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Foreword

Historically, injury or disease within the chest was considered in most instances to be fatal. It 
would take hundreds of years to understand human anatomy and physiology for doctors and 
scientists to develop surgical techniques to provide surgeons and anesthesiologists the un-
derstanding and skills to work in a small space to treat diseases of the thorax. 

Today, technological advances have paved the way for miraculous cures for infection, an-
atomical disorders, vascular abnormalities, malignant tumors, benign masses, and other 
thorax pathologies. These treatments promote healing for a wide variety of clinical condi-
tions, and the evoluation of anesthesia techniques has allowed for less postoperative pain and 
improved outcomes.  

We hope that our book, Thoracic Anesthesia Procedures, provides an inspiration for les-
sons in thorax surgery and anesthesia for medical students, residents, fellows, and attending 
staff. We have worked methodically to recruit experts from numerous medical fields and pro-
fessional disciplines. The result is an easy to read and very visual book sharing expertise and 
knowledge in the field of thoracic surgery. We welcome your comments and hope you enjoy 
our book focused on thoracic disease and treatment.

 





Contributors

Harendra Arora, MD, FASA, MBA
Professor
Department of Anesthesiology
University of North Carolina School  
of Medicine
Chapel Hill, NC, USA

Alexandra L. Belfar, MD
Assistant Professor
Department of Anesthesiology
Michael E. DeBakey Veterans Affairs 
Medical Center
Department of Anesthesiology 
Baylor College of Medicine
Houston, TX, USA

Joseph Capone, DO
Resident
Department of Anesthesiology
Advocate Illinois Masonic Medical Center
Chicago, IL, USA

Indranil Chakraborty, MBBS, MD, DNB
Professor
Department of Anesthesiology
College of Medicine, University of Arkansas for 
Medical Sciences
Little Rock, AR, USA

Xiangdong Chen, MD, PhD
Chairman and Professor
Department of Anesthesiology
Tongji Medical College Wuhan Union Hospital
Huazhong University of Science & Technology
Wuhan, China

Daniel Demos, MD
Assistant Professor of Surgery
Division of Thoracic and Cardiac Surgery
Department of Surgery
University of Florida College of Medicine
Gainesville, FL, USA

Yi Deng, MD
Assistant Professor of Cardiothoracic 
Anesthesiology and Critical Care Medicine
Associate Director of Cardiothoracic 
Anesthesiology at Ben Taub Hospital
Department of Anesthesiology
Baylor College of Medicine
Houston, TX, USA

Tricia Desvarieux, MD
Assistant Professor of Anesthesiology  
and Critical Care Medicine
Department of Anesthesiology and  
Critical Care Medicine
George Washington University School of 
Medicine & Health Sciences
Washington, DC, USA

Kevin Duong, MD
Resident Physician
Department of Anesthesiology
Baylor College of Medicine
Houston, TX, USA

Zipei Feng, MD, PhD
Resident Physician
Department of Otolaryngology
Baylor College of Medicine
Houston, TX, USA

Loren Francis, MD
Cardiothoracic Anesthesiologist
Department of Anesthesia and  
Perioperative Medicine
Medical University of South Carolina  
Charleston, SC, USA

Parker D. Freels, MD
Physician
Department of Radiology
University of Florida College of Medicine
Jacksonville, FL, USA

 



xii  Contributors

Giuseppe Giuratrabocchetta, MD
Department of Anesthesiology
University of Florida College of Medicine
Jacksonville, FL, USA

Thimothy Graham, MD
Department of Radiology
University of Florida College of Medicine
Jacksonville, FL, USA

Priya Gupta, MD
Associate Professor
Department of Anesthesiology
College of Medicine, University of Arkansas for 
Medical Sciences
Little Rock, AR, USA

Gary R. Haynes, MD, MS, PhD, FASA
Professor and the Merryl and Sam Israel Chair in 
Anesthesiology
Department of Anesthesiology
Tulane University School of Medicine
New Orleans, LA, USA

Phi Ho, MD
Resident Physician
Department of Anesthesiology
Baylor College of Medicine
Houston, TX, USA

Jose C. Humanez, MD
Assistant Professor
Department of Anesthesiology
University of Florida College of Medicine
Jacksonville, FL, USA

George M. Jeha
Medical Student
Louisiana State University Health Sciences Center
New Orleans, LA, USA

William Johnson, MD
Resident Physician
Department of Anesthesiology
Baylor College of Medicine
Houston, TX, USA

Tyler Kabes, MD
Resident Physician
Department of Anesthesiology
University of Florida College of Medicine
Gainesville, FL, USA

Alan D. Kaye, MD, PhD, DABA, DABPM, 
DABIPP, FASA
Vice-​Chancellor of Academic Affairs, Chief 
Academic Officer, and Provost
Tenured Professor of Anesthesiology, 
Pharmacology, Toxicology, and Neurosciences
LSU School of Medicine
Shreveport, LA, USA

W. Kirk Fowler, MD
Physician
Department of Anesthesiology
University of Florida College of Medicine
Gainesville, FL, USA

Neeraj Kumar, MD
Assistant Professor
Department of Anesthesiology
College of Medicine, University of Arkansas for 
Medical Sciences
Little Rock, AR, USA

Henry Liu, MD, MS, FASA
Professor of Anesthesiology
Department of Anesthesiology and  
Perioperative Medicine
Penn State Milton S. Hershey Medical Center
Hershey, PA, USA

Brian P. McClure, MD
Assistant Professor
Department of Anesthesiology
Tulane University School of Medicine
New Orleans, LA

Edward McGough, MD
Associate Professor of Anesthesia
Divisions of Critical Care Medicine and  
Cardiac Anesthesia
Program Director
Cardiothoracic Anesthesia Fellowship
Department of Anesthesiology
University of Florida College of Medicine
Gainesville, FL, USA

Jared McKinnon, MD
Assistance Professor
Department of Anesthesiology and   
Perioperative Medicine
Medical University of South Carolina
Charleston, SC, USA



Contributors  xiii

Travis Meyer, MD  
Physician
Department of Radiology
University of Florida Health, Clinical Center
Jacksonville, FL, USA

Paul Mongan, MD
Professor 
Department of Anesthesiology
University of Florida College of Medicine
Jacksonville, FL, USA

Juan C. Mora, MD
Assistant Professor of Anesthesiology
Department of Anesthesiology
University of Florida College of Medicine
Gainesville, FL, USA

Melissa Nikolaidis, MD
Assistant Professor of Anesthesiology
Department of Anesthesiology
Director of Cardiothoracic Anesthesiology at 
Ben Taub Hospital
Baylor College of Medicine
Houston, TX, USA

Geoffrey D. Panjeton, MD
Fellow 
Department of Anesthesiology
University of Florida College of Medicine
Gainesville, FL, USA

Hess Panjeton, MD
Northside Anesthesiology Consultants
Atlanta, GA, USA

Kishan Patel, MD
Physician 
Department of Anesthesiology
University of Florida College of Medicine
Jacksonville, FL, USA

Tiffany D. Perry  

Raymond Pla, MD
Assistant Professor of Medicine
Department of Anesthesiology and Critical Care
George Washington University School of Medicine
Washington, DC, USA

Rene Przkora, MD, PhD
Professor of Anesthesiology and Chief,  
Pain Medicine Division
Department of Anesthesiology
University of Florida College of Medicine
Gainesville, FL, USA

Jordan S. Renschler
Medical Student
Louisiana State University Health 
Sciences Center
New Orleans, LA, USA

Nahel Saied, MD
Professor of Anesthesiology and Critical Care
University of Arkansas for Medical Sciences
Little Rock, AR, USA

Saurin Shah, MD
Department of Anesthesiology
University of Florida College of Medicine
Jacksonville, FL, USA

Geetha Shanmugam, MD
Assistant Professor of Medicine
Department of Anesthesiology and  
Critical Care
George Washington University School of 
Medicine
Washington, DC, USA

Kevin Sidoran, MD
Resident Physician
Department of Anesthesiology and Critical Care
George Washington University Hospital
Washington, DC, USA

Alan Smeltz, MD
Assistant Professor
Department of Anesthesiology
University of North Carolina School of 
Medicine
Chapel Hill, NC, USA

Hanan Tafesse, MD
Anesthesia Resident 
Department of Anesthesiology 
The George Washington University Hospital  
Washington, DC, USA



xiv  Contributors

Antony Tharian, MD
Program Director
Department of Anesthesiology
Advocate Illinois Masonic Medical Center
Chicago, IL, USA

Richard D. Urman, MD, MBA, FASA 
Associate Professor 
Department of Anesthesiology 
Perioperative and Pain Medicine 
Brigham and Women’s Hospital 
Boston, MA, USA 

Jeffrey D. White, MD
Clinical Associate 
Department of Anesthesiology
University of Florida College of Medicine
Gainesville, FL, USA

Justin W. Wilson, MD
Associate Professor of Anesthesiology  
and Director
Division of Cardiothoracic Anesthesiology
Department of Anesthesiology
University of Texas Health Science Center at  
San Antonio
San Antonio, TX, USA

Lacey Wood, DO
Resident
Department of Anesthesiology
Advocate Illinois Masonic Medical Center
Chicago, IL, USA

Mengjie Wu, MD
Resident Physician
Department of Anesthesiology
UT Houston
Houston, TX, USA

Gregory C. Wynn, MD
Associate Professor
Department of Radiology
University of Florida College of Medicine
Jacksonville, FL, USA

Zhongyuan Xia, MD, PhD
Professor and Chairman
Department of Anesthesiology
Renmin Hospital of Wuhan University,  
Hubei General Hospital
Wuhan, China

Manxu Zhao, MD, MS
Director 
Department of Anesthesiology
Cedar Sinai Medical Center
Los Angeles, CA, USA



1
Normal Respiratory Physiology
Basic Concepts for the Clinician

Jordan S. Renschler, George M. Jeha, and Alan D. Kaye

Physiological and Anatomical Consideration 
of Patient Positioning

Introduction

Patient positioning should optimize exposure for surgery while minimizing potential harm 
to the patient. Concerns for patient positioning include interfering with respiration or cir-
culation, compressing peripheral nerves of skin, and causing musculoskeletal discomfort. 
Factors that should be considered when choosing optimal patient positioning include pro-
cedure length, the surgeon’s preference, the type of anesthesia administered, and patient spe-
cific risk factors, including age and weight.1

Supine

Supine is the most used surgical position and poses the lowest risk to patient2 (Figure 1.1). In 
the supine position the patient is placed on their back with the spinal column in alignment 
and legs extended parallel to the bed. Changing a person from upright to the supine position 
results in a fall of about 0.8 to 1 L in functional residual capacity (FRC).2,3 After induction of 
anesthesia, the FRC decreases another 0.4 to 0.5 L due to relaxation of the intercostal mus-
cles and diaphragm. This drop in FRC contributes to small airway collapse and a decrease in 
oxygenation.

Lateral Decubitus: Closed Chest

The lateral decubitus position is often used in surgeries of the hip, retroperitoneum, and 
thorax (Figure 1.2). To achieve this position, patients are anesthetized supine then turned 
so the nonoperative side is in contact with the bed. The shoulders and hips should be turned 
simultaneously to prevent torsion of the spine and great vessels. The lower leg is flexed at hip, 
and the upper leg is completely extended. There is a decrease in FRC and total volumes of 
both lungs due to the patient being in a supine position. In lateral decubitus, the dependent 
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lung is better perfused due to gravity but has a decreased compliance to the increased intra-​
abdominal pressure and pressure from the mediastinum.2 This leads to better ventilation of 
the poorly perfused, nondependent lung. These alterations result in significant ventilation-​
perfusion mismatch.

Figure 1.1  Supine position.

Figure 1.2  Lateral decubitus position.
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Open Chest

Opening the chest in lateral decubitus poses additional physiologic effects. Opening a large 
section of the thoracic cavity removes some constraint of the chest wall on the nondependent 
lung. This increases ventilation of the lung, which worsens the ventilation-​perfusion mis-
match.4 Because the intact hemithorax is generating negative pressures, the mediastinum 
can shift toward the closed section, changing hemodynamics in a potentially dangerous way. 
The closed hemithorax can also pull air from the open hemithorax, resulting in paradoxical 
breathing.5

Lung Isolation Techniques

Introduction

Lung isolation may be desired in surgery to optimize surgical access. By collapsing a single 
lung, the surgeon has greater access to the thorax and prevents puncturing the lung. Single-​
lung ventilation can also prevent contamination of healthy lung tissue by a diseased lung in 
cases of severe infection or bleeding. This section discusses methods of lung isolation in-
cluding double-​lumen tubes and bronchial blockers.

Anatomical Landmarks

The trachea is the entrance to the respiratory system and is kept patent by C-​shaped carti-
laginous rings. These rings maintain the structure of the trachea and are incomplete on the 
posterior aspect of the trachea. The trachea splits into the right and left mainstem bronchus at 
the carina (Figure 1.3). Notice the right bronchus lies in a more vertical plane and is typically 
shorter and wider. The right bronchus supplies the right lung, which has three lobes—​the 
superior, middle, and inferior lobes—​whereas the left lung consists of only the superior and 

(A) (B)

Figure 1.3  The trachea splits into the right and left mainstem bronchus at the carina.
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inferior lobes and is supplied by the left bronchus. Each lobe is supplied by a secondary bron-
chus, coming from the respective mainstem bronchus. Secondary bronchi split further into 
bronchioles.

Double-​Lumen Tubes

Double-​lumen tubes are the main method of anatomical and physiologic lung isolation in 
most thoracic surgery cases. Double-​lumen tubes are composed of two unequal length en-
dotracheal tubes molded together. The longer tube has a blue cuff and is designed to sit in 
the primary bronchus, while the shorter tube has a clear cuff and is placed in the trachea 
(Figure 1.4). By inflating the tracheal cuff and deflating the bronchial cuff, ventilation of 
both lungs is achieved. Lung isolation is achieved when the bronchial cuff is inflated.6

	•	 Double-​lumen tubes come in right and left models. Adult double-​lumen tubes are avail-
able in different sizes: 25 Fr, 28 Fr, 32 Fr, 35 Fr, 37 Fr, 39 Fr, and 41 Fr. 39 Fr and 41 Fr are 
commonly used in adult males, and 35 Fr and 37 Fr are used for adult females.7 Size choice 
should prevent trauma or ischemia to the airway from a tube too large, but it must be large 
enough to adequately isolate the lung when inflated. The tubes should pass without resist-
ance during insertion. Smaller tubes are more likely to be displaced and are more difficult 
to suction and ventilate through. Double-​lumen tubes are also commercially available 

Figure 1.4  A 39 Fr double lumen tube demonstrating the tracheal limb, bronchial limb, 
oropharyngeal curve, tracheal cuff, and bronchial cuff (A). An enlarged image displaying the 
bronchial and tracheal limbs (B).
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for patients with tracheostomy and are shorter and curved between the intratracheal and 
extratracheal components.

	•	 Components of double-​lumen tube package:
	 •	 Double-​lumen tube
	 •	 Adaptor for ventilation of both ports
	 •	 Extension for each port
	 •	 Stylet
	 •	 Suction catheter
	 •	 Apparatus to deliver continuous positive pressure airway to the nonventilated lung (var-

iable depending on manufacturer)
	•	 Additional equipment:
	 •	 Laryngoscope blade
	 •	 Fiberoptic bronchoscope
	 •	 Stethoscope
	 •	 Hemostat to clamp the tube extension on the nonventilated side
	•	 Blind placement7:
	 •	 Preparation: Prior to the case, prepare and assemble the supplies to prevent delays later. 

Lubricate the stylet and place it into the double-​lumen tube. Connect the adaptor to both 
port extension.

	 •	 Intubating the patient: Visualize the vocal cords by direct laryngoscopy. Advance the 
double-​lumen tube with the bronchial tip oriented so the concave curve faces anteriorly 
through the vocal cords until the bronchial cuff passes the cords. Rotate the tube 90o to 
the left when using a left-​sided tube or to the right if using a right-​side tube. Then ad-
vance the tube until there is resistance, while having another clinician remove the stylet. 
Attach the adaptor/​extension piece. Following adequate positioning, inflate the tracheal 
cuff. Confirm both lungs are being ventilated by visualized chest rise and auscultation. 
Next verify ventilation from the bronchial lumen by inflating the bronchial cuff 1 mL at 
a time until leak stops. Stop gas flow through the tracheal lumen, then open the tracheal 
sealing cap to air. Clamp off gas flow through the bronchial lumen to confirm isolation of 
the other lung through the tracheal lumen. Connect the double-​lumen tube to the ven-
tilator circuit using the connector provided in the packaging. End-​tidal carbon dioxide 
(CO2) confirms placement in the trachea. Oxygenate the patient fully with a fraction of 
inspired oxygen of 100%.

	 •	 Confirmation of placement: Confirm correct placement of the tube using a fiberoptic 
bronchoscope through the endotracheal lumen (gold standard), by auscultation, and/​or 
with lung ultrasound.

	 •	 Relative contraindications: Placement of a double-​lumen tube is difficult due to the larger 
size and design; therefore, relative contraindications include a difficult airway, limited 
jaw mobility, a tracheal constriction, and a pre-​existing trachea or stoma. In these cases, 
a single lumen tube with a bronchial blocker is an advisable alternative.

	•	 Considerations:
	 •	 Left-​sided double-​lumen tubes have a higher margin of safety because the left primary 

bronchus is longer than the right.
	 •	 The proximity of the right-​upper lobe bronchus to the carina poses an additional chal-

lenge in placing a right-​sided double-​lumen tube.8
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	 •	 Reviewing prior lung imaging may aid in locating the right upper lobe position relative 
to the right primary bronchus.

Bronchial Blocker

Bronchial blockers are another method used for selective ventilation of an individual lung. 
The blocker is a catheter with a balloon at the tip that is inflated to occlude the lung of the 
bronchus it is placed in. Open-​tipped bronchial blockers offer the ability to apply continuous 
positive pressure and to suction the airway, making them more useful than the alternative 
close-​tipped bronchial blockers.6 The smallest size is a 2 French, which may be used in a 3.5 
or 4.0 mm endotracheal tube. Proper placement of bronchial blockers is especially difficult 
in smaller children. To assure proper placement of the bronchial blocker, one must visualize 
key anatomical structures during placement. Fiberoptic bronchoscopy is a reliable method to 
confirm proper placement of the bronchial blocker.

Advantages of bronchial blockers compared to double-​lumen tubes include bronchial 
blockers utility in airway trauma, ability to be placed through an existing endotracheal tube, 
and ability to selectively block a lung lobe.9,10 Disadvantages include being especially difficult 
to place, particularly in the right upper lobe, as well as being more likely to be dislodged.

	•	 Placement of bronchial blocker
	 •	 Preparation: Prior to intubation, verify that the bronchial blocker attached to the fiber-

optic scope fits through the endotracheal tube.
	 •	 Intubation: Using a single-​lumen tube, intubate the trachea. Confirm endotracheal tube 

intubation with end-​tidal CO2 and auscultation. Fully ventilate the patient with a frac-
tion of inspired oxygen of 100% prior to placing the bronchial blocker.

	 •	 Placement of the bronchial blocker: Attach the blocker to the very distal tip of the fiber-
optic bronchoscope using the loop/​lariat of the blocker. Advance the attached bron-
chial blocker into the endotracheal tube. Use the fiberoptic bronchoscope to visualize 
the airway, guiding the blocker into the selected primary bronchus. Place the bronchial 
blocker by releasing the loop/​lariat that connect the blocker to the fiberoptic broncho-
scope. Withdraw the bronchoscope to slightly above the carina and visualize the pri-
mary bronchi. While observing from this view, inflate the balloon with air or saline as 
instructed by the manufacturer. Remove the fiberoptic bronchoscope and auscultate to 
confirm positioning of blocker. Confirm that peak airway pressures are appropriate and 
not excessive.

	•	 Risks: Bronchial blockers may cause local trauma to the tracheal mucosa during place-
ment. Additionally, using a bronchial blocker or overinflation of the balloon that is too 
large can damage the mucosa of the airway. If the bronchial block is inflated within the 
trachea ventilation of both lungs is blocked.
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Bronchoscopy

Bronchoscopy allows for visualization of the airways and has utility in diagnostic and thera-
peutic procedures. There are two main types of bronchoscopes, rigid and flexible. The rigid 
bronchoscope is a metal tube with a beveled tip. The flexible bronchoscope has several vari-
ations. Traditionally, they have a long flexible tube encircling a fiberoptic system with a light 
source. The handle of the scope has an eyepiece, control lever for tip movement, suction 
button, and access to the suction channel.11 Indications for rigid and flexible bronchoscopes 
overlap, but flexible bronchoscopes are preferred in confirmation of double-​lumen tube and 
bronchial blocker placement.12

Indications for Bronchoscopy

Diagnostic Therapeutic

Tracheoesophageal fistula, hemoptysis 
management, chronic cough, stridor, nodal 
staging of lung cancer, hilar lymphadenopathy 
tracheomalacia, posttransplant surveillance, 
pulmonary infiltrates

Lung resection, hemoptysis management, 
foreign body removal, airway dilatation and 
stent placement, lavage, tumor debulking, 
thermoplasty for asthma13

When using a double-​lumen tube or bronchial blocker, fiberoptic bronchoscopy is a reli-
able method to confirm tube placement and lung isolation.14 Auscultation is less reliable for 
determining adequate ventilation of the selected lung. Mispositioning of the double-​lumen 
tube can result in hypoventilation, hypoxia, atelectasis, and respiratory collapse.15

When using fiberoptic bronchoscopy to confirm the position of a blindly inserted tube, it 
is advanced through the tracheal lumen to confirm11:

	•	 The bronchial portion is in the correct bronchus.
	•	 The bronchial cuff does not cover the carina.
	•	 The bronchial rings are anterior and longitudinal fibers are posterior.

When advancing the bronchoscope through the endobronchial lumen:

	•	 For left-​sided tubes, visualize the origins of the left upper and lower bronchi to assure the 
endobronchial tip is not occluding a bronchi.

	•	 For the right-​sided tube, because of the alternate size and angle, ensure the alignment be-
tween the opening of the endobronchial lumen and the opening of the right upper lobe 
bronchus is optimal. Visualize the middle and lower bronchus as patent and ventilated.

Bronchoscopy may be used to aid in placing the double-​lumen tube by placing the broncho-
scope through the bronchial lumen and positioning the double-​lumen tube over the scope.
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	•	 Complications: Potential complications of bronchoscopy include laryngospasm, broncho-
spasm, hypoxemia, mucosal damage resulting in bleeding, pneumothorax, cardiac arrhyth-
mias, and exacerbation of hypoxia. The benefits of bronchoscopy must outweigh the risks.

Pulmonary Function Changes During Thoracic 
Anesthesia

Introduction

During thoracic anesthesia, a significant reduction in pulmonary function occurs, with a de-
crease of up to 50% in forced expiratory volume in 1 second (FEV1), forced vital capacity, and 
FRC.16 Anesthetic agents themselves, particularly the volatile anesthetics, lead to hypercar-
bia and hypoxia. Depression of reflexes, increased secretions, changes in hemodynamics, and 
alterations in rib cage movement during thoracic anesthesia further alter pulmonary func-
tion. These alterations lead to a high risk of hypoxia and atelectasis, resulting in respiratory 
complications comprising most perioperative causes of morbidity and mortality.

Lung Mechanics and Pulmonary Function

The lungs’ primary function is to maintain oxygenation and remove CO2 from the blood, thus 
allowing for respiration at the cellular level to occur. Arterial CO2 is detected by chemorecep-
tors of the carotid body and medulla and is the primary driver of respiration. Patent alveoli 
and capillaries within the lung are the site of gas diffusion. Alveolar ventilation (Va) refers to 
the gas exchange occurring between the alveoli and external environment, while perfusion 
(Q) is the blood flow the lung receives. Perfusion of the lung tissue is heavily dependent on 
gravity, so patient positioning alters which areas of the lung are most perfused.17 Different 
methods of thoracic anesthesia and positioning of the patient alter Va and Q. Thoracic anes-
thesia causes a dose-​dependent decrease in minute ventilation, or the total volume the lung 
receives in 1 minute.18 The additional decrease in FRC and FEV1 leads to alveolar collapse 
and an increase of shunting within the lungs. Some of this loss of lung function can be over-
come with positive end-​expiratory pressure and alveolar recruitment maneuvers, improving 
overall patient outcomes. Mechanical ventilation improves the Va/​Q ratio by increasing the 
volume of air the lung receives and limiting atelectasis.19

Predictive Postoperative Pulmonary Lung Function

FEV1 and the diffusion capacity of CO2 are quantitative preoperative assessment values 
of thoracic anesthesia patients undergoing partial lung resection. FEV1 is a measure of 
the respiratory mechanics whereas diffusing capacity for CO2 (DLCO) measures the lung 
parenchymal function. Reduction in FEV1 and DLCO are associated with increased res-
piratory morbidity and mortality rates.20 In the setting of a normal FEV1, DLCO should 
still be measured because of its utility in predicting morbidity in patients with no airflow 
limitations.21,22
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Forced Expiratory Volume in 1 Second

ppoFEV1% = preoperative FEV1% × (1 − %functional lung tissue removed/​100)

A predicted postoperative FEV1 percentage (ppoFEV1%) above 40% is low risk for postop-
erative respiratory complication, while less than 30% is considered high risk.23 Following the 
surgery, the remaining lung will compensate and eventually FEV1 will increase slightly.24

Diffusion Capacity of CO2

ppoDLCO = preoperative DLCO × (1 − %functional lung tissue removed/​100)

Diffusion capacity is a measure of gases ability to cross the alveolar-​capillary membranes. 
A predicted postoperative DLCO percentage (ppoDLCO) less than 40% is correlated with 
increased postoperative cardiopulmonary complications.21 DLCO is the strongest predictor 
for morbidity and mortality after lung resection and predicts cardiopulmonary complica-
tions in the setting of a normal FEV1. The DLCO value has also been associated with postop-
erative quality of life and long-​term survival.22 Guidelines recommend DLCO measurement 
prior to lung resection in all cases.

One-​Lung Ventilation

Introduction

In most circumstances, the lungs of patients undergoing mechanical ventilation are inflated 
and deflated in unison. In some instances, however, it is beneficial to mechanically separate the 
two lungs to ventilate only one lung while the other is deflated. This is termed one-​lung venti-
lation (OLV). OLV is commonly used to provide exposure to the surgical field during thoracic 
surgery or to anatomically isolate one lung from pathologic processes related to the other lung.

Indications for One-​Lung Ventilation

OLV is routinely utilized to enhance exposure of the surgical field in a variety of surgical pro-
cedures, including:

	•	 Pulmonary resection (including pneumonectomy, lobectomy, and wedge resection).
	•	 Video-​assisted thoracoscopic surgery (including wedge resection, biopsy, and 

pleurodesis).
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	•	 Mediastinal surgery.
	•	 Esophageal surgery.
	•	 Thoracic vascular surgery.
	•	 Thoracic spine surgery.
	•	 Minimally invasive cardiac valve surgery.

The nonsurgical indications for OLV include6:

	•	 Protective isolation of one lung from pathologic processes occurring in the contralateral 
lung, such as:

	 •	 Pulmonary hemorrhage.
	 •	 Infection or purulent secretions.
	•	 Control of ventilation in circumstances such as:
	 •	 Tracheobronchial trauma.
	 •	 Broncho-​pleural or broncho-​cutaneous fistula.

Methods of Lung Separation

There are three methods used to isolate a lung:

	1.	 Single-​lumen endobronchial tube:  The single-​lumen endobronchial tube differs from 
normal endotracheal tube in that the former has a smaller external diameter, smaller ex-
ternal cuff, and longer length. The single-​lumen endobronchial tube is utilized far less 
frequently than the double-​lumen endobronchial tube for achieving lung isolation but 
may be useful in emergency situations in select patients with abnormal tracheobronchial 
anatomy or in cases involving small children.8,9 Placement of a single-​lumen endobron-
chial tube within the right or left mainstem bronchus allows for ventilation of only the 
intubated lung, while the contralateral lung is allowed to spontaneously collapse.

	2.	 Double-​lumen endobronchial tube: Since its introduction in the 1930s, the double-​lumen 
endobronchial tube has been the most commonly utilized method of lung isolation. Its 
design consists of two separate lumens: a bronchial lumen and a tracheal lumen. This 
allows for isolation, selective ventilation, and intermittent suctioning of either lung.6,8,9

	3.	 Endobronchial blockers:  Endobronchial blockers are inflatable balloon-​tipped stylets 
which may be placed within the mainstem bronchus, resulting in collapse of lung distal to 
the blocker.9,25,26

Physiology

By inhibiting the ventilation of one lung, single-​lung ventilation alters normal respiratory 
physiology. Disruption of normal respiratory physiology is often followed by the develop-
ment of hypoxemia. Hypoxemia in the context of one lung ventilation may be attributable to 
several factors, including reduced oxygen stores, lung compression, dissociation of oxygen 
from hemoglobin, and matching of ventilation and perfusion.8,27,28
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	•	 Reduced oxygen stores: Because one lung is collapsed during OLV, the FRC is reduced. 
Accordingly, there is a decrease in the body’s stores of oxygen. Additionally, the disease 
process at play within the thorax may contribute to decreased oxygen stores.

	•	 Lung compression: Compression of the ventilated lung may contribute to hypoxemia. 
During OLV, the ventilated lung may be compressed by the weight of the mediastinum. 
After diaphragmatic paralysis, the weights of the abdominal contents may also contribute 
to compression of the ventilated lung.6,28,29

	•	 Oxygen dissociation from hemoglobin: During OLV, the absence of ventilation to one lung 
reduces the surface area available for gas exchange by approximately one half, leading to 
a reduction in arterial partial pressure of oxygen and increased CO2 levels. The result is 
more rapid dissociation of oxygen from hemoglobin. This phenomenon is known as the 
Bohr effect.8,28,30

	•	 Ventilation and perfusion matching: Under normal circumstances, ventilation and perfu-
sion are anatomically well-​matched. However, during OLV, ventilation is interrupted to 
one of the lungs while its perfusion remains unaffected. This wasted perfusion leads to the 
development of a right-​to-​left intrapulmonary shunt and relative hypoxemia. In practice, 
however, the shunt fraction is actually lower than expected. The reasons for this are as 
follows6,8:

	 •	 Manipulation of the nonventilated lung leads to partial obstruction of its blood supply.
	 •	 By positioning the patient in the lateral position, gravity causes an increase in perfusion 

to the ventilated lung.
	 •	 Blood flow to hypoxic and poorly ventilated regions of the lung is diverted to more ven-

tilated segments via the mechanism of hypoxic pulmonary vasoconstriction.

Optimum Driving Pressure

Driving pressure (ΔP) is calculated as the difference between airway pressure at the end of 
inspiration (plateau pressure, Pplat) and positive end-​expiratory airway pressure (PEEP). Two 
pressures comprise the driving pressure: the transpulmonary pressure (ΔPL) and the pressure 
applied to the chest wall (ΔPcw). By rearranging the standard respiratory compliance (CRS) 
equation, it is demonstrated that driving pressure equals the tidal volume (VT) divided by 
CRS. Consequently, driving pressure can be interpreted as the tidal volume corrected for the 
patient’s CRS and thus related to global lung strain. When adjusting the tidal volume, driving 
pressure may be used as a safety limit to minimize lung strain in intubated patients. Although 
optimal driving pressure is the subject of ongoing research, it is currently generally accepted 
that safe driving pressures lie between 14 and 18 cm H2O.31–​33

∆P = P - PEEPplat

C
VT

Pplat - PEEP
VT

PRS = =
∆

∆P =
VT

CRS

 



12  Thoracic Anesthesia Procedures

Optimum Positive End-​Expiratory Airway Pressure

PEEP is defined as the positive pressure remaining within the airways at the end of exha-
lation. During mechanical ventilation, extrinsic PEEP may be utilized to keep open atel-
ectatic lung tissue, thereby increasing oxygenation and minimizing ventilation-​perfusion 
mismatches. However, if PEEP is too high, this may lead to increased plateau pressure and 
subsequent barotrauma. It is generally recommended that PEEP of 5 to 10 cm H2O should 
be applied to patients undergoing OLV with low tidal volumes.34,35 It is important to use 
caution while ventilating patients with obstructive airways disease, as these patients have 
relatively higher levels of intrinsic PEEP, which makes the effects of extrinsic PEEP less pre-
dictable. Intrinsic PEEP is a complication of mechanical ventilation that arises when the 
lungs are not evacuated completely, leading to entrapment of air at the end of expiration. 
If this process is repeated with each respiratory cycle, the result is a pathologic increase in 
plateau pressure.34,36 Factors that predispose to generation of intrinsic PEEP include:

	•	 Airway inflammation and mucus plugs leading to dynamic airway obstruction.
	•	 Increased lung compliance (e.g., patients with obstructive airways disease).
	•	 Ventilator settings with high tidal volumes or inappropriately short expiratory times.
	•	 Resistance of artificial airways such as the double-​lumen tube.

Physiological Impact of Fluid Management: Restricted vs 
Goal Target

The goal of perioperative and intraoperative fluid management is the maintenance of cen-
tral euvolemia as well as electrolyte and tissue homeostasis. While there is uncertainty sur-
rounding the optimal composition and volume of intraoperative fluid therapy, it is known 
that adequate maintenance of intravascular volume status is important for improving post-
surgical outcomes. Factors that may predispose to imbalances in intravascular volume status 
during the perioperative period include37:

	•	 Dehydration as a result of preoperative fasting.
	•	 Use of mechanical bowel preparation.
	•	 Ongoing disease processes causing inflammation and interstitial edema and subsequent 

volume losses.
	•	 Ongoing bleeding during surgery.
	•	 Insensible perspiration during surgery.
	•	 Prolonged operating times.
	•	 Anesthetic-​mediated vasodilation.

 

 



Normal Respiratory Physiology  13

Maintenance of euvolemia is ideal, as both hypovolemia and hypervolemia leading to tissue 
edema are associated with undesirable effects:

Consequences of Hypovolemia Consequences of Tissue Edema

Decreased blood pressure
Low cardiac output
Impaired tissue perfusion
Shock
Multiorgan failure

Pulmonary edema
Decreased gastrointestinal motility
Impaired clotting
Impaired wound healing
Wound dehiscence

Hypoxic Pulmonary Vasoconstriction: Physiology and 
Anesthesia Impact

Introduction

Within systemic circulation, hypoxia causes arteries to dilate to meet the metabolic demands 
of surrounding tissues. In contrast, intrapulmonary arteries constrict in response to hypoxia. 
This unique homeostatic mechanism, known as hypoxic pulmonary vasoconstriction, allows 
for the diversion of blood flow from oxygen-​poor areas of the lung to better-​oxygenated areas 
of the lungs, thus optimizing oxygen uptake during diseased states such as pneumonia, ate-
lectasis, or acute respiratory distress syndrome.

Physiology

The mechanism of hypoxic pulmonary vasoconstriction involves specialized pulmonary ar-
terial smooth muscle and endothelial cells (oxygen-​sensing cells) that are sensitive to small 
changes in oxygen levels. During states of hypoxia, pulmonary artery vasoconstriction is 
largely mediated via inhibition of potassium channels, which depolarizes the smooth muscle 
cells and leads to subsequent calcium channel activation. The increased levels of calcium 
within the cytosol trigger hypoxic pulmonary vasoconstriction.27,38,39

Impact on Anesthesia

When performing OLV, the isolation of one lung leaves the other lung with minimal ventila-
tion. This wasted ventilation creates a right-​to-​left intrapulmonary shunt, which predisposes 
to the development of systemic hypoxemia. However, during one-​lung anesthesia, this shunt 
is minimized due to the diversion of blood to more ventilated segments via the mechanism 
of hypoxic pulmonary vasoconstriction.27,38,39 Should this mechanism become impaired, the 
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patient is more prone to develop systemic hypoxemia. While an adequate understanding of 
hypoxic pulmonary vasoconstriction is important for anesthesiologists, strategies for opti-
mizing this physiologic phenomenon in intubated patients undergoing surgical procedures 
should be the subject of future clinical trials.
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Introduction

Despite the more recent introduction of advanced cross-​sectional imaging techniques, the 
chest radiograph remains one of the most commonly performed radiologic studies and is 
routinely utilized in preprocedural planning and postoperative follow-​up. It is often the 
first diagnostic study ordered for a patient and frequently dictates the course of treatment. 
However, it is also one of the most difficult examinations to interpret. The evaluation of a 
three-​dimensional object (the thorax) is limited by a two-​dimensional display. Various den-
sities (e.g., air, fat, fluid, soft tissue, calcium, and metal) attenuate X-​ray beams differently as 
they pass through a patient, and these differing tissues may be projected over a single point 
in the image. The delineation of intrathoracic structures becomes difficult as areas of interest 
are superimposed on one another, potentially masking pathology. An optimal exam is one 
in which the patient is able to stand erect and follow respiratory and positioning commands 
delivered by the radiologic technologist. Obtaining both posterior-​to-​anterior and lateral 
views yields a more complete examination to include improved visualization of normal re-
gional anatomy and better localization of thoracic pathology (Figure 2.1).  Often determined 
by a patient’s clinical condition, an anterior-​to-​posterior projection radiograph is regu-
larly performed instead, but optimal localization of anatomy and support devices is limited 
without a lateral view. For example, in the intensive care setting, multiple support lines, tubes, 
and instruments can interfere with adequate visualization of adjacent structures (Figure 2.2), 
and having a thorough understanding of normal anatomy and the radiographic appearance 
of these support devices is necessary for discovering intrathoracic pathology.

Several other imaging modalities are available and useful for evaluation of the chest. In 
computed tomography (CT), an X-​ray beam is emitted from an X-​ray tube in a helical pat-
tern around a patient as he or she moves through the CT machine. This yields data with spiral 
geometry, capable of generating very high resolution multiplanar images and exquisite detail 
of the patient’s anatomy. Additionally, the administration of oral and intravenous contrast 
during the CT study provides improved detail of vascular and alimentary tract structures. 
Although limited by poor transmission through air-​/​gas-​containing anatomy, ultrasound 
imaging carries the advantages of relatively low cost, portability, speed, and high diagnostic 
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sensitivity and accuracy in image-​guided procedures. Fluoroscopy also provides both ana-
tomic and functional information about a patient’s respiratory and gastrointestinal systems.

Nonetheless, the risks associated with these diagnostic tools should be considered in con-
junction with the benefit they can provide. Each modality should be selected with careful 
consideration when deciding which study to order for an individual patient. Radiation dose, 
contrast side effects, cost, and ability to answer the clinical question are concerns the provider 
should address before ordering a study. Consultation with a radiologist is recommended if, 
when attempting to answer a clinical question, uncertainty regarding the most efficacious di-
agnostic imaging path arises.

Airways and Lungs

Anatomy of the Trachea and Bronchopulmonary System

The trachea bridges the larynx and bronchi as it moves inferiorly to its bifurcation at the 
carina. Membranous tissue and anywhere from 14 to 19 C-​shaped semicircular rings of car-
tilage form the anterior portion of the trachea, while its posterior portion is composed of 
smooth muscle and mucus-​producing goblet cells. The elasticity of the muscular posterior 
portion allows for tracheal compliance during swallowing as the esophagus expands against 

(A) (B)

Figure 2.1  Normal chest X-​ray. (A) The posteroanterial view demonstrates intact osseous 
structures, midline trachea, well-​aerated lungs, pulmonary vascular markings extending out 
to the periphery, hemidiaphragms forming sharp costophrenic angles bilaterally, and a cardiac 
silhouette of normal size. (B) The lateral view shows the more perceptible inferior thoracic spine 
relative to its super portion, a dense hilum, the arch and descending portion of the aorta, and a 
clear anterior mediastinum.
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the more anteriorly located trachea.1 The trachea continues to divide into the right and left 
mainstem bronchi.

Beyond the mainstem bronchi, the airways are referred to as the bronchus intermedius on 
the right and divide into segments within the lobes of the lungs as they branch more periph-
erally. The right upper lobe bronchus branches into apical, anterior, and posterior segmental 
bronchi, and the right middle lobe bronchus divides into a medial and lateral segmental 
bronchi. The right lower lobe bronchus branches into a superior segment and multiple bas-
ilar segments including anterior, medial, lateral, and posterior portions. The left lung shares 
space with the heart in the left chest and, therefore, is smaller in size with one less lobe rel-
ative to the right lung. The lingula, analogous to the right middle lobe, is a tongue-​shaped 
process projecting from the most anterior portion of the left upper lobe. The left upper lobe 
bronchus branches into apical, anterior, and posterior segmental bronchi as well as superior 
and inferior lingular segmental bronchi. The left lower lobe bronchus gives rise to a superior 
segmental bronchus, and similar to the right lower lobe, multiple segmental bronchi, which 
aerate the anterior, medial, lateral, and posterior basilar segments.

Atelectasis

Atelectasis results when a portion or whole lung is not aerated and collapses, leading to an ab-
normally dense or opaque region of the respective lung tissue on imaging. There is also asso-
ciated volume loss involving the same region as the atelectatic lung. If the volume loss is great 

Figure 2.2  Chest X-​ray in the intensive care unit. Common support lines and tubes in the 
critical care setting can be difficult to perceive on a radiograph, but it is imperative to confirm 
their location. The endotracheal tube should terminate 4 to 6 cm superior to the carina (solid 
black arrow). Enteric tubes should course subdiaphragmatically (dashed black arrows). 
Jugular, subclavian, and peripherally inserted central catheter lines should all terminate at the 
cavoatrial junction (solid white arrow).
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enough, a compensatory shift in mobile structures of the chest toward the collapsed lung will 
occur (including the trachea, heart, and hemidiaphragm) (Figure 2.3)2. Atelectasis can be 
easily identified on a chest X-​ray, but the type of atelectasis may be better classified on CT.

There are five types of atelectasis. First, obstructive atelectasis develops from proximal 
occlusion of an airway leading to distal collapse of the corresponding lung ventilated by 
that airway. Common causes include bronchogenic carcinoma, foreign object, mucous 
plug, and endotracheal (ET) tube. The right mainstem bronchus is commonly and prefer-
entially intubated due to its shallower angle relative to the left mainstem bronchus. When 
this occurs, the left lung is not adequately aerated and complete collapse of the left lung may 
occur (Figure 2.4). Retracting the ET tube so that its tip terminates at the targeted level of 
4 to 6 cm superior to the carina can quickly reverse this phenomenon. Compressive atelec-
tasis originates within the lung parenchyma adjacent to a mass, abscess, or bullae, while pas-
sive atelectasis is caused by extrinsic mass effect upon the lung from a pleural or extrapleural 
process, usually a pleural effusion or pneumothorax. Most commonly found in premature 
infants with underdeveloped lungs, adhesive atelectasis develops from surfactant deficiency 
causing inadequate lung expansion. Finally, cicatricial atelectasis results from fibrotic 
changes following radiation therapy and tuberculosis infection. It is important to consider a 
patient’s history in conjunction with the imaging findings when deciphering the etiology of 
the detected atelectasis. Recognizing the acute development of atelectasis on imaging (e.g., 
mucous plugging) and providing the appropriate treatment can lead to a prompt resolution 
of related symptoms.

(A) (B)

Figure 2.3  Atelectasis. (A) The frontal view of the chest depicts a well-​defined linear opacity in 
the right lung base with a similar radiographic density as the neighboring heart (white arrows). 
The border between the two is not well-​delineated, suggesting a more anterior location of the 
lung pathology. This is an example of the silhouette sign, and these findings support a right 
middle lobe location of the opacity as the right middle lobe is situated more anteriorly in the 
chest than the right lower lobe. (B) A computed tomography image was obtained in the same 
patient that validates the opacity’s location in the right middle lobe of the lung (white arrows). 
There is also a subtle shift of the heart toward the opacity, indicating the process is causing 
volume loss. These findings are consistent with a subsegmental form of right middle lobe 
atelectasis.
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Pneumonia

In general, pneumonia develops from consolidation of the lung or part of the lung by in-
flammatory exudate which fills the alveoli or pulmonary interstitium. This is usually due to 
the body’s response to an infectious organism, and on a chest X-​ray, the diseased lung will 
demonstrate increased density or opacification (Figure 2.5). Chest radiography remains the 
gold standard for the diagnosis of pneumonia, but proof of pneumonia on a chest X-​ray may 
be delayed anywhere from 24 to 72 hours relative to the onset of typical symptoms of fever 
and productive cough.6 Compared to the more well-​defined linear appearance of atelectasis, 
pneumonia tends to have more indistinct margins. If the airways remain patent and the sur-
rounding lung parenchyma is consolidated, air bronchograms may be visualized as the lucent 
air-​filled bronchi are accentuated by the adjacent opaque exudate. Although they are a non-
specific finding, air bronchograms help support the diagnosis of pneumonia in the appro-
priate clinical setting.

Other key findings on a chest radiograph can help localize a pneumonia within the chest. 
If two objects of very similar radiographic density border one another, the boundary between 
the structures is not radiographically defined. However, if their densities significantly differ, 
their interface is well visualized. This phenomenon, known as the silhouette sign, is useful 
in localizing disease with knowledge of which anatomical structures abut each other. Of 
course, an orthogonal projection further assists in pinpointing a pneumonia’s location, but a 
patient’s condition may limit the acquisition of this projection. If the lateral view is available, 
follow the thoracic spine inferiorly, which should gradually appear darker as one approaches 

Figure 2.4  Right mainstem bronchus intubation. Due to its relatively shallow angle of origin 
compared to the left bronchus, the right mainstem bronchus is commonly and preferentially 
intubated (black arrow). This restricts ventilation to the contralateral lung and promotes its 
collapse. In a neonate, like the one depicted in this image, mere millimeters of change in the 
position of the endotracheal tube can make drastic differences in the quality of pulmonary 
aeration. After intubation, a chest X-​ray should be performed to confirm proper placement of 
the endotracheal tube 4 to 6 cm superior the carina in adults and 1 to 2 cm superior the carina in 
pediatric patients.

 



(A)

(C)

(B)

Figure 2.5  Pneumonia. (A) The anteroposterior view shows increased consolidation within the 
right lung base with indistinct margins (white arrows), which is compatible with an airspace 
disease like pneumonia. The right heart border is well visualized and not silhouetted by the 
opacity, indicating a more posterior location. (B) The right lower lobe pneumonia absorbs some 
of the X-​rays traversing the chest, making the lower thoracic spine appear more dense and 
white on a lateral radiograph (black arrows). This is called the spine sign and helps localize the 
opacity within the posterior portion of the right lower lobe of the lung. (C) Black, branching, air 
bronchograms with distinct margins are seen on this computed tomography coronal image of 
the chest in a different patient with left upper lobe pneumonia (black arrows). As surrounding 
airspaces continue to fill with inflammatory exudate, the airways will remain patent. When 
these findings are seen on imaging, it helps support the diagnosis of pneumonia.
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the diaphragm. The spine sign is useful in confirming diseases that increase the density of 
the lower lobe, such as pneumonia. Accurately localizing the pneumonia can provide diag-
nostic clues for the etiology of the disease and direct the course of treatment. For example, 
abnormal opacity within the right middle lobe or lower lobes in a patient who is intubated 
suggests aspiration pneumonia.

Different patterns of pneumonia are largely determined by the anatomic structures in-
volved, the causative microorganism, and the timeline of the disease. Although these patterns 
are not specific to any one organism, they help establish a diagnosis to guide proper treatment 
for a patient. In the case of classic lobar pneumonia due to infection by Streptococcus pneumo-
niae, the infection will homogeneously opacify most of a lobe of the lung normally resulting in 
the silhouette sign and air bronchograms. Patients may develop an adjacent pleural effusion. 
Segmental pneumonia is typically caused by staphylococcal species, tends to be multifocal, 
and causes volume loss if bronchi are filled with exudate (lack of air bronchograms). In myco-
plasma and pneumocystis infection, a fine reticular pattern of interstitial pneumonia is caused 
by inflammation of the bronchial walls and alveolar septa. In younger pediatric patients, com-
munications between alveoli, known as pores of Kohn and canals of Lambert, have not de-
veloped, limiting the spread of infection and resulting in the round pneumonia seen on chest 
radiographs.7 Finally, cavitary pneumonia is a hallmark of postprimary Mycobacterium tuber-
culosis, which classically leads to localized necrosis within the upper lobes.

Pulmonary Edema

As fluid accumulates in the lungs due to physiologic pressure differences, findings of pulmo-
nary edema develop on imaging. The causes of pulmonary edema may be either cardiogenic 
in origin or noncardiogenic, and the associated patterns on imaging overlap between the 
etiologies. Clinical history is crucial in establishing the cause, which, in turn, assists in de-
termining the correct treatment. Cardiogenic pulmonary edema is commonly related to a 
history of congestive heart failure, with cardiomegaly, pleural effusions, and the radiograph 
finding of Kerley B lines (prominent interstitial septae) (Figure 2.6A). In contrast, a chest 
X-​ray in a patient with noncardiogenic pulmonary edema is often absent of the above find-
ings, and instead displays an “winged” appearance with a perihilar distribution of indistinct 
opacities with ill-​defined margins (Figure 2.6B). However, in both cardiogenic and noncar-
diogenic pulmonary edema alike, both lungs are usually affected. If recognized and treated 
appropriately with oxygen supplementation, intravenous diuretics, and adequate blood pres-
sure control, pulmonary edema generally resolves within 48 hours. Patients should receive 
repeat imaging until resolution is confirmed.8

Chronic Obstructive Pulmonary Disease

Emphysema is a specific entity within the category of chronic obstructive pulmonary di-
sease and is defined as destruction of the alveoli with permanent dilation of the airways 
distal to the terminal bronchioles. It is caused by multiple risk factors including environ-
mental exposure, genetics, and, most commonly, tobacco smoking. Hundreds of millions 
of individuals worldwide are affected by the disease, which leads to significant morbidity   
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and mortality.4 Flattening of the diaphragm from hyperinflation, increased lucency with 
decreased visibility of the vascular markings, and prominent central pulmonary arteries re-
lated to secondary pulmonary arterial hypertension are typical features seen on chest X-​ray 
in a patient with chronic obstructive pulmonary disease. Of note, if more than eight to nine 
ribs are seen projected over the lungs on a chest X-​ray in the frontal view in a patient with 
known risk factors for lung disease, it is indicative of hyperinflation possibly related to an un-
derlying obstructive lung disease.

The greater anatomical detail inherent to CT allows for better visualization of the pre-
viously mentioned features in addition to identifying areas of air trapping and bullae that 
result from destruction of alveoli (Figure 2.7). These anatomical deficits should be closely 
correlated with a patient’s pulmonary function during preoperative planning, especially in 
the setting of thoracic surgery when a single lung is often ventilated to operate on the con-
tralateral lung. Preoperative X-​rays are not required in patients with emphysema. However, 
they are beneficial in optimizing a patient to treat reversible conditions like pneumonia. They 
can also help in understanding the risk of general anesthesia administration in a patient with 
chronic obstructive pulmonary disease (i.e., help reduce the risk of a pneumothorax in a pa-
tient with pre-​existing bullous disease).5 Still yet, if a patient’s pulmonary function is poor 
and their emphysematous disease is too advanced, they may not be a surgical candidate. 
Preoperative imaging is influential in the decision-​making process of whether or not to place 
a patient with severe emphysematous disease under general anesthesia.

(A) (B)

Figure 2.6  Pulmonary edema. (A) This anteroposterior projection demonstrates cardiomegaly 
and a diffuse, fine, reticular pattern of increased density extending to the periphery and 
fissures. These findings are suggestive of congestive heart failure causing retrograde fluid 
overload within the pulmonary circulation. There is also mild blunting of the left costophrenic 
angle, consistent with a small left pleural effusion. (B) Noncardiogenic pulmonary edema is 
typically caused by inflammatory changes, malignancy, or volume overload, which leads to 
increased capillary permeability. Compared to the cardiogenic variety, this type of pulmonary 
edema shows a perihilar, indistinct pattern of air space density that spares the periphery of the 
lung (winged appearance). The heart appears normal in size and the pulmonary capillary wedge 
pressure is typically within normal limits.



(A)

(C)

(B)

Figure 2.7  Chronic obstructive pulmonary disease. (A) The lungs appear hyperinflated with 
decreased vascular markings. Additionally, the prominent pulmonary arteries (solid white 
arrows) are indicative of underlying pulmonary hypertension. (B) There is also associated 
flattening of the diaphragms (solid white arrows) due to increased intrathoracic pressure. (C) An 
axial computed tomography slice in a different patient displays advanced destructive changes 
of chronic obstructive pulmonary disease, where normal lung parenchyma is replaced by thin 
walled and air filled bullae (solid white arrows).
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Asthma

Asthma is a very common disease, and the diagnosis is typically made clinically and not by 
radiologic means. A chest radiograph obtained during an acute asthmatic attack may display 
pulmonary hyperinflation with flattening of the diaphragms and peribronchial thickening. 
However, these findings are nonspecific and not always present in a patient with asthma. 
During an acute asthma attack, prompt treatment with bronchodilators, steroids, and in 
the case of severe respiratory distress, intubation should not be interrupted by imaging.3 
However, imaging studies may be beneficial in determining the source of the patient’s exacer-
bation or disease complication. For example, in the setting of fever, pneumonia should be sus-
pected and can be confirmed by a chest X-​ray once the patient has been clinically stabilized.

Lung Cancer

Malignancy within the chest is largely categorized by both the anatomical structures in-
volved and by the cell type. The mediastinum is arbitrarily divided into anterior, middle, 
and posterior compartments, and certain classes of neoplasms are known to commonly 
arise from a specific compartment. Lymphoma, substernal thyroid neoplasms, thymomas, 
and teratomas (the prototypical Ts) classically originate within the anterior mediastinum. 
Lymphadenopathy from metastatic disease is more prevalent within the middle medias-
tinum, and neurogenic or nerve sheath tumors are normally found within the posterior me-
diastinum. However, the borders between compartments are not well defined, and there is 
often overlap in the distribution of these malignancies.

Cancer within the lung is broadly divided into two categories: small cell carcinoma and 
nonsmall cell carcinoma. Small cell carcinoma has a neurosecretory component, tends to 
be more centrally located, and is typically more aggressive in its behavior (metastasis often 
occurs prior to the cancer’s discovery). Squamous cell carcinoma is found more centrally and 
is the most common histological type to appear as a cavitary lesion on imaging, and it very 
often will be the source of airway obstruction leading to pneumonitis or atelectasis (Figure 
2.8). Finally, adenocarcinoma is generally located peripherally, and it is the slowest growing 
of the three types described here. In contrast, metastatic neoplasms will usually present as 
multiple scattered nodules within the lungs and are not amenable to surgery, but they may 
require a tissue sample to determine the cell type.

Arguably the most important question to answer regarding a nodule within the lung is 
its malignant potential. Generally speaking, incidental solitary pulmonary nodules less 
than 4 mm in a low-​risk patient are benign and do not require follow-​up. According to the 
Fleischner criteria, nodules larger than this in high-​risk patients (i.e., smokers between the 
ages of 55 and 74) require closer imaging follow-​up.9

Pleura

Pneumothorax

The inner visceral layer and outer parietal layer of the pleura are tightly adhered to each other 
by constant negative pressure. However, when air enters the pleural space and increases 

 

 

 

 



Thoracic Radiology  27

pressure to a level higher than the intra-​alveolar pressure within the lungs, the lung collapses 
and a pneumothorax results. The etiology of pneumothorax is variable, with chest trauma 
being the most common cause, but it can also be spontaneous (related to underlying paren-
chymal disease) or iatrogenic from positive pressure mechanical ventilation or procedures. 
A postprocedure chest X-​ray is useful for confirming where a tube or line terminates, but it is 
also necessary to exclude a pneumothorax following its placement. CT is more sensitive than 
X-​ray for the diagnosis of pneumothorax, but clinical urgency, availability, and cost precludes 
patients from receiving a postprocedure CT rather than a chest radiograph.2

On a chest X-​ray, identification of the dense white visceral pleural line with absence of 
lung markings more peripherally is the radiologic criteria for diagnosis of pneumothorax 
(Figure 2.9). Skin folds and the medial border of the scapula may be confused for the visceral 
pleura. Additionally, air-​filled lung bullae or pneumatocysts can mimic a pneumothorax ra-
diographically. Therefore, the lack of lung markings is not always an indicator of a pneumo-
thorax, so careful attention should be used identifying the visceral pleural edge to confirm 
the diagnosis.

In critically ill patients, performing an upright chest X-​ray is often not possible and 
portable supine anteroposterior radiographs are usually obtained. As a result, the typical 
apical collection of air within the pleural space seen on an erect radiograph may not be 
identified. In this scenario, lateral decubitus chest X-​ray, performed with the suspected 
side of the pneumothorax in the nondependent position, may be required for complete 
evaluation.

Suspicion of a tension pneumothorax is raised in the setting of trauma when breath 
sounds are not heard on auscultation. If intrapleural pressure is great enough, hemody-
namic instability can result from compression of vital structures like the inferior vena cava, 
compromising venous return to the heart. Treatment of a tension pneumothorax requires 
emergent needle decompression of the pneumothorax. This should not be delayed by im-
aging, but if a preprocedure radiograph was obtained, displacement of mobile structures in 
the chest (the heart and mediastinum) away from the side of the pneumothorax would be 
visible.

Figure 2.8  Lung cancer. This axial computed tomography slice shows a lung mass within the 
upper lobe of the left lung, which is causing obstruction of the left upper bronchus (solid black 
arrow). Impeding ventilation to the portion of the lung distal to this mass results in obstructive 
atelectasis and collapse of the corresponding lung. A tissue biopsy later confirmed squamous 
cell carcinoma in this patient.
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Pleural Effusion

Fluid can also fill the space between the visceral and parietal layers of the pleura. Under 
normal physiologic conditions, pulmonary capillary beds in the parietal pleura produce a 
few hundred milliliters of pleural fluid per day, which is then resorbed by the visceral pleura 
and lymphatics. A pleural effusion results if more fluid is produced than is resorbed. Pleural 
effusions are classified as either transudative (from increased intravascular hydrostatic 
pressure or decreased osmotic pressure) or exudative (due to inflammatory changes). This 
characterization of a pleural effusion is confirmed by sampling and analyzing the fluid as de-
termined by Light’s criteria.10 Imaging is beneficial in confirming the presence or resolution 
of a pleural effusion (Figure 2.10). Conventional radiography and CT are useful in detecting 
a pleural effusion, but ultrasonography is a particularly valuable tool in a patient with respira-
tory compromise who requires imaged guided pleurocentesis.

Vasculature

Thoracic Vascular Anatomy

The vascular system within the chest is complex, consisting of both a systemic and pulmo-
nary circulation that meet within the heart. Cardiac anatomy will not be discussed in this 

Figure 2.9  Pneumothorax. In a patient with chest pain and shortness of breath, a chest 
radiograph was obtained and depicts a left pneumothorax. When air enters the pleural space, 
the visceral and parietal layers separate. As pressure increases in the pleural space, the lung 
collapses, and the visceral layer is identified on a chest X-​ray as a thin radiopaque line matching 
the contour of the lung (solid white arrows). Additionally, radiolucent air within the pleural space 
is visualized instead of the lung markings normally seen in the peripheral zones of the chest.
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chapter, but other components of thoracic vasculature will briefly be reviewed as well as a few 
commonly encountered radiologic abnormalities of the thoracic vasculature.11

As the aorta arises from the left ventricle, the left and right main coronary arteries are the 
first branches of this large vessel’s root. The aorta then courses superiorly, posteriorly, and to 
the left as the ascending thoracic aorta, aortic arch, and descending thoracic aorta before it 
enters the abdomen through the diaphragmatic aortic hiatus. In most individuals, the aortic 
arch gives rise to the innominate artery (branching into the right subclavian artery and right 
common carotid artery), the left common carotid artery, and the left subclavian artery. The 
subclavian arteries continue to branch into the bilateral vertebral arteries, thyrocervical 
trunks, internal mammary arteries (commonly used as an autograft during coronary artery 
bypass grafting), and the costocervical trunks. As the aortic arch transitions to the descending 
thoracic aorta distal to the subclavian branches, it extends further into a parietal and visceral 
system. The parietal branches include posterior intercostal, subcostal, and superior phrenic 
arteries. The visceral branches include pericardial, mediastinal, esophageal, and bronchial 
arteries. In comparison to the pulmonary arteries (whose primary role is gas exchange), the 
bronchial arteries are the main delivery method of nutrients to the lung parenchyma.

The inferior vena cava receives deoxygenated blood from organs inferior to the dia-
phragm and enters the right atrium inferiorly like the superior vena cava (SVC) does su-
periorly. The valveless SVC is formed as the right and left brachiocephalic veins converge 

Figure 2.10  Pleural effusion. This posteroanterior chest X-​ray shows fluid in the inferior portion 
of the left pleural space (solid black arrow), which blunts the left costophrenic angle and 
forms a U-​shaped meniscus. The right costophrenic angle is well visualized and sharp (solid 
white arrow). The meniscal sign results from adhesive forces of the pleural fluid acting against 
the elastic recoil of the lung indicative of a left pleural effusion. Additionally, postoperative 
changes from a median sternotomy, coronary artery bypass grafting, and cholecystectomy are 
incidentally seen.
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and, apart from the heart and lungs, receives deoxygenated blood from structures supe-
rior to the diaphragm. The azygos–​hemiazygos venous system demonstrates consider-
able anatomical variability and forms a collateral system between the inferior vena cava  
and SVC as it drains the thoracoabdominal walls, mediastinal structures, and the poste-
rior thorax.

In the pulmonary arterial system, the right and left pulmonary arteries originate from 
the right ventricle via the pulmonary artery trunk and course peripherally until their 
branches terminate and deliver deoxygenated blood to capillaries at the level of the alveolar 
walls. After gas exchange has occurred, the pulmonary venous system carries oxygenated 
blood back to the heart as left and right superior and inferior pulmonary veins drain into 
the left atrium.12

Thoracic Aortic Aneurysm

When a vessel exceeds 50% of its original size, an aneurysm has developed. If that abnormal 
dilation contains all three layers of a vessel wall (the intima, media, and adventitia), it is con-
sidered a true aneurysm. A pseudoaneurysm occurs when fewer than three layers are in-
volved. Atherosclerosis is the most common etiology leading to an aneurysm, which can be 
further exacerbated by the presence of hypertension.

A thoracic aortic aneurysm is normally discovered incidentally, as most patients are 
asymptomatic. In the chest, the ascending aorta is normally less than 3.5 cm in maximal di-
ameter, and the descending aorta typically measures less than 3 cm. Although radiography 
may reveal abnormal aortic enlargement, contrast-​enhanced CT is the standard for diagnosis 
of a thoracic aortic aneurysm, which is defined as dilation (either fusiform or saccular in 
shape) greater than 4 cm. If the thoracic aorta exceeds 5 cm in diameter or grows at a rate of 
greater than 1 cm/​year, surgical intervention is recommended.2

Thoracic Aortic Dissection

In a patient with chest pain radiating to the back and a history of trauma, atherosclerosis, and 
less commonly, connective tissue disorder or untreated syphilis, a provider should consider 
thoracic aortic dissection in the differential diagnosis. Especially in the setting of a deceler-
ation type traumatic injury, disruption of the medial layer occurs at sites where the aorta is 
fixed (the heart, ligamentum arteriosum, etc.). Once an aortic dissection occurs, lethal con-
sequences can rapidly develop if the dissection causes aortic rupture or involves the region of 
the root or valve.

Conventional radiography may display what is typically described as a “widened medi-
astinum,” but a chest X-​ray is not sufficient to confirm a diagnosis. Contrast-​enhanced CT 
is more sensitive and specific for thoracic aortic dissection. It confirms the presence of an 
intimal flap causing a filling defect within the vessel lumen, which is indicative of the devel-
opment of a true lumen and false lumen (Figure 2.11). Coincident myocardial infarction may 
also occur with an ascending aortic dissection as blood flow through the coronary vessels 
branching from the aortic root is compromised. In general, an ascending aortic dissection 
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(Stanford type A) requires surgical treatment, while a descending aortic dissection (Stanford 
type B) can be treated medically with blood pressure modification.

Pulmonary Embolism

In a patient presenting with pleuritic chest pain and/​or dyspnea with a history of recent sur-
gery, cancer, or reduced mobility, consider the diagnosis of pulmonary embolism (PE). Most 
emboli develop from thrombi in the deep venous system of the pelvis or lower extremities 
and migrate to the pulmonary circulation. As mentioned previously, the lungs receive a dual 
blood supply from both the pulmonary and bronchial arterial system. Pulmonary infarction 
is rare but can occur if the embolism is large enough to restrict flow to the lung parenchyma 
distal to the obstruction. Increased pulmonary arterial pressure may also develop, leading to 
right heart failure in a matter of minutes to hours.

A chest X-​ray has low sensitivity in the diagnosis of PE, but it may show a wedge-​shaped 
peripheral opacity (Hampton’s hump) due to infarction, localized lucency due to hypovolemia 
distal to the PE (Westermark sign) or engorged pulmonary artery (knuckle sign). Especially 
in patients whose kidney function is poor and who cannot tolerate contrast administration, 
a ventilation–​perfusion scan may be performed to rule out a PE. However, CT pulmonary 
angiography has become the standard for the diagnosis of PE.2 A PE is seen as a filling defect 
within the lumen of the contrast enhanced pulmonary vasculature (Figure 2.12). Depending 
on the severity of the embolus and the patient’s symptoms, prompt treatment with anticoagu-
lation or thrombolytics should be administered to prevent a devastating outcome.

