


Clinical
Anesthesia

EIGHTH EDITION

E D I T E D  B Y

Paul G. Barash, MD
Emeritus Professor and Past Chair
Department of Anesthesiology
Yale University School of Medicine
Honorary Attending Anesthesiologist
Yale-New Haven Hospital
New Haven, Connecticut

Bruce F. Cullen, MD
Emeritus Professor
Department of Anesthesiology and Pain Medicine
University of Washington School of Medicine
Seattle, Washington

Robert K. Stoelting, MD
Emeritus Professor and Past Chair
Department of Anesthesia
School of Medicine
Indiana University
Indianapolis, Indiana

Michael K. Cahalan, MD

2



Professor and Chair
Department of Anesthesiology
School of Medicine
The University of Utah
Salt Lake City, Utah

M. Christine Stock, MD
Professor
Department of Anesthesiology
Feinberg School of Medicine
Northwestern University
Chicago, Illinois

Rafael Ortega, MD
Professor
Vice-Chairman of Academic Affairs
Department of Anesthesiology
Boston University School of Medicine
Boston, Massachusetts

Sam R. Sharar, MD
Professor
Vice-Chair for Faculty Affairs and Development
Department of Anesthesiology and Pain Medicine
University of Washington School of Medicine
Seattle, Washington

Natalie F. Holt, MD, MPH
Assistant Professor
Department of Anesthesiology
Yale University School of Medicine
Medical Director
Ambulatory Procedures Unit
VA Connecticut Healthcare System
West Haven, Connecticut

3



Acquisitions Editor: Keith Donnellan
Developmental Editor: Brendan Huffman
Production Project Manager: Priscilla Crater, Linda Van Pelt
Design Coordinator: Teresa Mallon
Senior Manufacturing Coordinator: Beth Welsh
Marketing Manager: Dan Dressler
Prepress Vendor: Aptara, Inc.

Eighth Edition

Copyright © 2017 Wolters Kluwer

Seventh Edition © 2013 by LIPPINCOTT WILLIAMS & WILKINS, a WOLTERS KLUWER
business
Sixth Edition © 2009 by LIPPINCOTT WILLIAMS & WILKINS, a WOLTERS KLUWER
business
Fifth Edition © 2005 by LIPPINCOTT WILLIAMS & WILKINS

All rights reserved. This book is protected by copyright. No part of this book may be
reproduced or transmitted in any form or by any means, including as photocopies or
scanned-in or other electronic copies, or utilized by any information storage and
retrieval system without written permission from the copyright owner, except for brief
quotations embodied in critical articles and reviews. Materials appearing in this book
prepared by individuals as part of their official duties as U.S. government employees are
not covered by the above-mentioned copyright. To request permission, please contact
Wolters Kluwer at Two Commerce Square, 2001 Market Street, Philadelphia, PA 19103,
via email at permissions@lww.com, or via our website at lww.com (products and
services).

9 8 7 6 5 4 3 2 1

Library of Congress Cataloging-in-Publication Data

Names: Barash, Paul G., editor.
Title: Clinical anesthesia / edited by Paul G. Barash, Bruce F. Cullen,

Robert K. Stoelting, Michael K. Cahalan, M. Christine Stock, Rafael
Ortega, Sam R. Sharar, Natalie F. Holt.

Other titles: Clinical anesthesia (Barash)
Description: Eighth edition. | Philadelphia : Wolters Kluwer, [2017] |

Includes bibliographical references and index.
Identifiers: LCCN 2016058322 | ISBN 9781496337016 (hardback)
Subjects: | MESH: Anesthesia | Anesthesiology | Anesthetics

4



Classification: LCC RD81 | NLM WO 200 | DDC 617.9/6–dc23
LC record available at https://lccn.loc.gov/2016058322

This work is provided “as is,” and the publisher disclaims any and all warranties, express
or implied, including any warranties as to accuracy, comprehensiveness, or currency of
the content of this work.

This work is no substitute for individual patient assessment based upon healthcare
professionals’ examination of each patient and consideration of, among other things,
age, weight, gender, current or prior medical conditions, medication history, laboratory
data and other factors unique to the patient. The publisher does not provide medical
advice or guidance and this work is merely a reference tool. Healthcare professionals,
and not the publisher, are solely responsible for the use of this work including all
medical judgments and for any resulting diagnosis and treatments.

Given continuous, rapid advances in medical science and health information,
independent professional verification of medical diagnoses, indications, appropriate
pharmaceutical selections and dosages, and treatment options should be made and
healthcare professionals should consult a variety of sources. When prescribing
medication, healthcare professionals are advised to consult the product information
sheet (the manufacturer’s package insert) accompanying each drug to verify, among
other things, conditions of use, warnings and side effects and identify any changes in
dosage schedule or contraindications, particularly if the medication to be administered is
new, infrequently used or has a narrow therapeutic range. To the maximum extent
permitted under applicable law, no responsibility is assumed by the publisher for any
injury and/or damage to persons or property, as a matter of products liability,
negligence law or otherwise, or from any reference to or use by any person of this
work.

LWW.com

5



For All Students of Anesthesiology

6



Contributing Authors

Ramon Abola, MD
Assistant Professor
Department of Anesthesiology
Stony Brook Medicine
Stony Brook, New York

Ron O. Abrons, MD
Associate Professor
Department of Anesthesiology
The University of Iowa Hospitals and Clinics
Iowa City, Iowa

Shamsuddin Akhtar, MD
Associate Professor
Department of Anesthesiology and Pharmacology
Yale University School of Medicine
New Haven, Connecticut

Michael L. Ault, MD, FCCP, FCCM
Associate Professor of Anesthesiology, Medical Education, Neurological

Surgery and Surgery
Chief and Fellowship Program Director, Section of Critical Care Medicine
Department of Anesthesiology
Northwestern University Feinberg School of Medicine
Chicago, Illinois

Douglas R. Bacon, MD, MA
Professor and Chair
Department of Anesthesiology
University of Mississippi Medical Center
Jackson, Mississippi

Gina C. Badescu, MD
Division of Cardiothoracic Anesthesiology
Maui Memorial Medical Center
Wailuku, Hawaii

7



Dalia Banks, MD, FASE
Clinical Professor
Division Chief of Cardiothoracic Anesthesiology
Director of Cardiothoracic Anesthesiology Fellowship
Clinical Director of Sulpizio CVC and PTU
University of California San Diego
San Diego, California

Paul G. Barash, MD
Professor Emeritus and Past Chair
Department of Anesthesiology
Yale University School of Medicine
Honorary Attending Anesthesiologist
Yale-New Haven Hospital
New Haven, Connecticut

John F. Bebawy, MD
Associate Professor of Anesthesiology & Neurological Surgery
Northwestern University
Feinberg School of Medicine
Chicago, Illinois

Itay Bentov, MD, PhD
Associate Professor
Anesthesiology and Pain Medicine
Adjunct Associate Professor
Department of Medicine
University of Washington School of Medicine
Harborview Medical Center
Seattle, Washington

Honorio T. Benzon, MD
Professor of Anesthesiology
Northwestern University Feinberg School of Medicine
Chicago, Illinois

Marcelle E. Blessing, MD
Assistant Professor of Anesthesiology
Yale University School of Medicine
New Haven, Connecticut

Michelle Y. Braunfeld, MD
Professor and Vice Chair

8



Department of Anesthesiology
David Geffen School of Medicine at UCLA
Chair, Department of Anesthesiology
Greater Los Angeles VA Hospital
Los Angeles, CA

Ferne R. Braveman, MD
Vice-Chair for Clinical Affairs
Director of Division of Obstetrical Anesthesiology
Professor of Anesthesiology and Obstetrics, Gynecology and Reproductive

Medicine
Department of Anesthesiology
Yale School of Medicine
New Haven, Connecticut

Sorin J. Brull, MD, FCARCSI (Hon)
Professor of Anesthesiology
Department of Anesthesiology
Mayo Clinic College of Medicine
Mayo Clinic Florida
Jacksonville, Florida

Brenda A. Bucklin, MD
Professor of Anesthesiology
University of Colorado School of Medicine
Aurora, Colorado

Michael K. Cahalan, MD
Professor and Chair
Department of Anesthesiology
The University of Utah School of Medicine
Salt Lake City, Utah

Levon M. Capan, MD
Professor of Clinical Anesthesiology
New York University School of Medicine
Associate Director of Anesthesia Service
Bellevue Hospital Center
New York, New York

Louanne M. Carabini, MD
Assistant Professor
Department of Anesthesiology

9



Northwestern University Feinberg School of Medicine
Chicago, Illinois

Christopher G. Choukalas, MD, MS
Associate Clinical Professor
Department of Anesthesia and Perioperative Care
University of California, San Francisco
San Francisco VA Medical Center
San Francisco, California

Amalia Cochran, MD, MA
Associate Professor of Surgery
Vice-Chair of Education and Professionalism
University of Utah School of Medicine
Salt Lake City, Utah

Edmond Cohen, MD
Professor of Anesthesiology and Thoracic Surgery
Director of Thoracic Anesthesia
Icahn School of Medicine at Mount Sinai
New York, New York

Christopher M. Conley, MD
Clinical Assistant Professor of Anesthesiology
Boston University School of Medicine
Boston, Massachusetts

Christopher W. Connor, MD, PhD
Associate Professor of Anesthesiology and Biomedical Engineering
Department of Anesthesiology
Boston Medical Center
Boston, Massachusetts

C. Michael Crowder, MD, PhD
Allan J. Treuer Endowed Professor and Chair
Department of Anesthesiology and Pain Medicine
Adjunct Professor of Genome Sciences
University of Washington School of Medicine
Seattle, Washington

Marie Csete, MD, PhD
President and Chief Scientist
Huntington Medical Research Institutes

10



Pasadena, California
Professor of Anesthesiology
Keck USC School of Medicine
Los Angeles, California
Visiting Associate
Medical Engineering
California Institute of Technology
Pasadena, California

Bruce F. Cullen, MD
Emeritus Professor
Department of Anesthesiology and Pain Medicine
University of Washington School of Medicine
Seattle, Washington

Albert Dahan, MD, PhD
Department of Anesthesiology
Leiden University Medical Center
Leiden, The Netherlands

Rossemary De La Cruz, MD
Academic, Media, and Risk Management Associate
Department of Anesthesiology
Boston Medical Center
Boston, Massachusetts

Steven Deem, MD
Director, Neurocritical Care
Swedish Medical Center
Physicians Anesthesia Service
Clinical Professor of Anesthesiology
University of Washington
Seattle, Washington

Stephen F. Dierdorf, MD
Professor of Clinical Anesthesia
Department of Anesthesia and Perioperative Medicine
Medical University of South Carolina
Charleston, South Carolina

Karen B. Domino, MD, MPH
Professor and Vice-Chair for Clinical Research
Department of Anesthesiology and Pain Medicine

11



University of Washington School of Medicine
Seattle, Washington

Thomas J. Ebert, MD, PhD
Vice-Chair for Education
Professor of Anesthesiology
Medical College of Wisconsin and Zablocki VA Medical Center
Milwaukee, Wisconsin

Jan Ehrenwerth, MD
Professor Emeritus
Department of Anesthesiology
Yale University School of Medicine
New Haven, Connecticut

