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Essential Equations

CHAPTER 2 Ventilation

Transairway pressure: P, = P, — P,

Transpulmonary pressure: P, = Py, — Ppy

Transthoracic pressure: P, = P, — Py
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Laplace’s law: P = e
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Poiseuille’s law for flow: V =
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Poiseuille’s law for pressure: P = —;
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Airway resistance: R,, = 7
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ime constants: sec) = —
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Minute alveolar ventilation: V, = (V; — Vp) X breaths/min

The Diffusion of Pulmonary Gases

Boyle’s law (solving for volume):

==

Boyle’s law (solving for pressure):
2=y,

Charles’ law: V,/T, = V,/T,

2

Charles’ law (solving for volume):
V. = Vi X T,
2=,

Gay-Lussac’s law: P;/T; = P,/T,

Gay-Lussac’s law (solving for pressure):

T, X T,
P - ——-
2 Tl
Dalton’s law: Gas A + GasB = Gas A + B
- AD.(P; - P
Fick’s law: V gas = %
Graham’s law: 1V GMW

Ideal alveolar gas equation:
PAo, — [BP — PH,0] Fip, — Paco, (1.25)

The Anatomy and Physiology of the Circulatory System

Cardiac output: CO = SV X HR
Blood pressure: P = CO X SVR
B
V. 1 ist P
ascular resistance: -~

(continues on inside back cover)



Essential Equations (continued)

Oxygen Transport

O, bound to Hb: 1.34 X g% Hb X Sag, Total O, delivery: Dy, = QT X (Cap, X 10)

Dissolved O,: Pag, X 0.003 Arterial-venous oxygen content difference:

C(a — v)o, = Cap, — Cv.
Oxygen content of arterial blood: ( o o2 o2

Cap, = (Hb X 1.34 X Sap,) + (Pag, X 0.003) Oxygen consumption: Voz = QT [C(a — V)o, X 10]
Oxygen content of mixed venous blood: . ) Cap, — Cvp,

Cvo, = (Hb X 1.34 X Svp,) + Pvg, X 0.003) Oxygen extraction ratio: O, ER = T Cao,
Oxygen content of pulmonary capillary blood: )% Cco, — Cao,

Cco, = (Hb X 1.34) + (PAg, X 0.003) Shunt equation: =

QT Cco, — Cvo,

Carbon Dioxide Transport and Acid-Base Balance

Hend Hasselbalch ti H = pK + 1 [HCO; |
enderson-riasselbalch equation: = og ————————

VAN Ventilation-Perfusion Relationships

. . VCOz
Respiratory quotient: RQ = ——
Vo,
VAN I Hemodynamic Measurements
Stroke vol . Qv = CcOo Right ventricular stroke work index:
roke volume: “HR RVSWI = SVI X (PA — CVP) X 0.0136 g/mL
. 3\ Left ventricular stroke work index:
Stroke volume index: SVI = - LVSWI = SVI X (MAP — PCWP) X 0.0136 g/mL
cO Pulmonary vascular resistance:
Cardiac index: CI = —— PA — P P
BSA PVR = PA — PCWP X 80
CcO
MAP — CVP
Systemic vascular resistance: SVR = — o X 80

VAN BNWAN Exercise and Its Effects on the Cardiopulmonary System

Maximum heart rate: 220 — age
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FOREWORD
TO THE FOURTH EDITION

It gives me great pleasure to be able to write this foreword and thus make a minor
contribution to an important textbook. I am pleased for several reasons. First and
foremost because the new, fourth edition demonstrates not only the excellent re-
ception with which the first three editions were received by the profession, but
also the author’s continuing and successful endeavors to incorporate new and im-
portant information. The new edition not only expands the previously discussed
areas, but also introduces chapters on the electrophysiology of the heart, on the
standard 12-lead electrographic tracing and on its interpretation. New review
questions will be of considerable assistance to the student.

Another reason why I am pleased to write this foreword is that once in a
while it is very gratifying to find that a prediction one made some time ago proved
to be correct. When I wrote the foreword to the first edition of this textbook four-
teen years ago, I said then that I was convinced this was going to be an important
and successful contribution to the respiratory care library. The splendid reception
of that edition, and of the subsequent second and third editions, has proven with-
out a doubt that my prediction was correct and that this was indeed a major con-
tribution to the field of respiratory care education.

I have no doubt whatsoever that the present edition will also receive the
warm and sustained reception that it so richly deserves.

Thomas J. DeKornfeld, MD
Ann Arbor, Michigan
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PREFACE

OVERVIEW

It is important to emphasize that knowledge of an anatomic structure is essential to
the understanding of the function of that structure. It therefore makes little sense to
present students with physiologic details without first establishing a solid foun-
dation in anatomy. Since most college-level anatomy courses spend only a limited
amount of time on the cardiopulmonary system, respiratory care educators gener-
ally need to cover this subject themselves. With regard to a textbook, however, ed-
ucators usually find the cardiopulmonary section of college-level anatomy and
physiology texts too introductory in nature. On the other hand, textbooks concen-
trating solely on the respiratory system are too complex or esoteric.

As a solution to this problem, the fourth edition of this book is designed to
provide students of cardiopulmonary anatomy and physiology with accurate and
complete information essential for respiratory care. It is assumed that the student
has no previous knowledge of respiratory anatomy or physiology. Great efforts
have been made to present a comprehensive overview of the subject matter in an
organized, interesting, and readable manner. The organization of this book is
based on my experiences as an educator of respiratory anatomy and physiology
since 1973 and the many things I have learned from my students. In response to
these personal experiences and helpful suggestions, the following pedagogic ap-
proach is used in this book.

ORGANIZATION

The fourth edition of this book is divided into three major sections. Section I: The
Cardiopulmonary System—The Essentials consists of Chapters 1 through 11.
Chapter 1 provides the student with a thorough discussion of anatomic structures
associated with the respiratory system. This chapter also features a large number
of colorful illustrations. The visual impact of this chapter is intended to: (1) stimu-
late interest in the subject under discussion, (2) facilitate the rapid visualization of
anatomic structures, and (3) help the student relate classroom knowledge to clini-
cal experiences. Chapters 2 through 9 cover the major concepts and mechanisms
of respiratory physiology. The discussions are comprehensive, logically organ-
ized, and most importantly, presented at a level suitable for the average college
student. When appropriate, anatomic and physiologic principles are applied to
common clinical situations to enhance understanding and retention (e.g., the gas
transport studies and their clinical application to the patient’s hemodynamic sta-
tus). In addition, a large number of colorful line drawings and tables appear
throughout these chapters to assist in the understanding of various concepts and
principles.

Chapters 2, 3, and 6 through 8 feature several unique line drawings that re-
late familiar visual concepts to standard graphs and nomograms. While I have
found that the types of graphs and nomograms presented in this book are often
(at first) difficult for students to understand, it is important to stress that the

Xvii
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PREFACE

“physiology literature” uses these items extensively. The student must understand
how to read every graph and nomogram in this book to comprehend its contents fully.
Chapter 10 covers the major anatomic structures and physiologic mechanisms as-
sociated with fetal and newborn gas exchange and circulation. It presents the basic
cardiopulmonary foundation required to understand fetal and neonatal respira-
tory disorders. Chapter 11 describes changes that occur in the cardiopulmonary
system with age. Because the older age groups are expected to increase each year
until about the year 2050, basic knowledge of this material will become increas-
ingly important to respiratory care practitioners.

Section II: Advanced Cardiopulmonary Concepts and Related Areas—The
Essentials consists of Chapters 12 through 16. Chapters 12 through 14 are new to
this edition. Chapter 12 covers the essential electrophysiology of the heart re-
quired for ECG interpretation, Chapter 13 presents the major components of the
standard 12-ECG system, and Chapter 14 provides a systematic approach to ECG
interpretation and the major cardiac dysrhythmias seen by the respiratory care
practitioner. Chapter 15 gives the reader the essential knowledge foundation re-
quired for hemodynamic measurements and interpretations. Chapter 16 presents
the structure and function of the renal system and the major cardiopulmonary
problems that develop when the renal system fails. This chapter is particularly
important for respiratory care practitioners working with patients in the critical
care unit.

Section III: The Cardiopulmonary System During Unusual Environmental
Conditions consists of Chapters 17 through 19. Chapter 17 presents the effects of
exercise on the cardiopulmonary system. During heavy exercise, the components
of the cardiopulmonary system may be stressed to their limits. Cardiac patients
involved in exercise training after myocardial infarction demonstrate a significant
reduction in mortality and major cardiac mishaps. As our older population in-
creases, cardiovascular rehabilitation programs will become increasingly more
important to respiratory care practitioners. Chapter 18 describes the effects of high
altitude on the cardiopulmonary system. It provides a better understanding of
chronic oxygen deprivation, which can then be applied to the treatment of chronic
hypoxia caused by lung disease. Chapter 19 provides an overview of high-
pressure environments and their profound effect on the cardiopulmonary system.
The therapeutic administration of oxygen at increased ambient pressures (hyper-
baric medicine) is now being used to treat a number of pathologic conditions.

Finally, at the end of each chapter there is a set of review questions designed
to facilitate learning and retention. In addition, at the end of Chapters 2 through
10 and 15 and 16, the reader is provided with a clinical application section. In this
part of the chapters, two clinical scenarios are presented that apply several of the
concepts, principles, or formulas that are presented in the chapter to actual clinical
situations. These items are flagged throughout the chapters with an icon to direct
the reader’s attention to important points as they appear in the chapter. This fea-
ture nicely facilitates the transfer of classroom material to the clinical setting. Fol-
lowing the clinical applications are related questions to facilitate the development
of critical thinking skills.

A glossary is included at the end of the text, followed by appendices that
cover symbols, abbreviations, and units of measurement commonly used in respi-
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ratory physiology. Also included is a nomogram that can be copied and laminated
for use as a handy clinical reference tool in the interpretation of specific arterial
blood gas abnormalities. Finally, the answers to the chapter review questions ap-
pear in the last appendix.

A student workbook and an instructor’s manual are available from Delmar
Thomson Learning. In the student workbook, additional exercises/questions are
organized by major topic headings. This organization allows students to concen-
trate on specific topics, if necessary. The instructor’s manual is a testbank organ-
ized by chapter. Each chapter begins with a listing of the text objectives. Questions
are then organized by major topic headings and numbered objectives. Instructors
can devise tests to cover specific topics only or can use all questions for a compre-
hensive test. Answers to questions are given at the end of each chapter.

FEATURES

Features of the fourth edition include:

* Ventilation equations grouped on the inside of the covers for easy reference
* New illustrations of common pathological conditions: cystic fibrosis, pneu-
mothorax, chronic bronchitis, pulmonary edema, and asthma
* New chapter summaries in narrative format
¢ Icons that signal the relation of specific text content to the clinical application
case studies
¢ Critical thinking questions following clinical applications
¢ Expanded/new topics include:
o Expanded descriptions of nasopharynx, oropharynx, and laryngopharynx
o Positive pressure ventilation using a mechanical ventilator
o Pulmonary surfactant and regulation of alveolar surface tension
o Positive-end expiratory pressure (auto-PEEP)
o New table on factors that affect diffusion-limited flow of CO across alveo-
lar-capillary membranes
o Indirect measurements of residual volume and capacities containing resid-
ual volume
o Maximum inspiratory and expiratory pressure with new table
o Revised descriptions of the heart, blood supply of the heart, and blood
flow through the heart, and new drawings of the heart
o New table on factors affecting oxygen transport study values
o Role of the medulla oblongata in controlling ventilation
o Reflexes that influence ventilation
o New Chapters 12 through 14: electrophysiology of the heart, standard 12-
ECG system, and ECG interpretation

Terry Des Jardins, MEd, RRT
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CHAPTER ONE

THE ANATON
PHYSIOLOGY C

RESPIRATORY SYSTEM

0 B J E

I v E S

By the end of this chapter, the student should be able to:

1.

List the following three major components

of the upper airway:
—Nose

—Oral cavity
—Pharynx

. List the following three primary functions

of the upper airway:
—Conductor of air
—Prevent aspiration

—Avrea for speech and smell

. List the following three primary functions

of the nose:

—Filter

—Humidify

—Warm

Identify the following structures that form
the outer portion of the nose:
—Nasal bones

—Frontal process of the maxilla
—Lateral nasal cartilage
—Greater alar cartilage

—L esser alar cartilages
—Septal cartilage

—Fibrous fatty tissue

. Identify the following structures that form

the internal portion of the nose:
—Nasal septum

¢ Perpendicular plate of the ethmoid
® \omer
e Septal cartilage
—Nasal bones
—~Frontal process of the maxilla
—~Cribriform plate of the ethmoid
—~Palatine process of the maxilla
—~Palatine bones
—Soft palate
—Nares
—Vestibule
—Vibrissae
—Stratified squamous epithelium
—Pseudostratified ciliated columnar
epithelium
—Turbinates (conchae)
e Superior
e Middle
e Inferior
—Paranasal sinuses
* Maxillary
e Frontal
¢ Ethmoid
e Sphenoid
—OQlfactory region
—Choanae

(continues)



4 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

. Identify the following structures of the oral

cavity:
—Vestibule
—Hard palate

¢ Palatine process of the maxilla

¢ Palatine bones
—Soft palate
—Uvula
—Levator veli palatine muscle
—Palatopharyngeal muscles
—Stratified squamous epithelium
—Palatine arches

¢ Palatoglossal arch

e Palatopharyngeal arch
—Palatine tonsils
. ldentify the location and structure of the
following:
—Nasopharynx

¢ Pseudostratified ciliated columnar

epithelium

¢ Pharyngeal tonsils (adenoids)

¢ Fustachian tubes
—CQOropharynx

¢ L ingual tonsil

e Stratified squamous epithelium
—Laryngopharynx

® Esophagus

¢ Epiglottis

¢ Aryepiglottic folds

e Pyriform sinuses

e Stratified squamous epithelium
. ldentify the following cartilages of the
larynx:
—Epiglottis
—Thyroid cartilage
—~Cricoid cartilage
—Arytenoid cartilages
—~Corniculate cartilages
—Cuneiform cartilages
. ldentify the structure and function of the
following components of the interior por-
tion of the larynx:
—+False vocal folds
—True vocal folds

10.

11.

12.

—Vocal ligament
—Gilottis (rima glottidis)
—Epithelial lining above and below the
vocal cords
Identify the structure and function of the
following laryngeal muscles:
—Extrinsic muscles
¢ |nfrahyoid group
o Sternohyoid
o Sternothyroid
o Thyrohyoid
o Omohyoid
e Suprahyoid group
o Stylohyoid
o Mylohyoid
o Digastric
o Geniohyoid
o Stylopharyngeus
—Intrinsic muscles
¢ Posterior cricoarytenoid
¢ | ateral cricoarytenoid
® Transverse arytenoid
e Thyroarytenoid
e Cricothyroid
Describe the following ventilatory func-
tions of the larynx:
—Primary function
—Secondary function (Valsalva’s
maneuver)
Describe the histology of the tracheo-
bronchial tree, including the following
components:
—Components of the epithelial lining
(upper and lower airways)
¢ Pseudostratified ciliated columnar
epithelium
e Basement membrane
¢ Basal cells
* Mucous blanket
o Sol layer
o Gel layer
e Goblet cells
¢ Bronchial glands (submucosal
glands)
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13.

14.

15.

16.

17.

e Mucociliary transport mechanism
—Components of the lamina propria

* Blood vessels

* Lymphatic vessels

e Branches of the vagus nerve

e Smooth muscle fibers

¢ Peribronchial sheath

e Mast cells

o Immunologic mechanism

—Cartilaginous layer
Identify the location (generation) and
structure of the following cartilaginous
airways:
—Trachea
—Carina
—NMain stem bronchi
—Lobar bronchi
—Segmental bronchi
—Subsegmental bronchi
[dentify the location (generation) and
structure of the following noncartilaginous
airways:
—Bronchioles
—Terminal bronchioles

e Canals of Lambert

e Clara cells
Describe how the cross-sectional area of
the tracheobronchial tree changes from
the trachea to the terminal bronchioles.
Describe the structure and function of the
following components of the bronchial
blood supply:
—Bronchial arteries
—Azygos veins
—Hemiazygos veins
—Intercostal veins
Describe the structure and function of the
following sites of gas exchange:
—Respiratory bronchioles
—Alveolar ducts
—Alveolar sacs
—Primary lobule

* Acinus

e Terminal respiratory unit

18.