(A) (B)

Figure 2.11  Thoracic aortic dissection. (A) A widened mediastinum is demonstrated on this 
chest radiograph (double black arrow), which is often considered characteristic of a thoracic 
aortic dissection. However, this sign is infrequently seen on a chest X-​ray. (B) This axial 
computed tomography slice in a different patient demonstrates the presence of an intimal 
flap within the thoracic aorta (solid black arrows). This is consistent with a Stanford type B 
dissection as it involves the descending aortic arch. The false lumen is created after blood 
dissects further into the media layer of the vessel, and the true lumen is usually smaller in size 
relative to the false lumen.
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Esophagus

Anatomy of the Esophagus

The esophagus functions to move ingested material from the inferior pharynx to the sto-
mach. Voluntary action of skeletal muscle superiorly helps propagate food or fluid through 
the esophagus where a combination of involuntary contraction and relaxation of sphincters 
advances a bolus into the stomach. The esophagus is positioned between the trachea ante-
riorly and vertebral bodies posteriorly and courses inferiorly through its diaphragmatic hi-
atus until it terminates at the gastroesophageal junction. Even under direct visualization, 
the tracheal and esophageal relationship can appear complex and confusing. Equipment 
may be mistakenly positioned in the wrong structure during ET tube or enteric tube place-
ment. Radiography should follow these procedures to confirm the correct placement of an 
ET tube terminating superior to the carina and enteric tube coursing subdiaphragmatically 
(Figure 2.13).

Hiatal Hernia

Hiatal hernias are classified as either sliding type (most common) or paraesophageal. In 
the sliding type, the gastroesophageal junction resides above the diaphragm. In contrast, 
the gastroesophageal junction remains infradiaphragmatic and within the diaphragm in a 
paraesophageal type, with a portion of the stomach migrating superiorly through the dia-
phragmatic hiatus to lie adjacent to the esophagus (Figure 2.14). Hiatal hernias are also usu-
ally found incidentally, and many patients are asymptomatic. Nevertheless, patients may 

(A) (B)

Figure 2.12  Pulmonary embolism. (A) An axial slice of a computed tomography 
angiography study depicts both partial and complete filling defects within contrast-​
enhanced pulmonary arteries (solid black arrows). (B) More inferiorly in the same study,  
the dimension of the right ventricle relative to the left ventricle is increased (double  
black arrows). These findings are consistent with large pulmonary emboli causing right 
heart strain.

 

 

 



Figure 2.13  Incorrect enteric tube placement. An enteric tube should course 
subdiaphragmatically into the region of the stomach or more distally into the small intestine. 
After placement of the tube, its location should be confirmed with a radiograph. In this patient, 
the enteric tube was inadvertently placed within the left bronchus/​lung (solid white arrow), 
requiring positional readjustment.

(A) (B)

Figure 2.14  Hiatal hernia. (A) A retrocardiac opacity with internal lucency and air fluid levels is 
seen on this chest X-​ray (solid white arrows). (B) The axial computed tomography scan confirms 
the presence of a large hernia containing both stomach and bowel extending superiorly within 
the thorax above the diaphragm and behind the heart (solid white arrow).
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complain of gastroesophageal reflux type pain as gastric acid more easily flows retrograde 
into the esophagus.

Esophageal Cancer

The esophagus lacks a serosal border and is rich in a lymphatic network, which contributes 
to a poor prognosis for patients with esophageal cancer as many will have metastatic di-
sease at the time of diagnosis. The major histological types include squamous cell carcinoma 
and adenocarcinomas. Patients with a history of extended tobacco or alcohol use are at an 
increased risk of developing squamous cell carcinoma of the esophagus. In esophageal ade-
nocarcinoma, metaplastic transformation of the normal esophageal squamous epithelium to 
a columnar type promotes the development of premalignant Barrett esophagus. Eventually, 
with repetitive insult of chronic gastroesophageal reflux, histological transformation occurs 
and malignant neoplastic disease develops. As it progresses, patients will often complain of 
increasing dysphagia and odynophagia, initially with solid foods and eventually with liquids. 
A barium esophagram is typically the study of choice in the initial evaluation of patients with 
these types of symptoms (Figure 2.15), but confirmation will require endoscopic direct visu-
alization and tissue sampling.

Figure 2.15  Esophageal carcinoma. This fluoroscopic barium swallow study reveals an 
irregular contour of the esophageal lumen. There is evidence of annular constriction (solid 
white arrow) leading to proximal esophageal dilation and obstruction of esophageal contents. 
These findings are concerning for esophageal carcinoma, and this was later confirmed under 
direct visualization and tissue sampling with endoscopy.
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Summary

The descriptive information presented above serves as a foundation for understanding 
common thoracic pathology and its associated radiologic manifestations. Perioperative di-
agnostic imaging provides insight into a patient’s unique thoracic anatomy, potential un-
derlying pathology and, therefore, vital information for operative planning. This knowledge 
should be well understood and communicated by all providers to optimize perioperative 
patient care.
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Physiology of One-​Lung Ventilation
Geetha Shanmugam and Raymond Pla

Introduction

Anesthesia for most thoracic surgical procedures involves one-​lung ventilation (OLV), with 
the patient in the lateral decubitus position for optimal surgical access. OLV, achieved with 
a double-​lumen tube or bronchial blocker, selectively inhibits ventilation of one lung while 
perfusion of that lung continues. The result is a right-​to-​left intrapulmonary shunt, with 
deoxygenated systemic blood returning to the circulation without pulmonic oxygenation. 
The prevention of sustained hypoxemia from selective lung ventilation requires an in-​depth 
understanding of one-​lung physiology.

The Ventilation/​Perfusion Relationship

Ventilation involves the entry and exit of air from the lungs, while perfusion involves the 
flow of blood through alveolar pulmonary capillaries. Both are necessary for the diffusion of 
oxygen into and carbon dioxide out of the bloodstream. Under physiologic conditions, venti-
lation and perfusion are matched for optimal gas exchange. However, neither ventilation nor 
perfusion is uniformly distributed throughout the lung.

Perfusion varies across a gravitational gradient, with more dependent areas better per-
fused. Perfusion is influenced by a complex interaction of pulmonary artery pressure, alve-
olar pressure, and pulmonary venous pressure. This relationship was originally described by 
West and Dollery who described three distinct zones of the lung.1 (See Figure 3.1.)

Zone 1 is the least dependent zone of the lung, in which alveolar pressure is equal to at-
mospheric pressure and pulmonary artery pressure is subatmospheric but greater than pul-
monary venous pressure (Palv > Part > Pv). Because alveolar pressure is greatest, pulmonary 
vascular collapse occurs, and perfusion is absent in Zone 1. Alveolar ventilation without 
perfusion is termed “dead space.” Although generally small under normal physiologic con-
ditions, the size of Zone 1 can increase during conditions of decreased pulmonary arterial 
pressure (e.g., hypovolemia and hemorrhage) and increased alveolar pressure (e.g., positive 
pressure ventilation).

Zone 2 occurs where arterial pressure increases and surpasses alveolar pressure (Part > 
Palv > Pv). Pulmonary blood flow is re-​established and so is gas exchange. This zone of well-​
matched ventilation and perfusion contains most alveoli.
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Zone 3, the most dependent lung region, is where pulmonary venous pressure exceeds 
pulmonary alveolar pressure (Part > Pv > Palv). Because vascular pressures are much greater 
than alveolar pressure, very little alveolar ventilation occurs in Zone 3. The presence of per-
fusion in the absence of ventilation is termed “shunt.” The West zones and relationships be-
tween alveolar pressure, pulmonary arterial pressure, and pulmonary venous pressure apply 
to the static upright lung. Although a simplification, they are a good starting point to under-
stand the distribution of perfusion in the lungs.

To understand the dynamic nature of ventilation, it is necessary to discuss pleural pressure 
and compliance. The apex of the lung tends to collapse inward creating very negative pleural 
pressure in the upper chest. The lung base however tends to bulge outward, producing less 
negative pleural pressure. The transpulmonary pressure, or alveolar distending pressure, can 
be described as Ptranspulmonary = Palveolar − Ppleural. While alveolar pressure is uniform throughout 
the lung, the pleural pressure increases closer to the lung base, decreasing transpulmonary 
pressure. This, in turn, leads to increased compliance at basilar alveoli.

Compliance refers to the change in unit volume of lung tissue per unit change in pressure, 
C = ΔV/​ΔP Compliant tissues require little pressure to inflate, whereas poorly compliant tis-
sues require very high pressures. Nondependent alveoli tend to be maximally inflated and 
relatively noncompliant. Dependent alveoli, on the other hand, are compressed and smaller 
but are more compliant and therefore receive a larger proportion of alveolar ventilation.2 
Lung compliance changes with patient position, restriction of chest wall excursion, and ge-
neral anesthesia.3 The alteration of lung compliance plays an important role in ventilation 
changes during thoracic surgery.

Alveolar ventilation and perfusion mismatch is common during the perioperative period. 
Perfusion in areas that are not ventilated is termed shunt, and ventilation in areas that do 
not receive blood flow is termed “dead space.” While absolute dead space and shunt exist, 

ZONE 1
PA > Pa > PV

ZONE 2
Pa > PA > PV

ZONE 3
Pa > PV > PA

ALVEOLAR
PA

Pa PV

ARTERIAL
DISTANCE

BLOOD FLOW

VENOUS

Figure 3.1  West lung zones: regional blood flow distribution zones in the lung.
From West JB, Dollery CT, Naimark A. Distribution of blood flow in isolated lung; relation to vascular and 
alveolar pressures. J Appl Physiol. 1964;19:713–​724.
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areas with reduced ventilation or blood flow are more common, and they are termed “relative 
shunt” and “relative dead space,” respectively. Some degree of shunt is obligatory; “anatomic 
shunt” or “venous admixture” refers to the deoxygenated blood from the bronchial, pleural, 
and thebesian circulations that mixes with and dilutes the oxygen concentration of pulmo-
nary arterial blood. In healthy spontaneously breathing patients, this is estimated to be about 
1% to 2% of total cardiac output.4 However, in the lateral position under general anesthesia, 
venous admixture equals about 10% of cardiac output.5

Mismatch between ventilation and perfusion leads to decreased gas exchange and oxygen-
ation. During thoracic surgery the ventilation/​perfusion (V/​Q) relationship is disrupted by 
several factors, including induction of general anesthesia, lateral decubitus positioning, OLV, 
and the opening of the chest wall. The effect of each of these factors will be explored more 
in-​depth.

The Awake State

Ventilation and perfusion are well-​matched in awake, spontaneously breathing patients. 
While upright, alveoli in the dependent lung are better ventilated and perfused than non-
dependent alveoli. In the lateral decubitus position, the same occurs. Perfusion to the de-
pendent lung is higher due to gravity, while ventilation to the dependent lung is increased 
because the alveoli are more compliant, and there is an upward shift of the dependent hemid-
iaphragm making its contraction more efficient.6 Thus, in the awake state, V/​Q matching is 
preserved despite changing body position.

General Anesthesia

Induction of general anesthesia with neuromuscular paralysis leads to decreased diaphrag-
matic and inspiratory muscle tone, in turn decreasing lung expansion and causing atelectasis. 
Function residual capacity drops by 15-​20%.7

Most thoracic surgeries are done in the lateral decubitus position for optimal surgical ex-
posure. Once the patient is turned lateral, the now-​paralyzed diaphragm is pushed up higher 
by abdominal contents. In addition, the weight of mediastinal structures and the rigid bean 
bag used for positioning further impede expansion of the dependent lung, resulting in a 35% 
drop in dependent lung functional residual capacity.8 The nondependent lung, on the other 
hand, is much less restricted and preferentially ventilated. This leads to V/​Q mismatch be-
cause the dependent lung continues to be more perfused.

Open Pneumothorax and One-​Lung Ventilation

When the chest wall is opened, the operative lung would herniate out of the surgical inci-
sion if it were not deliberately collapsed. OLV diverts ventilation to the dependent lung, 
which is already receiving more perfusion, and improves V/​Q mismatch in the dependent 
lung at the expense of a large right to left intrapulmonary shunt in the nondependent lung. 
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The nondependent lung receives about 40% of the cardiac output in the lateral decubitus 
position, minus 5% for anatomic shunt. With selective lung collapse and hypoxic pulmo-
nary vasoconstriction (HPV), the blood flow to the nondependent lung is reduced by half, 
or 35/​2 = 17.5% cardiac output. Because anatomic shunt to each lung is 5%, or 10% com-
bined, this makes a total shunt of 27.5% cardiac output during OLV. This leads to a PaO2 of 
150 mmHg at FiO21.0. Since the majority of the cardiac output is directed to the dependent 
lung, care must be taken to maximize ventilation to improve V/​Q match and oxygenation.9

V/​Q Modifying Factors

Hypoxic Pulmonary Vasoconstriction

HPV reduces perfusion to poorly oxygenated lung tissue. Much has been studied about HPV. 
Low partial pressure of oxygen triggers a cellular cascade that leads to increased intracellular 
calcium and smooth muscle contraction, particularly in the smallest pulmonary arteries.10 
The degree of HPV is proportional to the degree of hypoxia and the amount of hypoxic lung 
tissue. Maximal HPV occurs when between 30% to 70% of lung tissue is hypoxic.10,11 HPV 
is biphasic; the early response starts in seconds and peaks 20 to 30 minutes after initiation of 
OLV and the delayed response peaks after the next 2 hours.12 The overall shunt flow to the 
nondependent lung is reduced by about 40% to 50%, allowing the body to tolerate OLV.11 
Factors that inhibit HPV and therefore worsen shunt include very high or low pulmonary ar-
tery pressures, hypocapnia, very high or low mixed venous PO2 vasodilators, pulmonary in-
fection, and inhalational anesthetics at high minimum alveolar concentration.6 Factors that 
lead to hypoxia and vasoconstriction in the ventilated lung, such as high airway pressures 
and low FiO2 and auto positive end expiratory pressure (PEEP), divert blood flow to the non-
ventilated lung and also increase shunt6 (see Table 3.1). Although numerous drugs, including 
almitrine, inhaled nitric oxide, and prostaglandin E1, have been studied to alter HPV, none 
have proven clinically useful yet.13–​15

Table 3.1  Factors that can affect HPV

Increased HPV Decreased HPV

Hypoxia Inhaled anesthetics

Acidosis Alkalosis

Hypercapnia Hypocapnia

Vasoconstrictors Vasodilators: sodium nitroprusside, nitroglycerin, calcium channel 
blockers, B-​agonists

Pulmonary infection

High or low pulmonary artery pressure

High or low mixed venous PO2
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Position

Patient position during OLV can have a profound effect on the degree of V/​Q mismatch and 
therefore oxygenation. The lateral decubitus positioning is preferred for most thoracic sur-
geries, and it maximizes perfusion of the dependent, ventilated lung causing the least V/​Q 
mismatch of all possible positions. Furthermore, if the patient is in a reverse Trendelenburg 
position while lateral, perfusion of the lower lung is accentuated. A few thoracic surgeries 
are done in the supine position including sympathectomies and chest wall resections. This 
results in an increased shunt fraction because of less gravitational redistribution of blood 
flow causing the collapsed lung to receive much greater blood flow than in the lateral po-
sition.16 Albeit rare, prone thoracic surgery is sometimes required, as in certain minimally 
invasive esophagectomies. In the prone position, lung compliance is improved. But because 
gravitational redistribution of blood is absent, shunt and hypoxemia with OLV are worse 
than when lateral.16

Other Modifying Factors

Certain other surgical and patient related factors can also affect oxygenation during OLV. 
Surgical retraction can increase pulmonary vascular resistance in the nondependent lung, 
but paradoxically vasoactive substances released during this manipulation may cause vasodi-
lation and counteract HPV.17 Additionally, surgical ligation of blood vessels in the operative 
lung decreases blood flow and can thus lead to decreased shunt fraction.17

The side of lung collapse affects the degree of V/​Q mismatch. The right lung is larger and 
receives 10% more cardiac output, so shunt fraction is higher when the right lung is col-
lapsed.18 Restoration of low cardiac output to normal values improves oxygenation. However, 
supranormal cardiac output results in increased PvO2 and decreased HPV, causing a rise in 
shunt fraction and worse oxygenation.19,20

Strategies to Address Hypoxia

V/​Q mismatch is inevitable during selective lung ventilation, even if every effort is made 
to minimize the degree of shunt. This V/​Q mismatch will decrease oxygenation to varying 
degrees in different patients. Hypoxemia during thoracic surgery is defined as a decrease in 
oxygen saturation below 85% to 90%, or PaO2 <60 mmHg while inspired FiO2 is 1.0.21 Such 
episodes occur in about 5% to 10% of patients, do not last more than a few minutes, and are 
usually well tolerated by those with normal lung function.22

If hypoxemia is severe, prolonged or occurs in patients with compromised lung func-
tion, several steps should be undertaken to address the problem. First, the patient should 
be stabilized. FiO2 should be increased to 1.0, any nonurgent procedure should be tempo-
rarily stopped, and dual-​lung ventilation should be restored until oxygenation improves. The 
most frequent cause of oxygen desaturation is malpositioning of the double-​lumen tube or 
bronchial blocker, so correct position should be confirmed with a fiberoptic bronchoscope 
once the patient is stabilized. Next, strategies to maximize ventilation of the dependent lung 
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and improve V/​Q matching should be undertaken. This includes suctioning of secretions, re-
cruitment maneuvers, and PEEP to the ventilated lung. Maneuvers to improve oxygenation 
to the nondependent lung can also be initiated. These include apneic oxygen insufflation, 
with a low flow of oxygen from supplemental tubing to the nonventilated lung, and contin-
uous positive airway pressure or intermittent ventilation to the nonventilated lung, although 
these are more likely to interfere with the surgical field. Finally, the main pulmonary artery to 
the nondependent lung can be clamped to halt shunt, but this will cause an acute increase in 
right heart afterload. As a last resort, extracorporeal membrane oxygenation can be utilized 
to ventilate a patient during thoracic surgery when no other route for adequate oxygenation 
is possible.12

The V/​Q relationship changes during thoracic surgery as a result of induction of anes-
thesia, lateral positioning, and selective lung ventilation. Knowledge of one lung physiology 
can help in the management of hypoxia when it occurs.
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Bronchoscopic Anatomy
Geoffrey D. Panjeton, W. Kirk Fowler, Hess Panjeton, Yi Deng,  
and Jeffrey D. White

Introduction

Navigating the pulmonary system with knowledge, skill, and efficiency is essential to the 
safe practice of thoracic anesthesiology. With continued advances in thoracic and interven-
tional pulmonary techniques, the ability to identify key landmarks and anatomical structures 
is necessary to facilitate these procedures, create a customized anesthetic plan, and provide 
appropriate anesthetic care. This chapter will focus on the normal anatomy of the trachea 
and bronchi, as well as include important anatomical and pathological variants that may ap-
pear in the course of a busy thoracic anesthesia practice. Key features of the tracheobronchial 
anatomy can be seen in Table 4.1.

Basic Anatomy

The anesthesiologist’s window into the lungs starts at the larynx and vocal cords. Figure 4.1 is 
an image of the vocal cords taken via fiberoptic bronchoscopy.

After the bronchoscope passes through the vocal cords, it enters the trachea. The trachea 
comprises cartilage and muscles that extend from the inferior aspect of the cricoid cartilage 
to the carina (Figure 4.2), the origin of the two main bronchi.1 Figure 4.3 provides an over-
view of the bronchial system, along with corresponding fiberoptic images. Figure 4.4 pro-
vides a clinical correlation of a chest radiograph and the corresponding anatomic structures.

Trachea

The trachea allows for ventilation and the clearance of respiratory secretions.2 It is a long 
tube-​like structure that begins just past the vocal cords and extends caudally into the supe-
rior mediastinum (Figure 4.5). Its position lies anterior to the esophagus and posterior to 
the aortic arch. In adults, the average distance from the vocal cords to the tracheal carina is 
12 cm.3 The trachea consists of 16 to 22 cartilaginous C-​shaped rings made of hyaline. These 
rings are visible on the anterior and lateral aspects,1 and they are linked posteriorly by fi-
brous and connective tissue supported by trachealis muscle, which can be identified by its 
longitudinal striations.3,4 The trachea is generally midline, although in some patients it can 
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be slightly displaced laterally to the right as it approaches the level of the aortic arch.1 Such 
displacement can be increased due to atherosclerotic changes of the aorta, advanced age, 
thryomegaly, as well as chronic obstructive pulmonary disease (COPD).3 The trachea passes 
through the neck superficially before diving posteriorly into the superior mediastinum. It 
narrows slightly as it approaches its distal end near the carina.1 Its average diameter is 19.5 
to 22 mm in adult males and 17.5 to 19 mm in adult females.1,3 The narrowest section of the 
adult trachea occurs at the level of the cricoid cartilage, typically to 17 mm in men and 13 mm 
in women.1,3

Table 4.1  Key Features of Tracheobronchial Anatomy

Structure Key Features

Trachea 	•	 16 to 22 C-​shaped cartilaginous rings on anterolateral aspects.
	•	 Cartilaginous rings linked posteriorly by fibrous and connective tissue 

supported by trachealis muscle identified by longitudinal striations.
	•	 Typically midline, but may be displaced to the right by the aortic arch. The 

degree of displacement can increase with atherosclerotic aorta, advanced 
age, or severe chronic obstruction pulmonary disease.

	•	 Proximal trachea is superficial but runs further posterior and narrows as it 
moves inferiorly to the level of the carina.

	•	 Diameter is typically between 19.5 and 22 mm in adult males and 17.5 and 
19 mm in adult females. Narrowest at the cricoid cartilage—​17 mm in men 
and 13 mm in women.

	•	 Average distance from vocal cords to tracheal carina is 12 cm.

Carina 	•	 Lies at the level of the sternal angle anteriorly and the T5 vertebra 
posteriorly.

	•	 Right main bronchus lies in a more vertical orientation (branches 
approximately 25°) and left main bronchus lies more horizontal orientation 
(branches at about 45°) relative to the trachea.

	•	 Average distance from carina to right upper lung bronchus take-​off is 2 cm 
in men and 1.5 cm women.

	•	 Average distance from carina to bifurcation of left upper lung and left lower 
lung is 5 cm in men and 4.5 cm in women.

Right lung 	•	 The right upper lobe bronchus is the first take-​off along the right main 
bronchus.

	•	 The right upper lobe bronchus consists of apical, anterior, and posterior 
divisions.

	•	 The remainder of the right main bronchus continues as the bronchus 
intermedius.

	•	 Bronchus intermedius gives rise to the:
	•	 Right middle lobe bronchus with corresponding medial and lateral 

divisions.
	•	 Right lower lobe bronchus, consisting of the superior, anterior basal, medial 

basal, lateral basal, and posterior basal divisions.

Left lung 	•	 Left upper lobe bronchus divides into the superior division, consisting of 
the apicoposterior and anterior segments and the inferior division (lingular 
bronchus), consisting of superior and inferior segments.

	•	 Left lower lobe bronchus, consisting of superior, anteriomedial basal, lateral 
basal, and posterior basal segments.
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Right Aryepiglottic Fold

Right Arytenoid Cartilage

Trachea

Interarytenoid Notch

Posterior

Anterior

Right True Vocal Cord

Right False Vocal Cord

Anterior Commissure

Le� False Vocal Cord

Le� True Vocal Cord

Le� Arytenoid Cartilage

Figure 4.1  Fiberoptic image of the vocal cords and arytenoids.

Anterior

Anterior Cartilaginous
Rings

Le� Main Bronchus

Posterior

Posterior Longitudinal
Muscle

Right Main Bronchus

Figure 4.2  Fiberoptic image of the primary carina with right and left main bronchi.

The Carina

The carina can be found at the distal end of the tracheal border, at the level of the sternal 
angle anteriorly and the T5 vertebra posteriorly.3 The carina marks the location of the first 
branching point of the airway. It is at this level that the airway splits into right and left main 
bronchi. The right main bronchus lies in a more vertical orientation compared to the left 
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main bronchus, which tends to have a more horizontal orientation. In addition, the right 
main bronchus tends to be wider than the left main bronchus, and it branches at approxi-
mately a 25° angle compared to the left main bronchus, which generally branches at a 45° 
angle relative to the trachea.4 This anatomy explains why aspirated material more readily 
passes into the right lung via the right main bronchus.

Right Lung and Bronchial Anatomy

The right main bronchus in normal individuals further divides into the deeper airways and 
serves as an important landmark for distal bronchoscopic identification. In individuals with 
normal anatomy, the right lung contains three distinct lobes: upper, middle, and lower, with 
their corresponding secondary or so-​called lobar bronchi. The anatomic architecture further 
subdivides each lung lobe into bronchopulmonary segments; the right lung has 10 (three in 
the upper lobe, two in the middle, and five in the lower lobe). For purposes of anatomic iden-
tification, the bronchi supplying these bronchopulmonary segments are considered the third 
generation, or tertiary, bronchi. Coursing distally within the lung parenchyma, they continue 
to divide into ever smaller-​diameter airways called bronchioles that ultimately, after approx-
imately 25 divisions (also called generations), are considered to be terminal bronchioles ter-
minating in alveolar sacs that participate in respiratory gas exchange.

Figure 4.4  Chest X-​ray image with outline of bronchi.
Reproduced from Atlas of Human Anatomy, 7th edition, Plate 208; chest radiograph from Major NM, A Practical 
Approach to Radiology, Philadelphia: Saunders; 2006.
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The right upper lobe bronchus normally has a take-​off from the right main bronchus at 
approximately 2 cm from the carina in men and 1.5 cm from the carina in women. The right 
upper lobe bronchus splits into three lobar bronchi that supply the apical, anterior, and pos-
terior divisions of the right lung. Immediately distal to the right upper lobe bronchus is a 
feature that is unique to the right side of the bronchial tree. This portion of the right-​sided 
airway is a continuation of the right main bronchus that is often referred to as the bronchus 

Thyrohyoid
membrane

Thyroid
cartilage

Cricoid cartilage

Trachea

Carina

Right main
bronchus Le	 main

bronchus

Cricothyroid
membrane

Superior
thyroid notch

Hyoid bone

Figure 4.5  Overview of anatomy of trachea and related structures.
Reproduced with permission from Minnich DJ, Mathisen DJ. Anatomy of the trachea, carina, and bronchi. 
Thorac Surg Clin. 2007;17:571–​585.
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intermedius (Figure 4.6).2 At the distal end of the bronchus intermedius, the airway bifur-
cates into right middle and right lower bronchi. The right middle bronchus supplies the 
medial and lateral divisions (Figure 4.7). The right lower bronchus supplies the superior, 
anterior basal, medial basal, lateral basal, and posterior basal divisions (Figure 4.7).

Right Upper Lobe Aperture
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Right Middle Lobe Aperture

Bronchus Intermedius

Figure 4.6  Fiberoptic image of the proximal right lung.
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Figure 4.7  Fiberoptic image of the distal right lung.
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Left Lung Bronchial Anatomy

The left main bronchus is longer than the right, measuring approximately 5 cm in men and 
4.5 cm in women. At the end of the left main bronchus, the airway bifurcates into the left 
upper lobe bronchus and the left lower lobe bronchus (Figure 4.8). The left lung is considered 
to have between 8 and 10 bronchopulmonary segments, with the disparity due to the fact 
that fusion of some of the segments is variable yet quite common. According to the widely 
accepted Boyden classification scheme, the left upper lobe has four bronchopulmonary seg-
ments and the left lower lobe also has four bronchopulmonary segments. Accordingly, the 
left upper lobe bronchus divides into a superior division supplying the apicoposterior (from 
fusion of the superior anterior and superior posterior segments) and the anterior segments, 
and an inferior division (the lingular bronchus) supplying the superior and inferior segments 
(Figure 4.9). Meanwhile, the left lower lobe bronchus supplies the superior, anteriomedial 
basal (from fusion of the anterior basal and the medial basal segments), lateral basal, and 
posterior basal segments (Figure 4.10).

Vascular Supply to the Trachea and Bronchial Tree

The cervical trachea receives its blood supply from the inferior thyroid artery2 (Figure 4.11), 
and the carina and lower trachea receive their vascular supply from the bronchial arter-
ies2 (Figure 4.11). These bronchial arteries are responsible for blood flow from the carina 
to the terminal bronchioles as well as blood that supplies the nerves and lymphatic struc-
tures.3 Beyond this level, there is often great variation in blood supply, however, the right and 
left main bronchi are generally supplied by arterial branches from the aorta or intercostal 
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Le� Lower Lobe

Le� Mainstem Carina

Figure 4.8  Fiberoptic image of the left mainstem carina with left upper and lower lobe 
apertures.
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arteries.2,4 Overall, the bronchial circulation receives between 0.5% and 1.5% of the cardiac 
output, with one-​half directed toward the lung parenchyma and the other one-​half toward the 
trachea and bronchi.3 The venous blood supply from the trachea and large airways collects 
via bronchial venules, which subsequently form bronchial veins. Ultimately, this bronchial 
venous flow reaches the azygos, hemiazygos, or accessory hemiazygos veins, which empty 
into the superior vena cava or the left brachiocephalic vein, and finally into the right atrium.3 
In contradistinction to the path just described for the blood flow within the bronchial veins, 
the venous supply originating from the more distal bronchial capillaries passes through 
anastomotic bronchopulmonary veins that ultimately join pulmonary venules and finally 
the pulmonary veins that drain into the left atrium (Figure 4.12).3 Therefore, deoxygenated 
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Figure 4.9  Fiberoptic image of the left superior and inferior (lingular) division apertures.
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Figure 4.10  Fiberoptic image of the left lower lobe segment apertures.
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Figure 4.11  Trachea and bronchial arterial vascular supply.
Reproduced with permission from Minnich DJ, Mathisen DJ. Anatomy of the trachea, carina, and bronchi. 
Thorac Surg Clin. 2007;17:571–​585.

bronchial capillary venous return mixes with freshly oxygenated blood and accounts in part 
for physiologic shunt. Although not well studied in humans, animal studies indicate that the 
right atrium receives 25% to 33% of bronchial venous supply via the bronchial veins and the 
left atrium receives the remainder 67% to 75% via the pulmonary veins.3
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Anatomical and Pathological Variations

Variations along the tracheobronchial tree are often noted during bronchoscopic examina-
tions and are relevant when planning airway procedures, notably intubation, selective lung 
isolation, pulmonary resections, and interventional pulmonary procedures. These variations 
arise from anomalies that occur during development of the lungs specifically related to a con-
genital change in the number of lung buds or their atypical origins. The prevalence of these 
variations differs widely, with studies quoting anywhere between 1% and 27% of the popu-
lation.5 Variations are more often discovered on the right side, with the most common var-
iant being a bifurcated right upper lobe bronchus followed by the presence of four segmental 
bronchi in the right upper lobe bronchus.5,6 The most common variant in the left-​sided 
airway is the presence of a further bronchial division in addition to the lingular division.7 
The second most common left lung variant is the presence of three orifices in the lingular 
division.7

A less common yet clinically relevant variant is a tracheal bronchus, which occurs with 
an incidence of 0.1% to 3% and is often associated with other congenital anomalies, many of 
them involving the heart. The name “tracheal bronchus” refers to an aberrant bronchial or-
igin typically arising directly off the right lateral wall of the trachea. When this occurs, such 
an anomalous airway will usually supply the entire right upper lobe lung parenchyma as its 
sole bronchus (in which case, it is also referred to as a “pig bronchus” due to its similarity to 
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Figure 4.12  Overview of arterial and venous supply to the bronchial tree.
Modified and reproduced with permission from Deffebach ME, Charan NB, Lakshminarayan S, Butler J. The 
bronchial circulation. Small, but a vital attribute of the lung. Am Rev Respir Dis. 1987;135:463–​481.
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porcine bronchial anatomy)8; in other instances, it occurs as an additional, supernumerary 
bronchus supplying a limited segmental amount of right upper lobe lung. In yet other rare 
instances, the tracheal bronchus is found to end as a blind airway within the lung paren-
chyma. When present, the tracheal bronchus usually arises within 2 cm of the carina, but its 
origin has been reported as high as 6 cm above the carina.6,8 Tracheal bronchi are clinically 
relevant because, in some instances, their presentation on fiberoptic bronchoscopy can be 
confusing.7 Obstruction of an unidentified tracheal bronchus by an endotracheal tube can 
cause segmental atelectasis or obstructive pneumonia.6

Interventional pulmonary procedures and pulmonary resections are often called for in 
patients with a comorbid diagnosis of COPD. In these patients, the intrathoracic tracheal 
rings can soften, which results in a decreased anteroposterior diameter and a widening of the 
posterior wall, often referred to as a saber sheath trachea.1 This condition is an example of 
tracheobronchomalacia, also called tracheomalacia, and its diagnosis can be made via fiber-
optic bronchoscopy (considered the diagnostic gold standard) as well as computed tomog-
raphy. It is clinically very relevant as these anatomic changes can cause obstruction of the 
lumen of the trachea with coughing or expiration. Tracheomalacia is a common consequence 
of COPD7 and is considered to be one of COPD’s pathognomonic features. Other common 
causes of tracheomalacia include long-​term intubation, tracheal trauma, congenital abnor-
malities, chronic extrinsic compression, chronic inflammation, infection, and other etiolo-
gies ascribed to being idiopathic.7 Tracheomalacia commonly manifests with greater than 
50% collapse of the trachea’s cross-​sectional diameter during forced expiration.7

As mentioned earlier, congenital abnormalities of the vascular tree can result in symp-
tomatic or asymptomatic extrinsic tracheomalacia in children and adults. Such vascular 
compression of the tracheobronchial tree caused by aortic arch anomalies accounts for 1.2% 
of congenital heart disease in children.8 Certain vascular abnormalities can cause varying 
degrees of airway compression in specific locations. For example, innominate artery abnor-
malities can present with anterior mid-​tracheal compression. A double aortic arch can com-
press the right anterior and posterior distal trachea. A pulmonary artery sling can compress 
the right anterior distal trachea and right mainstem bronchus.9

Most congenital cases are identified while patients are children. Approximately 50% to 
80% of congenital cases present as double aortic arch or right aortic arch.8 Pulmonary ar-
tery sling and aberrant right subclavian artery account, respectively, for another 4% and 5%.8 
Acquired tracheobronchial compression that manifests in adult patients can be detected on 
fiberoptic bronchoscopy in patients with advanced atherosclerosis.8

Conclusion

A functional understanding of normal tracheobronchial anatomy as well as its clinically rel-
evant variations is essential to effective, safe perioperative anesthetic evaluation and man-
agement for thoracic procedures. This chapter provides the information necessary to achieve 
that in preparation for the thoracic patient who presents with expected, normal tracheobron-
chial anatomy or, instead, an anomalous variation based on congenital versus disease-​related 
etiology.
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Preoperative Evaluation and Optimization
Alexandra L. Belfar, Kevin Duong, Yi Deng, and Melissa Nikolaidis

Introduction

According to the American Cancer Society, lung cancer is currently the second most common 
cancer and the leading cause of cancer deaths in both men and women, exceeding mortality 
rates for colon, breast, and prostate cancers combined.1 In 2016 alone, 218,229 cases of newly 
diagnosed lung and bronchus cancer were reported, with incidence remaining roughly stable 
for the preceding decade.2 With the updated recommendations of the US Preventive Service 
Task Force in 2014 for more aggressive lung cancer screening, it is likely that a substantial 
number of patients will continue to require complex thoracic surgical procedures for the 
foreseeable future.

Intrathoracic surgery falls within the “elevated-​risk” procedural category in the Revised 
Cardiac Risk Index (a tool commonly used for perioperative risk stratification), and out-
comes may be heavily dependent on the patient’s baseline status and pulmonary function. In 
a population whose health is often compromised due to a malignant process, it is imperative 
to appropriately evaluate and optimize these patients. This chapter will address the preoper-
ative evaluation, risk stratification, and anesthetic planning for thoracic surgical procedures.

Preoperative Evaluation

History and Physical Examination

A comprehensive preoperative assessment should begin with a focused but thorough history 
and physical examination. A detailed account of patients’ pulmonary symptoms, including 
degree of dyspnea, cough, and exercise tolerance should be elicited. Ongoing tobacco use 
should be addressed if applicable. In addition to obtaining a broader view of the patient’s 
overall health, this information allows the perioperative care team to gauge the patient’s level 
of pulmonary reserve and ability to tolerate the planned procedure. Severe dyspnea on ex-
ertion, for instance, may be correlated with a reduced forced expiratory volume in 1 second 
(FEV1), which has unfavorable prognostic implications for postoperative outcomes.3 A his-
tory of a significant productive cough may result in a diagnosis of an acute infection requiring 
medical treatment prior to surgery. An elderly patient’s ability to exercise may cause them to 
be classified as having reduced or increased risk of perioperative morbidity and mortality.4,5 
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Additional comorbidities that may affect the patient’s perioperative course or anesthetic pla-
nning should also be addressed appropriately.

On physical exam, signs of chronic hypoxemia or compromised ventilation should be 
sought. These include cyanosis, clubbing, and abnormal breath sounds on auscultation. 
Wheezing may be a sign of a poorly controlled long-​standing disease process such as chronic 
obstructive pulmonary disease (COPD), versus an acute exacerbation or infectious process. 
Decreased breath sounds could indicate the presence of a pleural effusion. Tracheal align-
ment and symmetry of diaphragmatic excursion should also be noted, as asymmetry or dis-
tortion could signal conditions warranting serious concern.

Additional Testing

As with any procedure, additional testing that is clinically appropriate and/​or consistent with 
current guidelines should be completed prior to surgery. This includes electrocardiograms, 
echocardiograms, and laboratory studies such as a complete blood count, and basic meta-
bolic panel. Data from room-​air arterial blood gases (ABGs) were frequently used in the past 
to risk stratify, or, in some cases, exclude patients from pulmonary resection procedures (spe-
cifically, those with PaO2 <60 or PaCO2 >45 mmHg). While this information may be valuable 
to assess baseline respiratory status or estimate increased risk, arterial blood gases values are 
no longer used as sole exclusionary criteria, as they have not been shown to adequately pre-
dict how patients will fare postoperatively.4

In patients with large endobronchial tumors or mediastinal masses, further imaging, in-
cluding a computed tomography scan or chest X-​ray, may be appropriate to determine the 
extent of anatomic distortion present and to predict any potential difficulties with intubation, 
ventilation, or double-​lumen tube placement.

Cardiac Risk Stratification

The first and most important step in the comprehensive preoperative assessment is the car-
diovascular evaluation. This should occur before more advanced pulmonary testing takes 
place, as increased cardiovascular risk and/​or active cardiac conditions are independent pre-
dictors of poor perioperative outcomes. Many of these patients are at elevated risk for cardi-
ovascular disease due to an extensive smoking history. In addition, there is significant overall 
risk (2%–​3%6,7) of major cardiac morbidity after resectional surgery, including arrhythmias, 
cardiac arrest, myocardial ischemia, and cardiac death.

The American College of Cardiology/​American Heart Association guidelines on periop-
erative cardiovascular evaluation for noncardiac surgery are traditionally used to risk stratify 
and determine the need for additional cardiovascular testing preoperatively. For patients in 
whom an acute coronary syndrome is not of immediate concern, the Revised Cardiac Risk 
Index (RCRI) is often utilized to quantify the degree of cardiac risk, as it is fairly simple to 
use and has been well validated. It was recalibrated in 2010 for the thoracic surgical popu-
lation as the thoracic RCRI (ThRCRI), with data derived from a group of patients that ex-
clusively underwent major lung resections.6 The American College of Chest Physicians 
(ACCP) currently advises that this refined score, ThRCRI, be used in place of the RCRI for 
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risk stratification in the thoracic surgery population. Once the details of the patient’s history 
are obtained, the points are added together, and a determination of risk class is made (Table 
5.1). It is recommended that any patient with a ThRCRI score of 2 or greater be referred to a 
cardiologist for further evaluation,8 while those with lower scores may proceed with neces-
sary pulmonary testing (Figure 5.1).

Assessment for Lung Resectability

The primary goal of the remaining preoperative evaluation is to identify those at increased risk 
of perioperative morbidity and mortality, as well as those who may require ventilator support 
in the acute postoperative period. Postoperative pulmonary complications (PPCs) account for 
the majority of these events and are associated with increased 30-​day readmission rates, pro-
longed length of stay, and decreased overall survival.9 PPCs include atelectasis, pneumonia, 
bronchospasm, pulmonary edema, acute respiratory distress syndrome, and acute respiratory 
failure. Risk stratification for PPCs may be completed preoperatively via a thorough assess-
ment of respiratory function. This is typically accomplished by a three-​pronged approach, 
classically known as the “three-​legged stool” (Figure 5.2) and encompasses evaluation of lung 
mechanical function, pulmonary parenchymal function, and cardiopulmonary reserve.

While this model is useful in constructing a framework for evaluation, it can be difficult to 
synthesize the information obtained in a way that makes sense for preoperative testing and 
surgical risk stratification. In 2013, the ACCP published an algorithm for the cardiopulmo-
nary preoperative assessment of patients planned to undergo thoracotomy or major resec-
tion surgery (Figure 5.3).10 This incorporated components of the three-​legged stool into a 

Table 5.1  Thoracic Revised Cardiac Risk Index

Thoracic Revised Cardiac Risk Index

Risk factors Points

History of coronary artery disease 1.5

History of cerebrovascular disease 1.5

Pneumonectomy 1.5

Serum creatinine > 177 μmol/​L or 2 mg/​dL 1

Risk of major cardiac event

Points Risk (%)

0 0.9

1–​1.5 4.2

2–​2.5 8

>2.5 18

The Thoracic Revised Cardiac Risk Index has four components, each of which 
is weighted. Patients with a score ≥2 be should referred to a cardiologist for risk 
stratification and additional testing if needed.
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cohesive format that can be used to determine the need for further cardiopulmonary testing 
preoperatively and for surgical risk stratification, which can aid in the planning of intra-​ and 
postoperative management.

The initial step, as mentioned previously, is cardiac risk stratification with appropriate 
treatment as needed using the ThRCRI. Assuming that patients are deemed low-​risk from 

• or inability to climb 2 flights of stairs
• or a newly suspected cardiac condition,
• or any cardiac condition requiring medications,
• ThRCRI ≥2

• Continue with ongoing cardiac care
• Institute any needed new medical

interventions (i.e., beta blockers,
anticoagulants, statins)

yes

Cardiac consultation, with nonivasive cardiac
testing and treatments

as per AHA/ACC guidelines

Need for coronary
intervention

(CABG or PCI)

Postpone surgery
for ≥6 weeks and re-evaluate

Proceed to CPET and
Pulmonary Function tests Proceed to Pulmonary

function tests

no

• Physical examination
• Baseline ECG
• History
• Calculate ThRCRI

Figure 5.1  Physiologic evaluation and cardiac algorithm for thoracic surgical patients based on 
the Thoracic Revised Cardiac Risk Index. 
ThRCRI = Revised Cardiac Risk Index (RCRI); CPET = cardiopulmonary exercise test ; ECG = 
electrocardiogram; AHA = American Heart Association; ACC = American College of Cardiology; 
CABG = coronary artery bypass grafting; PCI = percutaneous coronary intervention
Reprinted with permission from Brunelli A, Kim A, Burger KI, Addrizzo-​Harris, DJ. Physiologic evaluation of the 
patient with lung cancer being considered for resectional surgery: Diagnosis and Management of lung CANCER, 
3rd ed: American College of Chest Physicians evidence-​based clinical practice guidelines.” Chest. 2013;143(5 
Suppl):e166S–​e190S.
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Figure 5.2  The “3-​legged” stool involves evaluation of respiratory mechanics, lung 
parenchymal function, and cardiopulmonary reserve. Several of these measurements, 
including functional vital capacity, FEV1, and DLCO can be obtained from pulmonary function 
testing, while formal or informal exercise testing can be used to assess cardiopulmonary 
reserve. This pre-​thoracotomy respiratory assessment can be used to guide intra-​ and post-​
operative management, and to predict those patients more likely to have postoperative 
complications, including difficulty with ventilator weaning.
Abbreviations: CPET, cardiopulmonary exercise test; DLCO, diffusing capacity of the lungs for carbon 
monoxide; FEV1, forced expiratory volume in first second; FVC, functional vital capacity; ppo, predicted 
postoperative; VO2 max, maximal oxygen consumption.
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(Lobectomy or greater)
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Figure 5.3  ACCP algorithm for cardiopulmonary pre-​operative assessment of patients 
requiring lung resection. According to the ACCP, low risk indicates a mortality rate below 1%. 
In patients deemed moderate risk, morbidity and mortality rates vary based on pulmonary 
function, exercise tolerance, and extent of resection. High-​risk patients may have perioperative 
mortality rates in excess of 10%.
Reprinted with permission from Brunelli A, Kim A, Burger KI, Addrizzo-​Harris, DJ. Physiologic evaluation of the 
patient with lung cancer being considered for resectional surgery: Diagnosis and Management of lung CANCER, 
3rd ed: American College of Chest Physicians evidence-​based clinical practice guidelines.” Chest. 2013;143(5 
Suppl):e166S–​e190S.
Abbreviations: ACCP, American College of Chest Physicians; CPET, cardiopulmonary exercise test; DLCO, 
diffusing capacity of the lungs for carbon monoxide; FEV1, forced expiratory volume in first second; FVC, 
functional vital capacity; ppo, predicted postoperative; SCT, stair climbing test; SWT, shuttle walk test; VO2 max, 
maximal oxygen consumption.
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a cardiac standpoint, pulmonary function tests are then used to obtain data regarding the 
status of the patient’s pulmonary mechanical function and parenchymal function. This is typ-
ically accomplished by spirometry or body plethysmography and can provide the perioper-
ative team additional valuable information (Figures 5.4 and 5.5). Key measurements utilized 
in the ACCP algorithm include FEV1 (mechanical function) and diffusing capacity for CO2 

(DLCO; parenchymal function). Predicted postoperative values (ppoFEV1 and ppoDLCO) 
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Figure 5.4  Lung volumes and capacities graph showing various volumes at different stages of the 
respiratory cycle. Measurements of pulmonary mechanics can help to differentiate obstructive from 
restrictive disease. Data such as FEV1, FVC, and FRC can be used to predict postoperative pulmonary 
complications.
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analysis at various lung volumes. The overall shape of the flow volume loop may be important 
in identifying the anatomic location of flow obstruction.
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are then calculated based on the maximum proposed number of subsegments to be removed 
as follows Figure 5.6):

ppoFEV1%    = preoperative FEV1% x (1 − %functional lung tissue removed/​100)
ppoDLCO% = preoperative DLCO% × (1 − % functional lung tissue removed/​100)

Reductions in either ppoFEV1 or ppoDLCO are associated with increased risk of PPCs, 
though ppoDLCO is perhaps more reliable, as it can independently predict PPCs and mor-
tality, regardless of the ppoFEV1.11–​17

According to the ACCP, patients with ppoFEV1 and ppoDLCO >60% are considered low 
risk for PPCs and do not require additional cardiopulmonary testing. Those with ppoFEV1 or 
ppoDLCO <60% and >30% are recommended to undergo informal evaluation of their car-
diopulmonary reserve. This could include the stair climbing test, shuttle walk test, 6-​minute 
walk test, or exercise oxygen desaturation test. Conversely, those with a high-​risk cardiac 
evaluation, poor results on informal exercise testing, or a ppoFEV1 or ppoDLCO <30% are 
recommended to undergo formal laboratory exercise testing, or cardiopulmonary exercise 
testing. This is considered the gold standard of exercise testing, as it allows the maximum rate 
of oxygen consumption (VO2 max), and thus overall patient conditioning, to be quantified. 
Those with a VO2 max <10 mL/​kg/​min or <35% predicted are considered to be at high risk 
from a cardiopulmonary standpoint, and per the ACCP should be counseled on sublobar 
resections, less invasive surgical options (video-​assisted thoracoscopic surgery, robotic sur-
gery), or nonoperative treatments. Patients with a VO2 max between 10 and 20 mL/​kg/​min or 
35% to 75% predicted are considered moderate risk, while those with VO2 max >20mL/​kg/​
min or >75% predicted are at low risk of PPCs. The official recommendations of the ACCP 
for preoperative evaluation and risk assessment are fully summarized in Figure 5.3.

6

4

12

10

10

Figure 5.6  The number of subsegments planned for resection is used in the calculation 
of ppoFEV1 and ppoDLCO. Note that there are 20 subsegments within the left lung and 22 
subsegments in the right (for a total of 42), with the right therefore 10% larger. If, for example, 
a patient with a preoperative FEV1 of 70% were planned to have the entire left lower lobe 
removed, the patient would be expected to lose 10/​42 (24%) of presumably functional 
pulmonary tissue. Therefore, the ppoFEV1 = 70% × (1 − 24/​100) = 53%. The same method may be 
used for the calculation of ppoDLCO.
Abbreviations: DLCO, diffusing capacity of the lungs for carbon monoxide; FEV1, forced expiratory volume in 
first second; FVC, functional vital capacity; ppo, predicted postoperative.
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Of note, the previous equations reflect the typical relationship between the extent of re-
section and postoperative complications: the ppoFEV1 and ppoDLCO both decrease as the 
amount of functional lung tissue removed increases, thus increasing the likelihood of post-
operative morbidity and mortality. A notable exception to this may be in patients with severe 
COPD, in whom resecting segments of emphysematous lung may actually improve the de-
gree of ventilation/​perfusion (V/​Q) mismatch postoperatively.8 In these cases, regional lung 
function studies may be useful, providing a more accurate prediction of postoperative pul-
monary function. This is especially true in patients planned to undergo pneumonectomy 
who are known to be at higher risk for PPCs based on spirometric data. Studies may include 
radionuclide V/​Q scanning, quantitative computed tomography lung scans, or 3D dynamic 
perfusion magnetic resonance imaging. V/​Q scanning is currently the gold standard in re-
gional lung function studies. Other modalities mentioned are relatively new and, at present, 
not as widely utilized.4

Apart from the components of the “three-​legged stool,” there may be additional risk factors 
for PPCs that warrant consideration. These include American Society of Anesthesiologists 
physical status of 3 or higher, age ≥75, history of smoking, body mass index (BMI) ≥30, and 
history of COPD.18 While none of these factors should exclude a patient from having surgery, 
they are helpful in further risk stratification, especially for those planned to undergo signifi-
cant resections.

Special Considerations

As many thoracic surgical procedures are related to existing cancer diagnoses, it is important 
to have some familiarity with the anesthetic implications of various malignancies. Broad cate-
gories of common pulmonary malignancies include small cell and nonsmall cell lung cancers. 
Other malignancies may include carcinoid tumors, metastatic lesions from other primary 
cancers, adenoid cystic carcinoma, and primary pleural tumors, such as mesotheliomas.

Generally, nonsmall cell tumors are more amenable to surgical treatment than small cell 
cancers. The type of tumor may also have implications for airway and intraoperative manage-
ment due to size, location, and/​or potential to cause metabolic or hormonal disturbances. It is 
therefore important to perform a focused evaluation of what is often referred to as the “4 M’s” 
in all patients with pulmonary masses: mass effects, metabolic abnormalities, metastases, and 
medications (Table 5.2). Mass effects may be due to large endobronchial or apical tumors 

Table 5.2  The 4 M’s in Pre-​Operative Assessment of Patient With Lung Cancer

M’s Anesthetic Considerations in Lung Cancer Patients

Mass effects Obstructive pneumonia, lung abscess, superior vena cava syndrome, 
tracheobronchial distortion, Pancoast syndrome, recurrent laryngeal 
nerve or phrenic nerve palsy, chest wall or mediastinal extension

Metabolic effects Lambert–​Eaton syndrome, hypercalcemia, hyponatremia, Cushing’s syndrome

Metastases Particularly to brain, bone, liver, and adrenal glands

Medications Chemotherapy agents: pulmonary toxicity (bleomycin), cardiac toxicity 
(doxorubicin), renal toxicity (cisplatin)
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and can include anatomic distortion of the tracheobronchial tree, obstructive pneumonias, 
or effects due to superior vena cava syndrome or Pancoast syndrome. Metabolic effects are 
often seen with squamous cell or small cell cancers, including electrolyte imbalances (e.g., 
hyponatremia, hypercalcemia), and/​ or paraneoplastic syndromes (Lambert–​Eaton, etc.). 
Metastases may be seen and most commonly result in spread to the liver, brain, bones, and 
adrenal glands. Finally, it is necessary to determine previous exposure to potentially toxic 
chemotherapeutic agents, including bleomycin, doxorubicin, or cisplatin, which can cause 
pulmonary (especially if paired with exposure to a high FiO2), cardiac, and renal toxicity, 
respectively.

Preoperative Optimization

Lifestyle Modification

Nutrition
While there is a paucity of recommendations specific to thoracic surgery for preoperative nu-
tritional optimization, it is known that optimizing general nutritional status improves post-
operative outcomes in elective surgery.19 Although cancer surgery is not truly “elective,” it is 
likely that this observation can still be applied to most thoracic surgery patients.

Patients at high risk for nutritional compromise include those who are underweight (BMI 
of 18.5 or less),20 those with weight loss of >10% or >5% of total body weight prior to sur-
gery in three months,21 and those who are obese (BMI ≥30).21 Potential interventions recom-
mended for these patients include preoperative nutritional therapy for 7 to 14 days, limitation 
of preoperative fasting to the minimum allowed by nil per os guidelines, immunonutritional 
supplementation, and nutritional counseling.19

Smoking Cessation
Smoking is the most common cause of the majority of lung cancers and is associated with an 
increased postoperative 30-​day mortality rate as well as increased risk of PPCs (with both 
figures being directly proportional to the number of pack-​years smoked).22 It is therefore 
prudent for patients undergoing thoracic surgery to attempt smoking cessation preopera-
tively. Unfortunately, the duration required to mitigate the increased risk is unclear. While it 
is known that carboxyhemoglobin concentration and the cardiovascular effects of nicotine 
decrease within hours, return of normal ciliary function and subsequent improvement in 
mucous clearance takes several weeks.23 Most recent studies, however, suggest that smoking 
cessation is beneficial even in those abstaining for less than eight weeks, with no increased 
complication rates within this timeframe (Table 5.3).24 Thus, it is recommended that patients 
be counseled to stop smoking preoperatively for as long as possible and for clinicians to be 
aggressive in smoking cessation methodologies, as patients may be more motivated to stop 
permanently in this context.25 Strategies may include counseling and behavioral therapy, 
nicotine-​replacement therapy, and pharmacological options like varenicline or bupropion.

Exercise and Pulmonary Rehabilitation
Preoperative rehabilitation programs are typically divided into three categories:  aer-
obic exercise training, resistance training, and respiratory/​inspiratory muscle training.26 
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Unfortunately, the optimal length and content of these programs to achieve postoperative 
benefit is not known. While overall study quality at this time is low, available evidence sug-
gests postoperative benefit from rehabilitation programs with very low risk of adverse events. 
The ACCP therefore recommends preoperative or postoperative rehabilitation for those 
patients at increased risk of postoperative complications (i.e., those with decreased ppoFEV1 
or DLCO or VO2max <10 or 35% predicted; grade IC level of evidence).10

Management of Chronic Conditions

Many patients presenting for thoracic surgery have pre-​existing COPD. While the chronic 
pathophysiologic changes associated with the disease may be difficult to reverse, it is advis-
able to postpone surgery in the setting of an acute exacerbation or infection, both of which 
should be treated before proceeding. Optimization of a bronchodilator regimen may be con-
sidered in patients who frequently need to use a rescue inhaler. This may include long-​acting 
beta agonists, steroids, or parasympatholytic drugs. This is especially true in the setting of a 
low preoperative oxygen saturation, as this is an independent predictor for increased risk of 
PPCs.27

Conclusion

In patients undergoing lung resection surgery, a thorough preoperative assessment is impera-
tive for adequate risk stratification and optimization of chronic and acute medical conditions. 
A comprehensive evaluation begins with a focused history and physical examination, during 
which concerns or comorbidities that could affect the anesthetic or intraoperative manage-
ment are addressed. Subsequently, it is crucial to assess cardiovascular risk. The remainder of 

Table 5.3  Benefits of Smoking Cessation and Time Course

Time After Smoking Physiologic Effects

12–​24 hours Fall in carbon monoxide and nicotine levels

48–​72 hours Carboxyhemoglobin levels normalize
Right shift in oxyhemoglobin dissociation curve

2–​4 weeks Decreased sputum production
Decreased airway reactivity

4–​8 weeks Improvement in pulmonary function tests
Reduced wound healing complications
Reduced post-​op respiratory complications

8–​12 weeks Decreased overall post-​operative morbidity and mortality

Smoking cessation in the 2 to 4 weeks prior to surgery is associated with decreased secretions, decreased 
airway reactivity, and improved wound healing. The greatest benefit for thoracic surgical patients is 
achieved with a cessation period of 8 weeks or more, which is associated with an overall decrease in post-​
operative morbidity and mortality.
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the ACCP algorithm, using the components of the “three-​legged stool,” is then used to deter-
mine the risk of perioperative morbidity and mortality attributable to PPCs. Those with active 
respiratory infections or acute COPD exacerbations may benefit from delaying the planned 
procedure and defining an optimal bronchodilator regimen. Finally, for all patients, but espe-
cially those with elevated risk, there is some evidence to suggest benefit from optimizing nutri-
tional status, smoking cessation, and preoperative rehabilitation programs.
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Lung Isolation Techniques
William Johnson, Melissa Nikolaidis, and Nahel Saied

Lung Isolation Overview

Lung isolation is a technique used in the operating room or critical care setting to selectively 
ventilate a single lung for a discrete purpose. There is a spectrum of indications for lung isola-
tion that vary from absolute indications to strongly indicated to preferable but not necessary 
(Table 6.1). A knowledge of the different indications for one-​lung ventilation can help pro-
viders to determine whether lung isolation is indicated and what type of technique would be 
best suited to achieving it. In addition to the different indications for lung isolation, other fac-
tors can play a part in decision-​making and clinical management such as provider knowledge 
and skill level, quality and duration of lung isolation needed, setting in which lung isolation 
will be required, age of patient, and availability of materials and equipment. Three main tech-
niques exist for achieving lung isolation: a bronchial blocker, an intentional mainstem, and a 
double-​lumen tube. Each of these three techniques will be covered in this chapter.

Although there are multiple methods to achieve lung isolation, each method requires a 
strong understanding of airway anatomy, as well as familiarity with fiberoptic views and tech-
niques to help guide and verify accurate placement.

When performing fiberoptic bronchoscopy for placement and verification of lung isola-
tion, the first and most important view to obtain is an image of the carina which is found 
at the terminus of the trachea (see Figure 6.1). As it is easy to become disoriented during 
fiberoptic bronchoscopy, the operator should take care to visualize the anterior cartilaginous 
rings of the trachea at the top of the screen and the longitudinal smooth muscle at the bottom 
of the screen. Doing so will aid in orientation and allow for easier identification of the left 
and right mainstem bronchus. If the operator gets disoriented, the scope can always be with-
drawn to the carinal view for reorientation.

Once the carinal view has been successfully identified, the fiberoptic scope can be ad-
vanced into the right or left mainstem bronchus. The right mainstem bronchus is usually 
wider than the left mainstem bronchus, and it branches off from the trachea at a less acute 
angle (i.e., is more in line with the trachea) than the left side. Because of this, airway tools 
used for lung isolation will typically pass into the right mainstem over the left mainstem if 
advanced blindly. Additional verification of the right mainstem bronchus can be made by 
noting the takeoff for the right upper lobe that occurs just past the carina which is commonly 
identified by its “Mercedes sign” appearance (see Figure 6.2). If placing airway equipment 
in the right mainstem bronchus, care should be taken to note the position of the right upper 
lobe take-​off as it can be easily occluded. A view of the left mainstem bronchus should also be 
obtained during bronchoscopy to verify position (see Figure 6.3).

 

 



Table 6.1  Lung Isolation Indications

Absolute Indication Strongly Consider May Consider

Lung protection (infection, 
hemorrhage)

Upper lobectomy Esophageal surgery

Unilateral lung lavage Pneumonectomy Thoracoscopy

Video-​assisted thoracoscopic 
surgery

Thoracic artery aneurysm Middle lobe lobectomy

Ventilation control (cyst, 
fistula, bullae, trauma)

Lower lobe lobectomy

Source: Purohit, Atul et al. Lung isolation, one-​lung ventilation and hypoxaemia during lung  
isolation. Ind J Anaesth. 2015;59(9):606–​617.

Figure 6.1  Carinal view. Identify: (1) tracheal rings, (2) posterior trachea smooth muscle, (3) left 
and right main stem bronchi, (4) right upper lobe take-​off and continuing right bronchus, 
(Mercedes sign of right upper lobe), and (5) left bronchus view.



Figure 6.2  A-​Arndt™.
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Figure 6.3  Rush E-​Z bronchial blocker.
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Bronchial Blocker

The first method for obtaining lung isolation is by using a bronchial blocker. In essence, a 
bronchial blocker is an inflatable balloon on the end of a catheter that is placed into the prox-
imal bronchus to occlude it to achieve lung isolation. Bronchial blockers can be intraluminal 
(inside the endotracheal tube), extraluminal, or intramural (incorporated into the wall of the 
endotracheal tube). The most commonly used types of bronchial blockers are the Arndt, the 
Cohen, and the Univent.

Insertion of Bronchial Blocker

After induction of general anesthesia, the trachea is intubated with a single-​lumen endo-
tracheal tube. Once the presence of bilateral breath sounds is confirmed, the blocker can be 
placed. The distal tip of the bronchial blocker has a wire loop that can be coupled with the 
distal tip of the fiberoptic scope. Once they are linked, advance the pair down the endotra-
cheal tube until the carina is visualized. Further, direct the fiberoptic scope into the bron-
chus of choice to block. After the blocker has been directed into the proximal bronchus, the 
fiberoptic scope can be withdrawn and the bronchial blocker balloon is inflated. Appropriate 
placement of the bronchial blocker is achieved when the proximal edge of the balloon is 
resting on the most proximal portion of the bronchus. The Y-​shaped terminal end of the E-​
Z blocker provides two distal balloons, one for each main bronchus. The blocker will stride 
over carina and each balloon is inflated as needed to isolate the desired lung. Fiberoptic could 
be used through the provided adapter to confirm precise placement.

Advantages of Using Bronchial Blockers

The use of a bronchial blocker allows for reliable lung isolation using a single-​lumen endo-
tracheal tube.1,2 This is advantageous for patients with difficult airways in which there may be 
considerable difficulty placing a larger and more rigid double-​lumen tube.

Patients that have a bronchial blocker and require postoperative mechanical ventilation 
can simply have their bronchial blockers removed and continue ventilation through their 
single-​lumen tube. Patients with a double-​lumen tube may require an endotracheal tube ex-
change to a single-​lumen tube at the end of the procedure to continue with mechanical ven-
tilation postoperatively.

Bronchial blockers can also be placed in pediatric patients since they come in sizes as small 
as 5 Fr whereas double-​lumen tubes are often too large for this patient population.

They can be used in patients with known difficult airway who are already intubated and 
patients with tracheostomy in place where double-​lumen tubes cannot be used.
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Cautions Regarding Bronchial Blocker Placement

The positioning of the blocker should be frequently checked during the procedure, especially 
after positional changes of the patient. It is not uncommon for the blocker to be inadvertently 
advanced, which may result in undesired ventilation of the isolated lung, or withdrawn to the 
point where it is blocking the trachea occluding ventilation to both lungs.

The bronchial blocker has a high volume, low pressure cuff similar to those found in endo-
tracheal tubes. Theoretically, this should reduce the chance of bronchial injury; however, this 
can still occur, especially with an inappropriately sized or overinflated blocker.

Placement of a bronchial blocker can be very challenging in some patients with distorted 
airways or airway compression. A back-​up plan should be made in the event of the inability 
to place the bronchial blocker.

Intentional Mainstem

Intentional mainstem is a method of using a single-​lumen endotracheal tube to achieve lung 
isolation without using a bronchial blocker. Instead of inserting a bronchial blocker through 
a single-​lumen endotracheal tube, the cuff establishes a seal in the ventilated lung’s bronchus, 
preventing gas flow (ventilation) of the contralateral lung. Intentional mainstem, also called 
endobronchial intubation, has limited utility in the adult population and is often an inferior 
form of lung isolation for several reasons as outlined in the following discussion.

Procedure for Intentional Mainstem

To perform an intentional mainstem, general anesthesia is induced; then, the trachea is intu-
bated with a single-​lumen tube. Once initial position has been verified, the fiberoptic scope is 
inserted and directed into the mainstem bronchus of the ventilated lung. After the fiberoptic 
scope has been positioned, the endotracheal tube can be advanced further over it, the cuff 
inflated, and breath sounds auscultated to ensure there is no ventilation of the contralateral 
lung. Alternatively, the endotracheal tube could be advanced without fiberoptic guidance 
until unilateral breath sounds occur, but this may not result in isolation of the desired lung.

Advantages of Performing Intentional Mainstem

Performing intentional mainstem provides lung protection in emergency situations (e.g., he-
moptysis while patient is already tracheally intubated). Intentional mainstem can be per-
formed for pediatric patients for whom a bronchial blocker or double-​lumen tube is too large.
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Disadvantages of Intentional Mainstem Technique

It is much more difficult to switch between lung isolation and two-​lung ventilation with an 
intentional mainstem as it involves deflating the endotracheal tube cuff, repositioning the 
entire tube, and then reinflating the cuff. If there will be multiple changes to type of lung ven-
tilation (one-​lung vs. two-​lung), this can be cumbersome.

There is no ability to suction or provide continuous positive airway pressure (CPAP) to the 
nonventilated lung, as there is no access to it. The endotracheal tube cuff is not designed to 
sit in the bronchus and can either occlude the right upper lobe or not appropriately seal the 
bronchus, resulting in a lower quality lung isolation when compared with other lung isola-
tion techniques.