John H. Eichhorn, MD
Professor of Anesthesiology
College of Medicine
Provost’s Distinguished Service Professor
Department of Anesthesiology
University of Kentucky Medical Center
Lexington, Kentucky

James B. Eisenkraft, MD
Professor
Department of Anesthesiology
Icahn School of Medicine at Mount Sinai
New York, New York

Alex S. Evers, MD
Henry S. Mallinckrodt Professor and Head
Department of Anesthesiology
Professor of Developmental Biology and Internal Medicine
Washington University School of Medicine
St. Louis, Missouri

Ana Fernandez-Bustamante, MD, PhD
Associate Professor
Department of Anesthesiology
University of Colorado School of Medicine
Aurora, Colorado

Lynne R. Ferrari, MD

12



Chief, Perioperative Anesthesia
Medical Director, Operating Rooms and Perioperative Programs
Department of Anesthesiology, Perioperative and Pain Medicine
Boston Children’s Hospital
Boston, Massachusetts

Scott M. Fishman, MD
Professor, Department of Anesthesiology and Pain Medicine
Chief, Division of Pain Medicine
Vice-Chair, Department of Anesthesiology and Pain Medicine
Director, Center for Advancing Pain Relief
University of California Davis School of Medicine
Sacramento, California

Michael A. Fowler, MD, MBA
Assistant Professor
Residency Program Director
VCU Department of Anesthesiology
Richmond, Virginia

J. Sean Funston, MD
Professor
Department of Anesthesiology
The University of Texas Medical Branch
Galveston, Texas

Tong J. Gan, MD, MHS, FRCA
Professor and Chairman
Department of Anesthesiology
Stony Brook University
Stony Brook, New York

Steven I. Gayer, MD
Professor of Anesthesiology
University of Miami Health System
Miami, Florida

Sofia Geralemou, MD
Department of Anesthesiology
Stony Brook University Hospital
Stony Brook, New York

Loreta Grecu, MD

13



Clinical Associate Professor of Anesthesiology
Stony Brook University School of Medicine
Stony Brook, New York

Dhanesh K. Gupta, MD
Professor of Anesthesiology
Chief of Neuroanesthesiology
Department of Anesthesiology
Duke University Medical Center
Durham, North Carolina

Carin A. Hagberg, MD
Joseph C. Gabel Professor and Chair
Department of Anesthesiology
UTHealth Medical School
Houston, Texas

Matthew R. Hallman, MD
Assistant Professor
Department of Anesthesiology and Pain Medicine
University of Washington School of Medicine
Seattle, Washington

Kylene E. Halloran, MD
Assistant Professor of Anesthesiology
Dartmouth-Hitchcock Medical Center
Lebanon, New Hampshire

Stephen C. Haskins, MD
Assistant Anesthesiologist
Hospital for Special Surgery
Clinical Assistant Professor of Anesthesiology
Weill Cornell Medical College
New York, New York

J. Steven Hata, MD, MSc
Vice Chairman, Education Continuum
Center for Critical Care
Anesthesiology Institute
Cleveland Clinic
Cleveland, Ohio

Tara M. Hata, MD

14



Clinical Assistant Professor
Department of Pediatric Anesthesia
Cleveland Clinic
Cleveland, Ohio

Laurence M. Hausman, MD
Professor of Anesthesiology
Vice-Chair, Academic Affiliations
Director, Ambulatory Anesthesia
Department of Anesthesiology
Perioperative and Pain Medicine
Icahn School of Medicine at Mount Sinai
New York, New York

Salim M. Hayek, MD, PhD
Professor
Department of Anesthesiology
Case Western Reserve University
Chief, Division of Pain Medicine
University Hospitals Cleveland Medical Center
Cleveland, Ohio

Christopher L. Heine, MD
Assistant Professor
Department of Anesthesia and Perioperative Medicine
Medical University of South Carolina
Charleston, South Carolina

Thomas K. Henthorn, MD
Professor, Anesthesiology
Department of Anesthesiology
University of Colorado
Aurora, Colorado

Simon C. Hillier, MB, ChB
Professor
Departments of Anesthesiology and Pediatrics
Geisel School of Medicine
Dartmouth-Hitchcock Medical Center
Lebanon, New Hampshire

Natalie F. Holt, MD, MPH
Assistant Professor

15



Department of Anesthesiology
Yale University School of Medicine
Medical Director
Ambulatory Procedures Unit
VA Connecticut Healthcare System
West Haven, Connecticut

Robert S. Holzman, MD, MS (Hon), FAAP
Senior Associate in Perioperative Anesthesiology
Department of Anesthesiology, Perioperative and Pain Medicine
Boston Children’s Hospital
Professor of Anesthesia
Harvard Medical School
Boston, Massachusetts

Harriet W. Hopf, MD
Professor and Vice-Chair
Department of Anesthesiology
University of Utah School of Medicine
Salt Lake City, Utah

Robert W. Hurley, MD, PhD
Professor and Vice-Chair
Department of Anesthesiology
Medical College of Wisconsin
Milwaukee, Wisconsin

Adam K. Jacob, MD
Associate Professor of Anesthesiology
Mayo Clinic College of Medicine
Rochester, Minnesota

Farid Jadbabaie, MD
Associate Professor of Medicine (Cardiology)
Director of Echocardiography Laboratory
VA Connecticut Healthcare System
Yale School of Medicine
New Haven, Connecticut

Rebecca L. Johnson, MD
Assistant Professor of Anesthesiology
Department of Anesthesiology
Mayo Clinic College of Medicine

16



Rochester, Minnesota

Sharma E. Joseph, MD
Instructor of Anesthesia
Boston University School of Medicine
Boston Medical Center
Boston, Massachusetts

Jonathan D. Katz, MD
Clinical Professor of Anesthesiology
Yale University School of Medicine
Professor of Anesthesiology
Frank H. Netter MD School of Medicine at Quinnipiac University
Attending Anesthesiologist
St. Vincent’s Medical Center
Bridgeport, Connecticut

Christopher D. Kent, MD
Associate Professor
Department of Anesthesiology and Pain Medicine
University of Washington
Seattle, Washington

Meghan A. Kirksey, MD, PhD
Assistant Attending Anesthesiologist
Hospital for Special Surgery
Clinical Assistant Professor of Anesthesiology
Weill Cornell Medical College
New York, New York

Sandra L. Kopp, MD
Associate Professor of Anesthesiology
Department of Anesthesiology
Mayo Clinic College of Medicine
Rochester, Minnesota

Catherine Kuhn, MD
Director & Associate Dean, Graduate Medical Education
Designated Institutional Official
Professor of Anesthesiology
Department of Anesthesiology
Duke University
Durham, North Carolina

17



Jerrold Lerman, MD, FRCPC, FANZCA
Clinical Professor of Anesthesiology
Women and Children’s Hospital of Buffalo
State University of New York
Buffalo, New York

Jerrold H. Levy, MD, FAHA, FCCM
Professor of Anesthesiology
Associate Professor of Surgery
Division of Cardiothoracic Anesthesiology and Critical Care
Duke University School of Medicine
Co-Director, Cardiothoracic ICU
Duke University Hospital
Durham, North Carolina

Adam D. Lichtman, MD, FASE
Associate Professor of Anesthesiology
Director of Vascular Anesthesia
Weill Cornell Medical College
New York Presbyterian Hospital
New York, New York

J. Lance Lichtor, MD
Department of Anesthesiology
Yale University School of Medicine
New Haven, Connecticut

Yi Lin, MD, PhD
Assistant Attending Anesthesiologist
Hospital for Special Surgery
New York, New York

Spencer S. Liu, MD
Clinical Professor of Anesthesiology
Weill College of Medicine at Cornell University
Department of Anesthesiology
Hospital for Special Surgery
New York, New York

Justin B. Long, MD, FAAP
Assistant Professor
Emory University School of Medicine
Department of Pediatric Anesthesiology

18



Children’s Healthcare of Atlanta at Henrietta Egleston Hospital for Children
Atlanta, Georgia

Stephen M. Macres, MD, PharmD
Professor
Department of Anesthesiology and Pain Medicine
University of California Davis Medical Center
Sacramento, California

Peter Mancini, MD
Assistant Clinical Professor
Department of Anesthesiology
Yale University School of Medicine
New Haven, CT

Aaron J. Mancuso, MD
Assistant Professor of Anesthesiology
Geisel School of Medicine
Dartmouth-Hitchcock Medical Center
Lebanon, New Hampshire

Gerard Manecke, MD
Chair, Department of Anesthesiology
UCSD Medical Center
San Diego, California

Melissa M. Masaracchia, MD
Assistant Professor of Anesthesiology
Dartmouth-Hitchcock Medical Center
Geisel School of Medicine
Lebanon, New Hampshire

Joseph P. Mathew, MD, MHSC, MBA
Jerry Reves, MD, Professor and Chairman
Department of Anesthesiology
Duke University Medical Center
Durham, North Carolina

Kathryn E. McGoldrick, MD, FCAI (Hon)
Professor and Chair of Anesthesiology, Emeritus
Advisory Dean, Emeritus
New York Medical College
Valhalla, New York

19



Accreditation Council for Graduate Medical Education
Department of Institutional Accreditation
Chicago, Illinois

Joseph H. McIsaac III, MD, MS
Associate Clinical Professor of Anesthesiology
Associate Adjunct Professor of Biomedical Engineering
University of Connecticut
Avon, CT

Sanford M. Miller, MD
Clinical Professor (Emeritus) of Anesthesiology
NYU School of Medicine
Former Assistant Director of Anesthesiology
Bellevue Hospital Center
New York, New York

Shawn L. Mincer, MSW
Research Coordinator
Department of Anesthesiology and Pain Medicine
University of Washington
Seattle, Washington

Peter G. Moore, MBBS, PhD, FANZCA, FICM
Professor of Anesthesiology and Pain Medicine and Internal Medicine
University of California, Davis Health System
Sacramento, California

Candice Morrissey, MD, MSPH
Assistant Professor
Department of Anesthesiology
University of Utah
Salt Lake City, Utah

Michael J. Murray, MD, PhD
Department of Critical Care Medicine
Geisinger Medical Center
Danville, Pennsylvania

Sawyer A. Naze, MD
Resident
Department of Anesthesiology
Feinberg School of Medicine

20



Northwestern University
Chicago, Illinois

Steven M. Neustein, MD
Professor of Anesthesiology
Icahn School of Medicine at Mount Sinai
New York, New York

Marieke Niesters, MD, PhD
Department of Anesthesiology
Leiden University Medical Center
Leiden, The Netherlands

Mark C. Norris, MD
Director of Obstetric Anesthesia
Boston Medical Center
Clinical Professor of Anesthesiology
Boston University School of Medicine
Boston, Massachusetts

E. Andrew Ochroch, MD, MSCE
Professor of Anesthesiology, Critical Care, and Surgery
University of Pennsylvania
Philadelphia, Pennsylvania

Rafael Ortega, MD
Professor
Vice-Chairman of Academic Affairs
Department of Anesthesiology
Boston University School of Medicine
Boston, Massachusetts

Charles W. Otto, MD, FCCM
Professor of Anesthesiology
Associate Professor of Medicine
Department of Anesthesiology
University of Arizona College of Medicine
Tucson, Arizona