19.

20.

21,

22,

® | ung parenchyma
e Functional units
Discuss the structure and function of the
following components of the alveolar
epithelium:
—Alveolar cell types
e Type | cell (squamous pneumocyte)
¢ Type Il cell (granular pneumocyte)
—Pulmonary surfactant
—Pores of Kohn
—Alveolar macrophages (Type Il alveolar
cells)
Describe the structure and function of the
interstitium, including the:
—Tight space
—Loose space
Describe the structure and function of the
following components of the pulmonary
vascular system:
—Arteries
® Tunica intima
® Tunica media
e Tunica adventitia
—Arterioles (resistance vessels)
¢ Endothelial layer
e Elastic layer
* Smooth muscle fibers
—Capillaries
¢ Single squamous epithelial layer
—Venules and veins (capacitance
vessels)
Describe the structure and function of the
following components of the lymphatic
system:
—Lymphatic vessels
—Lymphatic nodes
—Juxta-alveolar lymphatic vessels
Describe how the following components
of the autonomic nervous system relate to
the neural control of the lungs:
—Sympathetic nervous system
e Neural transmitters

(continues)
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23.

24,

25.

¢ Epinephrine
¢ Norepinephrine
® Receptors
o Beta, receptors
o Alpha receptors
—Parasympathetic nervous system
¢ Neural transmitters
o Acetylcholine
Identify the effects the sympathetic and
parasympathetic nervous systems have
on the following:
—Heart
—Bronchial smooth muscle
—Bronchial glands
—Salivary glands
—Stomach
—Intestines
—Eye
Identify the following structures of the
lungs:
—Apex
—Base
—NMediastinal border
—Hilum
—Specific right lung structures
e Upper lobe
¢ Middle lobe
¢ | ower lobe
¢ Oblique fissure
e Horizontal fissure
—Specific left lung structures
e Upper lobe
* | ower lobe
¢ Oblique fissure
Identify the following lung segments from
the anterior, posterior, lateral, and medial
views:
—Right lung segments
e Upper lobe
o Apical
o Posterior
o Anterior
¢ Middle lobe
o Lateral

26.

27.

28.

o Medial
e | ower lobe
o Superior
o Medial basal
o Anterior basal
o Lateral basal
o Posterior basal
—Left lung segments
e Upper lobe
o Upper division
1) Apical-posterior
2) Anterior
o Lower division (lingular)
1) Superior lingula
2) Inferior lingula
e | ower lobe
o Superior
o Anteromedial
o Lateral basal
o Posterior basal
Identify the following components of the
mediastinum:
—Trachea
—Heart
—Major blood vessels
—Nerves
—Esophagus
—Thymus gland
—Lymph nodes
Identify the following components of the
pleural membranes:
—~Parietal pleurae
—Visceral pleurae
—Pleural cavity
Identify the following components of the
bony thorax:
—Thoracic vertebrae
—Sternum
* Manubrium
* Body
¢ Xiphoid process
—True ribs
—~False ribs
—Floating ribs
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29.

30.

Describe the structure and function of the —Trapezius muscles

diaphragm and include the following: —~External intercostal muscles
—Hemidiaphragms 31. Describe the structure and function of
—Central tendon the following accessory muscles of
—Phrenic nerves expiration:

—Lower thoracic nerves —Rectus abdominis muscles
Describe the structure and function of —External abdominis oblique muscles
the following accessory muscles of —Internal abdominis oblique muscles
inspiration: —Transversus abdominis muscles
—Scalene muscles —Internal intercostal muscles
—Sternocleidomastoid muscles 32. Complete the review questions at the end
—~Pectoralis major muscles of this chapter.

THE AIRWAYS

The passageways between the ambient environment and the gas exchange units
of the lungs (the alveoli) are called the conducting airways. Although no gas
exchange occurs in the conducting airways, they are, nevertheless, important to
the overall process of ventilation. The conducting airways are divided into the
upper airway and the lower airways.

THE UPPER AIRWAY

The upper airway consists of the nose, oral cavity, pharynx, and larynx (Fig-
ure 1-1). The primary functions of the upper airway are (1) to act as a conductor of
air, (2) to humidify and warm the inspired air, (3) to prevent foreign materials
from entering the tracheobronchial tree, and (4) to serve as an important area in-
volved in speech and smell.

THE NOSE

The primary functions of the nose are to filter, humidify, and warm inspired air. The
nose is also important as the site for the sense of smell and to generate resonance
in phonation.

The outer portion of the nose is composed of bone and cartilage. The upper
third of the nose (the bridge) is formed by the nasal bones and the frontal process
of the maxilla. The lower two-thirds consist of the lateral nasal cartilage, the
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Figure 1-1.

Sagittal section of human head, showing the upper airway.

greater alar cartilage, the lesser alar cartilages, the septal cartilage, and some fi-
brous fatty tissue (Figure 1-2).

In the internal portion of the nose a partition, the nasal septum, separates
the nasal cavity into two approximately equal chambers. Posteriorly, the nasal
septum is formed by the perpendicular plate of the ethmoid bone and by the
vomer. Anteriorly, the septum is formed by the septal cartilage. The roof of the
nasal cavity is formed by the nasal bones, the frontal process of the maxilla, and
the cribriform plate of the ethmoid bone. The floor is formed by the palatine
process of the maxilla and by the palatine bones—the same bones that form the
hard palate of the roof of the mouth. The posterior section of the nasal cavity floor
is formed by the superior portion of the soft palate of the oral cavity, which con-
sists of a flexible mass of densely packed collagen fibers (see Figure 1-3).

Air enters the nasal cavity through the two openings formed by the septal
cartilage and the alae nasi, called the nares, or nostrils. Initially, the air passes
through a slightly dilated area called the vestibule (see Figure 1-1), which
contains hair follicles called vibrissae. The vibrissae function as a filter and are
the tracheobronchial tree’s first line of defense. Stratified squamous epithelium
(nonciliated) lines the anterior one-third of the nasal cavity (Figure 1-4A).
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Nasal bones

Frontal process of maxilla

Lateral nasal cartilage
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D
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Figure 1-2. Structure of the nose.
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Nasal bone
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Nasopharynx

Lip
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Soft palate Palatine bone

Figure 1-3.  Sagittal section through the nose, showing the parts of the nasal septum.
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Squamous cells
Layer of reproducing cells

Basement membrane

Connective tissue

Cilia
Cell membrane
Goblet cell

Nucleus

Basement membrane

Cell membrane
Nucleus
Basement membrane

Connective tissue

Cell membrane
Nucleus

Basement membrane

Connective tissue

Figure 1-4. A. Stratified squamous epithelium consists of several layers of cells. This tissue is
found in the anterior portion of the nasal cavity, oral cavity, oropharynx, and laryngopharynx.
B. Pseudostratified columnar ciliated epithelium appears stratified because the nuclei of the
cells are located at different levels. These cells have microscopic hairlike projections called cilia that
extend from the outer surface. Mucus-producing goblet cells are also found throughout this tissue.
Pseudostratified columnar ciliated epithelium lines the posterior two-thirds of the nasal cavity and
the tracheobronchial tree. C. Simple cuboidal epithelium consists of a single layer of cube-shaped
cells. These cells are found in the bronchioles. D. Simple squamous epithelium consists of a single
layer of thin, flattened cells with broad and thin nuclei. Substances such as oxygen and carbon diox-
ide readily pass through this type of tissue. These cells form the walls of the alveoli and the pul-
monary capillaries that surround the alveoli.
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The posterior two-thirds of the nasal cavity are lined with pseudostratified
ciliated columnar epithelium (Figure 1-4B). The cilia propel mucus toward the
nasopharynx.

There are three bony protrusions on the lateral walls of the nasal cavity
called the superior, middle, and inferior nasal turbinates, or conchae. The
turbinates separate inspired gas into several different airstreams. This action, in
turn, increases the contact area between the inspired air and the warm, moist sur-
face of the nasal mucosa. The turbinates play a major role in the humidification
and warming of inspired air (see Figure 1-1).

Beneath the superior and middle turbinates are the openings of the
paranasal sinuses, which are air-filled cavities in the bones of the skull that com-
municate with the nasal cavity. The paranasal sinuses include the maxillary,
frontal, ethmoid, and sphenoid sinuses (Figure 1-5). The paranasal sinuses pro-
duce mucus for the nasal cavity and act as resonating chambers for the produc-
tion of sound. The receptors for the sense of smell are located in the olfactory
region, which is near the superior and middle turbinates (see Figure 1-1). The two
nasal passageways between the nares and the nasopharynx are also called the
choanae.

ORAL CAVITY

The oral cavity is considered an accessory respiratory passage. It consists of the
vestibule, which is the small outer portion between the teeth (and gums) and lips,

Sphenoid

Ethmoid

Frontal

Maxillary

Figure 1-5. Lateral view of the head, showing sinuses.
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and a larger section behind the teeth and gums that extends back to the orophar-
ynx (Figure 1-6). The oral cavity houses the anterior two-thirds of the tongue. The
posterior one-third of the tongue is attached to the hyoid bone and the mandible
in the pharynx.

The roof of the mouth is formed by the hard and soft palate. The hard palate
is composed of the palatine process of the maxilla and the palatine bones (see
Figure 1-3). The soft palate consists of a flexible mass of densely packed collagen
fiber that projects backward and downward, ending in the soft, fleshy structure
called the uvula (see Figure 1-6). The soft palate closes off the opening between
the nasal and oral pharynx by moving upward and backward during swallowing,
sucking, and blowing and during the production of certain speech sounds. The le-
vator veli palatinum muscle elevates the soft palate, and the palatopharyngeal
muscles draw the soft palate forward and downward. The oral cavity is lined with
nonciliated stratified squamous epithelium (see Figure 1-4A).

Two folds of mucous membrane pass along the lateral borders of the poste-
rior portion of the oral cavity. These folds form the palatoglossal arch and the
palatopharyngeal arch, named for the muscles they cover. Collectively, these
arches are called the palatine arches. The palatine tonsils (faucial) are located

Hard palate

Soft palate

Palatopharyngeal arch

Palatoglossal arch

Palatine tonsil

Uvula

Oropharynx

Figure 1-6. Oral cavity.
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between the palatine arches on each side of the oral cavity (see Figure 1-6). The
palatine tonsils, like the pharyngeal tonsils or nasopharynx adenoids, are lym-
phoid tissues and are believed to serve certain immunologic defense functions.

THE PHARYNX

After the inspired air passes through the nasal cavity, it enters the pharynx. The
pharynx is divided into three parts: nasopharynx, oropharynx, and laryngophar-
ynx (see Figure 1-1).

Nasopharynx

The nasopharynx is located between the posterior portion of the nasal cavity (pos-
terior nares) and the superior portion of the soft palate. The nasopharynx is lined
with pseudostratified ciliated columnar epithelium (see Figure 1-4B). Lymphoid
tissues called pharyngeal tonsils, or adenoids, are located on the surface of the
posterior nasopharynx (see Figure 1-1). When the pharyngeal tonsils are inflamed
and swollen, they may completely block the passage of air between the nose and
throat. The opening of the eustachian tubes (auditory tubes) are located on the
lateral surface of the nasopharynx. The eustachian tubes connect the nasopharynx
to the middle ears and serve to equalize the pressure in the middle ear. Inflamma-
tion and excessive mucus production in the eustachian tubes may disrupt the
pressure-equalizing process and impair hearing.

Oropharynx

The oropharynx lies between the soft palate superiorly and the base of the tongue
inferiorly (at the level of the hyoid bone) (see Figure 1-1). Two masses of lym-
phoid tissue are located in the oropharynx: the lingual tonsil, located near the
base of the tongue; and the palatine tonsil, located between the palatopharyngeal
arch and the palatoglossal arch (see Figure 1-6). The mucosa of the oropharynx is
composed of nonciliated stratified squamous epithelium (see Figure 1-4A).

Laryngopharynx

The laryngopharynx (also called hypopharynx) lies between the base of the
tongue and the entrance of the esophagus. The laryngopharynx is lined with non-
cilated stratified squamous epithelium (see Figure 1-4A). The epiglottis, the
upper part of the larynx, is positioned directly anterior to the laryngopharynx (see
Figure 1-1). The aryepiglottic folds are mucous membrane folds that extend
around the margins of the larynx from the epiglottis. They function as a sphincter
during swallowing. Clinically, the major structures associated with the laryn-
gopharynx are often viewed from above using a laryngoscope while the patient is
supine (Figure 1-7).

The laryngopharyngeal musculature receives its sensory innervation from
the ninth cranial (glossopharyngeal) nerve and its motor innervation from the
tenth cranial (vagus) nerve. When stimulated, these muscles and nerves work
together to produce the pharyngeal reflex (also called the “gag” or “swallowing”
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Base of tongue
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Figure 1-7. View of the base of the tongue, vallecula,
epiglottis, and vocal cords.

Figure 1-8. An oral endotracheal tube placed in proper
position in the trachea. The inflated cuff at the tip of the
tube separates the lower airways from the upper airway.
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reflex), which helps to prevent the aspiration of foods and liquids. It also helps to
prevent the base of the tongue from falling back and obstructing the laryngophar-
ynx, even in the person who is asleep in the supine position.

In the clinical setting, the entire upper airway is often bypassed to better
ventilate and oxygenate the patient. A nasal or oral endotracheal tube is used to by-
pass the patient’s upper airway (Figure 1-8). When an endotracheal tube is in
place, the gas being delivered to the patient must be appropriately warmed and hu-
midified. Failure to do so dehydrates the mucus layer of the tracheobronchial tree,
which in turn causes the mucus layer to become thick and immobile. As shown in
Figure 1-9, thick and immobile secretions lead to (1) excessive accumulation,
(2) partial airway obstruction and air-trapping, or (3) complete airway obstruction
and airway collapse.

Finally, it should be emphasized that the respiratory care practitioner must
learn—and differentiate—the major anatomic landmarks of the laryngopharynx
and larynx (e.g., vallecula, epiglottis, esophagus, vocal folds, and trachea),
especially when inserting an endotracheal tube. For example, an endotracheal
tube can easily be inserted into the patient’s esophagus rather than into the tra-
chea, especially during an emergency situation. When this occurs, the patient’s
stomach is ventilated. A misplaced endotracheal tube in the esophagus can be
fatal (Figure 1-10).

Figure 1-9. Cystic fibrosis. Excessive thick and immobile secretions leading to (1) partial airway
obstruction and air trapping (the three alveoli from left to right), and (2) total airway obstruction
and alveoli collapse (upper right alveoli). (From Des Jardins, Clinical Manifestation and Assess-
ment of Respiratory Disease [4th ed.]. St. Louis: Mosby, 2001.)
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Figure 1-10. A. An endotracheal tube misplaced in patient’s esophagus. Note that the endotracheal tube is positioned
to the right of the spinal column. Clinically, this is an excellent sign that the tube is in the esophagus. B. Stomach inflated
with air.

THE LARYNX

The larynx, or voice box, is located between the base of the tongue and the upper
end of the trachea (see Figure 1-1). The larynx is commonly described as a
vestibule opening into the trachea from the pharynx. The larynx serves three func-
tions: (1) it acts as a passageway of air between the pharynx and the trachea, (2) it



CHAPTER ONE THE ANATOMY AND PHYSIOLOGY OF THE RESPIRATORY SYSTEM 17

serves as a protective mechanism against the aspiration of solids and liquids, and
(3) it generates sounds for speech.

Cartilages of the Larynx

The larynx consists of a framework of nine cartilages (Figure 1-11). Three are sin-
gle cartilages: thyroid cartilage, cricoid cartilage, and the epiglottis. Three are
paired cartilages: arytenoid, corniculate, and cuneiform cartilages (see Figure
1-11A, B). The cartilages of the larynx are held in position by ligaments, mem-
branes, and intrinsic and extrinsic muscles. The interior of the larynx is lined
with mucous membrane.

The thyroid cartilage (commonly called the Adam’s apple) is the largest
cartilage of the larynx. It is a double-winged structure that spreads over the
anterior portion of the larynx. Along its superior border is a V-shaped notch,
the thyroid notch. The upper portion of the thyroid cartilage is suspended from
the horseshoe-shaped hyoid bone by the thyrohyoid membrane. Technically, the
hyoid bone is not a part of the larynx.