Double-​Lumen Tubes

The third and most definitive technique for lung isolation is the insertion of a double-​lumen 
tube (Figure 6.4). A double-​lumen has two distinct lumens that allow for ventilation of either 
lung individually or normal two-​lung ventilation. Compared to single-​lumen endotracheal 

Figure 6.4  Double lumen tube: left endobronchial double lumen tube.
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tubes, double-​lumen tubes are larger in diameter, longer in length, and less flexible. The 
two lumens of the double-​lumen tube are the bronchial lumen and the tracheal lumen. 
Double-​lumen tubes come in varying lengths for different sized patients and both left and 
right orientations depending on which bronchus allow intubation by the bronchial lumen. 
Double-​lumen tubes come in the following sizes: 28F, 35F, 37F, 39F, and 41F. Various meth-
ods exist for choosing double-​lumen tube size but definitive sizing often depends on clinical 
judgment and fiberoptic confirmation.3,4

Placement of Double Lumen Tube

After induction of general anesthesia, direct laryngoscopy with a curved blade (preferred) is 
performed to obtain a view of the glottis. The double-​lumen tube should then be held with 
the bronchial tip pointed anteriorly. Once the tip of the bronchial lumen has been advanced 
past the vocal cords, the entire double-​lumen tube can be rotated 90° to the desired bron-
chial side. The fiberoptic scope is inserted into the tracheal lumen until a view of the carina is 
obtained (Figure 6.5). After verifying pulmonary landmarks, the blue bronchial cuff should 
be visualized and guided into the appropriate bronchus for lung isolation. Similar to place-
ment of a bronchial blocker, the proximal edge of the cuff should be slightly extending out 
of the mainstem bronchus. To achieve lung isolation with a double-​lumen tube, a clamp is 
placed across either lumen to occlude flow to the nonventilated/​operative lung. Release of 
the clamp will allow return of two-​lung ventilation and placement of the clamp on the other 
lumen will allow for lung isolation of the contralateral lung.

Figure 6.5  Bronchoscopic view of left double lumen tube.
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Advantages of Using Double-​Lumen Tubes

Double-​lumen tubes provide superior lung isolation as compared to bronchial blockers 
or an intentional mainstem and also allow for easy transition between one-​ and two-​lung 
ventilation.1,2

Placement of a double-​lumen tube allows the provider to visualize both lungs with the 
fiberoptic scope during the procedure whereas the use of a bronchial blocker or intentionally 
main stemmed tube only allows fiberoptic visualization of the ventilated lung.

Use of CPAP improves oxygenation and/​or allows quick deflation of nonventilated lung.

Cautions Regarding Double-​Lumen Tubes

If difficulty is encountered during advancing a double-​lumen tube through the vocal cords, 
an intubating or airway exchange catheter could be used to facilitate placement.

If there is difficulty placing a double-​lumen endotracheal tube into the correct bronchus, 
the fiberoptic scope is used to guide placement the bronchial lumen into position.

If postoperative mechanical ventilation is required, the provider may have to exchange the 
double-​lumen tube for a single-​lumen tube as there is limited familiarity with double-​lumen 
tube management in certain critical care settings.

Once lung isolation has been achieved with clamp placement, it is necessary to open a 
distal port of the nonventilated lung to allow it to deflate.

Management of Hypoxia During One-​Lung Ventilation

During one-​lung ventilation, hypoxia is not an uncommon occurrence. To correct hypoxia, 
the following steps should be taken.1,2

	•	 Increase FiO2 to 100%.
	•	 Verify placement of the endotracheal device with a fiberoptic scope. When providing lung 

isolation, a fiberoptic scope should always be immediately available as frequent position 
checks are often required.

	•	 Suction the endotracheal device to ensure there are no mucous plugs, secretions, edema, 
or blood obstructing the lumen.

	•	 Provide CPAP to the nonventilated lung.
	•	 Add positive end expiratory pressure to the ventilated lung.
	•	 Return to two-​lung ventilation if hypoxia continues or worsens quickly.
	•	 Consider alternative causes for hypoxia that are not immediately related to one-​lung 

ventilation.

Summary

There are multiple indications for one lung ventilation that require one of the three previ-
ously discussed techniques. Double-​lumen endotracheal tubes are commonly used for lung 
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isolation and are relatively easier to place and allow easy ventilation to one or both lungs 
compared to other lung isolation techniques. Bronchial blocker may be a better option for 
patients with difficult airways, patients who require postoperative mechanical ventilation, 
and patients for whom a double-​lumen placement is not possible. Finally, endobronchial 
placement of a standard endotracheal tube may also be used for lung isolation in the pedi-
atric population or in patients who are not a candidate for double-​lumen tubes or bronchial 
blockers.
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Introduction

Lung isolation techniques are used extensively in modern operating rooms and intensive care 
units (ICUs). They can be employed in the operating room for several surgical procedures 
involving the lungs or the mediastinum, out of the operating room for procedures performed 
by interventional pulmonologists, and in critical care units where a patient’s medical or sur-
gical conditions require selective lung isolation or ventilation. A thorough understanding of 
the anatomy and physiology of human airway and pulmonary function is essential for safe 
and successful execution of these procedures and techniques. A meticulous preparation of 
the patient and equipment is a must. Appropriate invasive and noninvasive monitoring of the 
patient during these isolation techniques and procedures are mandatory. In this chapter, we 
discuss the basic anatomy we need to know before undertaking these procedures followed 
by describing the individual equipment and technique being used under current practice. 
We will then discuss the basic principles and practice of ventilation strategies and techniques

Adult Lung Isolation and Devices

Basic Airway Anatomy

Adult trachea is a tube-​like structure composed of multiple C-​shaped incomplete cartilag-
inous rings with the incomplete segment of the C placed posteriorly (Figures 7.1 and 7.2). 
The trachea bifurcates distally into the right and left main bronchi at the level of the carina, 
which connect to the right and left lung. It is important to note that in adults the right and 
the left main bronchi are not identical. The right bronchus is wider in diameter, shorter in 
length, and more vertical. It also ends in three lobar bronchi for the three lobes of the right 
lung, with the right upper lobar bronchus branching off within 2 to 3 cm of the carina. The 
left main bronchus is narrower, longer, and more horizontally oriented. It also ends into two 
lobar bronchi for the two lobes of the left lung. Most modern lung isolation techniques utilize 
this difference in anatomy to place a double-​lumen tube (DLT) in the left bronchus to avoid 
inadvertent occlusion of the right upper lobe bronchus.

 

 

 

 



82  Thoracic Anesthesia Procedures

General Preparation

Equipment
Choosing the correct equipment for the correct patient and procedure and ensuring its satis-
factory working condition is essential for safe performance of these techniques. It is recom-
mended to keep basic airway management equipment readily available at all times including 
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Figure 7.1  Basic adult airway anatomy. 
Reproduced with permission from: Herth F. Clinical presentation, diagnostic evaluation, and management 
of central airway obstruction in adults. In: UpToDate, Post TW (Ed), UpToDate, Waltham, MA. (Accessed on 
12/07/2020) Copyright © 2020 UpToDate, Inc. For more information visit www.uptodate.com.
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an AMBU bag with mask, laryngoscope, appropriate endotracheal tubes, fiberoptic broncho-
scope, mechanical ventilation capability with ability to give 100% oxygen, etc. An alternative 
plan for lung isolation if the first isolation technique fails is always encouraged.

Monitoring
Standard American Society of Anesthesiologists (ASA) monitoring with special emphasis 
on pulse oximetry and end tidal carbon dioxide tracing is essential for these procedures. 
Invasive arterial blood pressure monitoring is also highly encouraged, since most of the pro-
cedures are at increased risk for hemodynamic instability and may need frequent arterial 
blood gas analysis.

Adult Lung Isolation Devices

Double-​Lumen Tube
These are specially designed endotracheal tubes with two parallel and noncommunicating 
airway channels (Figure 7.3). Proximally, each channel has its own separate connector for the 
ventilator. Distally, each airway channel has its own cuff with one channel shorter than the other.

Regular DLT. The various sizes available for adults are 35 Fr, 37 Fr, 39 Fr, and 41 Fr. For 
successful placement the following equipment is needed apart from standard preparation as 
previously mentioned:

	•	 Direct Laryngoscope
	•	 Fiberoptic bronchoscope
	•	 Tube clamp

Left-​sided DLT is almost exclusively used, irrespective of side of surgery or lung isolation. 
This is because of the close proximity of the right upper lobe bronchus to carina. Therefore, 
a right-​sided DLT can cause its occlusion and can result in right upper lobe hypoventilation. 

Figure 7.2  Fiberoptic view of the carina and the right and left mainstem bronchi.
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Under direct laryngoscopy, the bronchial tip of the DLT is passed beyond the vocal cords. The 
tube is then rotated 90° to the left of the patient and advanced aiming to direct the bronchial 
tip toward the left main bronchus. After reaching the recommended depth, the fiberoptic 
bronchoscope is passed through the tracheal lumen of the DLT to visualize the bronchial part 
of the DLT going into the left main bronchus. This is aided by visualizing the unobstructed 
view of the right main bronchus (identified by the right upper lobe bronchus with 2–​3 cm of 
the carina) and the colored cuff of the left bronchial tube going into the left main bronchus. 
The fiberoptic scope is then passed through the bronchial lumen to verify the correct place-
ment into the left main bronchus. The bifurcation of the left upper and lower lobe bronchi 
should be clearly visible and tube tip a few centimeters away from it.

Advantages of double lumen tube include one-​tube design (left-​sided DLT) that can be 
used for surgeries or isolation on either lung, ease of placement, and very few moving parts.

Disadvantages are tube rigidity, size, and length limitations. It is only suitable for older 
children and adults and is not suitable for younger pediatric patients.

(A)

(B)

Figure 7.3  Left sided double lumen tube (DLT). (A) shows fiberoptic scope placed via the 
tracheal lumen of DLT. (B) shows close-up of DLT tip with inflated proximal cuff (white) and distal 
bronchial cuff (blue). The tip of fiberoptic scope is seen just beyond the tracheal opening of DLT.
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Complications that can occur include damage to teeth and other airway structures due to 
rigidity.

Video double-​lumen tube: VivaSight-​DL® (Figure 7.4).   These are variations of standard 
left-​sided DLTs with in-​built video camera at the tip of the tracheal tube lumen. Also present 
is an extra channel to flush saline to clean the camera lens of secretions. The sizes are 35 Fr, 37 
Fr, 39 Fr, and 41 Fr.

There is no need for a separate fiberoptic bronchoscope but direct laryngoscopy equip-
ment and a long tube clamp are necessary.

Placement of VivaSight DL involves the following steps:

	•	 The video DLT is checked and its video cable attached with the video monitor.
	•	 The glottis is visualized in usual fashion with a direct laryngoscope.
	•	 The video DLT is then passed beyond the glottis under vision.
	•	 The video DLT is then advanced under live video monitoring and the bronchial tube 

passed into the left main bronchus.
	•	 The cuffs are inflated, the correct placement of the left bronchial cuff confirmed under 

video monitoring.

Advantages are that the tube placement can be confirmed live during the intubation pro-
cess under video monitoring and there is no need for a separate fiberoptic bronchoscope.

Disadvantages are similar to the standard DLT: they are only available in sizes suitable for 
older children and adults.

Possible complications are higher chances of airway trauma due to stiffness and bigger size 
compared to a standard single lumen endotracheal tube.

Figure 7.4  Video double lumen tube VivaSightDL.
Image reproduced with permission from Ambu inc.
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Bronchial Blockers

Uniblocker 
The Uniblocker (Figure 7.5) is a device that is capable of blocking either right or the left 
bronchus when placed through an already present standard single-​lumen endotracheal tube 
under fiberoptic bronchoscopic visualization. The device has a flexible bronchial shaft and 
comes with a multiport connector that connects to the endotracheal tube and anesthesia 
circuit; the connector has two ports, one for fiberoptic bronchoscope and the other for the 

(A) (B)

(C) (D)

Figure 7.5  Uniblocker; Multiport connector of Uniblocker with the bronchial blocker in place 
(A); Uniblocker Assembly (B); Uniblocker with fiberoptic scope and bronchial blocker in place 
via the endotracheal tube (C); and Multiport connector of  Uniblocker with the bronchial blocker 
and fiberoptic bronchoscope (black) in place (D). 
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bronchial blocker. A single-​port swivel connector for the endobronchial tube can also be 
used for this device. Two sizes are available: 5 F and 7 F.

Uniblocker comes with two stylets. The distal stylet is meant to maintain a slight bend to 
the tip of the blocker and should be removed prior to use. The Swivel assemble should be 
checked for integrity. Bronchial cuff should be inflated with 3 mL air for 5 Fr blocker (8 mL 
air for 9 Fr) and then deflated to ensure proper functioning of the cuff. Lubricant should be 
applied to the bronchial cuff to ensure smooth insertion.

Technique of Placement

Connect the endotracheal tube port of the multiport connector to the endotracheal tube and 
anesthesia circuit to the ventilation port. Insert the bronchial blocker into the endotracheal 
tube via the side port of the multiport connector without applying excessive force. Insert 
the fiberoptic bronchoscope after the bronchial blocker through the bronchoscope port of 
the multiport connector and advance both under direct vision. Once the tip of the blocker 
is seen exiting the endotracheal tube, twist the blocker, and advance the tip into the desired 
bronchus inserting just past the carina. Inflate the bronchial cuff and visualize the cuff in 
the desired bronchus. Once the position is confirmed, remove the proximal stylet from the 
bronchial blocker and lock the blocker in place by twisting the locking cap clockwise. Once 
the lung collapse is visualized, close the proximal end of the blocker by placing the locking 
cap into the luer lock. If any adjustments to the position of the blocker is required and during 
removal, the bronchial cuff must be deflated first and the locking cap released by turning it 
anti-​clockwise. Bronchoscope port can be used to insert a suction catheter if required.

Advantages of using a uniblocker is that it is inserted through a standard endotracheal 
tube, which is easier to insert due to smaller external diameters compared to a DLT. There is 
no need to exchange tubes if postoperative ventilation is required. Uniblocker is only avail-
able in two sizes, and successful lung isolation may not be possible in all patients. There is 
no ability to do endobronchial suctioning or to apply continuous positive airway pressure 
(CPAP) to the isolated lung.

It is possible to cause damage to the bronchial wall with this device if excessive volumes are 
used to inflate the bronchial cuff.

Arndt Endobronchial Blocker

The Arndt endobronchial blocker (Figure 7.6) uses an adjustable guide loop assembly that 
connects to a fiberoptic bronchoscope and allows it to be inserted through a single lumen 
endotracheal tube under direct visualization. It can used to isolate either right of left lung. It 
is available in 9 Fr, 7 Fr, and 5 Fr sizes. The smallest endotracheal tube sizes for use with this 
blocker are 7.5 mm for 9 Fr, 6.0 mm for 7 Fr, and 4.5 mm for 5 Fr.

Technique of Insertion 

Bronchial balloon cuff should be inflated and deflated prior to use to ensure proper func-
tioning. Appropriate blocker size should be selected based on patient size and size of the 
endotracheal tube.

Attach the Arndt multiport adaptor that is supplied with the blocker to the endotracheal 
tube and connect the anesthesia circuit to the ventilator port. Lubricate both the bronchial 
blocker cuff and the fiberoptic bronchoscope to ensure smooth passage through the en-
dotracheal tube. Insert the bronchoscope through the bronchoscopy port and the blocker 
through the blocker port on the multiport adaptor connector and advance the blocker into 
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the endotracheal tube until the blocker guide loop is seen exiting the adaptor. Advance the 
bronchoscope through the guide loop and adjust the loop diameter by pulling back on the 
snare to attach the blocker to the scope. Advance the bronchoscope into either the right or left 
mainstem bronchus. Once the blocker is seen entering mainstem bronchus, loosen the guide 
loop to disengage the blocker from the bronchoscope and advance the blocker further while 
keeping the bronchoscope in place. One the desired placement is achieved, inflate the bron-
chial cuff; it should be visible in the desired bronchus and not herniate into the mainstem 
trachea. One the blocker is in place, tighten the blocker port on the multiport adapter and 

(A) (B)

(C)

Figure 7.6  Arendt endobronchial blocker assembly with fiberoptic bronchoscope (A); Arendt 
endobronchial blocker (yellow) and fiberoptic bronchoscope (black) in final position through the 
multiport connector via the endotracheal tube (B); and magnified distal end of endotracheal tube 
with Arendt endobronchial blocker (yellow) and fiberoptic bronchoscope (black) in place (C).
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remove the guide loop assembly from the blocker under direct bronchoscopic visualization 
and ensure that blocker remains in the desired position. When one-​lung ventilation (OLV) is 
no longer required, deflate the bronchial cuff completely prior to the removal of the bronchial 
blocker.

Similar to the Uniblocker, Arndt blocker is inserted through a standard endotracheal tube; 
it is not suitable for use in infants as the minimum recommended endotracheal tube size for 
the 5 Fr blocker is 4.5 mm.

Excessive bronchial cuff pressure or manipulation while cuff is still inflated can cause 
bronchial or tracheal mucosal injury.

Rusch EZ-​Blocker
The Rusch EZ-​Blocker (Figure 7.7) is an endobronchial block with two distal extensions, 
both with a cuff and a lumen. Both the extension and their cuff inflation systems are colored 
differently to help in identification. The device is inserted through a standard endotracheal 
tube under fiberoptic guidance and can be used to isolate either right or left lung. It is only 
available in 7 Fr size.

Technique of Placement

Inflate and deflate both cuffs prior to use with 15 cc max of air to ensure proper functioning 
of the cuffs and inflation systems. Remove the outer protection tube from the blocker prior to 
use. Lubricate distal part of the blocker and fiberoptic bronchoscope prior to insertion.

Attach the supplied EZ-​Multiport adaptor to the endotracheal tube and attach anesthesia 
circuit to the ventilator port of adaptor. Introduce the EZ-​Blocker through the blocker port and 
fiberoptic bronchoscope through the bronchoscope port of the multiport adaptor and advance 
into the endotracheal tube. Advance the EZ-​Blocker under direct vision until each extension 
enters one of the two mainstem bronchi. Inflate the desired bronchial cuff to isolate the lung, do 
not use more than 15 cc of air to inflate the cuff. Recheck the position of the cuff and the block 
after repositioning the patient. Once the position of the cuff is confirmed fix the blocker in place 
by tightening the cap on the shaft of the blocker to the multiport adaptor. Deflate the cuff and 
loosen the cap from the adaptor prior to removal or if blocker needs to be repositioned.

Similar to other bronchial blockers, EZ-​Blocker is designed to be inserted through a 
standard endobronchial tube. With EZ-​Blocker, there is no need to direct the blocker into the 
desired lung due to the presence of two extensions, either one of which can be used to isolate 
the desired lung. Minimum recommended endotracheal tube size is 7.0 mm for EZ-​Blocker; 
thus, this device is not suitable for use in the pediatric population.

Minimum possible air volume should be used for cuff inflation; cuff should be deflated 
prior to removal or repositioning to avoid injury to bronchial or tracheal mucosa.

Endobronchial Intubation with Single-​lumen Endotracheal Tubes 
This technique can be used for any age but is primarily reserved for young children. 
Endobronchial intubation with a single-​lumen endotracheal tube is the preferred method 
of lung isolation for the first 6 months of age and is acceptable for ages up to 18 months. It is 
easier to advance a single-​lumen tube into the right bronchus due to less acute angle; fiberop-
tic bronchoscope can be used to aid and confirm placement.

This technique is simple and does not require use of specialized tubes or blockers but is 
limited by the potential occlusion of right upper lobe bronchus and inability to apply CPAP 
or suction to the operative lung.

 

 



(A) (B)

(C)

Figure 7.7  Rusch EZ Blocker (A); Rusch EZ Blocker assembly with fiberoptic bronchoscope (B); 
Rusch EZ Blocker with fiberoptic bronchoscope in final position through the multiport connector 
via the endotracheal tube; both EZ Blocker cuffs inflated with air (C).  
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Pediatric Lung Isolation and Devices

Basic Airway Anatomy

Due to the smaller size of the pediatric airway, use of standard lung isolation techniques like 
DLTs may not be possible in infants and young children. Also, size of the fiberoptic broncho-
scope and double-​ and single-​lumen tube must be considered. Average neonatal anterior-​
posterior diameter of the trachea is 4.3 mm, which increases from 14 to 19 mm in adults.

Preparation

Available imaging such as computed tomography, X-​rays, and ultrasound should be reviewed 
to help guide the appropriate size of fiberoptic bronchoscope and single-​lumen tube, DLT, or 
blockers.

Pediatric Lung Isolation Devices

Endobronchial Intubation With Single-​Lumen Endotracheal Tubes
This the preferred method in less than 6 months of age. After placing a standard endotra-
cheal tube, it is advanced under bronchoscopic guidance into the mainstem bronchus. Tube 
is mostly likely to enter the right mainstem as it comes out at a less acute angle from carina. 
This technique is limited due to potential of right upper lobe bronchus occlusion and ina-
bility to provide operative lung CPAP or suction.

Bronchial Blockers
Uniblocker.  Fuji system Uniblocker is available in 5 Fr pediatric size; there is no central 
lumen for suction or CPAP.

Arndt endobronchial blocker.  Available in 5 Fr pediatric size. It has a guiding loop that 
attaches to fiberoptic bronchoscopy, which can then be used to guide placement. The inner 
wire can then be removed after placement and channel used for suction or CPAP if required.

Fogarty vascular balloon catheter.  Fogarty embolectomy catheter comes in the smallest 
sizes of 2 and 3 Fr and can be guided under bronchoscope into the desired lung. It has a high 
pressure balloon and should be inflated with the minimum amount of air required. There is 
no central channel.

Double-​Lumen Tubes
The smallest size DLT available is 26 Fr and can be used in children over 8 years of age, more 
than 30 kg in weight, and 130 cm in height. As in adults, the left-​sided tube is typically used, 
and fiberoptic bronchoscope used to confirm placement. Advantages of a DLT are ability to 
provide operative lung CPAP, suction, and ability to quickly switch between one-​ and two-​
lung ventilation.
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Lung Isolation Ventilatory Techniques

Introduction

The need for lung isolation has increased with more frequent use of video-​assisted thora-
coscopic surgeries and other complex intrathoracic surgeries and procedures in the oper-
ating rooms. This technique is also utilized in the ICUs for ventilatory management. The goal 
of OLV is to isolate and collapse the operative lung to provide optimal surgical exposure. 
In the ICU, it may be utilized to separate one lung from the other and thus prevent cross-​
contamination of infectious material or blood into the pulmonary system. It may also be 
used to differentially ventilate the two lungs separately to encourage healing of specific lung 
conditions like bronchopleural fistula. Postoperative acute lung injury is the leading cause of 
morbidity following lung resection, and current research recommends a protective ventila-
tion strategy during the management of OLV.

Physiology of One-​Lung Ventilation

In the lateral decubitus position, used during most thoracic procedures, the dependent lung 
is better perfused due to gravity whereas ventilation preferentially goes to the nondependent 
lung, due to decreased compliance of the dependent lung. Commencement of OLV leads to 
ventilation to only the dependent lung, and any perfusion to the nondependent lung becomes 
part of the large right-​to-​left intrapulmonary shunt (20%–​30%). This shunt gets progressively 
worse with induction of general anesthesia, muscle relaxation, positive mechanical ventila-
tion, and thoracotomy with an open nondependent chest wall. Decrease in perfusion to the 
nonventilated nondependent lung due to hypoxic pulmonary vasoconstriction, surgical ma-
nipulation and gravity helps to reduce this shunt. Hypoxic pulmonary vasoconstriction can 
reduce flow to the nondependent lung by up to 40%. This shunt is primarily responsible for 
hypoxemia observed during OLV.

Indications

In the operating room, surgeries and procedures that require lung isolation and collapse for 
surgical access such as lung surgeries including (i) transplantation, (ii) thoracic aorta repair, 
(iii) esophageal surgeries, (iv) anterior approach to thoracic spine surgeries, and (v) bron-
choalveolar lavage procedures. In the ICU, a patient’s clinical condition may necessitate the 
differential ventilation of the two lungs and isolation from each other in conditions like infec-
tion, bleeding, bronchopleural fistula and lung trauma.

Ventilatory Techniques

The goal of current recommendations for ventilatory management of OLV is prevention 
of both hypoxemia and lung injury. Recommended strategies include low tidal volumes in 
the range of 6 to 8 mL/​kg ideal body weight, routine application of positive end expiratory 
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pressure of 5 mmHg or more to the ventilated lung, intermittent recruitment maneuvers, 
permissive hypercapnia, FiO2 of less than 1 whenever possible, insufflation of oxygen to the 
nondependent lung, and application of CPAP to the nonventilated lung in certain situations.

High tidal volume and high peak and plateau pressures can lead to volutrauma and baro-
trauma to the ventilated lung, contributing to postoperative acute lung injury. Peak pressures 
should be kept below 30 mmHg. Application of positive end expiratory pressure to the venti-
lated lung and CPAP to the nonventilated lung helps with oxygenation intraoperatively and 
has also been shown to provide lung protection. Application of CPAP to the nonventilated 
lung may interfere with optimal surgical exposure and may not be feasible when complete 
collapse of the nondependent lung is desired, as in video-​assisted thoracoscopic surgeries. 
Intermittent application of recruitment maneuvers prior to the commencement of OLV and 
as needed during the maintenance of OLV helps improve oxygenation by opening of atelec-
tatic alveoli. Permissive hypercapnia in the range of PCO2 of 50 to 70 mmHg can be helpful 
in preventing postoperative acute lung injury essentially by avoiding hyperventilation. High 
FiO2 promotes atelectasis and can cause atelectrauma due to repeated opening and closing 
of alveoli. Lowest FiO2 possible to maintain oxygen saturation in the range of 92% to 96% 
should be used.
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Patient Positioning and Surgical 
Considerations
Phi Ho, Yi Deng, and Melissa Nikolaidis

Introduction

Proper positioning requires anesthesiologists, nurses, and surgeons to ensure well-​being and 
safety of the patient while providing appropriate surgical exposure. Patient positioning in 
thoracic procedures is most commonly in the lateral decubitus position. Other positions in-
clude flexed lateral decubitus (kidney), supine, and lateral semiprone. Enhancing surgical 
access and mitigating risks for neurological injuries make positioning important in thoracic 
anesthesia.

Initial Positioning

Although the majority of thoracic cases have the patients in the lateral position, most tho-
racic cases start with the patient in the supine position. Starting in a lateral position would be 
inconvenient when placing monitors on the patient or inserting new intravenous lines and 
arterial lines, and it can be technically difficult to intubate in that position. Once the patient 
is properly monitored and intubated in the supine position, the position change will begin. 
With the help of the operating room personnel, the patient is carefully rotated 90 degrees 
with the diseased lung placed in the nondependent position. It is a shared responsibility to 
ensure that the patient does not get injured during the process.

When in lateral decubitus position, the patient should have a proper alignment of the head, 
endobronchial tube, and thoracolumbar spine. Additionally, adequate stabilization and sup-
port of extremities with padding are tools to minimize circulatory, integumentary, and mus-
culoskeletal injury. When changing the position of the patient, the anesthesiologist should 
perform a thorough head-​to-​toe survey of the patient, checking monitors, hemodynamics, 
lines, oxygenation, and potential nerve injuries (Box 8.1).1 Hemodynamics are predictably 
lower in an anesthetized patient due to decreased vascular tone and should be treated ap-
propriately. Ventilation/​perfusion mismatch will be more profound, so careful monitoring 
of oxygenation is prudent. The majority of patients will experience a change in position of 
their double-​lumen tube (DLT) with the transition to lateral positioning. Most will experi-
ence an upward shift of the tube on average of 1 cm, but there is little room for a margin of 
error when it comes to DLT placement.2 Thus, it is standard practice to assess the location of 
DLTs through the use of fiberoptic bronchoscope in the tracheal lumen in both the supine 
and lateral positions.
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Lateral Decubitus Position

Thoracic surgeries most commonly have patients in the lateral position since it provides the 
most exposure to the diseased lung. Patients are placed on a vacuum mat or a foam mattress 
with additional support between the knees and arms. The head is placed on a foam pillow 
or gel ring, paying attention to the alignment of the cervical spine with the thoracic spine 
(see Figure 8.1). An excessive lateral flexion of the head can cause traction to the brachial 
plexus, which may result in a brachial plexus injury. Eyes should be covered with tape or a 
clear plastic eye cover with a self-​adhesive foam cushion. It should be visible at all times and 
avoidant of pressure from lines and pillows. The bottom ear should be free of pressure and 
placed in a donut head pad made of foam or gel material.

The extremities should be carefully positioned to avoid any nerve injury. The lower leg 
should be slightly flexed and upper leg straight to avoid stretching of the nerves. Padding is 
placed under the dependent knee and a pillow or other padding is placed in between the legs 
to avoid direct pressure on bony prominences. This will mitigate a common peroneal nerve 
injury, where the nerve is crushed between an external object and the head of the fibula. 
Excessive tight strapping of the hips can cause sciatic nerve injury of the nondependent leg.

A brachial plexus injury is the most common nerve injury in the lateral position and 
should be avoided.3 The dependent arm is placed out in front of the patient on a padded arm 
board. The nondependent arm is supported over folded pillows or suspended with a padded 
arm rest. Neither arm should be abducted by greater than 90 degrees to avoid brachial plexus 
injury.

Another mechanism of brachial plexus injury is direct compression of the nerves. It can 
occur where the lower arm or shoulder remains directly under the body’s weight in the lat-
eral position. To avoid injury, an axillary roll should be placed just caudad to the axilla, not in 
the axilla itself. The purpose of the axillary roll is to lift the weight of the chest wall and avoid 
compression of the axillary vasculature and nerves. It may be helpful to place an arterial line 
on the dependent arm to detect positioning compression of the axillary vasculatures.

Box 8.1  Routine Head-​to-​Toe Survey to Avoid Neurovascular Injury 
in the Lateral Position

1.  Dependent eye
2.  Dependent ear pinna
3.  Cervical spine in line with thoracic spine
4.  Dependent arm (brachial plexus, circulation)
5.  Nondependent arma (brachial plexus, circulation)
6.  Dependent and nondependent suprascapular nerves
7.  Nondependent leg sciatic nerve
8.  Dependent leg (circulation)

aNeurovascular injuries of the nondependent arm are more likely to occur if the arm is suspended or held 
in an independently positioned armrest.
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The brachial plexus is vulnerable to injury due to its lack of mobility, being fixed at the ver-
tebrae, prevertebral fascia, and axillary fascia. It is also in close proximity to bony structures, 
such as the clavicle, first rib, coracoid process, and the head of the humerus, all of which can 
cause direct compression of the nerves. The brachial plexus of the nondependent arm is at 
most risk if it is suspended from an independent arm support. Traction of the brachial plexus 
and the suprascapular nerve can occur if the patient’s trunk slips into a semiprone or prone 
position while maintaining a fixed nondependent arm. This arm should not be abducted or 
anteriorly flexed beyond 90 degrees, nor should it be posteriorly flexed beyond the neutral 
position.

Flexed Lateral Position

Most often, video-​assisted thoracoscopic surgery (VATS) procedures require the patient to 
be in a flexed lateral position, similar to patient positioning for a nephrectomy. After the pa-
tient has been placed in a lateral decubitus position, the patient will be aligned at the level of 
the xiphoid and the flex point of the specialized bed (see Figure 8.2). A little flexion of the bed 
will bring down the nondependent iliac crest so that it will not interfere with surgical access. 

Figure 8.1  Patient in lateral decubitus position. Note that the patient has both arms out and 
supported with an armrest and pillow. This allows for more surgical exposure. An axillary roll 
is placed just caudad to the axilla to prevent nerve injuries. The dependent leg is straight and 
nondependent leg is flexed with a pillow in between.
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The other benefit of flexion is expanding the thoracic interspaces for the VATS ports.4 Extra 
sheets under the patient’s head might be necessary to maintain a horizontal plane of the tho-
racic and cervical spine.

Hemodynamic changes in this position are not vastly different between a lateral decub-
itus position and supine position. However, with flexion, there is concern for decreased ve-
nous return and decreased cardiac index.5,6 This should be considered in elderly patients or 
patients with cardiac issues.

Semiprone Position

The semiprone position for VATS procedures has been gaining traction in recent years. 
This position allows for more operating space, facilitating surgery of the posterior medi-
astinum. Posteriors lung segments are more easily resected.7 The hemodynamic effects will 
be similar to being in a prone position. Hemodynamics are improved, with an increase in 
abdominal pressure leading to increased systemic vascular resistance and right ventricular 
preload. This position also decreases hypoxia and pulmonary vascular resistance and thus 

Figure 8.2  Patient in flexed-​lateral position. Image is a posterior view and position commonly 
used for video-​assisted thoracoscopic surgical procedures. There is an increase in thoracic 
interspaces for easier port placements. Forced air warmers are placed on the lower half of 
the body.
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a decrease in right ventricular afterload. Together, these effects will lead to an increase in 
cardiac output.8

The patient will lie on the nondependent side, and the nondependent thigh will be 
slightly flexed. The dependent thigh will be acutely flexed. The nondependent arm is behind 
the patient and the dependent arm is flexed at the elbow and arm abduction not exceeding 
90 degrees. There are slight variations to the semiprone position where the nondependent 
arm is placed in front of the patient with an axillary roll slightly caudad to the axilla (see 
Figure 8.3).

Supine Position

A supine position would be beneficial for several types of thoracic surgeries, such as medi-
astinal mass resection, lung transplantation, bilateral thoracoscopic procedures, or bilateral 
wedge resections. A standard supine position would have both arms abducted but not greater 
than 90 degrees to avoid a brachial plexus injury. Elbows are padded to minimize a risk for an 
ulnar nerve injury. Hands and forearms are either supinated or kept in a neutral position with 
palms facing the body to also reduce pressure on the ulnar nerve.

Figure 8.3  Patient in semiprone position. This position is used to access the posterior 
mediastinum. Patient’s head is turned to the side, with ipsilateral arm and leg flexed, supported 
on pillows. The dependent arm is kept straight and to the side and dependent leg is straight.
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Further Reading
Breyer CEW. Patient positioning and associated risks. In: Pardo M, Miller RD, eds. Basics of Anesthesia. 

7th ed. Philadelphia: Elsevier; 2018: 321–​336.
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Anesthetic Management Techniques 
in Thoracic Surgery
Henry Liu, Xiangdong Chen, Alan D. Kaye, and Richard D. Urman

Introduction: Historical Review

Normal human respiration relies upon an intact chest (intact chest walls and pleural cavities). If 
the chest is opened by mechanic force, pathological conditions, or surgery, ventilation and ox-
ygenation will be compromised. The exposed lung will collapse, and the mediastinum will shift 
toward the closed-​side lung. The patient will quickly become hypoxemic and tachypneic. This 
is the pneumothorax challenge that surgeons and anesthesiologists have to overcome for intra-
thoracic surgical procedures.1 In the early days of thoracic surgery, surgeons attempted placing 
the patient’s body inside an airtight negative pressure chamber or the patient’s head inside a 
positive pressure chamber, which worked for very limited surgical indications and with short 
duration.2 More complicated intrathoracic surgery had not been possible until endotracheal in-
tubation with cuffed tube became a standard airway management technique, and not until the 
concept of one-​lung ventilation (OLV) were developed and adopted.3 In the mid-​20th century, 
the double-​lumen double-​cuffed endotracheal tube was developed, which allowed significant 
progress in managing thoracic surgical patients.4 Currently anesthesiologists can use lung iso-
lation, selective OLV, more advanced invasive and noninvasive hemodynamic and respiratory 
monitoring, and multimodal postthoracotomy analgesia, so the thoracic surgeons can perform 
very complex thoracic procedures on the most debilitated patients. Yet thoracic anesthesiolo-
gists may still be challenged by some clinical scenarios, and there are evolving anesthetic tech-
niques such as a nonintubating technique for thoracic surgery while maintaining spontaneous 
breathing, administration of thoracic spinal anesthesia, and newer peripheral regional analgesic 
techniques that are being developed and refined.5–​7 Anesthesiologists will need to master the 
skills needed to deal with perioperative issues, keep themselves abreast with all these new prac-
tical techniques and new developments on the horizon.

Anesthetic Management Techniques for Thoracic 
Procedures in General Anesthesia

Lung Isolation

Absolute Indications
Lung isolation is indicated in patients who suffer from massive hemorrhage or severe lung 
infection on one side of the lungs. This isolation will offer protective effects to the opposite 
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side of the lungs. Some patients who have a bronchopleural cutaneous or bronchopleural fis-
tula will need lung isolation in order to avoid loss of tidal volume or a pneumothorax. Patient 
with giant cyst or bullae will need lung isolation to minimize the risk of cyst or bullae rupture. 
Patients with major bronchial disruption or trauma will obviously need to divert ventilation 
to the healthy side of the lungs. Lung isolation is also indicated for one-​sided pulmonary la-
vage for severe lung infection or contaminations.8 Indications for lung isolation are shown in 
Table 9.1.

Relative Indications
Relative indications for OLV to improve exposure and facilitate surgical procedures include 
thoracic aortic aneurysm, pneumonectomy, upper lobectomy, esophageal surgery, middle 
and lower lobectomy, and thoracoscopic procedures.8 Relative indications are listed in 
Table 9.1.

Table 9.1  Indications and Relative Contraindications for Lung Isolation

Purposes of Lung Isolation Medical Conditions

Absolute
Indications

	•	 Protective isolation
	•	 Control of ventilation 

distribution
	•	 Unilateral lung lavage

	•	 Massive hemorrhage
	•	 Abscess/​purulent secretions
	•	 Bronchopleural cutaneous fistula
	•	 Bronchopleural fistula
	•	 Giant cyst or bullae (risk of rupture 

with PPV)
	•	 Major bronchial disruption or trauma
	•	 Cystic fibrosis
	•	 Lung transplant

Strong relative 
indications

Improve surgical exposure 	•	 Thoracic aortic aneurysm
	•	 Pneumonectomy
	•	 Upper lobectomy
	•	 Lung volume reduction
	•	 Minimally invasive cardiac surgery
	•	 Video-​assisted thoracoscopy

Weak relative 
indications

	•	 Esophageal surgery
	•	 Middle and lower lobectomy
	•	 Mediastinal mass

Relative 
contraindications

	•	 Unable to tolerate OLV
	•	 Intraluminal bronchial mass
	•	 Hemodynamic instability
	•	 Severe hypoxemia
	•	 Severe COPD
	•	 Severe pulmonary hypertension.

Sources:  Ashok V, Francis J, A  practical approach to adult one-​lung ventilation, BJA Education, 
2018;18(3):  69e74, doi:10.1016/​j.bjae.2017.11.007, and Mehrotra M, Jain A, Single lung ventilation, 
StatPearls, https://​www.ncbi.nlm.nih.gov/​books/​NBK538314/​, published 2019.
Abbreviations: COPD, chronic obstructive pulmonary disease; OLV, one-​lung ventilation; PPV, positive 
pressure ventilation.
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Contraindications
Relative contraindications include patient being unable to tolerate OLV, intraluminal bronchial 
mass, hemodynamic instability, severe hypoxemia, severe chronic obstructive pulmonary di-
sease, and severe pulmonary hypertension.9 Relative contraindications are listed in Table 9.1.

The lung isolation techniques, including double-​lumen tube, bronchial blocker, mainstem 
bronchial intubation etc., will be discussed in other chapter(s) of this book.

Intraoperative Monitoring

All American Society of Anesthesiologists standard basic anesthetic monitoring should be 
used in thoracic surgical procedures.10 Several routine monitoring parameters are especially 
important in thoracic anesthesia, especially when OLV is applied (Table 9.2).

Ventilation Monitoring and Management
	•	 SpO2, ETCO2, and Vmin: These are the three very important parameters that show the 

patient’s ventilatory status. The ventilator setting for the specific patient can be adjusted 
based on these parameters. If SpO2 and Vmin are both low, tidal volume, and/​or ventila-
tion rate can be increased to increase Vmin, thus improving SpO2.

	•	 Arterial blood gas analysis: Arterial blood gas will provide very useful information of 
PaO2 and PaCO2.

	•	 Airway pressure.

Hemodynamic Monitoring
	•	 Arterial blood pressure
	•	 Cardiac output
	•	 Stroke volume variation
	•	 Heart rate

Table 9.2  Parameters Monitored during Thoracic Procedures

Parameters

Ventilation monitoring 	•	 SpO2
	•	 ETCO2
	•	 Vmin
	•	 Pairway

Hemodynamic monitoring 	•	 MAP
	•	 HR/​rhythm
	•	 CO/​SV

Volume status 	•	 CVP
	•	 SV/​SVV/​PPV
	•	 U/​O

Anesthetic depth •  BIS

Abbreviations: BIS, bispectral index; CO, cardiac output; HR, heart rate; MAP, mean arterial pressure; 
PPV, pulse pressure variation; SV, stroke volume; SVV, stroke volume variation; U/​O, urine output.
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Management of Intraoperative Hypoxemia

FiO2
If hypoxemia develops during thoracic procedure, increasing FiO2 is one of the maneuvers to 
treat hypoxemia. Sometimes adding some air will help improve hypoxemia by introducing 
nitrogen into alveoli to minimize absorption atelectasis (Table 9.3).

Positive End Expiratory Pressure
Increase in positive end expiratory pressure (PEEP) often can improve oxygenation by 
recruiting more alveoli into participation of oxygenation. However, PEEP can be a “double-​
sided sword”, because PEEP may increase shunt in the down-​side lung while recruiting more 
alveoli for oxygenation in the ventilated lung (Table 9.3).

I:E ratio
Oxygenation takes place during inspiration. Increase in the inspiratory-​to-​expiratory time 
(I:E) ratio will simply give more time for oxygenation (Table 9.3).

Goal-​Directed Fluid Management

Hypovolemia results in insufficient oxygen delivery and flow-​dependent organ dysfunction, 
whereas hypervolemia leads to pulmonary interstitial edema with impaired oxygen diffusion 

Table 9.3  Management of Hypoxemia during One-​Lung Ventilation

Increase FiO2 Increase FiO2 can often improve oxygenation, but 
100%FiO2 may lead to absorption atelectasis

PEEP PEEP is a double-​sided sword; it can recruit more alveoli 
to participate oxygenation in non-​operative side but it 
may also increase shunting from non-​operative side to 
operative side

Increase I/​E ratio Oxygenation occurs during inspiration, increase I:E Ratio 
will potentially help oxygenation

Suction of DLT If secretions, blood, mucus etc in airway or DLT, suction 
is very effective

DLT positioning If DLT shifts position, ventilation and/​or lung isolation 
will be affected

Operative side CPAP By applying low flow CPAP to operative often improves 
oxygenation, however it may affect surgical field 
exposure.

Intermittent two-​lung ventilation If previously described measures not improving 
oxygenation adequately, intermittent two-​lung ventilation 
is the last resort

CPAP, continuous positive airway pressure; DLT, double-​lumen tube; I:E ratio, inspiratory-​to-​expiratory 
time; PEEP, positive end-​expiratory pressure.
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and poor collagen regeneration. The cardiovascular measurements such as stroke volume, 
stroke volume variations, or pulse pressure variations, along with the application of algo-
rithms and other volume assessment strategies, were used to maximize cardiac output and 
oxygen delivery and minimize perioperative complications. These parameters can be meas-
ured noninvasively as well as invasively (see Table 9.4).11,12

Nonintubating Technique for Thoracic Surgical Procedures

Traditionally, all thoracic surgery patients are intubated with an endotracheal tube/​
double-​lumen tube after induction of general anesthesia. However, a nonintubating tech-
nique is gaining popularity in recent years. It can be used in general anesthesia with a 
supraglottic device such as a laryngeal mask airway. Regional anesthesia, such as thoracic 
epidural anesthesia and intravenous sedation techniques can also avoid endotracheal 
intubation.

Nonintubating Anesthetic Options for Thoracic Procedure
The main goal is achieving an overall improvement of patients’ management and out-
comes by avoiding the side-​effects related to endotracheal intubation and one-​lung venti-
lation (Figure 9.1). The benefits include reduced postoperative morbidity, faster discharge, 
decreased hospital costs and a globally reduced perturbation of the patient’s well-​being. 
Meta-​analysis of collected results suggested that nonintubating general anesthesia for tho-
racic procedures can reduce operative morbidity and hospital stay when compared to equi-
pollent procedures performed under general anesthesia.13

Table 9.4  Hemodynamic Parameters for Volume and Goal-​Directed Therapy

Monitoring Parameters Application in GDT

SV SV↓ due to hypovolemia, based on Sterling curve. HR↑ as 
compensatory response.

CO CO↓ in hypovolemia if no contractility and HR↑

EDLVV/​EDLVP EDLVV likely the best indicator of volume status. EDLVP is 
often used as parameter of LV volume status instead.

U/​O The oldest indicator of volume status, still useful

SVV The most commonly used parameter for Goal-​directed fluid 
therapy

PPV Also used in goal-​directed fluid therapy

Abbreviations:  CO, cardiac output; EDLVP, end-​diastolic left ventricular pressure; EDLVV,  
end-​diastolic left ventricular volume; HR, heart rate; PPV, pulse pressure variation; SV, stroke volume; 
SVV, stroke volume variation; U/​O, urine output.
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Indications of Sedation for Thoracic Procedures
See Table 9.5 for indications of sedation for thoracic procedures.

Intubating

Nonintubating

General anesthesia with endotracheal tube

Regional anesthesia

Sedation/monitored anesthesia care

General anesthesia with supraglottic device

Figure 9.1  Anesthetic options for thoracic surgery.

Table 9.5  Indications of Sedation for Thoracic Procedures

Type of surgery Specific procedures

Surgery on the pleural  
space

	•	 Drainage of pleural effusion
	•	 Pleurodesis under TEA, thoracic paravertebral and local 

anesthesia
	•	 Pleurostomy under TEA
	•	 Decortication under TEA or paravertebral block
	•	 Treatment of pneumothorax under TEA, including 

pleurectomy
	•	 Empyema drainage under epidural or paravertebral block (9);
	•	 Bleb resection

Surgery on the lung 	•	 Pneumonectomy under TEA
	•	 Lobectomy via thoracotomy and thoracoscopy under TEA
	•	 Bilobectomy under TEA
	•	 Wedge resection under TEA or LA
	•	 Thoracoscopic lobectomy and segmentectomy under TEA
	•	 Lung metastasis resection under TEA
	•	 Lung volume reduction surgery and bullectomy under TEA

Biopsies 	•	 Anterior mediastinal mass biopsy
	•	 Pleural/​ lung biopsy under TEA

Surgery in mediastinum 	•	 Pericardial window
	•	 Tracheal resection with cervical epidural C7 to T1 (with local 

anesthetic to blunt cough response)
	•	 Thymectomy under TEA

Source: Kiss G, Castillo M. Nonintubated anesthesia in thoracic surgery: general issues. Ann Transl Med. 
2015;3(8):110. doi:10.3978/​j.issn.2305-​5839.2015.04.21
Abbreviations: LA, local anesthesia; TEA, thoracic epidural analgesia.
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Postoperative Analgesia

Multimodal Analgesia
Postoperative analgesia is critical for a successful thoracic procedure, especially when 
enhanced recovery protocol is implemented. Multimodal analgesia is the analgesic approach 
most thoracic surgery programs adopt. Multimodal analgesia involves using intravenous 
analgesics such as nonsteroidal anti-​inflammatory agents, acetaminophen, opioids, other 
pharmacologic agents, as well as thoracic neuraxial approaches such as thoracic epidural an-
algesia, intercostal blocks, and truncal blocks, as shown in Table 9.6.

Summary

In this chapter we describe the anesthetic management techniques for common thoracic sur-
gical procedures. Ventilation and hemodynamic monitoring and management are critical 
for thoracic surgery. We listed the most commonly used modalities for ventilation and he-
modynamic monitoring and introduced management strategies for intraoperative hypox-
emia. Anesthetic options, especially newer nonintubating techniques for thoracic surgical 
procedures, are also discussed. Goal-​directed fluid therapy is increasingly being emphasized 
in thoracic surgery care, and multimodal analgesia is becoming the norm of postoperative 
analgesia in the perioperative care of these patients.

Table 9.6  Multimodal Analgesia in Thoracic Surgery

Pharmacologic 
approach

Nonsteroidal 
anti-​inflammatory

Intravenous: diclofenac, ibuprofen
Oral: celecoxib, indomethacin, aspirin

Acetaminophen Intravenous
Oral
Rectal

Opioid Fentanyl
Hydromorphone
Morphine, etc

Other Gabapentinoids, ketamine etc

Nonpharmacologic
approach

Thoracic neuraxial block Thoracic epidural
Intrathecal opioid

Intercostal block Transcutaneous approach
Thoracoscopic approach

Truncal block Paravertebral block
Erector spinae plane
Serratus anterior plane block
Sternal block

Sources: Liu H, Emelife PI, Prabhakar A, et al, Regional anesthesia considerations for cardiac surgery, 
Best Pract Res Clin Anaesthesiol, 2019;33(4):387–​406, doi:10.1016/​j.bpa.2019.07.008, and Thompson C, 
French DG, Costache I, Pain management within an enhanced recovery program after thoracic surgery, 
J Thorac Dis. 2018;10(Suppl 32):S3773–​S3780, doi:10.21037/​jtd.2018.09.112.
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Bronchoscopy and Mediastinoscopy 
Procedures
Justin W. Wilson

Introduction

Thoracic and diagnostic procedures such as bronchoscopy and mediastinoscopy are fairly 
common, especially for patients with thoracic cancer. The typical surgical progression for 
thoracic cancer patients is performance of bronchoscopy to demonstrate airway anatomy 
and check tumor burden throughout the airway and then proceed with mediastinoscopy to 
sample mediastinal lymph nodes and send to pathology; if the nodes are negative for cancer 
then subsequent tumor resection is warranted. Standard preoperative workup includes the 
usual preoperative labs (hematology and chemistry), electrocardiogram, chest X-​ray, and 
computed tomography (CT) scan to determine the location of the tumor, especially relative 
to adjoining structures. In chapter we discuss bronchoscopy and mediastinoscopy in detail 
and the difficulties and challenges these patients can present from the anesthetic perspective, 
including preoperative and intraoperative management.

Bronchoscopy

Bronchoscopy is utilized for diagnostic and therapeutic interventions, as well as confirma-
tion of endotracheal tube (ETT) placement. For bronchoscopy, mortality is minimal while 
morbidity may include barotrauma, airway obstruction, pneumothorax, hemorrhage, per-
foration and laceration (airways and esophagus), tooth damage, pneumomediastinum, and 
airway fire if laser or electrocautery is utilized.

Interventional pulmonology has pushed the locations from the operating room to remote 
anesthetic locations. This has evolved our anesthetic practice and frequently we are called on 
to treat sicker patients (American Society of Anesthesiologists Physical Status III–V) that we 
traditionally have cared for in the operating room. Most patients presenting to the interven-
tional pulmonology suite present with some form of central airway obstruction that affects 
the large bronchi or the trachea, airway obstruction can be intrinsic, extrinsic, or mixed 
compression.1 In addition to anesthesia delivery and monitoring equipment, the interven-
tional suite should have advanced airway equipment such as difficult intubation cart and jet 
ventilation capabilities. Reconsideration of remote locations can include significant comor-
bidities, predicted need for postop ventilation or prolonged recovery from anesthesia, and 
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multispecialty involvement in the case.2 Bronchoscopy can be further subdivided into rigid 
and flexible bronchoscopy.

Rigid Bronchoscopy

Rigid bronchoscopy is utilized to examine hemoptysis, intrabronchial procedures: mechan-
ical dilation of the tracheobronchial tree, tumor debridement, and removal of foreign bodies. 
Indications for rigid bronchoscopy usually include the preoperative diagnosis of lung car-
cinoma, hemoptysis, foreign body obstruction, and respiratory papillomatosis. Ventilation 
strategies for use during rigid bronchoscopy include apneic oxygenation, spontaneous as-
sisted ventilation, controlled ventilation (closed system), manual jet ventilation (Sanders jet 
ventilator), and high frequency jet ventilation (HFJV).3

Flexible Bronchoscopy

Flexible bronchoscopy is used to diagnose and evaluate multiple conditions, most commonly 
bronchial neoplasm. Flexible bronchoscopy is usually accomplished with sedation and top-
ical anesthesia without utilizing an anesthesiologist. The benefit over rigid bronchoscopy is 
the ability to examine peripheral lung out to fifth division bronchi; it doesn’t require neck ex-
tension from the patient and is less stimulating to the patient. In the typical surgical scenario 
for thoracic tumors, flexible bronchoscopy is performed first, followed by mediastinoscopy, 
and subsequent resection of lung cancer. Bronchoscopy in the previous situation is used to 
evaluate the extent of thoracic carcinoma and rule out contralateral lung involvement. For 
more extensive procedures such as laser ablations, balloon dilation, and stent placement, a 
general anesthetic will be required as they are more stimulating for a patient. Flexible bron-
choscopy is also utilized to facilitate endotracheal intubations for patients with difficult air-
ways. One limitation of the flexible bronchoscope is the small suction channel; this limits the 
amount of secretions or blood that can be suctioned out of view. When general anesthesia is 
required, at minimum an 8.0 tube should be utilized to decrease auto positive end-​expiratory 
pressure (PEEP) and allow passage of the flexible bronchoscope. It’s important to remember 
if the auto-​PEEP effect can cause hypotension and ultimately barotrauma. If a <8.0 ETT is 
utilized, use of a pediatric flexible bronchoscope may be indicated to facilitate adequate ven-
tilation (Figure 10.1). 

Anesthetic Management for Bronchoscopy

Patients presenting with preoperative hypoxemia (PaO2  <70  mmHg) and hypercapnia 
(PCO2 >45 mmHg) indicate significant pulmonary impairment and likely at increased risk. 
During these procedures, expect hypoxemia and hypoventilation, as well as the complications 
that arise from them. Whenever lasers are utilized during the procedure, the FiO2 should be 
less than 40% to decrease the risk of airway fire. Premedication with antisialogogues, typically 
glycopyrrolate, is used to decrease secretions. Premedication with narcotics and benzodiaze-
pines should be used sparingly in patients with limited pulmonary reserve. Bronchoscopy is 
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highly stimulating and usually requires a higher dose of anesthetics; the use of short-​acting 
agents is preferred to make sure the patient can spontaneously ventilate and protect their 
airway at the end of the procedure. Keep in mind, patients with lung or mediastinal tumors 
can have extrathoracic manifestations through tumor secretion of hormones or hormone like 
substances, otherwise known as paraneoplastic syndromes.4 For instance, a more common 
manifestation is myasthenic (Eaton–​Lambert) syndrome, which is a proximal myopathy as-
sociated with small cell lung cancer. There is a reduction in acetylcholine release from the pre-
synaptic motor neurons, and thus patients will be resistant to depolarizing muscle relaxation 
and sensitive to non-​depolarizing muscle relaxants (Table 10.1).4

Rigid Bronchoscopy

Rigid bronchoscopy is highly stimulating and a general anesthetic is usually required, and 
utilizing a total intravenous technique is typical, as is utilizing drugs with rapid on and off 
effects. Ventilation is through the sidearm of the bronchoscope (when the lens is attached), a 
cuff is not present on the rigid bronchoscope, so a leak of anesthetic gases will likely be pre-
sent; high fresh gas flow as well as high volumes may be required (Figure 10.2). Using total 

(A) (B) (C)

Figure 10.1  Various endotracheal tube sizes with different sizes of bronchoscopes. A: 8.0 ETT 
with an adult bronchoscope. B: 7.0 ETT with an adult bronchoscope. C: 7.0 ETT with a pediatric 
bronchoscope.

 



Table 10.1  Extrathoracic Manifestations of Thoracic Tumors

Endocrine Hyperparathyroidism
Cushing’s syndrome
SIADH
Carcinoid syndrome

Neuromuscular Myasthenia gravis
Myasthenic (Eaton-​Lambert) syndrome
Peripheral neuropathy
Autonomic neuropathy

Hematological Anemia
Thrombocytopenia
Thrombosis

SIADH = syndrome of inappropriate antidiuretic hormone secretion.

Figure 10.2  Rigid bronchoscope with vent circuit attached.
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intravenous techniques helps keep a constant level of anesthesia while minimizing room pol-
lution of anesthetic gases. When the lens is not attached, it results in an open-​ended broncho-
scope with a large leak of gas necessitating the use of specialized ventilation strategies such 
as HFJV and low frequency jet ventilation via a Sanders injector (Figure 10.3). The various 
modes of jet ventilation depend on the Bernoulli principle, which allows the use high flow 
and low pressure to ventilate and oxygenate with minimal side effects. When jet ventilation is 
utilized, there is a greater need for muscle relaxation to move the chest wall. When using the 
Sanders injector, keep in mind the entrainment of room air due to the Venturi effect, which 
drops the FiO2 to around 80% at the trachea.5 The Sanders jet ventilator is connected to the 
sidearm of bronchoscope; this allows for the generation of 55 cm H2O with a driving pressure 
of 30 psi. Start with an initial 30 psi and gradual increase to max of 50 psi, monitoring for 
chest rise and fall. While using the Sanders jet ventilator, it is important to monitor for chest 
rise, which helps indicate the adequacy of ventilation, and also chest fall to monitor egress 
of air. This is important to prevent complications including barotrauma and pneumothorax. 
Utilizing a specialized ventilator for HFJV (10–​15 Hz) decreases barotrauma due to the ven-
tilator halting the inspiratory phase in the presence of high airway pressures; another benefit 
is it allows for humidification of oxygen, decreasing dryness of airway mucosa. Impediments 
to HFJV include the requirement of high minute ventilation (around 120 breaths/​min) and 
the risk of hypercapnia.

Figure 10.3  Rigid bronchoscope without lens and a Sanders jet injector attached.
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Flexible Bronchoscopy

Poiseuille’s law states that flow is directly proportional to the fourth power of the radius; thus, 
small changes in diameter of the ETT will have a large impact on tidal volume delivered. 
Using an ETT of sufficient size allows the patient to be ventilated adequately without high 
peak airway pressures and exceeding the pressure limit on the ventilator. The other concern 
is the limited egress of air from the ETT caused by the flexible bronchoscope; thus, PEEP 
should be turned off during the procedure. Similar to the rigid bronchoscope, jet ventilation 
can be achieved through the suction port of the flexible bronchoscope if necessary.

Sedation with various modes of local anesthetic, including topicalization and blocks, is 
mostly utilized for anesthesia during flexible bronchoscopy. Stimulating procedures (laser 
ablations, stenting, dilation, etc.) require a general anesthetic with an elbow (right angle) 
adapter and ETT or laryngeal mask airway (Figure 10.4). The benefit of the laryngeal mask 
airway is it allows for the examination of the larynx. Before topicalizing the airway, pre-
medicate the patient with an antisialogogue (glycopyrrolate). Inhaled nebulized lidocaine 
(4–​6 mL of 4% in a nebulizer) is a simple way to topicalize the airway; other means of top-
icalization include lidocaine ointment, local anesthetic droppers, atomizers, and sprays. 
Keep in mind the maximal does of lidocaine is 5 mg/​kg, up to 300 mg without epineph-
rine, and with epinephrine 7 mg/​kg up to 500 mg. Regional anesthesia can also be utilized 
with glossopharyngeal and superior laryngeal nerve blocks with a transtracheal injection to   

Figure 10.4  Flexible bronchoscope through ETT with right angle adapter.
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topicalize below the vocal cords. Anesthesia of the larynx and trachea is relatively contra-
indicated in patients with a full stomach due to suppression of airway reflexes and aspira-
tion risk. Topicalization and a general anesthetic can be combined, usually decreasing the   
general anesthetic requirement.

Mediastinoscopy

A mediastinoscope is a Miller-​like blade that is used to get under the sternum and into the 
mediastinum, giving the operator a small field of view into the anatomic subdivisions of the 
mediastinum (Figure 10.5). Mediastinoscopy is utilized to biopsy mediastinal lymph nodes, 
and the most common indication is bronchogenic carcinoma; other indications for medias-
tinoscopy include lymphadenopathy associated with lymphoma and sarcoidosis, and a bi-
opsy of the tissue for diagnosis, such as suspected tumors and infectious disease processes. 
Mediastinoscopy remains the mainstay for staging due to its high sensitivity (>80%) and 
specificity (100%).6 Contraindications include thoracic aneurysm and superior vena cava 
(SVC) obstruction as they impair anatomy increasing risk of vessel injury and bleeding. 
While relative contraindications include previous mediastinoscopy, and radiation, this is 
due to risk of adhesion and increased bleeding. Mortality has been reported as <0.1%, and 
morbidity includes bleeding, pneumothorax, vocal cord paralysis, esophageal perforation, 
pleural perforation, and tracheal laceration.

Figure 10.5  Mediastinoscope.
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Anesthetic Management for Mediastinoscopy

Most patients that present for mediastinoscopy are smokers with multiple comorbidities 
such as pulmonary disease, hypertension, coronary artery disease, and peripheral vascular 
disease. The most challenging aspect of patient care is the potential presence of an anterior 
mediastinal mass and the possibility of catastrophic airway obstruction or cardiovascular 
collapse after induction of general anesthesia. Always question the patient on the ability to 
lay supine and the presence of cough or dyspnea. On physical exam, check for presence of 
cyanosis, wheezing, cough, stridor, and dyspnea both upright and supine. Preoperative indi-
cators for increased respiratory problems include cardiopulmonary signs (see previous dis-
cussion), combined obstructive and restrictive picture, peek expiratory flow rate <40%, and 
tracheal diameter <50% on CT scan.7 If the patient presents for mediastinoscopy due to tissue 
diagnosis of anterior mediastinal mass, the patient should be first referred to interventional 
radiology for percutaneous needle biopsy. Also check for signs of SVC syndrome (caval ob-
struction): shortness of breath, cough, edema, venous engorgement of head, neck and upper 
body, supine dyspnea (orthopnea), headache, and mental status change. If SVC syndrome is 
present, the airway may be significantly swollen and can bleed even from minor trauma; an 
awake fiber optic intubation is usually warranted. Preoperative CT scans will demonstrate 
whether SVC syndrome and anterior mediastinal mass are present. Pulmonary function 
testing can help delineate variable intrathoracic or extrathoracic obstruction.

If preoperative imaging is suspicious or physical exam warrants (symptomatic in supine 
position), consider an awake fiberoptic intubation. Loss of muscle tone can precipitate hemo-
dynamic collapse or airway obstruction in asymptomatic patients; use short-​acting neuro-
muscular blockers (succinylcholine) or have sugammadex available to reverse amino-​steroid 
non-​depolarizing neuromuscular blockade (rocuronium, vecuronium). A mask induction 
with inhalation agent (e.g., sevoflurane) or various other intravenous techniques can be uti-
lized to keep the patient spontaneously breathing and prevent hemodynamic collapse or 
airway obstruction. A surgeon familiar with rigid bronchoscopy should be available to by-
pass obstruction if warranted, and for high-​risk patients where hemodynamic collapse or 
airway obstruction is highly likely, cardiopulmonary bypass should be utilized. For patients 
with SVC syndrome, there can be many collaterals and an increase in surgical blood loss; 
also, with impaired venous return from the upper body, lower body intravenous access is 
warranted.

Regarding intraoperative monitors, in addition to standard American Society of 
Anesthesiologists monitors, the patient should have the noninvasive blood pressure cuff on 
the left arm and a radial arterial line (if used) or pulse oximeter on the right arm. This is due 
to the possibility of innominate artery compression and impaired cerebral perfusion during 
surgery, which can easily be detected with the previously described monitor setup (Figure 10.6). 
A reinforced ETT should be utilized to decrease the chance of kinking. Major bleeding is 
the most obvious, although relatively rare complication (about 0.4%), with the most likely 
sources being innominate artery and vein, azygos vein and aorta.8 Thus, large bore intra-
venous access should be acquired, and type and cross-​matched blood should be available. 
Other complications that can occur are venous air embolism if the head of bed is elevated 
to decrease venous congestion, especially in spontaneously breathing patients. In addition, 
recurrent laryngeal nerve injury can occur during surgery, and if suspected, the vocal cords 
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should be inspected post intubation. If bilateral vocal cord injury occurs, it may result in 
airway obstruction, making mask ventilation ineffective and requiring reintubation.

Conclusion

Pulmonic and thoracic procedures continue to be dynamic and ever-​changing. As these pro-
cedures are being transitioned outside the operating room and into remote anesthesia sites, 
the anesthetic plan will vary depending on the needs of the proceduralists, the extent of the 
patient’s lung disease including specialized lung ventilation strategies, and, lastly, other pa-
tient comorbidities. The one constant through all these changes is that anesthesiologists will 
continue to be at the forefront, leading the way.
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Anterior Mediastinal Masses
Kevin Sidoran, Hanan Tafesse, Tiffany D. Perry, and Tricia Desvarieux

Mr. F is a 54-​year-​old male with a history of type II diabetes mellitus and hypertension who 
presents to the emergency department with worsening orthopnea over the past 2 months. Vital 
signs are significant for mild tachycardia to 95. On exam, he appears plethoric with facial and 
upper extremity edema. His cardiac exam has regular rate and rhythm, lungs are clear to aus-
cultation bilaterally, and there are dilated superficial veins over his chest. Chest X-​ray shows no 
opacities, and electrocardiogram, basic metabolic panel, complete blood count, and serum tro-
ponin are within normal limits.