Frank Overdyk, MSEE, MD
Department of Anesthesiology
Roper St. Francis Health System
Charleston, South Carolina

21



Nathan Leon Pace, MD, MStat
Professor
Department of Anesthesiology
University of Utah
Salt Lake City, Utah

Paul S. Pagel, MD, PhD
Staff Physician
Anesthesiology Service
Clement J. Zablocki VA Medical Center
Milwaukee, Wisconsin

Ben Julian Palanca, MD, PhD, MSc
Assistant Professor
Department of Anesthesiology
Washington University School of Medicine
St. Louis, Missouri

Raymond S. Park, MD
Assistant in Perioperative Anesthesia
Department of Anesthesiology, Perioperative and Pain Medicine
Boston Children’s Hospital
Instructor in Anaesthesia
Harvard Medical School
Boston, Massachusetts

Jeffrey J. Pasternak, MS, MD
Associate Professor of Anesthesiology
Mayo Clinic College of Medicine
Rochester, Minnesota

Albert C. Perrino Jr
Professor
Yale University School of Medicine
Chief, Anesthesiology
VA Connecticut Healthcare System
New Haven, Connecticut

Carly Peterson, MD, FRCPC
Division of Cardiothoracic Anesthesia
Department of Anesthesiology and Pain Medicine
University of Washington
Seattle, Washington

22



Andrew J. Pittaway, BM, BS FRCA
Associate Residency Program Director
Associate Professor
University of Washington
Attending Anesthesiologist
Department of Anesthesiology & Pain Medicine
Seattle Children’s Hospital
Seattle, Washington

Mihai V. Podgoreanu, MD
Perioperative Genomics Program
Division of Cardiothoracic Anesthesia and Critical Care
Department of Anesthesiology
Duke University Medical Center
Durham, North Carolina

Wanda M. Popescu, MD
Associate Professor of Anesthesiology
Director, Thoracic and Vascular Anesthesia Division
Co-Director, Grand Rounds
Yale School of Medicine
New Haven, Connecticut

Karen L. Posner, PhD
Research Professor
Laura Cheney Professor in Anesthesia Patient Safety
Department of Anesthesia and Pain Medicine
University of Washington
Seattle, Washington

Jamie R. Privratsky, MD
Department of Anesthesiology
Duke University Medical Center
Durham, North Carolina

Donald S. Prough, MD
Rebecca Terry White Distinguished Professor
Chair of Anesthesiology
The University of Texas Medical Branch at Galveston
Galveston, Texas

Glenn Ramsey, MD
Professor

23



Department of Pathology
Feinberg School of Medicine
Northwestern University
Medical Director
Blood Bank
Northwestern Memorial Hospital
Chicago, Illinois

Kevin T. Riutort, MD, MS
USAP Colorado
Greenwood Village, Colorado

Gerardo Rodriguez, MD
Assistant Professor
Department of Anesthesiology
Boston University School of Medicine
Director, East Newton Surgical Intensive Care Unit
Boston Medical Center
Boston, Massachusetts

G. Alec Rooke, MD, PhD
Professor of Anesthesiology and Pain Medicine
University of Washington
Seattle, Washington

Stanley H. Rosenbaum, MA, MD
Professor of Anesthesiology, Internal Medicine and Surgery
Yale University School of Medicine
New Haven, Connecticut

Meg A. Rosenblatt, MD
Site Chair, Department of Anesthesiology, Mount Sinai West
Professor of Anesthesiology
Professor of Orthopaedics
Mount Sinai St. Luke’s
New York, New York

William H. Rosenblatt, MD
Professor of Anesthesiology
Yale University School of Medicine
New Haven, Connecticut

Richard W. Rosenquist, MD

24



Chairman
Pain Management Department
Anesthesiology Institute
Cleveland Clinic
Cleveland, Ohio

Antonio F. Saad, MD, MFM/CCM
Fellow, Anesthesia and Obstetrics and Gynecology
University of Texas Medical Branch
Galveston, Texas

Aaron Sandler, MD
Assistant Professor of Anesthesiology
Department of Anesthesiology
Duke University
Durham, North Carolina

Barbara M. Scavone, MD
Professor of Anesthesia and Critical Care, and Obstetrics and Gynecology
University of Chicago
Chicago, Illinois

Corey Scher, MD
Clinical Professor of Anesthesiology
New York University School of Medicine-Bellevue Hospital Center
New York, New York

Jeffrey J. Schwartz, MD
Associate Professor
Department of Anesthesiology
Yale University School of Medicine
New Haven, Connecticut

Sam R. Sharar, MD
Professor
Vice-Chair for Faculty Affairs and Development
Department of Anesthesiology and Pain Medicine
University of Washington School of Medicine
Seattle, Washington

Aarti Sharma, MD
Associate Professor of Clinical Anesthesiology
Department of Anesthesiology

25



Weill Cornell Medical College
New York Presbyterian Hospital
New York, New York

Benjamin M. Sherman, MD
Cardiothoracic Anesthesiology
TeamHealth Anesthesia
Legacy Good Samaritan Hospital
Portland, Oregon

Nikolaos J. Skubas, MD, DSc, FASE, FACC
Professor of Anesthesiology and Cardiothoracic Surgery
Weill Cornell Medicine
Director, Cardiac Anesthesia
NewYork-Presbyterian Hospital
New York, New York

Hugh M. Smith, MD
Assistant Professor of Anesthesiology
Department of Anesthesiology and Perioperative Medicine
Mayo Clinic
Rochester, Minesota

Terry Smith, PhD
Associate Professor
Department of Anesthesiology
Leiden University Medical Center
Leiden, The Netherlands

Ellen M. Soffin, MD, PhD
Assistant Attending Anesthesiologist
Hospital for Special Surgery
New York, New York

Karen J. Souter, MB, BS, FRCA, MACM
Professor
Department of Anesthesiology and Pain Medicine
University of Washington
Seattle, Washington

Bruce D. Spiess, MD, FAHA
Professor and Associate Chair (Research)
Department of Anesthesiology

26



University of Florida
Gainesville, Florida

Mark Stafford-Smith, MD, CM, FRCP
Professor of Anesthesiology
Vice-Chair of Education
Fellowship Education Director
Adult Cardiothoracic Anesthesiology Fellowship
Department of Anesthesiology
Duke University Medical Center
Durham, North Carolina

Andrew F. Stasic, MD
Associate Professor of Clinical Anesthesia
Department of Anesthesia
Indiana University School of Medicine
Riley Hospital for Children
Indianapolis, Indiana

Randolph H. Steadman, MD, MS
Professor and Vice-Chair
Department of Anesthesiology and Perioperative Medicine
UCLA Health System
Los Angeles, California

Robert K. Stoelting, MD
Emeritus Professor and Past Chair
Department of Anesthesia
Indiana University School of Medicine
Indianapolis, Indiana

M. Christine Stock, MD
Professor
Department of Anesthesiology
Feinberg School of Medicine
Northwestern University
Chicago, Illinois

David F. Stowe, MD, PhD
Professor of Anesthesiology and Physiology
Anesthesia Service, Clement J. Zablocki Veterans Affairs Medical Center
Departments of Anesthesiology and Physiology
Medical College of Wisconsin

27



Milwaukee, Wisconsin

Wariya Sukhupragarn, MD
Associate Professor
Department of Anesthesiology
Faculty of Medicine
Chiang Mai University
Chiang Mai, Thailand

Santhanam Suresh, MD, FAAP
Arthur C. King Professor and Chair
Department of Pediatric Anesthesiology
Ann and Robert H. Lurie Children’s Hospital of Chicago
Northwestern University Feinberg School of Medicine
Chicago, Illinois

Christer H. Svensén, MD, PhD, Lt Cdr, EDA, MBA
Professor, Senior Consultant
Director of Doctoral Education
KarolinskaInstitutet
Department of Clinical Science and Education
Section of Anaesthesiology and Intensive Care
Södersjukhuset, Stockholm, Sweden
Associate Professor,
University of Texas Medical Branch,
UTMB Health, Department of Anesthesiology
Galveston, Texas

Martin Szafran, MD
Assistant Professor
Department of Anesthesiology
Stony Brook University
Stony Brook, New York

Paul C. Tamul, DO
Assistant Professor
Departments of Anesthesiology and Neurological Surgery Feinberg School of

Medicine
Northwestern University
Chicago, Illinois

Stephen J. Thomas, MD
Topkin-Van Poznak Professor and Vice-Chairman

28



Department of Anesthesiology
Weill Medical College
Cornell University
Attending Anesthesiologist
New York Presbyterian Hospital
New York, New York

Ban C. H. Tsui, Dip Eng, BSc, MSc, MD, FRCP
Pediatric and Adult Anesthesiologist
Alberta Heritage Foundation for Medical Research Clinical Scholar
Site Chief, Anesthesia
Cross Cancer Institute, Edmonton
Professor
Department of Anesthesiology and Pain Medicine
Stollery Children’s Hospital/University of Alberta Hospital
Edmonton, Alberta, Canada

Cristiane M. Ueno, MD
Assistant Professor
Division of Plastic, Hand and Reconstructive Surgery
West Virginia University
Morgantown, West Virginia

Elizabeth A. Valentine, MD
Assistant Professor
Department of Anesthesiology and Critical Care
Perelman School of Medicine at the Hospital of the University of

Pennsylvania
Philadelphia, Pennsylvania

Amy E. Vinson, MD, FAAP
Assistant in Perioperative Anesthesia
Department of Anesthesia, Perioperative and Pain Medicine
Boston Children’s Hospital
Instructor in Anaesthesia
Harvard Medical School
Boston, Massachusetts

J. Scott Walton, MD
Associate Professor
Department of Anesthesia and Perioperative Medicine
Medical University of South Carolina
Charleston, South Carolina

29



Cindy J. Wang, MD
Assistant Professor of Anesthesiology
Weill Cornell Medicine
New York, New York

Mary E. Warner, MD
Associate Professor of Anesthesiology
Mayo Clinic College of Medicine
Rochester, Minnesota

Cynthia A. Wong, MD
Professor and Chair
Department of Anesthesia
University of Iowa Carver College of Medicine
Iowa City, Iowa

James R. Zaidan, MD, MBA
Professor and Chair Emeritus
Department of Anesthesiology
Emory University School of Medicine
Atlanta, Georgia

Joshua Zimmerman, MD
Associate Professor
Director of Perioperative Echocardiography
Department of Anesthesiology
University of Utah School of Medicine
Salt Lake City, Utah

30



Preface

Innovative use of audiovisual resources is the hallmark of the Clinical
Anesthesia series. Integration of diverse educational materials into the fabric
of each chapter serves to enrich the reader’s experience and has been a part of
the series since the second edition of Clinical Anesthesia in 1995, in which the
editors introduced the Lippincott Raven Interactive Library on CD-ROM.
Using the textbook as the keystone publication, other relevant books were
added to the library, which facilitated cross-referencing topics from Clinical
Anesthesia. This CD was awarded the prestigious International Folio Infobase
Industry Award for the Best Science, Technology, Medicine CD-ROM.

With the fourth edition of Clinical Anesthesia in 2002, we introduced the
first anesthesia software designed specifically for personal digital assistants
(Palm Pilot PDA), and in conjunction with the sixth edition in 2009, we
introduced another first in anesthesia textbooks: the podcast.