The epiglottis is a broad, spoon-shaped fibrocartilaginous structure. Nor-
mally, it prevents the aspiration of foods and liquids by covering the opening of
the larynx during swallowing. The epiglottis and the base of the tongue are con-
nected by folds of mucous membranes, which form a small space (the vallecula)
between the epiglottis and the base of the tongue. Clinically, the vallecula serves
as an important anatomic landmark when inserting an endotracheal tube (see
Figure 1-7).

The cricoid cartilage is shaped like a signet ring. It is located inferior to the
thyroid cartilage and forms a large portion of the posterior wall of the larynx. The
inferior border of the cricoid cartilage is attached to the first C-shaped cartilage of
the trachea (see Figure 1-11).

The paired arytenoid cartilages are shaped like a three-sided pyramid. The
base of each arytenoid cartilage rests on the superior surface of the posterior por-
tion of the cricoid cartilage. The apex of each arytenoid cartilage curves posteri-
orly and medially and flattens for articulation with the corniculate cartilages. At
the base of each arytenoid cartilage is a projection called the vocal process. The
vocal ligaments, which form the medial portion of the vocal folds, attach to the
vocal process.

The paired cuneiform cartilages and corniculate cartilages are small ac-
cessory cartilages that are closely associated with the arytenoid cartilages. The
cuneiform cartilages are embedded within the aryepiglottic folds that extend
from the apices of the arytenoid cartilages to the epiglottis. They probably act
to stiffen the folds. The two corniculate cartilages lie superior to the arytenoid
cartilages.

Interior of the Larynx

The interior portion of the larynx is lined by a mucous membrane that forms two
pairs of folds that protrude inward. The upper pair are called the false vocal
folds, because they play no role in vocalization. The lower pair functions as the
true vocal folds (vocal cords). The medial border of each vocal fold is composed
of a strong band of elastic tissue called the vocal ligament. Anteriorly, the vocal



18 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

Epiglottis

Hyoid bone

W
Thyrohyoid membrane ———__ i,
Cuneiform cartilage

Corniculate cartilage

Arytenoid cartilage

Vocal process
Cricothyroid ligament

Vocal ligament
Cricoid cartilage
Trachea

Anterior view Posterior view
A LARYNGEAL CARTILAGES B

Epiglottis
%yepiglottic fold
Cuneiform tubercle

(cartilage)
Corniculate tubercle
(cartilage)
Aryepiglottic

muscle
Oblique
arytenoid muscle

Transverse
arytenoid muscle

Thyroarytenoid
muscle
Lateral
cricoarytenoid
muscle
Posterior
cricoarytenoid
muscle

Posterior view
D

Lateral view
C

Cricoid
cartilage

Cricothyroid muscle
(cut away)

INTRINSIC MUSCLES OF THE LARYNX

Figure 1-11.  Cartilages and intrinsic muscles of the larynx.
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cords attach to the posterior surface of the thyroid cartilage. Posteriorly, the vocal
folds attach to the vocal process of the arytenoid cartilage. The arytenoid carti-
lages can rotate about a vertical axis through the cricoarytenoid joint, allowing the
medial border to move anteriorly or posteriorly. This action, in turn, loosens or
tightens the true vocal cords.

The space between the true vocal cords is termed the rima glottidis or, for
ease of reference, the glottis (Figure 1-7). In the adult, the glottis is the narrowest
point in the larynx. In the infant, the cricoid cartilage is the narrowest point. Glot-
tic and subglottic swelling (edema) secondary to viral or bacterial infection are
commonly seen in infants and young children. This is known as the croup syn-
drome (laryngotracheobronchitis and acute epiglottitis) and is characterized by a
high-pitched crowing sound (called stridor) during inspiration (Figure 1-12).

Above the vocal cords, the laryngeal mucosa is composed of (nonciliated)
stratified squamous epithelium (see Figure 1-4A). Below the vocal cords, the la-
ryngeal mucosa is covered by pseudostratified ciliated columnar epithelium (see
Figure 1-4B).

Laryngeal Musculature

The muscles of the larynx consist of the extrinsic and intrinsic muscle groups.
The extrinsic muscles are subdivided into an infrahyoid and a suprahyoid
group. The infrahyoid group consists of the sternohyoid, sternothyroid,

Figure 1-12.  Croup syndrome: A. Acute epiglottitis (swollen epiglottis). B. Laryngotracheobron-
chitis (swollen trachea tissue below the vocal cords). (From Des Jardins, Clinical Manifestations
and Assessment of Respiratory Disease [4th ed.]. St. Louis: Mosby, 2001.)
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thyrohyoid, and omohyoid muscles (Figure 1-13). These muscles pull the larynx
and hyoid bone down to a lower position in the neck. The suprahyoid group
consists of the stylohyoid, mylohyoid, digastric, geniohyoid, and stylopharyn-
geus muscles. These muscles pull the hyoid bone forward, upward, and back-
ward (see Figure 1-13). The major intrinsic muscles that control the movement
of the vocal folds are illustrated in Figure 1-11C, D. The action(s) of these mus-
cles are described below.

Posterior Cricoarytenoid Muscles. These muscles pull inferiorly on the lateral
angles of the arytenoids, causing the vocal folds to move apart (abduct) and thus
allowing air to pass through (Figure 1-14A).

Lateral Cricoarytenoid Muscles. The action of these muscles opposes that of
the posterior cricoarytenoid muscles. These muscles pull laterally on the lateral
angles of the arytenoids, causing the vocal folds to move together (adduct) (Fig-
ure 1-14B).

Transverse Arytenoid Muscles. These muscles pull the arytenoid cartilages to-
gether and thereby position the two vocal folds so that they vibrate as air passes
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Stylohyoid muscle

Mylohyoid muscle
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Digastric muscle

(posterior belly) Digastric muscle

(anterior belly)
Thyrohyoid muscle Geniohyoid muscle
Hyoid bone
Stylopharyngeus muscle
Thyroid cartilage

Omohyoid muscle

Cricoid cartilage

Sternohyoid muscle
(partially severed)

Figure 1-13.  Extrinsic laryngeal muscles.
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Figure 1-14. Intrinsic laryngeal muscles.

between them during exhalation, thus generating the sounds for speech or singing
(Figure 1-14C).

Thyroarytenoid Muscles. These muscles lie in the vocal folds lateral to the
vocal ligaments. Contraction of the thyroarytenoid muscles pulls the arytenoid
cartilages forward. This action loosens the vocal ligaments and allows a lower fre-
quency of phonation (Figure 1-14D).

Cricothyroid Muscles. These muscles, which are located on the anterior surface
of the larynx, can swing the entire thyroid cartilage anteriorly. This action pro-
vides an additional way to tense the vocal folds and thereby change the frequency
of phonation (Figure 1-14E).



22 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

Ventilatory Function of the Larynx

A primary function of the larynx is to ensure a free flow of air to and from the
lungs. During a quiet inspiration, the vocal folds move apart (abduct) and widen
the glottis. During exhalation, the vocal folds move slightly toward the midline
(adduct) but always maintain an open glottal airway.

A second vital function of the larynx is effort closure during exhalation, also
known as Valsalva’s maneuver. During this maneuver, there is a massive undif-
ferentiated adduction of the laryngeal walls, including both the true and false
vocal folds. As a result, the lumen of the larynx is tightly sealed, preventing air
from escaping during physical work such as lifting, pushing, coughing, throat-
clearing, vomiting, urination, defecation, and parturition.

THE LOWER AIRWAYS
THE TRACHEOBRONCHIAL TREE

After passing through the larynx, inspired air enters the tracheobronchial tree,
which consists of a series of branching airways commonly referred to as genera-
tions, or orders. These airways become progressively narrower, shorter, and more
numerous as they branch throughout the lungs (Figure 1-15). Table 1-1 lists the
major subdivisions of the tracheobronchial tree.

Cricoid cartilage Thyroid cartilage

Tracheal cartilages

Right main stem

bronchus Left main stem

bronchus

Bronchioles

Figure 1-15. Tracheobronchial tree.
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Major Structures and Corresponding Generations
of the Tracheobronchial Tree
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* NOTE: The precise number of generations between the subsegmental bronchi and the alveolar sacs is not known.
T These structures collectively are referred to as a primary lobule (see pages 34—36) or lung parenchyma; they are also called
terminal respiratory units and functional units.

In general, the airways exist in two major forms: (1) cartilaginous airways
and (2) noncartilaginous airways. (The main structures of these airways are dis-
cussed in detail on pages 34-36). The cartilaginous airways serve only to conduct
air between the external environment and the sites of gas exchange. The noncarti-
laginous airways serve both as conductors of air and as sites of gas exchange.
These will be discussed in detail below.

Histology of the Tracheobronchial Tree

The tracheobronchial tree is composed of three layers: an epithelial lining, the
lamina propria, and a cartilaginous layer (Figure 1-16).

The Epithelial Lining. The epithelial lining is predominantly composed of
pseudostratified ciliated columnar epithelium interspersed with numerous mu-
cous glands and separated from the lamina propria by a basement membrane
(see Figure 1-16). Along the basement membrane of the epithelial lining are oval-
shaped basal cells. These cells serve as a reserve supply of cells and replenish the
superficial ciliated cells and mucous cells as needed.

The pseudostratified ciliated columnar epithelium extends from the trachea
to the respiratory bronchioles. There are about 200 cilia per ciliated cell. The length
of each cilium is about 5 w to 7 p (microns). As the bronchioles become progres-
sively smaller, the columnar structure of the epithelium decreases in height and
appears more cuboidal than columnar (see Figure 1-4C). The cilia progressively
disappear in the terminal bronchioles and are completely absent in the respiratory
bronchioles.
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Terminal bronchiole

Bronchiole

Submucosal Cartilage
gland Smooth muscle

Lamina propria
Alveolus

Mast cells
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Figure 1-16. Histology of the tracheobronchial tree.

A mucus layer, commonly referred to as the mucous blanket, covers the ep-
ithelial lining of the tracheobronchial tree (Figure 1-17). In general, the mucous
blanket is composed of 95 percent water, with the remaining 5 percent consisting
of glycoproteins, carbohydrates, lipids, DNA, some cellular debris, and foreign
particles. The mucus is produced by (1) the goblet cells, and (2) the submucosal,
or bronchial, glands (see Figure 1-16). The goblet cells are located intermittently
between the pseudostratified ciliated columnar cells and have been identified
down to, and including, the terminal bronchioles. The submucosal glands, which
produce most of the mucous blanket, extend deep into the lamina propria. These
glands are innervated by the vagal parasympathetic nerve fibers (the tenth cranial
nerve) and produce about 100 mL of bronchial secretions per day. Increased sym-
pathetic activity decreases glandular secretions. The submucosal glands are par-
ticularly numerous in the medium-sized bronchi and disappear in the distal
terminal bronchioles (see Figure 1-17).
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Figure 1-17.  Epithelial lining of the tracheobronchial tree.

The viscosity of the mucous blanket progressively increases from the epithe-
lial lining to the inner luminal surface. The blanket has two distinct layers: (1) the
sol layer, which is adjacent to the epithelial lining, and (2) the gel layer, which is
the more viscous layer adjacent to the inner luminal surface. Under normal cir-
cumstances, the cilia move in a wavelike fashion through the less viscous sol layer
and continually strike the innermost portion of the gel layer (approximately 1500
times per minute). This action propels the mucus layer, along with any foreign
particles stuck to the gel layer, toward the larynx at an estimated average rate of
2 cm per minute. Precisely what causes the cilia to move is unknown. At the lar-
ynx, the cough mechanism moves secretions beyond the larynx and into the
oropharynx. This process is commonly referred to as the mucociliary transport
mechanism or the mucociliary escalator, and is an important part of the cleansing
mechanism of the tracheobronchial tree. Clinically, there are a number of factors
that are now known to slow the rate of the mucociliary transport. Some common
factors are:

Cigarette smoke

Dehydration

Positive pressure ventilation

Endotracheal suctioning

High inspired oxygen concentrations

Hypoxia

Atmospheric pollutants (e.g., sulfur dioxide, nitrogen dioxide, ozone)
General anesthetics

Parasympatholytics (e.g., atropine)
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The Lamina Propria. The lamina propria is the submucosal layer of the tra-
cheobronchial tree. Within the lamina propria there is a loose, fibrous tissue that
contains tiny blood vessels, lymphatic vessels, and branches of the vagus nerve.
Also found within the lamina propria are two sets of smooth-muscle fibers. These
sets of muscles wrap around the tracheobronchial tree in fairly close spirals, one
clockwise and the other counterclockwise. The smooth-muscle fibers extend down
to, and include, the alveolar ducts (see the section on sites of gas exchange in this
chapter). The outer portion of the lamina propria is surrounded by a thin connec-
tive tissue layer called the peribronchial sheath.

Immune Response. Mast cells play an important role in the immunologic
mechanism. They are also found in the lamina propria—near the branches of the
vagus nerve and blood vessels and scattered throughout the smooth-muscle bun-
dles, in the intra-alveolar septa, and as one of the cell constituents of the submu-
cosal glands (Figure 1-18). Outside of the lungs, mast cells are found in the loose
connective tissue of the skin and intestinal submucosa.

When they are activated, numerous substances are released from the mast
cells which can significantly alter the diameter of the bronchial airways. Because
of this fact, a basic understanding of how the mast cells function in the immuno-
logic system is essential for the respiratory care practitioner.

There are two major immune responses: cellular immunity and humoral
immunity. The cellular immune response involves the sensitized lymphocytes that
are responsible for tissue rejection in transplants. This immune response is also
termed a type IV, or delayed, type of hypersensitivity.

The humoral immune response involves the circulating antibodies that are
involved in allergic responses such as allergic asthma. Antibodies (also called

Lamina propria

Goblet cell Submucosal gland

Mast cells

Evithel Parasympathetic Bronchus
pithelium nerve Smooth muscle

Figure 1-18. Mast cells of the lamina propria.
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immunoglobulins) are serum globulins, or proteins, that defend against invading
environmental antigens such as pollen, animal dander, and feathers. Although
five different immunoglobulins (IgG, IgA, IgM, IgD, and IgE) have been identi-
fied, the IgE (reaginic) antibody is basic to the allergic response. The mechanism of
the IgE antibody-antigen reaction is as follows:

1. When a susceptible individual is exposed to a certain antigen, the lymphoid
tissues release specific IgE antibodies. The newly formed IgE antibodies
travel through the bloodstream and attach to surface receptors on the mast
cells. It is estimated that there are between 100,000 and 500,000 IgE receptor
sites on the surface of each mast cell. Once the IgE antibodies attach to the
mast cell, the individual (or more specifically, the mast cell) is said to be sen-
sitive to the specific antigen (Figure 1-19A).

2. Each mast cell also has about 1000 secretory granules that contain several
chemical mediators of inflammation. Continued exposure, or reexposure, to
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Figure 1-19. Immunologic mechanisms.
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the same antigen creates an IgE antibody-antigen reaction on the surface of

the mast cell, which works to destroy or inactivate the antigen. This re-

sponse, however, causes the mast cell to degranulate (break down) and to

release the following chemical mediators (Figure 1-19B):

Histamine

Heparin

Slow-reacting substance of anaphylaxis (SRS-A)

Platelet-activating factor (PAF)

. Eosinophilic chemotactic factor of anaphylaxis (ECF-A)

3. The release of these chemical mediators causes increased vascular perme-
ability, smooth-muscle contraction, increased mucus secretion, and vasodila-
tion with edema.

Pap o

Such a reaction in the lungs can be extremely dangerous and is seen in indi-
viduals during an allergic asthmatic episode. The production of IgE antibodies
may be 20 times greater than normal in some patients with asthma (the normal
IgE antibody level in the serum is about 200 ng/mL). During an asthmatic attack,
the patient demonstrates bronchial edema, bronchospasms and wheezing, in-
creased mucus production, mucus plugging, air trapping, and lung hyperinflation
(Figure 1-19C).

The Cartilaginous Layer. The cartilaginous layer, which is the outermost layer
of the tracheobronchial tree, progressively diminishes in size as the airways ex-
tend into the lungs. Cartilage is completely absent in bronchioles less than 1 mm
in diameter (see Figure 1-16).