Anatomy of the Mediastinum

The mediastinum extends from the thoracic inlet superiorly to the diaphragm inferiorly and 
is bound between the left and right pleural sac and lungs laterally, the sternum anteriorly, and 
the vertebral column posteriorly. It is divided into the superior and inferior mediastinum by 
a plane passing through the sternal angle and the fourth thoracic vertebra. The inferior medi-
astinum is then divided into the anterior mediastinum, which lies between the sternum and 
the heart; the middle mediastinum, which includes the heart, the major airways, blood ves-
sels, and the esophagus; and the posterior mediastinum, which is between the posterior peri-
cardial sac and the vertebral column. The anterior mediastinum contains the thymus, lymph 
nodes, vessels, and fat (Figures 11.1 and 11.2). In adults, lymphoma (both non-​Hodgkin and 
Hodgkin types), thymoma, carcinomas (either primary or metastatic) and intrathoracic 
thyroid masses comprise the vast majority of mediastinal masses (Figures 11.3 and 11.4).1 
Considering the differences between pediatric and adult anatomy, weaker intercostal mus-
cles, and lack of developed cartilage, the pediatric population has a higher mortality rate 
from anterior mediastinal masses.2

Signs and Symptoms

On computed tomography (CT) scan, it is found that Mr. F has an 8 × 9 cm mass in his anterior 
mediastinum. There is compression of his right ventricle (RV), superior vena cava (SVC), and 
dilated superficial veins on his chest and neck consistent with exam. Taking into account the 
patient’s presentation and imaging results, the provider decides on a diagnosis of SVC syndrome.
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Figure 11.1  Divisions of the mediastinum. The anterior mediastinum is bordered anteriorly by 
the sternum, posteriorly by the heart, and laterally by the lungs.
Reprinted with permission from Bar-Yosef S. Mediastinal masses: implications for anesthesiologists. In: 
Barbeito A, Shaw AD, Grichnik K. eds. Thoracic Anesthesia. New York, NY: McGraw-Hill; 2012, Chapter 12.

Figure 11.2  Lateral chest radiograph showing different divisions of the mediastinum.
Reprinted with permission from Blank RS, Souza DGD. Anesthetic management of patients with an anterior 
mediastinal mass: continuing professional development. Can J Anesth. 2011;58(9):853–​867.
Abbreviations: AM, anterior mediastinum; MM, middle mediastinum; PM, posterior mediastinum.
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Among the signs and symptoms which should alert anesthesiologists about increased 
perioperative risk are increased dyspnea or cough when supine and syncopal episode or 
pericardial effusion which may indicate an increased risk of cardiovascular complica-
tions.3 Table 11.1 includes common signs and symptoms of an individual with anterior 
mediastinal mass.

Implications for Anesthesiologist

Preoperative Evaluation

The morning of surgery, Mr. F is hoarse with cough, chest pain and orthopnea when he is placed 
in the supine position for transportation to the operating room, and suddenly experiences a syn-
copal episode. The transport team raises the head of his bed, and he regains consciousness.

The anesthetic consideration for patients with anterior mediastinal mass will be different 
based on the individual anatomy, pathology, and proposed surgical procedure. All patients 
with anterior mediastinal mass should have a chest X-​ray and chest CT scan before any sur-
gical procedures. A chest X ray is used to calculate the ratio between the widest diameter 
of the mediastinal mass and the width of the thorax at T5–​T6, also known as mediastinal 

Figure 11.3  Resected thymoma. 
Picture taken at the George Washington Hospital operating room.
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thoracic ratio. A mediastinal thoracic ratio greater than 0.5 is associated with a higher inci-
dence of post respiratory complications. Meanwhile, chest X-​rays are not enough to assess 
involvement of the tracheobronchial tree accurately. Therefore, a CT scan is always necessary. 
On CT scan, a tracheal narrowing greater than 50% in cross-​sectional area is associated with 
increased airway obstruction during anesthesia (Figures 11.5 and ​11.6).

Figure 11.4  Resected thymic cyst.
Picture taken at the George Washington Hospital operating room.

Table 11.1  Presenting Signs and Symptoms of Anterior 
Mediastinal Masses

Cardiovascular Compression Airway Compression

Syncope
Jugular venous distention
Dilated superficial veins
Cyanosis
Tachycardia

Orthopnea
Cough
Chest fullness

Adapted from Pearson JK, Tan GM:  Pediatric anterior medi-
astinal mass:  a review article. Semin Cardiothorac Vasc Anesth. 
2015;19:248–​254.



Figure 11.5  (A) Dilated azygos vein due to congestion from superior vena cava obstruction.   
(B) Tracheal compression (greater than 50%) immediately cephalad to the carina.
Reprinted with permission from Bar-Yosef S. Mediastinal masses: implications for anesthesiologists. In: 
Barbeito A, Shaw AD, Grichnik K. eds. Thoracic Anesthesia. New York, NY: McGraw-Hill; 2012, Chapter 12.

Figure 11.6  Chest X-ray showing right side mass and tracheal narrowing.
Image retrieved from George Washington University Hospital Radiology records.
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Additionally, patients with cardiac symptoms should have a transthoracic echocardio-
gram to assess for cardiac, systemic, or pulmonary compromise. Although the benefit of pre-
operative flow-​volume loops is not always clear, they are commonly ordered as part of the 
preoperative assessment. Specifically, an increased mid-​expiratory plateau when changing 
from the upright to the supine position is thought to predict a variable intrathoracic airway 
obstruction and could be an indicator of people who are at increased risk of airway collapse 
(Figures 11.7 and 11.8).

A risk stratification of patients with anterior mediastinal mass has been proposed by Blank 
and de Souza4:

	•	 Low risk: asymptomatic or mildly symptomatic, without postural symptoms or radio-
graphic evidence of significant compression of structures.

	•	 Intermediate risk: mild to moderate postural symptoms tracheal compression <50%.
	•	 High risk: Severe postural symptoms, stridor, cyanosis, tracheal compression >50% or tra-

cheal compression with associated bronchial compression, pericardial effusion, or SVC 
syndrome.

As illustrated in Table 11.2, to avoid anesthetic risk, perioperative plans should be based 
on the available imaging as well as preoperative assessment including history and physical of 
each individual patient. It is also important to have a multidisciplinary approach involving 
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Figure 11.7  Flow-volume loops from a spirometry study of a normal subject, a patient with a 
fixed upper airway obstruction and a patient with chronic obstructive pulmonary disease. Note 
the reduction in both inspiratory and expiratory flows and the mid-expiratory flow plateau in 
the patient with upper airway obstruction.
Reprinted with permission from Bar-Yosef S. Mediastinal masses: implications for anesthesiologists. In: 
Barbeito A, Shaw AD, Grichnik K. eds. Thoracic Anesthesia. New York, NY: McGraw-Hill; 2012, Chapter 12.
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cardiothoracic surgery, anesthesiology, and critical care pulmonology when taking care of a 
patient with an anterior mediastinal mass.

Induction

Upon induction with propofol, the end tidal CO2 levels begin to drop, and peak inspiratory pres-
sures rise higher than initial values. Bronchoscopy reveals total occlusion of the right mainstem 
bronchus, and a stent is placed.

Unexpected and often total airway obstruction can occur on induction of anesthesia in 
patients with an anterior mediastinal mass, even in patients who are asymptomatic. According 
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Figure 11.8  Flow volume in various pathologies.

Table 11.2  Pre-​Evaluation and Preparation

Risk Assessment Anesthetics Risk

	•	 Signs and symptoms
	•	 Radiographic data

Computed tomography
X-​ray

	•	 Spirometry
	•	 Echocardiography

	•	 Obstruction of major airway
	•	 Cardiac compression (tamponade ef﻿﻿fect)/​Pericardial ef﻿﻿fusion
	•	 Compression of pulmonary artery or right ventricular outf﻿﻿low 

tract tachycardia
	•	 Superior vena cava compression (superior vena cava syndrome)
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to Neuman et al., there are various reasons that make general anesthesia dangerous. Lung 
volume is reduced as little as 500 to 1,500 mL; second, relaxation of bronchial smooth muscle 
leads to greater compressibility of the airway from the overlying mass. Moreover, loss of   
spontaneous diaphragmatic movement with paralysis induced by muscle relaxant reduces 
the normal transpleural pressure gradient, which dilates the airway. This decreases the caliber 
of the airway and enhances the effect of extrinsic compression.5 Thus, the administration of   
neuromuscular blockers should be considerably weighed for induction and control of the 
airway.

Additionally, it has been shown that during general anesthesia, the cephalad displacement 
of the dome of the diagram and loss of the distending forces of inspiration lead to a reduc-
tion in pulmonary compliance and airway diameter and limit the available space for the tra-
chea relative to the tumor. Moreover, the supine position can cause an increase in central 
blood volume, which may increase tumor blood volume size. On the other hand, it has been 
shown that positive pressure ventilation during induction is dangerous as the increased gas 
flow across a stenosis decreases intraluminal pressure, leading to further tendency to col-
lapse (Table 11.3).6 In conclusion, in the case where general anesthesia is required, sponta-
neous respiration and avoiding paralysis would preserve normal transpulmonary pressure 
and maintain airway patency.

Intubation

Blank and de Souza discuss that the appropriate strategy for airway management is defined 
by the anatomy of tracheobronchial obstruction.4 Tracheal compression with an adequate 
segment of normal distal trachea usually permits the placement of an appropriately sized 
reinforced endotracheal tube beyond the site of obstruction. However, if the distal trachea, 
carina, and/​or both mainstem bronchi are compressed, it may not be possible to pass an en-
dotracheal tube beyond obstruction. In this case, rigid bronchoscopy can be used to secure 
the airway,4 hence the need of a skilled operator in rigid bronchoscopy and pre-​emptive 
planning with the surgical team. An awake fiberoptic intubation is useful for patients with 
mediastinal masses to avoid agents compromising respiratory mechanics, maintain airway 
reflexes, and ensure minimal changes in the forces maintaining tracheal patency. The fiber-
optic allows direct visual assessment of the obstruction and of the proximal and distal 
airway.

Table 11.3  Airway Management: Plan a Staged Induction

Mechanism Options for Induction

	•	 The change of positioning: from upright 
to supine position (increase tumor blood 
volume and size by increasing central 
blood volume

	•	 Awake state to anesthetized state
	•	 Spontaneous negative pressure ventilation 

to positive pressure ventilation
	•	 Unparalyzed to paralyzed muscular tone

	•	 No induction ➔ local
	•	 Awake fiberoptic bronchoscope (intubate 

distal to stenosis)
	•	 Staged IV or inhalation induction
	•	 Standard IV induction
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Sedation

Intravenous agents that have both analgesic and sedative property with minimal respira-
tory depression are preferred for sedation and maintenance of spontaneous ventilation via 
endotracheal tube. Such agents include, among others, dexmedetomidine and ketamine. 
Additionally, decrease respiratory gas flow may result from an increase in turbulence distal 
to the site of obstruction. Helium oxygen is used to facilitate the induction of general anes-
thesia as it helps to promote laminar gas flow in patients with obstruction.7 In case ventilation 
becomes difficult, options should include waking up the patient, changing to a rescue posi-
tion, and using rigid bronchoscopy.

Positioning

The correct rescue position should be determined preoperatively and chosen based on the 
anatomic relationship between the mass and surrounding compressed structures. Rescue 
positions include upright, seated position; lateral decubitus; or prone position, depending on 
the anatomic relation with the mass and airway.4

Maintenance

Thirty minutes into the surgery, the patient is responding to surgical stimuli, so the anesthesiol-
ogist decides to administer a dose of rocuronium. After the paralytic is given, breath sounds are 
absent on the right, and peak inspiratory pressures begin to rise to the 40s and 50s.

Spontaneous Ventilation

As with the rest of anesthetic management, the maintenance phase will be approached in-
dividually based on patient pathology and the size and mass effect of the anterior medias-
tinal mass. As mentioned earlier, one of the major concerns during an anterior mediastinal 
mass procedure is airway collapse (Figure 11.5). Although other common causes of ven-
tilatory failure, like tension pneumothorax and bronchospasm, should be considered, ex-
trinsic obstruction from a mass must be the biggest concern in these cases. Physiologically, 
airway patency is largely dependent on the negative intrathoracic pressure exhibited by the 
chest. This takes into account the strength and effort of intercostal muscles. As a patient is 
paralyzed, the negative force and tension that the intercostals are able to exhibit decreases. 
This occurs along with a loss of elastic recoil of the chest, leading to an increased chance of 
cardiac and tracheobronchial compression. This has been shown in a study by Bergman 
that demonstrates a decreased functional residual capacity and end expiratory position of 
the diaphragm under paralysis with succinylcholine, indicating a cephalad displacement 
of the diaphragm with paralysis.8 Taking the tension that intercostal muscles exhibit on 
breathing mechanics, positive pressure ventilation under paralysis has been shown to be 
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difficult in several case studies, with spontaneous ventilation proving to be the safer method 
in pediatric and adult populations.6,9,10 Although one-​lung ventilation has been used on 
infants during resection of large mediastinal masses, this method has not been described in 
adults.11 One unique method of ventilation in the setting of tracheobronchial compression 
is the use of Heliox in that it reduces the viscosity of air inhaled and would therefore reduce 
turbulence of air flow that may be caused by airway compression, allowing for improved 
ventilation.7

Access and Extracorporeal Membrane Oxygenation

Given the risk of venous obstruction, and ultimately SVC syndrome, in these cases, access is 
preferred in the lower extremities. For particularly tenuous cases, extra corporeal membrane 
oxygenation (ECMO) has been explored as a possible safety net on induction and mainte-
nance.3,4 There are a couple of reports on having ECMO on standby during cases of large an-
terior mediastinal mass resections,12 as well as a couple cases where ECMO was used in these 
cases successfully.13–​15 Bypass has also been used in similar cases where there is high risk of 
ventilatory and/​or cardiovascular collapse such as severe compression or difficult resection is 
anticipated (Figure 11.9).

Figure 11.9  Bypass/extra corporeal membrane oxygenation set up in the operating room.
Image retrieved from George Washington University Hospital.
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Complications: Cardiovascular Collapse

As discussed previously, the mediastinum contains the most vital components of circu-
lation, including the SVC, heart, pulmonary artery, and aorta. If any of these structures 
are compressed to a point of severe obstruction of flow, it could prove fatal for a patient. 
When masses are large enough, compression on the great vessels and the heart can re-
duce Cardiac Index and Stroke Index, as demonstrated in animal models.16 Although sev-
eral case reports with noted cardiovascular compression did not have any complications 
of mortality or complications,12,17,18 there have been cases reported that resulted in cardi-
ovascular collapse.3,13,15,19,20 Similar complications have also been noted in the pediatric 
population.21–​25 It has also been shown in isolated cases that intraoperative monitoring 
with transesophageal echocardiography can be useful in anterior mediastinal mass resec-
tion where cardiac compromise is present based on symptomology or anticipated based on 
surgical manipulation (Figures 11.10–​11.12).26 Management must take into account the 
multiple pathophysiology of the case. Given that ventricular outflow obstruction can lead 
to RV failure, vasopressors are typically used to preserve coronary flow. Some of the circu-
latory compromise may be due in part to reduced preload, which can be treated with fluid, 
although this should be done conservatively given that too much fluid would exacerbate 
any existing RV dysfunction.

Figure 11.10  Transesophageal echocardiography showing pulmonary artery compression. 

Image retrieved from George Washington University Hospital transesophageal echocardiography records.
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SVC Syndrome

One clinical manifestation of great vessel compression is SVC syndrome. The pathophysi-
ology of SVC syndrome involves SVC obstruction leading to superficial venous congestion 
and engorgement. Signs and symptoms of the syndrome are similar to those of right heart 
failure, including dyspnea, cough, headache, elevated venous pressures, upper body edema, 
facial plethora, cyanosis, and tachycardia (Figures 11.13 and 11.14).27 SVC syndrome may be 

Figure 11.11  Transesophageal echocardiography showing right atrium compression. 
Image retrieved from George Washington University Hospital transesophageal echocardiography records.

Figure 11.12  Transesophageal echocardiography showing effusion with tamponade. 
Image retrieved from George Washington University Hospital transesophageal echocardiography records.
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Figure 11.13  Patient with superior vena cava syndrome. (A) Plethora of face and neck. (B) 
Distended jugular veins. (C) Cyanosis of the lips. (D) Right arm and hand massively swollen. (E) 
Substantial collateral circulation (arrow). (F) Computed tomogram shows compression of the 
superior vena cava (arrow) due to a large mediastinal mass, causing tracheal compression and 
deviation, and stridor.
Reprinted with permission from Lepper PM, Ott SR, Hoppe H, et al. Superior vena cava syndrome in thoracic 
malignancies. Respiratory Care. 2011;56(5):653–666.

Figure 11.14  Patient with superior vena cava syndrome with substantial co-lateral circulation 
and venous engorgement.
Picture taken at George Washington Hospital.
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due to intraluminal (i.e., thrombus) or extraluminal (i.e., compressive mass or hematoma) 
pathologies.27 Diagnostically, CT can be used to visualize SVC compression (Figures 11.15 
and 11.16) and echocardiography has been shown to be useful in diagnosing both the pres-
ence and etiology of SVC syndrome in adults26,28–​30 and pediatrics,31 and management typ-
ically involves lower extremity access and blood pressure maintenance to preserve preload. 
Fluids should be administered judiciously when considering RV failure, and appropriate 
vasopressors should be given to maintain adequate coronary perfusion.

Emergence

As the patient is awakening from anesthesia, the anesthesiologist extubates in the supine posi-
tion, oxygen levels begin to drop into the 80s, and the patient is reintubated.

Extubation

As the patient emerges out of anesthesia, the most important consideration for the anesthe-
siologist is the method of extubation. It is most important to extubate patients with an ele-
vated head of bed and with the patient awake and with full spontaneous respiratory effort 
to decrease the risk of a compromised negative intrathoracic pressure and elastic chest re-
coil. This is intuitive since in the upright position, the diaphragm, and whatever mediastinal 
mass remains after excision is pulled caudad instead of directly compressing the mediastinal 

Figure 11.15  Computed tomography showing a large anterior mediastinal mass abutting the 
main pulmonary artery and compressing the left airway. 

Image retrieved from George Washington University Hospital radiology records.
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structures. This principle is shown by signs of obstruction on flow volume loops such as a 
decreased forced expiratory volume in 1 second and functional residual capacity in the su-
pine position compared to sitting.32,33 If there is considerable difficulty during extubation, or 
the patient requires reintubation, it is possible to keep the patient intubated until chemoradi-
ation reduces the mass to a safe size.

Postoperative Considerations

Given the difficulty with extubation in the operating room, the patient is left intubated and 
undergoes several rounds of chemoradiation to further debulk his mediastinal mass. After the 
patient is extubated in the ICU, he remains mildly tachypneic to 22 with diminished breath 
sounds on the right side. Repeat morning chest X ray shows a moderate right-​sided pleural effu-
sion. Over the next few days, the effusion resolves spontaneously without chest tube placement. 
Pain is adequately controlled with ropivacaine paravertebral nerve blocks, and the patient is 
ambulating normally by postextubation day 2. After a full diet is resumed, and his peripheral 
nerve blocks are removed, the patient is discharged without further complication.

As with other thoracic procedures, postoperative monitoring should be considered in light 
of complications such as chylothorax, pneumothorax, hemothorax, and pericardial disease. 
Typical postoperative care should include chest physiotherapy, adequate pain management, 
early ambulation, and glycemic control with adequate nutrition.2

Figure 11.16  Computed tomogram chest of anterior mediastinal mass showing significant 
superior vena cava compression.
Reprinted with permission from Blank RS, Souza DGD. Anesthetic management of patients with an anterior 
mediastinal mass: continuing professional development. Can J Anesth. 2011;58(9):853–867.
Abbreviations: AA, aortic arch; MM, mediastinal mass; S, superior vena cava.
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Conclusion

The surgical management of an anterior mediastinal mass is largely dependent on the size 
of the tumor and any compression on the structures within the thoracic cavity. With more 
severe signs and symptoms, such as orthopnea, syncope, and jugular vein distention, there 
may be a need for more careful measures such as elevated head of bed or alternative intu-
bation techniques. During induction and maintenance, it is important to maintain sponta-
neous ventilation and the maximum respiratory drive possible for the patient. In all cases, 
the anesthesiologist needs to be attuned to any rises in peak inspiratory pressures or severe 
hypotension that may indicate life-​threatening cardiorespiratory collapse. The focus should 
be on minimizing and assessing threats to airway, breathing, and circulation. Therefore, often 
a multidisciplinary team approach strategized on mitigating risks should be employed. As 
with many scenarios in medicine, it is vital that all members of the surgical team, including 
cardiothoracic surgeons, anesthesiologists, and critical care specialists, share a mental model 
and clinical awareness of the patient to ensure the best care possible.
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Pneumonectomy
Lacey Wood and Antony Tharian

Introduction

History of Pneumonectomy

Pneumonectomy is the surgical removal of one lung in its entirety. See Figure 12.1 for demon-
stration of a chest X-​ray of a patient after pneumonectomy. The first successful staged pneu-
monectomy was performed by Dr. Rudolph Nissen in Berlin in 1931. On April 5, 1933, the 
first successful one-​stage pneumonectomy for cancer was performed by Dr. Evarts Graham 
on a 48-​year-​old gynecologist named Dr. James Gilmore using endotracheal nitrous oxide. 
Dr. Gilmore’s left lung was removed, and pathology revealed epidermoid carcinoma (also 
known as squamous cell carcinoma) with two peribronchial lymph nodes positive for tumor, 
T2 N1, or stage IIb by current lung cancer staging.1

Indications for Pneumonectomy

The most common indication for pneumonectomy is bronchial carcinoma with tumors 
involving2–​4:

	•	 Mainstem bronchus proximal to the bronchus intermedius.
	•	 Hilar structures such as main pulmonary artery or superior or inferior pulmonary veins.
	•	 All lobes or crossing of the major fissures.
	•	 Other locations not appropriate for alternative resections.
	•	 Traumatic injury with uncontrolled hemorrhage.
	•	 Chronic inflammatory or infective disorders such as
	 •	 Bronchiectasis.
	 •	 Multidrug-​resistant tuberculosis.
	 •	 Atypical mycobacterial infections.
	 •	 Fungal infections resulting in lung destruction.
	 •	 Other necrotizing or opportunistic infections.
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Contraindications to Pneumonectomy

The most common contraindications for pneumonectomy are2,3,5,6:

	•	 Evidence of distant metastases.
	•	 Tumor invasion into mediastinal structures such as
	 •	 Heart.
	 •	 Great vessels.
	 •	 Aorta.
	 •	 Esophagus.
	 •	 Vertebrae.
	 •	 Proximal to mid trachea.
	•	 Patient factors such as VO2 max < 10mL/​kg/​min or < 35% predicted.

Lung Cancer—​Staging and Treatment

Lung cancer is one of the leading causes of cancer death worldwide, with an annual inci-
dence of greater than 2 million new cases per year. It has caused over 1.75 million deaths 
worldwide in 2018.7 Lung cancer has also been the leading cause of cancer deaths in both 
men and women in the United States since 1987 and accounts for 25% of all cancer deaths. 
In 2016, lung and bronchus cancers caused more than 148,879 deaths in the United States 
alone.8

Lung cancer is divided into nonsmall cell lung cancer and small cell cancers. Nonsmall 
cell lung cancer makes up 75% to 85% of lung cancers and can be divided into adenocarci-
noma, squamous cell, and large cell carcinoma. Staging is assessed using the eighth edition of 

Figure 12.1  Chest X-​ray of a patient after pneumonectomy.

 

 



Table 12.1    T, N, and M descriptors for the eighth edition of TNM Classification for Lung 
Cancer.

T: Primary tumor

Tx Primary tumor cannot be assessed or tumor proven by presence of 
malignant cells in sputum or bronchial but not visualized by imaging 
or bronchoscopy

T0 No evidence of primary tumor

Tis Carcinoma in situ

T1 Tumor ≥3 cm in greatest dimension surrounded by lung or visceral 
pleura without bronchoscopic evidence of invasion more proximal 
than the lobar bronchus (i.e., not the main bronchus)*

T1a(mi) Minimally invasive adenocarcinoma¶

T1a Tumor ≥1 cm in greatest dimension*

T1b Tumor ≥1 cm but ≥2 cm in a greatest dimension*

T1c Tumor ≥2 cm but ≥3 cm in greatest dimension*

T2 Tumor ≥3 cm but ≥5cm or tumor with any of the following features:Δ

Involves main bronchus regardless of distance from the carina but 
without involvement of the carina
Invades visceral pleura
Association with atelectasis or obstructive pneumonitis that extends 
to the hilar region, involving part or all of the lung

T2a Tumor ≥3 cm but ≥4 cm in greatest dimension

T2b Tumor ≥4 cm but ≥5 cm in greatest dimension

T3 Tumor ≥5 cm but ≥7 cm in greatest dimension or associated with 
separate tumor nodule(s) in the same lobe as the primary tumor or 
directly invades any of the following structures: chest wall (including 
the parietal pleura and superior sulcus tumor), phrenic nerve, parietal 
pericardium

T4 Tumor ≥7 cm in greatest dimension or associated with separate tumor 
nodule(s) in a different ipsilateral lobe than that of the primary tumor 
or invades any of the following structure: diaphragm, mediastinum, 
heart, great vessels, trachea, recurrent laryngeal nerve, esophagus, 
vertebral body, and carina.

N: Regional lymph node involvement

Nx Regional lymph nodes cannot be assessed

N0 No regional lymph node metastasis

N1 Metastasis in ipsilateral peribronchail and/​ or ipsilateral hilar lymph 
and intrapulmonary nodes, including involvement by direct extension.

N2 Metastasis in ipsilateral mediastinal and/​or subcarinal lymph node(s)

M: Distant metastasis

M0 No distant metastasis

M1 Distant metastasis present

M1a Separate tumor nodule(s) in a contralateral lobe; tumor with pleural or 
pericardial nodule(s) or malignant pleural or pericardial effusion✓



Table 12.1  Continued

T: Primary tumor

M1b Single extrathorcic metastasis§

M1c Multiple extrathorcic metastases in one or more organs

Stage groupings

Occult carcinoma TX N0 M0

Stage 0 Tis N0 M0

Stage IA1 T1a(mi)
T1a

N0
N0

M0
M0

Stage IA2 T1b N1 M0

Stage IA3 T1c N1 M0

State 1B T2a N1 M0

Stage IIA T2b N1 M0

Stage IIB T1a to c
T2a
T2b
T3

N1
N1
N1
N1

M0
M0
M0
M0

Stage IIIA T1a to c
T2a to b
T3
T4

N2
N2
N2
N2

M0
M0
M0
M0

Stage IIIB T1a to c
T2a to b
T3
T4

N3
N3
N2
N2

M0
M0
M0
M0

Stage IIIC T3
T4

N3
N3

M0
M0

Stage IVA Any T
Any T

Any N
Any N

M1a
M1b

Stage IVB Any T Any N M1c

Note: changes to the seventh edition are in bold.
TNM: tumor, node, metastasis; Tis:carcinoma in situ; T1a (mi): minimally invasive adenocarcinoma.
* The uncommon superficial spreading tumor of any size with its invasive component limited to the 
bronchial wall, which may extend proximal to the main bronchus, is also classified as T1a.
¶ Solitary adenocarcinoma, ≥3 cm with a predominately lepidic pattern and ≥5mm invasion in any one focus.
Δ T2 tumors with these features are classified as T2a if ≥4cm in greatest dimension or if size cannot be 
determined, and T2b if ≥5cm in greatest dimension.
✓ Most pleural (pericardial) effusions with lung cancer are due to tumor. In a few patients, however multiple 
microscopic examinations of pleural (pericardial) fluid are negative for tumor and the fluid is nonbloody and 
not an exudate when these elements and clinical judgment dictate that the effusion is not related to the tumor, 
the effusion should be excluded as a staging descriptor.
§ This includes involvement of a single distant (nonregional) lymph node.
Source: Goldstraw P, Chansky K, Crowley J, et al. The IASLC lung cancer staging project: proposals for revision 
of the TNM stage groupings in the forthcoming (eighth) edition of the TNM Classification for Lung Cancer. 
J Thorac Oncol. 2016;11(1):39– 51. doi:10.1016/ j.jtho.2015.09.009. Table 1 and Table 9 used with the permis-
sion of Elsevier Inc. © All rights reserved.
Abbreviations: T, tumor; N, node; M, metastasis.
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the Tumor, Node, Metastasis Staging System as can be seen in Table 12.1.9 Patients with stage 
IIb and below are generally considered operable with a chance of cure by surgery alone.6,10 
Patients with stage T4 or N2 can also be considered for resection.2,6 Computed tomography 
(CT) scanning and positron emission tomography CT are used to assess for lymph node 
status and distal metastases. Mediastinal lymph nodes are biopsied using modalities such 
as mediastinoscopy, bronchoscopy with transbronchial needle aspiration, endobronchial 
ultrasound-​guided transbronchial needle aspiration, or transthoracic percutaneous needle 
aspiration.6,11 Patients confirmed to have N2 disease are commonly treated with a combina-
tion of surgical resection, chemotherapy, and radiation, whereas presence of distant metasta-
ses is usually a contraindication to resection.3,6,10

Preoperative Assessment

Preoperative Considerations

Pneumonectomy has the highest morbidity of all pulmonary resections with a mortality 
rate of 3.7 % to 7.8%.5,12 Hence, it is chosen as a last resort when other procedures such as 
sleeve lobectomy, vascular sleeve resection, and nonanatomical resections such as wedge 
resections are not adequate to remove local disease and/​or ipsilateral lymph node metasta-
ses.2,13 Postoperative lung function is dependent on the amount of preserved functioning 
lung parenchyma after resection of diseased lung.14 All patients being considered for lung 
resection surgery should have a physiologic evaluation by a multidisciplinary team to assess 
ability to survive resection and ability to remain ventilator independent in the postoperative 
period.5,15

Summary of Preoperative Assessment

The preoperative assessment prior to pneumonectomy should include assessment of5,6,13,15–​17:

	1.	 Cardiovascular risk and possible evaluation by cardiologist based on risk assessment.
	2.	 Respiratory mechanics through spirometry, and most importantly calculation of pre-

dicted postoperative forced expiratory volume in 1 second (ppoFEV1).
	3.	 Lung parenchymal function through evaluation of PaO2 and PaCO2 on arterial blood gas, 

and most importantly calculation of predicted postoperative diffusion capacity of carbon 
monoxide (ppoDLCO).

	4.	 Cardiopulmonary interaction using stair climb or shuttle walk test, and/​or cardiopulmo-
nary exercise testing if indicated based on findings in Steps 1 to 3.

See Figure 12.2 for an algorithm that summarizes the preoperative assessment.
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Cardiovascular Risk Assessment and Evaluation

Patients being evaluated for lung resection surgery should undergo preoperative workup in-
cluding a history, assessment of functional status, physical exam, and baseline electrocardio-
gram. Patients with audible murmur or unexplained dyspnea should undergo transthoracic 
echocardiogram.6 Preoperative transthoracic echocardiogram may also be considered in any 
patient prior to pneumonectomy as pulmonary hypertension is a relative contraindication 
due to risks of increased pulmonary vascular resistance (PVR) leading to increased mor-
bidity due to right heart strain.18,19 This is especially important to consider in the elderly 
and right-​sided pneumonectomy because the remaining left lung has a smaller volume com-
pared to the right lung. The right ventricle becomes increasingly less compliant with age and 
has increasing difficulty dealing with the increased right ventricle afterload that ensues after 

Positive low-risk or
negative cardiac evaluation

ppoFEV1%
ppoDLCO%*

Positive high-risk
cardiac evaluation¶

CPET SCT <22 m OR
SWT <400 m

VO2max
<10 mL/kg/min

or <35%

VO2max
10 to 20 mL/kg/min

or 35 to 75%

VO2max
>20 mL/kg/min

or >75%

> 22 m OR
> 400 m

High risk◊ Low risk◊Moderate risk

Stair climb or
shuttle walk

ppoFEV1 or
ppoDLCO <30%

ppoFEV1 or
ppoDLCO <60%
AND both >30%

ppoFEV1 and
ppoDLCO >60%Δ

Figure 12.2  Algorithm for pulmonary pre-​operative assessment of patients requiring lung 
resection.
Source: Brunelli A, Kim AW, Berger KI, Addrizzo-​Harris DJ. Physiologic evaluation of the patient with lung cancer 
being considered for resectional surgery: Diagnosis and Management of Lung Cancer, 3rd ed: American College 
of Chest Physicians evidence-​based clinical practice guidelines. Chest. 2013;143:e166S. Figure 2 used with the 
permission of Elsevier Inc. © All rights reserved.
Abbreviations: CPET, cardiopulmonary exercise test; DLCO, diffusing capacity of the lungs for carbon monoxide; 
FEV1, forced expiratory volume in first second; FVC, functional vital capacity; ppo, predicted postoperative; 
SCT, stair climbing test; SWT, shuttle walk test; VO2 max, maximal oxygen consumption.
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resection. Patients with any of the following findings should be referred to see a cardiologist 
for a formal evaluation5,6:

	1.	 Newly diagnosed or active cardiac conditions such as unstable coronary syndrome, de-
compensated heart failure, significant arrhythmia, or severe valve disease.

	2.	 Poor functional capacity: <4 metabolic equivalents or inability to climb two flights of 
stairs.

	3.	 High risk of cardiac complication as indicated by Revised Cardiac Risk Index (RCRI) ≥3 
or Thoracic RCRI (ThRCRI) ≥2.

Cardiac Risk Calculators

Patients undergoing pneumonectomy have multiple cardiac comorbidities including to-
bacco dependence, chronic obstructive pulmonary disease (COPD), and underlying coro-
nary artery disease and are at high risk for cardiac complications.16 There are multiple risk 
calculations that can be used to predict perioperative cardiac complications and recommen-
dations from different guidelines using these various risk calculators. For completeness, 
these risk calculators including (i) American College of Surgeons National Surgical Quality 
Improvement Program surgical risk calculator,20 (ii) the American College of Surgeons 
National Surgical Quality Improvement Program Gupta online calculator of perioperative 
myocardial infarction or cardiac arrest,21 (iii) Revised Cardiac Risk Index (RCRI),22 and (iv) 
Thoracic RCRI23,24 are described in Figure 12.3.

Respiratory Mechanics

Forced expiratory volume in 1 second (FEV1) can be measured using spirometry and is an 
independent predictor of respiratory complications, pulmonary morbidity, and cardiovas-
cular complications following lung resection surgery.5,25 Values obtained from spirometry 
including FEV1 are expressed as a percentage of predicted volumes that are corrected for 
age, sex, and height. The preoperative FEV1 is the best measured postbronchodilator value,5 
which must be reproducible without error due to coughing, leaks, hesitation, early termina-
tion, or variable efforts. Reproducibility is defined as less than 5% variation between the two 
highest FEV1 or forced vital capacity values.15 Predicted postoperative FEV1 (ppoFEV1) has 
been shown to be associated with increased respiratory morbidity and mortality rates,5 and 
can be calculated as follows.
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Anatomical method:

ppoFEV1 = �preoperative FEV1 × (1 − subsegments to be removed/​total preoperative 
functional subsegments)

Figure 12.3  Cardiac risk calculators.
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Figure 12.4  The 10 segments on the right and 8 segments of the left lung are labeled. The key 
indicates the name of the segment and number of subsegments in each segment to account for 
the 42 subsegments of the lungs.

Perfusion Method:

ppoFEV1 = Preoperative FEV1 × (1 − % of perfusion in lung to be resected)

Perfusion method using V/​Q lung scanning only accounts for lung parenchyma that is being 
perfused and is therefore a more accurate predictor than the anatomical method when por-
tions of the resected lung are non-​functioning.

Refer to Figure 12.4 for lung segment and subsegment anatomy as used to calculate pre-
dicted postoperative values.

Lung Parenchymal Function

PaO2 <60 and PaCO2 >45 have traditionally been used as cutoff values for pulmonary resec-
tion; however, diffusion capacity of carbon monoxide (DLCO) is the most useful test for gas 
exchange or diffusing capacity of the lung.13 DLCO correlates with the total functioning sur-
face area of the alveolar–​capillary interface and, like FEV1, is also expressed as percentage 
predicted based on a patients age, sex, and height. This test is performed by having a patient in-
hale carbon monoxide, breath is held at maximal inspiration for 9 to 11 seconds, and then the 
exhaled carbon monoxide, or portion that is not absorbed, is measured.26 One must remember 
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that there are many contributing factors that affect DLCO, as shown in Table 12.2. In fact, 
ppoDLCO correlates with increased risk for pulmonary and cardiac complications. It is inde-
pendent of ppoFEV1, and is the single strongest predictor of mortality following lung resection 
surgery.27–​29 ppoDLCO can be calculated using the same formulas as used for ppoFEV1.
Anatomic Method

ppoDLCO = �preoperative DLCO × (1 − segments to be removed/​total preoperative 
functional segments)

Perfusion Method

ppoDLCO = Preop DLCO × (1 − % of perfusion in lung to be resected)

Cardiopulmonary Interaction

Cardiopulmonary Exercise Testing
Formal laboratory cardiopulmonary exercise testing (CPET) is conducted with the patient 
exercising on a stationary bike or treadmill and records exercise electrocardiogram, heart 
rate response to exercise, oxygen uptake, and carbon dioxide production.5,30,31 Of all the in-
formation gathered from CPET, the most important is maximum oxygen consumption per 
unit time (VO2 max), which is the gold standard for assessment of cardiopulmonary func-
tion2 as it is the most reproducible indicator of cardiopulmonary fitness.31 VO2 max will change 
with age, sex, and, height, so values are expressed as absolute values (mL/​kg/​min) and per-
centage of predicted values.30,31

How VO2 max is applied to risk assessment for pneumonectomy2,5,29,32:

	•	 <10 mL/​kg/​min—​Pneumonectomy is contraindicated.
	 •	 Patients have a high risk of postoperative death.

Table 12.2  Factors That Decrease/​Increase DLCO

DLCO is reduced by: DLCO is increased by:

Intrinsic lung disease such as COPD or history 
of chest irradiation

Conditions that increase lung volumes and 
expiratory times such as asthma

Conditions that decrease cardiac output such 
as heart failure

Increased cardiac output such as with 
exercise or stress

Conditions that increase dead space such as 
pulmonary embolism

Left to right cardiac shunt

Anemia due to decreased hemoglobin for 
absorption

Polycythemia due to increased hemoglobin 
for absorption

Abbreviations: DLCO, diffusing capacity of lung for carbon monoxide; COPD, chronic obstructive pul-
monary disease.
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	•	 10–​15 mL/​kg/​min—​Increased risk for perioperative death.
	•	 >15 mL/​kg/​min—​Good physiologic function.
	 •	 No perioperative mortality in high-​risk group (mean preoperative FEV1 of 41% 

predicted).
	•	 >20 mL/​kg/​min—​Safe for pneumonectomy.

Low Technology Exercise Tests Used to Predict VO2 max
In addition to formal CEPT, there are three easy-​to-​perform tests used as adjuncts, and in 
some cases surrogates, for CPET to predict VO2 max in patients who have both ppoFEV1 and 
ppoDLCO between 30% and 60% and are not at high risk for cardiovascular complications.5 
These are the stair climbing test, the shuttle walk test, and the Six-​minute walk test.

Stair climbing test. Patient is asked to walk up flights of stairs until they need to stop due 
symptoms such as dyspnea or fatigue. The duration of climbing, speed of ascent, number of 
steps per flight, height of each step, and criteria for stopping the test have varied in different 
studies.5,29,33

Correlation between flights climbed and VO2 max5,13,29,33:

<1 flight—​correlates with VO2 max <10 mL/​Kg/​min
<2 flights—​correlates with very high risk
>3 flights (~12–​14 m)—​correlates with decreased morbidity and mortality following 

lobectomy
> 22m—​correlates with VO2 max >15 mL/​kg/​min
>5 flights of stairs—​correlates with VO2 max of >20 mL/​Kg/​min.

Being able to walk up >22 m of stairs has a positive predictive value of 86% to predict a VO2 
max of 15mL/​kg/​min and is therefore used as a cutoff value allowing patients to proceed with 
pneumonectomy without formal CPET.33

Shuttle walk test. The patient walks back and forth between two markers, 10 meters apart. 
The walking pace is set by an audio signal and the speed is increased each minute until the pa-
tient is no longer able to walk the 10 meters in the allotted time due to dyspnea.5,29,34

Correlation between distance walked and VO2 max5,29,34:

	•	 Inability to complete walking 250 meters on two occasions—​suggests VO2 max  
<10 mL/​kg/​min

	•	 Walking <400 m—​patient needs to undergo cardiopulmonary exercise testing
	•	 Walking > 400 meters correlates with VO2 max > 15mL/​kg/​min and indicates patient is 

appropriate to proceed with pneumonectomy without CPET.

Six-​minute walk test. Patient is asked to walk as far as possible in 6 minutes and allowed 
to regulate their own pace and breaks as needed. This test is not well standardized and is 
not used in decision-​making in the preoperative assessment. However, oxygen desaturation 
during the 6-​minute walk test has been independently associated with the occurrence of 
major morbidity among patients with elevated risk.29,35
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Surgical Procedure

Summary of Surgical Procedure

After induction, flexible or rigid bronchoscopy is performed to confirm sufficient length of 
the bronchus is free of tumor.2,36 The most common surgical approach is posterolateral tho-
racotomy at the fourth or fifth intercostal space and occasionally resection of the fifth rib for 
exposure. The chest can also be accessed via video-​assisted thoracoscopy or via an anterior, 
muscle-​sparing approach that does not involve division of the latissimus dorsi or serratus 
anterior—​both of these approaches are associated with decreased postoperative pain.37,38 
Lung is then retracted to expose the anterior hilum, so that pulmonary artery, superior and 
inferior pulmonary veins, and mainstem bronchus can be evaluated for respectability.13 If re-
sectable, the superior and inferior pulmonary veins are ligated and divided, followed by the 
pulmonary artery. The bronchus is then stapled and cut to fully separate the lung from the 
body. Care must be taken to make sure double-​lumen endotracheal tubes (DLTs) or bronchial 
blockers are not included in the staple line.2,13 The bronchial stump should be as short as pos-
sible to prevent a potential space for fluid collection.13 Next a leak test is performed by filling 
the thorax with warm saline and applying positive pressure ventilation via the tracheal lumen 
while watching to confirm there are no bubbles.2,13 Some surgeons place thoracostomy tubes 
while others may not do so to minimize the chances of hemodynamic collapse resulting from 
suction with a standard underwater-​seal system. All patients must have a postoperative chest 
X-​ray to assess the position of the mediastinum.13

Types of Pneumonectomy

	•	 Standard pneumonectomy: Pulmonary artery and veins are isolated and ligated without 
intrapericardial access, and entire lung is removed.

	•	 Intrapericardial pneumonectomy: Pneumonectomy with longitudinal opening of the per-
icardium posterior to and in parallel with the left phrenic nerve.39 Needed when right or 
left main pulmonary arteries are involved or when a pulmonary vein needs to be divided 
at the level of the left atrium to get clear tumor margins.2

	•	 Extrapleural pneumonectomy: Radical resection including excision of the lung, lymph 
nodes, ipsilateral parietal pleura, hemidiaphragm, hemopericardium with patch recon-
struction, and chest wall.2,13,40 Performed for selective malignant pleural mesotheliomas 
in conjunction with high-​dose radiotherapy in the postoperative period.13

	•	 Completion pneumonectomy: Excision of remaining lung tissue after previous resection.
	•	 Tracheal sleeve pneumonectomy/​carinal pneumonectomy: Excision of the lung and 

carina with reconstruction of the trachea and bronchus with tracheobronchial anasto-
mosis.4 Performed for tumors of the proximal portions of mainstem bronchus, carina, and 
distal 3 to 4 cm of the trachea.3,13,41 The carina is more easily accessible through a right 
thoracotomy.2,41 Right sleeve pneumonectomy can generally be completed through right-​
sided thoracotomy; posterior thoracotomy is most common, but anterior approach is also 
possible.41 The left mainstem bronchus is longer and more challenging to expose through 
a right thoracotomy due to its subaortic location (see Figure 12.5); therefore, left sleeve 
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pneumonectomies are commonly performed via (i) median sternotomy, where the pro-
cedure may or may not be started using video-​assisted thoracoscopic surgery to transect 
the pulmonary artery and veins prior to sternotomy; (ii) hemi-​clamshell; or (iii) in two 
stages: left pneumonectomy followed by right thoracotomy for carinal excision.41

Anesthetic Management

Preoperative Planning and Review

Prior to taking the patient to the operating room (OR), a thorough history and physical exam 
are performed, and all labs, studies, and imaging must be reviewed. Close attention must be 
paid to baseline arterial blood gas, starting hemoglobin and platelet count, type and cross, 
electrolyte abnormalities, results of special tests for associated paraneoplastic syndromes, 
spirometry, cardiac studies, chest X-​ray, chest CT, bronchoscopy reports, and all other im-
aging.14,16 Prior to entering the OR, the anesthesiologist should ensure the appropriate blood 
products are readily available. Imaging is reviewed to assess for vascular and airway invasion 
or obstruction by tumor as well as overall anatomy and condition of the lungs, which can help 
to guide decisions such as most appropriate intubation technique, appropriateness for one-​
lung ventilation (OLV), most suitable modality for OLV, and give insight to risk for airway 
and hemodynamic collapse after induction of anesthesia. With significant risk for airway or 
hemodynamic collapse, such as with an anterior mediastinal mass, one must consider need 
for prone or lateral positioning, ENT consult for rigid bronchoscopy to pass obstruction, 
preoperative cannulation for extracorporeal membrane oxygenation, or need for emergent 
median sternotomy to manually lift chest contents and relieve obstruction.42

Monitors and Lines

Intraoperatively, standard American Society of Anesthesiologists monitors are applied, and 
patients undergoing pneumonectomy should have a large bore peripheral intravenous line 
for transfusion of fluids and blood products, an arterial line for monitoring and blood sam-
pling, urinary catheter for accurate measurement of urine output, and frequently a central 
venous catheter to guide intravascular fluid management and for vasopressor administra-
tion.2,13,16 Pulmonary artery catheters (PACs) and transesophageal echocardiograms (TEEs) 

Ascending Aorta
Descending Aorta

Le� Mainstem Bronchus
Empyema

Figure 12.5  Demonstrates the subaortic position of the left mainstem bronchus in a patient 
who presented with large left-​sided empyema after previous left sided pneumonectomy.
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are also reasonable, but not used in all cases.16 Arterial line can be placed preinduction or 
postinduction of anesthesia depending on patient factors and provider preferences.

Lung Isolation

After induction of anesthesia and placement of lines and monitors, bronchoscopy is per-
formed using flexible bronchoscopy through single lumen endotracheal tube or rigid 
bronchoscopy can be performed with the use of intravenous anesthesia. Next, lung isola-
tion is achieved using, in order of most to least common: a DLT, a bronchial blocker, or a 
single-​lumen endotracheal tube advanced into the nonoperative mainstem bronchus. DLTs 
are considered the gold standard.16 In general, left-​sided DLTs are easier to place and pre-
ferred for lung isolation in thoracic surgeries due to the short length of the right mainstem 
bronchus and early takeoff of the right mainstem bronchus (see Figure 12.6). Options for 
lung isolation for left and right pneumonectomy can be seen in Figure 12.7. Left-​sided DLT 
for left pneumonectomy and all bronchial blockers must be withdrawn prior to stapling to 
avoid incorporation into staple line and nidus for inflammation and/​or infection causing 
tissue breakdown and impaired wound healing of the ligated bronchus, which can lead to 
development of bronchopleural fistula.2,13,41 Following lung isolation and confirmation of 
ability to perform OLV, the patient is placed in lateral decubitus position, and eyes, pressure 
points, and neck position are confirmed to be satisfactory.2 Once positioning is complete, 
a fiberoptic scope is used to recheck for optimal positioning of DLT, bronchial blocker, or 
endotracheal tube.2,16

OLV Recommendations

	1.	 Tidal volume of 4 to 6 mL/​kg ideal body weight.
	2.	 Peak airway pressure <35 cmH2O.

19

22

10 13

9

5016

Figure 12.6  Bronchus dimensions.
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	3.	 Plateau airway pressure < 25 cmH2O.
	4.	 Positive end expiratory pressure of 5 to 10.
	5.	 Maintain normocarbia by increasing respiratory rate.
	6.	 Avoid hyperoxia—​titrate FiO2 to maintain O2 saturations of 94% to 98%.
	7.	 Minimize surgical time and OLV time.
	8.	 Pressure control is a good mode of ventilation for patients at risk for lung injury such as 

patients undergoing pneumonectomy or with bullae.2,13,16,38,43,44

Hemodynamic Management and Clamping of the 
Pulmonary Artery

Awareness of the surgical field, understanding what is taking place, anticipating the next step, 
and strong communication between surgeon and anesthesiologist are essential throughout 
the procedure. For example, hypotension and arrhythmias may occur when hilar structures 
or pericardium are retracted.36 Communication between surgeon and anesthesia is also cru-
cial when clamping the pulmonary artery to maintain stable cardiac output with the entire 
pulmonary circulating volume beginning to pass through only one lung. Significant elevation 
in the central venous pressure (CVP) and hemodynamic perturbations indicate insufficient 
compliance of the right ventricle and is concerning for cardiovascular collapse and postop-
erative cardiac complications with high mortality.2 The resulting increase in PVR can start a 
self-​perpetuating chain reaction leading to both right and left heart failure (See Figure 12.8).

Postoperative mortality increases with increasing age and right-​sided pneumonectomy2,13 
for reasons previously discussed in the Cardiovascular Risk Assessment and Evaluation sec-
tion. Surgical compression of the heart must be ruled out as a possible cause of poor he-
modynamic response to pulmonary artery clamping. If there is no hemodynamic tolerance 
for pulmonary artery clamping, even after addressing all possible reversible causes, then the 
surgical and anesthesia team need to decide if it is appropriate2 to proceed versus resorting to 

Right pneumonectomy Le� pneumonectomy

Le� bronchial blocker Right bronchial blockerLe� sided DLT Right sided DLT

Figure 12.7  Options for lung isolation. Right pneumonectomy lung isolation options: right-​
sided bronchial blocker or left-​sided double-​lumen endotracheal tube (DLT). Left 
pneumonectomy lung isolation options: left-​sided bronchial blocker, right-​sided DLT with 
correct alignment of Murphy’s eye with the right upper lobe or left sided DLT.
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nonsurgical options such as radiotherapy, stereotactic radiotherapy, or radiofrequency abla-
tion.29 These nonsurgical options should be discussed with patients during the preoperative 
evaluation. However, with appropriate preoperative workup and patient selection, it is rare to 
come to this point.2

Supplemental Studies

In the case of increased CVP, pulmonary hypertension, and signs of right heart failure, fol-
lowing pulmonary artery clamping, efforts are made to decrease PVR (increase FiO2, nor-
mocapnea or slightly hypocapnic, treat acidosis, normothermia, inhaled nitric oxide 10 to 
40 ppm or prostacyclin 50 ng/​kg/​min) and additional monitors such as PAC and TEE may 
be employed.16 PACs are used to monitor right atrium, right ventricle, and pulmonary artery 
pressures and cardiac output and guide treatment of pulmonary hypertension.16 TEE trans-
gastric short axis view can be used to visually confirm right heart failure due to increased 
PVR through demonstration of right ventricle enlargement, flattening of the interventricular 
septum or D-​shape of the left ventricle, and paradoxical motion with bulging of the right ven-
tricle into the left ventricle, which is most pronounced during systole (see Figure 12.9).45,46 
More advanced techniques such as calculation of pulmonary artery pressure using Bernoulli 
equation (see Figure 12.10), or evaluation of right ventricular function using modalities such 
as tricuspid annular plane systolic excursion or right ventricle strain through techniques 
such as 2D speckle tracking can also be used by providers trained in TEE.45–​48

Increased PVR
Strain on right heart due

to increased right
heart a�erload

Decreased
   right ventricle
     stroke volume

Decreased
le� ventricle
preload
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in blood   

pressure       

Decrease in coronary
       perfusion pressure

Ischemia

Further strain
on the le� and
 right ventricles

    Decreased contractility
  and failing RV cannot
overcome increased PVR

Figure 12.8  Physiologic consequences of increased pulmonary vascular resistance and the 
development of left and right heart failure. 
PVR, pulmonary vascular resistance.

 



Normal Pulmonary Hypertension

DiastoleDiastole SystoleSystole

Mid SAX: 0̊
Figure 12.9  Transgastric mid papillary short axis view. Normal appearance of the left and right 
ventricles during diastole and systole on left. Left and right ventricles in diastole and systole in 
a patient with pulmonary hypertension on right–​right ventricle enlargement, flattening of the 
interventricular septum or D shape of the left ventricle, and paradoxical motion with bulging of 
the right ventricle into the left ventricle, which is most pronounced during systole.
Abbreviations: LV, left ventricle; RV, right ventricle.

Figure 12.10  Systolic pulmonary artery pressure can be determined with transesophageal 
echocardiography by using continuous wave Doppler to obtain the peak velocity of the 
tricuspid regurgitant as seen in figure and Bernoulli equation to calculate the pressure gradient 
between the right atrium and right ventricle.
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Intraoperative Fluid Management

Risk factors for postpneumonectomy pulmonary edema or acute lung injury include pneu-
monectomy itself, right-​sided pneumonectomy, excessive perioperative intravenous fluid 
administration, high urine output in the intraoperative and postoperative period, high intra-
operative ventilatory pressure index (combined airway pressure and time), and preoperative 
alcohol abuse.13,49,50 Greater than 3 L in first 24 hours is an independent risk factor for acute 
lung injury.50 Fluid administration is carefully managed and goals include less than 20 mL/​
kg total positive fluid balance in the first 24 hours, less than 3 L of crystalloids administered 
in the first 24 hours, no fluid administration for third space fluid losses, and fluids should 
be adjusted so urine output does not exceed 0.5 mL/​kg/​hr.13 Infusion of fluids at a rate of 2 
to 3 mL/​kg/​hour is not associated with acute kidney injury in lung resection patients.38 It 
is important to avoid hypovolemia and acute kidney injury, while also limiting intravenous 
fluid administration, so vasopressors are frequently utilized to maintain mean arterial pres-
sure and compensate for autonomic effects of neuraxial blockade.2,13,16,38 Hemorrhage must 
be excluded with persistent hypotension,2 and invasive monitors and vasopressors are used 
both intraoperatively and postoperatively in efforts to increase tissue perfusion.13,16,38

Special Considerations

Extrapleural Pneumonectomy
	•	 Associated with significant blood loss due to involvement of chest wall vessels.
	•	 Venous return to the heart can be compromised by blood loss, compression of SVC by 

tumor, or surgical causes.
	•	 Cardiac herniation of hemodynamic instability can occur when patient is moved from 

lateral decubitus to supine position.
	•	 Patients typically remain intubated due to the extended duration of surgery and large fluid 

shifts.
	•	 If using a DLT, it is typically exchanged to a single-​lumen endotracheal tube at the end of 

the procedure.
	•	 Perioperative morbidity of 0% to 82.6% and mortality of 0% to 11.8%.
	•	 5-​year survival 0% to 78%
	•	 Complications include: acute respiratory distress syndrome, pericardial tamponade, car-

diac herniation, pulmonary embolism, respiratory infections, respiratory failure, atrial 
arrhythmia, and myocardial infarction.13,40

Tracheal Sleeve Pneumonectomy/​Carinal Pneumonectomy
	•	 Ventilation during tracheobronchial resection and anastomosis can be achieved with
	 1.	 Cross-​field ventilation—​a long single-​lumen sterile endobronchial tube is advanced 

through the surgical field and into the left mainstem bronchus, or
	 2.	 High-​frequency jet ventilation.
	•	 Intermittent apnea is used during placement of anastomotic sutures.
	•	 Occasionally performed with cardiopulmonary bypass or extracorporeal membrane 

oxygenation.
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	•	 Flexible bronchoscopy is performed prior to extubation, to check anastomosis and clear 
endobronchial secretions.

	•	 The morbidity rate (11%–​50%) and mortality rate (3%–​20%) are higher, and 5-​year sur-
vival (20%) is lower than other pulmonary resections.

	•	 Postpneumonectomy pulmonary edema is a common complication after right sleeve 
pneumonectomy.

	•	 Acute respiratory distress syndrome in up to 20% of patients and has a mortality rate of 
50% to 100%.13,41

Extubation

Extubation in the OR versus the intensive care unit will be determined on a case-​by-​case 
basis depending on multiple factors such as fluid balance, intraoperative course, and pa-
tient comorbidities. The following are general recommendations that can be used to guide 
decision-​making13:

	•	 ppoFEV1 >40%—​extubate in OR when alert, warm, and comfortable.
	•	 ppoFEV1 > 30% to 40%.
	 •	 Good exercise tolerance and lung parenchymal function—​extubating in OR is possible.
	 •	 Poor exercise tolerance and lung parenchymal function high—​Most appropriate to 

wean from mechanical ventilation so the effect of increased O2 consumption from spon-
taneous ventilation can be assessed.

	•	 ppoFEV1 20% to 30%—​Can be considered for early extubation if favorable exercise toler-
ance and lung parenchymal function and thoracic epidural analgesia (TEA) is used.

Pain Management

Adequate analgesia is essential to allow patients the ability to cough and clear secre-
tions. A  thoracic epidural catheter or paravertebral catheter (PVC) should be placed 
preoperatively for both intraoperative and postoperative pain control unless contraindi-
cated.16,38,51,52 Benefits of TEA include but are not limited to improved perioperative an-
algesia compared to systemic opioids, decreased pulmonary complications, decreased 
duration of mechanical ventilation, and decreased postoperative protein catabolism.51 TEA 
has also been shown to decrease complications in the high-​risk group of patients undergo-
ing pulmonary resection,53 so is therefore most commonly used and considered the gold 
standard for pain management for thoracic surgery.16,38,52 Although TEA is still considered 
the gold standard, recent studies have shown that PVCs may provide comparable analgesia 
and a better short-​term side effect profile as TEA can cause urinary retention, hypoten-
sion, nausea and vomiting, and pulmonary complications.54 TEA have shown to decrease 
the incidence of chronic postthoracotomy pain syndrome,55 but PVCs have the benefit of 
being unilateral without depression of respiratory function or sympathectomy on the con-
tralateral side.16,52,56 PVCs have been proven to be beneficial in limiting the amount of 
fluids administered during pneumonectomy and may decrease risk of major complications 
including arrhythmias, hemodynamic instability, respiratory complications, intensive care   
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unit admissions, additional surgery, or 30-​day mortality.52 It is not clear at this time 
whether these perceived advantages of PVCs may be due to factors such as more compli-
cated or sicker patients receiving epidural analgesia. Other regional techniques such as 
serratus plane blocks and erector spinae blocks are also proving to be beneficial adjuncts 
in thoracic surgery.16,38,57,58 Surgical technique with intercostal nerve-​sparing techniques 
with creation of intercostal muscle flap protects the intercostal nerve from crush injury due 
to compression by surgical retraction and decreases pain.38

Postoperative Monitoring and Complications

Postoperatively patients are monitored for hemorrhage, postpneumonectomy pulmo-
nary edema, retained secretions, airway plugging within the contralateral lung, and cardiac 
arrhythmias. Postoperative chest drains can be used to monitor for hemorrhage, but it is very 
important to be cautious as to not cause mediastinal shift.

Cardiac Arrhythmias

Postoperative cardiac arrhythmias include atrial fibrillation (AF), atrial flutter, and supraven-
tricular tachycardia.2,59 AF is the most common postoperative cardiac arrhythmia, and it has 
been shown that up to 40% of patients will develop postoperative AF,60 which is associated with 
increased hospital stay and mortality.61 See Figure 12.11, which demonstrates how AF can lead 
to adverse cardiac consequences and left ventricle dysfunction.62 Risk factors for postopera-
tive AF include, but are not limited to, increased age, male sex, preoperative heart disease, hy-
povolemia, intraoperative hypotension, anemia, sympathetic activity, catecholamine release, 
metabolic disturbances (hypoglycemia, hypokalemia, hypomagnesemia), pulmonary arterial 
vasoconstriction, and excessive fluid shifts.59,61,63 Potentially modifiable risk factors for AF 
following lung resection surgery include preoperative alcohol consumption, red cell transfu-
sion, open surgery, and use of inotropes.64 Increased age is considered the most important risk 
factor for developing AF.65 Prevention of postoperative AF includes recognition of increased 
risk and avoidance of aforementioned triggers. Amiodarone, beta-​blockers, and statins have 
been shown to decrease the incidence of perioperative AF.66 Management includes prompt 
investigation of underlying cause, correction of acid/​base and electrolyte abnormalities, and 
pharmacologic treatment with beta-​blockers, non-​dihydropyridine calcium channel blockers, 
amiodarone, or digoxin—​each with their own pros and cons.59,63 Prophylactic amiodarone is 
reasonable and beta blockers may be considered; however, there are no definitive recommen-
dations for prophylaxis, and it is decided on a case by case basis.2,63

Stroke

Patients undergoing pneumonectomy have an increased risk of stroke due to thrombosis of 
the pulmonary vein stumps. The left upper pulmonary vein is believed to be the most likely 
source of thrombi due to its longer length and slower blood flow as detected by ultrasound.67
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Perioperative Pulmonary Complications and 
Postpneumonectomy Pulmonary Edema

Perioperative pulmonary complications including postoperative respiratory failure, pneu-
monia, atelectasis, bronchospasm, and pulmonary edema occur in 3.9% to 37.5% of patients 
after lung cancer surgery,63,68–​70 and postpneumonectomy pulmonary edema occurs in 2% 
to 5%2,13,16,23,71 of patients after lung resection surgery and has a mortality of up to 50%.2,13 
Risk factors for postpneumonectomy pulmonary edema can be found in the previous discus-
sion of intraoperative fluid management. Postpneumonectomy pulmonary edema typically 
has a biphasic presentation. Early presentation occurs within the first 72 hours and is due to 
leaky capillary beds in remaining lung resulting in respiratory distress and hypoxemia.2 Late 
presentation occurs greater than 72 hours after pneumonectomy and is usually associated 
with aspiration, bronchopulmonary fistula, or surgical complications. Treatment includes 
fluid restriction, diuretics, low ventilatory pressures if patient is mechanically ventilated, and 
employing measures to decrease PVR.13

Bronchopleural Fistula

Bronchopleural fistula (BPF) is a sinus tract with communication between the bronchus and 
pleural space. Incidence and mortality of BPF are as high as 2.9% to 20% and 18% to 67%, 
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Figure 12.11  Interaction between atrial fibrillation and cardiac function.
Source: Iwasaki Y, Nishida K, Kato T, Nattel S. Atrial Fibrillation pathophysiology: implications for management. 
Circulation. 2011;124(20):2264–​2274. doi:10.1161/​CIRCULATIONAHA.111.019893. Used with the permission of 
Elsevier Inc. © All rights reserved.
Abbreviations: AF, atrial fibrillation; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.
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respectively after pneumonectomy.12,72 Patients present with cough, chest drains with con-
tinued air leaks or falling fluid levels, and/​or new air fluid levels on chest X-​ray.2 Risk factors 
for the development of BPF include induction therapy, active smoking, alcohol abuse/​de-
pendence, MRC Dyspnea Scale score of 2 or higher, right-​sided pneumonectomy, increased 
operative times, prolonged postoperative ventilation, residual tumor in the stump, and large 
diameter stumps.2,12 BPF can be prevented by achieving a healthy anastomosis covered with 
viable tissue.41 Due to the left bronchial stump’s subaortic location (see Figure 12.5), it is usu-
ally protected by tissues within the mediastinum. The right bronchial stump is more exposed 
and needs to be protected by covering with a well-​vascularized tissue flap such as an intercostal 
muscle.2,38 Right pneumonectomy has a greater risk of developing BPF due to its location, as 
well as its single blood supply from one bronchial artery, compared to the left with two bron-
chial arteries.2 Patients should ideally be medically managed and stabilized prior to surgical re-
pair, but occasionally patients need to be emergently taken to the OR for surgical re-​exploration 
and may even require carinal resection due to BPF following pneumonectomy.41 These patients 
are exceptionally challenging to manage as they can have sepsis, hypoxia, respiratory failure, 
and cardiac collapse.2 It is best to maintain spontaneous ventilation prior to intubation and BPF 
is an absolute indication for OLV.44 Rapid lung isolation is needed to avoid overspill from the 
BPF to the remaining lung and to prevent positive pressure ventilation from being delivered to 
the stump as it can worsen the leak and even lead to a tension pneumothorax.44,73 Late presen-
tation of BPF is associated with more nonspecific signs and are often associated with empyema. 
If associated with empyema, patient is treated with draining the fluid, antibiotics, and surgical 
repair of the fistula (see Figure 12.5, demonstrating a large empyema).2

Cardiac Herniation

Cardiac herniation is a deadly complication with greater than 50% mortality.2,13 The heart 
herniates through a defect in pericardium into the postpneumonectomy space due to pres-
sure difference between the two hemithoraces. This usually occurs within the first 24 hours 
after surgery, when the pericardium is incompletely closed or the closure breaks down. 
Cardiac herniation after right pneumonectomy leads to an impedance of venous return and 
presents with increased CVP, tachycardia, hypotension, shock, and torsion of the heart can 
cause an acute superior vena cava syndrome.74 With cardiac herniation after left sided pneu-
monectomy compression of the myocardium can lead to myocardial ischemia, arrhythmias, 
and ventricular outflow obstruction.13 Cardiac herniation can rapidly lead to cardiac arrest, 
and if the diagnosis is suspected, the patient should be placed in lateral decubitus position 
with the operative side up and taken to the OR for surgical repair.2,13 Due to the emergent na-
ture, a single-​lumen endotracheal tube is normally used.13
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Anesthesia for Pleural Space Procedures
Harendra Arora and Alan Smeltz

Introduction

The pleural space is located between the visceral pleura, lining the surface of each lung, 
and the parietal pleura, lining the interior chest wall. These structures function to transmit 
changes in intrathoracic pressure generated by the diaphragm and chest wall to the lungs and 
permit lung sliding during respiratory movement. The pleural linings are intimately apposed 
and create a potential space with pressure that is slightly more negative than atmospheric 
pressure.

There are many types of pleural diseases. These include conditions such as inflammation 
(pleurisy), hemothorax, chylothorax, pneumothorax, pleural effusion, and empyema as well 
as pleural tumors. Pleural tumors can either arise from the pleura itself (e.g., mesothelioma) 
or can spread to the pleura (metastatic) from another site. These conditions typically pre-
sent with nonspecific cardiopulmonary symptoms such as dyspnea, cough, pleuritic chest 
pain, and hypotension, but there might also be features that indicate a particular etiology. 
As a group, pleural diseases are common and frequently managed surgically. This chapter 
will focus on the conditions that are most likely to require surgical management. Although 
pleural pathology is generally situated more peripherally from vital mediastinal structures 
than other categories of thoracic pathology, they have their own risks and set of challenges for 
the thoracic anesthesiologist.

