feasibility Trials
	SOURCE and Other Registries
	The PARTNER Trial

	Self-Expanding Valves
	Technology Overview
	Procedural Details for CoreValve Implantation
	Alternative Access Approaches
	Overview of Registry Data and ADVANCE
	CoreValve US Pivotal Trial

	“Real-World” Registries and Other Studies (Choice and TVT Registry)
	New Clinical Indications
	Bioprosthetic Valve Failure
	Moderate-Risk Patients
	TAVR for Bicuspid Aortic Valve
	TAVR for Native Aortic Valve Regurgitation

	Complications of TAVR
	Stroke
	Paravalvular Regurgitation
	Conduction Abnormalities and Arrhythmias
	Vascular Complications and Bleeding
	Other Less Frequent Complications

	New TAVR Devices
	Overview
	Self-Expanding TAVR Systems
	Other TAVR Concepts

	Future Directions
	Conclusions
	References

	30 Transcatheter Mitral Valve Intervention
	Section I: Mitral Stenosis
	Introduction
	Normal Mitral Valve Anatomy

	Mitral Valve Disease States: Mitral Stenosis
	Etiologies of Mitral Stenosis
	Pathology of Rheumatic Mitral Stenosis
	Pathophysiology of Rheumatic Mitral Stenosis
	Clinical Presentation of Mitral Stenosis
	Clinical Manifestations
	Clinical Assessment
	History and Physical Examination

	Clinical Assessment with Diagnostic Tools
	Echocardiography
	Cardiac Catheterization and Angiography


	Management of Mitral Stenosis
	Medical Therapy for Mitral Stenosis
	Catheter-Based Treatment of Mitral Stenosis
	Indications for Catheter-Based Treatment
	Patient Selection
	Procedure
	Transseptal Catheterization
	Inoue Technique
	Double Balloon Technique
	Results
	Procedural Imaging


	Special Considerations—Pregnancy

	Section II: Mitral Regurgitation
	Pathophysiology
	Rationale for Transcatheter Therapy
	Leaflet Repair with the MitraClip Device
	Indirect Annuloplasty
	Direct Annuloplasty and Left Ventricular Remodeling Techniques
	Transcatheter Mitral Valve Replacement

	Conclusions

	References

	31 Hypertrophic Cardiomyopathy
	Introduction and Epidemiology
	Hallmarks and Differential Diagnosis
	Natural Course of Disease and Clinical Presentation
	Pathophysiology
	Left Ventricular Outflow Tract Obstruction
	Diastolic Dysfunction
	Myocardial Ischemia
	Autonomic Dysfunction
	Mitral Regurgitation
	Myocardial Fibrosis

	Genetics and Role of Genetic Testing
	Diagnosis
	Echocardiography
	Electrocardiography
	Stress Testing
	Cardiac Magnetic Resonance Imaging
	Invasive Hemodynamic Assessment

	Management of HCM
	Asymptomatic Patients
	Symptomatic Patients
	Medical Management
	Beta-Blockers
	Calcium Channel Blockers
	Disopyramide
	Amiodarone
	Other Agents

	Invasive Management
	Septal Myectomy
	Patient Selection.
	Early Results.
	Late Results.
	Complications.
	Important Considerations.

	Alcohol Septal Ablation
	Patient Selection.
	Procedural Technique (Video 31-1).
	Results.
	Complications.

	Comparison of Alcohol Septal Ablation and Septal Myectomy


	Role of Dual Chamber Pacing
	Management of Atrial Fibrillation
	Management of Systolic Dysfunction
	Role of Heart Transplantation


	Prevention of Sudden Cardiac Death
	Participation in Competitive Sports
	Role of ICD Implantation

	Conclusions
	References

	32 Patent Foramen Ovale, Atrial Septal Defect, Left Atrial Appendage, and Ventricular Septal Defect Closure
	Patent Foramen Ovale
	Introduction
	Developmental Anatomy of the Atrial Septum (Figure 32-1)
	Clinical Presentation
	Diagnosis
	Management
	Medical Therapy
	Transcatheter Patent Foramen Ovale Closure
	Randomized Trials of Patent Foramen Ovale Closure for Cryptogenic Stroke
	Indications for Transcatheter Patent Foramen Ovale Closure
	Devices
	Amplatzer Devices
	Helex Device

	Procedural Details
	Postprocedure Care
	Complications

	ASD Closure
	Introduction
	Anatomy
	Pathophysiology
	Clinical Presentation
	Diagnosis
	Cardiac Catheterization
	Management and Indications for Atrial Septal Defect Closure
	Devices for Atrial Septal Defect Closure
	Procedural Details
	Postprocedure Care
	Large Atrial Septal Defect with Deficient Rims
	Multiple or Fenestrated Defects
	Complications
	Clinical Trial Data