The Cartilaginous Airways

As shown in Table 1-1, the cartilaginous airways consist of the trachea, main stem
bronchi, lobar bronchi, segmental bronchi, and subsegmental bronchi. Collec-
tively, the cartilaginous airways are referred to as the conducting zone.

Trachea. The adult trachea is about 11 to 13 cm long and 1.5 to 2.5 cm in diame-
ter (Figure 1-20). It extends vertically from the cricoid cartilage of the larynx to
about the level of the second costal cartilage, or fifth thoracic vertebra. At this
point, the trachea divides into the right and left main stem bronchi. The bifurca-
tion of the trachea is known as the carina. Approximately 15 to 20 C-shaped carti-
lages support the trachea. These cartilages are incomplete posteriorly where the
trachea and the esophagus share a fibroelastic membrane (Figure 1-21).

Clinically, the tip of the endotracheal tube should be about 2 cm above the
carina. The correct position of the endotracheal tube is verified with a chest radi-
ogram (i.e., the tip of the tube can be seen about 2 cm above the carina). When an
endotracheal tube is inserted too deeply (beyond the carina), it most commonly
enters the right main stem bronchus. When this occurs, the left lung receives little
or no ventilation and alveolar collapse (atelectasis) ensues (Figure 1-22A).
When this condition is identified (via chest radiogram or absence of breath
sounds over the left lung), the endotracheal tube should be pulled back immedi-
ately (Figure 1-22B).
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Figure 1-20. Trachea.

Main Stem Bronchi. The right main stem bronchus branches off the trachea at
about a 25-degree angle; the left main stem bronchus forms an angle of 40 to 60 de-
grees with the trachea. The right main stem bronchus is wider, more vertical, and
about 5 cm shorter than the left main stem bronchus. Similar to the trachea, the
main stem bronchi are supported by C-shaped cartilages. In the newborn, both the
right and left main stem bronchi form about a 55-degree angle with the trachea.
The main stem bronchi are the tracheobronchial tree’s first generation.

Lobar Bronchi. The right main stem bronchus divides into the upper, middle,
and lower lobar bronchi. The left main stem bronchus branches into the upper and
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Figure 1-21.  Cross-section of trachea.
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Figure 1-22. Chest radiogram of 86-year-old open-heart patient. A. Shows the endotracheal tube tip in the right main stem
bronchus (see arrow). Because of the preferential ventilation to the right lung, atelectasis and volume loss are present in the
left lung (i.e., white fluffy areas in left lung). B. The same patient 20 minutes after the endotracheal tube was pulled back
above the carina (see arrow). Note that the left lung is better ventilated (i.e., more darker areas in the left lung).
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lower lobar bronchi. The lobar bronchi are the tracheobronchial tree’s second gen-
eration. The C-shaped cartilages that support the trachea and the main stem
bronchi progressively form cartilaginous plates around the lobar bronchi.

Segmental Bronchi. A third generation of bronchi branch off the lobar bronchi
to form the segmental bronchi. There are 10 segmental bronchi in the right lung
and 8 in the left lung. Each segmental bronchus is named according to its location
within a particular lung lobe.

Subsegmental Bronchi. The tracheobronchial tree continues to subdivide be-
tween the fourth and approximately the ninth generation into progressively
smaller airways called subsegmental bronchi. These bronchi range in diameter
from 1 to 4 mm. Peribronchial connective tissue containing nerves, lymphatics,
and bronchial arteries surrounds the subsegmental bronchi to about the 1-mm di-
ameter level. Beyond this point, the connective tissue sheaths disappear.

The Noncartilaginous Airways

The noncartilaginous airways are composed of the bronchioles and the terminal
bronchioles.

Bronchioles. When the bronchi decrease to less than 1 mm in diameter and are
no longer surrounded by connective tissue sheaths, they are called bronchioles.
The bronchioles are found between the tenth and fifteenth generations. At this
level, cartilage is absent and the lamina propria is directly connected with the lung
parenchyma (see lung parenchyma in the section on sites of gas exchange in this
chapter). The bronchioles are surrounded by spiral muscle fibers and the epithe-
lial cells are more cuboidal in shape (see Figure 1-16). The rigidity of the bronchi-
oles is very low compared with the cartilaginous airways. Because of this, the
airway patency at this level may be substantially affected by intra-alveolar and in-
trapleural pressures and by alterations in the size of the lungs. This lack of airway
support often plays a major role in respiratory disease.

Terminal Bronchioles. The conducting tubes of the tracheobronchial tree end
with the terminal bronchioles between the sixteenth and nineteenth generations.
The average diameter of the terminal bronchioles is about 0.5 mm. At this point,
the cilia and the mucous glands progressively disappear, the epithelium flattens
and becomes cuboidal in shape (see Figures 1-4C and 1-16).

As the wall of the terminal bronchioles progressively becomes thinner, small
channels, called the canals of Lambert, begin to appear between the inner luminal
surface of the terminal bronchioles and the adjacent alveoli that surround them
(Figure 1-23). Although specific information as to their function is lacking, it is be-
lieved that these tiny pathways may be important secondary avenues for collat-
eral ventilation in patients with certain respiratory disorders (e.g., chronic
obstructive pulmonary disease [COPD]).

Also unique to the terminal bronchioles is the presence of Clara cells. These
cells have thick protoplasmic extensions that bulge into the lumen of the terminal
bronchioles. The precise function of the Clara cells is not known. They may have



32 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

Terminal
bronchial tree
(cut-away)

Alveoli

Canals of Lambert

Terminal
bronchiole

Figure 1-23. Canals of Lambert.

secretory functions that contribute to the extracellular liquid lining the bronchi-
oles and alveoli. They may also contain enzymes that work to detoxify inhaled
toxic substances.

The structures beyond the terminal bronchioles are the sites of gas exchange
and, although directly connected to it, are not considered part of the tracheo-
bronchial tree.

Bronchial Cross-Sectional Area

The total cross-sectional area of the tracheobronchial tree steadily increases from
the trachea to the terminal bronchioles. The total cross-sectional area increases sig-
nificantly beyond the terminal bronchioles because of the many branches that
occur at this level. The structures distal to the terminal bronchioles are collectively
referred to as the respiratory zone (Figure 1-24).
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Figure 1-24. Cross-section of bronchial area. Note the rapid increase in the total cross-sectional
area of the airways in the respiratory zone.

Air flows down the tracheobronchial tree as a mass to about the level of
the terminal bronchioles, like water flowing through a tube. Because the cross-
sectional area becomes so great beyond this point, however, the forward motion
essentially stops and the molecular movement of gas becomes the dominant
mechanism of ventilation.

BRONCHIAL BLOOD SUPPLY

The bronchial arteries nourish the tracheobronchial tree. The arteries arise from
the aorta and follow the tracheobronchial tree as far as the terminal bronchioles.
Beyond the terminal bronchioles, the bronchial arteries lose their identity and
merge with the pulmonary arteries and capillaries, which are part of the pul-
monary vascular system. The normal bronchial arterial blood flow is about 1 per-
cent of the cardiac output. In addition to the tracheobronchial tree, the bronchial
arteries nourish the mediastinal lymph nodes, the pulmonary nerves, a portion of
the esophagus, and the visceral pleura.

About one-third of the bronchial venous blood returns to the right atrium by
way of the azygos, hemiazygos, and intercostal veins. Most of this blood comes
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from the first two or three generations of the tracheobronchial tree. The remaining
two-thirds of the bronchial venous blood drains into the pulmonary circulation,
via bronchopulmonary anastomoses, and then flows to the left atrium by way of
the pulmonary veins. In effect, the bronchial venous blood, which is low in oxy-
gen and high in carbon dioxide, mixes with blood that has just passed through the
alveolar-capillary system, which is high in oxygen and low in carbon dioxide.
The mixing of venous blood and freshly oxygenated blood is known as venous
admixture. (The effects of venous admixture are discussed in greater detail in
Chapter 7.)

THE SITES OF GAS EXCHANGE

The structures distal to the terminal bronchioles are the functional units of gas ex-
change. They are composed of about three generations of respiratory bronchioles,
followed by about three generations of alveolar ducts and, finally, ending in 15 to
20 grapelike clusters, the alveolar sacs (Figure 1-25). The respiratory bronchioles
are characterized by alveoli budding from their walls. The walls of the alveolar
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Figure 1-25. Schematic drawing of the structures distal to the terminal bronchioles; collectively,
these are referred to as the primary lobule.
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ducts that arise from the respiratory bronchioles are completely composed of alve-
oli separated by septal walls that contain smooth muscle fibers. Most gas ex-
change takes place at the alveolar-capillary membrane (Figure 1-26). In the lungs
of the adult male, there are approximately 300 million alveoli between 75 . and
300 . in diameter, and small pulmonary capillaries cover about 85 to 95 percent of
the alveoli. This arrangement provides an average surface area of 70 square me-
ters (about the size of a tennis court) available for gas exchange.

Collectively, the respiratory bronchioles, alveolar ducts, and alveolar clus-
ters that originate from a single terminal bronchiole are referred to as a primary
lobule. Each primary lobule is about 3.5 mm in diameter and contains about 2000
alveoli. It is estimated that there are approximately 130,000 primary lobules in the
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lung. Synonyms for primary lobule include acinus, terminal respiratory unit,
lung parenchyma, and functional units (see Table 1-1).

ALVEOLAR EPITHELIUM

The alveolar epithelium is composed of two principal cell types: the type I cell, or
squamous pneumocyte, and the type II cell, or granular pneumocyte.

Type I cells are primarily composed of a cytoplasmic ground substance.
They are broad, thin cells that form about 95 percent of the alveolar surface. They
are 0.1 p to 0.5 p thick and are the major sites of alveolar gas exchange.

Type II cells form the remaining 5 percent of the total alveolar surface. They
have microvilli and are cuboidal in shape. They are believed to be the primary
source of pulmonary surfactant. Surfactant molecules are situated at the air-liquid
interface of the alveoli and play a major role in decreasing the surface tension of
the fluid that lines the alveoli (see Figure 1-26).

PORES OF KOHN

The pores of Kohn are small holes in the walls of the interalveolar septa (see Fig-
ure 1-26). They are 3 . to 13 p in diameter and permit gas to move between ad-
jacent alveoli. The formation of the pores may include one or more of the
following processes: (1) the desquamation (i.e., shedding or peeling) of epithelial
cells due to disease, (2) the normal degeneration of tissue cells as a result of age,
and (3) the movement of macrophages, which may leave holes in the alveolar
walls. The formation of alveolar pores is accelerated by diseases involving the
lung parenchyma, and the number and size of the pores increase progressively
with age.

ALVEOLAR MACROPHAGES

Alveolar macrophages, or type III alveolar cells, play a major role in removing
bacteria and other foreign particles that are deposited within the acini.
Macrophages are believed to originate from stem cell precursors in the bone mar-
row. Then, as monocytes, they presumably migrate through the bloodstream to
the lungs, where they move about or are embedded in the extracellular lining of
the alveolar surface. There is also evidence that the alveolar macrophages repro-
duce within the lung (see Figure 1-26).

INTERSTITIUM

The alveolar-capillary clusters are surrounded, supported, and shaped by the in-
terstitium (Figure 1-27). The interstitium is a gel-like substance composed of
hyaluronic acid molecules that are held together by a weblike network of collagen
fibers. The interstitium has two major compartments: the tight space and the
loose space. The tight space is the area between the alveolar epithelium and the
endothelium of the pulmonary capillaries—the area where most gas exchange oc-
curs. The loose space is primarily the area that surrounds the bronchioles, respira-
tory bronchioles, alveolar ducts, and alveolar sacs. Lymphatic vessels and neural
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Figure 1-27. Interstitium. Most gas exchange occurs in the tight space area. The area around the
bronchioles, alveolar ducts, and alveolar sacs is called the loose space.

fibers are found in this area. Water content in this area can increase more than 30
percent before a significant pressure change develops.

The collagen in the interstitium is believed to limit alveolar distensibility. Ex-
pansion of a lung unit beyond the limits of the interstitial collagen can (1) occlude
the pulmonary capillaries or (2) damage the structural framework of the collagen
fibers and, subsequently, the wall of the alveoli.

THE PULMONARY VASCULAR
SYSTEM

The pulmonary vascular system can be viewed as an independent vascular net-
work with the sole purpose of delivering blood to and from the lungs for gas ex-
change. In addition to gas exchange, the pulmonary vascular system provides
nutritional substances to the structures distal to the terminal bronchioles. Similar
to the systemic vascular system, the pulmonary vascular system is composed of
arteries, arterioles, capillaries, venules, and veins.
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ARTERIES

The right ventricle of the heart pumps deoxygenated blood into the pulmonary ar-
tery. Just beneath the aorta the pulmonary artery divides into the right and left
branches (Figure 1-28). The branches then penetrate their respective lung through
the hilum, which is that part of the lung where the main stem bronchi, vessels, and
nerves enter. In general, the pulmonary artery follows the tracheobronchial treein a
posterolateral relationship branching or dividing as the tracheobronchial tree does.

The arteries have three layers of tissue in their walls (Figure 1-29). The inner
layer is called the tunica intima and is composed of endothelium and a thin layer
of connective and elastic tissue. The middle layer is called the tunica media and
consists primarily of elastic connective tissue in large arteries and smooth muscle
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veins
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Figure 1-28. Major pulmonary vessels.
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Figure 1-29. Schematic drawing of the components of the major blood vessels.
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in medium-sized to small arteries. The tunica media is the thickest layer in the ar-
teries. The outermost layer is called the tunica adventitia and is composed of con-
nective tissue. This layer also contains small vessels that nourish all three layers.
Because of the different layers, the arteries are relatively stiff vessels that are well
suited for carrying blood under high pressures in the systemic system.

ARTERIOLES

The walls of the arterioles consist of an endothelial layer, an elastic layer, and a layer
of smooth-muscle fibers (see Figure 1-29). The elastic and smooth-muscle fibers
gradually disappear just before entering the alveolar-capillary system. The pul-
monary arterioles supply nutrients to the respiratory bronchioles, alveolar ducts,
and alveoli. By virtue of their smooth-muscle fibers, the arterioles play an important
role in the distribution and regulation of blood and are called the resistance vessels.

CAPILLARIES

The pulmonary arterioles give rise to a complex network of capillaries that surround
the alveoli. The capillaries are composed of an endothelial layer (a single layer of
squamous epithelial cells) (see Figure 1-29). The capillaries are essentially an exten-
sion of the inner lining of the larger vessels. The walls of the pulmonary capillaries
are less than 0.1 p thick and the external diameter of each vessel is about 10 . The
capillaries are where gas exchange occurs. The pulmonary capillary endothelium
alsohasaselective permeability to substances such as water, electrolytes, and sugars.

In addition to gas and fluid exchange, the pulmonary capillaries play an im-
portant biochemical role in the production and destruction of a broad range of bi-
ologically active substances. For example, serotonin, norepinephrine, and some
prostaglandins are destroyed by the pulmonary capillaries. Some prostaglandins
are produced and synthesized by the pulmonary capillaries, and some circulating
inactive peptides are converted to their active form; for example, the inactive an-
giotensin I is converted to the active angiotensin II.

VENULES AND VEINS

After blood moves through the pulmonary capillaries, it enters the pulmonary
venules, which are actually tiny veins continuous with the capillaries. The venules
empty into the veins, which carry blood back to the heart. Similar to the arteries,
the veins usually have three layers of tissue in their walls (see Figure 1-29).

The veins differ from the arteries, however, in that the middle layer is poorly
developed. As a result, the veins have thinner walls and contain less smooth mus-
cle and less elastic tissue than the arteries. There are only two layers in the smaller
veins, lacking a layer comparable to the tunica adventitia. In the systemic circula-
tion, many medium- and large-sized veins (particularly those in the legs) contain
one-way, flaplike valves that aid blood flow back to the heart. The valves open as
long as the flow is toward the heart but close if flow moves away from the heart.

The veins also differ from the arteries in that they are capable of collecting a
large amount of blood with very little pressure change. Because of this unique
feature, the veins are called capacitance vessels. Unlike the pulmonary arteries,
which generally parallel the airways, the veins move away from the bronchi and
take a more direct route out of the lungs. Ultimately, the veins in each lung merge
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into two large veins and exit through the lung hilum. The four pulmonary veins
then empty into the left atrium of the heart (see Figure 1-28).