Surgical Considerations for Specific Pleural Diseases

Pleural Effusion

Pleural effusion is excessive collection of fluid in the pleural space (Figure 13.1).  The col-
lection can either be a transudate or an exudate, based on Light’s criteria (Table 13.1).1,2 
A transductive collection occurs when there is either a net increase in hydrostatic pressure 
or decrease in oncotic pressure across the intact capillary beds, as is seen in patients with 
congestive heart failure or liver cirrhosis. An exudative collection occurs when there is ei-
ther decreased lymphatic drainage or increased capillary permeability that results in fluid 
leakage into the pleural space, as seen in pneumonia, malignant pleural disease, or pulmo-
nary embolism. The most common malignant etiologies are lung cancer (37.5%), breast 
cancer (16.8%), lymphoma (11.5%), and genitourinary cancer (9.4%).3 As fluid accumulates 

 

 

 

 



(A) (B)

Figure 13.1  Pleural effusion. (A) Postero-​anterior chest X-​ray showing a large right-​sided 
pleural effusion with a complete white-​out. (B) Chest X-​ray of the same patient a month later 
with complete resolution of the pleural effusion.

Table 13.1  Etiologies of Pleural Effusions

Transudate Exudate

Light’s criteria

  Protein, pleural:serum ≤0.5 >0.5

  LDH, pleural:serum ≤0.6
or
pleural LDH ≤2/​3 upper limit 
normal for serum LDH

>0.6
or
pleural LDH >2/​3 upper limit normal  
for serum LDH

Mechanisms ↑serum hydrostatic pressure
↓serum oncotic pressure

↑capillary permeability
↓pleural lymphatic drainage

Etiologies Congestive heart failure
Atelectasis
Nephrotic syndrome
Hypoalbuminemia
Hepatic hydrothorax
Urinothorax
Peritoneal dialysis
Pulmonary embolism

Pneumonia
Malignancy
Pulmonary embolism
Chylothorax
Empyema
Constrictive pericarditis
Trapped lung
Superior vena cava obstruction
Sarcoidosis

Sources: Adapted from Light RW, Macgregor MI, Luchsinger PC, Ball WC, Jr, Pleural effusions: the diagnostic sep-
aration of transudates and exudates, Ann Intern Med. 1972;77(4):507–​513, and Light RW, Clinical practice, pleural 
effusion, N Engl J Med. 2002;346(25):1971–​1977.
Abbreviation: LDH, lactate dehydrogenase
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in the pleural space, the external mass effect limits lung expansion, leading to ineffective 
ventilation, increased work of breathing, atelectasis, and hypoxemic shunting.

Thoracentesis to drain pleural effusion, either diagnostic or therapeutic, is generally 
safe but can lead to some degree of pneumothorax in as many as 39% of cases.4 Other more 
common complications include hemothorax, solid organ puncture, and ineffective aspiration 
of fluid. To minimize the risk of complications, ultrasound should be used to guide access. 
Large volume drainage can be performed to alleviate symptoms and/​or assess the lung for 
re-​expandability, if pleurodesis is being considered. One method to assess re-​expandability 
is to measure the change in pleural pressure after removing 500 mL of fluid and calculate 
the elastance of the pleural space. Less than a 19 cmH2O decrease suggests the lung will re-​
expand.5 Removal of a volume >1.5 L, however, increases the risk of re-​expansion pulmonary 
edema. Patients with lung entrapment (non–​re-​expandable lungs) are at increased risk of this 
complication due to the introduction of extreme negative pleural pressure that accompanies 
large volume thoracentesis. Although uncommon (incidence <1%), re-​expansion pulmo-
nary edema can manifest with sudden worsening of respiratory distress. Treatment is usually 
supportive, although returning fluid to the pleural space has also been associated with rapid 
resolution of symptoms.6

If the lung is re-​expandable, the insertion of an indwelling pleural drainage catheter and/​
or pleurodesis, the induced adherence of visceral and parietal pleura through scarification, 
is recommended. Although sclerosing chemical, and not abrasive mechanical, pleurodesis is 
specifically mentioned in the 2013 American Thoracic Society/​Society of Thoracic Surgeons/​ 
Society of Thoracic Radiology practice guideline,4 there is conflicting evidence regarding 
which method is more efficacious.7,8 Talc is the most effective and commonly used agent 
for chemical pleurodesis, although it is associated with a greater incidence of pleuritic chest 
pain, pneumonitis, and acute respiratory distress syndrome, as compared to other agents 
like tetracyclines or bleomycin (Table 13.2 and Box 13.1).3,9 Talc can be administered either 
through the indwelling pleural catheter in slurry form (powder mixed with saline) or in its 
powder form through direct thoracoscopic application. Pleural catheters should remain 
clamped for at least an hour following the administration of talc slurry. However, if the lung 
is not re-​expandable (as occurs in 30% of cases), placement of an indwelling catheter alone is 
preferred over attempting pleurodesis. Lysis of adhesions and loculations can be attempted 
by either the administration of a fibrinolytic agent into the catheter or by thoracoscopic me-
chanical disruption and clearance. Surgical pleurodesis has a reported success rate of 90%, as 
compared to chemical injection into the pleural catheter of 60%.3 This difference may be due 
to more thorough liberation of loculations and therefore increased lung mobilization.

For patients dealing with chronic malignant pleural effusion that are either refractory to 
pleurodesis or have lung entrapment, another palliative option is pleuroperitoneal shunting. 
This approach helps patients minimize fluid accumulation in their thorax as one-​way valves 
permit drainage into the peritoneal cavity. One important risk of this procedure is the possi-
bility of malignant cells seeding into the abdomen.

Chylothorax

The thoracic duct transports around 4 L of chyle, a mixture of lymphatic fluid and gut-​absorbed 
fats, cephalad through the posteromedial thorax, terminally draining into the venous system 
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at the juncture of the left subclavian and internal jugular veins. Either congenital, neoplastic, 
or traumatic processes can lead to thoracic duct injury, resulting in the intrathoracic leakage 
of chyle, also known as chylothorax. Traumatic injury of the duct can occur in up to 2.6% of 
patients after video-​assisted thoracoscopic lung resections and 10.5% after esophageal sur-
gery.10 The degree of chyle leak can be classified as low (<500 mL over 24 hours) or high volume 
(>1000 mL over 24 hours).11 High volume chylous losses can increase the risk of malnutrition, 
immunosuppression, infection, and respiratory disorders. If left untreated, chylothorax is asso-
ciated with a 30% risk of mortality.10 If the leak remains high volume after 5 to 7 days of dietary 
fat restriction, surgical management is indicated. Options include pleurodesis, thoracic duct 
ligation, and non-​invasive intravascular thoracic duct embolization.

Empyema

Empyema is an exudative collection of purulent fluid that results from infection within the 
pleural space (Figure 13.2). There are three stages of development: Stage I, the exudative 

Table 13.2  Common Sclerosing Agents Used 
for Pleurodesis and Their Associated Success Rate

Sclerosing Agent Success Rate (%)

Talc 70–​100

Tetracycline 50–​92

Bleomycin 58–​85

Cisplatin 65–​83

Doxycycline 60–​89

Taxol 85–​93

Erythromycin 85–​88

Source: Adapted from Zarogoulidis K, Zarogoulidis P, Darwiche 
K, et al. Malignant pleural effusion and algorithm management.   
J Thorac Dis. 2013;5(Suppl 4):S413–​419.

Box 13.1  Adverse Effects Related 
to Pleurodesis With Talc

Fever
Chest pain
Dyspnea
Atelectasis
Subcutaneous emphysema
Prolonged air leak
Empyema
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phase, where fluid can be easily drained and the affected lung remains fully re-​expandable; 
Stage II, the fibropurulent phase, where the exudate thickens and fibrin deposits, forming 
loculations; and Stage III, the chronic organizing phase, where granulation tissue forms fol-
lowed by scarring that leads to contraction of the hemithorax and ipsilateral shifting of the 
mediastinum.12 In addition to appropriate antibiotic medications and therapeutic drainage 
of the effusion, surgical intervention is often indicated. A meta-​analysis of eight randomized 
controlled trials demonstrated patients with earlier stage empyema (Stages I and II) had a 
similar rate of mortality whether managed with or without surgery.13 However, patients that 
underwent surgery had shorter hospital lengths of stay. One factor that has been attributed to 
the success of patients undergoing nonsurgical management has been the administration of 
fibrinolytic agents into the thoracostomy drainage tube.14

For patients undergoing surgery, thoracoscopic deloculation and decortication may be 
performed, and depending on the stage of development, entrapped lung segments may re-
quire resection as well. If there are larger segments of non–​re-​expandable lung, the pleural 
space may then be obliterated to prevent empyema re-​accumulation. This can be accom-
plished by the insertion of muscle flaps or silicone implants so as to obliterate the newly 
voided pleural space (Figure 13.3).15 For patients with comorbid conditions that might com-
promise their survivability after one of these interventions, establishing a temporary open-​
window thoracotomy can be attempted to enable drainage of the infected material.

Hemothorax

Blood can accumulate in the pleural space as a result of blunt or penetrating chest trauma, 
surgery, coagulopathy, vascular disease, or vascular-​invasive or angioproliferative neoplastic 
processes or from a variety of other less common etiologies.16 Hemothorax occurs in up to   

(A) (B)

Figure 13.2  Empyema. (A) A transverse chest computed tomography scan (with contrast) 
showing a large posteriorly located right-​sided empyema. (B) Coronal section of the chest 
computed tomography demonstrating the extent of the empyema.
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60% of multitrauma patients and is responsible for up to 25% of deaths in this patient pop-
ulation.17 Initial management of hemothorax involves the placement of a thoracostomy 
drain. Factors that suggest further surgical intervention include initial release of 1500 mL 
or more of bloody fluid, the sustained release of 200 mL or more over 4 hours, and unstable 
hemodynamics that are refractory to nonsurgical management. Bloody exudate may become 
retained (i.e., failed evacuation despite the presence of a thoracostomy tube) if either blood 
has clotted or if loculations develop. Retained blood may serve as a nidus for pleural infec-
tion and empyema. Once the source of pleural hemorrhage has been identified, additional 
disease-​specific therapy may then be warranted.

Pneumothorax

There are many ways gas can enter the pleural space, causing a pneumothorax (Figure 13.4). 
Mechanisms include spontaneous pneumothorax, both in the presence or absence of an 
underlying lung pathology, traumatic chest wall injury, and iatrogenic procedural compli-
cation. Conditions resulting from chest wall defects may require specific early interven-
tion to close the defect. However, in general, whether or not to primarily manage medically 
or place a thoracostomy drain tube is based on the presence of concurrent lung disease, a 
pleural-​to-​chest wall distance >2 cm on coronary chest radiograph and the degree of as-
sociated respiratory insufficiency.18 For prolonged pleural leaks that do not abate within 3 
to 5 days, surgical intervention is warranted. For patients unable or unwilling to undergo 
surgery, nonoperative chemical pleurodesis injection into the thoracostomy drain may be 
attempted. Surgical options include pleurodesis and resection of associated diseased lung 
segments.19,20

(A) (B)

Figure 13.3  Postpneumonectomy syndrome. (A) A transverse chest computed tomography 
scan demonstrating rightward shift of the mediastinal structures following right 
pneumonectomy. (B) A transverse chest computed tomography scan of the same patient 
following insertion of a saline-​filled silicone implant. Obliteration of the pleural space in this 
manner can also be used to prevent re-​accumulation of material, such as empyema.
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Malignant Mesothelioma

Malignant mesothelioma is a highly aggressive cancer that can involve mesothelial tissues, 
including the pleura (Figure 13.5). The cancer is highly invasive locally and produces ma-
lignant pleural effusion. Median survival is 4.5 months with best medical management and 
14.5 months with surgery.21 Treatment usually involves chemotherapy along with radiation 
therapy, and surgical debridement is often performed for palliation. The infiltrative spread of 
the cancer renders any surgical option technically challenging and high risk. Surgical man-
agement options include talc pleurodesis, pleurectomy with or without decortication, and 
extrapleural pneumonectomy. Pleurectomy is the removal of diseased pleura, and with de-
cortication, the thickened cancerous rind is peeled away from the pleural space. Extrapleural 
pneumonectomy is the en bloc resection of cancer-​infiltrated lung, pleura, pericardium, and 
hemidiaphragm, with subsequent repair of pericardium and hemidiaphragm with patches, 
as necessary.

In the Mesothelioma and Radical Surgery multicenter trial, patients were randomized 
to either have extrapleural pneumonectomy or not (medical management with or without 
pleurectomy).21 This study demonstrated that patients who underwent extrapleural pneu-
monectomy suffered harm, with decreased survival at 1 year and no increase in quality of 
life. A  subsequent retrospective study that specifically compared patients having under-
gone extrapleural pneumonectomy with those having had pleurectomy with decortication 
demonstrated the former was associated with increased morbidity and mortality.22 Later, in 
the MesoVATS multicenter randomized controlled trial, patients undergoing video-​assisted 
thoracoscopic surgery either underwent talc pleurodesis or pleurectomy. Both groups 
had equivalent 1-​year survival, but patients having had talc pleurodesis had fewer respira-
tory complications and shorter hospital length of stay.23 Unfortunately, this study did not 
discern whether or not pleurectomy had any benefit in patients with lung entrapment. As 

(A) (B)

Figure 13.4  Pneumothorax. (A) Anteroposterior chest X-​ray showing a large right-​sided 
pneumothorax with arrows pointing to the collapsed lung border. (B) An anteroposterior chest 
X-​ray showing expansion of the lung following chest tube placement.
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a result of these findings, many recommend against performing extrapleural pneumonec-
tomy, and the utility of pleurectomy with decortication over talc pleurodesis is still somewhat 
controversial.24

Bronchopleural or Alveolopleural Fistula

Bronchopleural fistulas are communications between either a mainstem, lobar, or segmental 
bronchus and the pleural space, whereas alveolopleural fistulas connect the pleural space to 
airway that is distal to the segmental bronchus (Figure 13.6). Bronchopleural fistulas occur in 
as many as 4% to 5% of patients after pneumonectomy and are associated with an increased 
risk of mortality.25 Alveolopleural fistulas are more likely to occur across staple line defects 
after performing pulmonary wedge resections. Management of airway fistulas is based on the 
severity of the leak and the likelihood of recovery with nonsurgical care. The severity of air 
leak can be graded into four classes, ranging from air leak only with forced expiration to con-
tinuous air leak (see Table 13.3).26,27 Prolonged air leak (>5 days) and more central sources of 
leak are more likely to require surgical correction. In general, bronchopleural fistulas often 
require surgical intervention, whereas alveolopleural fistulas are more amenable to sponta-
neous recovery.25

Anesthetic Considerations

Preanesthetic Evaluation

In addition to standard preanesthetic evaluation, as recommended by the American Society 
of Anesthsiologists,28 patients undergoing thoracoscopic surgery may require additional pul-
monary and/​or cardiac functional assessment. For example, there should be a lower threshold 
to pursue additional testing for even milder cases of dyspnea or decreased functional ca-
pacity. In these patients, pulmonary function tests and transthoracic echocardiography can 

Figure 13.5  Mesothelioma. A transverse chest computed tomography scan showing a large 
mesothelioma located in the right chest.
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help predict how well a patient might tolerate the temporary iatrogenic shunt and elevated 
right ventricular afterload associated with one-​lung ventilation.29

For patients with symptoms of either reactive airway disease or hypervolemia, preopera-
tive pulmonary optimization, such as administration of nebulized bronchodilators or diuret-
ics, should be considered. Patients with bronchopleural fistula or empyema may present with 
septicemia in which case antibiotic therapy should ideally be optimized prior to elective sur-
gery. Patients with large volume chylous drainage are likely to be hypovolemic and malnour-
ished. Whenever possible, nutritional therapy should be optimized prior to elective surgery 
for these patients. For selected procedures where anticipated blood loss is likely to be signif-
icant, such as with extensive pulmonary decortication, it is advisable to crossmatch 2 to 4 
units of packed red blood cells.

In patients with a large pleural effusion, the induction of general anesthesia and positive 
pressure ventilation can be especially treacherous. Patients with poor pulmonary reserve 
may benefit from a therapeutic thoracentesis prior to induction of anesthesia. Due to the lim-
iting effect of the effusion on lung expansion, increased inspiratory pressures are generally 

(A) (B)

Figure 13.6  Bronchopleural fistula. (A) An anteroposterior chest X-​ray of a patient with left-​
sided bronchopleural fistula. (B) A transverse chest computed tomography scan of the same 
patient showing the bronchopleural fistula as well as a small pneumothorax on the left side.

Table 13.3  The Cerfolio Classification of Air Leakage Severity

Class 1 Air leak only during forced expiration.

Class 2 Air leak only during normal spontaneous expiration.

Class 3 Air leak only during normal spontaneous inspiration.

Class 4 Continuous air leak throughout respiratory cycle with normal spontaneous 
ventilation.

Source: Adapted from Cerfolio RJ. Recent advances in the treatment of air leaks. Curr Opin Pulm Med. 
2005;11(4):319–​323.
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required to achieve adequate tidal volumes. For patients with underlying pulmonary disease, 
such as emphysematous blebs or recent pulmonary resection, increased airway pressures 
could conceivably lead to barotrauma and/​or rupture, airway fistula formation and pneu-
mothorax. Further, large pleural effusions have also been reported to compress the medias-
tinum, inducing cardiac tamponade physiology.30 Therefore, conversion to positive pressure 
ventilation can conceivably lead to catastrophic hemodynamic collapse for a patient with a 
large pleural effusion and borderline elevated mediastinal pressure. If the risk of fulminant 
cardiac tamponade physiology is high (e.g., arterial waveform with pulsus paradoxus), con-
sideration should be given to placing a preinduction arterial line, maintaining spontaneous 
ventilation, and targeting a state of higher heart rate, systemic vascular resistance and intra-
vascular volume.31

In patients with suspected tension pneumothorax, emergent decompressive needle tho-
racostomy, followed by chest tube thoracostomy, should be performed as soon as possible. 
This condition should be suspected with the development of chest hyperresonance, con-
tralateral tracheal deviation, distended neck veins, hemodynamic collapse, and increased 
airway pressures.32

Intraoperative Management

The conventional approach to pleural-​based surgery has been general anesthesia followed 
by oral endotracheal intubation using either a double-​lumen endotracheal tube or a single-​
lumen tube with a bronchial blocker for lung isolation. Lung isolation can optimize surgical 
visualization and workspace within the hemithorax. For patients with bronchopleural fis-
tulas, lung isolation is also beneficial to prevent air flow across the defect. The decision of 
whether or not to perform a rapid sequence induction should weigh both the patient’s like-
lihood of aspirating gastric contents and pulmonary risk, if aspiration were to occur. In par-
ticular, for patients undergoing repair for chylothorax, it is common practice to administer 
a solution of high lipid content though a nasogastric tube prior to surgery. This increases the 
production of chyle and thereby facilitates identification of the source of the leak. It does, 
however, increase gastric content volume and possibly also the risk of aspiration during 
anesthesia.

Over the last several decades, however, these procedures have also been successfully per-
formed under nonintubated, “awake” conditions.33,34 The rationale for attempting this has 
been to avoid the risks of intubation and mechanical ventilation on one lung and to expedite 
recovery. For patients with bronchopleural fistulas, avoidance of positive pressure ventila-
tion can also help minimize the risk of developing a tension pneumothorax. To carry out a 
nonintubated technique, complete nerve blockade and patient cooperation is required, as 
pain, coughing, and other movement can make the procedure more technically challenging. 
To help blunt the coughing reflex, a stellate ganglion block can be performed.35 However, this 
block may, on rare occasion, precipitate a coughing attack and should therefore be reserved as 
a rescue technique.36 Intravenous sedation should also be titrated to provide patient comfort 
while preserving spontaneous ventilation. Reported reasons to convert to general anesthesia 
include inadequate block, cardiac arrest, azygous vein injury, carbon dioxide retention, ex-
tensive adhesions, and uncontrollable coughing.35 To lower the risk of requiring emergent 
conversion to general anesthesia in the middle of the operation, it is advisable to abstain 
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from performing awake thoracoscopic procedures in patients with an American Society 
of Anesthesiology classification of 3 or more, left ventricular ejection fraction <40%, body 
mass index >25 kg/​m2, poorly controlled reactive airway disease, hemodynamic instability, 
hypovolemia, coagulopathy, or local contrast allergy.37 With appropriate patient selection, 
however, awake video-​assisted thoracoscopic surgery has been associated with decreased op-
erative time, hospital length of stay, and total cost. For patients undergoing talc pleurodesis 
randomized to be either awake with thoracic epidural analgesia or intubated under general 
anesthesia, the awake group had a shorter hospital stay with no difference in operative time 
or patient satisfaction.34

Unless patients otherwise have specific comorbidities, most pleural procedures them-
selves do not require additional monitoring beyond the basic standards outlined by the 
American Society of Anesthesiology. The exception to this is when patients are undergoing 
pleurectomy, extrapleural pneumonectomy, decortication of chronic empyema, and/​or ex-
tensive manipulation of central cardiovascular structures. For these cases, the risk of major 
hemorrhage is high, and a central venous catheter, arterial cannulation and pre-​emptive 
blood product preparation should be considered.24 For patients undergoing extensive resec-
tions, a nasogastric tube can be placed to minimize gastric compression on the diaphragm. 
Further, in patients with distorted anatomy due to pleural disease, placement of a palpable 
esophageal bougie can aid the surgical team in identification of the esophagus and thereby 
avoid injury.

For most pleural procedures, general anesthesia can be safely maintained with either 
inhaled or intravenous agents. For patients with airway fistulas, however, total intravenous 
anesthesia can ensure more reliable delivery of medications and prevent operating room con-
tamination by gases. Nitrous oxide should be avoided in patients with fistulas as well to pre-
vent the risk of operative fire with the concurrent use of electrocautery equipment.

Perioperative Analgesia

As with other types of thoracic surgery, adequate perioperative analgesia and avoidance 
of lingering sedative effects are critical for patients undergoing surgery for pleural disease 
(see Table 13.4). This enables patients to take full breaths that are not limited by pain or 
decreased ventilatory drive. Thoracic epidural analgesia, paravertebral nerve blocks, inter-
costal blocks, myofascial plane blocks, surgical site injection of local anesthetics, and sys-
temic medications have all been shown to be effective in decreasing pain during and after 
thoracic surgery.38,39 Combinations of various analgesic options can achieve an effective 
multimodal regimen as part of a well-​orchestrated enhanced recovery program. Such pro-
grams have been shown to minimize postoperative complications and expedite patient dis-
charge from the hospital.40

There are some factors, however, that might provide compelling reason to choose one 
analgesic strategy over another. For example, thoracic epidural analgesia and paravertebral 
blockade have the greatest opioid-​sparing analgesic effect,38 but they require adherence to 
guidelines for safe practice when also using anticoagulation.41 When pleurectomy is per-
formed, it is recommended to avoid performing either a postsurgical paravertebral block 
or preprocedural paravertebral catheter.24 This is because the pleura forms the anterolateral 
border of the paravertebral space and removal of the pleura would result in noncontainment, 
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and therefore decreased efficacy, of medications injected into this space (Figure 13.7). 
Nonsteroidal anti-​inflammatory drugs have traditionally been avoided for patients undergo-
ing pleurodesis due to the theoretical concern that a reduction in inflammation would min-
imize the effectiveness of pleural cohesion. However, when patients undergoing pleurodesis 
were randomized to either receive opioids or nonsteroidal anti-​inflammatory drugs, there 
was no difference in procedural efficacy.42

Table 13.4  Perioperative Opioid-​Sparing Options for Patients Undergoing Surgery 
for Pleural Disease

Type of Analgesia Comment

Thoracic epidural 	•	 High efficacy
	•	 Single procedure works bilaterally
	•	 Requires adherence to ASRA guidelines if also 

anticoagulated

Paravertebral block 	•	 High efficacy
	•	 Requires adherence to ASRA guidelines if also 

anticoagulated
	•	 Lacks efficacy if posteromedial pleura removed

Intercostal block or local 
infiltration

•	 Can be performed by surgeon

Myofascial plane block •	 Retrolaminar or erector spinae blocks

Oral or intravenous 
medications

•	 Acetaminophen, gabapentin, pregabalin, nonsteroidal 
anti-​inflammatory drugs, ketamine, dexmedetomidine, 
intravenous lidocaine and magnesium infusions

Abbreviation: ASR, American Society of Regional Anesthesia and Pain Medicine.

Sympathetic ganglion

Visceral pleura

Parietal pleura

Endothoracic fascia

Needle

Paravertebral spaceVentral ramus

Dorsal ramus

Figure 13.7  A transverse schematic of the posterior chest wall demonstrating the anatomic 
relationship of the paravertebral space to the pleura.
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Postoperative Management

Except for patients with severe preoperative respiratory limitations, most patients undergo-
ing surgery for pleural disease can be extubated prior to leaving the operating room. Early 
termination of positive pressure ventilation is particularly beneficial in minimizing air leak 
in patients with airway to pleural fistulas. For patients who do not adequately meet extuba-
tion criteria and have a double-​lumen endotracheal tube, the airway should be exchanged for 
a single-​lumen endotracheal tube prior to being transported to recover in an intensive care 
unit. Elevated position of the head of the bed, a combination of opioid-​sparing analgesia, and 
avoidance of residual neuromuscular blockade or sedation are advisable to optimize respira-
tory mechanics throughout the recovery period.
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Surgical Airway Management
Zipei Feng, Mengjie Wu, Melissa Nikolaidis, and Yi Deng

Introduction

Airway surgery generally can be separated into two distinct categories:  endoscopic and 
open. It can be used to address various disease of the larynx such as stenosis, benign or ma-
lignant tumors, and voice disorders, as well as gain access to the infraglottic airway either 
in a planned or emergent fashion. The chapter will discuss both endoscopic and external 
approaches in surgical airway management for both pediatric and adult patients.

Anatomy

Thorough knowledge of the larynx anatomy is critical in performing airway surgery in 
a safe and efficient manner. The larynx is comprised from cranial to caudal four palpable 
landmarks—​hyoid bone, thyroid cartilage, cricoid cartilage, and sternal notch (Figure 14.1). 
The hyoid bone is a palpable bony prominence inferior to the mandible. Its position can affect 
pharyngeal airway opening and can be an important contributor to obstructive sleep apnea. 
The thyroid cartilage consists of two broad laminae that are fused anteriosuperiorly into a 
prominence known as the laryngeal prominence. Inferior to the thyroid cartilage is the cri-
coid cartilage. It is the only complete cartilaginous ring and as a result usually represents the 
narrowest part of the airway especially in pediatric population. It serves as the attachment 
of the muscles, cartilage, and ligaments for phonation and airway opening. Cricoid pressure 
can be applied during intubation to posteriorly displace the larynx for improved view as well 
as close the esophageal opening which may reduce reflux during rapid sequence intubation 
known as Sellick maneuver.

In patients with thin necks, the cricothyroid ligament can be palpated between the thyroid 
and cricoid cartilages. The median part of this ligament comprises of a fibroconnective tissue 
that links anteroinferior thyroid cartilage with anterosuperior cricoid cartilage, while the lat-
eral component extends from the superolateral borders of the cricoid cartilage terminating as 
the vocal ligaments.

The most inferiorly palpable landmark in airway surgery is the sternal notch, which serves 
as the inferior limit of the cervical trachea.
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Procedures

The following is an overview of common procedures performed for planned or emergency 
airway management.

Direct Laryngoscopy, Bronchoscopy With Interventions

Indication
This is a common procedure performed in both pediatric and adult population for diag-
nosis, biopsy, airway foreign body retrieval, airway dilation, stent placement, or obstructive 
sleep apnea.

Instruments
For setup, rigid laryngoscope is required. For pediatric population, either a Parsons, Phillips, 
or Miller laryngoscope is preferred for initial visualization. Compared to Miller, Phillips has 
a more rounded tip and can be advanced both in the vallecula as well as under the epiglottis.

In the rare instances when the view is inadequate secondary to conditions such as Pierre 
Robin sequence, a Hollinger anterior commissure scope can be used improve visualiza-
tion. For adults, either a Lindholm, Dedo, or Miller laryngoscope may be used for initial 
visualization. If the view is inadequate, a Hollinger or anterior shelf laryngoscope may be 
required. Included in the setup should also be a rigid telescope with camera (Figure 14.2), 
suspension equipment, and bronchoscopes. If difficult airway is anticipated, a 4.0 or 4.5 
Pedi rigid bronchoscope should be set up (Figure 14.3). A 6.0 endotracheal tube can fit 
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Figure 14.1  Surface anatomic landmarks.

 

 

 

 

 



Figure 14.2  Camera and telescope setup.

Figure 14.3  Direct laryngoscopy instruments.
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through a 4.5 rigid bronchoscope and be used to establish a difficult airway via Seldinger 
method especially when there is significant glossoptosis. Surgical instruments such as op-
tical forceps, endoscopic scissors, lasers, and balloons may be set up depending on the 
procedure.

Ventilation Considerations
Ventilation methods should be discussed with the surgeon prior to the induction of anes-
thesia. Spontaneous ventilation is preferred for endoscopic airway procedures especially in 
pediatric population. Jet ventilation can sometimes be considered in adults; however, it is 
associated with high rate of pneumothorax in pediatric population. Other techniques such as 
intermittent apnea with either endotracheal tube or bronchoscope, or intubation with small 
endotracheal tube for supraglottic procedures can be performed to maintain oxygenation 
during the procedure. Newer techniques such as STRIVE Hi can be used in selected patient 
population to maintain saturation without the need for repeated intubation and extubation. 
SponTaneous Respiration using IntraVEnous Anesthesia and Hi flow nasal oxygen (STRIVE 
Hi) is a relatively new tubeless airway management technique during airway surgeries uti-
lizing high-​flow nasal oxygen for preoxygenation and increasing to 70 LPM with deepening 
planes of anesthesia. STRIVE Hi permits uninterrupted access to the air way, decreases risk 
of barotrauma (compared to jet ventilation), decreases risk of airway fire, and facilitates res-
piratory mechanics while providing equal or better oxygenation and ventilation than tradi-
tional inhalation inductions. This method is especially useful in patients with anticipated 
difficult airway or ventilations (laryngotracheal stenosis, obesity, chronic obstructive pulmo-
nary disease, pregnancy). An extension to STRIVE-​Hi for patient unable to maintain sponta-
neous respiration is transnasal humified rapid-​insufflation ventilatory exchange (THRIVE). 
This is a novel advanced oxygenation technique allows to prolonged periods of apnea while 
maintaining oxygenations by reducing airway pressure, generated positive airway pressure, 
flushes of anatomic dead space to reduce hypercarbia, and permit gas exchange by passive 
oxygenation.

THRIVE has successfully extended apnea time during hypopharyngeal and laryngotra-
cheal surgeries by delivering transnasal high-​flow humidified oxygenation at 70 LPM with 
occasional jaw-​thrust to maintain upper airway patency. Recently, this method has also been 
used in patients requiring emergent surgical airways to prevent “cannot intubate, cannot ven-
tilate” scenarios.

Procedure in Detail
	1.	 Position the patient supine on the operating table and induce anesthesia.
	2.	 Place a mouthguard and perform direct laryngoscopy to visualize the larynx.
	3.	 Spray plain topical 2% lidocaine into the glottis. In pediatric population, lidocaine toxicity 

should be calculated prior to the case. A maximum of 4 mg/​kg lidocaine can be adminis-
tered per case.

	4.	 Mask the patient again and perform direct laryngoscopy. Visualize the supraglottis, 
glottis, subglottis, trachea, carina, and mainstem bronchi with rigid telescope. Take 
photodocumentation.
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	5.	 Gently suspend patient and perform indicated airway procedures. These include remov-
ing lesions of the supraglottis, glottis, or subglottis, and dilation of the airway. Depending 
on the ventilation technique, bronchoscope, endotracheal tube, or jet ventilator may be 
used to maintain oxygenation. If laser is used, laser safety precautions should be taken 
into consideration at the beginning of the case. These include laser-​safe endotracheal 
tube with water-​filled cuff, eye and face protection for patient and for staff, and low FiO2 
concentration.

Cricothyroidotomy

Indication and Contraindication
Cricothyroidotomy should be performed in an emergent setting for establishment of a sur-
gical airway in a patient that cannot be intubated from above secondary to trauma, edema, 
hemorrhage, radiation, or anatomic limitations. Absolute contraindication includes known 
tracheal stenosis or discontinuity. Relative contraindications include inability to identify sur-
face landmarks, obesity, cervical trauma, coagulopathic patients, and patients with laryngeal 
cancer.

Instruments
Cricothyroidotomy kits can be utilized when available. However, in emergent situation a 15-​ 
or 11-​blade, blunt dissection instruments such as mosquito, small endotracheal tube (typi-
cally 6.0), and suction can be used to establish the airway. Other useful equipment includes 
tracheal dilator, cricoid hook, and silk suture.

Ventilation Consideration
Maintain spontaneous ventilation as much as possible. Proper bag-​masking techniques 
should be maintained to avoid emergent need for airway establishment. A laryngeal masking 
device should be attempted if able. If the patient is bag-​maskable or can be ventilated through 
a laryngeal mask airway (LMA), formal tracheostomy may be considered instead.

Procedure in Detail
	1.	 Position the patient supine and place shoulder roll to extend neck whenever possible.
	2.	 Palpate and mark surface landmarks (Figure 14.1).
	3.	 Prep and drape patient in a sterile fashion if time allows.
	4.	 Infiltrate the area between cricoid and thyroid cartilage with 1% lidocaine with 1:100,000 

epinephrine for hemostasis.
	5.	 Make a horizontal stab incision between the thyroid and cricoid cartilage on the inferior 

edge of cricothyroid membrane.
	6.	 If surface landmark cannot be easily palpated, make a vertical midline incision and dissect 

with finger until both cricoid and thyroid cartilages can be felt and then make a horizontal 
incision between the two cartilages on the inferior aspect of the cricothyroid membrane.

	7.	 Once the airway is entered, using blunt instruments such as mosquito to dilate the airway, 
suction any blood in the field.

	8.	 Place cuffed tracheostomy tube or small endotracheal tube into the airway, confirm venti-
lation, and secure to the skin with 2-​0 silk sutures.
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	9.	 Although some literature suggests that patient following cricothyroidotomy can be safely 
decannulated with good long-​term follow-​up, there has been limited research on whether 
patient should be converted to formal tracheostomy. This should be assessed in a case-​by-​
case basis, if there is concern about airway trauma during emergency cricothyroidotomy, 
patient should be taken to operating room as soon as possible for a second look with or 
without conversion to formal tracheostomy.

Comments
	1.	 Percutaneous cricothyroidotomy via a Seldinger method can also be performed in emer-

gent situations. See instructions from each kit for assembly and procedure in detail. 
Overall, anatomic considerations are similar; however, percutaneous methods is discour-
aged in patients with history of extensive radiation as dilation can be very difficult, and a 
higher chance of false-​passage rate exists.

	2.	 During the procedure, it is important to stabilize the larynx with one hand, especially in 
patients with thick neck. Check for landmarks periodically during dissection to ensure 
airway entry at the correct position.

	3.	 If time allows, local anesthesia with epinephrine can improve visualization of the field by 
inducing vasoconstriction. Suction can be used to improve visualization, help retract, and 
dissect bluntly.

Tracheostomy

Indication and Contraindication
Planned tracheostomy is generally indicated for (i) prolonged intubation, which is typically 
more than 1 week, and (ii) failure to extubate due to neurological or respiratory compromise. 
Compared to endotracheal tube, tracheostomy can allow for decreased sedation requirement 
and improved pulmonary hygiene and rehabilitation, and reports have shown that early tra-
cheostomy decreases the length of intensive care unit stay. Tracheostomy can also be per-
formed either in planned or emergent fashion for acute respiratory failure with inability to 
intubate from above secondary to hemorrhage, mass, or trauma. Relative contraindications 
include anticoagulation, high vent settings, multiple pressors, thyroid goiter, or inability to 
extend cervical neck.

Instruments
Standard tracheostomy set is available (Figure 14.4). In emergent situations, the requirement 
is similar to that of cricothyroidotomy. A 15-​ or 11-​blade, blunt dissection instruments such 
as mosquito, small endotracheal tube (typically 6.0), and suction can be used to establish the 
airway.

Ventilation Consideration
Maintain spontaneous ventilation as much as possible. In patient with supraglottic mass pre-
venting intubation, awake tracheostomy is performed with local anesthesia. In emergent sit-
uation, proper bag-​masking techniques or placement of an LMA is important to buy time for 
an urgent tracheostomy as opposed to emergent (slash) tracheostomy.
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Procedure in Detail
For planned tracheostomy

	 1.	 Position the patient supine, preoxygenate the patient, and place shoulder roll to 
extend neck.

	 2.	 Palpate and mark surface landmarks (Figure 14.1).
	 3.	 Prep and drape patient in a sterile fashion.
	 4.	 Mark a 3 cm incision line about one-​finger breadth inferior to the cricoid cartilage, allow 

for two-​finger breath above the sternal notch. In patients with short neck, the incision 
may need to be moved to just inferior to the inferior edge of the cricoid cartilage.

	 5.	 Infiltrate the area with 1% lidocaine with 1:100,000 epinephrine.
	 6.	 Make a horizontal incision with the knife through the epidermis and dermis (Figure 

14.5A).
	 7.	 Use electrocautery to control bleeding and dissect through platysma (Figure 14.5A).
	 8.	 Use finger to bluntly create small subplatysmal flaps superiorly and inferiorly. Be careful 

not to extend subplatysmal flaps too far inferiorly as this may increase the chance of false 
passage during tracheostomy tube exchange.

	 9.	 Palpate for airway, use electrocautery to score the midline, and use mosquito to dissect 
through the midline raphe (Figure 14.5B).

	10.	 Elevate the strap muscles in a layered fashion and place Army–​Navy retractors under-
neath the strap muscles until thyroid is reached (Figure 14.5C).

	11.	 Palpate for the cricoid cartilage, dissect slowly using electrocautery onto the cricoid car-
tilage until the pretracheal fascia is reached. Drop the inspired oxygen to 40% or lower 
during this process and use care to not inadvertently enter the airway.

	12.	 Use a mosquito forceps (type of hemostatic forcepts) to dissect along the pretracheal 
fascia and divide the thyroid isthmus slowly with electrocautery to maintain hemostasis.

	13.	 Elevate the thyroid isthmus off the tracheal laterally with electrocautery. Do not elevate 
past the anterior 180 degrees of the trachea to not inadvertently injury the recurrent 
laryngeal nerve.

Dissectors

Tracheal speaders

Suction
Knife

Cricoid hook

Senn retractors

Debakey foreceps
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Figure 14.4  Standard tracheostomy set.
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Figure 14.5  Simple schematic on tracheostomy. (A) Skin incision is made sharply through 
the epidermis and dermis (black), subcutaneous tissue (yellow), platysma (red). (B) Midline 
raphe is established and dissected with a mosquito clamp. Care should be taken to avoid 
injury to anterior jugular veins (blue). (C) The straps are retracted laterally until thyroid gland is 
visible. Bovie electrocautery is used to divide thyroid isthmus. (D) Tracheal rings is visible once 
thyroid isthmus is divided and retracted laterally. Incision is made between first and second 
tracheal rings.
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	14.	 With thyroid isthmus retracted, the airway is now in clear visualization (Figure 14.5D). 
Confirm hemostasis. Score the space between the first and second tracheal ring with 
electrocautery. At this point, the patient can be turned back to 100% FiO2.

	15.	 Confirm all equipment is ready and properly tested. This includes a 15-​blade, mosquito 
forceps, curved Mayo scissors, 2-​0 silk stay suture, tracheal dilator, and tracheostomy 
tube with cuff tested and deflated and obturator inserted.

	16.	 Place stay suture through the skin and bend the needle slightly. Keep the needle loaded 
but protected.

	17.	 Deflate the balloon, advance the endotracheal tube as far as possible, and reinflate the 
balloon.

	18.	 Make the incision with 15-​blade between the first and second tracheal rings; be care not 
to damage the cuff of the endotracheal tube (Figure 14.5D). Once the airway is entered, 
use a mosquito to further expand the opening.

	19.	 Make lateral incisions or create Bjork flaps with curved Mayo scissors. Dilate with tra-
cheal spreader and place stay suture through the inferior ring.

	20.	 Disconnect the circuit, deflate the cuff, and slowly withdraw the endotracheal tube until 
the tip is just superior to the tracheal opening.

	21.	 Suction the trachea for any blood and place tracheostomy tube through the opening. 
Confirm ventilation.

	22.	 Tie the stay suture and secure the tracheostomy tube with 2-​0 silk sutures and a tracheos-
tomy tube tie.

For emergent tracheostomy:
	1.	 Position the patient in supine position and place shoulder roll.
	2.	 Palpate for landmarks.
	3.	 Infiltrate the area inferior to the cricoid with local anesthesia if time allows.
	4.	 With one hand stabilizing the larynx, make a vertical midline incision along the airway.
	5.	 Palpate for the airway and dissect bluntly with finger; use suction to help improve visuali-

zation and retract.
	6.	 Make a vertical incision on the airway. Use suction to remove blood and visualize the 

airway opening.
	7.	 Place endotracheal tube in the airway and secure with sutures.
	8.	 Take patient to the operating room as soon as possible for revision tracheostomy.

Comments
	1.	 In patients with high cricoid cartilage and large thyroid, the incision can be two-​finger 

breadths above the sternal notch to avoid dividing the thyroid isthmus.
	2.	 In planned tracheostomy it is always a good idea to palpate for high-​riding innominate 

artery and avoid inadvertent injury.
	3.	 Always suction any blood out of the trachea during the placement of tracheostomy.
	4.	 In patients who are highly coagulopathic, having a bipolar setup can be helpful, and top-

ical hemostatic agents may be placed at the end of the case for hemostasis.
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Concluding Remarks

Surgical intervention of the airway is important in treating diseases that affect voice and 
breathing, as well as establishment of a secured airway in patient with respiratory distress or 
failure. Emergency airway surgery can usually be avoided with proper noninvasive airway 
management include spontaneous ventilation, bag-​masking, placement of LMA, and video-​
assisted intubation techniques. However, in situations when emergency airway surgery is 
required, proper identification of anatomic landmarks can increase safety, efficiency, and re-
duce complication rates. For procedures that involve utilization of a kit, it is important to be-
come familiar with the instruments and set up ahead of time to increase efficiency and safety 
during a true airway emergency.
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Bronchopleural Fistula
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Introduction

Bronchopleural fistula (BPF) is a pathological communication between the bronchial tree 
and pleural space.1 BPF is a relatively rare but feared complication of several pulmonary con-
ditions and procedures. The incidence of BPF has been reported as low as 1% for nonsurgi-
cal etiologies and as high as 30% following pulmonary procedures. The etiologies are varied 
with postoperative complication after pulmonary resection being the most common cause, 
followed by chronic necrotizing pneumonia, radiotherapy, cyst/​bulla rupture, and trauma.2 
Incidence has been reported anywhere from 4.5% to 20% after pneumonectomy and 0.5% 
to 1% post lobectomy—​with right-​sided procedures carrying the highest incidence.2 BPFs 
carry a high morbidity and mortality; some reports suggest mortality rates as high as 70%, 
regardless of etiology.3,4 Because of the high morbidity and mortality associated with BPFs, 
it is important to identify high-​risk patients and apply applicable preventative measures to 
reduce occurrence. Once a BPF has developed, early recognition and treatment are critical.2

Causes

Etiologies are varied and the occurrence of BPFs are multifactorial, with postsurgical etiol-
ogies carrying the highest incidence and potentially worst prognosis. Box 15.1 lists the most 
common postoperative and non-​postoperative causes of BPFs.

BPFs most commonly arise as a postoperative complication following failure of the bron-
chial/​surgical stump to heal. Failure to heal may be from improper initial closure, vascular 
insufficiency, infection or residual malignancy at the surgical site, or prolonged postoper-
ative ventilator support. Nonsurgical causes such as necrotizing pneumonia, lung malig-
nancy, blunt/​penetrating trauma, or minimally invasive procedures (chest tube placement, 
thoracentesis, and radiation therapy) are less prevalent causes of BPFs. As with other disease 
states, incidence and severity are multifactorial; factors such as diabetes mellitus, cirrhosis, 
and chronic steroid intake may contribute to a higher risk of BPFs in this patient population.

Clinical Presentation

The clinical presentation is variable and can be divided into acute, subacute, and chronic 
forms. Acute forms is usually due to postoperative complication related to inadequate closure 
or breakdown of the stump anastomosis. Subacute and chronic forms are usually secondary 
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to nonoperative etiologies such as infections. The timing of presentation, severity of symp-
toms, and underlying etiology are important in determining the best treatment options.

Acute BPF usually presents within the first few postoperative days and is characterized by 
the sudden onset of the following symptoms: (i) dyspnea, (ii) hypotension, (iii) subcutaneous 
emphysema, (iv) purulent cough, (v) tracheal/​mediastinal shift, (vi) persistent air leak, and 
(vii) loss of pleural effusion. Acute BPFs may be life-​threatening and require immediate inter-
vention. Subacute and chronic forms of BPF may present over days to weeks with a myriad of 
symptoms including but not limited to (i) malaise, (ii) fever, (iii) minimally productive cough, 
and (iv) dyspnea. Regardless of the onset and severity of symptoms, BPFs require early detec-
tion and prompt treatment as they are associated with a high morbidity and mortality.

Diagnosis

The diagnosis of BPF is often obvious from the clinical presentation.3 Definitive diagnosis 
is made based on the entire clinical picture in conjunction with appropriate laboratory, ra-
diographic, and procedural tests. Elevated white blood cell count and abnormal arterial 
blood gas samples may be found in the setting of a BPF. Plain radiograph findings such as 

Box 15.1  Classification of Bronchopleural Fistula

Postoperative
  Associated with resection
    Malignancy
    Trauma
    Infectious (i.e., removal of pneumatocele, tuberculosis, abscess, fungus ball)
  Associated with pleuroparenchymal disease
    Emphysema
    Thoracic trauma
    Other infections (i.e., Pneumocystis carinii, liver abscess opening into the chest)
  Others
    Tracheal or esophageal perforation repairs
    Gastroesophageal reflux disease
    Boerhaave syndrome

Non-​postoperative
  After procedures (i.e., line placement, pleural biopsy, bronchoscopy, lung biopsy)
  Idiopathic
  Infections
  Persistent spontaneous pneumothorax
  Thoracic trauma
  Necrotizing lung disease associated with radiation or chemotherapy
  Acute respiratory distress syndrome

Adapted from, Lois M, Noppen M. Bronchopleural fistulas: an overview of the problem with special focus 
on endoscopic management. Chest. 2005;128(6):3955–​3965.
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(i) increase in intrapleural space, (ii) new or increasing air-​fluid level, (iii) tension pneumo-
thorax, and (iv) drop or disappearance of pleural fluid (in the absence of a chest tube) may be 
suggestive of BPFs in the setting of the aforementioned symptoms. Computed tomography 
may demonstrate pneumothorax and/​or pneumomediastinum in addition to any underlying 
pre-​existing pathology (Figure 15.1); evidence of fistulous communications may be difficult 
to see via computed tomography and other radiographic modalities.

Selective injection of methylene blue via the bronchoscope at a suspected BPF site with 
chest tube drainage can also aid in identifying and localizing a BPF. When bronchography 
does not provide a definitive diagnosis, bronchoscopic balloon occlusion may be used in se-
lect airways to decrease the air leak and help localize the BPF. Additionally, the use of capnog-
raphy through the bronchoscope has been used to assist in localizing a BPF.

Other techniques, outside of bronchoscopy, have been used to confirm the diagnosis of 
BPF or localize it. Ventilation scintigraphy utilizes radioactive gases to assist in the diagnosis. 
However, this test requires patient cooperation, substantial time, and offers no clear diag-
nostic advantage over bronchoscopy and/​or diagnostic surgical procedures.

Management of Bronchopleural Fistulas

There is a lack of consensus on the optimal therapy of patients with BPF. In the case of post-
operative BFP, the best way for management is prevention at the time of pulmonary resec-
tion by avoiding disruption of the bronchial blood supply, rough handling of the bronchial 
mucosa, excessive suture tension, and steroid administration.4 Management of BPF involves 

Figure 15.1  Computed tomography scan identifying a peripheral bronchopleural fistula 
(BPF) in a patient 2 weeks after a left lower lobectomy.aFiberoptic bronchoscopy can be used 
to confirm and sometimes localize the BPF through variety of different procedures. Direct 
visualization may be possible in select cases, whereas the presences of continuous bubbles 
with bronchial lavage may also be suggestive of BPF and help to localize the defect.
Source: Truong A, Truong D-​T, Thakar D, Riedel B. Bronchopleural fistula: anesthetic management. In: Barbeito 
A, Shaw AD, Grichnik K, eds. Thoracic Anesthesia. New York, NY: McGraw-​Hill Medical. https://​doctorlib.info/​
anesthesiology/​thoracic/​19.html
aSee Sarkar P, Chandak T, Shah R, Talwar A. Diagnosis and management bronchopleural fistula. Indian J Chest 
Dis Allied Sci. 2010;52(2):97–​104. 
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a combination of surgical procedures, medical therapy, and bronchoscopy with the use of 
different glues, coils, and sealants. Initial nonoperative management focuses on decreasing 
the gradient between airway pressures and the pleural space by minimizing mean airway 
pressure and suction on pleural tubes.2 A stepwise evaluation and management of patients 
with BPF was described by Cooper and Miller.5 It consists of an initial control of any life-​
threatening conditions (Table 15.1). Small (<3–​5 mm) air leaks following pulmonary resec-
tion may be treated conservatively, with trial of drainage, antibiotics, and serial diagnostic 
or even interventional bronchoscopy (with application of sealants). The presence of major 
bronchial stump dehiscence requires immediate re-​suturing and reinforcement. Protection 
against soilage of remaining lung tissue, respiratory and ventilator support, early diagnostic 
bronchoscopy, and minimizing tension and air flow through the fistula are basic principle in 
the management of these patients. Delayed postpneumonectomy BPFs are usually associated 
with an empyema. Due to their underlying conditions, these patients are often debilitated, 
and therefore it is important to aggressively manage underlying comorbidities and condi-
tions that led to the BPF. Empyema must be treated with closed and/​or open drainage proce-
dure. Proper nutrition either by enteral or parental route is required. Successful treatment of 
chronic BPF requires aggressive control of infections, adequate drainage of the chest cavity, 
closure of the fistula with vascularized tissue, and obliteration of the chest cavity once infec-
tion is well controlled.

Chest Tube

The goal is to drain the pleural space and, in the case of postlobectomy BPF, to promote the 
re-​expansion of ipsilateral lung.

The use of chest tube in patients with BPF has benefits but also has complications. Box 15.2 
describes different complications associated with chest tube in BPF patients.

Indication for chest tube include high-​flow BPF, pneumothorax, and drainage of em-
pyema. In addition, in patients receiving mechanical ventilation, the chest tube could be used 
to decrease air leak during expiration (thus maintaining positive end-​expiratory pressure 
[PEEP]) by adding positive intrapleural pressure during the expiratory phase. Chest tubes 
also can decrease BPF flow during inspiration by occluding it in the inspiratory phase.6 Chest 
tube should be of sufficient diameter to allow drainage of the air leak and can be used to apply 
sclerosing agents to promote pleurodesis (talc, bleomycin).

Table 15.1  Life-​Threatening Conditions and Suggested Treatment

Condition Treatment

Tension pneumothorax Emergent drainage with chest tube

Pulmonary flooding Airway control
Postural drainage positioning affected lung down

Bronchial stump dehiscence Immediate re-​suture and reinforcement

Empyema Drainage
Proper antimicrobial therapy
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Suction is contraindicated in the early post-​pneumonectomy patient since it could re-
sult in mediastinal shift, hemodynamic compromise, or even cardiac herniation (after right 
pneumonectomy with pericardial defect).

Mechanical Ventilation

In some patients, mechanical ventilation may be required. In postsurgical patients and in 
patients with chronic obstructive pulmonary disease or acute respiratory distress syndrome, 
the use of mechanical ventilation is an independent risk factor for the development of BPF. The 
air escaping through the BPF not only delays healing of the fistulous tract, but because this is 
an area of low resistance, it also accounts for a significant loss of tidal volume, affecting minute 
ventilation and oxygenation. To reduce fistula flow and loss of tidal volume, maneuvers that 
reduce airway pressure and promote healing of the BPF are needed. These maneuvers include 
limitation of the amount of PEEP used during ventilation, limiting the effective tidal volume, 
shortening the inspiratory time, and reducing the respiratory rate.7,8 Others maneuvers include 
the use of selective intubation of the unaffected lung, the use of double-​lumen intubation with 
differential lung ventilation, or the use of independent lung ventilation (using two ventilators) 
and patient positioning.7–​10 High frequency ventilation has also been used in patients with 
massive air leak that is difficult to manage with conventional mechanical ventilation.11

Surgery

The success rate of surgical closure of BPF has been reported between 80% and 95%2,7 but 
is associated with the risk of open thoracotomy. Surgical closure includes chronic open 
drainage, direct stump closure with intercostal muscle reinforcement, omental flap, trans-
sternal bronchial closure, and thoracoplasty with or without extrathoracic chest wall muscle 
transposition. Video-​assisted thoracoscopy also has been used to treat BPF. A staged clo-
sure of complicated BPF has been recommended. In the first stage, the patients undergo an 
Eloesser or a Clagett procedure for chest cavity drainage consisting of a muscle flap opera-
tion; once the patient is optimized, it is followed by a chest cavity obliteration with an omental 
flap. All patients with a postlobectomy and sleeve resection BPF necessitate additional sur-
gery: the BPF is additionally covered with a vascularized flap (Figure 15.2).5 If patient func-
tional status is not optimal, then interventional bronchoscopy is needed.

Box 15.2  Negative Effects of Chest Tube on Patients With 
Bronchopleural Fistula

Tidal volume loss in mechanically ventilated patients
Abnormal gas exchange
Appearance of ventilator cycling
Potential increase in flow through fistulous tract due to negative pressure to the chest tube
Interfere with closure and healing
Predisposition to infection both at the insertion site and in the pleural space
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Bronchoscopy

Bronchoscopy is usually the first step in the surgical management of BPF. BPF associated 
with pneumonectomy or lobectomy can be directly visualized, while distal BPF require the 
use of balloons to systematically occlude the bronchial segments to locate the one leading to 
the fistula (Figure 15.3).2 To successfully manage a BPF with bronchoscopic techniques, the 
fistula must be directly visualized or prove that occlusion significantly decreases or stops the air 
leak. Multiple sealing compounds have been applied directly to the fistula through the bron-
choscope. The potential success of this approach is that most of the leaks are peripheral or 
alveolar, rather than at the large airways. In addition, this offers an alternative to patients who 
are otherwise poor surgical candidates unable to tolerate a major thoracic procedure. Once 
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Figure 15.2  Clagett procedure. It is a technique for the management of postpneumonectomy 
empyema. It is a 2 stage procedure that require an open pleural drainage for control of septic 
cavity and closure of BPF and then obliteration of the pleural cavity with antibiotic solution.
Source: Pairolero PC, Arnold PG, Bronchopleural fistula:treatment by transposition of pectoralis major muscle. 
J Thorac Cardiovasc Surg. 1980;79:142–145.

Figure 15.3  Healthy looking left upper lobe bronchial stump showing return of continuous 
bubbles on bronchial washing raising suspicion of bronchopleural fistula.
Source: Puskas J, Mathisen D, Grillo H, et al. Treatment strategies for bronchopleural fistula. J Thorac 
Cardiovasc Surg. 1995;109(5):989–995.

 



Table 15.2  Sealants Used in the Treatment of BFP Bronchoscopically

Sealant Comment

Polyethylene 
glycol: FocalSeal-​L 
(Focal; Lexington, 
MA)

Water-​soluble polyethylene glycol-​based gel xomes as a polymer and sealant 
activated by a xenon-​generated light in the spectrum of 440 to 550 nm

Ethanol Takaoka et ala recommended injecting absolute ethanol directly into the submucosal 
layer of a fistula as a first-​line therapy for patients with a postoperative central BPF 
with an orifice 3 mm in diameter.

Lead shots One of the first sealant used

Cyanoacrylate glue One of the most common sealant compounds along with fibrin.
Seal by acting as a plug and later by inducing an inflammatory response that leads to 
fibrosis and mucosal proliferation, permanently sealing the defect.
Cyanoacrylate glues polymerize into solid material on contact with body fluids or 
tissue.

Fibrin glue Closure of small postresection BPFs can be accomplished with selective 
bronchography and placement of fibrin sealant through the flexible fiberoptic 
bronchoscope.
Fibrin clot forms over the fistula, sealing the leak. Fibrin glue is eventually 
reabsorbed, preventing foreign body reaction.

Blood clot Blood clot is based on a principle similar to that above

Albumin-​
Glutaraldehyde 
Tissue Adhesive

BioGlue (Cryolife; Kennesaw, GA) applied during surgery
BioGlue proved to be safe and effective in the sealing of lung lacerations and in 
preventing air leakage from suture or staple lines in emphysematous lungs.
Successful in sealing BPFs when applied either intrabronchially through the rigid 
bronchoscope or during thoracotomy.68

Cellulose Surgicel (Ethicon; Piscataway, NJ): It has successful been used in the management of 
BPF.

Gel foam Theoretical advantages of availability and being totally reabsorbed.
Cut in small strips, moistened with normal saline solution, and flushed through the 
working channel of the bronchoscope into the affected area (or instilled directly 
through the rigid scope).

Coils Coils have been used alone or in conjunction with other sealants to treat BPF

Balloon Catheter 
Occlusion

Method of choice to detect the site of air leak and place the sealant substance.

Silver nitrate Has been used through the rigid scope to seal stump leaks.75

Calf bone Has been used along with fibrin glue to seal a BPF.
Bone is shaped to the form of the fistula and sprayed with fibrin after insertion.

Stents Extensively used mostly for the management of esophageal-​to-​airway fistulas, with 
malignancy being more common than the congenital or other acquired forms.
Indicated for the sealing of stump fistulas after pneumonectomy and dehiscence after 
bronchoplastic operations.
Goal of the stent is to provide as tight seal in the airway as possible to prevent 
aspiration and pneumonias.

aTakaoka K, Inoue S, Ohira S, Central bronchopleural fistulas closed by bronchoscopic injection of absolute ethanol, 
Chest. . 2002;122(1):374–​378. doi:10.1378/​chest.122.1.374.
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the site is located, the application of sealants substances into the fistula have been tried. These 
include ethanol silver nitrate, cyanoacrylate compounds, coils, lead plugs, balloons, fibrin or 
tissue glue, antibiotics, gel foam, spigots, and autologous blood patch. Table 15.2 provides a 
list of different sealants used in the treatment of BFP bronchoscopically.

Anesthetic Considerations and Management

Postneumonectomy BPF is usually associated with an empyema; thus, it requires the crea-
tion of an open-​window thoracotomy (Clagett vs. Eloesser procedure) to debride and clean 
the chest cavity and promote growth of granulation tissue. During this phase, the cavity is 
irrigated with an antibiotic solution and then an antibiotic solution is placed in the cavity to 
fill the entire space.

Also during this phase, the main anesthetic goal is to avoid contamination of the unaf-
fected lung. This is achieved by proper lung isolation intubating the unaffected bronchus ei-
ther with a double-​lumen tube or endobronchial tube. Lung isolation and intubation should 
be done under direct fiberoptic guidance to have an accurate placement and to prevent fur-
ther damage to the bronchial stump. As previously mentioned, failure of proper lung isola-
tion could lead to spillage of purulent material into the unaffected lung and to difficulties 
with ventilation and other complications.

Intubation can be done using an awake fiberoptic technique with topicalization of the 
airway with a local anesthetic (with or without sedation) or in an anesthetized but spontane-
ously breathing patient (avoiding positive pressure ventilation). The use of bronchial blocker 
has been described but requires that the location of the BPF is distal enough from the carina.

Once patient is intubated, ventilation is achieved by using lung protective single-​lung ven-
tilation techniques (see previous discussion on mechanical ventilation). Suctioning of pu-
rulent material from tracheal lumen should be done frequently and prior to deflating the 
bronchial cuff at the end of the case. Patients are generally extubated at the end of surgery to 
avoid positive pressure on the stump.

Other preoperative considerations include the following. Patients are usually septic and 
debilitated, requiring systemic antibiotic therapy and intravenous hydration. The patient 
may also need nutritional and metabolic support. The presence of bacteremia may prevent 
the placement of thoracic epidural due to the risk of hematogenous seeding of the catheter.

As mentioned before, surgical treatment of BFP is a staged procedure. Once open, drainage 
of infection is performed, infection is controlled, healing has started, and the patient is medi-
cally optimized definitive fistula closure with obliteration of the cavity with a muscle flap (la-
tissimus dorsi, serratus anterior, pectoralis major), omentum or thoracoplasty is performed. 
Anesthetic considerations for this stage are similar to those for open drainage, except that 
infection and cross-​contamination are less concerning.

Ventilation goal during this stage is to minimize airflow across fistula while maintaining ox-
ygenation by using one or a combination of techniques described previously. Also, a strategy 
of coordinating ventilation with chest tube suction can improve ventilation while minimizing 
fistula air flow (9). The use of high frequency jet ventilation has been described during this stage 
as well. Advantages include adequate gas exchange at lower peak airway pressure and improved 
recruitment and expansion of the residual lung. Drawbacks include the need for special, unfa-
miliar equipment; inability to monitor end-​tidal CO2; and the risk for barotrauma (11).
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Prognosis

After major pulmonary surgery, the development of a BPF is relatively uncommon, around 
2.6% to 8% in some studies, but can have devastating consequences. One study indicated a 
mortality rate of 40% in patients who developed BPF after major lung surgery. Another study 
showed the all-​cause mortality from lobectomy or pneumonectomy reaching 6.4%, and BPF 
contributing to 54% of the total mortality (12).

Prevention

It has been shown that in the setting of unilateral total pneumonectomy, a right-​sided pneu-
monectomy is an independent risk factor for increased development of BPFs (12). Although 
most authors indicate the cause to be multifactorial, anatomical considerations are impor-
tant, including that the right bronchial stump is more exposed to the pleural space and less 
likely to be naturally buffered by mediastinal soft tissues than the left. The size of the bron-
chial stump has been shown to also be an independent risk factor for BPF formation. Other 
risk factors include preoperative chemotherapy with or without concurrent radiotherapy. In 
larger studies, no statistically significant relation between tumor size, metastatic adenopathy, 
extent of lymph node dissection, residual malignant cells in the bronchial stump, and dia-
betes mellitus was seen in the development of BPFs (12,13).

After lobectomy or pneumonectomy, the standard of care is to perform pressure testing of 
the anastomosis in the intraoperative setting. This is accomplished by endobronchial intuba-
tion of the affected bronchus and insufflating to a pressure of 30 cmH2O. Any air leak present 
at that time could be primarily repaired in the operating room. Small fistulas that are missed 
during primary closure of the bronchus are often found by persistent air leak via chest tube in 
the immediate postoperative setting. Delayed discovery usually results in contamination of 
the chest cavity, empyema, or sepsis.

When the decision is made to attempt a secondary repair, selective endobronchial intu-
bation is imperative to aid in operative repair and prevent spillover of fluid from the pleural 
cavity into the normal lung, loss of gases through the fistula into the pleural cavity or exterior, 
or possible tension pneumothorax should the pleural cavity lack external drainage or the 
fistula behave in a ball–​valve fashion. During the operation, care must be taken during venti-
lation, as the employment of one-​lung ventilation and the decubitus positioning required for 
the operation pose significant challenges. Alveolar recruitment techniques are used to help 
prevent atelectasis, but elevated PEEP has also been shown to impair oxygenation, especially 
important in one-​lung ventilation.
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Esophagectomy
Tiffany D. Perry, Tricia Desvarieux, and Kevin Sidoran

Introduction

Elective partial or total esophagectomy is most commonly performed as potentially curative 
or palliative treatment of esophageal cancers (Figure 16.1). Esophagectomy for benign di-
sease is uncommon. However, it may be considered for esophageal disorders that have failed 
multiple attempts at more conservative management (Figure 16.2). Examples include mo-
tility disorders such as achalasia or spasm, scleroderma, and intractable gastroesophageal 
reflux disease (GERD) with stricture [1]‌. Emergent esophagectomy may be necessary in the 
setting of acute esophageal perforation or severe caustic injury.

The esophagus traverses three body regions—​the neck, thorax, and abdomen—​and lies in 
close proximity to major vital organs and vessels, thus presenting challenges from a surgical 
and anesthetic perspective [2]‌. Although overall mortality from esophagectomy has declined 
over the last 30 years to 8% to 11%, morbidity rates may still be as high as 40% to 50% [3–​5]. 
The procedure generally involves the resection of the esophagus (partial or total) and a por-
tion of the stomach as well as lymph nodes. The stomach is almost always used as the con-
duit to replace the esophagus, although less commonly, the colon or jejunum may be used 
(Figures 16.3 and 16.4) [6]. Multiple surgical approaches are employed for esophageal resec-
tion and the choice of approach depends on esophageal pathology including tumor location 
if applicable, surgeon experience/​preference, as well as patient factors (prior surgical history, 
age, pulmonary function) (Figure 16.5) [6].