In 2013, we published the seventh edition of Clinical Anesthesia with the
most robust electronic platform to date. Previously, the digital versions of
textbooks were merely reproductions of the printed page, not formatted to be
read on a mobile device, which resulted in a suboptimal reader experience.
Now, powered by the VitalSource platform, the textbook is available in eBook
format optimized for all major handheld and desktop devices (tablet,
smartphone, and Mac/PC) and includes nearly 2,000 pages of high-fidelity
text, images, animated videos, and hyperlinked references. The platform
allows the reader to search text by keyword as well as to make notes in the
same fashion as one would with a traditional printed textbook.

This rich history of cutting-edge advances in presenting educational
material in a variety of formats to enrich different learning styles continues in
the eighth edition of Clinical Anesthesia. The new Narrated Interactive Clinical
Vignettes are an innovative, narrated audiovisual product that immerses
viewers in a virtual classroom setting in which a master teacher guides them
through a focused discussion on common and uncommon clinical topics. A
clinical question is posed and viewers are given time to develop an
appropriate answer. Then, in a stepwise and menu-driven fashion, viewers see
and hear the answer unfold. The objective of these Interactive Clinical
Vignettes, which are designed following research-based theories of learning
and evidence-based techniques of instruction, is not to provide an exhaustive
and complete review of each topic. Rather, the user is provided a springboard
to explore features of a clinical scenario and weigh the relative merits and
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drawbacks of a course of action, all with the objective of improving clinical
reasoning and exercising the articulation of appropriate answers. Our initial
testing of this concept has resulted in very positive feedback, and we
currently have over 175 vignettes in our library.

In the eighth edition of Clinical Anesthesia, we use a series of icons in the
margins of the text to alert the reader to key points as well as the available
audiovisual material:

Video 

Narrated Interactive Clinical Vignette 

Key Point 

Although the textbook represents the work and input of all editors, it is
essential to recognize Dr. Rafael Ortega and his staff, Drs. Faina Kotova and
Rosemary De La Cruz (Department of Anesthesiology, Boston University), for
their immense contribution to the creation of the Narrated Interactive Clinical
Vignettes in this edition.

Important updates in the printed textbook include new chapters on
cardiovascular pharmacology and a focused discussion of autonomic drugs in
the autonomic pharmacology chapter. We have expanded the appendices with
video sections on transthoracic echocardiography including the FAST and
FOCUS examinations, as well as over 90 additional video examples of
tranesophageal echocardiograms, demonstrating core clinical applications of
this powerful imaging technique. The Clinical Updates section is popular with
our readers as a way to keep up with contemporary medical literature, and
has a larger profile in the eighth edition. Importantly, the chapter on
occupational hazards has been expanded to place significant emphasis on the
topic of physician wellness (emotional considerations, nutrition, lifestyle
interventions, and mindfulness).

It is with a note of sadness that after 25 years we say goodbye to Clinical
Anesthesia’s companion title, Handbook of Clinical Anesthesia. Because of
advances in digital platforms and the publication of the entire eighth edition
as a robust eBook, the editors felt it was time to move on.

In this edition we welcome two new editors: Dr. Sam Sharar and Dr.
Natalie Holt. Both Sam and Natalie are experienced with the logistics of the
Clinical Anesthesia series. Sam was instrumental in our new book aimed at
early students and trainees in anesthesiology, Clinical Anesthesia Fundamentals,
while Natalie has been in charge of the aforementioned Clinical Updates.
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We wish to express our appreciation to all our contributors whose
knowledge, hard work, dedication, and timely chapter submissions allowed us
to maintain high quality while working on a tight production schedule. Our
readers provided comments instrumental to the editorial process of continual
improvement of Clinical Anesthesia. We also thank our administrative
assistants, including Gail Norup. We would like to thank our editor at Wolters
Kluwer, Keith Donnellan, for his commitment to excellence. Finally, we owe a
debt of gratitude to developmental editors Grace Caputo and Brendan
Huffman, marketing manager Dan Dressler, and Chris Miller, production
manager at Aptara. Their day-to-day management of this endeavor resulted in
a publication that exceeded the editors’ expectations.

As we noted in previous editions, the discovery and application of
anesthesia is the single most important contribution of American medicine to
mankind. The major achievements of modern surgery could not have taken
place without the accompanying vision of the pioneers in anesthesiology. This
statement is echoed by surgeon-author Atul Gawande, who in the article “Two
Hundred Years of Surgery” (New England Journal of Medicine), stated:

The crucial spark of transformation—the moment that changed not just the
future of surgery but of medicine as a whole—was the publication on
November 18, 1846, of Henry Jacob Bigelow’s groundbreaking report,
“Insensibility during Surgical Operations Produced by Inhalation.”

The editors hope that every page of Clinical Anesthesia evokes the pride of
being a part of the specialty of anesthesiology and its achievements for the
betterment of mankind.

Paul G. Barash, MD
Bruce F. Cullen, MD

Robert K. Stoelting, MD
Michael K. Cahalan, MD
M. Christine Stock, MD

Rafael Ortega, MD
Sam R. Sharar, MD
Natalie F. Holt, MD
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26 Sinus Arrhythmia
27 Sinus Tachycardia
28 Torsades de Pointes
29 Ventricular Fibrillation
30 Ventricular Tachycardia
31 Wolff-Parkinson-White Syndrome (WPW)
32 Atrial Pacing: Pacemaker Tracings
33 Ventricular Pacing
34 DDD Pacing
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Conclusions

KEY POINTS

1 Anesthesiology is a young specialty historically, especially when
compared with surgery or internal medicine.

2 Discoveries in anesthesiology have taken decades to build upon the
observations and experiments of many people, and in some instances we
are still searching. For example, the ideal volatile anesthetic has yet to be
discovered.

3 Much of our current anesthesia equipment is the direct result of
anesthesiologists being unhappy with existing tools and needing better
ones to properly anesthetize patients.

4 Many safety standards have been established through the work of
anesthesiologists who were frustrated by the status quo.

5 Regional anesthesia is the direct outgrowth of a chance observation by an
intern who would go on to become a successful ophthalmologist.

6 Pain medicine began as an outgrowth of regional anesthesia.
7 Organizations of anesthesia professionals have been critical in

establishing high standards in education and proficiency, which in turn
has defined the specialty.

8 Respiratory critical care medicine started as the need by anesthesiologists
to use positive-pressure ventilation to help polio victims.

9 Surgical anesthesia and physician specialization in its administration have
allowed for increasingly complex operations to be performed on
increasingly ill patients.

Surgery without adequate pain control may seem cruel to the modern reader,
and in contemporary practice we are prone to forget the realities of
preanesthesia surgery. Fanny Burney, a well-known literary artist from the
early 19th century, described a mastectomy she endured after receiving a
“wine cordial” as her sole anesthetic. As seven male assistants held her down,
the surgery commenced: “When the dreadful steel was plunged into the
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breast-cutting through veins–arteries–flesh—nerves, I needed no injunction
not to restrain my cries. I began a scream that lasted unintermittently during
the whole time of the incision—and I almost marvel that it rings not in my
Ears still! So excruciating was the agony. Oh Heaven!—I then felt the knife
racking against the breast bone—scraping it! This performed while I yet
remained in utterly speechless torture.”1 Burney’s description illustrates the
difficulty of overstating the impact of anesthesia on the human condition. An
epitaph on a monument to William Thomas Green Morton, one of the
founders of anesthesia, summarizes the contribution of anesthesia: “BEFORE
WHOM in all time Surgery was Agony.”2 Although most human civilizations
evolved some method for diminishing patient discomfort, anesthesia, in
its modern and effective meaning, is a comparatively recent discovery
with traceable origins in the mid-19th century. How we have changed
perspectives, from one in which surgical pain was terrible and expected to
one in which patients reasonably assume they will be safe, pain free, and
unaware during extensive operations, is a fascinating story and the subject of
this chapter.

Anesthesiologists are like no other physicians: We are experts at
controlling the airway and at emergency resuscitation; we are real-time
cardiopulmonologists achieving hemodynamic and respiratory stability for the
anesthetized patient; we are pharmacologists and physiologists, calculating
appropriate doses and desired responses; we are gurus of postoperative care
and patient safety; we are internists performing perianesthetic medical
evaluations; we are the pain experts across all medical disciplines and apply
specialized techniques in pain clinics and labor wards; we manage the
severely sick and injured in critical care units; we are neurologists, selectively
blocking sympathetic, sensory, or motor functions with our regional
techniques; and we are trained researchers exploring scientific mystery and
clinical phenomenon.

Anesthesiology is an amalgam of specialized techniques, equipment, drugs,
and knowledge that like the growth rings of a tree have built up over time.
Current anesthesia practice is the summation of the individual efforts and
fortuitous discoveries of centuries. Every component of modern anesthesia
was at some point a new discovery and reflects the experience, knowledge,
and inventiveness of our predecessors. Historical examination enables
understanding of how these individual components of anesthesia evolved.
Knowledge of the history of anesthesia enhances our appreciation of current
practice and foretells where our specialty might be headed.

Anesthesia Before Ether

Physical and Psychological Anesthesia
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The Edwin Smith Surgical Papyrus, the oldest known written surgical
document, describes 48 cases performed by an Egyptian surgeon from 3000 to
2500 BC. Although this remarkable surgical treatise contains no direct mention
of measures to lessen patient pain or suffering, Egyptian pictographs from the
same era show a surgeon compressing a nerve in a patient’s antecubital fossa
while operating on the patient’s hand. Another image displays a patient
compressing his own brachial plexus while a procedure is performed on his
palm.3 In the 16th century, military surgeon Ambroise Paré became adept at
nerve compression as a means of creating anesthesia.