" THE LYMPHATIC SYSTEM

Lymphatic vessels are found superficially around the lungs just beneath the vis-
ceral pleura and in the dense connective tissue wrapping of the bronchioles,
bronchi, pulmonary arteries, and pulmonary veins. The primary function of the
lymphatic vessels is to remove excess fluid and protein molecules that leak out of
the pulmonary capillaries.

Deep within the lungs, the lymphatic vessels arise from the loose space of
the interstitium. The vessels follow the bronchial airways, pulmonary arteries,
and veins to the hilum of the lung (Figure 1-30). Single-leaf, funnel-shaped valves

Lymphatic
vessel

Pulmonary
vein

Pulmonary
artery

Tracheobronchial
tree Lymphatic

vessel

Alveolar
air space

Figure 1-30. Lymphatic vessels of the bronchial airways, pulmonary arteries, and veins.
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are found in the lymphatic channels. These one-way valves direct fluid toward the
hilum. The larger lymphatic channels are surrounded by smooth-muscle bands
that actively produce peristaltic movements regulated by the autonomic nervous
system. Both the smooth-muscle activity and the normal, cyclic pressure changes
generated in the thoracic cavity move lymphatic fluid toward the hilum. The ves-
sels end in the pulmonary and bronchopulmonary lymph nodes located just in-
side and outside the lung parenchyma (Figure 1-31).

The lymph nodes are organized collections of lymphatic tissue interspersed
along the course of the lymphatic stream. Lymph nodes produce lymphocytes and
monocytes. The nodes act as filters, keeping particulate matter and bacteria from
entering the bloodstream.

There are no lymphatic vessels in the walls of the alveoli. Some alveoli, how-
ever, are strategically located immediately adjacent to peribronchovascular lym-
phatic vessels. These vessels are called juxta-alveolar lymphatics and are thought
to play an active role in the removal of excess fluid and other foreign material that
gain entrance into the interstitial space of the lung parenchyma.
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Figure 1-31.  Lymph nodes associated with the trachea and the right and left main stem bronchi.
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Figure 1-32. Lymphatic vessels of the visceral pleura of the lungs.

There are more lymphatic vessels on the surface of the lower lung lobes than
on that of the upper or middle lobes. The lymphatic channels on the left lower
lobe are more numerous and larger in diameter than the lymphatic vessels on the
surface of the right lower lobe (Figure 1-32). This anatomic difference provides a
possible explanation why patients with bilateral effusion (i.e., the escape of fluid
from the blood vessels from both lungs) commonly have more fluid in the lower
right lung than in the lower left.

NEURAL CONTROL OF THE LUNGS

The balance, or tone, of the bronchial and arteriolar smooth muscle of the lungs is
controlled by the autonomic nervous system. The autonomic nervous system is
the part of the nervous system that regulates involuntary vital functions, includ-
ing the activity of cardiac muscle, smooth muscle, and glands. It has two divi-
sions: (1) the sympathetic nervous system, which accelerates the heart rate,
constricts blood vessels, relaxes bronchial smooth muscles, and raises blood pres-
sure; and (2) the parasympathetic nervous system, which slows the heart rate,
constricts bronchial smooth muscles, and increases intestinal peristalsis and gland
activity. Table 1-2 lists some effects of the two divisions of the autonomic nervous
system.

When the sympathetic nervous system is activated, neural transmitters, such
as epinephrine and norepinephrine, are released. These agents stimulate (1) the
beta, receptors in the bronchial smooth muscles, causing relaxation of the airway
musculature, and (2) the alpha receptors of the smooth muscles of the arterioles,
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TABLE 1—2.’ Some Effects of Autonomic Nervous System Activity

~

SYMPATHETIC PARASYMPATHETIC

EFFECTOR SITE NERVOUS SYSTEM NERVOUS SYSTEM

Heart Increases rate Decreases rate
Increases strength of contraction Decreases strength of contraction

Bronchial smooth muscle Relaxation Constriction
Bronchial glands Decreases secretions Increases secretions
Salivary glands Decreases secretions Increases secretions
Stomach Decreases motility Increases motility
Intestines Decreases motility Increases motility
Eyes Widens pupils Constricts pupils

causing the pulmonary vascular system to constrict. When the parasympathetic
nervous system is activated, the neutral transmitter acetylcholine is released,
causing constriction of the bronchial smooth muscle.

Inactivity of either the sympathetic or the parasympathetic nervous system
allows the action of the other to dominate the bronchial smooth muscle response.
For example, if a beta,-blocking agent such as propranolol is administered to a pa-
tient, the parasympathetic nervous system becomes dominant and bronchial con-
striction ensues. In contrast, if a patient receives a parasympathetic blocking agent
such as atropine, the sympathetic nervous system becomes dominant and
bronchial relaxation occurs.

THE LUNGS

The apex of each lung is somewhat pointed and the base is broad and concave to
accommodate the convex diaphragm (Figures 1-33 and 1-34). As shown in Fig-
ure 1-35, the apices of the lungs rise to about the level of the first rib. The base ex-
tends anteriorly to about the level of the sixth rib (xiphoid process level), and
posteriorly to about the level of the eleventh rib (two ribs below the inferior angle
of the scapula). The mediastinal border of each lung is concave to fit the heart and
other mediastinal structures. At the center of the mediastinal border is the hilum,
where the main stem bronchi, blood vessels, lymph vessels, and various nerves
enter and exit the lungs.

The right lung is larger and heavier than the left. It is divided into the upper,
middle, and lower lobes by the oblique and horizontal fissures. The oblique fis-
sure extends from the costal to the mediastinal borders of the lung and separates
the upper and middle lobes from the lower lobe. The horizontal fissure extends



Upper lobe
Upper lobe

Horizontal
fissure

Cardiac notch

Middle lobe

Oblique
fissure

Oblique
fissure

Lower lobe . Lower lobe

Base
(Diaphragmatic surface)

Figure 1-33. Anterior view of the lungs.
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Figure 1-35. Anatomic relationship of the lungs and the thorax.

horizontally from the oblique fissure to about the level of the fourth costal carti-
lage and separates the middle from the upper lobe.

The left lung is divided into only two lobes—the upper and the lower. These
two lobes are separated by the oblique fissure, which extends from the costal to
the mediastinal borders of the lung.

All lobes are further subdivided into bronchopulmonary segments. In Fig-
ure 1-36, the segments are numbered to demonstrate their relationship.

THE MEDIASTINUM

The mediastinum is a cavity that contains organs and tissues in the center of the
thoracic cage between the right and left lungs (Figure 1-37). It is bordered anteri-
orly by the sternum and posteriorly by the thoracic vertebrae. The mediastinum
contains the trachea, the heart, the major blood vessels (commonly known as the
great vessels) that enter and exit the heart, various nerves, portions of the esopha-
gus, the thymus gland, and lymph nodes. If the mediastinum is compressed or
distorted, it can severely compromise the cardiopulmonary system.
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Figure 1-37.

Major structures surrounding the lungs.

" THE PLEURAL MEMBRANES

Two moist, slick-surfaced membranes called the visceral and parietal pleurae are
closely associated with the lungs. The visceral pleura is firmly attached to the
outer surface of each lung and extends into each of the interlobar fissures. The
parietal pleura lines the inside of the thoracic walls, the thoracic surface of the di-
aphragm, and the lateral portion of the mediastinum. The potential space between
the visceral and parietal pleurae is called the pleural cavity (see Figure 1-37).

The visceral and parietal pleurae are held together by a thin film of serous
fluid—somewhat like two flat, moistened pieces of glass. This fluid layer allows
the two pleural membranes to glide over each other during inspiration and expi-
ration. Thus, during inspiration the pleural membranes hold the lung tissue to the
inner surface of the thorax and diaphragm, causing the lungs to expand.

Because the lungs have a natural tendency to collapse and the chest wall has
a natural tendency to expand, a negative or subatmospheric pressure (negative in-
trapleural pressure) normally exists between the parietal and visceral pleurae.
Should air or gas be introduced into the pleural cavity (e.g., as a result of a chest
puncture wound), the intrapleural pressure rises to atmospheric pressure and
causes the pleural membranes to separate, a condition called pneumorthorax.
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THE THORAX

The thorax houses and protects the organs of the cardiopulmonary system.
Twelve thoracic vertebrae form the posterior midline border of the thoracic cage.
The sternum forms the anterior border of the chest. The sternum is composed of
the manubrium sterni, the body, and the xiphoid process (Figure 1-38).

The twelve pairs of ribs form the lateral boundary of the thorax. The ribs at-
tach directly to the vertebral column posteriorly and indirectly by way of the
costal cartilage anteriorly to the sternum. The first seven ribs are referred to as true
ribs, because they are attached directly to the sternum by way of their costal carti-
lage. Because the cartilage of the eighth, ninth, and tenth ribs attaches to the carti-
lage of the ribs above, they are referred to as false ribs. Ribs eleven and twelve
float freely anteriorly and are called floating ribs. There are eleven intercostal
spaces between the ribs; these spaces contain blood vessels, intercostal nerves, and
the external and internal intercostal muscles (Figure 1-39).
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Figure 1-39. The intercostal space.

" THE DIAPHRAGM

The diaphragm is the major muscle of ventilation (Figure 1-40). It is a dome-
shaped musculofibrous partition located between the thoracic cavity and the ab-
dominal cavity. Although the diaphragm is generally referred to as one muscle, it
is actually composed of two separate muscles known as the right and left hemi-
diaphragms. Each hemidiaphragm arises from the lumbar vertebrae, the costal
margin, and the xiphoid process. The two muscles then merge at the midline into
a broad connective sheet called the central tendon. The diaphragm is pierced by
the esophagus, the aorta, several nerves, and the inferior vena cava. Terminal
branches of the phrenic nerves, which leave the spinal cord between the third and
fifth cervical segments, supply the primary motor innervation to each hemidi-
aphragm. The lower thoracic nerves also contribute to the motor innervation of
each hemidiaphragm.
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Figure 1-40. The diaphragm.

When stimulated to contract, the diaphragm moves downward and the
lower ribs move upward and outward. This action increases the volume of the
thoracic cavity which, in turn, lowers the intrapleural and intra-alveolar pressures
in the thoracic cavity. As a result, gas from the atmosphere flows into the lungs.
During expiration, the diaphragm relaxes and moves upward into the thoracic
cavity. This action increases the intra-alveolar and intrapleural pressures, causing
gas to flow out of the lungs.

THE ACCESSORY MUSCLES OF VENTILATION

During normal ventilation by a healthy person, the diaphragm alone can manage
the task of moving gas in and out of the lungs. However, during vigorous exercise
and the advanced stages of COPD, the accessory muscles of inspiration and expi-
ration are activated to assist the diaphragm.

THE ACCESSORY MUSCLES OF INSPIRATION

The accessory muscles of inspiration are those muscles that are recruited to assist
the diaphragm in creating a subatmospheric pressure in the lungs to enable ade-
quate inspiration. The major accessory muscles of inspiration are:

Scalene muscles
Sternocleidomastoid muscles
Pectoralis major muscles
Trapezius muscles

External intercostal muscles
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Scalene Muscles

The scalene muscles are three separate muscles that function as a unit. They are
known as the anterior, the medial, and the posterior scalene muscles. They origi-
nate on the transverse processes of the second to the sixth cervical vertebrae and
insert into the first and second ribs (Figure 1-41). The primary function of these
muscles is to flex the neck. When used as accessory muscles for inspiration, they
elevate the first and second ribs, an action that decreases the intrapleural pressure.

Sternocleidomastoid Muscles

The sternocleidomastoid muscles are located on each side of the neck (Fig-
ure 1-42). They originate from the sternum and the clavicle and insert into the
mastoid process and occipital bone of the skull. Normally, the sternocleidomas-
toid muscles pull from their sternoclavicular origin and rotate the head to the op-
posite side and turn it upward. When the sternocleidomastoid muscles function
as an accessory muscle of inspiration, the head and neck are fixed by other mus-
cles and the sternocleidomastoid pulls from its insertion on the skull and elevates
the sternum. This action increases the anteroposterior diameter of the chest.

Pectoralis Major Muscles

The pectoralis major muscles are powerful, fan-shaped muscles located on each
side of the upper chest. They originate from the clavicle and the sternum and in-
sert into the upper part of the humerus.
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Figure 1-41. Scalenus muscles.
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Figure 1-42. Sternocleidomastoid muscles.

Normally, the pectoralis majors pull from their sternoclavicular origin and
bring the upper arm to the body in a hugging motion (Figure 1-43). When func-
tioning as accessory muscles of inspiration, they pull from the humeral insertion
and elevate the chest, resulting in an increased anteroposterior diameter. Patients
with COPD frequently brace their arms against something stationary and use
their pectoralis majors to increase the diameter of their chest (Figure 1-44).

Pectoralis
major

Figure 1-43. Pectoralis major muscles.
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Figure 1-44. How an individual may appear when using the pectoralis major muscles for in-
spiration.

Trapezius Muscles

The trapezius muscles are large, flat, triangular muscles that are situated superfi-
cially in the upper back and the back of the neck. They originate from the occipital
bone, the ligamentum nuchae, and the spinous processes of the seventh cervical
vertebra and all the thoracic vertebrae. They insert into the spine of the scapula,
the acromion process, and the lateral third of the clavicle (Figure 1-45).

Normally, the trapezius muscles rotate the scapula, raise the shoulders, and
abduct and flex the arms. Their action is typified in shrugging of the shoulders

Trapezius
muscles

Figure 1-45. Trapezius muscles.
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Figure 1-46. Shrugging of the shoulders typifies the action of the trapezius muscles.

(Figure 1-46). When used as accessory muscles of inspiration, the trapezius mus-
cles help to elevate the thoracic cage.

External Intercostal Muscles

The external intercostal muscles arise from the lower border of each rib (the
upper limit of an intercostal space) and insert into the upper border of the rib
below. Anteriorly, the fibers run downward and medially. Posteriorly, the fibers
run downward and laterally (Figure 1-47). The external intercostal muscles con-
tract during inspiration and pull the ribs upward and outward, increasing both
the lateral and anteroposterior diameter of the thorax (an antagonistic action to
the internal intercostal muscles). This action increases lung volume and prevents
retraction of the intercostal space during an excessively forceful inspiration.

THE ACCESSORY MUSCLES OF EXPIRATION

The accessory muscles of expiration are the muscles recruited to assist in exhala-
tion when airway resistance becomes significantly elevated. When these muscles
contract, they increase the intrapleural pressure and offset the increased airway
resistance. The major accessory muscles of exhalation are:

Rectus abdominis muscles

External abdominis obliquus muscles
Internal abdominis obliquus muscles
Transversus abdominis muscles
Internal intercostal muscles
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Figure 1-47. Internal and external intercostal muscles.

Rectus Abdominis Muscles

The rectus abdominis muscles are a pair of muscles that extend the entire length
of the abdomen. Each muscle forms a vertical mass about four inches wide and is
separated from the other by the linea alba. The muscles arise from the iliac crest
and pubic symphysis and insert into the xiphoid process and the fifth, sixth, and
seventh ribs.

When contracted, the rectus abdominis muscles assist in compressing the ab-
dominal contents. This compression, in turn, pushes the diaphragm into the tho-
racic cage (Figure 1-48A), thereby assisting in exhalation.

External Abdominis Obliquus Muscles

The external abdominis obliquus muscles are broad, thin muscles located on the
anterolateral sides of the abdomen. They are the longest and the most superficial
of all the anterolateral abdominal muscles. They arise by eight digitations from the
lower eight ribs and the abdominal aponeurosis and insert into the iliac crest and
the linea alba.

When contracted, the external abdominis obliquus muscles assist in com-
pressing the abdominal contents which, in turn, push the diaphragm into the tho-
racic cage (Figure 1-48B), thereby assisting in exhalation.
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Figure 1-48. Accessory muscles of expiration.

Internal Abdominis Obliquus Muscles

Smaller and thinner than the external abdominis obliques, the internal abdominis
obliquus muscles are located in the lateral and ventral parts of the abdominal
wall directly under the external abdominis obliquus muscles. They arise from the
inguinal ligament, the iliac crest, and the lower portion of the lumbar aponeurosis.
They insert into the last four ribs and into the linea alba.

The internal abdominis obliquus muscles also assist in exhalation by com-
pressing the abdominal contents and in pushing the diaphragm into the thoracic
cage (Figure 1-48C).