	Left Atrial Appendage Closure
	Introduction
	Medical Therapy for Stroke Prevention in Atrial Fibrillation
	Left Atrial Appendage Anatomy
	Surgical Left Atrial Appendage Exclusion
	Percutaneous Left Atrial Appendage Closure
	Imaging for Left Atrial Appendage Closure
	PLAATO Device
	Watchman Device
	Procedure
	Data for Watchman Device
	Amplatzer Cardiac Plug
	Data for Amplatzer Cardiac Plug Device
	LARIAT Device
	Next Generation Left Atrial Appendage Closure Devices
	Watchman Generation 5
	Amulet
	Coherex


	Ventricular Septal Defect
	Introduction
	Anatomy
	Pathophysiology
	Clinical Presentation
	Diagnosis
	Management and Indications for Ventricular Septal Defect Closure
	Devices for Transcatheter Ventricular Septal Defect Closure
	Contraindications for Closure (Muscular Ventricular Septal Defect)
	Procedural Details (Muscular Ventricular Septal Defect)
	Complications
	Clinical Trial Data

	Post-Myocardial Infarction Ventricular Septal Defect
	Management
	Transcatheter Post-Myocardial Infarction Ventricular Septal Defect Closure

	Conclusions
	References

	33 Interventions for Advanced Heart Failure
	Introduction
	Defining Advanced Heart Failure
	Hemodynamics of Heart Failure
	Percutaneous Mechanical Circulatory Support
	Intra-aortic Balloon Pump Counterpulsation
	Percutaneous Rotodynamic Pumps

	Circulatory Support for Cardiogenic Shock and Advanced Heart Failure
	Interventional Therapy for Right Heart Failure
	Emerging Percutaneous Circulatory Support Devices

	Percutaneous Coronary Intervention (PCI) in the Heart Failure Patient
	Valvular Interventions in Advanced Heart Failure
	Transcatheter Aortic Valve Replacement in Advanced Heart Failure
	Percutaneous Approaches for Functional Mitral Regurgitation

	Emerging Interventional Approaches for Heart Failure
	Percutaneous Ventricular Volume Reduction
	Interventions for Heart Failure With Preserved Ejection Fraction
	Invasive Approaches for Patients Requiring Left Ventricular Assist Device Support

	Conclusions
	References

	34 Endomyocardial Biopsy
	Introduction
	Development of the Procedure—A Historic Perspective
	Technique of the Procedure
	Safety of Endomyocardial Biopsy
	Processing Endomyocardial Tissue Specimens
	Indications for Endomyocardial Biopsy
	Utility of Endomyocardial Biopsy in Cardiac Transplant Allografts
	Expert Practice Summary
	Conclusions
	References

	35 Pericardiocentesis and Pericardial Intervention
	Introduction
	The Normal Pericardium
	Pericardial Effusion and Tamponade
	Clinical Diagnosis of Pericardial Tamponade
	Indications for Pericardiocentesis
	Pericardiocentesis Technique
	PostPericardiocentesis Catheter Management
	Complications of Pericardiocentesis
	Malignant, Recurrent, or Persistently Draining Pericardial Effusions
	Technique of Single Balloon Percutaneous Balloon Pericardiotomy
	Technique of Double Balloon Percutaneous Balloon Pericardiotomy
	Outcomes after Percutaneous Balloon Pericardiotomy
	Percutaneous Pericardial Biopsy
	Technique of Percutaneous Pericardial Biopsy
	Role of Pericardioscopy
	Percutaneous Epicardial Access for Electrophysiology Studies and Ablation
	Technique of Pericardial Access and Epicardial Mapping and Ablation
	Limitations and Potential Complications of Pericardial Access and Epicardial Ablation
	Percutaneous Pericardial Access for Transcatheter Left Atrial Appendage Ligation
	Preprocedural Considerations
	Technique of Percutaneous Transpericardial Left Atrial Appendage Exclusion
	Procedural Complications
	Conclusions
	References


	VII Congenital Heart Disease
	36 Congenital Heart Disease
	Introduction
	Catheter-Based Interventions for Congenital Heart Disease
	Coarctation of the Aorta—Native or Restenosis for Intervention
	Arteriovenous Fistulae or Malformations
	Coronary Artery Fistulae
	Pulmonary Arteriovenous Malformations
	Anomalous Venovenous Connections Causing Systemic Hypoxemia

	Valvular Heart Disease Secondary to Congenital Etiology
	Pulmonary Valvuloplasty
	Transcatheter Pulmonary Valve Placement
	Aortic Valve

	Pulmonary Hypertension in Congenital Heart Disease
	Overview
	Eisenmenger Syndrome/Secondary Pulmonary Hypertension


	Future Directions
	Covered Stent Technology
	Investigational Transcatheter Pulmonary Valve Technology

	Conclusions
	Acknowledgment
	References


	Index
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y

	Endsheet 7