Medical science has benefited from the natural refrigerating properties of
ice and snow as well. For centuries anatomic dissections were performed only
in winter because colder temperatures delayed deterioration of the cadaver.
In the 17th century, Marco Aurelio Severino described the technique of
“refrigeration anesthesia” in which snow was placed in parallel lines across
the incisional plane such that the surgical site became insensate within
minutes. The technique never became widely used, likely because of the
challenge of maintaining stores of snow year-round.4 Severino is also known
to have saved numerous lives during an epidemic of diphtheria by performing
tracheostomies and inserting trocars to maintain patency of the airway.5

Formal manipulation of the psyche to relieve surgical pain was undertaken
by French physicians Charles Dupotet and Jules Cloquet in the late 1820s with
hypnosis, then called mesmerism. Although the work of Anton Mesmer was
discredited by the French Academy of Science after formal inquiry several
decades earlier, proponents like Dupotet and Cloquet continued with
mesmeric experiments and pleaded to the Academie de Medicine to reconsider
its utility.6 In a well-attended demonstration in 1828, Cloquet removed the
breast of a 64-year-old patient while she reportedly remained in a calm,
mesmeric sleep. This demonstration made a lasting impression on British
physician John Elliotson, who became a leading figure of the mesmeric
movement in England in the 1830s and 1840s. Innovative and quick to adopt
new advances, Elliotson performed mesmeric demonstrations and in 1843
published Numerous Cases of Surgical Operations Without Pain in the Mesmeric
State. Support for mesmerism faded when in 1846 renowned surgeon Robert
Liston performed the first operation using ether anesthesia in England and
remarked, “This Yankee dodge beats mesmerism all hollow.”7

Early Analgesics and Soporifics

Dioscorides, a Greek physician from the first century AD, commented on the
analgesia of mandragora, a drug prepared from the bark and leaves of the
mandrake plant. He observed that the plant substance could be boiled in
wine, strained, and used “in the case of persons . . . about to be cut or
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cauterized, when they wish to produce anesthesia.”8 Mandragora was still
being used to benefit patients as late as the 17th century. From the ninth to
the 13th centuries, the soporific sponge was a dominant mode of providing pain
relief during surgery. Mandrake leaves, along with black nightshade, poppies,
and other herbs, were boiled together and cooked onto a sponge. The sponge
was then reconstituted in hot water and placed under the patient’s nose before
surgery. Prior to the hypodermic syringe and routine venous access, ingestion
and inhalation were the only known routes for administering medicines to
gain systemic effects. Prepared as indicated by published reports of the time,
the sponge generally contained morphine and scopolamine—drugs used in
modern anesthesia—in varying amounts.9

Alcohol was another element of the pre-ether armamentarium because it
was thought to induce stupor and blunt the impact of pain. Although alcohol
is a central nervous system depressant, in the amounts administered it
produced little analgesia in the setting of true surgical pain. Fanny Burney’s
account underscores the ineffectiveness of alcohol as an anesthetic. Not only
did alcohol provide minimal pain control, but it also did nothing to dull her
recollection of events. Laudanum was an alcohol-based solution of opium first
compounded by Paracelsus in the 16th century. It was wildly popular in the
Victorian and Romantic periods and prescribed for a wide variety of ailments
from the common cold to tuberculosis. Although appropriately used as an
analgesic in some instances, it was frequently misused and abused. Laudanum
was given by nursemaids to quiet wailing infants and abused by many upper-
class women, poets, and artists who fell victim to its addictive potential.

In the first three decades of the 19th century, in Japan, Seisyu Hanaoka
performed operations under what has been described as general anesthesia.10

In the late 1900s, the manuscript “On the Use of Mafutsuto,” the name given
to the anesthetic method by Hanaoka, was translated into English. Written by
Hajime Matsuoka, the manuscript details preanesthetic evaluation, the timing
of anesthesia, and the proposed duration of surgery. The manuscript stated
that care should be taken to ensure that lighting is appropriate; therefore it
recommended that operations be performed at noon. Similarly, it stated that
operations should not last more than 2 hours, because there was no way to
replace intraoperative fluid or blood losses. The manuscript also contains a
section on postoperative care.11

Inhaled Anesthetics

For many years nitrous oxide has been known for its ability to induce
lightheadedness, and it was often inhaled by those seeking a thrill. It was
made by heating ammonium nitrate in the presence of iron filings. The
evolved gas was passed through water to eliminate toxic oxides of nitrogen
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before being stored. Nitrous oxide was first prepared in 1773 by Joseph
Priestley, an English clergyman and scientist, who ranks among the great
pioneers of chemistry. Without formal scientific training, Priestley prepared
and examined several gases, including nitrous oxide, ammonia, sulfur dioxide,
oxygen, carbon monoxide, and carbon dioxide.

At the end of the 18th century in England, there was a strong interest in
the supposed wholesome effects of mineral water and gases, particularly with
regard to treatment of scurvy, tuberculosis, and other diseases. Thomas
Beddoes opened his Pneumatic Institute close to the small spa of Hotwells, in
the city of Bristol, to study the beneficial effects of inhaled gases. He hired
Humphry Davy in 1798 to conduct research projects for the institute. Davy
performed brilliant investigations of several gases but focused much of his
attention on nitrous oxide. His human experimental results, combined with
research on the physical properties of the gas, were published in Nitrous
Oxide, a 580-page book published in 1800. This impressive treatise is now
best remembered for a few incidental observations. Davy commented that
nitrous oxide transiently relieved a severe headache, obliterated a minor
headache, and briefly quenched an aggravating toothache. The most
frequently quoted passage was a casual entry: “As nitrous oxide in its
extensive operation appears capable of destroying physical pain, it may
probably be used with advantage during surgical operations in which no great
effusion of blood takes place.”12 This is perhaps the most famous of the
“missed opportunities” to discover surgical anesthesia. Davy’s lasting nitrous
oxide legacy was coining the phrase “laughing gas” to describe its unique
property.

Almost Discovery: Hickman, Clarke, Long, and Wells

As the 19th century progressed, societal attitudes toward pain changed,
perhaps best exemplified in the writings of the Romantic poets.13 Thus,

efforts to relieve pain were undertaken, and several more near-breakthroughs
that occurred deserve mention. An English surgeon named Henry Hill
Hickman searched intentionally for an inhaled anesthetic to relieve pain in his
patients.14 Hickman used high concentrations of carbon dioxide in his studies
on mice and dogs. Carbon dioxide has some anesthetic properties, as shown
by the absence of response to an incision in the animals of Hickman’s study,
but it was never determined whether the animals were insensate because of
hypoxia rather than anesthesia. Hickman’s concept was magnificent; his
choice of agent was regrettable.

The discovery of surgical anesthetics in the modern era remains linked to
inhaled anesthetics. The compound now known as diethyl ether had been
known for centuries; it may have been synthesized first by eighth-century

57



Arabian philosopher Jabir ibn Hayyan or possibly by Raymond Lully, a 13th-
century European alchemist. But diethyl ether was certainly known in the
16th century, to both Valerius Cordus and Paracelsus, who prepared it by
distilling sulfuric acid (oil of vitriol) with fortified wine to produce an oleum
vitrioli dulce (sweet oil of vitriol). In one of the first “missed” observations on
the effects of inhaled agents, Paracelsus observed that ether caused chickens
to fall asleep and awaken unharmed. He must have been aware of its
analgesic qualities because he reported that it could be recommended for use
in painful illnesses.

For three centuries thereafter, this simple compound remained a
therapeutic agent with only occasional use. Some of its properties were
examined but without sustained interest by distinguished British scientists
Robert Boyle, Isaac Newton, and Michael Faraday, none of whom made the
conceptual link to surgical anesthesia. Its only routine application came as an
inexpensive recreational drug among the poor of Britain and Ireland, who
sometimes drank an ounce or two of ether when taxes made gin prohibitively
expensive.15 An American variation of this practice was conducted by groups
of students who held ether-soaked towels to their faces at nocturnal “ether
frolics.”

William E. Clarke, a medical student from Rochester, New York, may have
given the first ether anesthetic in January 1842. From techniques learned as a
chemistry student in 1839, Clarke entertained his companions with nitrous
oxide and ether. Emboldened by these experiences, he administered ether,
from a towel, to a young woman named Hobbie. One of her teeth was then
extracted without pain by a dentist named Elijah Pope.16 However, it was
suggested that the woman’s unconsciousness was due to hysteria, and Clarke
was advised to conduct no further anesthetic experiments.17

Two months later, on March 30, 1842, Crawford Williamson Long
administered ether with a towel for surgical anesthesia in Jefferson, Georgia.
His patient, James M. Venable, was a young man who was already familiar
with ether’s exhilarating effects, for he reported in a certificate that he had
previously inhaled it and was fond of its use. Venable had two small tumors
on his neck but refused to have them excised because he feared the pain that
accompanied surgery. Knowing that Venable was familiar with ether’s action,
Dr. Long proposed that ether might alleviate pain and gained his patient’s
consent to proceed. After inhaling ether from the towel and having the
procedure successfully completed, Venable reported that he was unaware of
the removal of the tumors.18 In determining the first fee for anesthesia and
surgery, Long settled on a charge of $2.00.19

A common mid-19th century problem facing dentists was that patients
refused beneficial treatment of their teeth for fear of the pain of the
procedure. From a dentist’s perspective, pain was not so much life-threatening
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as it was livelihood-threatening. One of the first dentists to engender a
solution was Horace Wells of Hartford, Connecticut, whose great moment of
discovery came on December 10, 1844. He observed a lecture-exhibition on
nitrous oxide by an itinerant “scientist,” Gardner Quincy Colton, who
encouraged members of the audience to inhale a sample of the gas. Wells
observed a young man injure his leg without pain while under the influence
of nitrous oxide. Sensing that it might provide pain relief during dental
procedures, Wells contacted Colton and boldly proposed an experiment in
which Wells was to be the subject. The following day, Colton gave Wells
nitrous oxide before a fellow dentist, William Riggs, extracted a tooth.20

Afterward Wells declared that he had not felt any pain and deemed the
experiment a success. Colton taught Wells to prepare nitrous oxide, which the
dentist administered with success to patients in his practice. His apparatus
probably resembled that used by Colton: a wooden tube placed in the mouth
through which nitrous oxide was breathed from a small bag filled with the
gas.

Public Demonstration of Ether Anesthesia

Another New Englander, William Thomas Green Morton, briefly shared a
dental practice with Wells in Hartford. Wells’ daybook shows that he gave
Morton a course of instruction in anesthesia, but Morton apparently moved to
Boston without paying for the lessons.21 In Boston, Morton continued his
interest in anesthesia and sought instruction from chemist and physician
Charles T. Jackson. After learning that ether dropped on the skin provided
analgesia, he began experiments with inhaled ether, an agent that proved to
be much more versatile than nitrous oxide. Bottles of liquid ether were easily
transported, and the volatility of the drug permitted effective inhalation. The
concentrations required for surgical anesthesia were so low that patients did
not become hypoxic when breathing ether vaporized in air. It also possessed
what would later be recognized as a unique property among all inhaled
anesthetics: the quality of providing surgical anesthesia without causing
respiratory depression. These properties, combined with a slow rate of
induction, gave the patient a significant safety margin even in the hands of
relatively unskilled anesthetists.22

After anesthetizing a pet dog, Morton became confident of his skills
and anesthetized patients with ether in his dental office. Encouraged by
his success, Morton sought an invitation to give a public demonstration

in the Bullfinch amphitheater of the Massachusetts General Hospital (the site
where Wells’ failed demonstration of the efficacy of nitrous oxide as a
complete surgical anesthetic was incorrectly also thought to have
occurred).146 Many details of the October 16, 1846, demonstration are well
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known. Morton secured permission to provide an anesthetic to Edward
Gilbert Abbott, a patient of surgeon John Collins Warren. Warren planned to
excise a vascular lesion from the left side of Abbott’s neck and was about to
proceed when Morton arrived late. He had been delayed because he was
obliged to wait for an instrument maker to complete a new inhaler (Fig. 1-1).
It consisted of a large glass bulb containing a sponge soaked with oil of
orange mixed with ether and a spout that was placed in the patient’s mouth.
An opening on the opposite side of the bulb allowed air to enter and be drawn
over the ether-soaked sponge with each breath.23

The conversations of that morning were not accurately recorded; however,
popular accounts state that the surgeon responded testily to Morton’s apology
for his tardy arrival by remarking, “Sir, your patient is ready.” Morton
directed his attention to his patient and first conducted a much abbreviated
preoperative evaluation. He inquired, “Are you afraid?” Abbott responded
that he was not and took the inhaler in his mouth. After a few minutes,
Morton turned to the surgeon and said, “Sir, your patient is ready.” Gilbert
Abbott later reported that he was aware of the surgery but experienced no
pain. It has been alleged that when the procedure ended, Warren immediately

turned to his audience and uttered the statement, “Gentlemen, this is no
humbug,” but this has since been disputed.24

Figure 1-1 Morton’s ether inhaler (1846).