Transversus Abdominis Muscles

The transversus abdominis muscles are found immediately under the internal
abdominis obliquus muscles. These muscles arise from the inguinal ligament, the
iliac crest, the thoracolumbar fascia, and the lower six ribs and insert into the
linea alba. When activated, they also help to constrict the abdominal contents (Fig-
ure 1-48D).

When all four pairs of accessory muscles of exhalation contract, the abdomi-
nal pressure increases and drives the diaphragm into the thoracic cage. As the di-
aphragm moves into the thoracic cage during exhalation, the intrapleural pressure
increases, thereby enhancing the amount of gas flow (Figure 1-49).
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Figure 1-49. The collective action of the accessory muscles of expiration causes the intrapleural
pressure to increase, the chest to move outward, and bronchial gas flow to increase.

Internal Intercostal Muscles

The internal intercostal muscles run between the ribs immediately beneath the
external intercostal muscles. The muscles arise from the inferior border of each rib
and insert into the superior border of the rib below. Anteriorly, the fibers run in a
downward and lateral direction. Posteriorly, the fibers run downward and in a
medial direction (see Figure 1-47). The internal intercostal muscles contract dur-
ing expiration and pull the ribs downward and inward, decreasing both the lateral
and anteroposterior diameter of the thorax (an antagonistic action to the external
intercostal muscles). This action decreases lung volume and offsets intercostal
bulging during excessive expiration.

CHAPTER SUMMARY

An essential cornerstone to the understanding of the practice of respiratory care is
a strong knowledge base of the anatomy and physiology of the respiratory sys-
tem. The major anatomic components of the respiratory system include the struc-
tures found in the upper airway, including the nose, oral cavity, pharynx, and
larynx; the lower airways, including the tracheobronchial tree and its histology;
the sites of gas exchange, including the alveolar epithelium, pores of Kohn, alve-
olar macrophages, and interstitium; the pulmonary vascular system, including
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the arteries, arterioles, capillaries, venules, and veins; the lymphatic system, in-
cluding the lymphatic vessels, lymph nodes, and juxta-alveolar lymphatics; the
neural control of the lungs, including the autonomic nervous system, sympa-
thetic nervous system, and parasympathetic nervous system; the lungs, including
mediastinal border, hilum, right lung (upper, middle, and lower lobes), left lung
(upper and lower lobes), and bronchopulmonary segments; the mediastinum, the
pleural membranes, the thorax, including the thoracic vertebrae, sternum,
manubrium sterni, xyphoid process, true ribs, false ribs, and floating ribs; the di-
aphragm, including the right and left hemidiaphragms, the central tendon, the
phrenic nerve, and the lower thoracic nerves; the accessory muscles of ventila-
tion, including the scalene muscles, sternocleidomastoid muscles, pectoralis
major muscles, trapezius muscles, and external intercostal muscles; and the acces-
sory muscles of expiration, including the rectus abdominis muscles, external ab-
dominis obliquus muscles, internal abdominis obliquus muscles, and the internal
intercostal muscles.

For the respiratory care practitioner, a strong foundation of the normal
anatomy and physiology of the respiratory system is an essential prerequisite to
better understand (1) the anatomic alterations of the lungs caused by specific
respiratory disorders, (2) the pathophysiologic mechanisms activated throughout
the respiratory system as a result of the anatomic alterations, (3) the clinical mani-
festations that develop as a result of the pathophysiologic mechanisms, and (4) the
basic respiratory therapies used to improve the anatomic alterations and patho-
physiologic mechanisms caused by the disease. When the anatomic alterations
and pathophysiologic mechanisms caused by the disorder are improved, the clin-
ical manifestations also should improve.

REVIEW QUESTIONS

1. Which of the following line the anterior one-third of the nasal cavity?
A. Stratified squamous epithelium
B. Simple cuboidal epithelium
C. Pseudostratified ciliated columnar epithelium
D. Simple squamous epithelium
2. Which of the following formy(s) the nasal septum?
I. Frontal process of the maxilla bone
II. Ethmoid bone
III. Nasal bones
IV. Vomer
A. III only
B. IV only
C. Iand Il only
D. IIand IV only
3. Which of the following prevents the aspiration of foods and liquids?
A. Epiglottis
B. Cricoid cartilage
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C. Arytenoid cartilages
D. Thyroid cartilages
4. The canals of Lambert are found in the
A. trachea
B. terminal bronchioles
C. alveoli
D. main stem bronchi
5. The eustachian tubes are found in the
A. nasopharynx
B. oropharynx
C. laryngopharynx
D. oral cavity
6. The inferior portion of the larynx is composed of the
A. thyroid cartilage
B. hyoid bone
C. glottis
D. cricoid cartilage
7. Which of the following has the greatest cross-sectional area?
A. Terminal bronchioles
B. Lobar bronchi
C. Trachea
D. Segmental bronchi
8. The left main stem bronchus angles off from the carina at about
A. 10-20 degrees from the carina
B. 20-30 degrees from the carina
C. 30-40 degrees from the carina
D. 40-60 degrees from the carina
9. Ninety-five percent of the alveolar surface is composed of which of the
following?
I. Typelcells
II. Granular pneumocytes
IIL. Type II cells
IV. Squamous pneumocytes
A. Tonly
B. Il only
C. II'and III only
D. Iand IV only
10. Which of the following is (are) released when the parasympathetic nerve
fibers are stimulated?
I. Norepinephrine
II. Atropine
III. Epinephrine
IV. Acetylcholine
A. IIonly
B. IV only
C. Iand Il only
D. L 11, and IIT only
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11.

12.

13.

14.

15.

16.

Which of the following is (are) released when the sympathetic nerve
fibers are stimulated?
I. Norepinephrine
II. Propranolol
IIL.  Acetylcholine
IV. Epinephrine
A. Tonly
B. I only
C. Iand IV only
D. I III, and IV only
Pseudostratified ciliated columnar epithelium lines which of the follow-
ing?
I. Oropharynx
II. Trachea
III. Nasopharynx
IV. Oral cavity
V. Laryngopharynx
A. I only
B. Iand IV only
C. I and I only
D. L 1L III, and V only
Which of the following is (are) accessory muscles of inspiration?
I. Trapezius muscles
II. Internal abdominis obliquus muscles
IIL. Scalene muscles
IV. Transversus abdominis muscles
A. Tonly
B. Il only
C. Iand Il only
D. IIand IV only
The horizontal fissure separates the
A. middle and upper lobes of the right lung
B. upper and lower lobes of the left lung
C. middle and lower lobes of the right lung
D. oblique fissure of the left lung
Which of the following supply the motor innervation of each hemi-
diaphragm?
I. Vagus nerve (tenth cranial nerve)
II. Phrenic nerve
IILI. Lower thoracic nerves
IV. Glossopharyngeal nerve (ninth cranial nerve)
A. Tonly
B. Il only
C. I'and IV only
D. I and III only
The lung segment called the superior lingula is found in the
A. left lung, lower division of the upper lobe
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B. right lung, lower lobe
C. left lung, upper division of the upper lobe
D. right lung, upper lobe
17. Cartilage is found in which of the following structures of the tracheo-
bronchial tree?
I. Bronchioles
II. Respiratory bronchioles
III. Segmental bronchi
IV. Terminal bronchioles
A. Tonly
B. III only
C. IIand IIT only
D. Iand IV only
18. The bronchial arteries nourish the tracheobronchial tree down to, and in-
cluding, which of the following?
A. Respiratory bronchioles
B. Segmental bronchi
C. Terminal bronchioles
D. Segmental bronchi
19. Which of the following elevates the soft palate?
A. Palatoglossal muscle
B. Levator veli palatine muscle
C. Stylopharyngeus muscles
D. Palatopharyngeal muscle
20. Which of the following are called the resistance vessels?
A. Arterioles
B. Veins
C. Venules
D. Arteries



By the end of this chapter, the student should be able to:

1.
2.

© N ;

Define ventilation.

Differentiate between the following pres-
sure differences across the lungs:
—Driving pressure

—Transairway pressure
—Transpulmonary pressure
—Transthoracic pressure

. Describe the role of the diaphragm in ven-

tilation.

Explain how the excursion of the dia-
phragm affects the intrapleural pressure,
intra-alveolar pressure, and bronchial gas
flow during

—inspiration

—end-inspiration

—expiration

—end-expiration

Define the term static.

Define lung compliance.

Calculate lung compliance.

Explain how Hooke'’s law can be applied
to the elastic properties of the lungs.
Define surface tension.

. Describe Laplace’s law.
11.

Describe how Laplace’s law can be ap-
plied to the alveolar fluid lining.

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

Explain how pulmonary surfactant offsets
alveolar surface tension.

List respiratory disorders that cause a de-
ficiency of pulmonary surfactant.

Define the term dynamic.

Describe how Poiseduille’s law arranged
for flow relates to the radius of the
bronchial airways.

Describe how Poiseuille’s law arranged
for pressure relates to the radius of the
bronchial airways.

Describe how Poiseuille’s law can be re-
arranged to simple proportionalities.
Define airway resistance and explain how
it relates to

—laminar flow

—turbulent flow

Calculate airway resistance.

Define time constants and explain how
they relate to alveolar units with
—increased airway resistance
—decreased compliance

Define dynamic compliance and explain
how it relates to

—increased airway resistance
—frequency dependence

(continues)

63
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22,

23.

24.

25.

26.

Describe how the following relates to the
normal ventilatory pattern:

—Tidal volume (V)

—Ventilatory rate

—I:E ratio

Differentiate between alveolar ventilation
and dead space ventilation, and explain
the following:

—Anatomic dead space

—Alveolar dead space

—Physiologic dead space

Describe how the following affect total
alveolar ventilation:

—Depth of breathing

—Rate of breathing

Calculate an individual’s total alveolar
ventilation in 1 minute (minute ventilation)
when given the following information:
—Alveolar ventilation

—Dead space ventilation

—Breaths per minute

Describe how the normal intrapleural
pressure differences cause regional dif-
ferences in normal lung ventilation.

27.

28.

29.

Describe how the following alter the venti-
latory pattern (i.e., the respiratory rate
and tidal volume):

—Decreased lung compliance
—Increased airway resistance

Compare and contrast the following spe-
cific ventilatory patterns:

—Apnea

—Eupnea

—ABiot’s breathing

—Hyperpnea

—Hyperventilation

—Hypoventilation

—Tachypnea

—Cheyne-Stokes breathing

—Kussmaul breathing

—OQrthopnea

—Dyspnea

Complete the review questions at the end
of this chapter.

The term ventilation is defined as the process that exchanges gases between the
external environment and the alveoli. It is the mechanism by which oxygen is car-
ried from the atmosphere to the alveoli and by which carbon dioxide (delivered to
the lungs in mixed venous blood) is carried from the alveoli to the atmosphere.

To understand the process of ventilation, the respiratory care practitioner
must understand (1) how the excursion of the diaphragm changes the intra-
alveolar and intrapleural pressures, (2) the static characteristics of the lungs,
(3) the dynamic characteristics of the lungs, and (4) the characteristics of normal
and abnormal ventilatory patterns.

PRESSURE DIFFERENCES
ACROSS THE LUNGS

Understanding the following pressure differences across the lungs is an essential
building block in the study of ventilation.

Driving pressure is the pressure difference between two points in a tube
or vessel; it is the force moving gas or fluid through the tube or vessel. For
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example, if the gas pressure at the beginning of a tube is 20 mm Hg and the
pressure at the end of the same tube is 5 mm Hg, then the driving pressure is
15 mm Hg. In other words, the force required to move the gas through the tube
is 15 mm Hg.

Transairway pressure (Py,) is the barometric pressure difference between the
mouth pressure (P,,,) and the alveolar pressure (P,,).

Pta = Pm - Palv

For example, if the P, is 757 mm Hg and the P, is 760 mm Hg during inspi-
ration, then the Py, is 3 mm Hg (Figure 2-1A).

Pta = Pm - Palv
= 760 mm Hg — 757 mm Hg
=3 mm Hg

Or, if the P, is 763 mm Hg and the P,, is 760 mm Hg during expiration, then
the Py, is =3 mm Hg. Gas in this example, however, is moving in the opposite
direction (Figure 2-1B). In essence, the Py, represents the driving pressure (the
pressure difference between the mouth and the alveolus) that forces gas in or out
of the lungs.

Transpulmonary pressure (Py,) is the difference between the alveolar pres-
sure (P,},) and the pleural pressure (P,).

Ptp = Palv - 1—)pl

For example, if the Py, is 7556 mm Hg and the P,;, is 760 mm Hg (e.g., inspira-

tion), then the Py, is 5 mm Hg (Figure 2-2A).

Pt = Palv - 1—)pl

P
= 760 mm Hg — 755 mm Hg
= 5mm Hg
A Gas Flow Gas Flow B
~<—— Py, =760 mm Hg Tr::!essasi:'jv::y Pm =760 mm Hg
. +3 mm Hg w
-3 mm Hg
Paly = 757 mm Hg Paly = 763 mm Hg
Inspiration Expiration

Figure 2-1. Transairway pressure: The difference between the pressure at the mouth (P,,) and the alveolar pressure (Py,).
Even though gas is moving in opposite directions in A and B, the transairway pressure is 3 mm Hg in both examples. Note:
In this illustration, the pressure at the mouth (P,,) is equal to the barometric pressure (Pp).
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P =761 mm Hg

A B
Transpulmonary
Gas Flow Pressure Gas Flow
Paly = 760 mm Hg Paly = 763 mm Hg
. 5mmHg =
Ppl = 755 mm Hg Ppl =758 mm Hg
Inspiration Expiration

Figure 2-2. Transpulmonary pressure: The difference between the alveolar pressure (P,,) and the pleural pressure (P).
This illustration assumes a barometric pressure (Pg) of 761 mm Hg.

|’| i
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Or, if the P}, is 763 mm Hg and the P, is 758 mm Hg (e.g., expiration), then
the Py, is 5 mm Hg (Figure 2-2B).

Transthoracic pressure (Py) is the difference between the alveolar pressure
(Pyy) and the body surface pressure (Py).

Ptt = Palv - Pbs

For example, if the P, is 757 mm Hg and the Py, is 760 mm Hg (e.g., inspi-
ration), then the Py, is —3 mm Hg (Figure 2-3A).

Py = Parv = Pus
757 mm Hg — 760 mm Hg

—3mm Hg

Or, if the P, is 763 mm Hg and the Py, is 760 mm Hg (e.g., expiration), then
the Py is 3 mm Hg (Figure 2-3B).

A B
Transthoracic
Gas Flow Pressure Gas Flow
Paly = 757 mm Hg Pajy = 763 mm Hg
-3 mm Hg
- +3 mm Hg

Pps = 760 mm Hg Pps = 760 mm Hg

Inspiration Expiration

Figure 2-3. Transthoracic pressure: The difference between the alveolar pressure (P,,) and the body surface pressure (Pyg).
Note: In this illustration, the body surface pressure (Py) is equal to the barometric pressure (Pg).
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Technically, there is no real difference between the transairway pressure (Py,)
and the transthoracic pressure (Py;). The Py, is merely another way to view the pres-
sure differences across the lungs.

ROLE OF THE DIAPHRAGM

)
| IN VENTILATION

[
|II
i|

The flow of gas in and out of the lungs is caused by the transpulmonary and trans-
airway pressure changes that occur in response to the action of the diaphragm
(Figure 2—4). As illustrated in Figure 2-5, when stimulated to contract during
inspiration, the diaphragm moves downward, causing the thoracic volume to in-
crease and the intrapleural and intra-alveolar pressures to decrease. Because the
intra-alveolar pressure is less than the barometric pressure during this period,
gas from the atmosphere moves down the tracheobronchial tree until the intra-
alveolar pressure and the barometric pressure are in equilibrium. This equilibrium
point is known as end-inspiration (pre-expiration).