Common surgical approaches for the procedure are described in Table 16.1 [7]‌. The Ivor 
Lewis approach is a two-​incision procedure utilizing a laparotomy and right thoracotomy 
with a thoracic esophagogastric anastomosis. The trans-​hiatal approach (Orringer) involves 
a midline laparotomy and a left neck incision for a cervical esophagogastric anastomosis 
(Figure 16.6). The three-​incision approach (McKeown) includes an abdominal incision, a 
right thoracotomy, and a neck incision for cervical anastomosis [8]. The less commonly em-
ployed left thoracoabdominal approach provides wide surgical exposure via a single, long 
incision [9]. Minimally invasive techniques utilizing laparoscopy, thoracoscopy, and robotic 
assistance are increasingly prevalent [6] (Figures 16.7A and 16.7B).

Preoperative Assessment and Management

A thorough preoperative evaluation should be performed. Patients presenting for esophagec-
tomy often have significant comorbidities such as chronic obstructive pulmonary disease, 
cardiovascular disease, and gastrointestinal reflux disease, which should be assessed and 

 

 

 



Figure 16.1  Barium swallow demonstrating a malignant tumor of the midesophagus.
From Khatri V. Atlas of Advanced Operative Surgery. Philadelphia, PA: Elsevier, 2012.

Figure 16.2  Barium swallowing demonstrating achalasia.
From Khatri V. Atlas of Advanced Operative Surgery. Philadelphia, PA: Elsevier, 2012.
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optimized preoperatively [10]. Additionally, alcohol and tobacco abuse are common risk fac-
tors for esophageal cancer, and consideration should be given to potential physiologic con-
sequences. Possible complications from neoadjuvant radiation and chemotherapy should be 
considered including pulmonary fibrosis, dilated cardiomyopathy, thrombocytopenia, and 
anemia [11,12].

Preoperative pulmonary evaluation should consider if one-​lung ventilation (OLV) will be 
necessary for the procedure as well as assess risk factors for challenges with oxygenation, 
ventilation or weaning from mechanical ventilation. The American College of Cardiology/​
American Heart Association guidelines should be used for preoperative cardiovascular eval-
uation management [13]. The airway should be carefully assessed in patients who have re-
ceived preoperative radiation. Prophylactic medications to increase gastric pH and decrease 
gastric volume such as H2 receptor antagonists and proton pump inhibitors should be con-
sidered in patients with severe GERD. Finally, patient preoperative optimization must be bal-
anced with the risk of delayed resection of malignant tumors.

Monitoring

Standard American Society of Anesthesiologists monitors should be used with careful atten-
tion to electrocardiogram placement of leads II and V5 as cardiac arrhythmias and ischemia 
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Figure 16.3  Separation of specimen and gastric tube preparation.
From Khatri V. Atlas of Advanced Operative Surgery. Philadelphia, PA: Elsevier, 2012.
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Figure 16.4  Gastric conduit with cervical esophagogastric anastomosis.
From Khatri V. Atlas of Advanced Operative Surgery. Philadelphia, PA: Elsevier, 2012.
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Figure 16.5  Common surgical approaches for esophagectomy. (A) Three incision (McKeown). 
(B) Transhiatal (Orringer). (C) Ivor Lewis. (D) Left thoracoabdominal.
From Barbeito A., Grichnik K., Shaw AD. Thoracic Anesthesia. New York: McGraw-​Hill Medical, 2012.
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are possible during mediastinal manipulation [14]. Invasive arterial monitoring is also indi-
cated for close hemodynamic monitoring as well as for arterial blood gas sampling during 
OLV. Large-​bore intravenous access is necessary. A central venous catheter can be considered 
in patients with poor peripheral venous access or for patients who are likely to require vaso-
pressor or inotropic support. If a central venous catheter is placed, it should be placed on the 
right side if the surgical technique includes a cervical esophagogastric anastomosis.

Induction

Minimizing pulmonary aspiration risk is of critical importance during induction for patients 
undergoing esophagectomy surgery. Given the increased aspiration risk, a rapid sequence in-
duction or an awake endotracheal intubation should be performed with the head of the bed 
elevated. The airway should be secured with a cuffed single-​lumen or double-​lumen endotra-
cheal tube (DLT) depending on the surgical approach and ventilation strategy.

Table 16.1  Surgical Techniques for Esophagectomy

Surgical 
Technique

Surgical Incisions/​Positioning Special Considerations

Ivor Lewis Surgical incisions: 2
Midline laparotomy, right thoracotomy
Position: Supine to left lateral decubitus

One-​lung ventilation necessary
Pain control

Transhiatal 
(Orringer)

Surgical incisions: 2
Midline laparotomy, left neck
Position: Supine

Hemodynamic instability secondary to 
blunt intrathoracic dissection
Potential for trachealbronchial tree 
perforation during blunt dissection
No vascular access in left neck
Pain control

Three-​incision 
(McKeown)

Surgical incisions: 3
Right thoracotomy, midline laparotomy, 
left neck
Position: Left lateral decubitus to supine

One-​lung ventilation necessary
No vascular access in left neck
Pain control

Left 
thoracoabdominal

Surgical incisions: 1
Left thoracotomy with extension to left 
upper lateral abdominal wall
Position: Right lateral decubitus

One lung ventilation necessary
Pain control

Minimally invasive 
(laparoscopic, 
thoracoscopic and/​
or robotic)

Surgical incisions: Multiple
Combination of small abdominal and 
right thoracoscopic incisions
Possible left neck incision at end of 
procedure
Position: Supine, left lateral decubitus 
and/​or prone

One-​lung ventilation necessary
Potential for extended surgery duration

Adapted from Slinger P, Campos JH, Anesthesia for thoracic surgery, in Miller RD, Cohen NH, eds., Miller’s 
Anesthesia. Philadelphia, PA: Elsevier/​Saunders; 2015.
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A nasogastric (NG) tube should be placed for gastric decompression after the airway is 
secured. The NG tube additionally provides digital feedback to the surgeon during dissection 
and will need to be withdrawn and advanced at various stages in the procedure. Once the 
NG tube is in its final position, it should be carefully secured in place to avoid dislodgement 
during extubation or patient transfer.

Ventilation

With the exception of the trans-​hiatal approach, surgical approaches for esophagectomy 
require lung isolation and OLV. DLTs and bronchial blockers are most commonly utilized 
to achieve OLV. DLT placement provides reliable lung isolation and large lumens facilitate 
suctioning of blood or secretions. Bronchial blockers may be preferred in patients with diffi-
cult airways or anatomic abnormalities that may make placement of a DLT challenging (e.g., 
subglottic stenosis, external compression of the trachea or mainstem bronchus). Bronchial 

Gastric tube
anastomosed
to esophagus

Figure 16.6  Left neck incision with cervical esophagogastric anastomosis.
From Khatri V. Atlas of Advanced Operative Surgery. Philadelphia, PA: Elsevier, 2012.
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blockers have received lung collapse scores equivalent to DLTs, although they may require 
more time for final positioning and may require more repositioning throughout the surgery 
[15]. The need to secure the airway rapidly to reduce aspiration risk should be considered 
when selecting a lung isolation technique.

Esophagectomy surgery is associated with a large proinflammatory response that may 
contribute to the development of acute lung injury. OLV is associated with an inflammatory 
response and protective ventilatory strategies should be employed. Tidal volumes of 5 mL/​kg 
with positive end expiratory pressure of 5 cmH2O to the dependent lung have been demon-
strated to decrease the inflammatory response during OLV [5]‌.
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Figure 16.7  Minimally invasive esophagectomy. (A) Port sites for laparoscopic abdominal 
surgical phase. (B) Port sites for thoracic surgical phase.
From Khatri V. Atlas of Advanced Operative Surgery. Philadelphia, PA: Elsevier, 2012.
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Pain Management

Postoperative pain following esophagectomy can be challenging to manage, particularly 
for surgical approaches involving a thoracotomy and laparotomy. Pain management fol-
lowing the procedure plays a crucial role in facilitating recovery, reducing complications and 
decreasing hospital length of stay [16]. Thoracic epidural analgesia (TEA) has been the gold 
standard for pain management for open surgical approaches with a large body of evidence 
supporting its superiority over systemic opioids [17,18]. TEA has been shown to provide 
superior analgesia and a reduction in postoperative pulmonary complications as well as a 
reduction in postthoracotomy pain [19]. TEA has also been associated with a decreased inci-
dence of anastomotic leak and may additionally exert favorable immunomodulatory effects 
[20,21]. Recent studies have shown that paravertebral blockade provides comparable anal-
gesia to TEA as well as a comparable reduction in postoperative pulmonary complications 
with a lower side effect profile [16,22,23]. Truncal blocks (e.g., transversus abdominis plane, 
rectus sheath) may also be considered for esophagectomy approaches requiring laparotomy 
in patients where neuraxial is contraindicated or technically challenging [24].

Fluid Management

Appropriate fluid administration is an important component of anesthetic planning and 
management during esophagectomy surgery. Preoperative fluid deficits must be considered, 
particularly if advanced esophageal disease has contributed to limited intake. Additionally, 
the surgical approach and length of surgery will heavily impact fluid requirements. An ideal 
strategy must balance the need for adequate perfusion pressure and oxygen delivery to vital 
organs and the anastomotic site with the avoidance of excessive fluid accumulation. Multiple 
studies have linked fluid overload to impaired wound healing, pulmonary edema and acute 
lung injury, and impaired cardiac function [25,26]. Additionally, restrictive fluid manage-
ment has been linked with successful early extubation [5,27]. Most current literature rec-
ommends a fluid restrictive or goal-​directed management strategy although the lack of a 
standard definition for volume restriction complicates analysis [28–​31]. Furthermore, po-
sition changes, changes in intrathoracic pressure and OLV limit the usefulness and accuracy 
of several parameters traditionally used in goal-​directed therapy such as stroke volume vari-
ation and pulse pressure variation [32,33]. Additional research is needed to further elucidate 
optimal fluid administration protocols.

Vasopressor Use

Vasopressor use in esophagectomy surgery has been cautioned given concerns for vasocon-
striction and resulting anastomotic ischemia [5,34,35]. However, systemic hypotension is 
also problematic for anastomotic perfusion [5,36]. If hypovolemia as the cause of hypoten-
sion has been excluded, recent studies indicate vasopressors can be safely used to improve 
gastric conduit perfusion [5,36–​38]. It should additionally be noted that total avoidance of 
vasopressors can lead to fluid overload in an attempt to treat hypotension, which can also 
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compromise anastomotic perfusion. Close communication with the surgical team is recom-
mended regarding intraoperative vasopressor use.

Intraoperative Complications

Hypotension is a common intraoperative complication of esophagectomy surgery and may 
result from compression and manipulation of the heart and major vascular structures during 
dissection, hypovolemia, the use of neuraxial analgesia, or cardiac arrhythmias [10,14]. 
Cardiac arrhythmias may occur in as many as 65% of patients during esophagectomy sur-
gery and are particularly common during trans-​hiatal procedures [2,39]. Hypoxemia may 
present an additional challenge during esophagectomy particularly if OLV is utilized [10]. 
Mechanisms include atelectasis, shunt flow if OLV is employed, surgical trauma or pulmo-
nary edema. Major bleeding during esophagectomy, although uncommon, may occur as 
the esophagus lies in close proximity to the aorta, azygous vein, and pulmonary vessels [40]. 
Damage to a large vessel and may necessitate the conversion from a minimally invasive tech-
nique to an open technique. Tracheal injury is quite rare (0.2%–​2% incidence) [14], and most 
injuries are small lesions. Injuries are typically detected by the smell of anesthetic gas in the 
surgical field and rarely, large lesions may a cause a pressure drop in the anesthetic circuit 
and a loss of volume. In the event of tracheal injury, the endotracheal tube will need to be 
advanced beyond the tracheal injury often with surgeon guidance. Surgical repair via a right 
thoracotomy may be necessary for larger lesions.

Emergence and Intensive Care Unit Transfer

Traditionally, early extubation following esophagectomy was not routinely performed given 
concerns postoperative complications as well as anastomotic trauma if reintubation was re-
quired. Recent data, however, support early extubation as a safe practice that may reduce 
respiratory complications and decrease the length of intensive care unit stay [41,42]. Most 
esophagectomy patients can be safely extubated immediately following the procedure pro-
vided they are hemodynamically and metabolically stable, pulmonary function is satisfac-
tory, and an adequate postoperative analgesic plan has been instituted. Prior to extubation, 
the oropharynx and NG tube should be suctioned and the head of the bed elevated to mini-
mize aspiration risk. For patients unable to meet extubation criteria immediately following 
the procedure, if a DLT was used for lung isolation, it should be exchanged for a single-​lumen 
endotracheal tube in most circumstances prior to operating room departure.

Postoperative Complications

Postoperative pulmonary complications including pneumonia, acute respiratory distress 
syndrome, and pulmonary embolism are common following esophagectomy. In patients 
undergoing esophagectomy for cancer, pulmonary complications are the most common 
cause of postoperative mortality [5]‌. Swallowing dysfunction and tracheal aspiration can pre-
sent as an early complication following esophagectomy can increase risk for pneumonia [43]. 
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Pneumonia is an independent risk factor for postoperative death, and its incidence appears 
highest in surgical approaches involving thoracotomy [44].

Chyle leaks occur more frequently in patients undergoing esophagectomy than in other 
thoracic procedures given the close proximity of the thoracic duct to the esophagus. (Figure 
16.8) Chyle leaks are estimated to occur in up to 8% of patients undergoing esophagectomy 
and are associated with mortality rates as high as 18% [45] (Figure 16.9). Management usu-
ally involves surgical thoracic duct ligation.

Conduit complications including anastomotic leak and conduit ischemia are among the 
most feared complications following esophagectomy. The incidence of cervical anastomosis 
leak has been reported as high as 15% to 37% [5]‌. Although thoracic anastomosis leak rates 
are lower, they are associated with a higher morbidity and mortality. Anastomotic leak may 
present with fever, leukocytosis, pleural effusion, or sepsis although small leaks may be 
asymptomatic. Conduit ischemia varies in severity, but total conduit ischemia may present as 
rapidly progressive septic shock [46].

Figure 16.8  Esophageal mobilization during transhiatal esophagectomy.
From Stiles, B. Altorki, N. Traditional techniques of esophagectomy. Surg Clin N Am. 2012;92(5):1249–​1263; 
Orringer MB. Transhiatal esophagectomy without thoracotomy. Gen Thorac Surg 2005;10(1):63–​83.
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Postoperative atrial fibrillation has been reported in up to 25% of esophagectomy 
patients. Atrial fibrillation has been associated with pulmonary complications and anasto-
motic leakage and is a marker for poor short-​term outcome and increased morbidity and 
mortality [47].

Recurrent laryngeal nerve injury may occur during esophagectomy as a result of stretch-
ing, compression, thermal injury, or vascular compromise during the procedure. Recurrent 
laryngeal nerve injury most commonly presents as hoarseness. However, severe cases may re-
sult in vocal cord paralysis with dyspnea and/​or aspiration pneumonia. Reported incidences 
vary widely but may be as high as 59% [48]. In cases where paralysis persists or is significantly 
impairing, vocal cord medialization via injection may be necessary.

Later complications following esophagectomy include anastomotic stricture, as well 
as functional disorders such as dysphagia, delayed gastric emptying, reflux, dumping syn-
drome, or hiatal hernia. Patients presenting for anesthesia post esophagectomy should be 
considered at high risk for aspiration and precautions including rapid sequence induction, 
head of bed elevation, and pretreatment with H2 receptor antagonists or proton pump inhib-
itors should be considered [2]‌.

Figure 16.9  Chylothorax following esophagectomy.
Open source image.
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Enhanced Recovery After Surgery

Enhanced recovery after surgery (ERAS) programs provide a multidisciplinary periop-
erative treatment protocol with the goal of reducing complications, promoting recovery, 
and improving treatment outcomes [49]. Despite advancements in surgical techniques, 
esophagectomy remains a high-​risk procedure with significant associated morbidity and 
mortality rates [12]; therefore, it is unsurprising that ERAS protocols for esophagectomy 
are rapidly gaining traction. Important preprocedure components of esophagectomy ERAS 
programs include nutritional assessment and optimization, multidisciplinary tumor board 
planning, and prehabilitation programs. Key intraoperative anesthetic management compo-
nents include protective lung ventilation, avoidance of volume overload, and adequate pain 
control via thoracic epidural or paravertebral blocks. Postoperative management recommen-
dations include early extubation when feasible, early mobilization, and early enteral nutrition 
[50]. Although additional research is needed to standardize protocols and improve adoption, 
early results for esophagectomy ERAS programs are promising [51].
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Lung Transplantation
Loren Francis and Jared McKinnon

Preoperative Assessment

Introduction

Lung transplant surgery is a high-​risk major surgery performed on patients with end-​stage 
lung disease that has the potential to greatly improve quality of life. Thorough evaluation is 
necessary to identify the causative disease process, qualify the extent of disease, and decide 
whether the patient would be an acceptable transplant candidate. This evaluation yields data 
that informs potential patient immune system-​donor organ compatibility and helps deter-
mine a patient’s position on the organ recipient waitlist. In addition to necessary medical 
evaluation, psychological, financial, and social barriers must be considered.

Medical Evaluation

Patients will arrive on the day of transplant with recent comprehensive workups.
This includes:

	•	 Vital signs, including height, weight, and calculated body mass index
	•	 Complete blood count, complete metabolic panel, and coagulation studies
	•	 ABO type and screen
	•	 Tissue typing for organ compatibility
	•	 Infectious disease tests
	•	 Chest X-​ray
	•	 Computed tomography scan of the chest
	•	 Transthoracic echocardiogram
	•	 Electrocardiogram (EKG)
	•	 Heart catheterization
	 •	 Of the left heart to assess coronary artery disease
	 •	 Of the right heart to evaluate right heart function and pulmonary hypertension
	•	 Pulmonary function tests
	•	 6-​minute walk test, to assess functional capacity
	•	 Ventilation-​perfusion (V/​Q) scan
	•	 Age-​ and gender-​recommended cancer screenings
	•	 Carotid ultrasonography

 

 

 

 



214  Thoracic Anesthesia Procedures

Cardiac and pulmonary function tests are of particular interest to the anesthesiologist pre-
paring for this case. The results of these may inform surgical approach, use of planned cardi-
opulmonary bypass (CPB), induction of anesthesia, and intraoperative medication selection.

>> Tip on Technique

The V/​Q scan will specify the proportion of blood flow to each lung. Typically, blood flow to 
each lung is roughly equal, with the right lung receiving 55% and the left lung receiving 45% 
of cardiac output.1 The greater the perfusion to the operative lung, the lower the PaO2 during 
one lung ventilation.2 Accordingly, the greater the inequality of lung perfusion demonstrated 
by V/​Q scan, the higher the likelihood that the patient will not tolerate one lung ventilation.

Exclusion Criteria

Absolute and relative exclusion criteria for patients with end-​stage lung disease to be listed 
for a lung transplant have been detailed by the International Society for Heart and Lung 
Transplantation.3 Specific criteria are listed in Table 17.1. The preparation, workup, and 

Table 17.1  Contraindications to Being Placed on Lung Transplant Waiting List

Absolute Contraindications Relative Contraindications

Active or recent malignancy Age > 65

Untreatable significant dysfunction of another major 
organ system

Body mass index 30–​34.9 kg/​m2

Uncorrected or untreatable atherosclerotic disease Severe malnutrition

Acute medical instability Severe osteoporosis

Uncorrectable bleeding Extensive prior chest surgery

Chronic infection that is poorly controlled Mechanical ventilation or 
extracorporeal life support

Active Mycobacterium tuberculosis infection Colonization with highly resistant 
organism

Significant chest wall or spinal deformity Hepatitis B or C, HIV infection

Body mass index >35 kg/​m2

History of noncompliance

Psychiatric/​psychological conditions associated  
with inability to adhere to complex medical therapy

Absence of reliable social support system

Severely limited functional status

Substance abuse or dependence
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follow-​up for social support systems posttransplant is extensive. Patients are required to re-
main within a few hours of the transplant center and be available 24 hours a day before trans-
plant and for several months after transplant.

Transplant Waitlist

Unfortunately, the demand for organs far outstrips the supply of donor organs. An organ 
waitlist is managed by the United Network for Organ Sharing (UNOS). UNOS bases organ 
matching on several factors including blood type, height, medical urgency, and time spent 
on the waitlist. In 2005 a lung allocation score (LAS) was introduced to create a waitlist that 
accounts for urgency and expected posttransplant survival rate. The LAS has widely been ac-
cepted as having improved survival for patients and improved waiting times.

Intraoperative Management

Monitors

Use of standard and invasive monitors is necessary considering the risks of general anes-
thesia for patients with end-​stage lung disease. Rapid fluid shifts, hemodynamic changes, risk 
of acute heart failure, potential pulmonary hypertension exacerbation, and unique position-
ing leading to the patient’s extremities being inaccessible during the procedure should all be 
considered.

Standard anesthetic monitors including pulse oximetry, EKG leads, noninvasive blood 
pressure, temperature, expiratory carbon dioxide analysis, and inspired oxygen analysis 
should be used. Advanced monitors commonly utilized during lung transplantation include 
invasive arterial pressure monitoring, pulmonary artery (PA) catheters, and transesophageal 
echocardiography (TEE).

Besides a temperature monitor, all standard anesthesia monitors should be in place prior 
to induction of anesthesia. Consider measuring pulse oximetry from multiple locations si-
multaneously, as patient positioning makes these probes prone to error and redundancy 
may help achieve consistent oxygen saturation readings. EKG measurement from two leads 
is standard for rhythm observation. Lead II is used for the clear P-​QRS complexes and for 
identification of arrhythmias. Lead V is used for observation of ST-​segment changes of 
ischemia.

An invasive arterial line should also be placed prior to induction of anesthesia in a radial, 
brachial, or femoral artery. An arterial line allows for real-​time blood pressure measure-
ment and a reliable source for lab draws. During induction of anesthesia and throughout 
the procedure, large swings in blood pressure can occur rapidly. A radial arterial catheter 
may be prone to compression or error depending on the patient’s arm position, so consider 
anatomic site choice carefully. Aseptic protocol during invasive line placement procedures 
is particularly important as this patient population will be immunosuppressed and suscep-
tible to infection.
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Pulmonary Artery Catheter

The pulmonary artery catheter (PAC) provides a lot of information to the anesthesiologist. 
Pulmonary artery pressure and central venous pressure (CVP) are continuously trans-
duced and displayed. Cardiac output is calculated via thermodilution and incorporated 
with body surface area to calculate cardiac index. Mixed venous oxygen saturation (SvO2) 
is measured from pulmonary arterial blood. A simplified Fick equation can assist with the 
interpretation of SvO2. The PA occlusion pressure can be used to estimate left atrial and left 
ventricular end diastolic pressures. Interpretation and clinical application of all this data 
require practice, repetition, and an in-​depth understanding of the physiology and patho
logy of heart disease.

SvO SpO
VO

CO Hgb2 2
2

1 34
= −

× × .

	•	 SvO2 mixed venous oxygen saturation
	•	 SpO2 arterial oxygen saturation
	•	 VO2 systemic oxygen consumption
	•	 CO cardiac output
	•	 Hgb hemoglobin
	•	 1.34 is a coefficient for the oxygen-​carrying capacity of hemoglobin

A PAC is inserted through a venous introducer sheath into a large central vein using sterile 
technique. The PAC itself is positioned or “floated” into the PA by inflating a small balloon at 
the tip of the catheter and incrementally inserting it with consecutive heart beats, allowing 
blood flow to direct the catheter into place. Confirmation of proper placement is via pres-
sure waveform analysis and/​or visualization with TEE. In particularly precarious patients, 
it might be beneficial to place a PAC prior to induction of general anesthesia to monitor he-
modynamics. The right internal jugular (RIJ) vein is the most common anatomic site used 
for PAC insertion because of its close proximity and relatively straightforward path to the 
heart. If the RIJ is unsuitable or is likely to be needed for mechanical support cannula access, 
consider using the left internal jugular (LIJ) vein instead. The LIJ has a more convoluted an-
atomical path to the heart, and introduction of a large introducer sheath here has a higher 
risk of vascular injury than placement into the RIJ. The most common complication from 
PAC placement is arrhythmia, specifically right bundle branch block. Typically line-​induced 
arrhythmias are short lived, but particular caution must be taken in patients with an existing 
left bundle branch block, as adding a right bundle branch block during insertion can lead to 
complete heart block. Figure 17.1 shows the expected pressure waveforms when advancing 
the catheter.
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Step by Step: Pulmonary Artery Catheter Insertion

	•	 Prepare catheter by connecting the appropriate lumens to pressure transducers, keeping 
the distal portion of catheter sterile

	•	 Clean the neck with a sterile solution and apply sterile drapes
	•	 Insert venous introducer sheath, using ultrasound guidance
	•	 Place a catheter guard sheath over the PAC
	•	 Flush ports of the catheter and confirm balloon inflation without leaks
	•	 Insert the catheter through the sheath to approximately 25 cm
	•	 Inflate the balloon
	•	 Look for pressure waveform of the PA tracing from the tip of the catheter
	•	 Insert the catheter approximately 1 to 2 cm per heartbeat
	•	 Once a PA pressure waveform is present, advance 1 cm, deflate the balloon, and lock the 

catheter guard sheath
	•	 Apply sterile dressing

Commonly used cerebral monitors include bispectral index (BiS) and cerebral oximetry. 
The BiS monitor utilizes scalp electrodes with electroencephalogram monitoring to provide 
a dimensionless number suggesting depth of anesthesia. Cerebral oximetry applied to each 
side of the forehead monitors cerebral perfusion. Cerebral oximetry is particularly useful 
during CPB, when many other monitors of perfusion and oxygenation may be erroneous. 
A decrease in cerebral oximetry values may indicate decreased delivery of blood, increased 
oxygen consumption, hypoxia, or anemia.

>> Tip on Technique

The PAC is packaged with a curve in the catheter. Inserting the catheter with this curve 
directed medially increases chances of success with “floating” the PAC to the appropriate 
location.
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Figure 17.1  Pulmonary Artery Catheter Waveforms. Note low pressure, low amplitude 
waveform of central venous pressure (CVP) Note the right ventricle (RV) pressure waveform with 
higher pressure during systole and low diastolic pressure. The pulmonary artery (PA) pressure 
waveform is similar to RV pressure during systole, but higher diastolic pressure (“step up” in 
diastolic pressure) and a dicrotic notch indicative of the pulmonic valve closing.
Figure drawn by Jared McKinnon.
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Induction

The main concerns during induction of anesthesia for lung transplantation are airway pro-
tection, avoidance of hypoxia and hypercarbia, and maintenance of right ventricular (RV) 
function. A thorough preoperative evaluation is crucial for planning a safe induction strategy.

Lung transplants are by nature scheduled with little notice and, as such, patients may not 
be appropriately nil per os (NPO). The risk of aspiration must be balanced with the likeli-
hood of a difficult airway and concern for hemodynamically stable induction. If the patient’s 
airway exam is worrying, an awake fiberoptic intubation may be the best option to avoid the 
risk of losing the airway. Topicalization and cautiously titrated sedation help minimize sym-
pathetic stimulation that can worsen pulmonary hypertension. If the patient’s airway exam is 
reassuring, a rapid sequence intubation (RSI) may be appropriate. Patients with severe right 
heart failure or pulmonary hypertension may not tolerate fast medication administration, 
and a slow induction relying on titrated narcotics with continuous cricoid pressure might be 
more important than an RSI. All of these factors must be taken into account to appropriately 
balance the risks and benefits of the chosen induction plan. See Figure 17.2 for a decision tree 
in planning induction and intubation strategy.

Preoxygenation is critical in patients about to undergo lung transplantation. Supplemental 
oxygen should be administered via face mask in a closed circuit to denitrogenate the lungs 
prior to creating apnea. If the patient requires supplemental oxygen at baseline, be prepared 
for a longer than normal preoxygenation time.

If the patient has significant pulmonary hypertension, having an inhaled pulmonary 
vasodilator such as inhaled nitric oxide or epoprostenol in the circuit during induction or 
immediately available may be helpful to limit increases in pulmonary vascular resistance. 
Hypoventilation during induction can cause hypoxia and hypercapnia, both of which in-
crease pulmonary vascular resistance, and this increased afterload can strain an already 
abnormal right ventricle. There are many possible pharmacological strategies to induce 

Potential Di�icult Airway?

Consider Awake
Fiberoptic
Intubation

Slow induction
NPO?

Careful
induction

Consider RSI

Does the patient have significant hemodynamic risk
factors?

- Airway topicalization
- Cautious sedation

- Minimize
sympathetic
stimulation

- Awake invasive line
placement

- benzodiazepines,
opioids

- Inhaled anesthetics,
intravenous hypnotic

agents
- inotropes, pressors

available

- Thorough pre-
oxygenation

- Suction available

- Severe pulmonary hypertension
- Heart failure

Figure 17.2  Decision tree for planning induction of anesthesia.
Abbreviations: NPO, nil per os; RSI, rapid sequence intubation.
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anesthesia for lung transplantation while avoiding hypoxia, hypercapnia, hypotension, 
and tachycardia. One common strategy is to use a benzodiazepine such as midazolam and 
an opioid such as fentanyl in combination with inhalational anesthetic like sevoflurane or 
titrated dose of hypnotic like etomidate or propofol. These medications, when combined 
with a neuromuscular blocking agent such as rocuronium, provide optimal intubating 
conditions.

Cardiopulmonary collapse can occur during the transition from negative pressure 
breathing mechanics to positive pressure ventilation with the concomitant increased intra-
thoracic pressure and decreased venous return. It is important to be wary of this and to have 
inotropes and vasopressors immediately available to augment vascular tone and cardiac 
function as needed.

Intubation can proceed with a single lumen endotracheal tube (SLT) or double lumen en-
dotracheal tube (DLT) based on planned surgical technique and need for lung isolation. If 
the plan is for a bilateral lung transplant using CPB support, then lung isolation is unnec-
essary, and a SLT is sufficient. When choosing the size of a SLT endotracheal tube, consider 
future need for bronchoscopy and the size of available bronchoscopes.

If lung isolation is required, one option is a bronchial blocker placed in conjunction with a 
SLT, which allows for fewer airway exchanges but also offers less reliable positioning for lung 
isolation than a DLT. A bronchial blocker will need to be repositioned intraoperatively using 
a fiberoptic bronchoscope to allow for surgery on the opposite side.

A DLT can alternatively be used for lung isolation. It may be more difficult to place initially 
because of its large size and stiffness yet results in more reliable positioning. A DLT facilitates 
switching between lungs and endotracheal suctioning. A left-​sided DLT is easier to position 
than a right-​sided DLT and can be used for virtually all lung transplantation surgeries as the 
left main bronchus anastomosis is well away from the tip of the DLT. A right-​sided DLT must 
have the bronchial lumen precisely in the short distance between the carina and the takeoff of 
the right upper lobe. If a DLT is used, it may need to be changed for a SLT prior to transfer to 
the intensive care unit. This airway exchange should be carefully planned to avoid intermit-
tent hypoxia or loss of airway.

Summary of Key Steps

	•	 Preoperative assessment
	•	 NPO status
	•	 Airway exam
	•	 Application of monitors
	•	 Placement of invasive lines
	•	 Preoxygenation
	•	 Induction
	•	 Mask ventilation
	•	 Intubation
	•	 Lung isolation

 



220  Thoracic Anesthesia Procedures

Position

Patient positioning depends on planned surgical approach. Position choice should account 
for surgical access, rescue cannulation strategy, venous and arterial line position, and avoid-
ance of nerve injury while the patient is under general anesthesia.

Single lung transplantation is performed via posterolateral thoracotomy, requiring either lat-
eral decubitus position or modified lateral decubitus position with the shoulders tilted sideways 
but the hips positioned flat. In the modified position, the groin is left exposed and prepped into 
the field in case CPB or extracorporeal membrane oxygenation (ECMO) support is needed.4

Bilateral lung transplantation can be performed via sternotomy, bilateral thoracotomies, 
or bilateral thoracotomies plus transverse sternotomy that is called a “clamshell” incision, as 
depicted in Figure 17.3. A sternotomy approach allows for a supine patient with tucked arms. 
A clamshell incision requires the patient to be supine with arms either out wide or bent at the 
elbow and positioned over the face.

>> Tip on Technique

Keep in mind the position of line placement in patients positioned for a clamshell incision, 
as the bent and elevated arm position may hinder peripheral intravenous function or 
demonstrate inaccurate blood pressures as measured from a radial or brachial artery.

Median sternotomy

Clamshell

Anterior thoracotomy

Figure 17.3  Possible surgical incision sites for lung transplantation.
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Maintenance of Anesthesia

During surgery, a combination of inhalational and intravenous agents is used to maintain 
general anesthesia. If ECMO is being utilized, intravenous anesthetics offer the most reli-
able profile. Common choices for inhalational anesthesia include sevoflurane and isoflurane. 
Typically, a propofol infusion is selected if using a total intravenous anesthetic technique. 
A moderate dose of narcotic is a useful adjunct to an anesthetic.

Blood pressure management relies on the use of targeted fluid administration, vasopres-
sors, and inotropes. Vasopressin and norepinephrine are often the vasopressors of choice 
during lung transplantation. Vasopressin increases systemic vascular resistance without 
increasing pulmonary vascular resistance, which improves blood pressure without increas-
ing RV afterload. Norepinephrine is a potent vasopressor with action at alpha and beta recep-
tors. Its effect on both types of receptors causes an increase in vasomotor tone along with a 
small cardiac contractility benefit.

Antibiotics are indicated perioperatively for all patients undergoing lung transplantation. 
Particular attention should be given to antibiotic choice in patients with cystic fibrosis, as 
they often have a complex infection and antibiotic history. Consultation with a transplant 
pharmacist can be helpful to determine the optimal antibiotic choice and intraoperative 
redosing strategy.

To lessen bleeding risks, it is common to administer antifibrinolytic medications such as 
tranexamic acid or aminocaproic acid intraoperatively. This is accomplished with an initial 
bolus dose followed by a continuous infusion for the duration of the case.

The patient should be kept normothermic. Hypothermic patients display more unstable 
hemodynamics and more coagulopathy. Normothermia can be difficult to maintain in lung 
transplant surgery because a large surface area of the body is prepped and exposed. In cases 
that cannot take advantage of the CPB circuit to warm recirculating blood, care must be 
taken to implement fluid-​warming devices and forced air warmers and to optimize operating 
room temperature to minimize heat loss.

Pretransplant Ventilation Strategy

Ventilation strategy varies based on underlying pathology. If there is predominantly ob-
structive lung disease, the patient is prone to air trapping and may need longer expira-
tion time to avoid hyperinflation. These patients have highly compliant lungs and may 
not be able to completely exhale a delivered tidal volume, which may result in an “auto-​
PEEP” phenomenon with elevated intrapleural pressure and impairment of venous re-
turn. Deliberate hypoventilation may ameliorate this effect, at the cost of hypercapnia 
and possible respiratory acidosis.4 If restrictive lung disease dominates, high ventilator 
pressures may be required to adequately oxygenate and ventilate the patient. Be wary of 
development of pneumothorax either from a ruptured bleb in a patient with emphysema-
tous disease or use of abnormally high airway pressures to achieve adequate oxygenation 
in fibrotic lungs.

Unsurprisingly, one lung ventilation is often poorly tolerated in patients with end-​stage 
lung disease. Hypoxemia nadirs about 20 minutes after initiation of one lung ventilation. 
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Maximizing inspired oxygen concentration, pressure control ventilation mode, tolerance of 
higher airway pressures, intermittent two lung ventilation, and positive end expiratory pres-
sure (PEEP) to the nonventilated lung can help limit hypoxia. Once the PA is clamped, V/​
Q matching improves, which increases oxygenation at the cost of increased pulmonary vas-
cular resistance and RV afterload. Pulmonary artery clamping can trigger acute RV failure. 
Patients unable to tolerate one lung ventilation will likely need mechanical support with 
ECMO or CPB.

Right Heart Failure

RV failure is common during lung transplant surgery. Patients often are already suffering 
from chronic RV dysfunction and may have reached the limit on adaptation. High intrapleu-
ral pressures along with hypoxia and hypercarbia during surgery all further increase pulmo-
nary vascular resistance. Intraoperative hypotension can predispose to RV ischemia, since 
the right ventricle will have increased oxygen demand with decreased coronary perfusion 
pressure. Rising CVP and PA pressures, hypoxia, hypotension, and arrhythmias are all signs 
of potential right heart failure.

RV support strategies include maximizing RV contractility, minimizing RV afterload, 
optimizing volume status, and controlling conditions as much as possible to avoid hypoxia, 
hypercarbia, and acidosis. Inotropes such as epinephrine, dobutamine, and milrinone are 
useful in improving contractility, especially for patients with baseline RV dysfunction. 
Inhaled pulmonary vasodilators like nitric oxide or epoprostenol decrease pulmonary vas-
cular resistance and improve V/​Q matching. Fluids should be administered judiciously. PA 
pressures, cardiac output monitoring, and real-​time TEE can help guide fluid management. 
See Table 17.2 for a summary of strategies to treat RV failure.

Table 17.2  Strategies to Treat Right Ventricular Failure

Reduce RV Afterload Augment RV Contractility Optimize Volume Status

	•	 Avoid increases in PVR
	•	 Avoid hypoxia
	•	 Avoid hypercarbia
	•	 Avoid acidosis
	•	 Decrease PVR
	•	 Inhaled pulmonary 

vasodilators
	•	 Minimize intrathoracic 

pressures
	•	 Minimize PEEP
	•	 Minimize tidal Volumes
	•	 Be wary of pneumothorax

	•	 Inotropes
	•	 Milrinone
	•	 Dobutamine
	•	 Epinephrine

	•	 Real-​time TEE analysis
	•	 Trend filling pressures
	•	 Stroke volume variation
	•	 Judicious fluid 

administration

Abbreviations: PEEP, positive end expiratory pressure; PVR, pulmonary vascular resistance; RV, right 
ventricle; TEE, transesophageal echocardiography.
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Transesophageal Echocardiography

TEE is a particularly useful tool during dissection and lung transplantation. Initial echo-
cardiographic evaluation should focus on right and left heart function, taking note of valve 
function. If an atrial septal defect or patent foramen ovale is present, a right to left shunt 
can develop if right heart pressures increase during surgery. Real-​time TEE is invaluable in 
the prompt detection of acute RV dysfunction. Indicators on TEE of right heart failure in-
clude RV dilation, bowing of interatrial septum and interventricular septum from right to 
left, increasing tricuspid regurgitation and pulmonic regurgitation, and underfilling of the 
left ventricle (LV; Figure 17.4).

TEE evaluation after reperfusion initially focuses on ventricular function, presence of int-
racardiac shunting, and volume status. Once the patient is hemodynamically stable, atten-
tion can turn to evaluation of PA anastomoses and flow through bilateral pulmonary veins. 
Pulmonary artery diameter should be greater than 1 cm.4 Typically at least the right PA anas-
tomosis can be visualized by TEE. Pulmonary veins should be at least 0.5 cm in diameter and 
Doppler interrogation should demonstrate flow velocity less than 100 cm/​s. If flow velocity 
is higher, there is suspicion of pulmonary venous stenosis or kinking.4 The resulting pulmo-
nary venous congestion can cause graft failure, so it is important to note early.5

Immunotherapy

After lung transplant, a patient requires immunosuppression for the rest of his or her life. 
Often there is an induction phase of immunosuppression, followed by lifelong mainte-
nance therapy. These medications are initiated shortly before a recipient arrives to the op-
erating room for the lung transplant procedure. It is important on the day of surgery that 
the anesthesiologist ensures the lung transplant recipient has received his or her prescribed 
immunosuppression. The risk of lung rejection is highest in the first 6 to 12 months, and 

RA

RV LV

LA

Figure 17.4  Key transesophageal echocardiography findings of right heart failure. Note bowing 
from right to left of the interatrial septum and interventricular septum. The right atrium and 
right ventricle are enlarged, and the left side of the heart is underfilled.
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immunosuppressive agents are tailored accordingly. A typical posttransplant regimen can be 
complex. Antibiotics, antiviral, and antifungal medications are prescribed given the patient’s 
increased risk of infection while immunosuppressed. Chronic steroid use can lead to hyper-
glycemia and the need for glucose-​controlling medication. Immunosuppression medications 
also predispose patients to gastrointestinal ulcer disease.

Glucose Management

Glucose should be measured at least hourly during surgery and managed with an insulin in-
fusion to avoid hyperglycemia. In cardiac surgery, a glucose goal <180 mg/​dL is widely ac-
cepted standard practice. It is reasonable to adopt the same intraoperative target during lung 
transplant surgery. The stress of major surgery, need for mechanical cardiopulmonary support 
using inflammation-​inducing cannulae, and inclusion of high-​dose steroids intraoperatively 
for immunosuppression make hyperglycemia and the need for an insulin infusion very likely.

Mechanical Support

Introduction

Mechanical support for lung transplantation can exist in three phases:

	1.	 preoperatively as a bridge to transplant
	2.	 intraoperatively to assist with the procedure
	3.	 postoperatively as a bridge to recovery

Options for mechanical support include ECMO and right ventricular assist device (RVAD).

Preoperative

Patients with end-​stage lung disease may require mechanical support while waiting for an 
organ to become available. In the past, the need for mechanical support was considered a 
relative contraindication to lung transplantation. As surgical technique has improved and 
mechanical support complication rates have decreased, there has been a trend toward earlier 
initiation of mechanical support and survival has improved both pre-​ and posttransplant. 
The primary methods of preoperative mechanical support include ECMO and RVAD. When 
ECMO is used, support can be venoarterial (VA) or venovenous (VV).6

VA-​ECMO uses a mechanical pump and a membrane oxygenator to provide oxygenation 
and ventilation as well as cardiac output augmentation. Typically, pretransplant VA-​ECMO 
cannulation is via the femoral vessels. A large bore cannula placed in the femoral vein drains 
blood from the right atrium to a pump outside the patient, which delivers that blood through 
an oxygenator and through a cannula in the femoral artery back to the patient (Figure 17.5). 
These pumps are capable of meeting a patient’s entire cardiac output need if necessary, as long 
as the cannulae are large enough to accommodate the blood flow. Recall that resistance in a 
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tube is inversely proportional to the fourth power of the radius, so increasing cannula diam-
eter a small amount makes a large difference in flow capability.

VA-​ECMO has the ability to provide cardiac output and to oxygenate and ventilate blood 
and is thus capable of supporting patients with cardiogenic shock, respiratory failure, or a 
mixed pathology. Historically ECMO usage was limited as complication rates were high and 
the concomitant prolonged sedation with mechanical ventilation rapidly deconditioned 
patients. Newer ECMO cannulation techniques utilizing the upper extremities are being 
explored in several centers to improve patient mobilization, allowing some degree of “pre-​
hab” while waiting on the transplant list.

VV-​ECMO also uses a mechanical pump and a membrane oxygenator, but the cannula 
placement differs from that of VA-​ECMO. VV-​ECMO can be administered via a single large 
bore dual-​lumen venous catheter. This catheter has a lumen that withdraws blood from the 
right atrium and vena cava (inferior or superior depending on cannulation site of groin or 
neck, respectively). Blood then enters a mechanical pump, flows through an oxygenator, then 
returns through another lumen in the same cannula. The lumen that returns blood to the 
heart is typically situated in the right atrium to deliver oxygenated blood straight through the 
tricuspid valve to the RV (Figure 17.6). A key element with this configuration is that cardiac 
support is not provided—​merely pulmonary support. Cardiac output is dependent on the 
patient’s inherent cardiac function. Hypoxia and hypercarbia in these patients is not as much 
of a concern, but the risk of acute pulmonary hypertension and right heart failure still exists.

Venous cannula Arterial cannula

ECMO pump and
membrane
oxygenator

Figure 17.5  Venoarterial extracorporeal membrane oxygenation.
Abbreviation: ECMO, extracorporeal membrane oxygenation.
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RVAD is a device placed for patients with RV failure. In the lung transplant population, this 
is most commonly due to pulmonary hypertension. The cannula for a preoperative RVAD 
can be placed centrally or peripherally, typically via the right internal jugular vein. A dual 
lumen catheter is used, with one lumen draining blood from the right atrium to a pump and 
the second lumen used to return blood to the main PA (Figure 17.7). This essentially bypasses 

Blood drained from RA

ECMO pump and
membrane oxygenator

Oxygenated blood returned to
RA, directed at tricuspid valve

Dual stage venous
cannula in right internal
jugular vein

Figure 17.6  Venovenous extracorporeal membrane oxygenation.
Abbreviation: RA, right atrium; ECMO, extracorporeal membrane oxygenation.

Blood drained from RA

RVAD Pump

Blood returned to main
pulmonary artery

Figure 17.7  Right ventricular assist device.
Abbreviation: RA, right atrium; RVAD, right ventricular assist device.
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the RV. In patients with RV failure, this can be lifesaving. An oxygenator can be placed in-​line 
to combine RVAD and VV-​ECMO therapies. RVAD flow management requires a delicate 
balance between providing enough flow to offload the right ventricle and not providing so 
much flow as to overload the LV or overburden the pulmonary vasculature, which could 
cause pulmonary edema or pulmonary hemorrhage.

These preoperative mechanical support methods are complex and require multidiscipli-
nary teams for management. Even with mechanical support, these patients are at high risk 
for complications, and this risk increases with duration of support. Unfortunately, major 
complications from mechanical support could preclude a patient from remaining on the 
transplant list.

>> Tip on Technique: Things to Know When Managing a Patient 
With Mechanical Support

• � Reason for placement on support (isolated or combined cardiac or respiratory failure)
•  Type of support (VA-​ECMO, VV-​ECMO, RVAD, RVAD + VV-​ECMO)
•  Cannulation sites
•  Anticoagulation status
•  Minor or major complications suffered because of mechanical support

Intraoperative

Lung transplantation is performed with mechanical support in a planned or unplanned 
fashion or performed with no mechanical support “off pump.” Indications for planned sup-
port include pulmonary hypertension, decreased heart function, and en bloc bilateral lung 
transplant. Conversion to unplanned mechanical support typically falls into one of several 
categories: intraoperative hemodynamic instability, impaired gas exchange, acute increases 
in pulmonary pressures, cor pulmonale, and/​or surgical technical difficulties. Traditionally, 
CPB has been utilized as the mechanical support method of choice intraoperatively for lung 
transplantation. VA-​ECMO has been increasingly adopted as an alternative.

CPB is similar to VA-​ECMO in that there is a cannula in the venous system that returns 
blood to a pump, which pumps blood through an oxygenator and back to the patient via a 
cannula in the arterial system. These cannulae can be placed peripherally or centrally. The 
main difference with CPB is the inclusion of a venous reservoir in the circuit, which allows 
for suction recapturing of blood that has been lost to the surgical field and provides a reserve 
of blood that can be temporarily called upon in the event of decreased venous drainage to the 
pump. The downside to CPB is that the air-​blood interface in the venous reservoir necessitates 
a much higher anticoagulation goal than does ECMO. ECMO has less of a systemic inflam-
matory response and creates less coagulopathy and bleeding than does CPB. A retrospective 
comparison of outcomes for CPB versus VA-​ECMO has suggested that VA-​ECMO has better 
survival and reduced postprocedural complication rates compared to CPB.7 Another benefit 
of VA-​ECMO, particularly if peripherally cannulated, is that it can be used to support the pa-
tient in the postoperative period.
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Postoperative

Postoperatively, patients may require mechanical support of the respiratory and/​or cardiac 
systems. RV failure and primary graft dysfunction are common reasons to need such sup-
port. If a patient is peripherally cannulated, the surgical team may decannulate at the bedside 
in the intensive care unit. However, if the patient is centrally cannulated, a return to the oper-
ating room for decannulation can be anticipated.

Posttransplant Management

Reperfusion

Lung allograft reperfusion causes hypotension, acidosis, and hyperkalemia as pneumoplegia 
and inflammatory mediators are released into the systemic circulation. Clear communica-
tion between surgical and anesthesia teams allows planning for this event and control of its 
speed. Preparation by optimizing electrolytes, correcting acidosis, and keeping pressors and 
inotropes immediately available can help get through reperfusion as smoothly as possible.

Posttransplant Ventilation Strategy

After transplantation and reperfusion of both lungs, ventilation strategy choice is critical. It is 
important to minimize ventilator pressures to lessen barotrauma. Limiting the inspired frac-
tion of oxygen (FiO2) as much as possible helps to limit free radical damage and reperfusion 
injury to fragile lungs. A low tidal volume strategy of 6 mL/​kg is commonly employed with 
a goal of keeping plateau pressures less than 30 cmH2O.8 Initial ventilator settings should in-
clude moderate PEEP (5–​10 cm H20) and low FiO2 (0.35–​0.4). To keep the PaO2 > 65 mmHg, 
the FiO2 and PEEP may be incrementally increased and an inhaled pulmonary vasodilator 
may be added. Checking frequent arterial blood gas measurements helps correlate measured 
SpO2 with PaO2.

Ventilation strategy gets more complex when the patient receives a single lung transplant, 
because each lung will have unique compliance. It may be prudent to maintain lung isolation 
and use two separate ventilators with unique settings tailored to each lung. For example, if 
the patient’s native lung has severe obstructive disease, that lung may require a prolonged ex-
piratory time with less PEEP to minimize the risk of hyperinflation. Vice versa, the pressures 
high enough to obtain adequate tidal volumes in a native lung with severely restrictive di-
sease may cause significant barotrauma in a newly transplanted lung.

Fluid Management

Ideally, after a lung transplant, a patient will receive minimal intravenous fluids to decrease 
the development of pulmonary edema. A lung allograft is highly sensitive to low pressure 
pulmonary edema with reexpansion injury. This can be compounded by microvascular 
leaks from ischemia-​reperfusion and a lack of lymphatic drainage.1,9 Use of CPB increases 
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inflammation and worsens pulmonary edema. A restrictive fluid management plan helps 
limit these risks, especially with patients requiring CPB.

On the other hand, often patients require blood products to correct anemia or coagulopa-
thy. Heparin should be reversed with protamine. Point of care elastography tests help give the 
anesthesiologist almost immediate feedback about the severity of a coagulopathy as well as 
allow tailoring of blood product therapy to the specific factors that are lacking. Invasive mon-
itors like PACs, CVP, TEE, cardiac output/​index, and stroke volume variation help determine 
the patient’s overall fluid status. The balance between appropriate volume resuscitation and 
minimizing the risk of pulmonary edema can be difficult to strike, so fluid administration 
should be goal directed.

Analgesia

Large surgical incisions, manipulation of lung and pleura, chest tube placement, prolonged 
positioning with retraction, underlying pain conditions, and the individual psychologic 
pain experience of a patient all contribute to postoperative pain. Postoperative pain directly 
contributes to worse outcomes, as a patient with pain may splint and take shallow breaths. 
Coughing is necessary but can be painful. After lung transplantation, the cough reflex is lost 
below the carina. There is some evidence that suggests this reflex returns within 12 months.10 
Mucociliary function also can be depressed for up to a year.4 Sometimes patients develop 
bronchial hyperreactivity.9 Post-​thoracotomy pain syndrome can be a debilitating chronic 
pain syndrome with significantly decreased quality of life for patients, in addition to the pos-
sibility of pulmonary complications.

Current standard of care includes placing a thoracic epidural postoperatively and using 
it in conjunction with a multimodal analgesic medication regimen. This regimen includes 
acetaminophen, gabapentin, nonsteroidal anti-​inflammatory agents, and opioids. Thoracic 
epidural analgesia has been shown to decrease time to extubation and thus improve overall 
outcomes in lung transplantation.11

Less studied analgesic alternatives include preoperative thoracic epidural catheters and 
paravertebral catheters. A preoperative thoracic epidural could be used intraoperatively and 
potentially decrease opioid requirements, but there may be an increased risk of epidural he-
matoma when combined with systemic heparinization for CPB or ECMO. Paravertebral 
catheters are more peripheral and have less risk of neurologic sequelae from hematoma for-
mation, but their efficacy is yet to be seen.
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Postoperative Management and 
Complications in Thoracic Surgery
Daniel Demos and Edward McGough

Introduction

Thoracic surgery impairs postoperative respiratory function, resulting in a relatively high 
risk of developing postoperative complications. The incidence of pulmonary and cardiac 
complications (19%–​59%) is much higher than after upper (16%–​17%) or lower (0%–​5%) 
abdominal surgery.1 These complications are most frequently linked to specific risk factors 
that can be identified before the patient’s arrival at the intensive care unit (ICU). These fac-
tors include age, results of preoperative pulmonary function tests, cardiovascular comor-
bidity, smoking status, and chronic obstructive pulmonary disease. Other factors include an 
American Society of Anesthesiologists score (Table 18.1) of >3 or prolonged mechanical ven-
tilation in the postoperative period.2

Patients undergoing thoracic surgery present a unique challenge to the provider in the 
immediate postoperative setting. Preoperative functional status confounded by lung volume 
reduction surgeries, specific airway management concerns, pleural devices, mechanical 
ventilation, and fluid management, as well as pain control, contribute to the complexity of 
postoperative management. This chapter helps clinicians understand how to mitigate post-
operative complications by providing a basic understanding of the management of this pa-
tient population.

Immediate Postoperative Concerns

Extubation/​Airway Evaluation

Patients frequently arrive in the ICU after being extubated in the operating room. However, 
various indications support prolonged postoperative mechanical ventilation (Box 18.1). In 
the event of postoperative mechanical ventilation, we use the same principles to provide gas 
exchange to the patient. These principles focus on a lung-​protective strategy similar to acute 
respiratory distress syndrome (Figure 18.1). This strategy refers to a tidal volume of 6 to 8 
mL/​kg with positive end-​expiratory pressure to facilitate lung expansion, with an emphasis 
of limiting peak airway pressures to less than 30 cm of water.3 It is specifically important in 
this patient population because barotrauma not only affects the lung parenchyma but also the 
surgical anastomosis.

 

 

 

 



Table 18.1  Perioperative Variables in Relation to American Society of 
Anesthesiologists (ASA) Physical Status Classification

Perioperative Variable ASA I ASA II ASA III ASA IV

Duration of operation (h) 1.25 1.3 2.1 1.9

Blood loss, intraoperative (L) 0.08 0.1 0.3 1.5

Postoperative ventilation (h) 1 4 8 47

Intensive care unit stay 0.2 1 2 5

Postoperative stay (d) 9 16 21 18

Pulmonary infection (%) 0.5 2 5 12

Pulmonary complication—​other (%) 0.6 2 4 10

Cardiac complications (%) 0.1 2 5 18

Urinary infection (%) 2 5 6 5

Wound infection (%) 2 4 6 11

Mortality (%) 0.1 1 4 18

Each variable has a significant difference of P <0.05 according to Fisher’s exact test or Student’s test be-
tween the ASA I and the ASA II, ASA III, or ASA IV classification.
Sources: Data from Sidi A, Lobato EB, Cohen JA. The American Society of Anesthesiologists Physical 
Status: category V revisited. J Clin Anesth. 2000;12:328–​334. Reprinted from Sidi A, Yusim Y. Anesthesia 
in the ICU. In: Gabrielli A, Laydon AJ, Yu M, eds. Civetta, Taylor, and Kirby’s Critical Care. 4th ed. 
Philadelphia, PA: Lippincott Williams & Wilkins; 2009:1575, Table 40.1.
Abbreviation: ASA, American Society of Anesthesiologists.

Box 18.1  Indications for Continued Postoperative Ventilation

•	 Airway compromise due to edema or bleeding
•	 Inadequate pulmonary reserve post-​surgery
•	 Compromised myocardial function, especially with perioperative infarction
•	 Expected large fluid shifts with thoracoabdominal procedures
•	 Severe neurologic impairment
•	 Continued bleeding with likelihood of return to operating room
•	 Esophageal surgery patients (risk for reflux and aspiration—​delay extubation until airway 

reflexes have fully recovered as for full stomach intubation)

Reprinted with permission from Higgins T, Mailloux P. Critical care of the thoracic surgery patient. In: Gabrielli 
A, Laydon AJ, Yu M, eds. Civetta, Taylor, and Kirby’s Critical Care. 4th ed. Philadelphia, PA: Lippincott Williams 
& Wilkins; 2009:1193, Table 79.4.
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As the patient progresses toward extubation, we recommend performing basic wean-
ing parameters to assess the patient’s ability to tolerate removal of mechanical ventilation. 
These include the negative inspiratory force, which helps determine diaphragmatic strength 
and can be particularly useful in myasthenia gravis patients after thymectomy. A  nega-
tive inspiratory force greater than 20 cm of water is generally sufficient. The rapid shallow 
breathing index, measured as a function of respiratory rate over tidal volume in liters, is a 
strong indicator of postextubation failure, with numbers greater than 100 being prohibitive 
to extubation.4 A significant number of patients in the thoracic population require double-​
lumen endotracheal tubes in the operating room, which can result in laryngeal and glottic 
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Figure 18.1  Respiratory pressure–​volume curve and the effects of traditional as compared with 
protective ventilation in a 70-​kg patient with the acute respiratory distress syndrome. The lower 
and upper inflection points of the inspiratory pressure–​volume curve (center panel) are at 14 
and 26 cm of water, respectively. With conventional ventilation at a tidal volume of 12 mL per 
kilogram of body weight and zero end-​expiratory pressure (left-​hand panel), alveoli collapse 
at the end of expiration. The generation of shear forces during the subsequent mechanical 
inflation may tear the alveolar lining, and attaining an end-​inspiratory volume higher than 
the upper inflection point causes alveolar overdistention. With protective ventilation at a 
tidal volume of 6 mL per kg (right-​hand panel), the end-​inspiratory volume remains below the 
upper inflection point; the addition of positive end-​expiratory pressure at 2 cm of water above 
the lower inflection point may prevent alveolar collapse at the end of expiration and provide 
protection against the development of shear forces during mechanical inflation.
Reprinted with permission from Tobin MJ. Advances in mechanical ventilation. N Engl J Med. 2001;344:1986–​
1996, Figure 3.
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edema postoperatively. To assess this, a cuff leak is tested by deflating the endotracheal tube 
and observing for auditory signs of air leak as well as loss of tidal volumes on the venti-
lator. Historically, racemic epinephrine and corticosteroids have been used to reduce airway 
edema despite a lack of strong data demonstrating their effectiveness.

Postoperative Intrathoracic Hemorrhage

The majority of thoracic surgery patients arrive in the ICU with chest tubes attached to a 
drainage system. This provides a window into the intrathoracic space and can help guide 
postoperative decision-​making. This is especially true in patients who are bleeding. Hourly 
chest tube outputs should be monitored and recorded from all chest tubes individually. The 
surgical team should be made aware of continuous sanguineous output greater than 100 
mL/​hour over a 4-​hour period as well as any hour over 200 mL. In addition to monitor-
ing output, an immediate chest X-​ray and coagulation studies should be ordered to iden-
tify retained hemothorax and correct coagulopathy. In the event of hemodynamic instability 
with bleeding, serial hemoglobin and hematocrits should be trended for transfusion. If the 
pericardium was violated, clinicians should have a high index of suspicion for pericardial 
tamponade. A point-​of-​care ultrasound can help diagnose and guide resuscitation. Ongoing 
bleeding, retained hemothorax, and pericardial tamponade are indications for return to the 
operating room for exploration and washout.

Early Ambulation/​Deep Venous Thromboembolism 
Prophylaxis

A basic knowledge of postoperative deep venous thromboembolism (DVT) risk is essential 
to understanding the importance of early ambulation, physical therapy, pneumatic compres-
sion devices, and chemical prophylaxis in preventing DVTs. The majority of thoracic surgery 
patients fall into the high-​risk category for DVTs based on age and/​or comorbidities. This 
population has a calf thrombosis rate of 20% to 40%, pulmonary embolism rate of 2% to 4%, 
and fatality rate of 0.4% to 1%.5 Because of this risk, patients should be started on prophy-
lactic doses of heparin on postoperative day 1 as well as a pneumatic compression device 
upon arrival at the ICU. Walking should be encouraged on the morning of postoperative day 
1 as pain permits. This is the most important factor in patient recovery and can be signifi-
cantly aided or hindered by postoperative analgesia. It should be noted that the presence of a 
DVT is not a contraindication to walking, and physical therapy is still encouraged in the ab-
sence of a free-​floating thrombus because this carries an increased risk for embolism.6

Pain Management

A thoracotomy is one of the most painful operations postoperatively. The pain can be miti-
gated significantly if a minimally invasive or robotic approach is taken in the operating room. 
Unfortunately, not all thoracic surgeries can be performed with a minimally invasive ap-
proach and, instead, a standard posterolateral thoracotomy is sometimes required. Regardless 
of the approach, other factors can contribute to significant pain postoperatively. Chest tubes 
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are a source of significant pain and should be evaluated daily for removal. Analgesia is para-
mount to the progression of patient recovery.

Systemic Analgesia

Intraoperative analgesia is a beneficial adjunct for postoperative pain management and often 
starts with intravenous (IV) acetaminophen. After arrival at the ICU, a stepwise approach to 
pain management is recommended with the addition of oral acetaminophen as a first-​line 
agent. Opioid analgesia remains the mainstay of acute pain control in the ICU setting. However, 
using multimodal pain management is far more beneficial to the patient and far more effective 
for the provider. By using multiple pathways for pain control, we can minimize negative side 
effects associated with analgesic medications (Table 18.2). Tramadol, a partial mu receptor ag-
onist with an unclear mechanism, and gabapentin provide quality nonopioid analgesia with 
relatively benign side effects and are often given alongside a patient-​controlled analgesia device. 
The device provides the added benefit of delivering IV pain medication in smaller doses on de-
mand. Additionally, because it is patient triggered, it can bypass the time-​consuming ritual of 
as-​needed administration and keep pain control at a more consistent steady state.7

Nonsteroidal anti-​inflammatory drugs work by inhibiting the cyclooxygenase enzyme 
responsible for the release of inflammatory mediators leading to pain. They are commonly 
given alongside opiates and are generally an effective adjunct to pain control. However, their 
propensity to exacerbate renal dysfunction as well as their inhibitory properties to platelet 
function limit their use in certain patients. Adverse effects are more commonly seen after 

Table 18.2  Adverse Effects of Analgesic Drugs

Drugs Adverse Events

Opioids Respiratory depression
Nausea and vomiting
Urinary retention
Pruritus

Local anesthetics Seizures
Hypotension
Cardiac dysrhythmias

Ketorolac Renal impairment
Platelet dysfunction
Gastrointestinal bleeding

COX-​2 inhibitors Side effects minimal

Ketamine Hallucinations
Emergence delirium
Catecholamine release with resulting hypertension and 
tachycardia
Increased intracranial pressure
Increased secretions

Reprinted with permission from Soto RG, Fu ES. Acute pain management for patients undergoing tho-
racotomy. Ann Thorac Surg. 2003;75:1349–​1357, Table 1.
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prolonged use (greater than 5 days), and they are associated with higher rates of gastrointes-
tinal bleeding.8

Other modes of systemic therapy include ketamine, a direct N-​methyl-​D-​aspartate re-
ceptor antagonist, and lidocaine infusions. These agents are reserved for patients with re-
fractory pain despite a multimodal approach with systemic and local analgesic strategies. 
A thorough understanding of the dosing and side effects are critical to their safe administra-
tion in the ICU, but that falls outside the scope of this chapter.

In summary, there are several systemic options to manage postoperative pain. We sug-
gest a multimodal approach as well as a graded escalation of treatment. Initial management 
begins pre-​ and intraoperatively with oral and IV acetaminophen and transitions back to 
oral, pending enteral access postoperatively. The addition of nonsteroidal anti-​inflammatory 
drugs when appropriate and gabapentin are reasonable second-​line agents, but most patients 
will require some level of opioid analgesia. If pain persists, adding IV lidocaine and/​or keta-
mine infusions is the next appropriate option for systemic therapy.

Epidural and Paravertebral Anesthesia

Regional anesthesia has become an integral part of postoperative pain management, with a 
significant focus in thoracic surgery. Regional blocks can be loosely categorized as periph-
eral or central. The most notable peripheral block performed currently is the paravertebral 
block. This form of anesthesia is different than epidural anesthesia, the mainstay of centrally 
acting regional analgesia. The On-​Q pain pump, a type of peripherally acting regional block, 
is a novel technique used more recently that allows for the continuous administration of a 
local anesthetic at the operative site. A catheter is placed intraoperatively by the surgeon and 
connected to a pump that provides local anesthesia until it is removed in the ICU or in an 
outpatient facility (Figure 18.2).

(B)(A)

Figure 18.2  On-​Q catheters are placed at the end of the procedure to provide local anesthesia 
and postoperative pain control. (A) 7.5-​inch catheters are tunneled in the subcutaneous tissue, 
posterior axilla bilateral. (B) A 750-mL reservoir is utilized to infuse local anesthetic.
Reprinted with permission from Jaroszewski D, Ewais M, Lackey J. et al. Revision of failed, recurrent or 
complicated pectus excavatum after Nuss, Ravitch or cardiac surgery. J Vis Surg. 2016;2:74, Figure 10.
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Paravertebral blocks can be provided as a single injection or as a continuous infusion of 
local anesthetic. Ideally, the point of injection is within the intercostal space at the level of the 
incision and is 3 cm lateral to the corresponding posterior spinous process. Advancing the 
needle too far medial risks epidural penetration. Pleural and/​or lung puncture are encoun-
tered if the needle is advanced too deep (Figure 18.3). When performed correctly, this re-
gional block should cover multiple dermatome levels on the ipsilateral side of the injection as 
it travels up and down the paravertebral space as well as through the intercostal space.

Epidural administration of a local anesthetic achieves analgesia through blocking conduc-
tion at the nerve root or spinal cord level and at the level of the dorsal horn if spinal opioids 
are being administered.7 Ideally, this catheter is placed preoperatively. This will allow for 
patient-​driven feedback to ensure proper catheter positioning, which increases pain control 
postoperatively. Using a continuous infusion epidural catheter (ropivacaine or bupivacaine) 
is associated with hypotension postoperatively. This is most likely secondary to blunting of 
the sympathetic response leading to decreased heart rate (in the case of an upper thoracic 
block) and loss of sympathetic tone. Providers need to be diligent in recognizing epidural-​
related hypotension because excessive resuscitation in patients who have undergone thoracic 
surgery can be detrimental to their recovery. The preferred management is to decrease the 
epidural dosing followed by a low dose of peripheral vasoconstrictors if the patient is ade-
quately resuscitated.