What would be recognized as America’s greatest contribution to 19th
century medicine had occurred. However, Morton, wishing to capitalize on
his “discovery,” refused to divulge what agent was in his inhaler. Some weeks
passed before Morton admitted that the active component of the colored
fluid, which he had called “Letheon,” was simple diethyl ether. Morton,
Wells, Jackson, and their supporters soon became drawn into a contentious,
protracted, and fruitless debate over priority for the discovery. This debate
has subsequently been termed the ether controversy. In short, Morton had
applied for a patent for Letheon and, when it was granted, tried to
receive royalties for the use of ether as an anesthetic.
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When the details of Morton’s anesthetic technique became public
knowledge, the information was transmitted by train, stagecoach, and coastal
vessels to other North American cities and by ship to the world. As ether was
easy to prepare and administer, anesthetics were performed in Britain,
France, Russia, South Africa, Australia, and other countries almost as soon as
surgeons heard the welcome news of the extraordinary discovery. Even
though surgery could now be performed with “pain put to sleep,” the
frequency of operations did not rise rapidly, and several years would pass
before anesthesia was universally recommended.

Chloroform and Obstetrics

James Young Simpson was a successful obstetrician in Edinburgh, Scotland,
and among the first to use ether for the relief of labor pain. Dissatisfied with
ether, Simpson soon sought a more pleasant, rapid-acting anesthetic. He and
his junior associates conducted a bold search by inhaling samples of several
volatile chemicals collected for Simpson by British apothecaries. David Waldie
suggested chloroform, which had first been prepared in 1831. Simpson and his
friends inhaled it after dinner at a party in Simpson’s home on the evening of
November 4, 1847. They promptly fell unconscious and, when they awoke,
were delighted with their success. Simpson quickly set about encouraging the
use of chloroform. Within 2 weeks, he submitted his first account of its use
for publication in The Lancet.

In the 19th century, the relief of obstetric pain had significant social
ramifications and made anesthesia during childbirth a controversial subject.
Simpson argued against the prevailing view, which held that relieving labor
pain opposed God’s will. The pain of the parturient was viewed as both a
component of punishment and a means of atonement for Original Sin. Less
than a year after administering the first anesthesia during childbirth, Simpson
addressed these concerns in a pamphlet entitled Answers to the Religious
Objections Advanced Against the Employment of Anaesthetic Agents in Midwifery
and Surgery and Obstetrics. In it, Simpson recognized the Book of Genesis as
being the root of this sentiment and noted that God promised to relieve the
descendants of Adam and Eve of the curse. In addition, Simpson asserted that
labor pain was a result of scientific and anatomic causes and not the result of
religious condemnation. He stated that the upright position of humans
necessitated strong pelvic muscles to support the abdominal contents. As a
result, he argued that the uterus necessarily developed strong musculature to
overcome the resistance of the pelvic floor and that great contractile power
caused great pain. Simpson’s pamphlet probably did not have a significant
impact on the prevailing attitudes, but he did articulate many concepts that
his contemporaries were debating at the time.25
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Chloroform gained considerable notoriety after John Snow used it to
deliver the last two children of Queen Victoria. The Queen’s consort, Prince
Albert, interviewed John Snow before he was called to Buckingham Palace to
administer chloroform at the request of the Queen’s obstetrician. During the
monarch’s labor, Snow gave analgesic doses of chloroform on a folded
handkerchief. This technique was soon termed chloroform à la reine. Victoria
abhorred the pain of childbirth and enjoyed the relief that chloroform
provided. She wrote in her journal, “Dr. Snow gave that blessed chloroform
and the effect was soothing, quieting, and delightful beyond measure.”26

When the Queen, as head of the Church of England, endorsed obstetric
anesthesia, religious debate over the management of labor pain terminated
abruptly.

John Snow, already a respected physician, took an interest in anesthetic
practice and was soon invited to work with many leading surgeons of the day.
In 1848, Snow introduced a chloroform inhaler. He had recognized the
versatility of the new agent and came to prefer it in his practice. At the same
time, he initiated what was to become an extraordinary series of experiments
that were remarkable in their scope and for anticipating sophisticated
research performed a century later. Snow realized that successful anesthetics
should abolish pain and unwanted movements. He anesthetized several
species of animals with varying strengths of ether and chloroform to
determine the concentration required to prevent reflex movement from sharp
stimuli. This work approximated the modern concept of minimum alveolar
concentration.27 Snow assessed the anesthetic action of a large number of
potential anesthetics but did not find any to rival chloroform or ether. His
studies led him to recognize the relationship between solubility, vapor
pressure, and anesthetic potency, which was not fully appreciated until after
World War II. Snow published two remarkable books, On the Inhalation of the
Vapour of Ether (1847) and On Chloroform and Other Anaesthetics (1858). The
latter was almost completed when he died of a stroke at the age of 45, and it
was published posthumously.

Anesthesia Principles, Equipment, and Standards

Control of the Airway

Definitive control of the airway, a skill anesthesiologists now consider
paramount, developed only after many harrowing and apneic episodes
spurred the development of safer airway management techniques. Preceding
tracheal intubation, however, several important techniques were proposed
toward the end of the 19th century that remain integral to anesthesiology
education and practice. Joseph Clover was the first Englishman to urge the
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now-universal practice of thrusting the patient’s jaw forward to overcome
obstruction of the upper airway by the tongue. Clover also published a
landmark case report in 1877 in which he created a surgical airway. Once his
patient was asleep, Clover discovered that his patient had a tumor of the
mouth that obstructed the airway completely, despite his trusted jaw-thrust
maneuver. He averted disaster by inserting a small curved cannula of his
design through the cricothyroid membrane. He continued anesthesia via the
cannula until the tumor was excised. Clover, the model of the prepared
anesthesiologist, remarked, “I have never used the cannula before although it
has been my companion at some thousands of anaesthetic cases.”28

Tracheal Intubation

The development of techniques and instruments for tracheal intubation ranks
among the major advances in the history of anesthesiology. The first tracheal
tubes were developed for the resuscitation of drowning victims but were not
used in anesthesia until 1878. The first use of elective oral intubation for an
anesthetic was undertaken by Scottish surgeon William Macewan. He had
practiced passing flexible metal tubes through the larynx of a cadaver before
attempting the maneuver on an awake patient with an oral tumor at the
Glasgow Royal Infirmary on July 5, 1878.29 Because topical anesthesia was
not yet known, the experience must have demanded fortitude on the part of
Macewan’s patient. Once the tube was correctly positioned, an assistant began
a chloroform–air anesthetic via the tube. Once anesthetized, the patient soon
stopped coughing. Unfortunately, Macewan abandoned the practice following
a fatality in which a patient had been successfully intubated while awake but
the tube became dislodged once the patient was asleep. After the tube was
removed, an attempt to provide chloroform by mask anesthesia was
unsuccessful and the patient died.

An American surgeon named Joseph O’Dwyer is remembered for his
extraordinary dedication to the advancement of tracheal intubation. In 1885,
O’Dwyer designed a series of metal laryngeal tubes, which he inserted blindly
between the vocal cords of children suffering a diphtheritic crisis. Three years
later, O’Dwyer designed a second rigid tube with a conical tip that occluded
the larynx so effectively that it could be used for artificial ventilation when
applied with the bellows and T-piece tube designed by George Fell. The Fell–
O’Dwyer apparatus, as it came to be known, was used during thoracic surgery
by Rudolph Matas of New Orleans. Matas was so pleased with it that he
predicted, “The procedure that promises the most benefit in preventing
pulmonary collapse in operations on the chest is … the rhythmical
maintenance of artificial respiration by a tube in the glottis directly connected
with a bellows.”147
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After O’Dwyer’s death, the outstanding pioneer of tracheal intubation was
Franz Kuhn, a surgeon of Kassel, Germany. From 1900 until 1912, Kuhn148

published several articles and a classic monograph, “Die perorale Intubation,”
which were not well known in his lifetime but have since become widely
appreciated. His work might have had a more profound impact if it had been
translated into English. Kuhn described techniques of oral and nasal
intubation that he performed with flexible metal tubes composed of coiled
tubing similar to those now used for the spout of metal gasoline cans. After
applying cocaine to the airway, Kuhn introduced his tube over a curved metal
stylet that he directed toward the larynx with his left index finger. Although
he was aware of the subglottic cuffs that had been used briefly by Victor
Eisenmenger, Kuhn preferred to seal the larynx by positioning a
supralaryngeal flange near the tube’s tip before packing the pharynx with
gauze. Kuhn even monitored the patient’s breath sounds continuously through
a monaural earpiece connected to an extension of the tracheal tube by a
narrow tube.

Intubation of the trachea by palpation was an uncertain and sometimes
traumatic act; surgeons even believed that it would be anatomically
impossible to visualize the vocal cords directly. This misapprehension was
overcome in 1895 by Alfred Kirstein in Berlin, who devised the first direct-
vision laryngoscope.30 Kirstein was motivated by a friend’s report that a
patient’s trachea had been accidentally intubated during esophagoscopy.
Kirstein promptly fabricated a handheld instrument that at first resembled a
shortened cylindrical esophagoscope. He soon substituted a semicircular blade
that opened inferiorly. Kirstein could now examine the larynx while standing
behind his seated patient, whose head had been placed in an attitude
approximating the currently termed “sniffing position.” Although Alfred
Kirstein’s “autoscope” was not used by anesthesiologists, it was the forerunner
of all modern laryngoscopes. Endoscopy was refined by Chevalier Jackson in
Philadelphia, who designed a U-shaped laryngoscope by adding a handgrip
that was parallel to the blade. The Jackson blade has remained a standard
instrument for endoscopists but was not favored by anesthesiologists. Two
laryngoscopes that closely resembled modern L-shaped instruments were
designed in 1910 and 1913 by two American surgeons, Henry Janeway and
George Dorrance, but neither instrument achieved lasting use despite their
excellent designs.31

Before the introduction of muscle relaxants in the 1940s, intubation of the
trachea could be challenging. This challenge was made somewhat easier,
however, with the advent of laryngoscope blades specifically designed to
increase visualization of the vocal cords. Robert Miller of San Antonio, Texas,
and Robert Macintosh of Oxford University created their respectively named
blades within an interval of 2 years. In 1941, Miller brought forward the

64



slender, straight blade with a slight curve near the tip to ease the passage of
the tube through the larynx. Although Miller’s blade was a refinement, the
technique of its use was identical to that of earlier models as the epiglottis
was lifted to expose the larynx.32

The Macintosh blade, which is placed in the vallecula rather than under
the epiglottis, was invented as an incidental result of a tonsillectomy. Sir
Robert Macintosh later described the circumstances of its discovery in an
appreciation writing regarding the career of his technician, Mr. Richard Salt,
who constructed the blade. As Sir Robert recalled, “A Boyle-Davis gag, a size
larger than intended, was inserted for tonsillectomy, and when the mouth was
fully opened the cords came into view. This was a surprise since conventional
laryngoscopy, at that depth of anaesthesia, would have been impossible in
those pre-relaxant days. Within a matter of hours, Salt had modified the blade
of the Davis gag and attached a laryngoscope handle to it; and streamlined
(after testing several models), the end result came into widespread use.”33

Macintosh underestimated the popularity of the blade, as more than 800,000
have been produced and many special-purpose versions have been marketed.