During expiration, the diaphragm relaxes and moves upward, causing the
thoracic volume to decrease and the intrapleural and intra-alveolar pressures to
increase. During this period, the intra-alveolar pressure is greater than the baro-
metric pressure and gas flows out of the lungs until the intra-alveolar pressure

Phrenic
nerves

Central
tendon

Inferior
vena cava

Esophagus

Aorta

Lumbar

Diaphragm vertebrae

Figure 2-4. The diaphragm.
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Normal Inspiration and Expiration

Inspiration End-Inspiration
Intra-alveolar Gas No Gas Intra-alveolar
pressure below Flow Flow pressure in

atmospheric equilibrium

pressure with atmospheric
pressure

Intrapleural 0

pressure Intrapleural

progressively pressure holds

decreases — - — - at a level below
that at rest

\

Diaphragm
progressively

Downward

moves downward movement of
9 diaphragm stops
Expiration End-Expiration
Intra-alveolar Gas No Gas Intra-alveolar
pressure above Flow Flow pressure in

atmospheric

pressure

Intrapleural ¥

pressure

progressively

increases - -
Diaphragm

progressively

moves upward

equilibrium
0 with atmospheric
pressure
Intrapleural
pressure holds
- Z at resting level

Upward
movement of
diaphragm stops

Figure 2-5. How the excursion of the diaphragm affects the intrapleural pressure, intra-alveolar
pressure, and bronchial gas flow during inspiration and expiration.

and the barometric pressure are once again in equilibrium. This equilibrium point
is known as end-expiration (pre-inspiration). The intrapleural pressure during
normal inspiration and expiration is always less than the barometric pressure.

At rest, the normal excursion (movement) of the diaphragm is about 1.5 cm,
and the normal intrapleural pressure change is about 3 to 6 cm H,O pressure (2 to
4 mm Hg). During a deep inspiration, however, the diaphragm may move as
much as 6 to 10 cm, a fact which can cause the average intrapleural pressure to
drop to as low as 50 cm H,O subatmospheric pressure. During a forced expiration,
the intrapleural pressure may climb to between 70 and 100 cm H,O above atmo-
spheric pressure.
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POSITIVE PRESSURE VENTILATION

Clinically, when the patient is placed on a positive pressure ventilator, the intra-
alveolar pressure, intrapleural pressure, and the diaphragmatic movements illus-
trated in Figure 2-5 will be quite different.

Figure 2-6 shows that when the patient receives a positive pressure breath
from a mechanical ventilator, the intra-alveolar pressure progressively rises above
atmospheric pressure. For instance, if the mechanical ventilator delivered 30 cm
H,O pressure to the patient’s lung during inspiration, the intra-alveolar pressure

Mechanical Ventilation Positive Pressure Breath
(30 cm H,0 Pressure Above Atmospheric Pressure)

Inspiration End-Inspiration
Intra-alveolar Intra-alveolar
pressure progressively Gas No Gas pressure is
increases above Flow Flow 30 cm H,O

atmospheric above atmospheric
pressure pressure
Intrapleural + Intrapleural
pressure + pressure is about
progressively 30 cm H,0 above
increases above + + + atmospheric

atmospheric pressure
pressure
Diaphragm is

/

Downward
progressively 7 movement of
pushed downward diaphragm stops

Expiration End-Expiration
Intra-alveolar pressure Intra-alveolar
progressively decreases Gas No Gas pressure in
toward atmospheric Flow Flow equilibrium
pressure with atmospheric
0 pressure
Intrapleural pressure s
progressively Intrapleural
decreases to its pressure holds
resting level at resting level
(below the - - (below the
atmospheric atmospheric
pressure) — pressure)
Diaphragm —-— Upward
progressively movement of
moves upward to its diaphragm stops
resting level

Figure 2-6. How a positive pressure breath from a mechanical ventilator affects the intra-alveolar
pressure, intrapleural pressure, the excursion of the diaphragm, and gas flow during inspiration and
expiration.
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would increase to about 30 cm H,O above the atmospheric pressure at the end of
inspiration. As the positive pressure progressively increases in the alveoli during
inspiration, the intrapleural pressure also increases. As shown in Figure 2-6, the
intrapleural pressure would gradually increase to about 30 cm H,O above its nor-
mal resting level, which, as illustrated in Figure 2-5, is normally below atmo-
spheric pressure. Finally, as the intra-alveolar and intrapleural pressure increase
during a positive pressure breath, the lungs expand, pushing the diaphragm
downward. This process continues until the positive pressure breath stops.

During exhalation, the intra-alveolar pressure decreases toward atmospheric
pressure. This means that the high intra-alveolar pressure moves in the direction
of the low atmospheric pressure until the intra-alveolar pressure is in equilibrium
with the atmospheric pressure. As the intra-alveolar pressure returns to normal,
the intrapleural pressure decreases to its resting level (below the atmospheric
pressure), and the diaphragm moves upward to its resting level.

At end-expiration, the intra-alveolar pressure is in equilibrium with atmo-
spheric pressure. The intrapleural pressure is held at its resting level which, under
normal circumstances, is below atmospheric pressure. The upward movement of
the diaphragm stops at end-expiration. The administration of positive pressure
ventilation may also cause a number of adverse side effects, including lung rup-
ture and gas accumulation between the lungs and chest wall (tension pneumotho-
rax) (Figure 2-7).

Figure 2-7. Pneumothorax. (Reprinted
with permission from Des Jardins T and
Burton GG. Clinical manifestations and
assessment of respiratory disease [4th
ed.]. St. Louis: Mosby, Inc., 2002.)




CHAPTER TWO VENTILATION 71

!

STATIC CHARACTERISTICS
OF THE LUNGS

The term static refers to the study of matter at rest and the forces resulting in or
maintaining equilibrium. Normally, the lungs have a tendency to recoil inward, or
to collapse. In contrast, the chest wall has a tendency to move outward, or to ex-
pand. Because of these two opposing forces, the lungs are at their resting volume
(functional residual capacity) when the inward recoil force of the lungs is equal to
the outward, or expanding, force of the chest wall. In other words, the functional
residual capacity is the volume remaining in the lungs when the recoil pressure
of the lungs and the outward pressure generated by the chest wall cancel each
other out.

There are two major static forces in the lungs that cause an inflated lung to
recoil inward: (1) the elastic properties of the lung tissue itself and (2) the surface
tension produced by the layer of fluid that lines the inside of the alveoli.

ELASTIC PROPERTIES OF THE LUNG

How readily the elastic force of the lungs accepts a volume of inspired air is
known as lung compliance (Cp). Cy is defined as the change in lung volume (AV)
per unit pressure change (AP) and C; is expressed in liters per centimeters of
water pressure (L/cm H,0). In other words, compliance determines how much
air, in liters, the lungs will accommodate for each centimeter of water pressure
change (e.g., each transpulmonary pressure change).

For example, if an individual generates a negative intrapleural pressure
change of 5 cm H,O during inspiration, and the lungs accept a new volume of
.75 L of gas, the Cy of the lungs would be expressed as .15 L/cm H,O:

AV (L)
~ AP (cm H,0)
.75 L of gas
5 cm H,O

.15 L/ecm H,O (or 150 mL/cm H,0)

Co

It is irrelevant whether the change in driving pressure is in the form of positive or
negative pressure. In other words, a negative 5 cm H,O pressure generated in the in-
trapleural space around the lungs will produce the same volume change as a pos-
itive 5 cm H,O pressure generated at the airway (e.g., by means of a mechanical
ventilator) (Figure 2-8).

At rest, the average C;, for each breath is about 0.1 L/cm H,O. In other
words, approximately 100 mL of air is delivered into the lungs per 1 cm H,O pres-
sure change (see Figure 2-8). When lung compliance is increased, the lungs accept
a greater volume of gas per unit of pressure change. When C; is decreased, the
lungs accept a smaller volume of gas per unit of pressure change. This relation-
ship is also illustrated by the volume-pressure curve in Figure 2-9.
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Figure 2-8. Normal volume-pressure curve. The curve shows that lung compliance progressively decreases as lungs ex-
pand in response to increased volume. For example, note the greater volume change between 5 and 10 cm H,O (small/medium
alveoli) than between 30 and 35 mm H,O (large alveoli).
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Increased Compliance

Normal Compliance

Volume
Change
(L)

Decreased Compliance

I I I
0 5 10 15 20 25 30 35 40 45

Pressure (cm H20)

Figure 2-9. How changes in lung compliance affect the volume-pressure curve. When lung com-
pliance decreases, the volume-pressure curve shifts to the right. When lung compliance increases, the
volume-pressure curve shifts to the left.

It should be noted that—both in the normal and abnormal lung—C; pro-
gressively decreases as the alveoli approach their total filling capacity. This occurs
because the elastic force of the alveoli steadily increases as the lungs expand,
which, in turn, reduces the ability of the lungs to accept an additional volume of
gas (see Figure 2-9).

Hooke’s Law

Hooke’s law provides another way to explain compliance by describing the phys-
ical properties of an elastic substance. Elastance is the natural ability of matter to
respond directly to force and to return to its original resting position or shape after
the external force no longer exists. In pulmonary physiology, elastance is defined
as the change in pressure per change in volume:

AP

Elastance AV

Elastance is the reciprocal (opposite) of compliance. Thus, lungs with high com-
pliance (greater ease of filling) have low elastance; lungs with low compliance
(lower ease of filling) have high elastance.

Hooke’s law states that when a truly elastic body, like a spring, is acted on by
1 unit of force, the elastic body will stretch 1 unit of length, and when acted on by
2 units of force it will stretch 2 units of length, and so forth. This phenomenon is
only true, however, within the elastic body’s normal functional range. When the
force exceeds the elastic limits of the substance, the ability of length to increase in
response to force rapidly decreases. Should the force continue to rise, the elastic
substance will ultimately break (Figure 2-10).
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I Increasing Force —»I
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Figure 2-10. Hooke’s law. When a truly elastic body—such as the spring in this illustration—is
acted on by 1 unit of force, the elastic body will stretch 1 unit of length; when acted on by 2 units of
force, it will stretch 2 units of length; and so forth. When the force goes beyond the elastic limit of the
substance, however, the ability of length to increase in response to force quickly ceases.
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Increasing Alveolar
Volume

Increasing Volume —>| |<—

When Hooke’s law is applied to the elastic properties of the lungs, volume is
substituted for length, and pressure is substituted for force. Thus, over the normal
physiologic range of the lungs, volume varies directly with pressure. The lungs
behave in a manner similar to the spring, and once the elastic limits of the lung
unit are reached, little or no volume change occurs in response to pressure
changes. Should the change in pressure continue to rise, the elastic limits are ex-
ceeded and the lung unit will rupture (Figure 2-11).

: Increasing Alveolar Pressure >|
5cm 10 cm 15 cm 20 cm 25cm 30 cm
Volume H,O H,O H,O H,O H,O H,O
e eececcaas | AW
-7 . e e

Volume _-T e _emmm=EEE-- A -
level doubles ~ o7 oo -7
Volume % .- %\ Rupture—""
level triples =~ o Lo®¢
Volume level Lo?” e’
increases very little| - ~ _=a”
Volume level beyond L
the elastic limit of the lung unit - ~

I Increasing Force e

Figure 2-11.  Hooke’s law applied to the elastic properties of the lungs. Over the physiologic range, volume changes vary di-
rectly with pressure changes. Once the elastic limits are reached, however, little or no volume change occurs in response to
pressure change.



76 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

Clinically, this phenomenon explains a hazard associated with mechanical
ventilation. That is, if the pressure during mechanical ventilation (positive pres-
sure breath) causes the lung unit to expand beyond its elastic capability, the lung
unit could rupture, allowing alveolar gas to move into the intrapleural space, and
thus causing the lungs to collapse. This condition is called a pneumothorax (see
Figure 2-7).

SURFACE TENSION AND ITS EFFECT
ON LUNG EXPANSION

In addition to the elastic properties of the lungs, the fluid (primarily H,O) that
lines the inner surface of the alveoli can profoundly resist lung expansion. To un-
derstand how the liquid coating the intra-alveolar surface can affect lung expan-
sion, an understanding of the following is essential: (1) surface tension,
(2) Laplace’s law, and (3) how the substance called pulmonary surfactant offsets
alveolar surface tension.

Surface Tension

When liquid molecules are completely surrounded by identical molecules, the
molecules are mutually attracted toward one another and, therefore, move freely
in all directions (Figure 2-12A). When a liquid—gas interface exists, however, the
liquid molecules at the liquid—gas interface are strongly attracted to the liquid
molecules within the liquid mass (Figure 2-12B). This molecular, cohesive force at
the liquid—-gas interface is called surface tension. It is the surface tension, for exam-
ple, that maintains the shape of a water droplet, or makes it possible for an insect
to move or stay afloat on the surface of a pond.

Surface tension is measured in dynes per centimeter. One dyne/cm is the
force necessary to cause a tear 1 cm long in the surface layer of a liquid. This is
similar to using two hands to pull a thin piece of cloth apart until a split 1 cm in

N N - /
N

A B

Figure 2-12. In model A, the liquid molecules in the middle of the container are mutually at-
tracted toward each other and, therefore, move freely in all directions. In model B, the liquid mole-
cules near the surface (liquid—gas interface) are strongly attracted to the liquid molecules within the
liquid mass. This molecular force at the liquid—gas interface is called surface tension.
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length is formed (1 cm H,O pressure equals 980 dynes/cm). The liquid film that
lines the interior surface of the alveoli has the potential to exert a force in excess of
70 dynes/cm, a force that can easily cause complete alveolar collapse.

Laplace’s Law

Laplace’s law describes how the distending pressure of a liquid bubble (not an alve-
olus) is influenced by (1) the surface tension of the bubble and (2) the size of the
bubble itself. When Laplace’s law is applied to a sphere with one liquid—gas inter-
face (e.g., a bubble completely submerged in a liquid), the equation is written as
follows:

28T
B r

P

where P is the pressure difference (dynes/ cm?), ST is surface tension (dynes/cm),
and r is the radius of the liquid sphere (cm); the factor 2 is required when the law
is applied to a liquid sphere with one liquid-gas interface.

When the law is applied to a bubble with two liquid—gas interfaces (e.g., a
soap bubble blown on the end of a tube has a liquid—gas interface both on the in-
side and on the outside of the bubble), the numerator contains the factor 4 rather
than 2:

48T
- r

p

Laplace’s law shows that the distending pressure of a liquid sphere is (1) di-
rectly proportional to the surface tension of the liquid and (2) inversely propor-
tional to the radius of the sphere.

In other words, the numerator of Laplace’s law shows that (a) as the surface
tension of a liquid bubble increases, the distending pressure necessary to hold the
bubble open increases, or (b) the opposite—when the surface tension of a liquid
bubble decreases, the distending pressure of the bubble decreases (Figure 2-13).
The denominator of Laplace’s law shows that (a) when the size of a liquid bubble
increases, the distending pressure necessary to hold the bubble open decreases, or
(b) the opposite—when the size of the bubble decreases, the distending pressure
of the bubble increases (Figure 2-14). Because of this interesting physical phenom-
enon, when two different size bubbles—having the same surface tension—are in
direct communication, the greater pressure in the smaller bubble will cause the
smaller bubble to empty into the larger bubble (Figure 2-15).

During the formation of a new bubble (e.g., a soap bubble blown on the end
of a tube), the principles of Laplace’s law do not come into effect until the dis-
tending pressure of the liquid sphere goes beyond what is called the critical open-
ing pressure. As shown in Figure 2-16, the critical opening pressure is the high
pressure (with little volume change) that is initially required to overcome the lig-
uid molecular force during the formation of a new bubble—similar to the high
pressure first required to blow up a new balloon. Figure 2-16 also shows that,
prior to the critical opening pressure, the distending pressure must progressively
increase to enlarge the size of the bubble. In other words, the distending pressure
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' \ ST =10 dynes/cm ' \ ST =20 dynes/cm

Bubble A Bubble B
Distending Pressure Distending Pressure
5cm H,O 10 cm H,O

Figure 2-13. Bubbles A and B are the same size. The surface tension (ST) of bubble A is
10 dynes/cm and requires a distending pressure (P) of 5 cm H,O to maintain its size. The surface
tension of bubble B is 20 dynes/cm H,O (twice that of bubble A) and requires a distending pressure
of 10 cm H,0 (twice that of bubble A) to maintain its size (v = radius).

Bubble A Bubble B
Distending Pressure Distending Pressure
5cm H,O 10 cm H,O

Figure 2-14. The surface tension (ST) of bubbles A and B is identical. The radius (r) of bubble A
is 2 cm, and it requires a distending pressure (P) of 5 cm H,O to maintain its size. The radius of bub-
ble B is 1 cm (one-half that of bubble A), and it requires a distending pressure of 10 cm H,O (twice
that of bubble A) to maintain its size.

is directly proportional to the radius of the bubble (the opposite of what Laplace’s
law states).