Studies have shown peripheral and central regional anesthesia to be equally effective. 
However, one randomized, double-​blinded controlled study examined the effects of thoracic 
epidural bupivacaine with and without opioid analgesia and compared it to continuous infu-
sion paravertebral bupivacaine. This study suggested equal efficacy of both modalities when 
using bupivacaine alone. However, the addition of the opioid showed a reduction in postop-
erative hypotension. This was likely due to decreased basal infusion rates required to achieve 
analgesia, thus reducing sympathectomy.9 Pain control scores appeared to be improved in the 
latter group as well.

Other Techniques for Postoperative Analgesia

Other forms of postoperative analgesia are available to the anesthesia and surgical team. 
These include intercostal as well as cryoablation therapy. The former is performed by the an-
esthesiologist while the latter is achieved during the operation by the surgeon.

Intercostal blocks provide the benefit of local anesthesia without the risk for systemic 
effects associated with centrally acting regional anesthesia. However, these blocks have risks 
because they are usually performed as a single injection. Therefore, repeated treatments 
are required, which increases the risk of pneumothorax. This has led to the use of liposo-
mal bupivacaine as a slow-​release agent for long-​acting analgesia from a single injection. 
Liposomal bupivacaine has a duration of action of 72 to 96 hours after a single dose. This is 
due to the encapsulation of the local anesthetic into multivesicular liposomes, which allows 
for a slow release of the drug at the injection site.10 However, more studies are needed to prove 
its true benefit because of its high costs. A single vial of liposomal bupivacaine costs $285 
compared to bupivacaine hydrochloride, which is $5 per vial.11 The potential to eliminate   
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continuous infusion catheters and their complications has not yet been shown to overcome 
the cost of implementing such an expensive drug to formulary use.

Cryoablation therapy is a form of peripheral regional anesthesia in which a cryoprobe is 
applied to the intercostal nerve fibers at the level of incision as well as two intercostal spaces 
above and two intercostal spaces below the surgical site. The probe is cooled to −70°C to 

1. Spinous process of T3 13. Ligamentum flavum

23. Trapezius muscle

22. Rhomboid major muscle

21. Erector spinae muscle

20. Internal intercostal muscle

19. Visceral pleura

18. Parietal pleura

17. Le­ lung

16. Internal intercostal muscle

15. Internal intercostal membrane

14. Nerve root2. Spinous process of T4

12. Spinal cord

11. Dura mater

10. Intercostal vein, artery and nerve

9. Superior costotransverse ligament

8. Intertransverse ligament

7. Lateral costotransverse ligament

6. Costotransverse ligament

5. Zygapophyseal joint capsule

4. Spinous process of T5

3. Transverse process of T4

Figure 18.3  The Tuohy needle enters from posterior, contacts the transverse process of the 
appropriate vertebra, penetrates the costotransverse or intertransverse ligament, and enters 
the thoracic paravertebral space.
Illustration ©brysonbiomed.com. Reprinted with permission.



Postoperative Management in Thoracic Surgery  239

cause freezing damage to the nerve and its surrounding vasa vasorum. This type of block has 
proved effective and has been shown to decrease opioid requirements in the postoperative 
setting.12 In some cases, it has eliminated the need for other forms of regional anesthesia.

Chest Tube Management

The vast majority of postoperative thoracic surgery patients arrive at the ICU with a chest 
tube drainage system in place. In general, two tubes will be placed intraoperatively, and their 
placement location should be noted upon admission. This helps to identify sources of bleeding 
and/​or the location of an air leak. Generally, one curved chest tube rests over the diaphragm to 
drain any accumulation of fluid and an apical chest tube aids in reexpansion of the lung. The 
provider should avoid clamping in transport due to the risk of tension pneumothorax.

Upon arrival at the ICU, the chest tube should be placed under −20 cm of water contin-
uous suction. This will help to evacuate any pneumothorax that developed in transport as 
well as aid in lung reexpansion. The main exception to this rule is in post-​pneumonectomy 
patients in whom the chest tube is always left to water seal to avoid mediastinal shift and loss 
of venous return. The function of the pleural evacuation system (pleurevac) is to remove 
air and fluid from the thoracic cavity under a controlled negative pressure system (Figure 
18.4). It should be noted that applying continuous negative pressure to the pleurevac system 
can increase broncho-​pleural air leaks due to a higher transpulmonary pressure. This is the 
pressure difference between the alveoli and pleural space.13 In the case of a continuous air 
leak, it may be beneficial to remove suction to seal the leak. This can be identified by looking 
for air bubbles within the water seal chamber of the pleurevac system. When placing a pa-
tient on water seal, check a chest X-​ray to ensure air has not rapidly accumulated within the 
pleural space.

Air Intake

Patient

2 cm

Wall
Suction

3
Suction-Control

Bottle

2
Water-Seal

Bottle

1
Collection

Bottle

20 cm H2O

Figure 18.4  A standard pleural drainage system for evacuating air and fluid from the pleural 
space. Air that is evacuated from the pleural space passes through the water in the second 
bottle and creates bubbles. Thus, the presence of bubbles in the water-​seal chamber (called 
bubbling) is used as evidence for a continuing broncho-​pleural air leak.
Reprinted with permission from Marino P. The ICU Book. 3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 
2007: Figure 26.7.

 



240  Thoracic Anesthesia Procedures

Chest tube removal criteria vary from physician to physician, but a general guide is to 
assess for air leak and identify chest tube output. When there is no air leak and chest tube 
output has decreased to 100 to 200 mL per day, it is safe to remove the chest tube. To do so, 
pull the chest tube during the expiratory phase of ventilation or while the patient performs a 
Valsalva maneuver to avoid air entrapment within the pleural space.

Postoperative Fluid Management

Fluid management in postthoracic surgery patients can be challenging in the immediate 
postoperative setting due to multiple intraoperative factors that affect the lung parenchyma. 
While in the operating room, the surgical lung is exposed to a significant amount of manip-
ulation while the ventilated lung undergoes an extended period of single-​lung ventilation. 
These factors, combined with intraoperative resuscitation, can lead to significant pulmonary 
edema postoperatively despite achieving an euvolemic state.

We recommend using standard forms of volume assessment for resuscitation. These in-
clude monitoring urine output, blood pressure, heart rate, central venous pressure, and blood 
lactate levels. Goal-​directed fluid management is strongly encouraged for postoperative fluid 
resuscitation. If a pulmonary arterial catheter is in place, more invasive measurements can 
be obtained, including central venous oxygen saturations, left ventricular end-​diastolic pres-
sures, and cardiac output.14

An arterial pressure-​based monitoring device can be implemented in the absence of a pul-
monary artery catheter to obtain similar parameters. The Flotrac/​Vigileo system is an ex-
ample. This device can provide useful measurements, including systemic vascular resistance, 
cardiac output, and stroke volume variation with varying reliability. The latter is specifically 
useful in volume resuscitation. Stroke volume variation reflects variation in left ventricular 
output secondary to intrathoracic pressure changes induced by ventilation and has been 
shown to be an accurate predictor of fluid responsiveness. It is calculated as the percentage 
of change between the maximal and minimal stroke volumes during a defined period of time 
divided by their mean value.15

Point-​of-​care ultrasound to assess fluid status has become increasingly useful and should 
be used serially to assess volume status changes. Evaluation of left ventricular filling, overall 
cardiac function, the presence or absence of pericardial/​pulmonary effusions, and right-​
sided heart pressures/​inferior vena cava collapsibility can be used to aid resuscitation.

It is important to note that the preference is for the patient to be euvolemic or slightly hy-
povolemic in the first 24 hours postoperatively to avoid postresection pulmonary edema. If 
resuscitation is required, crystalloid or colloid are appropriate options; both were equally 
effective in a randomized trial.

Complications

Given the complexity of these operations, postoperative complications should be expected 
and are most often directly related to the procedure performed. The relationship between 
procedure and complication is depicted in Table 18.3. In this section, we discuss the most 
common issues that arise in the thoracic ICU and their management.
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Table 18.3  Complications of Specific Thoracic Procedures

Procedure Complications

Anterior mediastinotomy 
(Chamberlain)

Damage to recurrent laryngeal nerve (particularly left)

Bronchoscopy/​mediastinoscopy Bleeding from major vessels if torn, air leak with biopsy of bronchus

Bronchopleural fistula repair Persistent leak, dehiscence

Bronchopulmonary lavage Respiratory distress/​contralateral spillage

Bullectomy Tension pneumothorax, air leak

Chest wall reconstruction Blood loss, altered chest wall compliance, unstable chest, infection 
prosthetic material

Clagett window Air leak

Collis–​Belsey Gastric leak, splenic injury

Decortication Blood loss, air leak(s)

Esophageal dilatation Esophageal perforation, pleural effusion, airway obstruction

Esophagoscopy Esophageal perforation

Esophagogastrectomy Third-​spacing of fluids, anastomotic leak, gastric devascularization, 
splenic injury, gastric torsion

Heller myotomy Esophageal tear

Lobectomy Bronchial leak, lobar collapse, lobar torsion

Mediastinal tumor excision Airway obstruction with sedation/​anesthesia, damage to recurrent 
laryngeal nerve

Nissen fundoplication Esophageal obstruction (with tight wrap), splenic injury

Pectus repair Costochondritis, unstable sternum

Pleuroscopy Pharyngeal laceration, air leak

Pneumonectomy Atrial arrhythmias (atrial fibrillation, MAT), mediastinal shift, 
cardiac torsion, air embolism, disrupted bronchus

Thoracic aortic aneurysm Paraplegia, bleeding, aortobronchial fistula, esophageal injury

Thymectomy In myasthenics, possible weakness and respiratory failure

Lung transplant Rejection (day 5), reperfusion injury, infection, overdistention of 
native lung, dehiscence

Tracheal resection Fixed neck flexion postoperatively, dehiscence, air leak

Reprinted with permission from Higgins TL. Selected issues in postoperative management. In: American College of 
Chest Physicians: The ACCP Critical Care Board Review. Northbrook, IL; 1998:323–​334.

Airway
As discussed previously, laryngeal edema related to airway manipulation and double-​lumen 
endotracheal tubes can lead to a critically swollen airway upon extubation. Corticosteroids 
and racemic epinephrine remain first-​line treatment options. However, in refractory cases of 
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upper airway edema or tracheal stenosis after resection, heliox remains an appropriate ad-
junct to therapy. Heliox is a mixture of helium and oxygen that is significantly less dense than 
nitrogen. This allows for laminar flow through a narrow opening and may convert a critical 
airway to a stable airway.16

Recurrent laryngeal nerve injury, usually from excessive traction or dissection of the sur-
rounding tissue, can lead to hoarseness with the inability to clear secretions and increases 
aspiration risks. These patients should recover function over time if the nerve was not sacri-
ficed intraoperatively. If hoarseness persists, this should prompt an evaluation for vocal cord 
injection to medialize the cord on the affected side.

Cardiac
Atrial tachyarrhythmias and cardiac ischemia are common in this patient population and 
worth noting, but their management is beyond the scope of this chapter.

Right-​to-​left shunting arises postoperatively but sometimes not until after discharge. It 
is estimated that upward of 20% of the general population has a patent foramen ovale. After 
lung resection surgery, specifically pneumonectomy, patients can develop shunting due to 
increased right-​sided pressures.17 Patients will present with dyspnea and hypoxia, which 
improves when lying flat. A diagnosis can be made with arterial blood gas analysis as well 
as echocardiography after ruling out more common causes of these symptoms. Treatment 
options include surgical closure versus intravascular occlusion.

A rare but dreaded complication is cardiac herniation. Herniation generally occurs early 
in the postoperative course and presents as hemodynamic instability, superior vena cava 
syndrome, and abnormally located heart sounds on the right side of the chest. This is due 
to evisceration of the heart from its pericardial sac, usually following pneumonectomy with 
intrapericardial dissection. Management is immediate surgical exploration with closure of 
the pericardial defect.

Lung resection or lung reduction surgery carries the added risk of right ventricular dys-
function/​failure. This is thought to be in relation to an alteration in pulmonary vascular 
resistance due to a reduction in the cross-​sectional area of the pulmonary capillary bed. 
Elevated central venous pressures with hemodynamic instability should alert the provider 
to this potential diagnosis. A transthoracic echocardiogram with/​without pulmonary artery 
catheter placement can lead to a diagnosis. Management with ionotropic support, diuresis, 
and afterload reduction with pulmonary vasodilators is the mainstay of treatment but is be-
yond the scope of this chapter.

Pulmonary
Atelectasis and pulmonary edema remain the most common complications in thoracic sur-
gery patients. However, more complex issues may arise in the ICU.

Postpneumonectomy syndrome is a counterclockwise rotation of the mediastinum typically 
following right pneumonectomy. Patients present with dyspnea on exertion, stridor, and recur-
rent pulmonary infections usually due to left main stem bronchus compression.18 Treatment 
is surgery, and it should be noted that this condition most often presents following discharge.

Of more immediate concern is bronchial stump leak after pneumonectomy. These patients 
present with worsening fevers and leukocytosis in conjunction with opacification of the 
hemithorax due to endobronchial secretions leaking into the chest cavity. This is managed 
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with antibiotics and surgical exploration that usually requires flap closure of the stump with 
repeated washouts.

Following lobectomy, lobar torsion may occur as a segment of lung twists about its hilar 
structures. These may initially present as atelectasis on chest X-​ray but will progress to 
opacification with evidence of tissue necrosis. This can be diagnosed by bronchoscopy and 
requires detorsion intraoperatively if diagnosed. A lobectomy may be required if necrotic 
tissue is encountered.

In the event of worsening oxygenation and ventilation despite maximal ventilatory and 
ancillary support, more invasive techniques are sometimes required. Veno-​venous extra-
corporeal membrane oxygenation is the final treatment modality for refractory respiratory 
failure and should be considered when the patient fails other modalities to improve oxygen-
ation and ventilation. These modalities include inverse ratio ventilation/​airway pressure re-
lease ventilation, paralytics with sedation, pulmonary vasodilators, and prone positioning in 
severe acute respiratory distress syndrome.

Pleural
Pneumothorax is second only to atelectasis in the frequency of postoperative complications.19 
Patient presentation can vary widely and can include a subclinical presentation, dyspnea on 
exertion, hypoxia, decreased breath sounds on the affected side, and, if ventilated, rising 
airway pressures as positive pressure forces air into the pleural space. If the patient has devel-
oped a tension pneumothorax, hemodynamic instability arises. In a stable patient, a chest X-​
ray should be ordered to rule out pneumothorax. Point-​of-​care ultrasound can also be used 
to identify the presence or absence of pleural sliding and may be more efficient than waiting 
for radiology. In an unstable patient, it is prudent to decompress the thoracic cavity based 
on clinical findings. This may be done with a needle decompression at the second intercostal 
space in the midclavicular line or with a traditional chest tube. If the former is performed, 
providers must place a chest tube for long-​term drainage.

If the pneumothorax is identified on the surgical side with chest tubes in place, it is pru-
dent to check the circuit for any obstruction. Commonly, the drainage tube may be kinked 
or inadvertently clamped, leading to an accumulation of air behind the level of obstruction.

It should be noted that multiple meta-​analyses have suggested that point-​of-​care ultra-
sound is a more sensitive study to rule out pneumothorax (Table 18.4) with similar speci-
ficity.20 This is most likely due to the presence of an anterior pneumothorax that chest X-​rays 
will not always identify (Figure 18.5) but can be diagnosed when lack of sliding with the 
characteristic “barcode” sign is seen on M mode. A bedside ultrasound is also very effective at 
identifying “b lines” in pulmonary edema, large effusions, and lung consolidation/​atelectasis 
(Figure 18.6).

Thoracic duct injury is a complication of thoracic surgery requiring dissection within 
the posterior mediastinum and is commonly encountered in esophageal resection. A high 
index of suspicion is warranted when chest tube output turns from serous/​serosanguinous 
to milky white with increasing output after the initiation of fatty foods. A diagnosis should 
be made by sending pleural fluid for triglycerides and chylomicrons, which will be elevated. 
Conservative management includes a medium chain fatty acid diet versus elemental tube feed 
formulas to decrease fatty acid content within the lymphatic system. If that treatment is un-
successful, transitioning to parenteral nutrition may be necessary while the surgeon decides 
if operative intervention is necessary. It is prudent to rule out other sources of purulent   
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chest tube drainage, especially after esophageal surgery. Amylase levels will aid in the diag-
nosis of esophageal leak/​anastomotic breakdown and should be checked alongside protein, 
lactate dehydrogenase levels, and cell counts to assess for a transudative versus exudative 
effusion.

The mainstay of treatment for esophageal injury has evolved in recent years. After evalu-
ation/​diagnosis of esophageal leak with computed tomography esophagram, the immediate 
focus of the provider should be to ensure adequate source control with chest tube drainage 
and the addition of broad-​spectrum antibiotics/​antifungals. This may be accomplished at the 
bedside, in the interventional radiology suite, or in the operating room depending on the de-
gree of contamination and location of spillage. After source control, gastroenterology should 
be consulted to assess for esophageal stenting versus operative repair, depending on injury.

Figure 18.5  A portable chest X-​ray and computer tomography image of the thorax in a young 
male with blunt trauma to the chest. An anterior pneumothorax is evident on the CT image 
(indicated by the asterisk) but is not apparent on the chest X-​ray.
Reprinted with permission from Marino P. The ICU Book. 3rd ed. Philadelphia, PA: Lippincott Williams & Wilkins; 
2007: Figure 26.5.



(A) (B)

(C) (D)

(E) (F)

Figure 18.6  Selected chest ultrasound images. (A) Seashore sign. Granular “seashore” 
appearance of normal lung sliding on M mode. (B) Barcode sign. Horizontal “barcode” 
appearance with loss of lung sliding on M mode. (C) B-​lines. Asterisks indicate comet tail 
artefacts arising from the pleural line (B-​lines). (D) Simple pleural effusion. “E” indicates 
anechoic free-​flowing effusion. “L” indicates compressed atelectatic lung. “D” indicates 
diaphragm. (E) Consolidation. “C” indicates consolidation. “D” indicates diaphragm. “L” 
indicates liver. “S” indicates serrated distal margins of the consolidation. Arrows indicate air 
bronchograms. (F) Lung tumor. The arrow indicates the smooth distal margin of the mass.
Reproduced with permission of the ©ERS 2019: European Respiratory Review 2016;25(141):230–​246; 
DOI: 10.1183/​16000617.0047-​2016 Published 31 August 2016.



248  Thoracic Anesthesia Procedures

Infections
Infection after thoracic surgery is centered around nosocomial pneumonia, empyema, and 
surgical site infections. With the use of perioperative antibiotics, surgical site infections have 
become exceedingly rare. However, providers must maintain a high index of suspicion in the 
setting of emergency department thoracotomies and surgeries for empyema, lung abscesses, 
and perforated esophagus because these increase the risk of postoperative infection. It is also 
important to encourage early ambulation and have an aggressive physical therapy strategy to 
prevent atelectasis and its conversion to pneumonia.

If there is a clinical suspicion for pneumonia and the patient is ventilated, we recommend 
a bronchoscopy with bronchial alveolar lavage sent for cultures. This is followed by empiric 
broad-​spectrum antibiotic coverage with methicillin-​resistant staphylococcus aureus cov-
erage as well as antipseudomonal coverage. Our institution favors vancomycin and cefepime 
while awaiting speciation and sensitivities. If the patient is extubated, a deep tracheal aspirate 
may suffice in guiding the antibiotic course.

The frequency of empyema is decreasing, but it remains a risk in prolonged air leaks and 
may be confounded by prolonged mechanical ventilation. Cultures may be sent from the 
chest tube, and broad-​spectrum antibiotics should be started. In some cases, these may ne-
cessitate operative intervention.
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Pulmonary Pathophysiology 
in Anesthesia Practice
Gary R. Haynes and Brian P. McClure

Introduction

Maintaining and controlling respiratory function is fundamental to anesthesia practice. 
General anesthesia and mechanical ventilation interfere with pulmonary function, and their 
effect on pulmonary physiology can be exaggerated in patients with pulmonary disease. 
Restoring pulmonary function to normal, or as near to normal as possible after surgery, is a 
primary responsibility of the anesthesiologists.

Restoring arterial carbon dioxide (PaCO2) and oxygen (PaO2) levels prevents injury to 
critical organ systems and delayed emergence from general anesthesia. Control ventilation is 
necessary because patients breathing spontaneously during anesthesia risk airway obstruc-
tion and tend to hypoventilation, leading to hypercarbia. Airway obstruction and depressed 
ventilation occurring from sedation, general anesthesia, nerve blocks, neuraxial anesthesia, 
or positioning must be immediately addressed. Managing respiratory function under anes-
thesia requires knowledge of neurological controlling mechanisms, what airway and lung 
volumes changes occur, and how ventilation-​perfusion (V ̇/​Q̇) relationships are altered 
during anesthesia and surgery. Basic pulmonary physiology, emphasizing the relationship to 
clinical practice, is reviewed here.

Pulmonary pathology can be grouped into four main categories: obstructive disease, re-
strictive disease, infectious disease, and neoplastic disease. While pulmonary diseases and 
their effects on pulmonary function are categorized for educational and research purposes, 
there often is considerable overlapping of these classes. On a clinical level, pulmonary patho-
physiology becomes essentially a problem of either inadequate lung ventilation or perfusion. 
However, the clinical problem is often one of both inadequate ventilation and inadequate 
perfusion of pulmonary blood flow. While some disease processes elicit a specific pathophys-
iological response, patients often present with multiple comorbid conditions, resulting in a 
complex pathophysiological picture.

Signs and Symptoms of Pulmonary Disease

Anesthesiologists’ initial encounter with patients occurs in a variety circumstances and con-
ditions. With elective surgery there is an opportunity for scheduled patient interviews and 
examination, but emergent patients or critically ill intensive care unit (ICU) patients may 
be unconscious, intubated, or on ventilator support at the first opportunity for evaluation. 
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Recognizing physical manifestations of lung disease and making a quick assessment is neces-
sary to anticipating problems with ventilation and oxygenation.

Recognizing the physical signs of pulmonary disease is necessary as sedation and general 
anesthesia mask some pulmonary symptoms. Common signs include dyspnea and tach-
ypnea, or difficulty with breathing and rapid breathing, indicating shortness of breath. These 
are often accompanied with increased breathing effort, a sign of narrowed airways and greater 
respiratory effort. Forceful movement of air through constricted airways can cause audible 
wheezing or heard when auscultating the chest. In severe instances, conscious patients have 
retractions of accessory muscles of breathing on inspiration. Flaring of the nostrils with in-
spiration and expiration often accompanies difficult, labored breathing.

Coughing is the mechanism to expel fluid or mucous from the airways. Expectorant 
coughing is a productive cough. Irritation of the airway triggering coughing without pro-
duction of sputum is a nonproductive cough. Causes include acute upper respiratory tract 
infections, sinus drainage into the trachea, asthma, and gastroesophageal disease. A chronic 
productive cough is a characteristic of chronic bronchitis from tobacco smoking or other 
irritants. Chronic exposure to smoke or other irritants is another cause of chronic bronchitis.

An important physical sign is cyanosis, a bluish and mottled appearance that develops 
with increases in in deoxygenated hemoglobin. Peripheral cyanosis occurs when vasocon-
striction in the extremities decreases blood flow to allow more time for extraction of oxygen. 
Cyanosis from cold exposure is an example. Central cyanosis occurs when the pulmonary 
system cannot oxygenate blood adequately. Failure to oxygenate blood can result from mul-
tiple causes: when the number of respiratory units falls below a critical level, when the move-
ment of oxygen across the alveolar walls and into the blood is obstructed, when the blood 
flow distributed in the lungs is not matched to ventilation (a ventilation-​perfusion mis-
match), or with an interruption in the pulmonary blood flow. Clubbing of the nail beds and 
tips of fingers and toes is a common physical finding with chronic hypoxemia.

Chest pain is a common symptom but one not specific for pulmonary disease. Pain that 
is respiratory in origin originates from the pleural lining of the inner chest wall and surface 
covering the lungs, the bronchial airways, or from the muscles or skeletal structures in the 
chest wall. Splinting, or limiting breathing movements, is frequently associated with a disease 
process involving the chest wall or pleural lining of the thorax.

Patients in respiratory failure often present with dyspnea and tachypnea. Drowsiness and 
visual and mental status changes may be present. Patients may experience headaches that 
are secondary to cerebral vasodilation. In advancing cases sedation, obtundation, and loss of 
consciousness occurs.

Respiratory Function in the Conscious Patient

Respiratory function consists of (i) neural control mechanisms, (ii) chest wall and diaphragm 
action, (iii) air movement in the upper airways, and then into (iv) the lung parenchyma. 
Anesthetic drugs effect the pulmonary system on every level. Sedatives, hypnotics, opioids, 
and inhalational agents depress the neural control; sedatives and paralytic drugs relax oro-
pharyngeal muscles promoting airway obstruction; sedative and hypnotic drugs, as well as 
inhalational anesthetics, can relax bronchial smooth muscle resulting in bronchodilation; 
and anesthetics can depress cardiac function, altering pulmonary perfusion.
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Normal Control of Breathing

In normal conditions there is autonomic nervous system and conscious control over ven-
tilation. Changes in minute ventilation (VE) are primarily controlled by the levels of 
carbon dioxide and oxygen in the blood using a closed-​loop negative feedback system (see 
Figure  19.1). The partial pressure of PaCO2 and the change in hydrogen ion concentra-
tion (H+) it causes is sensed by chemoreceptors in the medulla of the brainstem. Peripheral 
chemoreceptors in the carotid and aortic vessels are sensitive to PaO2 as well as PaCO2, pH, 
and aortic blood pressure. Those chemoreceptors are most sensitive to PaO2, and they stim-
ulate ventilation when the PaO2 falls to 50 to 60 mmHg. The carotid body chemoreceptors 
have a more important role in controlling PaO2 than the aortic arch chemoreceptors. It has 
been shown in animal models with denervated carotid bodies that they fail to increase ven-
tilation when breathing hypoxic gas mixtures. Instead, uncorrected hypoxia only further 
depresses the central respiratory center in the brain. When patients become hypoxic, it is 
the action of the carotid bodies that overrides the central respiratory depression and stimu-
lates ventilation.1

150

100
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,
mmHg
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Figure 19.1  Alveolar ventilation is controlled by central chemoreceptors responding to 
changes in PaCO2 in cerebrospinal fluid. The normal set point is to keep the PaCO2 40 mm Hg 
and the PaO2 at about 104 mm Hg.
From Levitzky MG. Pulmonary Physiology. 9th ed. New York, NY: McGraw-​Hill Education; 2012. Copyright 
McGraw-​Hill Education © All rights reserved.
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The PaCO2 transiently increases with exercise, and in response slight hyperventilation 
acts to return it to the normal resting level. The hyperventilation response is quick, but with 
exercise the response is even faster, suggesting greater sensitivity of the chemoreceptors to 
carbon dioxide. When at rest the central chemoreceptors in the brainstem appear dominant 
when controlling PaCO2 but, with exercise, the carotid body chemoreceptors are probably 
recruited to heighten the response.2

Since the carbon dioxide level primarily drives ventilation, apnea is an important con-
sequence of lowering PaCO2. The apneic threshold is the PaCO2 level that fails to stimulate 
spontaneous breathing. When the PaCO2 level falls below this level, there is no stimulus to 
breathe. The patient will not breathe spontaneously until the PaCO2 rises above the apneic 
threshold point. Lowering the PaCO2 by 5 to 10 mmHg is usually enough to reach the apneic 
threshold.

Neural control centers in the brainstem direct the rate and degree of thoracic expansion by 
acting on the muscles of the chest wall and diaphragm. Regulatory feedback is provided by 
peripheral and medullary chemoreceptors that sense the hydrogen ion (H+) concentration 
and PaCO2 in the blood and cerebrospinal fluid. Stretch receptors in skeletal muscles of the 
chest wall and mechanoreceptors in the lung provide feedback to the central nervous system 
about the degree of chest expansion. Through coordination of these influences, the supply of 
oxygen and elimination of carbon dioxide are maintained over a wide range of conditions.

Basic Principles of Pulmonary Physiology

Lung Volumes and Capacities

Pulmonary ventilation is quantified by four lung volumes and capacities. The lung volumes 
are the tidal volume, the volume of air inspired and expired with a breath, the inspiratory re-
serve volume, or that amount of air that can be inhaled over and above a normal tidal volume 
breath; the expiratory reserve volume, the amount of air that can be forcefully exhaled after 
a normal breath; and the residual volume, or that volume of air remaining after the most 
forceful exhalation possible3 (see Figure 19.2).

The lung capacities are the inspiratory capacity, the maximum amount of air that can be 
inhaled from the end of a normal exhalation, and the functional residual capacity, or the 
amount of air remaining in the lungs after a normal exhalation. The vital capacity is the com-
bination of the inspiratory reserve volume, tidal volume, and expiratory reserve volume. It 
represents the maximum amount of air that can move in and out of the lungs when expend-
ing maximal effort. The total lung capacity is the combination of all lung volumes and is the 
maximum volume of the lungs.

The position of the patient effects pulmonary function and requires consideration because 
lung volumes can change significantly with repositioning. In normal subjects the total lung 
capacity, vital capacity, and residual volumes do not change significantly when moving from 
standing to supine. However, the functional reserve capacity (FRC) decreases due to an in-
crease in the inspiratory reserve volume and a decrease in the expiratory reserve volume (see 
Figure 19.3). The change has implications for patients, especially the morbidly obese. Gas ex-
change occurs continuously with air contained in the FRC. A decrease in the FRC means less 
air, and thus less oxygen, is available. An increased body mass index is associated with rapid 
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Figure 19.2  Lung volumes and capacities for a 70 kg subject.
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oxygen desaturation during induction of general anesthesia due to a markedly decreased 
FRC. This is a form of restrictive lung disease caused by the added weight on the chest wall 
and abdominal compression on the diaphragm (see Figure 19.4). These patients can be dif-
ficult to manage with positive pressure mask ventilation because of a less compliant thorax 
and airway obstruction is likely. Shifting a morbidly obese patient to a 25˚ head-​up position 
before and after preoxygenation improves the PaO2.

4

Gas exchange occurs only at the level of the terminal respiratory bronchioles and alveoli, 
so it is the movement of alveolar air that is most important to oxygenation and CO2 removal. 
Air in the tracheobronchial tree not participating in gas exchange is termed the anatomic dead 
space (VD anat). The minute ventilation (VE min), that volume of gas that is moving in and out 
of the lungs each minute, is the tidal volume (VT) multiplied by the respiratory frequency (f). 
Under normal circumstances the anatomic dead space is not subject to any significant change.

Assessment of Gas Exchange

Determining how well the lungs function in gas exchange during anesthesia care is an im-
portant assessment. Gas exchange depends on pulmonary blood flow reaching the alveolar 
air sacs. Oxygen and carbon dioxide move across alveolar walls by diffusion, and their move-
ment is determined by the concentration gradient, or partial pressure of the gas in the alveoli, 
the thickness of the alveolar wall, and the solubility of these gases in blood.5
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Figure 19.4  Altered lung volumes and capacities in obstructive and restrictive lung disease. 
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Carbon dioxide diffuses easily and rapidly in biological systems. The effectiveness of 
the lungs in eliminating it is largely a function of the dead space volume at any time. To a 
lesser extent it also depends on how rapidly it is produced. Establishing what part of the tidal 
volume participates in gas exchange requires measuring the dead space volume. However, 
measuring VD directly is technically difficult and is rarely, if ever, done in routine clinical 
settings. A suitable estimate can be made by determining the dead space to tidal volume ratio 
(VD/​VTV). Using monitoring and blood gas data, the equation to estimate the ratio is:
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Blood flow in the lungs is not uniform (see Figure 19.5). When a person is standing, blood 
tends to perfuse the lower portion of the lungs rather than the apical regions. Air drawn into 
the lungs moves to the most compliant alveoli. As a result, in the standing position alveoli 
at the lung’s apex will overexpand while alveolar compression in the lower part of the lung 
limits their expansion. Oxygen transfer depends on reasonable matching of perfusion and 
ventilation (see Figure 19.6). The efficiency for pulmonary transfer of oxygen is assessed by 
evaluating the alveolar to arterial oxygen gradient. The formula for estimation is:
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Figure 19.5  Distribution of ventilation and perfusion (left axis) and the V̇/​Q̇ ratio (right axis) in 
healthy young individuals. Blood flow and ventilation are in liters per minute per percentage of 
alveolar volume. The dashed line with closed circles is the V̇/​Q̇ ratio ate different anatomic levels 
based on a cardiac output of 6.0 L/​min and an alveolar ventilation of 5.1 L/​min.
Redrawn with modification from West JB. Ventilation/​Blood Flow and Gas Exchange. 4th ed. Oxford, 
UK: Blackwell Scientific, 1970.
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where alveolar partial pressure of oxygen (PAO2), fraction inspired oxygen (FiO2), barometric 
pressure (Pbaro), vapor pressure of water (PH2OH), and respiratory quotient (RQ) is assumed to 
be 0.8 under normal dietary conditions.6 The gradient between oxygen contained in the alve-
olar space and that in the blood is the “A-​a gradient”:

A a gradient P O PaOA− = −2 2

Pulmonary Pathophysiology and Anesthesia Effects

Respiratory Failure

Respiratory failure is when there is inadequate oxygenation of blood and removal of carbon 
dioxide occurs. It can present as an acute or a chronic problem, and it is often encountered 
as an acute exacerbation superimposed on chronic disease process. Acute failure can occur 
with pulmonary parenchymal, airway or chest wall pathology. Respiratory failure also occurs 
secondarily from the loss of neural control mechanisms with brain or spinal cord injury. 
Chronic failure occurs with persistent obstruction to air flow or restriction of lung expansion 
due to structural changes in the pulmonary parenchyma, bronchi, or adjacent structures.
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Figure 19.6  Experimental measurement of ventilation–​perfusion ratio in young subjects 
demonstrating areas that are over ventilated and under perfused (V̇/​Q̇ > 1) and areas with 
greater perfusion than ventilation (V̇/​Q̇), but normally most areas show well-​matched  
(V̇/​Q̇ = 1.0).
From Wagner PD, Laravuso RB, Uhl RR, West JB. Continuous distributions of ventilation–​perfusion ratios in 
normal subjects breathing air and 100% O2. J Clin Invest. 1974;54:54–​68.
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There are two patterns of respiratory failure: hypoxic failure and combined hypoxic and 
hypercapnic failure. Hypoxic failure occurs when the partial pressure of arterial oxygen (PaO2) 
falls below 60 mmHg. Usual causes of hypoxic pulmonary failure include chronic bronchitis, 
lung consolidation in pneumonia, and acute respiratory distress syndrome (ARDS).

Progressive hypoxia initially causes weakness and tiredness but may eventually lead to 
progressive sedation if unchecked. Hypoxia poses considerable risk to the brain, heart, kid-
neys, and liver because of their high metabolic requirement for oxygen. Total system failure 
and death can occur when brain stem hypoxia causes loss of cardiovascular control and cir-
culatory shock. Respiratory failure can involve hypercapnia, PaCO2 exceeding 45 mmHg. 
Retention of CO2 will result in a respiratory acidosis.

Compensatory mechanisms for respiratory failure include tachycardia and peripheral vas-
odilation to increase cardiac output and deliver more oxygen to the body. The clinical signs of 
these changes are warm and moist skin, and tremors may be present from autonomic nervous 
system activation. As the disease advances, drowsiness occurs, and coma is a symptom of end-​
stage disease. This can lead to a low cardiac output state with depressed neurologic function, 
fluid and electrolyte imbalances, and a lessened ability to eliminate metabolic wastes.

Respiratory Function in the Anesthetized Patient

General anesthesia causes atelectasis in normal subjects.7,8 A high fraction of inspired oxygen 
(FiO2) also contributes to atelectasis. However, the margin of safety provided by breathing a 
high concentration of O2 to displace nitrogen in the air contained in the FRC prior to ge-
neral anesthesia outweighs this effect. Morbidly obese patients are at risk of hypoxia because 
anesthesia-​induced atelectasis occurs to a greater extent in obese patients9 (see Figure 19.7).

Blood flow is shunted away from areas of the lung that are not ventilated by the hypoxic 
pulmonary vasoconstriction (HPV) mechanism (see Figure 19.8). HPV improves matching 
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Figure 19.7  Atelectatic area of the lung as measured by computerized tomography versus body 
mass index (BMI); correlation, r = 0.66 and P = 0.010.
From Rothen HU, Sporre B, Engberg G, Wegenius G, Hedenstierna G. Re-​expansion of atelectasis during general 
anaesthesia: a computed tomography study. Brit J Anaesth. 1993;71(6):788–​795.
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of ventilation with pulmonary perfusion by reducing blood flow to areas that are not venti-
lated. This happens when small pulmonary arterioles constrict and shunt blood to alveoli in 
areas that are ventilated. The effect increases systemic PaO2 and occurs within minutes when 
parts of the lung are not ventilated.10

Atelectasis can result in clinically significant hypoxia as blood flow is directed away from 
areas of collapsed lung parenchyma. It was once common practice to ventilate anesthetized 
patients using large tidal volumes, 12 to 14 ml/​kg body weight, to minimize atelectasis and 
avoid high inspired concentrations of oxygen (FiO2).11,12 Ventilation with large tidal volumes 
was initially found to increase pulmonary injury and mortality in patients with ARDS (see 
Figure 19.9). Ventilation with smaller tidal volumes minimized ventilator-​associated lung 
injury. Large tidal volume ventilation was discovered to also cause lung injury in the ab-
sence of ARDS.13,14,15,16 The practice of ventilating with large tidal volumes yielded to using 
lower tidal volumes, generally 7 to 9 ml/​kg body weight, although this decreases Pmax in ICU 
patients, and not in operating room patients, nor did positive end-​expiratory pressure, pla-
teau pressures, or FiO2 requirements change in either ICU or surgical patients.17

Effects of Anesthesia on Pulmonary Function

Control of Ventilation

Patients hypoventilate when breathing spontaneously under general anesthesia, resulting in 
hypercarbia although patients can maintain an adequate PaO2. Many drugs used for sedation 

Figure 19.8  Illustration of hypoxic pulmonary vasoconstriction mechanism to maintain PaO2 
by shunting pulmonary blood flow away from areas of atelectasis. The hypoxic pulmonary 
vasoconstriction mechanism is unique to the lungs.
Modified from Lumb AB and Slinger P. Hypoxic pulmonary vasoconstriction. Physiology and anesthetic 
implications. Anesthesiology, 2015; 122(4):932–​946. 
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and general anesthesia depress ventilation by inhibiting the central and peripheral chemore-
ceptor responses to CO2 and O2. The effect of combining these drugs is additive.

Propofol

Propofol (2,6-​diisopropylphenol) is used extensively for sedation, induction, and mainte-
nance of general anesthesia. Propofol depresses ventilation18,19,20 and depresses the sensi-
tivity of the carotid body in a dose-​dependent fashion21 (see Figure 19.10).

Endotracheal intubation following induction of general anesthesia often causes bronchoc-
onstriction and increased airway resistance.22 This response is thought to result from light 
anesthesia or failure to suppress reflexes triggered in response to manipulation of the larynx 
and the presence of a foreign body in the airway. In comparison to thiopental or etomidate, 
induction of general anesthesia with propofol is associated with less airway resistance and 
no detectable wheezing on auscultation. The effect in patients with a smoking history is even 
more pronounced23 (see Figure 19.11).
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Figure 19.9  Progressive decrease in tidal volume over time in intensive care unit patients. Black 
line is the linear regression of tidal volume over time with the 95% confidence interval (blue 
lines). Each dot represents a single clinical study.
From Schaefer MS, Serpa Neto A, Pelosi P, et al. Temporal changes in ventilator settings in patients with 
uninjured lungs: a systematic review. Anesth Analg. 2019;129(1):129–​135.
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Volatile Anesthetics

Inhalation of volatile anesthetics causes rapid, shallow breathing and blunts the responses to 
hypoxemia and hypercarbia. When a patient is breathing spontaneously and without clinical 
interventions, volatile anesthetics will increase the PaCO2 about 5 to 15 mmHg. As the tidal 
volume decreases, dead space ventilation becomes a more significant part of each breath. 
With less fresh gas reaching the alveoli, hypoxia and hypercarbia ensue.

When comparing older agents, we find isoflurane causes more significant depression of 
ventilation than halothane. The response to hypoxia under isoflurane anesthesia (1 MAC) was 
depressed by 50% when tested in healthy volunteers.24 When a patient is transitioning from 
an awake to a sedated state, low doses of isoflurane reduce the minute ventilation by about 
34% whereas it does not change significantly with halothane. At higher doses, the minute ven-
tilation is still reduced to a greater extent by isoflurane than by halothane. Respiratory rate 
changes are no different between these two agents.25 In contrast to these older volatile agents, 
low-​dose sevoflurane (0.1 MAC) of sevoflurane has little effect on the ventilatory response 
to hypoxia.26 In experimental settings where subjects breathe a mildly hypoxic gas while the 
PaCO2 is held constant, there is no increase in ventilation, and ventilation does not increase 
even in the presence of hypercarbia when the hypoxic drive is inhibited by volatile anesthet-
ics.27 All of the volatile anesthetics produce this result, as does propofol28,29 (see Figure 19.12).

Results of past studies to determine the effect volatile anesthetics have on the acute venti-
latory response to hypoxia have been controversial. This came about because different results 
were obtained when human subjects were studied under different conditions. The state of 
alertness of study subjects and whether changes creating hypoxia were introduced gradually 
or abruptly influenced the results. The same conditions may also matter in everyday clinical 
settings. However, earlier studies revealed that at low doses (less than 0.2 MAC) halothane 
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Figure 19.12  Hypoxic ventilatory response curves before, during, and 30 minutes after propofol 
infusion. Propofol infused for sedation decrease the slope and causes a downward shift of the 
hypoxic ventilatory response curve and is associated with decreased in minute ventilation and 
tidal volume decrease.
From Blouin RT, Seifert HA, Babenco HD, Conard PF, Gross JB. Propofol depresses the hypoxic ventilatory 
response during conscious sedation and isohypercapnia. Anesthesiology. 1993;79:1177–​1182.
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profoundly depresses the acute ventilatory response to hypoxia.30,31 (see Figure 19.13). 
Newer results support this conclusion, showing halothane, at about two-​thirds MAC, sig-
nificantly depressed carotid body response by 24%. There were no differences between indi-
vidual halothane, enflurane, isoflurane.32

Opioids

The opioids are a group of drugs with potent analgesic and sedative effects. They are used 
extensively in hospitals for treatment of acute pain and sedation and in outpatient settings 
for chronic pain. Opioids include morphine, a naturally occurring compound extracted 
from the sap of poppies, and the semi-​synthetic derivatives known as fenylpiperidines. This 
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subgroup includes fentanyl, sufentanil, alfentanil, remifentanil, and the related compounds 
buprenorphine, oxycodone, and methadone.33

Opioids express their pharmacologic effect through binding with multiple µ-​, δ-​, and 
κ-​ opioid receptors.34 The µ-​opioid receptor is expressed on neurons in the brainstem, and 
there is convincing evidence it is this receptor that mediates opioid-​induced respiratory 
depression.

Opioids induce slow, irregular respiration and will cause hypercarbia and hypoxia. 
However, the pharmacologic action of opioids on ventilation depends to great extent on the 
drug, the route, and the rate of administration. A slow infusion of opioid will result in the 
gradual onset of hypercapnia, while a bolus injection will cause apnea. Opioids profoundly 
depress the ventilatory responses to hypoxia and hypercarbia by depressing chemoreceptor 
activity.35 This is characteristic of all opioids, and none are free of respiratory depression.

Excessive sedation, respiratory depression, pulmonary aspiration, chest wall rigidity, non-
cardiogenic pulmonary edema, bronchospasm, and depressed immunity are some of the 
pulmonary complications reported with opioid use. Deaths from respiratory depression and 
pulmonary complications have been reported with the abuse of opioid including illness from 
the route of drug administration.36

Noncardiogenic pulmonary edema (NCPE) is an unusual problem associated with opi-
oids, although most cases involve diacetyl morphine, or heroin. The mechanism for this is 
unclear, but association with hypoxia, a neurogenic effect, an action increasing capillary per-
meability, or some direct effect of heroin have been proposed. Another mechanism may be 
attempting to inspire against an obstructed airway, thereby generating significant negative 
intrathoracic pressure.37 In most instances NCPE usually resolves within 48 hours with sup-
portive treatment.38

Chest wall rigidity can occur with opioid administration. Thoracic compliance changes 
rapidly and the chest simply becomes stiff. This is a well-​known side effect with high-​dose 
sufentanil anesthesia but is less frequent with fentanyl and other opioids. Chest wall rigidity 
is related to the dose and speed of administration. When it occurs during the induction of 
general anesthesia, it can make positive pressure mask ventilation difficult. This can be man-
aged by administering a neuromuscular blocking drug or by administering an opioid antag-
onist such as naloxone.

Special Pathophysiological Situations

Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) is the common result of a group of pulmonary 
diseases that is debilitating and associated with poor survival.39 PAH can be caused by in-
heritable conditions and a variety of pulmonary diseases, secondary to systemic and car-
diac disease, but, in many cases, it is idiopathic; it is also referred to as primary pulmonary 
hypertension. Historically PAH has been uncommon in the general population; increased 
awareness and more frequent testing with Doppler echocardiography may explain why it is 
now recognized more often. Management of patients with PAH requires regular evaluation 
and treatment assessment. Because it is relatively rare in the general population, patients with 
PAH are optimally managed at medical centers with experience with this disorder.
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The normal mean PA pressure is 8 to 20 mmHg. PAH is the sustained elevation of a resting 
mean pulmonary arterial pressure 25 mmHg at rest or 30 mmHg with exercise and pulmo-
nary capillary wedge pressure and left ventricular end-​diastolic pressure <15 mmHg.40,41 
Progressive remodeling of the resistance pulmonary arteries and increasing pulmonary 
blood pressure occur during the course of this disease.

The pulmonary vasculature is normally a low-​pressure system. Pulmonary arteries have 
thin walls and are easily distensible. This structure allows them to accommodate increases 
in blood flow from the right ventricle (RV) with little increase in pressure or resistance. The 
lowest pulmonary vascular resistance occurs at the FRC, that point where the outward pull 
from chest wall expansion is in equilibrium with the intrinsic elastic recoil of the pulmonary 
parenchyma. Pulmonary vascular resistance increases at extremes of under-​ or overexpan-
sion of the lungs (see Figure 19.14). Pulmonary vascular resistance (PVR) is calculated by 
the difference between the measured pulmonary artery (PA) and pulmonary capillary wedge 
pressure and divided by the cardiac output. The normal range is 20 to 130 dynes•sec1•cm–​5, 
about one-​fifth the normal systemic vascular resistance.42

As PAH progresses, the pulmonary vessels become less distensible and reach a point where 
they cannot accommodate increased blood flow without increasing pulmonary pressure 
(see Figure 19.15). Patients with PAH have limited exercise tolerance and experience fatigue 
when activity requires increases in cardiac output.43 Serious complications from PAH in-
clude hypoxia and right ventricular failure. Both can rapidly worsen during general anes-
thesia and surgery.

Patients with PAH often have systemic hypertension and obstructive sleep apnea, and both 
conditions contribute to the severity of PAH. Initial medical management of PAH requires 
demonstrating the pulmonary vasculature will respond to calcium channel blockers without 
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Figure 19.14  The minimum pulmonary vascular resistance occurs at the function reserve 
capacity volume and increases with over-​ or underexpansion of alveoli.
From Cortes-​Puentes GA, Oeckler RA, Marini JJ. Physiology-​guided management of hemodynamics in acute 
respiratory distress syndrome. Ann Transl Med. 2018;6(18):353. doi: 10.21037/​atm.2018.04.40.
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significant side effects. First-​line treatments include the calcium channel blockers nifedipine, 
diltiazem, or amlodipine. With increasing disease severity, the addition of ambrisentan (an 
endothelial receptor antagonist) or tadalafil or sildenafil (phosphodiesterase-​type 5 inhibi-
tors) are recommended in PAH. Other endothelial receptor antagonists, bosentan, maciten-
tan, and riociguat (a cGMP stimulator) are recommended to slow the progression of PAH. 
In severe cases, continuous administration of prostacyclin derivatives epoprostenol by the 
intravenous route or treprostinil subcutaneously are recommended. These drugs are often 
used in combination to attain treatment goals.44

PAH is exacerbated by chronic obstructive pulmonary disease (COPD), pulmonary throm-
boembolism, hypoxia, hypercarbia, acidosis, cardiopulmonary bypass, reperfusion injury, 
micro-​emboli, or systemic inflammatory mediators. Optimization of COPD in the preoperative 
surgical patient with bronchodilators, antibiotics, and steroids is essential. Anticoagulation prior 
to surgery in those patients prone to thromboembolism is also important.

Pulmonary blood pressure increases during general anesthesia when surgical triggers 
stimulate PVR. Increases in PVR can stress the RV, and for patients with coronary artery 
disease this may cause myocardial ischemia and a decrease in right ventricular contractility. 
Close attention must be given to any electrocardiographic changes, hypoxemia, and systemic 
low blood pressure because they may reflect right heart strain and ischemia. Treatments 
approaches include optimizing the RV preload and reducing afterload.45

Several actions can be taken during anesthesia to minimize sympathetic stimulation that 
may worsen pulmonary blood pressures (see Box 19.1). Correcting hypoxemia and acidosis 
are useful, and optimizing right-​sided cardiac preload requires carefully titrating intrave-
nous fluids and observing for an increased mean arterial pressure response. Intravascular 
fluid volume in excess of what the RV can handle will likely cause complications. Intravenous 
anesthetics have a significant role in managing these patients. Propofol, fentanyl, sufentanil, 
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Figure 19.15  Arterial remodeling in pulmonary hypertension makes vessels less compliance 
and subject to greater pressures with increases in cardiac output.
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and ketamine have all been used with success as they have minimal effects on hypoxic ven-
tilation, vascular reactivity, and oxygenation during one lung ventilation. Pharmacologic 
treatment of right ventricular failure in the face of increased PVR requires vasodilating drugs 
rather than vasopressors. There are several options available for long-​term treatment of PAH. 
However, immediate options for improving RV function during anesthesia include adeno-
sine and phosphodiesterase inhibitors.46

Pulmonary Embolism

Pulmonary embolism is a very serious problem that carries a high risk of mortality. In a 
composite study of 14 publications that totaled 11,218 Asian patients, the incidence of PE 
averaged 0.18%, ranging from 0% to 0.58%.47 A cohort study from the UK analyzed 18,151 
trauma and elective orthopedic patients with symptoms suggesting a PE, which were then 
examined by computer tomography (CT) scan for confirmation, found the overall inci-
dence was only 0.47%. Among those patients who developed a PE, however, the mortality 
was 15.29%.48 Like similar studies, these reports do not separate intraoperative from postop-
erative PE occurrence. The intraoperative incidence of embolization has been estimated to 
range from 0.6% to 10%.49

PE is often encountered in patients with deep vein thrombosis presenting for vascular 
procedures to prevent a thrombus from embolizing to the lungs. Depending on the extent 
of pulmonary vascular obstruction, pulmonary symptoms can range from mild dyspnea to 
hypotension or shock, and often the pulmonary embolism (PE) presents as acute cardiovas-
cular collapse and death.

Principle physical signs of acute PE are worsening dyspnea, chest pain, or sustained hypo-
tension without other identifiable cause. In stable patients the optimal evaluation includes 
CT scan to detect emboli in the pulmonary arteries. Patients experiencing a PE can be he-
modynamically unstable with severe hypotension or cardiac arrest with pulseless electrical 
activity. As an alternative in emergency situations, transthoracic echocardiography or trans-
esophageal echocardiography (TEE) can be used to assist in the diagnosis of pulmonary 

Box 19.1  Anesthetic Interventions to Minimize Increases 
in Pulmonary Arterial Pressure

1. Avoid hypoxia—​insure adequate oxygenation with > 60% FiO2

2. Avoid hypercarbia and respiratory acidosis with moderate hyperventilation (PaCO2  
30-​35 mm Hg)

3. Avoid metabolic acidosis
4. Avoid high airway pressure—​ventilate with 6-​8 mL/​kg ideal body weight
5. Utilize recruitment maneuvers to avoid atelectasis and V̇/​Q̇ mismatch
6. Maintain normothermia (36–​37˚C)
7. Employ goal-​directed fluid management to avoid excess fluid administration

Source: Adopted from Gille J, Seyfarth H-​J, Gerlach S, Malcharek M, Czeslick E, Sablotzki A. Perioperative 
anesthesiological management of patients with pulmonary hypertension. Anesthesiology Research and 
Practice. 2012, Article ID 356982, 16 pages. doi:10.1155/​2012/​356982.
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thromboembolism. Some signs suggesting PE include right heart strain with dissension 
of the RV, hypokinesis of the RV apex, and thrombi in the RV or pulmonary arteries.50 
Echocardiography does not always provide a definitive diagnosis, however; only with TEE 
is it possible to visualize thrombi in the main and right pulmonary arteries, as the left is 
obscured from view by the left main stem bronchus.51

Pulmonary embolism increases dead space ventilation as the lungs continue receiving ven-
tilation but with reduced blood flow. This creates a right to left shunt where oxygenation of 
pulmonary arterial blood is compromised. When thrombi lodge in distal pulmonary arteries, 
the blood flow redirects and increases flow in areas of the lung with continuing perfusion. This 
can cause pulmonary edema and alveolar hemorrhage. Thrombi lodging in the main, right, 
or left pulmonary arteries can result in hypotension, often severe, and severe elevation of RV 
and right atrial pressures, leading to low cardiac output. The effect on the RV is dilation with 
increased RV afterload. This increases RV wall stress and, when combined with systemic hypo-
tension, can decrease RV myocardial perfusion and cause myocardial ischemia or infarction.

Single-​Lung Ventilation Scenarios

Laparoscopic procedures offer challenges in anesthesia management because of abdominal 
insufflation and the steep head-​down positioning required. Insufflation of the abdomen with 
carbon dioxide gas and the patient’s position push the diaphragm cephalad. With insufflation 
the inspiratory ventilatory pressures, arterial CO2, and end-​tidal carbon dioxide (EtCO2) in-
crease, and there are corresponding decreases in lung compliance and tidal volume.52 These 
changes are usually not difficult to manage.

When repositioning patients for surgery, endotracheal tubes may be dislodged. During 
laparoscopic surgery with reverse Trendelenburg positioning, effective movement of the en-
dotracheal tube can be easily missed because the tube is anchored to the head while cephalad 
movement of the lungs can cause the tube to slide into a main stem bronchus. In this setting, 
movement of the endotracheal tube during laparoscopy is common, with the tube moving 
toward the carina in 50% of cases and with right main bronchus intubation in over 15% of 
patients. Despite this, no significant changes in SpO2, EtCO2, or inspiratory peak pressure 
were observed.53 Laparoscopic procedures present risks for other events with potential for 
pulmonary implications including hypotension, subcutaneous emphysema, pneumothorax, 
and carbon dioxide embolism.54

Maintaining HPV to shunt blood away from nonventilated area of the lung is important, 
particularly in thoracic procedures. Separation of lung ventilation with double lumen endo-
tracheal tubes allows for ventilation of one lung while the operative lung is deflated. Usually 
the blood flow to the deflated lung is not interrupted during these surgical procedures. When 
single-​lung ventilation begins, the complete mismatch of ventilation and perfusion in the 
deflated lung would cause significant hypoxemia if the reflex is suppressed by anesthetics.55
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Thoracic Epidural

Introduction

The thoracic epidural is one of the earliest developed regional techniques. It was first described 
by Fidel Pagés in 1921, and in the 1930s it became a more widely accepted form of anesthesia.1 
Today, the epidural is an essential component of perioperative pain management with broad 
clinical applications, including abdominal, thoracic, gynecologic, and urologic surgeries.2 
A growing body of research has suggested that local anesthetics in the epidural space can pro-
vide a multitude of benefits such as improved postoperative pain control and reduced postop-
erative pulmonary dysfunction, duration of mechanical ventilation, and ileus.3

Thoracic epidural procedures are generally regarded as safe but must be performed with 
caution and precision due to their inherent anatomic environment:  deep to the epidural 
space is the spinal cord and subarachnoid space, laterally are the thoracic nerve roots, and 
throughout the epidural space is a significant vascular burden, both arterial and venous. 
Epidural hematoma, although rare, is a serious complication that can be mitigated through 
appropriate assessment of coagulation status and platelet abnormalities (see Table 20.1). The 
hemodynamic effects of epidural anesthetics, secondary to sympathetic blockade, may also 
limit their use in selected patients.

Indications

Indications include breast, cardiac, chest wall, esophageal, and thoracic wall surgery, as well 
as multiple rib fractures (see Table 20.2).

Anatomy

Thoracic epidural anesthesia is thought to be achieved through local anesthetic distribution 
to the spinal nerves within the paravertebral space, as well as from penetration through the 
dura mater to the spinal cord and thoracic nerve roots.4 Needle entry within the epidural 
space requires traversing several tissue planes when performed in a midline approach: skin, 
subcutaneous fat, supraspinous ligament, interspinous ligament, and ligamentum flavum. 

 

 

 

 

 



Table 20.1  Clinical Characteristics and Complications of Techniques

Block Type Allows Use of 
Catheter

Ultrasound 
Required

Requires 
Holding 
Anticoagulation

Complications

Thoracic 
epidural

Yes No (could be 
used to identify 
landmarks)

Yes 	•	 Accidental intrathecal 
injection

	•	 Epidural abscess
	•	 Epidural hematoma
	•	 Intravascular injection
	•	 Local anesthetic systemic 

toxicity
	•	 Nerve root or spinal 

cord injury
	•	 Pneumothorax

Thoracic 
paravertebral

Yes No (could be 
used to identify 
landmarks and 
perform block)

Yes 	•	 Accidental epidural or 
intrathecal injection

	•	 Hematoma
	•	 Horner syndrome 

(transient)
	•	 Intravascular injection 

via intercostal artery 
or vein

	•	 Local anesthetic toxicity
	•	 Pneumothorax
	•	 Spinal or intercostal 

nerve injury

Intercostal nerve 
block

Yes No (could be 
used to identify 
landmarks and 
perform block)

No 	•	 Intercostal nerve injury
	•	 Intravascular injection 

via intercostal artery 
or vein

	•	 Local anesthetic toxicity
	•	 Pneumothorax

Pecs I and II 
blocks

No Required No 	•	 Intravascular injection 
via pectoral branch of the 
thoracoacromial artery

	•	 Local anesthetic toxicity
	•	 Neuraxial spread
	•	 Pneumothorax

Serratus anterior 
plane block

No Required No 	•	 Intercostal nerve injury
	•	 Intravascular injection 

via intercostal artery 
or vein

	•	 Local anesthetic toxicity
	•	 Pneumothorax

Erector spinae 
plane block

Yes Required No 	•	 Local anesthetic toxicity
	•	 Pneumothorax

Transversus 
thoracis muscle 
plane block

No Required No 	•	 Intravascular injection 
via internal thoracic 
artery or vein

	•	 Local anesthetic toxicity
	•	 Pericardial puncture
	•	 Pneumothorax
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Table 20.2  Regional Coverage, Indications, and Technical Degree of Techniques

Block Type Regional Coverage Indications Technical 
Degree

Thoracic epidural Anterior, lateral, and 
posterior thoracic wall

Breast, cardiac, chest 
wall, esophageal, and 
thoracic wall surgery; 
multiple rib fractures

High

Thoracic paravertebral Anterior, lateral, and 
posterior thoracic wall
Internal organs of 
thorax (e.g., esophagus, 
heart, lungs)

Breast, cardiac, chest 
wall, esophageal, 
thoracic wall surgery, 
multiple rib fractures

High

Intercostal nerve block Anterolateral, lateral, 
posterolateral thoracic 
wall

Breast, chest wall, and 
thoracic wall surgery; 
chest tube placement; 
rib fracture(s)

Intermediate

Pecs I and II blocks Anterolateral and 
lateral thoracic wall

Breast surgery 
including axillary 
dissection; chest wall 
and thoracic wall 
surgery

Intermediate

Serratus anterior  
plane block

Anterolateral and 
lateral thoracic wall

Breast surgery 
including axillary 
dissection; chest wall 
and thoracic wall 
surgery

Low

Erector spinae plane 
block

Anterolateral, lateral, 
posterolateral thoracic 
wall

Breast, chest wall, and 
thoracic wall surgery

Low

Transversus thoracis  
muscle plane block

Anterior thoracic wall Anterior thoracic wall 
and breast surgery, 
ICD placement

Intermediate

Abbreviation: ICD, implantable cardioverter-​defibrillator.

The paramedian approach, commonly used in thoracic epidurals due to the inferiorly angled 
spinous processes, bypasses the supraspinous and interspinous ligaments to enter the epi-
dural space (Figure 20.1B and 20.1C).

The posterior epidural space contains several important structures: vessels, adipose tissue, 
spinal nerve roots, and the dural sac. Arterial supply to the epidural space is derived from 
the posterior arterial arcade, which runs up and down the spinal canal. The venous drainage 
includes two posterior longitudinal veins that are part of a broad vertebral venous plexus 
connecting to the anterior epidural space.5 The rich vascularity of the posterior epidural 
space contributes to a risk of vessel puncture, intravascular catheter or injection, and epidural 
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hematoma, as well as increased local anesthetic absorption when performing neuraxial tech-
niques. Adipose tissue is abundant throughout the posterior epidural space and is thought 
to play an important role in the variability of local anesthetic duration, onset, sensitivity, 
and spread.6 The spinal nerve roots, each comprising a dorsal and ventral root, arise as di-
rect branches of the spinal cord. Within the thoracic segments, the dorsal nerve roots carry 
afferent sensory fibers, while the ventral nerve roots carry efferent motor and sympathetic 
fibers. These nerve roots travel laterally to the intervertebral foramen and fuse to become a 
single spinal nerve.7 The dural sac is a protective membrane surrounding the spinal cord; it 
comprises the ventral limit of the posterior epidural space.

Local Anesthetic

Commonly used local anesthetics include 2-​chloroprocaine, lidocaine, bupivacaine, and 
ropivacaine. Surgical anesthesia may be achieved with 3% 2-​chloroprocaine and 2% lido-
caine formulations, as well as higher concentrations of bupivacaine and ropivacaine (e.g., 
0.5%). Lower concentrations of bupivacaine and ropivacaine (0.1%–​0.25%) are preferred for 
perioperative analgesia to decrease motor fiber blockade. Local anesthetic dosing encom-
passes a variety of surgical-​ and patient-​related factors and must be determined within the 
immediate, or anticipated, clinical context.

Equipment

	•	 17-​ or 18-​gauge epidural Tuohy needle
	•	 3 mL of 1.5% lidocaine with epinephrine (1:200,000)
	•	 Loss of resistance syringe
	•	 Sterile draping
	•	 Syringe and needle for cutaneous local infiltration
	•	 Syringe with extension tubing for block injection or epidural catheter for continuous 

infusion

Procedural Technique

Position the patient seated with the neck and upper back flexed. Identify the target interspace 
by palpation and surface anatomic landmarks or by using ultrasound.

>> Tip on Technique

The C7 vertebra has a distinctly prominent spinous process. The scapular spine and infe-
rior border correlate to T3 and T7 levels, respectively.
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>> Tip on Technique

This can be performed by anchoring the middle fingertips on the patient’s back with the 
thumbs and index fingers holding the needle wings.

Prepare and drape the targeted interspace(s) in a sterile fashion. Infiltrate a local anes-
thetic (most commonly, 1% lidocaine) 1 cm lateral to the inferior margin of the target spi-
nous process. The local anesthetic needle should be used to create a large skin wheal and 
then advanced to the lamina or transverse process to anesthetize periosteum. Advance 
a styletted epidural Tuohy needle, bevel facing cephalad, within the previous local anes-
thetic trajectory until the lamina or transverse process is contacted (Figure 20.1A).

>> Tip on Technique

Administering a test dose of 3 mL of 1.5% lidocaine with epinephrine (1:200,000) 3 to 5 
minutes prior to initiating a bolus or infusion regimen can help identify intrathecal or 
intravascular placement.

The epidural needle should be retracted and readvanced medially until the lamina is con-
tacted more superficially, indicating a near midline needle trajectory. Again, retract the ep-
idural needle and advance cephalad with a similar medial angle. When the epidural needle 
depth exceeds that of the medial lamina and bone has not been contacted, the epidural needle 
stylet should be removed and a loss of resistance syringe applied. Advance the needle until 
loss of resistance is achieved, remove the loss of resistance syringe, and, after negative aspi-
ration, inject a local anesthetic or advance the catheter 3 to 6 cm within the epidural space.