The most distinguished innovator in tracheal intubation was the self-
trained British anesthetist Ivan (later, Sir Ivan) Magill.34 In 1919, while
serving in the Royal Army as a general medical officer, Magill was assigned
to a military hospital near London. Although he had only rudimentary
training in anesthesia, Magill was obliged to accept an assignment to the
anesthesia service, where he worked with another neophyte, Stanley
Rowbotham.35 Together, Magill and Rowbotham attended casualties
disfigured by severe facial injuries who underwent repeated restorative
operations. These procedures required that the surgeon, Harold Gillies, have
unrestricted access to the face and airway. These patients presented
formidable challenges, but both Magill and Rowbotham became adept at
tracheal intubation and quickly understood its current limitations. Because
they learned from fortuitous observations, they soon extended the scope of
tracheal anesthesia.

They gained expertise with blind nasal intubation after they learned to
soften semirigid insufflation tubes for passage through the nostril. Even
though their original intent was to position the tips of the nasal tubes in the
posterior pharynx, the slender tubes frequently ended up in the trachea.
Stimulated by this chance experience, they developed techniques of deliberate
nasotracheal intubation. In 1920, Magill devised an aid to manipulating the
catheter tip, the “Magill angulated forceps,” which continues to be
manufactured according to his original design over 90 years ago.

With the war over, Magill entered civilian practice and set out to develop
a wide-bore tube that would resist kinking but be conformable to the contours
of the upper airway. While in a hardware store, he found mineralized red
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rubber tubing that he cut, beveled, and smoothed to produce tubes that
clinicians around the world would come to call “Magill tubes.” His tubes
remained the universal standard for more than 40 years until rubber products
were supplanted by inert plastics. Magill also rediscovered the advantage of
applying cocaine to the nasal mucosa, a technique that greatly facilitated
awake blind nasal intubation.

In 1926, Arthur Guedel began a series of experiments that led to the
introduction of the cuffed tube. Guedel transformed the basement of his
Indianapolis home into a laboratory, where he subjected each step of the
preparation and application of his cuffs to a vigorous review.36 He fashioned
cuffs from the rubber of dental dams, condoms, and surgical gloves that were
glued onto the outer wall of tubes. Using animal tracheas donated by the
family butcher as his model, he considered whether the cuff should be
positioned above, below, or at the level of the vocal cords. He recommended
that the cuff be positioned just below the vocal cords to seal the airway.
Ralph Waters later recommended that cuffs be constructed of two layers of
soft rubber cemented together. These detachable cuffs were first
manufactured by Waters’ children, who sold them to the Foregger Company.

Guedel sought ways to show the safety and utility of the cuffed tube. He
first filled the mouth of an anesthetized and intubated patient with water and
showed that the cuff sealed the airway. Even though this exhibition was
successful, he searched for a more dramatic technique to capture the attention
of those unfamiliar with the advantages of intubation. He reasoned that if the
cuff prevented water from entering the trachea of an intubated patient, it
should also prevent an animal from drowning, even if it were submerged
under water. To encourage physicians attending a medical convention to use
his tracheal techniques, Guedel prepared the first of several “dunked dog”
demonstrations (Fig. 1-2). An anesthetized and intubated dog, Guedel’s own
pet, “Airway,” was immersed in an aquarium. After the demonstration was
completed, the anesthetic was discontinued before the animal was removed
from the water. According to legend, Airway awoke promptly, shook water
over the onlookers, saluted a post, then trotted from the hall to the applause
of the audience.

After a patient experienced an accidental endobronchial intubation, Ralph
Waters reasoned that a very long cuffed tube could be used to isolate the
lungs. The dependent lung could be ventilated while the upper lung was being
resected.37 On learning of his friend’s success with intentional one-lung
anesthesia, Arthur Guedel proposed an important modification for chest
surgery, the double-cuffed single-lumen tube, which was introduced by Emery
Rovenstine. These tubes were easily positioned, an advantage over bronchial
blockers that had to be inserted by a skilled bronchoscopist. In 1953, single-
lumen tubes were supplanted by double-lumen endobronchial tubes. The
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double-lumen tube currently most popular was designed by Frank Robertshaw
of Manchester, England, and is prepared in both right- and left-sided versions.
Robertshaw tubes were first manufactured from mineralized red rubber but
are now made of extruded plastic, a technique refined by David Sheridan.
Sheridan was also the first person to embed centimeter markings along the
side of tracheal tubes, a safety feature that reduced the risk of the tube’s
being incorrectly positioned.

Figure 1-2 The “dunked dog.”

Advanced Airway Devices

Conventional laryngoscopes proved inadequate for patients with “difficult
airways.” A few clinicians credit harrowing intubating experiences as the
incentive for invention. In 1928, a rigid bronchoscope was specifically
designed for examination of the large airways. Rigid bronchoscopes were
refined and used by pulmonologists. Although it was known in 1870 that a
thread of glass could transmit light along its length, technologic limitations
were not overcome until 1964, when Shigeto Ikeda developed the first
flexible fiberoptic bronchoscope. Fiberoptic-assisted tracheal intubation has
become a common approach in the management of patients with difficult
airways having surgery.

Roger Bullard desired a device to simultaneously examine the larynx and
intubate the vocal cords. He had been frustrated by failed attempts to
visualize the larynx of a patient with Pierre-Robin syndrome. In response, he
developed the Bullard laryngoscope, whose fiberoptic bundles lie beside a
curved blade. Similarly, the Wu-scope was designed by Tzu-Lang Wu in 1994
to combine and facilitate visualization and intubation of the trachea in
patients with difficult airways.38

Dr. A. I. J. “Archie” Brain first recognized the principle of the laryngeal
mask airway (LMA) in 1981 when, like many British clinicians, he provided
dental anesthesia via a Goldman nasal mask. However, unlike any before him,
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he realized that just as the dental mask could be fitted closely about the nose,
a comparable mask attached to a wide-bore tube might be positioned around
the larynx. He not only conceived of this radical departure in airway
management, which he first described in 1983,39 but also spent years in
single-handedly fabricating and testing several incremental modifications.
Scores of Brain’s prototypes are displayed in the Royal Berkshire Hospital,
Reading, England, where they provide a detailed record of the evolution of
the LMA. He fabricated his first models from Magill tubes and Goldman
masks, then refined their shape by performing postmortem studies of the
hypopharynx to determine the form of cuff that would be most functional.
Before silicone rubber was selected, Brain had even mastered the technique of
forming masks from liquid latex. Every detail of the LMA, the number and
position of the aperture bars and the shape and the size of the masks, required
repeated modification.40

Early Anesthesia Delivery Systems

The transition from ether inhalers and chloroform-soaked handkerchiefs
to more sophisticated anesthesia delivery equipment occurred gradually,
with incremental advances supplanting older methods. One of the earliest
anesthesia apparatus designs was that of John Snow, who had realized the
inadequacies of ether inhalers through which patients rebreathed via a
mouthpiece. After practicing anesthesia for only 2 weeks, Snow created the
first of his series of ingenious ether inhalers.41 His best-known apparatus
featured unidirectional valves within a malleable, well-fitting mask of his own
design, which closely resembles the form of a modern face mask. The face
piece was connected to the vaporizer by a breathing tube, which Snow
deliberately designed to be wider than the human trachea so that even rapid
respirations would not be impeded. A metal coil within the vaporizer ensured
that the patient’s inspired breath was drawn over a large surface area to
promote the uptake of ether. The device also incorporated a warm water bath
to maintain the volatility of the agent (Fig. 1-3). Snow did not attempt to
capitalize on his creativity, in contrast to William Morton; he closed his
account of its preparation with the generous observation, “There is no
restriction respecting the making of it.”42

Joseph Clover, another British physician, was the first anesthetist to
administer chloroform in known concentrations through the “Clover bag.” He
obtained a 4.5% concentration of chloroform in air by pumping a measured
volume of air with a bellows through a warmed evaporating vessel containing
a known volume of liquid chloroform.43 Although it was realized that nitrous
oxide diluted in air often gave a hypoxic mixture and that the oxygen–nitrous
oxide mixture was safer, Chicago surgeon Edmund Andrews complained about
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the physical limitations of delivering anesthesia to patients in their homes.
The large bag was conspicuous and awkward to carry along busy streets. He
observed that “In city practice, among the higher classes, however, this is no
obstacle as the bag can always be taken in a carriage, without attracting
attention.”44 In 1872, Andrews was delighted to report the availability of
liquefied nitrous oxide compressed under 750 pounds of pressure, which
allowed a supply sufficient for three patients to be carried in a single cylinder.

Figure 1-3 John Snow’s inhaler (1847). The ether chamber (B) contained a spiral coil
so that the air entering through the brass tube (D) was saturated by ether before
ascending the flexible tube (F) to the face mask (G). The ether chamber rested in a bath
of warm water (A).

Critical to increasing patient safety was the development of a machine
capable of delivering a calibrated amount of gas and volatile anesthetic. In
the late 19th century, demands in dentistry instigated development of the first
freestanding anesthesia machines. Three American dentist-entrepreneurs,
Samuel S. White, Charles Teter, and Jay Heidbrink, developed the original
series of US instruments that used compressed cylinders of nitrous oxide and
oxygen. Before 1900, the S. S. White Company modified Frederick Hewitt’s
apparatus and marketed its continuous-flow machine, which was refined by
Teter in 1903. Heidbrink added reducing valves in 1912. In the same year,
physicians initiated other important developments. Water–bubble flowmeters,
introduced by Frederick Cotton and Walter Boothby of Harvard University,
allowed the proportion of gases and their flow rate to be approximated. The
Cotton and Boothby apparatus was transformed into a practical portable
machine by James Tayloe Gwathmey of New York. The Gwathmey machine
caught the attention of London anesthetist Henry E. G. “Cockie” Boyle, who
acknowledged his debt to the American when he incorporated Gwathmey’s
concepts in the first of the series of “Boyle” machines that were marketed by
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Coxeter and British Oxygen Corporation. During the same period in Lubeck,
Germany, Heinrich Draeger and his son, Bernhaard, adapted compressed gas
technology, which they had originally developed for mine rescue equipment,
to manufacture ether and chloroform–oxygen machines.

In the years after World War I, several US manufacturers continued to
bring forward widely admired anesthesia machines. Richard von Foregger
was an engineer who was exceptionally receptive to clinicians’ suggestions for
additional features for his machines. Elmer McKesson became one of the
country’s first specialists in anesthesiology in 1910 and developed a series of
gas machines. In an era of flammable anesthetics, McKesson carried nitrous
oxide anesthesia to its therapeutic limit by performing inductions with 100%
nitrous oxide and thereafter adding small volumes of oxygen. If the resultant
cyanosis became too profound, McKesson depressed a valve on his machine
that flushed a small volume of oxygen into the circuit. Even though his
techniques of primary and secondary saturation with nitrous oxide are no
longer used, the oxygen flush valve is part of McKesson’s legacy.

Alternative Circuits

A valveless device, the Ayre’s T-piece, has found wide application in the
management of intubated patients. Phillip Ayre practiced anesthesia in
England when the limitations of equipment for pediatric patients produced
what he described as “a protracted and sanguine battle between surgeon and
anaesthetist, with the poor unfortunate baby as the battlefield.”45 In 1937,
Ayre introduced his valveless T-piece to reduce the effort of breathing in
neurosurgical patients. The T-piece soon became particularly popular for cleft
palate repairs, as the surgeon had free access to the mouth. Positive-pressure
ventilation could be achieved when the anesthetist obstructed the expiratory
limb. In time, this ingenious, lightweight, nonrebreathing device evolved
through more than 100 modifications for a variety of special situations. A
significant alteration was Gordon Jackson Rees’ circuit, which permitted
improved control of ventilation by substituting a breathing bag on the
outflow limb.46 An alternative method to reduce the amount of equipment
near the patient is provided by the coaxial circuit of the Bain–Spoerel
apparatus.47 This lightweight tube-within-a-tube has served very well in many
circumstances since its Canadian innovators described it in 1972.

Ventilators

Mechanical ventilators are now an integral part of the anesthesia machine.
Patients are ventilated during general anesthesia by electrical or gas-powered
devices that are simple to control yet sophisticated in their function. The
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history of mechanical positive-pressure ventilation began with attempts to
resuscitate victims of drowning by a bellows attached to a mask or tracheal
tube. These experiments found little role in anesthetic care for many years. At
the beginning of the 20th century, however, several modalities were explored
before intermittent positive-pressure machines evolved.

A series of artificial environments were created in response to the
frustration experienced by thoracic surgeons who found that the lung
collapsed when they incised the pleura. Between 1900 and 1910, continuous
positive- or negative-pressure devices were created to maintain inflation of
the lungs of a spontaneously breathing patient once the chest was opened.
Brauer (1904) and Murphy (1905) placed the patient’s head and neck in a box
in which positive pressure was continually maintained. Sauerbruch (1904)
created a negative-pressure operating chamber encompassing both the
surgical team and the patient’s body and from which only the patient’s head
projected.48

In 1907, the first intermittent positive-pressure device, the Draeger
“Pulmotor,” was developed to rhythmically inflate the lungs. This instrument
and later American models such as the E & J Resuscitator were used almost
exclusively by firefighters and mine rescue workers. In 1934, a Swedish team
developed the “Spiropulsator,” which C. Crafoord later modified for use
during cyclopropane anesthesia.49 Its action was controlled by a magnetic
control valve called the flasher, a type first used to provide intermittent gas
flow for the lights of navigational buoys. When Trier Morch, a Danish
anesthesiologist, could not obtain a Spiropulsator during World War II, he
fabricated the Morch “Respirator,” which used a piston pump to rhythmically
deliver a fixed volume of gas to the patient.48

A major stimulus to the development of ventilators came as a consequence
of a devastating epidemic of poliomyelitis that struck Copenhagen, Denmark,
in 1952. As scores of patients were admitted, the only effective ventilatory
support that could be provided to patients with bulbar paralysis was
continuous manual ventilation via tracheostomy employing devices such as
Waters’ “to-and-fro” circuit. This succeeded only through the dedicated efforts
of hundreds of volunteers. Medical students served in relays to ventilate
paralyzed patients. The Copenhagen crisis stimulated a broad European
interest in the development of portable ventilators in anticipation of another
epidemic of poliomyelitis. At this time, the common practice in North
American hospitals was to place polio patients with respiratory involvement
in “iron lungs,” metal cylinders that encased the body below the neck.
Inspiration was caused by intermittent negative pressure created by an
electric motor acting on a piston-like device occupying the foot of the
chamber.

Some early American ventilators were adaptations of respiratory-assist

71



machines originally designed for the delivery of aerosolized drugs for
respiratory therapy. Two types employed the Bennett or Bird “flow-sensitive”
valves. The Bennett valve was designed during World War II when a team of
physiologists at the University of Southern California encountered difficulties
in separating inspiration from expiration in an experimental apparatus
designed to provide positive-pressure breathing for aviators at high altitude.
An engineer, Ray Bennett, visited their laboratory, observed their problem,
and resolved it with a mechanical flow-sensitive automatic valve. A second
valving mechanism was later designed by an aeronautical engineer, Forrest
Bird.

The use of the Bird and Bennett valves gained anesthetic application when
the gas flow from the valve was directed into a rigid plastic jar containing a
breathing bag or bellows as part of an anesthesia circuit. These “bag-in-bottle”
devices mimicked the action of the clinician’s hand as the gas flow
compressed the bag, thereby providing positive-pressure inspiration. Passive
exhalation was promoted by the descent of a weight on the bag or bellows.

Carbon Dioxide Absorption

Carbon dioxide (CO2) absorption is a basic element of modern anesthetic
machines. It was initially developed to allow rebreathing of gas and minimize
loss of flammable gases into the room, thereby reducing the risk of explosion.
In current practice, it permits decreased utilization of oxygen and anesthetic,
thus reducing cost. The first CO2 absorber in anesthesia came in 1906 from
the work of Franz Kuhn, a German surgeon. His use of canisters developed for
mine rescues by Draeger was innovative, but his circuit had unfortunate
limitations. The exceptionally narrow breathing tubes and a large dead space
explain its very limited use, and Kuhn’s device was ignored.

A few years later, the first American machine with a CO2 absorber was
independently fabricated by a pharmacologist named Dennis Jackson. In
1915, Jackson developed an early technique of CO2 absorption that permitted
the use of a closed anesthesia circuit. He used solutions of sodium and calcium
hydroxide to absorb CO2. As his laboratory was located in an area of St.
Louis, Missouri, heavily laden with coal smoke, Jackson reported that the
apparatus allowed him the first breaths of absolutely fresh air he had ever
enjoyed in that city. The complexity of Jackson’s apparatus limited its use in
hospital practice, but his pioneering work in this field encouraged Ralph
Waters to introduce a simpler device using soda lime granules nine years
later. Waters positioned a soda lime canister (Fig. 1-4) between a face mask
and an adjacent breathing bag to which was attached the fresh gas flow. As
long as the mask was held against the face, only small volumes of fresh gas
flow were required and no valves were needed.50
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Waters’ device featured awkward positioning of the canister close to the
patient’s face. Brian Sword51 overcame this limitation in 1930 with a
freestanding machine with unidirectional valves to create a circle system and
an inline CO2 absorber. James Elam and his coworkers at the Roswell Park
Cancer Institute in Buffalo, New York, further refined the CO2 absorber,
increasing the efficiency of CO2 removal with a minimum of resistance for
breathing.52 Consequently, the circle system introduced by Sword in the
1930s, with a few refinements, became the standard anesthesia circuit in
North America.

Flowmeters

As closed and semiclosed circuits became practical, gas flow could be
measured with greater accuracy. Bubble flowmeters were replaced with dry
bobbins or ball-bearing flowmeters, which, although they did not leak fluids,
could cause inaccurate measurements if they adhered to the glass column. In
1910, M. Neu had been the first to apply rotameters in anesthesia for the
administration of nitrous oxide and oxygen, but his machine was not a
commercial success, perhaps because of the great cost of nitrous oxide in
Germany at that time. Rotameters designed for use in German industry were
first employed in Britain in 1937 by Richard Salt; but as World War II
approached, the English were denied access to these sophisticated flowmeters.
After World War II rotameters became regularly employed in British
anesthesia machines, although most American equipment still featured
nonrotating floats. The now-universal practice of displaying gas flow in liters
per minute was not a customary part of all American machines until more
than a decade after World War II.
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Figure 1-4 Waters’ carbon dioxide absorbance canister.

Vaporizers

The art of a smooth induction with a potent anesthetic was a great challenge,
particularly if the inspired concentration could not be determined with
accuracy. Even the clinical introduction of halothane after 1956 might have
been thwarted except for a fortunate coincidence: the prior development of
calibrated vaporizers. Two types of calibrated vaporizers designed for other
anesthetics had become available in the half decade before halothane was
marketed. The prompt acceptance of halothane was in part because of an
ability to provide it in carefully titrated concentrations.

The Copper Kettle was the first temperature-compensated, accurate
vaporizer. It had been developed by Lucien Morris at the University of
Wisconsin in response to Ralph Waters’ plan to test chloroform by giving it in
controlled concentrations.53 Morris achieved this goal by passing a metered
flow of oxygen through a vaporizer chamber that contained a sintered bronze
disk to separate the oxygen into minute bubbles. The gas became fully
saturated with anesthetic vapor as it percolated through the liquid. The
concentration of the anesthetic inspired by the patient could be calculated by
knowing the vapor pressure of the liquid anesthetic, the volume of oxygen
flowing through the liquid, and the total volume of gases from all sources
entering the anesthesia circuit. Although experimental models of Morris’
vaporizer used a water bath to maintain vaporizer temperature stability, the
excellent thermal conductivity of copper, especially when the device was
attached to a metal anesthetic machine, was substituted in later models. When
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first marketed, the Copper Kettle did not feature a mechanism to indicate
changes in the temperature (and vapor pressure) of the liquid. Shuh-Hsun
Ngai proposed the incorporation of a thermometer, a suggestion that was
later added to all vaporizers of that class.54 The Copper Kettle (Foregger
Company) and the Vernitrol (Ohio Medical Products) were universal
vaporizers that could be charged with any anesthetic liquid, and, provided
that its vapor pressure and temperature were known, the inspired
concentration could be calculated quickly.

When halothane was first marketed in Britain, an effective temperature-
compensated, agent-specific vaporizer had recently been placed in clinical use.
The TECOTA (TEmperature COmpensated Trichloroethylene Air) vaporizer
featured a bimetallic strip composed of brass and a nickel–steel alloy, two
metals with different coefficients of expansion. As the anesthetic vapor
cooled, the strip bent to move away from the orifice, thereby permitting
more fresh gas to enter the vaporizing chamber. This maintained a constant
inspired concentration despite changes in temperature and vapor pressure.
After their TECOTA vaporizer was accepted into anesthetic practice, the
technology was used to create the “Fluotec,” the first of a series of agent-
specific “tec” vaporizers for use in the operating room.

Patient Monitors

In many ways, the history of late-19th and early-20th century anesthesiology
is the quest for the safest anesthetic. The discovery and widespread use of
electrocardiography, pulse oximetry, blood gas analysis, capnography, and
neuromuscular blockade monitoring have reduced patient morbidity and
mortality and revolutionized anesthesia practice. Although safer machines
assured clinicians that appropriate gas mixtures were delivered to the patient,
monitors provided an early warning of acute physiologic deterioration before
patients suffered irrevocable damage.

Joseph Clover was one of the first clinicians to routinely perform basic
hemodynamic monitoring. Clover developed the habit of monitoring his
patients’ pulse, but, surprisingly, this was a contentious issue at the time.
Prominent Scottish surgeons scorned Clover’s emphasis on the action of
chloroform on the heart. Baron Lister and others preferred that senior medical
students give anesthetics and urged them to “strictly carry out certain simple
instructions, among which is that of never touching the pulse, in order that
their attention may not be distracted from the respiration.”55 Lister also
counseled, “it appears that preliminary examination of the chest, often
considered indispensable, is quite unnecessary, and more likely to induce the
dreaded syncope, by alarming the patients, than to avert it.”56 Little progress
in anesthesia could come from such reactionary statements. In contrast,
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