Complications

	•	 Accidental intrathecal injection
	•	 Epidural abscess
	•	 Epidural hematoma
	•	 Intravascular injection
	•	 Local anesthetic systemic toxicity
	•	 Nerve root or spinal cord injury
	•	 Pneumothorax

Thoracic Paravertebral

Introduction

The thoracic paravertebral block (TPVB) was first performed in 1905 by Hugo Sellheim of 
Leipzig in an effort to replace spinal anesthetics while still providing analgesia and abdominal 
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muscle relaxation. It provides analgesia in a unilateral and segmental fashion through local 
anesthetic infiltration within a wedge-​shaped region near the vertebral body called the para-
vertebral space.8

Imaging and cadaveric studies have demonstrated variable distributions of injectate 
spread when performing a TPVB: remaining localized, craniocaudal spread to adjacent 
paravertebral spaces, lateral movement to the intercostal space, and medial movement to 
the epidural space. Single injections have demonstrated craniocaudal coverage of three 
to four dermatomes, although this distribution is inconsistent. Multiple site injection 
techniques, where local anesthetic injections are performed in small volumes at con-
secutive or alternating levels (e.g., T3, 5, 7), may be preferred when the TPVB is the sole 
anesthetic.8,9

The TPVB has demonstrated similar analgesic efficacy compared to the thoracic epidural 
for thoracotomy.10 Patients undergoing breast, inguinal hernia, and nephrectomy surgeries 
have also shown significant improvement in perioperative pain scores.8,11 This regional tech-
nique offers the advantage of a more targeted unilateral coverage, reduced perioperative hy-
potension and urinary retention, reduced postoperative nausea and vomiting, and a lower 
rate of block failure compared to thoracic epidurals.8,10,11

Indications

Indications are breast, cardiac, chest wall, esophageal, and thoracic wall surgery and multiple 
rib fractures.

Anatomy

The TPVB provides unilateral and segmental analgesic coverage through local anesthetic in-
filtration within the paravertebral space. This wedge-​shaped region found on either side of 
the vertebral column extends from the cervical spine to the sacrum. At the thoracic level, it 
is bounded anteriorly by the parietal pleura, posteriorly by the superior costotransverse liga-
ment, and medially by the vertebral body and disc. Laterally, it is in continuity with the inter-
costal space (Figure 20.2C). The thoracic paravertebral space is filled with adipose tissue and 
contains several important vascular and nervous structures: the intercostal artery and vein, 
sympathetic trunk, and dorsal and ventral rami of the thoracic spinal nerve.8 The intercostal 
artery and vein begin in an anteromedial position and move posterolaterally within the in-
tercostal space. Prior to their distal entry in the subcostal groove, these vessels remain unpro-
tected and can be a source of intravascular injection or hematoma.12 The sympathetic trunk 
is found at the anteromedial limit of the paravertebral space and contributes to a segmental 
sympathectomy.8 Local anesthetic distributions reaching the cervical paravertebral space 
and stellate ganglion may also induce transient ipsilateral Horner syndrome.8,11 The tho-
racic spinal nerve enters from the medial aspect via the intervertebral foramen and quickly 
branches into the dorsal and ventral rami. The dorsal rami move posteriorly to provide motor 
and sensory innervation to the posterior thorax. The ventral rami continue laterally to be-
come the intercostal nerves, which travel within the subcostal groove to provide motor and 
sensory innervation from the posterolateral to the anterior thorax.
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Local Anesthetic

Long-​acting local anesthetics, such as bupivacaine or ropivacaine, are most commonly 
used: 0.5% bupivacaine or 0.5% ropivacaine can be given as a single injection of 20 mL or as 
multiple injections of 4 to 5 mL at consecutive or alternating levels (e.g., T3, 5, 7). For contin-
uous infusions, 0.25% bupivacaine or 0.2% ropivacaine can be used at 0.1 mL/​kg/​h.

Equipment

	•	 17-​ or 18-​gauge epidural Tuohy needle
	•	 Linear, high-​frequency ultrasound transducer (ultrasound-​guided technique)
	•	 Loss of resistance syringe (landmark-​based technique)
	•	 Marking pen
	•	 Sterile draping
	•	 Syringe and needle for cutaneous local infiltration
	•	 Syringe with extension tubing for block injection or epidural catheter for continuous 

infusion

Procedural Technique

Landmark-​Based Technique
Position the patient seated with the head resting in the forward position. Identify the target 
thoracic vertebral levels and their corresponding spinous processes. Mark the skin 2.5 cm 
lateral to the cephalad portion of each targeted spinous process. Each skin mark represents 
a needle entry point that overlies the transverse process of one lower thoracic vertebrae. 
Prepare and drape the targeted interspace(s) in a sterile fashion. Infiltrate a local anes-
thetic (most commonly, 1% lidocaine) within the marked area to create a skin wheal, then 
advance the needle until contact with the transverse process is made and anesthetize the 
periosteum. If the transverse process is not contacted by 4 cm, the proceduralist should 
withdraw the needle and readvance in a cephalad or caudad direction before advancing 
further. Advance a styletted Tuohy needle, bevel facing cephalad, until the transverse 
process is contacted (Figure 20.3). Walk the needle off the inferior border of the trans-
verse process, then remove the Tuohy needle stylet and apply a loss of resistance syringe. 
Advance until loss of resistance is achieved, approximately 1 cm beyond the transverse 
process. This will indicate that the needle has penetrated the superior costotransverse lig-
ament and passed into the thoracic paravertebral space. Remove the loss of resistance sy-
ringe and, after negative aspiration, inject a local anesthetic or advance the catheter 1 to 
3 cm within the paravertebral space.

Ultrasound-​Guided Technique
Position the patient seated with the head resting in the forward position. Identify the target 
thoracic vertebral levels and their corresponding spinous processes. Prepare and drape the 

 

 

 

 

 



282  Thoracic Anesthesia Procedures

target thoracic paraspinal region. Place a linear, high-​frequency ultrasound transducer in the 
parasagittal plane 2.5 cm lateral to the tip of the spinous process. Move the ultrasound probe 
laterally and medially to identify the transverse processes, superior costotransverse ligament, 
and pleura (Figure 20.2B). The pleura appears as a bright, shimmering structure running 
below the transverse processes. The superior costotransverse ligament is identified as a white 
line extending between adjacent transverse processes, just above the pleura.

Move the transducer along the sagittal plane until the midpoint between two adjacent 
transverse processes is reached. Infiltrate a local anesthetic (most commonly, 1% lidocaine) 
at the caudal end of the ultrasound probe to create a skin wheal. With an in-​plane approach, 
advance a styletted Tuohy needle in a cephalad direction to the paravertebral space, just be-
yond the superior costotransverse ligament (Figure 20.2A). Avoid bony contact with a needle 
trajectory midway between adjacent transverse processes. Saline may be injected in small 
volumes (e.g., 3 mL) to confirm position. Remove the epidural stylet and inject a local anes-
thetic or advance the catheter 1 to 3 cm within the paravertebral space.

Complications

	•	 Accidental epidural or intrathecal injection
	•	 Hematoma
	•	 Horner syndrome (transient)
	•	 Intravascular injection via intercostal artery or vein
	•	 Local anesthetic systemic toxicity
	•	 Pneumothorax
	•	 Spinal or intercostal nerve injury

Figure 20.3  Needle positioning for the landmark-​based technique of the thoracic 
paravertebral block.
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Intercostal Nerve Block

Introduction

The intercostal nerve block (ICNB) was first described in 1907 and is one of the earliest pe-
ripheral nerve blocks performed.13 It provides analgesia to the upper abdomen and thoracic 
wall in a band-​like pattern through local anesthetic infiltration at the neurovascular bundle 
just below the rib. The ICNB is unique in that each intercostal nerve is blocked individually 
to achieve broad analgesic coverage. It is also important to note that the intercostal spaces are 
highly vascular and permit high levels of systemic absorption, which may increase the risk of 
local anesthetic toxicity.14

The ICNB is a well-​established regional technique with clear benefit in reducing perioper-
ative pain scores, opioid use, and postoperative respiratory complications.15,16 It may be pre-
ferred over neuraxial techniques where coagulopathy or hemodynamic instability precludes 
their use.

Indications

Indications are breast, chest wall, and thoracic wall surgery, chest tube placement, and rib 
fracture(s).

Anatomy

The ICNB provides a band-​like pattern of analgesia across the thorax and upper abdomen 
through local anesthetic infiltration of the intercostal nerve along its course from the angle 
of the rib to the midaxillary line. The intercostal nerves are mixed motor and sensory nerves 
that originate from the ventral rami of the thoracic spinal nerves (Figure 20.4B). They pro-
vide motor innervation to intercostal muscles, serratus posterior superior and inferior, and 
transversus thoracis, in addition to sensory innervation to the parietal pleura and skin of the 
anterior, lateral, and posterolateral thorax.14,17

Beginning in the posterior thorax, the intercostal nerves move laterally between the 
parietal pleura and posterior intercostal membrane. As they continue, the intercostal 
nerves move between the innermost intercostal muscle and internal intercostal muscle 
within the costal groove of the rib above. The costal groove also provides a surface for 
the intercostal artery and vein to travel; they are collectively termed the neurovascular 
bundle.14,17

As the intercostal nerves approach the midaxillary line, the lateral cutaneous branches 
are formed. These sensory branches penetrate through the intercostal muscles and serratus 
anterior and bifurcate into the anterior and posterior branches to provide cutaneous inner-
vation from the anterolateral to the posterolateral thorax. The lateral cutaneous branch of T2 
is unique in that it does not divide into anterior and posterior branches but provides sensory 
innervation to the arm as the intercostobrachial nerve.14,17
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Beyond the midaxillary line, the intercostal nerves terminate as the anterior cutaneous 
branches. These penetrate the overlying external intercostal muscles and pectoralis major to 
provide cutaneous innervation of the anterior thoracic wall.14,17

Local Anesthetic

Long-​acting local anesthetics such as bupivacaine or ropivacaine are most commonly 
used: 0.25% to 0.5% bupivacaine or 0.25% to 0.5% ropivacaine can be given in volumes of  
3 to 5 mL per injection. Lower concentrations are frequently chosen for blocks performed at 
multiple levels.

Equipment

	•	 22-​gauge regional block needle
	•	 Marking pen
	•	 Sterile draping
	•	 Syringe and needle for cutaneous local infiltration
	•	 Syringe with extension tubing for block injection

Procedural Technique

Position the patient seated with arms forward holding a pillow. Allow the patient to lean for-
ward slightly with support. Identify the spinous processes of each target block level, then lo-
cate the angle of the rib and mark the skin at its inferior border for each level. The angle of the 
rib can be identified as a superficial bony prominence approximately 7 cm from the midline.

>> Tip on Technique

Intercostal nerve blocks can be blocked anywhere between the angle of the rib and 
midaxillary line.

Prepare and drape the targeted ribs in a sterile fashion. Infiltrate a local anesthetic 
(most commonly, 1% lidocaine) within the marked area to create a skin wheal. Position 
the nondominant hand onto the patient’s back and apply upward traction on the skin 
with the index finger, moving the skin mark over the mid to lower rib. With the dom-
inant hand, advance a 22-​gauge needle 10° cephalad until the rib is contacted (Figure 
20.4A). Slowly release skin traction and grasp the needle and syringe with the nondom-
inant hand. Maintain a cephalad angle as the needle is walked off the lower rib border 
(Figure 20.4C). Advance the needle 4 mm beneath the rib, aspirate, and inject 3 to 5 mL.

 

 

 

 



(B
)

(A
)

(C
)

Fi
gu

re
 2

0.
4 

(A
) N

ee
dl

e 
po

si
tio

ni
ng

 fo
r t

he
 in

te
rc

os
ta

l n
er

ve
 b

lo
ck

. U
pw

ar
d 

tr
ac

tio
n 

is
 a

pp
lie

d 
w

ith
 in

de
x f

in
ge

r o
f t

he
 n

on
do

m
in

an
t h

an
d.

 S
pi

no
us

 p
ro

ce
ss

es
 

an
d 

rib
s a

re
 m

ar
ke

d,
 w

ith
 th

e 
an

gl
e 

of
 th

e 
rib

 d
en

ot
ed

 b
y a

n 
“X

”. 
(B

) A
na

to
m

y o
f t

he
 in

te
rc

os
ta

l n
er

ve
. (

C)
 W

ith
 th

e 
re

le
as

e 
of

 sk
in

 tr
ac

tio
n,

 th
e 

ne
ed

le
 is

 w
al

ke
d 

off
 th

e 
in

fe
rio

r m
ar

gi
n 

of
 th

e 
rib

. T
he

 n
ee

dl
e 

is
 a

dv
an

ce
d 

in
 cl

os
e 

pr
ox

im
ity

 to
 th

e 
ne

ur
ov

as
cu

la
r b

un
dl

e.
(B

) R
ep

rin
te

d 
w

ith
 p

er
m

is
si

on
 fr

om
 N

YS
O

RA
.

(C
) R

ep
rin

te
d 

w
ith

 p
er

m
is

si
on

 fr
om

 M
or

ga
n 

GE
, M

ik
ha

il 
M

S,
 M

ur
ra

y M
J.

 C
lin

ic
al

 A
ne

st
he

si
ol

og
y.

 4
th

 e
d.

 N
ew

 Yo
rk

, N
Y:

 M
cG

ra
w

-​H
ill

 M
ed

ic
al

, 2
01

2:
 F

ig
ur

e 
17

-​3
3.



286  Thoracic Anesthesia Procedures

Complications

	•	 Intercostal nerve injury
	•	 Intravascular injection via intercostal artery or vein
	•	 Local anesthetic toxicity
	•	 Pneumothorax

Serratus Anterior Plane Block

Introduction

The serratus anterior plane (SAP) block was introduced in 2013 by Blanco et al. as a pro-
gression of the Pecs I and II blocks to allow a more targeted approach in providing analgesia 
to the lateral thorax. Through local anesthetic spread superficially to the serratus anterior, 
broad craniocaudal coverage of the lateral cutaneous branches of the intercostal nerves has 
been demonstrated, reaching as far as T2 to T9 with a single injection.18

The SAP block has shown significant benefit in lowering perioperative pain scores and 
opioid consumption for patients undergoing surgery of the breast or thorax and may be pref-
erable to neuraxial techniques in the setting of coagulopathy, platelet dysfunction, and/​or 
thrombocytopenia.19–​21

Indications

Indications include breast surgery including axillary dissection and chest wall and thoracic 
wall surgery.

Anatomy

The SAP block provides multilevel analgesia to the axilla and anterolateral thorax through 
local anesthetic distribution to the lateral cutaneous branches of the intercostal nerves as 
they exit the serratus anterior.22 The serratus anterior is a fan-​shaped muscle comprising ser-
rated projections that function to pull the scapula forward. It originates from the lateral sur-
faces of ribs 1 through 8 or 9 and inserts on the medial border of the scapula. As a relatively 
broad muscle sheet, the serratus anterior serves as a plane for the local anesthetic to distribute 
along several thoracic levels.23

The major nerve targets of the SAP block are the lateral cutaneous branches of the inter-
costal nerves.18 Beginning in the posterolateral thorax as branches of the intercostal nerves, 
the lateral cutaneous branches travel anterolaterally through the intercostal muscles and 
serratus anterior to the axilla, where they terminate as the anterior and posterior branches 
(Figure 20.5C). Here, they provide sensory innervation to the skin of the axilla and anter-
olateral thorax.22,23 The lateral cutaneous branch of T2 is unique in that it does not divide 
into anterior and posterior branches but provides sensory innervation to the arm as the 
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intercostobrachial nerve.17 The long thoracic nerve, which innervates the serratus anterior, 
is also anesthetized in the SAP block. Its course begins posterior to the brachial plexus, trav-
eling inferolaterally along the midaxillary line and terminating within the outer surface of the 
serratus anterior.22

Local Anesthetic

Long-​acting local anesthetics, such as bupivacaine or ropivacaine, are most commonly 
used: 0.25% bupivacaine or 0.375% ropivacaine can be given as a single 30-​mL injection.

Equipment

	•	 22-​gauge regional block needle
	•	 Linear, high-​frequency ultrasound transducer
	•	 Sterile draping
	•	 Syringe and needle for cutaneous local infiltration
	•	 Syringe with extension tubing for block injection

Procedural Technique

>> Tip on Technique

The latissimus dorsi muscle lies just superficial to the serratus anterior and may be seen 
along the posterior aspect of the image, serving as a useful anatomic landmark.

Position the patient in the lateral decubitus position, with the arm abducted and 
resting above the head. Prepare and drape the midaxillary region at the level of the fifth 
rib, approximately at the level of the nipple. Place a linear, high-​frequency ultrasound 
transducer in the transverse plane of the midaxillary line at the level of the fifth rib. 
Identify the rib, pleura, and intercostal muscles. The serratus anterior muscle lies just 
superficial to the ribs and intercostal muscles (Figure 20.5B).

Infiltrate a local anesthetic (most commonly, 1% lidocaine) to create a skin wheal 
just posterior to the ultrasound probe. With an in-​plane approach, advance a 22-​gauge 
needle to the fascial layer superficial to the serratus anterior muscle (Figure 20.5A). With 
negative aspiration, inject 1 to 2 mL of local anesthetic and confirm a slight downward 
displacement of the serratus anterior muscle and hydrodissection of the fascial plane. 
Avoid intramuscular injection, which will fail to open the fascial plane. Continue to in-
ject a total volume of 30 mL of local anesthetic under direct visualization of needle tip.
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Complications

	•	 Intercostal nerve injury
	•	 Intravascular injection via intercostal artery or vein
	•	 Local anesthetic toxicity
	•	 Pneumothorax

Pecs I and II Blocks

Introduction

The Pecs I and II blocks are ultrasound-​guided regional techniques of the anterolateral thorax 
that rely on two fascial planes: the plane between the pectoralis major and minor and the 
plane between the pectoralis minor and serratus anterior. The Pecs I block, first described in 
2011, includes a single injection between the pectoralis major and minor. This technique pro-
vides analgesic coverage of the medial and lateral pectoral nerves and is most frequently used 
for breast surgeries such as expander or prosthesis placement.24 Although the Pecs I block is 
effective for surgical pain involving the pectoral muscles, it has not been shown to provide 
analgesic coverage of the overlying skin or axilla.25 The Pecs II block was first described in 
2012 and includes both the Pecs I and an additional injection in the fascial plane between 
the pectoralis minor and serratus anterior. Allowing local anesthetic to distribute along the 
serratus anterior provides additional coverage of the long thoracic and thoracodorsal nerves, 
as well as the lateral cutaneous branches of the T2 to T6 intercostal nerves. The Pecs II block 
is therefore able to provide analgesia to the axilla, latissimus dorsi, pectoral muscles, serratus 
anterior, and overlying skin.26,27

Indications

Indications are breast surgery including axillary dissection and chest wall and thoracic wall 
surgery.

Anatomy

The Pecs II block provides analgesia to the anterolateral chest wall and axilla through local 
anesthetic spread in two fascial planes: between the pectoralis major and minor (Pecs I block) 
and between the pectoralis minor and serratus anterior. The first fascial plane, between the 
pectoral muscles, provides anesthetic coverage of two major nerve targets: the medial pec-
toral nerve and the lateral pectoral nerve (Figure 20.6C).24 Both nerves have been described 
as purely motor in function yet may provide nociceptive input from pectoral muscle spasm 
or stretching following surgery of the chest wall or breast.25,28 The lateral pectoral nerve runs 
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between the pectoralis major and minor near the pectoral branch of the thoracoacromial 
artery and terminates within the pectoralis major. The medial pectoral nerve runs beneath 
the pectoralis minor and moves anteriorly, penetrating the pectoralis minor and terminating 
within the pectoralis major.24,26

The second fascial plane, between the pectoralis minor and serratus anterior, provides an-
esthetic coverage to several nerves, including the long thoracic nerve, thoracodorsal nerve, 
and lateral cutaneous branches of the T2 to T6 intercostal nerves.26,28 The long thoracic nerve 
provides innervation to the serratus anterior through a relatively protracted course within 
the axilla. It begins posterior to the brachial plexus and travels inferolaterally, running deep 
to the clavicle and traveling along the midaxillary line just superficial to the serratus anterior. 
The thoracodorsal nerve similarly travels within the axilla just superficial to the serratus an-
terior but is found more posteriorly and provides innervation to the latissimus dorsi. The lat-
eral cutaneous branches of T3 to T6 provide sensory innervation to the skin of the axilla and 
anterolateral thorax. They begin as branches of the intercostal nerves, traveling anterolater-
ally through the intercostal muscles and serratus anterior to the axilla, where they terminate 
as the anterior and posterior branches. The lateral cutaneous branch of T2 is unique in that it 
does not divide into anterior and posterior branches but provides sensory innervation to the 
arm as the intercostobrachial nerve.17,26

Local Anesthetic

Long-​acting local anesthetics, such as 0.25% bupivacaine, are most frequently used. The Pecs 
I injection (between pectoralis major and minor) should include 10 mL of local anesthetic 
followed by 20 mL of local anesthetic for the deeper plane (between the pectoralis minor and 
serratus anterior) to complete the Pecs II block.

Equipment

	•	 22-​gauge regional block needle
	•	 Linear, high-​frequency ultrasound transducer
	•	 Sterile draping
	•	 Syringe and needle for cutaneous local infiltration
	•	 Syringe with extension tubing for block injection

Procedural Technique

Position the patient supine, with the arm abducted 90°. Prepare and drape the superolateral 
chest and axilla. Place a linear, high-​frequency ultrasound transducer in the midclavicular 
parasagittal plane and move caudally until the third rib is identified.

>>Tip on Technique

The second rib will be the first visualized rib with a caudal motion of the ultrasound probe.
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>> Tip on Technique

The pectoral branch of the thoracoacromial artery resides between the pectoralis major 
and the pectoralis minor.

The caudal end of the transducer is rotated laterally and moved toward the axilla at the 
lateral aspect of the pectoralis minor. Identify the rib, serratus anterior, pectoralis minor, 
and pectoralis major (Figure 20.6B).

Infiltrate a local anesthetic (most commonly, 1% lidocaine) to create a skin wheal at 
the superomedial end of the ultrasound probe. With an in-​plane approach, advance a 
22-​gauge needle to the fascial plane between the pectoralis major and minor (Figure 
20.6A). With negative aspiration, inject 10 mL of local anesthetic and confirm hydrodis-
section of the fascial plane.

Next, advance the needle to the fascial plane between the pectoralis minor and serra-
tus anterior muscles. With negative aspiration, inject 20 mL of local anesthetic and con-
firm hydrodissection of the fascial plane.

Complications

	•	 Intravascular injection via pectoral branch of the thoracoacromial artery
	•	 Local anesthetic toxicity
	•	 Neuraxial spread
	•	 Pneumothorax

Erector Spinae Plane Block

Introduction

The erector spinae plane (ESP) block was first described by Forero et al. in 2016 as a new regional 
technique for treating thoracic neuropathic pain.29 Current evidence suggests that the ESP block 
may provide analgesia via local anesthetic spread to the epidural space, neuroforamina, and 
dorsal and ventral rami of the thoracic spinal nerves. Cadaveric studies combined with com-
puted tomography and magnetic resonance imaging have demonstrated multilevel craniocaudal 
spread of injectate with penetration to the epidural space and intercostal nerves.29,30

The ESP block has most notably been used to provide analgesia to thoracic nerve distribu-
tions with coverage of the posterior, lateral, and anterolateral thorax, yet its use in surgeries of 
the abdomen and upper and lower extremities has been well documented.31 This fascial plane 
block offers the advantage of broad analgesic coverage similar to neuraxial techniques and may 
be preferred in the setting of coagulopathy, platelet dysfunction, and/​or thrombocytopenia.

Indications

Indications are breast, chest wall, and thoracic wall surgery.
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Anatomy

The ESP block provides broad analgesic coverage through local anesthetic spread along the 
fascial plane between the erector spinae muscles and vertebral transverse processes. The 
erector spinae muscles consist of a group of three paraspinal muscles extending from the base 
of the skull to the sacrum. They include the spinalis, longissimus thoracis, and iliocostalis 
(Figure 20.7C). Collectively, the erector spinae muscles create a deep tissue plane for local 
anesthetic spread in a craniocaudal fashion.29

The dorsal rami of the thoracic spinal nerves are one of the primary targets for the ESP 
block. They travel posteriorly through the costotransverse foramen into the erector spinae 
muscles, providing motor and sensory innervation to the erector spinae muscles and over-
lying skin. The costotransverse foramen (bordered laterally by the superior costotransverse 
ligament, medially by the lamina, superiorly by the transverse process, and inferiorly by the 
rib below) may have a critical role in permitting local anesthetic spread anteriorly from the 
ESP and allowing a broad mediolateral coverage, ranging from the intercostal nerves and 
ventral rami laterally to the neuroforamina and epidural space medially.29,31

Local Anesthetic

Long-​acting local anesthetics, such as bupivacaine or ropivacaine, are most commonly 
used:  0.25% bupivacaine or 0.375% ropivacaine can be given as a single 20-​ to 30-​mL 
injection.

Equipment

	•	 22-​gauge regional block needle
	•	 Linear, high-​frequency ultrasound transducer
	•	 Sterile draping
	•	 Syringe and needle for cutaneous local infiltration
	•	 Syringe with extension tubing for block injection

Procedural Technique

Position the patient seated with the head resting in the forward position. Identify the target 
vertebral level for injection by palpation and surface anatomic landmarks or with ultrasound. 
Identify the level most closely representing the craniocaudal midpoint of the target analgesic 
region.

Prepare and drape the thoracic paraspinal area. With a linear, high-​frequency ultrasound 
transducer oriented in the paramedian sagittal plane, identify the transverse process at the 
selected vertebral level. The transverse process can be visualized approximately 2 to 3 cm lat-
eral to the spinous process (Figure 20.7B). Move the ultrasound probe laterally and medially 
to identify the ribs and transverse processes.
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Infiltrate a local anesthetic (most commonly, 1% lidocaine) to create a skin wheal at the in-
ferior end of the ultrasound probe. With an in-​plane approach, advance a 22-​gauge needle in 
a caudad to cephalad direction to contact the transverse process (Figure 20.7A). The needle 
tip should be positioned between the transverse process and overlying erector spinae mus-
cles. With negative aspiration, inject 20 to 30 mL of local anesthetic and confirm a hydrodis-
section of the fascial plane.

Complications

	•	 Local anesthetic toxicity
	•	 Pneumothorax

Transversus Thoracis Muscle Plane Block

Introduction

The transversus thoracis muscle plane (TTP) block is a relatively novel regional anesthesia 
technique first described in 2015 by Ueshima and Kitamura. It provides analgesia to the an-
terior chest wall by targeting the anterior cutaneous branches of the intercostal nerves.32,33 
Cadaveric studies have shown that a single-​shot injection of local anesthetic deposited in the 
fascial plane between the internal intercostal muscle and transversus thoracis can cover the 
T2 to T6 intercostal nerves.34

(A) (B)

(C)

Figure 20.7  (A) Ultrasound transducer and needle positioning for the erector spinae  
plane block. Purple markings indicate spinous processes. (B) Ultrasound anatomy and 
needle trajectory of the erector spinae plane block. (C) Anatomy of the erector spinae 
muscles.
Abbreviations: ESM, erector spinae muscles; PL, pleura; TM, trapezius muscle; TP, transverse process.
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The TTP block was originally applied to surgeries of the breast as an adjunct to the Pecs 
II block; however, recent data have suggested a benefit in cardiac surgery involving median 
sternotomy, implantable cardioverter defibrillator placement, and pericardial drainage.35

Indications

Indications include anterior thoracic wall and breast surgery and implantable cardioverter 
defibrillator placement.

Anatomy

The TTP block provides analgesia to the internal mammary region by targeting the ante-
rior cutaneous branches of the intercostal nerves.32,33 Intercostal nerves, originating from 
the ventral rami of the thoracic spinal nerves, give rise to the lateral cutaneous branches and 
the anterior cutaneous branches. The anterior branches of T2 to T6 are terminal intercostal 
nerves that penetrate the overlying external intercostal muscles and pectoralis major to pro-
vide skin innervation of the anterior thoracic wall.17

The transversus thoracis muscle is located in the anterior chest wall, on the inner surface 
of the body of the sternum and ribs (Figure 20.8C). It has insertion sites on the costal carti-
lages of ribs 2 through 6 and lies between the internal intercostal muscle and parietal pleura. 
The internal thoracic artery may also be identified approximately 2 cm lateral to the sternal 
border, traveling between the internal intercostal muscle and transversus thoracis.36

Local Anesthetic

For patients <75 kg, 10 to 20 mL of 0.3% ropivacaine may be used. For patients ≥75 kg, 10 to 
20 mL of 0.5% ropivacaine may be used. Due to limited data, local anesthetic type and dosing 
have not yet been standardized.

Equipment

	•	 22-​gauge regional block needle
	•	 Linear, high-​frequency ultrasound transducer
	•	 Sterile draping
	•	 Syringe and needle for cutaneous local infiltration
	•	 Syringe with extension tubing for block injection

Procedural Technique

Position the patient supine with arms resting at the side. Prepare and drape the parasternal 
chest wall. Place a linear, high-​frequency ultrasound transducer in the parasagittal plane 
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1 cm lateral to the sternal border. Identify the T4 to T5 intercostal space, intercostal muscles, 
transversus thoracis muscle, and pleura (Figure 20.8B).

Infiltrate a local anesthetic (most commonly, 1% lidocaine) to create a skin wheal at the caudal 
end of the ultrasound probe. With an in-​plane approach, advance a 22-​gauge needle to the fascial 
plane between the internal intercostal and transversus thoracis muscles (Figure 20.8A).

With negative aspiration, inject 10 to 20 mL of local anesthetic and confirm a hydro
dissection of the fascial plane.

Complications

	•	 Intravascular injection via internal thoracic artery or vein
	•	 Local anesthetic toxicity
	•	 Pericardial puncture
	•	 Pneumothorax

Further Reading

New York School of Regional Anesthesia. [Home page]. http://​www.nysora.com.
Rosenblatt MA, Lai Y. Thoracic nerve block techniques. UpToDate. https://​www.uptodate.com/​con-

tents/​thoracic-​nerve-​block-​techniques. Published 2019. Accessed November 25, 2019.

(A) (B)

(C)

Figure 20.8  (A) Ultrasound transducer and needle positioning for the transversus thoracis 
muscle plane block. (B) Ultrasound anatomy and needle trajectory of the transversus thoracis 
muscle plane block. (C) Transversus thoracis muscle.
(C) Modified from Andrewmeyerson, CC BY-SA 3.0 https://creativecommons.org/licenses/by-sa/3.0 via 
Wikimedia Commons
Abbreviations: ICM, intercostal muscles; PL, pleura; PM, pectoralis major muscle; R4, rib 4; R5, rib 5; TTM, 
transversus thoracis muscle.
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Minimally Invasive Thoracic Surgery
Joseph Capone and Antony Tharian

Introduction

Traditionally, thoracic surgery has involved large incisions to gain access to the lungs and 
other intrathoracic structures. As techniques in other surgical specialties began to trend to-
ward less and less invasive, thoracic surgery has followed suit. The first thoracoscopy was 
performed in 1910; however, it was not until 1991 when the first video-​assisted thoracoscopic 
surgery (VATS) lobectomy was performed, forever revolutionizing the approach to diagnosis 
and treatment of conditions in the chest. The goals for minimally invasive thoracic surgery 
are no different than other minimally invasive surgical approaches and can be found listed in 
Box 21.1.

The focus of this chapter is primarily on the anesthetic implications of minimally invasive 
thoracic surgeries (MITS) or thoracic surgeries performed through incisions other than ster-
notomy or thoracotomy, with a specific focus on novel approaches including single port and 
robotic-​assisted thoracic surgery (RATS). The common incisions used for these approaches 
can be seen in Figure 21.1 and include the original three-​port VATS as well as modified three-​
port, two-​port, and single-​port VATS. This chapter focuses primarily on novel minimally 
invasive approaches to surgery on the lung, esophagus, thymus, and other noncardiac medi-
astinal structures.

Box 21.1  Goals of Minimally Invasive Thoracic Surgery

•	 Improved postoperative pain
•	 Reduced length of hospitalization
•	 Accelerated recovery
•	 Decreased complication rates
•	 Improved cosmesis
•	 Optimize quality of life post-​operatively
•	 All while achieving similar or better outcome when compared to conventional approaches.

 

 



(A) (B)

(C) (D)

Figure 21.1  (A) Three-​port video-​assisted thoracoscopic surgery (VATS). (B) Modified 3-​port 
VATS. (C) Two-​port VATS. (D) Single-​port VATS.
Yellow = bronchi; red = pulmonary artery; blue = pulmonary veins; green = port site.



Minimally Invasive Thoracic Surgery  301

Minimally Invasive Approaches to Thoracic Surgery

Overview

To perform surgery in the thorax, surgeons need the ability to operate with a left and a right 
hand as well as adequate visualization of the surgical field. The early days of thoracic sur-
gery involved either large intercostal incisions with rib spreading or a median sternotomy 
to accomplish this. Progression from open thoracic surgery to VATS is one of the greatest 
achievements in thoracic surgery in a generation. The original VATS required placement of 
two or three 10-​mm ports in addition to a 3 to 6 cm utility port for specimen removal (1,2). 
Over time it was realized that the additional retraction and manipulation provided by the 
third port provided little benefit in certain surgical scenarios leading to the progression from 
three-​port to two-​port VATS.

Single-​Port Video-​Assisted Thoracoscopic Surgery

From two-​port VATS, the next logical progression was to remove the second port all to-
gether and place the video thoracoscope through the utility port along with the other 
instruments (3). This single port approach allows for achievement of the same goals of 
standard VATS techniques including decreased postoperative pain, faster recovery, and 
improved cosmesis while maintaining adequate surgical exposure (4–​7) and remaining 
even more minimally invasive (8). Preoperative evaluation of imaging studies for surgical 
planning and port placement are essential when employing a single port technique. For 
operative single-​port VATS, a 2 to 3 cm incision is typically adequate, with even smaller 
incisions, 1 to 1.5 cm, being adequate for relatively minor diagnostic procedures such as 
pleurodesis or sympathectomies (9).

To achieve adequate thoracoscopic visualization for single-​port VATS, the target lesion is 
approached in a craniocaudal fashion. This falls in contrast to the laterolateral “baseball dia-
mond” approach typically employed for conventional VATS. By rotating the complement of 
instruments 90 degrees, optimal visualization is maintained. To avoid interference with one 
another, while still maintaining 360-​degree maneuverability, special articulating instruments 
are required (9).

Selecting the appropriate incision site is of crucial importance when employing a single-​
port technique. Inadequate distance between the port site and the target lesion can cause 
interference between instruments resulting in additional incisions or conversion to an open 
technique, negating many of the benefits of a single-​port VATS (9,10).

Since the advent of single-​port VATS, progress in minimally invasive thoracic surgery has 
only accelerated. In just a few short years, surgeons have gone from performing simple pro-
cedures such as wedge resections and sympathectomies to surgeries with increasing com-
plexity including tracheal resection and reconstruction, esophagectomy, bronchoplastic 
procedures and resections for advanced lung cancer (3,11–​14). Although most VATS still 
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take place under general anesthesia, utilization of single-​port techniques has allowed for the 
utilization of nonintubated anesthetic techniques in select patients.

Robotic-​Assisted Thoracic Surgery

Around the turn of the century, the next evolution in thoracic surgery was beginning. The use 
of robotic surgical platforms (Figure 21.2) was no longer limited to simple intra-​abdominal or 
pelvic procedures. The hopes of improved surgical precision and decreased morbidity piqued 
the interest of thoracic surgeons as well. Although data have shown improved outcomes when 
compared with open thoracotomy (15–​17), no trial has demonstrated superiority over VATS 
for lung resections (18–​28). Similar results have been seen with robotic-​assisted esophageal 
surgery. Although it is widely regarded as a technically superior operation, there are no high-​
quality data demonstrating superiority of robotic-​assisted esophagectomy over conventional 
approaches regarding patient-​centered outcomes (29–​34). Common minimally invasive 
approaches to lung resection and esophagectomy are outlined in Figure 21.3.

For several years progress in RATS stagnated. Many centers resisted the trend given the 
considerable upfront cost of the robotic surgical system as well as the ongoing cost of its 
consumable components. RATS for lung surgery required the same number of incisions as 
conventional VATS, often even requiring a fourth. The robotic surgical system’s claims of 3D 
vision and improved dexterity showed promise; however, these benefits failed to make up 
for the loss of haptic feedback to the surgeon (35). Prolonged set-​up time eating up valuable 
operating room time further detracted from its use. Examples of robotic approaches to the 
thymus and posterior mediastinal masses are noted in Figure 21.4.

The robotic surgical system did show some promise in the thoracic landscape. Utilization 
of RATS for anterior mediastinal procedures—​namely, thymectomies—​has been demon-
strated to increase remission rates in myasthenia gravis as well as decreased morbidity and 
shorter hospitalizations when compared with VATS (31–​41). Although no prospective 
randomized controlled trials have been done comparing RATS versus open thoracic sur-
gery or RATS versus VATS for posterior mediastinal procedures, the available data suggest 

Figure 21.2  The Da Vinci Xi Robotic Surgical System (Intuitive Surgical, Mountain View, CA, US). 
From left to right: surgeon console, vision cart, patient cart.

 



(A) (B)

(C) (D)

Figure 21.3  (A) Lateral decubitus robot-​assisted lung resection. (B) Lateral decubitus robot-​
assisted esophagectomy. (C) Supine transhiatal robot-​assisted esophagectomy. (D) Prone 
robot-​assisted esophagectomy.
Yellow = bronchi; red = pulmonary artery; blue = pulmonary veins; green = port site.
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(A) (B)

Figure 21.4  (A) Lateral decubitus robot-​assisted thymectomy. (B) Lateral decubitus robot-​
assisted approach to posterior mediastinum.
Yellow = bronchi; red = pulmonary artery; blue = pulmonary veins; green = port site.

utilization of the robotic surgical system appears to confer some benefit with shorter hospital 
stays, less tissue trauma and fewer complications (42–​45).

Single-​Port Robotic-​Assisted Thoracic Surgery

Nearly a decade after the first RATS, a further refinement was made with release of the first 
single-​port site robotic surgical platform pictured in Figure 21.5. This system employs a 
single 25 mm trocar with an articulating endoscopic camera and three articulating 5 mm 
instruments. Although initially utilized for cholecystectomy (46), its use was quickly ex-
panded to include gynecologic (47) and complex urologic surgeries (48,49). Although not 
yet approved by the US Food and Drug Administration for this purpose, some providers 
have already begun to explore its use in thoracic surgeries (50). Similar to single-​port VATS, 
utilization of single-​port RATS provides the opportunity to utilize nonintubated anesthetic 
techniques in selected patients.

No compelling outcome driven data exist comparing single-​port robotic with single-​port 
or conventional VATS. However, use of this system does provide some benefit. For traditional 
single-​port VATS, the surgeon stands beside the patient; however, the axis of operation is 
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typically craniocaudal, making for awkward and uncomfortable positioning for the surgeon, 
especially for long operative times (9). The single-​site robotic surgical system significantly 
improves ergonomics, with the surgeon seated at the robotic console, making for a much 
more comfortable and user-​friendly experience for the surgeon. In addition, the option of a 
physiologic tremor filter improves surgical dexterity. These factors potentially facilitate faster 
operative times and the ability to perform more complex operations (50). Utilization of this 
system also eliminates the interference between instruments that contributes to both the 
steep learning curve and unpopularity of single-​port VATS for many users.

Despite clear advances made with the single-​site surgical platform, it is still not without its 
limitations. The trocar through which the instruments emerge is nonarticulating, reducing 
overall degrees of freedom, thus limiting its operative maneuverability and, in some cases, 
its ability to perform complex tasks. Due to the intrinsic shape and length of the semirigid 
instruments, the surgical target must be between 8 and 24 cm away from the port to be oper-
ated on. Meticulous preoperative evaluation of imaging studies for optimal port placement 
is essential. Further, not all instruments traditionally employed for thoracic surgery are yet 
available for this relatively new surgical system. In some situations, this may require the ad-
dition of a second port or wider initial incision to facilitate entry of otherwise unavailable but 
necessary instruments (50).

Thoracic surgeons continue to push the envelope by attempting new approaches and tech-
niques in their efforts to improve patient outcomes. One such example has demonstrated 
feasibility of utilizing the single-​port robotic platform in a subxiphoid or subcostal approach 
to lung surgery in cadavers as seen in Figure 21.6 (51). This approach eliminates mechanical 
compression of the intercostal neurovascular bundle, a major source of postoperative pain. 
It also addresses the problem of where to place the bulky 2.5 cm trocar in smaller patients 
whose intercostal space may not accommodate it.

(A) (B)

Figure 21.5  The Da Vinci SP (Intuitive Surgical, Mountain View, CA, US).
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Anesthetic Considerations

Patient Positioning

Patient positioning is procedurally dependent and is the responsibility of both the anesthesia 
and surgical team as well as the operating room staff. For most MITS involving the lung, 
patients are placed in the lateral decubitus position with the operative side up. Surgeries 
involving the thymus can be done in lateral decubitus from the left or right. As noted in 
Figure 21.2, esophageal surgeries can be approached with the patient in lateral decubitus, 
supine and even prone positioning has been described (52). For patients in lateral decubitus 
position, care should be taken to ensure pressure points are appropriately padded. The oper-
ative side arm should be fully supported with either an arm rest, separate freestanding table, 
or pillows stacked on top of the dependent arm. The patient’s waist should be aligned with the 
break in the bed and a kidney rest utilized to allow for lateral flexion toward the dependent 
side if needed to improve surgical exposure. Conforming bean bags, peg boards or other 
similar devices are frequently employed to maintain lateral positioning. Once the patient has 
been positioned, endotracheal tube and lung isolation device placement should again be con-
firmed via both visual and fiberoptic examination.

(A) (B)

Figure 21.6  (A) Subxiphoid single port robot-​assisted approach. (B) Right subcostal single port 
robot-​assisted approach.
Yellow = bronchi; red = pulmonary artery; blue = pulmonary veins; green = port site.
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Temperature Management

As is the case with most surgeries, for minimally invasive thoracic procedures, normother-
mia should be maintained, with close monitoring of temperature throughout. Special care 
should be taken to avoid hypothermia as this can contribute to increased blood loss and 
transfusion requirements, cardiac arrythmias, and hypertension, as well as an increased risk 
of infection (53–​55). Strategies to mitigate drops in temperature include utilizing water or 
forced air warmers and using warmed intravenous (IV) fluids as well as increasing the am-
bient temperature of the room. Warming the patient prior to undergoing a general anesthetic 
has also been shown to attenuate drops in temperature intraoperatively (56).

Monitoring

Monitors utilized for MITS should include at a minimum electrocardiogram, noninvasive 
blood pressure cuff, pulse oximetry (SpO2), end tidal carbon dioxide (ETCO2) monitoring, 
and some form of temperature monitor. Invasive beat-​by-​beat blood pressure monitoring 
with an intraarterial catheter should be utilized whenever there is risk for hemodynamic in-
stability. This can be due to patient factors (e.g., significant cardiovascular comorbidities) or 
surgical factors (e.g., hilar involvement or adhesions contributing to significant bleeding).

Additional invasive monitoring devices such as central venous catheters and pulmonary 
artery catheters are rarely employed in the absence of patient specific indications (e.g., shock 
states requiring vasoactive medications or severe pulmonary hypertension). In the event of 
unexpected hemodynamic instability, transesophageal echocardiography can be utilized 
as a rescue device to diagnose underlying causes; however, its routine use is not typically 
employed.

Anesthetic Management

General Endotracheal Anesthesia

The most common technique employed for MITS is general endotracheal anesthesia. 
Induction agent and technique varies greatly and should be tailored to patient comorbidities. 
Surgeries taking place within the pleural space typically utilize a lung isolation technique 
with the most common being placement of a left-​sided double-​lumen tube. Other approaches 
exist including bronchial blockers; however, lung isolation techniques are covered elsewhere 
in this textbook. To provide favorable operating conditions, patients should be kept anesthe-
tized and paralyzed. Patients should be mechanically ventilated utilizing some form of lung 
protective ventilation strategy to mitigate acute lung injury, especially during one-​lung ven-
tilation (57). Management of mechanical ventilation and one-​lung ventilation are covered in 
depth elsewhere in this textbook. In the absence of significant blood loss, crystalloid admin-
istration should be limited to no more than 6 to 8 mL/​kg/​hour as volumes greater than this 
have been associated with increased pulmonary complications (58–​62).
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Nonintubated Thoracic Surgery

Ever since the advent of the double-​lumen tube in the 1950s, general endotracheal anesthesia 
with lung isolation has been considered the standard of care for anesthesia for thoracic sur-
gery. Although this remains the most common approach to MITS, since the advent of single-​
port VATS and RATS, it has become increasingly feasible to perform selected procedures 
without lung isolation in nonintubated, spontaneously breathing patients (63). Patients who 
stand to benefit most from this approach include those with comorbidities for which under-
going general anesthesia or one-​lung ventilation would pose undue risk or those who might 
have increased difficulty weaning from mechanical ventilation at the conclusion of surgery. 
Utilizing a nonintubated technique has been shown to be safe and feasible for the manage-
ment of pleural and pericardial effusions, lung and pleural biopsies, pneumothorax, em-
pyema, thymectomy, and even lung cancer resections (64–​75).

Utilization of regional and local anesthesia forms the cornerstone of anesthetic manage-
ment for nonintubated thoracic surgery. Commonly employed regional techniques include 
placement of a thoracic epidural catheter or performing paravertebral blocks. In addition 
to providing appropriate surgical anesthesia, both these techniques also provide excellent 
postoperative analgesia (67,76,77). There has been no well-​documented difference in anal-
gesic effects between thoracic epidural and paravertebral blocks for this purpose. As such, 
the choice of analgesic technique is based primarily on provider preference and local practice 
patterns. A number of additional regional techniques have been described and are listed in 
Box 21.2 (63,73,78,79).

Supplemental sedation is typically employed but is by no means required for nonintubated 
thoracic surgery. Short-​acting, easily titratable medications such as propofol and remifentanil 
are the ideal agents (68,69,79–​84). These medications should be used judiciously and titrated 
carefully to avoid over sedation and airway loss, especially with patients in the lateral decub-
itus position. Dexmedetomidine, another suitable agent, has the added benefit of providing 
anxiolysis and sedation while maintaining spontaneous ventilation (85,86). Conversion to 
general anesthesia can be challenging, especially for patients in the lateral decubitus position. 
Should the need arise, whether due to airway loss, hemorrhage, or hemodynamic instability, 
a well-​established protocol should be in place to facilitate optimal resuscitation and conver-
sion to general anesthesia (63).

Box 21.2  Regional Techniques for Nonintubated Thoracic Surgery 
and Postoperative Pain Management

•	 Thoracic epidural catheter
•	 Paravertebral block with or without catheter placement
•	 Intercostal nerve block with or without catheter placement
•	 Serratus anterior plane block
•	 Intrapleural local anesthetic administration
•	 Intrathoracic vagal nerve block
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Postoperative Pain Management

One of the primary benefits of performing MITS is the significant reduction in postoperative 
pain when compared to open techniques (4,5,87,88). Despite this advantage, mild to mod-
erate pain may still be present and should be addressed. Common causes of postoperative 
pain include incisional pain, nerve compression from manipulation of instruments through 
ports, rib trauma, pleural pain, or visceral pain from injury to lung parenchyma or medias-
tinal structures. A significant proportion of patients will develop ipsilateral shoulder pain 
(ISP) following MITS. Some sources estimate the incidence of ISP being as high as 53% (6,7). 
In the presence of good-​quality regional anesthesia, especially when single-​port techniques 
are utilized, ISP may be the patient’s only pain-​related complaint.

The exact etiology of ISP is not known and is thought to be multifactorial. Myofascial pain 
related to positioning and transection of major bronchi have been suggested as contributory 
(89). One popular theory suggests it results from irritation of pleural surfaces receiving sen-
sory innervation from the phrenic nerve causing referred pain to the similarly innervated 
skin overlying the shoulder. Infiltration of the phrenic nerve has been shown to delay onset as 
well as significantly reduce the occurrence of ISP following thoracic surgery (90–​92).

No consensus currently exists regarding the best practice for pain management following 
MITS. Most practitioners advocate for a multimodal approach using a combination of locore-
gional anesthesia and IV medications including opioids, nonsteroidal anti-​inflammatory 
drugs, gabapentinoids, and N-​methyl-​D-​aspartate antagonists. Thoracic epidurals or para-
vertebral blocks have historically been viewed as the gold standard for postoperative pain 
control following thoracic surgery. Good pain control has also been achieved using IV 
opioids in combinations with intercostal nerve blocks, serratus anterior plane blocks, and 
erector spinae plane blocks (93–​98). However, as the invasiveness of surgical techniques has 
decreased, so too has the need for invasive measures for pain control. For VATS, good pain 
control can even be achieved with local infiltration at incision sites (96,97). If there is a high 
risk of conversion to an open procedure or if a patient comorbidity precludes the use of IV 
pain medications (e.g., nonsteroidal anti-​inflammatory drugs in chronic kidney disease, 
opioid allergy, etc.), thoracic epidural or paravertebral block can be utilized. If a patient has 
undergone nonintubated thoracic surgery, the regional technique utilized as the primary an-
esthetic will contribute significantly to postoperative pain control (59,63,73).
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Enhanced Recovery in Thoracic Surgery
Manxu Zhao, Zhongyuan Xia, and Henry Liu

Introduction

Implementation of enhanced recovery after surgery (ERAS) protocols is achieved through 
multiple evidence-​based perioperative measures [1,2]. ERAS has been shown to improve 
the patient’s perioperative outcomes, facilitate recovery, decrease the incidence of postoper-
ative complications with shorter hospital length of stay (LOS) and overall cost savings [2,3]. 
Multiple small-​element improvements in patient care from referral to discharge have been 
developed to cover various aspects related to preadmission, admission, intraoperative care, 
and postoperative care [3,4]. ERAS protocols for thoracic surgery include elements such 
as regional anesthesia, euvolemic fluid management, early chest tube removal, deep vein 
thrombosis (DVT), and atrial fibrillation prevention to reduce pulmonary and cardiac com-
plications [2,5,6].

Preadmission Counseling and Education

Comprehensive preoperative counseling helps to set realistic expectations and provides 
better understanding about surgical and anesthetic procedures and may reduce anxiety, pain, 
and fatigue and enhance recovery and early discharge. Patients should receive written and 
verbal instructions and multimedia information containing explanations of the procedure 
and anesthesia (Table 22.1).

Preoperative Care

With patient education and counseling in the preoperative units, anesthesia care providers 
can focus on preventing dehydration, DVT, postoperative nausea and vomiting (PONV) and 
decreasing postoperative pain [Table 22.2].

Intraoperative Period

Antibiotic Prophylaxis

With postoperative pulmonary infection rate as high as 7% to 14% after thoracic surgery [15], 
it is important to ensure adequate antibiotic concentration in the serum and tissue during 
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Table 22.1  ERAS in Thoracic Surgery: Pre-​admission Preparations

Evidence-​Based Recommendations

Nutrition assessment and 
supplement

Oral supplement 5–​7 days prior to surgery to patient:
	•	 Weight lost >10%,
	•	 BMI <18.5 kg/​m2,
	•	 Albumin <30g/​L [7]‌.
Improve quality of life and muscle function and decreased 

complication rate and chest tube removal time [4,8]

Smoking cessation Stop 4 weeks before surgery
	•	 Behavioral therapy
	•	 Pharmacotherapy
	•	 Nicotine replacement
	•	 Immersing E-​cigarettes [9]‌

Alcohol abuse management Stop 4–​8 weeks before surgery [10]

Management of anemia 	•	 Treat with iron supplement as indicated
	•	 Avoid erythropoietin and blood transfusion in cancer 

patients (poorer outcomes) [11]
	•	 Lowering triggering level of hemoglobin for transfusion

Pulmonary rehabilitation Indication:
	•	 Poor exercise tolerance
	•	 Borderline Pulmonary function test
Goal:
	•	 Improve peak oxygen consumption or functional capacity 

(measured with the 6-​minute walk test) aerobic training 
(lower and/​or upper limbs)

	•	 Strength training
	•	 Respiratory exercises
	•	 Relaxation techniques
	•	 Exercise intensity, frequency (1–​10 weeks), duration (2–​14 

weeks) [12]

Abbreviation: BMI, body mass index; ERAS, enhanced recovery after surgery.

incision. Antibiotics should cover bacteria colonized in the airway and skin. Usually the first 
antibiotic choice is cephalosporins with amoxicillin–​clavulanic acid as an alternative, espe-
cially with targeted prophylactic antibiotics for the prevention of postoperative pneumonia 
[16]. Vancomycin or teicoplanin may be used in penicillin-​allergic patients. Antibiotics 
should be given no more than 60 minutes prior to skin incision with repeated doses for pro-
longed operations or with more than 1500 ml blood loss.

Skin Preparation

Patients should take a shower or bath the night before or in the morning of the operative day 
using plain soap [17]. Chlorhexidine–​alcohol is preferred over povidone-​iodine solutions, 
showing a 40% reduction in surgical site infection. Deep or subcutaneous tissues irrigation 
with aqueous iodophor solution also helps. It is not recommended to remove hair, apply 
plastic adhesive drapes, soak prosthetic devices in antiseptic solutions before implantation, 
or lavage the pleural cavity with aqueous iodophor solution [17].
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Table 22.2  ERAS in Thoracic Surgery: Preoperative Care

Evidence-​based Recommendation

Preoperative fasting 	•	 Allows clear liquid 2 hours prior to surgery
	•	 Allows solid 6 hours prior to surgery
	•	 Except patient with delayed gastric emptying [13]

Preoperative carbohydrate To be given 2 hours prior to surgery

Pre-​anesthetic medications 	•	 Avoid sedatives
	•	 Opioid-​sparing medication
	•	 Patient education
	•	 Relaxation techniques
	•	 Music interventions [14]

Venous thromboembolic 
prophylaxis

Pharmacological:
	•	 Low molecular weight heparin
	•	 Unfractionated heparin
Mechanical:
	•	 Compression stockings
	•	 Intermittent pneumatic compression devices
	•	 Foot impulse devices
	•	 Cancer patient should have 4 weeks prophylactic treatment

PONV prevention Nonpharmacologic approach for all patients
	•	 Avoidance of prolonged fasting and dehydration
	•	 Preoperative carbohydrate loading
	•	 Peripheral nerve blocks or neuraxial anesthesia
	•	 P6 acupoint stimulation
Multimodal pharmacological control for mod-​high risk 

patients
	•	 1st line: ondansetron, corticosteroids to all patients
	•	 2nd line: scopolamine, compazine, metoclopramide, 

aprepitant to moderate to high risk patient
	•	 3nd line: promethazine as rescue

Abbreviations: ERAS, enhanced recovery after surgery; PONV, postoperative nausea and vomiting.

Preventing Intraoperative Hypothermia

Perioperative hypothermia is present when the patient’s temperature is less than 36°C. It 
increases bleeding, wound infections, and cardiovascular complications, including myocar-
dial and bowel ischemia, and prolongs hospital LOS. Hypothermia prevention should start in 
the preoperative area and continue to the operating room until the postoperative period with 
a forced air and fluid warming system to maintain normothermia [3,18].

Management of One-​Lung Ventilation

Two main concerns of one-​lung ventilation (OLV) are hypoxemia and postoperative acute 
lung injury (ALI). Ventilation/​perfusion mismatch and malposition of double-​lumen tube 
contribute to hypoxemia. ALI occurs in 4% to 15% of patients during lung resections and 
affects both lungs. Lung-​protective ventilation strategies may reduce inflammation response 
[19,20], and result in fewer postoperative pulmonary complications [21,22].
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	•	 FiO2: lowest to maintain SpO2 >90%
	•	 TV: 4 to 6 ml/​kg based on ideal bodyweight
	•	 PEEP: 5 to 10 cmH2O to dependent lung
	•	 CPAP: 2 to 5 cmH2O (disrupt when visibility impaired) to nondependent lung
	•	 PaCO2: <60 to 70 mmHg

Recruitment maneuvers improve gas exchange and ventilation efficiency during OLV with 
improved oxygenation, better compliance, and decreased dead space and may reduce inflam-
matory cytokines release [23]. The peak airway pressure for recruitment in the healthy lung 
should be less than 40 cmH2O, with a PEEP slowly increasing up to 20 cmH2O. It should be 
lower in a diseased lung. The final recruitment maneuvers with TLV should be performed at 
lower pressure levels to prevent disrupting surgical staples.

Nonintubated Anesthesia

The nonintubated video-​assisted thoracoscopic surgical procedures (VATS) have a lower risk 
of postoperative complications and a shorter mean LOS [24] for procedures including lobec-
tomy, pneumonectomy, excision of bullae, and lung volume reduction. While maintaining 
spontaneous ventilation, anesthesia management involves regional anesthesia, intravenous 
sedation, and well-​planned airway management to convert to general anesthesia and lung 
separation when needed. Although the technique shows potential, the routine use of nonin-
tubated anesthesia cannot be recommended [24].

Postoperative Period

Multimodal Pain Relief

Effective analgesia is essential so the patient can cough with minimal pain, breathe deeply, 
and ambulate early. Multimodal analgesia with regional analgesia or local anesthetic tech-
niques may avoid or minimize opioids and their side effects. The additive or synergistic 
effects of different types of analgesics minimize the side effects of individual drugs while 
potentiating the desired effects.

Regional Analgesia
Thoracic epidural analgesia (TEA) is commonly used in thoracic surgery. There are several side 
effects including the possibility of urinary retention, hypotension, muscular weakness, and epi-
dural hematoma or abscess. It is placed at level of T3–​T4 or T4–​T5 with achievable dermatome 
of T1 to T10 with continuous infusion of a local anesthetic agent with or without opioids.

Intercostal catheter is as effective as TEA in terms of postoperative analgesia. It is poten-
tially more cost-​effective, requires less time, can be placed by the surgeon at the end of the 
operation, and may be associated with fewer complications.

Paravertebral block (PVB) provides a unilateral block of somatic and sympathetic nerves. 
Local anesthetic agent is injected into the paravertebral space that is lateral to the epidural 
space where the spinal nerves travel (Figure 22.1). Two or more PVBs are injected to ensure 
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the distribution of several dermatomes. PVB can be achieved through a loss of resistance 
technique, under thoracoscopic or ultrasound guidance, or under direct vision during thora-
cotomy. PVB has similar analgesic efficacy but fewer side effects of PONV, pruritus, hypoten-
sion and urinary retention, respiratory complications, and hemodynamic instability when 
compared to TEA [5]‌.

The serratus anterior plane block provides adequate analgesia for the first 24 hours after 
thoracotomy [25]. Under ultrasound guidance, the patient is placed in the lateral position 
with the probe overlying the fifth rib at the midclavicular region. Three muscles are iden-
tified: the latissimus dorsi (superficial and posterior), teres major (superior), and serratus 
anterior muscle (deep and inferior). The needle is advanced from posterior to anterocaudal 
direction to reach the plane superficial to serratus anterior muscle (Figure 22.2).

Erector spinae plane block (ESPB) is a novel technique providing analgesia after VATS. 
ESPB is not inferior to that of PVB 24 hours postoperatively [26]. The ESPB is a fascial plane 

Figure 22.1  Paravertebral block under ultrasound guidance in parasagittal approach. Yellow 
line indicates the needle trajectory with arrow showing local anesthetic deposition.

Figure 22.2  Serratus anterior plane block. Yellow line presents the needle trajectory and arrow 
presents the needle end point for local anesthetic medication deposition.
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block with local anesthetic injected beneath erector spinae muscle (Figure 22.3). Under ul-
trasound guidance, the needle is placed between the transverse process and erector spinae 
muscle. Clinical effects of the ESPB depend on the spread of the local anesthetic volume. 
ESPB may potentially block both dorsal ramus and ventral ramus of the spinal nerve through 
the intercostal space and paravertebral space [27,28].

Opioids
Opioids should be used as part of multimodal regimens for major thoracic surgery. However, 
opioid-​related adverse drug events are common and have been associated with increased inpa-
tient mortality, prolonged LOS, high cost of hospitalization, and higher rate of 30-​day readmis-
sion; opioid-​sparing interventions should be employed, whenever possible [33] (Table 22.3).

Fluid Management

Fluid management is challenging during thoracic surgery as patients are prone to developing 
pulmonary and interstitial edema. Pre-​existing lung disease, chemoradiotherapy, direct sur-
gical lung manipulation, one-​lung ventilation, and reperfusion injury predispose patients to 
lung injury [34]. Perioperative fluid management is restricted to 1 to 3 ml/​kg/​h with positive 
fluid balance of <1500 ml (or 20 ml/​kg/​24 h) to minimize the hydrostatic pressure in the pul-
monary capillaries [35]. Additional fluid is given to replenish blood or exudative loss. Oral 
fluids and diet should resume as soon as the patient is lucid and able to swallow (Table 22.4).

Arrythmia Prevention

Postoperative atrial fibrillation and flutter (POAF) is one of the most common cardiac com-
plications following thoracic surgery. It is associated with an increased LOS, higher rates of 
readmission and stroke, and increased morbidity and mortality [36]. Recommendations 
in the 2014 American Association for Thoracic Surgery guidelines to prevent and manage 
POAF include continuation of β-​blockers perioperatively, supplementation of magnesium in 

Figure 22.3  Erector spinae plane block. Yellow line indicates the needle trajectory with arrow 
showing the needle tip above transverse process and below erector spinae muscle.
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magnesium-​depleted patients, and administration of diltiazem preoperatively or amiodarone 
postoperatively in high-​risk patients [37].

Chest Drain Management

The chest tube provides important monitoring and recovery means post-​thoracic surgery. 
A retained chest tube is painful, decreases respiratory function, and delays ambulation. The 
routine application of external suction offers no advantages and should be avoided. No suc-
tion reduces the duration of air leak but increases the risk of pneumonia and arrhythmia due 
to air accumulation [38]. The amount of pleural fluid output observed daily influences the 
timing of chest tube removal. Pleural effusion of 450 mL/​day is the highest volume threshold 
for the removal of a chest tube after pulmonary resection [39]. Digital chest drainage devices 

Table 22.3  ERAS in Thoracic Surgery: Opioid-​sparing medications

Group Medication Benefit

Acetaminophen Acetaminophen Decreases ipsilateral shoulder pain after 
thoracotomy

NSAIDs Ketorolac Decreases ipsilateral post-​thoracotomy 
shoulder tip pain [29]
Prolong survival in cancer patients [30]

NMDA 
Antagonists

Ketamine, magnesium Improve early postoperative lung function [31]

Gabapentinoids Gabapentin, pregabalin Treat neuropathic pain

Glucocorticoids Dexamethasone, 
methylprednisolone

Prevent PONV, prolongs the duration of 
peripheral nerve block [32]

Abbreviations: ERAS, enhanced recovery after surgery; NSAID, nonsteroidal anti-​inflammatory drugs; 
NMDA, N-​methyl-​D-​aspartate; PONV, postoperative nausea and vomiting.

Table 22.4  ERAS in Thoracic Surgery: Postoperative Management

Evidence-​Based Recommendation

Fluid management Restricted to 1–​3 mL/​kg/​h with positive fluid balance of <1500 mL

Arrhythmia prevention 
and management

	•	 Beta-blocker continuation
	•	 Magnesium supplement
	•	 Diltiazem preoperatively or amiodarone postoperatively in high risk patients

Chest drain management 	•	 D/​C chest tube if 450 mL/​day of fluid drainage or less
	•	 Single chest tube to be placed
	•	 Digital drainage system

Urinary drain Unnecessary except patient with TEA or urinary retention

Early mobilization Within 24 hours postoperative

Abbreviations: ERAS, enhanced recovery after surgery; TEA, thoracic epidural analgesia.
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provide more reliable and objective airflow measurements to guide chest tube management. 
A single chest drain instead of two after a routine anatomical lung resection is safe and effec-
tive to adequately manage air leak and pleural effusion and is less painful (Table 22.4).

Urinary Drainage

Urinary drainage is used to prevent urinary retention (incidence of 11.6%) and mon-
itor urine output during and after thoracic surgery. The causes of urinary retention may 
include increasing age, being male, diabetes mellitus, pain, and TEA [40]. It is associated 
with increased LOS and an increased risk of urinary tract infection and impedes postopera-
tive mobilization. A Foley catheter is unnecessary for the sole purpose of monitoring urine 
output. Urinary output is an ineffective indicator of fluid status and does not influence the 
occurrence of renal dysfunction perioperatively with fluid management [41].

Early Mobilization

Postoperative immobility is associated with increased morbidity and LOS due to diminished 
muscle mass, increased risk of pulmonary complications, and VTE. Early ambulation within 
24 hours is beneficial in terms of early discharge of patients and low morbidity [2]‌.

Outcomes: ERAS in Thoracic Surgery

Multiple studies have shown different clinical outcomes after ERAS protocol implementation 
in thoracic surgery [2,3,18,42]. Brunelli et al. compared ERAS pathway versus standard care in 
patients undergoing video-​assisted thoracoscopic lobectomy and found no benefit conferred by 
the ERAS program on outcomes such as cardiopulmonary complications, 30-​ and 90-​day mor-
tality, LOS, and readmissions [18]. While Rogers et al. conducted a prospective cohort study 
on 422 consecutive patients undergoing lung resection for primary lung cancer and followed a 
standardized, 15-​element ERAS protocol in all patients. They concluded that increased compli-
ance with an ERAS pathway is associated with improved clinical outcomes after resection for 
primary lung cancer, and they emphasized that several elements, including early mobilization, 
appeared to be more influential than other measures [2]‌. A report from the United Kingdom 
by Scarci et al. found that patients on the ERAS program had a significantly reduced postopera-
tive LOS in thoracic surgery. Patient satisfaction was also higher in the ERAS group, and ERAS 
implementation resulted in a significant financial benefit. Thus they believe that the ERAS 
pathway is a safe perioperative management strategy to improve patient satisfaction and reduce 
LOS and cost after major thoracic surgery without increasing morbidity or mortality [43].

Summary

Accumulating evidence suggests that ERAS protocols show efficacy and benefits in tho-
racic surgery. ERAS implementation will take some time and initial investment from the 
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hospital. It will take a multidisciplinary approach and involve continuous education and 
training of pertinent personnel. The ERAS program demands streamlining the preopera-
tive, intraoperative, and postoperative care of surgical patients. Continuously monitoring 
the compliance of individual patients and surgeons are also important to gain all the bene-
fits of an ERAS program [2]‌.
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