Once the critical opening pressure is reached, however, the distending pres-
sure progressively decreases as the bubble increases in size—the distending
pressure, as described by Laplace’s law, is inversely proportional to the radius of the
bubble. The distending pressure will continue to decrease until the bubble en-
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Figure 2-15. Bubbles A and B have the same surface tension. When the two bubbles are in direct

communication, the higher pressure in the smaller bubble (A) causes it to empty into the large bub-
ble (B).

Laplace's Law

P= ﬂ (constant)

Volume Increasing —»

Critical Opening Pressure
R e - or
R Critical Closing Pressure

|——————— Pressure Increasing ——»|

Liquid Bubble

Pressure ==

Figure 2-16. (A) Model showing the formation of a new liquid bubble at the end of a tube. (B) Graph showing the dis-
tending pressure required to maintain the bubble’s size (volume) at various stages. Initially, a very high pressure, providing
little volume change, is required to inflate the bubble. Once the critical opening pressure (same as critical closing pressure) is
reached, however, the distending pressure progressively decreases as the size of the bubble increases. Thus, between the critical
opening pressure and the point at which the bubble ruptures, the bubble behaves according to Laplace’s law. Laplace’s law ap-
plies to the normal functional size range of the bubble.
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larges to its breaking point and ruptures. It is interesting to note that just before
the bubble breaks, the distending pressure is at its lowest level (see Figure 2-16).

Conversely, Laplace’s law shows that as an inflated bubble decreases in size,
the distending pressure proportionally increases until the pressure reaches what is
called the critical closing pressure (actually the same pressure as the critical opening
pressure). When the size of the bubble decreases beyond this point, the liquid mo-
lecular force of the bubble becomes greater than the distending pressure and the
bubble collapses (see Figure 2-16).

It should be emphasized that Laplace’s law does not state that the surface tension
varies with the size of the bubble. To the contrary, the law shows that as a liquid bub-
ble changes in size, it is the distending pressure, not the surface tension, that varies in-
versely with the radius. In fact, as the radius of the sphere increases, the surface
tension remains the same until the size of the bubble goes beyond its natural elas-
tic limit and ruptures.

The fact that the surface tension remains the same while the radius of a liq-
uid sphere changes can be illustrated mathematically by rearranging Laplace’s
law as follows:

a. Because surface tension is a property of the fluid and is constant for any spe-
cific fluid, Laplace’s law can be restated as:

where k is a constant (in this case, the constant k equals surface tension) and
P (pressure) is inversely proportional to r (radius).
b. The equation P = k + r can be rearranged as follows:

Pr=k

The formula now shows that the variable quantities (Pr) are inversely
proportional and that their product is a constant (k). Thus, as one variable
increases, the other must decrease to maintain a constant product (k).

To demonstrate this concept, consider taking a 400-mile automobile
trip. With the formula distance = rate X time (d = rt), which represent prod-
uct (d) and variable quantities (rt), we have:

400 = rt (d = 400 miles)
or

400 _
0 _

t

On such a trip, assume that we travel at 50 miles per hour (mph) and
that the trip takes 8 hours (400 +~ 50 = 8). If we travel by train and increase
the speed to 100 mph, the time of the trip decreases to 4 hours. If, however,
we decrease the speed to 25 mph, the time increases to 16 hours
(400 + 25 = 16). In other words, as the speed increases the time decreases
and vice versa, but the product (d) remains a constant 400 miles, which is de-
termined by the length of the trip.



CHAPTER TWO VENTILATION 81

c. Thus, when two variables are inversely proportional, such as rt = 400 or
t = 400 =+ r, the time increases as the rate decreases, and time decreases as
the rate increases (Figure 2-17). Note the similarity of the graph in Figure
2-17 to the portion of the graph that represents Laplace’s law in Figure
2-16B.

Laplace’s Law Applied to the Alveolar Fluid Lining

Because the liquid film that lines the alveolus resembles a bubble or sphere, ac-
cording to Laplace’s law, when the alveolar fluid is permitted to behave according
to its natural tendency, a high transpulmonary pressure must be generated to keep
the small alveoli open (see Figure 2-16). Fortunately, in the healthy lung the natu-
ral tendency for the smaller alveoli to collapse is offset by a fascinating substance
called pulmonary surfactant.

How Pulmonary Surfactant Regulates Alveolar Surface
Tension

Pulmonary surfactant is an important and complex substance that is produced
and stored in the alveolar type II cells (see Figure 1-26). It is composed of phos-
pholipids (about 90%) and protein (about 10%). The primary surface tension-
lowering chemical in pulmonary surfactant is the phospholipid dipalmitoyl
phosphatidylcholine (DPPC). The DPPC molecule has both a hydrophobic (water-
insoluble) end and a hydrophilic (water-soluble) end. This unique hydro-
phobic/hydrophilic structure causes the DPPC molecule to position itself at
the alveolar gas liquid interface so that the hydrophilic end is toward the liquid

100 ----~- . Distance (constant
Lus Rate 400 mi)

or

Distance = Rate X Time

=
=X
E
Q
w% 50
i
25

Time (Hrs)

Figure 2-17. Rate and time are inversely proportional (as rate increases, time decreases; and as
rate decreases, time increases).
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END-EXPIRATION Surface Area  Surface Area
(Low Surface Tension)

phase and the hydrophobic end is toward the gas phase. Pulmonary surfactant at
the alveolar liquid-gas interface can profoundly lower alveolar surface tension.

The DPPC molecule at the alveolar gas-liquid interface causes surface ten-
sion to decrease in proportion to its ratio to alveolar surface area. That is, when the
alveolus decreases in size (exhalation), the proportion of DPPC to the alveolar sur-
face area increases. This, in turn, increases the effect of the DPPC molecules and
causes the alveolar surface tension to decrease (Figure 2-18A).

In contrast, when the alveolus increases in size (inhalation), the relative
amount of DPPC to the alveolar surface area decreases (because the number of
surfactant molecules does not change when the size of the alveolus changes),
which decreases the effect of the DPPC molecules and causes the alveolar surface
tension to increase (Figure 2-18B). In fact, as the alveolus enlarges, the surface ten-
sion will progressively increase to the value it would naturally have in the absence
of pulmonary surfactant. Clinically, however, the fact that surface tension in-
creases as the alveolus enlarges is not significant because according to Laplace’s

Alveolus Alveolus
B

A

Alveolar Wall

Alveolar Fluid

Pulmonary
Surfactant
Molecule

Increased Decreased
Surfactant To  Surfactant To
Alveolar Alveolar

Hydrophobic End
Hydrophilic End

END-INSPIRATION
(High Surface Tension)

Figure 2-18.

In the normal lung, the surface tension is low in the small alveolus (A) because the ratio of surfactant to alve-
olar surface is high. As the alveolus enlarges (B), the surface tension steadily increases because the ratio of surfactant to
alveolar surface decreases.
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Figure 2-19. In the normal lung, the surface tension force progressively increases as the alveolar size increases. Similarly,
as the alveolar size decreases, the surface tension force progressively decreases. Note that because of the alveolar surface ten-
sion, the actual physical change of the alveolus lags behind the pressure applied to it. When such a phenomenon occurs in the
field of physics (i.e., a physical manifestation lagging behind a force), a hysteresis is said to exist. When this lung characteris-
tic is plotted on a volume-pressure curve, the alveolus is shown to deflate along a different curve than that inscribed during
inspiration and the curve has a looplike appearance. The hysteresis loop shows graphically that at any given pressure the alve-
olar volume is less during inspiration than it is during expiration. This alveolar hysteresis is virtually eliminated when the
lungs are inflated experimentally with saline; such an experimental procedure removes the alveolar liquid—gas interface and,
therefore, the alveolar surface tension. Inspiratory capacity is the volume of air that can be inhaled after a normal exhalation.
Functional residual capacity is the volume of air remaining in the lungs after a normal exhalation.
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law, the distending pressure required to maintain the size of a bubble progres-
sively decreases as the size of the bubble increases (see Figure 2-16).

It is estimated that the surface tension of the average alveolus varies from 5
to 15 dynes/cm (when the alveolus is very small) to about 50 dynes/cm (when the
alveolus is fully distended) (Figure 2-19). Because pulmonary surfactant has the
ability to reduce the surface tension of the small alveoli, the high distending pres-
sure that would otherwise be required to offset the critical closing pressure of the
small alveoli is virtually eliminated.

In the absence of pulmonary surfactant, however, the alveolar surface ten-
sion increases to the level it would naturally have (50 dynes/cm), and the dis-
tending pressure necessary to overcome the recoil forces of the liquid film coating
the small alveoli is very high. In short, the distending pressure required to offset
the recoil force of the alveolar fluid behaves according to Laplace’s law. As a re-
sult, when the distending pressure of the small alveoli falls below the critical clos-
ing pressure, the liquid molecular force pulls the alveolar walls together (see
Figure 2-16). Once the liquid walls of the alveolus come into contact with one an-
other, a liquid bond develops that strongly resists the re-expansion of the alveolus.
Complete alveolar collapse is called atelectasis.

Table 2-1 lists some respiratory disorders that cause pulmonary surfactant
deficiency.

Summary of the Static Characteristics of the Lungs

There are two major static forces in the lungs that cause an inflated lung to recoil
inward: (1) the elastic properties of the lungs and (2) the surface tension of the lig-
uid film that lines the alveoli.

TXBLE 2—!.’ Causes of Pulmonary Surfactant Deficiency

T

GENERAL CAUSES

Acidosis

Hypoxia

Hyperoxia

Atelectasis

Pulmonary vascular congestion

SPECIFIC CAUSES

Adult respiratory distress syndrome (ARDS)
Infant respiratory distress syndrome (IRDS)
Pulmonary edema

Pulmonary embolism

Pneumonia

Excessive pulmonary lavage or hydration
Drowning

Extracorporeal oxygenation
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In the healthy lung, both the elastic tension and the degree of surface tension
are low in the small alveoli. As the alveoli increase in size, both the elastic tension
and the degree of surface tension progressively increase. The elastic tension, how-
ever, is the predominant force, particularly in the large alveoli (Figure 2-20).

In the absence of pulmonary surfactant, the alveolar fluid lining behaves ac-
cording to Laplace’s law—that is, a high intrapleural pressure must be generated
to keep the small alveoli open. When such a condition exists, the surface tension
force predominates in the small alveoli (see Figure 2-20).
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Figure 2-20. In the normal lung, both the surface tension force (A) and the elastic force (B) progressively increase as the
alveolus enlarges. The elastic force is the predominant force in both the small and the large alveoli. In the absence of pulmonary
surfactant, the surface tension force (C) predominates in the small alveoli. The elastic force (B) still predominates in the large
alveoli. Note that, as the alveolus enlarges, the pressure required to offset the “abnormal” surface tension force (C) ultimately
decreases to the same pressure required to offset the “normal” surface tension force (B). Thus, it can be seen that when there is
a deficiency of pulmonary surfactant, the surface tension of the small alveoli creates a high recoil force. If a high pressure is not
generated to offset this surface tension force, the alveoli will collapse.
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.

DYNAMIC CHARACTERISTICS
OF THE LUNGS

The term dynamic refers to the study of forces in action. In the lungs, dynamic
refers to the movement of gas in and out of the lungs and the pressure changes
required to move the gas. The dynamic features of the lung are best explained by
(1) Poiseuille’s law for flow and pressure and (2) the airway resistance equation.

POISEUILLE’S LAW FOR FLOW AND PRESSURE
APPLIED TO THE BRONCHIAL AIRWAYS

During a normal inspiration, intrapleural pressure decreases from its normal rest-
ing level (about —3 to —6 cm H,O pressure), which causes the bronchial airways
to lengthen and to increase in diameter (passive dilation). During expiration, in-
trapleural pressure increases (or returns to its normal resting state), which causes
the bronchial airways to decrease in length and in diameter (passive constriction)
(Figure 2-21). Under normal circumstances, these anatomic changes of the
bronchial airways are not remarkable. In certain respiratory disorders (e.g., em-
physema, chronic bronchitis), however, bronchial gas flow and intrapleural pres-
sure may change significantly, particularly during expiration, when passive
constriction of the tracheobronchial tree occurs. The reason for this is best ex-
plained in the relationship of factors described in Poiseuille’s law. Poiseuille’s law
can be arranged for either flow or pressure.

il
i|

Expiration

Figure 2-21. During inspiration, the bronchial airways lengthen
and increase in diameter. During expiration, the bronchial airways
decrease in length and diameter.
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Poiseuille’s Law Arranged for Flow
When Poiseuille’s law is arranged for flow, it is written as follows:
v = APr*
8l

where m = the viscosity of a gas (or fluid), AP = the change of pressure from one
end of the tube to the other, r = the radius of the tube, | = the length of the tube,
V = the gas (or fluid) flowing through the tube; m + 8 = constants, which will
be excluded from the discussion.

The equation states that flow is directly proportional to P and r* and in-
versely proportional to [ and m. In other words, flow will decrease in response to
decreased P and tube radius, and flow will increase in response to decreased tube
length and fluid viscosity. Conversely, flow will increase in response to an in-
creased P and tube radius and decrease in response to an increased tube length
and fluid viscosity.

It should be emphasized that flow is profoundly affected by the radius of the
tube. As Poiseuille’s law illustrates, V is a function of the fourth power of the ra-
dius (r*). In other words, assuming that pressure (P) remains constant, decreasing
the radius of a tube by one-half reduces the gas flow to 1/16 of its original flow.

For example, if the radius of a bronchial tube through which gas flows at a
rate of 16 mL per second (mL/sec) is reduced to one-half its original size because
of mucosal swelling, the flow rate through the bronchial tube would decrease to
1 mL/sec (1/16 the original flow rate) (Figure 2-22).

Similarly, decreasing a tube radius by 16 percent decreases gas flow to one-
half its original rate. For instance, if the radius of a bronchial tube through which

\/=A Pr4

Flow Rate = Flow Rate =
16 mL/sec 1 mL/sec

— -4— 1 cm Radius

0.5 cm Radius —» -

Bronchial
Airway

Figure 2-22. Poiseuille’s law for flow applied to a

bronchial airway with its radius reduced 50 percent. FEES U RIS O
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gas flows at a rate of 16 mL/sec is decreased by 16 percent (because of mucosal
swelling, for example), the flow rate through the bronchial tube would decrease to
8 mL/sec (one-half the original flow rate) (Figure 2-23).

Poiseuille’s Law Arranged for Pressure

When Poiseuille’s law is arranged for pressure, it is written as follows:
B V8l

1‘4’1T

The equation now states that pressure is directly proportional to V, 1, and m
and inversely proportional to t*. In other words, pressure will increase in response
to a decreased tube radius and decrease in response to a decreased flow rate, tube
length, or viscosity. The opposite is also true: Pressure will decrease in response to
an increased tube radius and increase in response to an increased flow rate, tube
length, or viscosity.

Pressure is a function of the radius to the fourth power (r*) and therefore is
profoundly affected by the radius of a tube. In other words, if flow (V) remains
constant, then decreasing a tube radius to one-half of its previous size requires an
increase in pressure to 16 times its original level.

If the radius of a bronchial tube with a driving pressure of 1 cm H,O is re-
duced to one-half its original size because of mucosal swelling, the driving pres-
sure through the bronchial tube would have to increase to 16 cm H,O
(16 X 1 = 16) to maintain the same flow rate (Figure 2-24).

Similarly, decreasing the bronchial tube radius by 16 percent increases the
pressure to twice its original level. For instance, if the radius of a bronchial tube
with a driving pressure of 10 cm H,O is decreased by 16 percent because of
mucosal swelling, the driving pressure through the bronchial tube would have

V& A PI'4
Flow Rate = Flow Rate =
16 mL/sec 8 mL/sec
— 1 cm Radius
.84 cm Radius —»| -

Bronchial
Airway

Figure 2-23. Poiseuille’s law for flow applied to a

bronchial airway with its radius reduced 16 percent. e G O
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\V4
P=
2

Flow Rate Remains Constant

— -«— 1 cm Radius

0.5 cm Radius —» -
Bronchial
Airway
Figure 2-24. Poiseuille’s law for pressure ap-
i L o . 1 cm H,O 16 cm H,O
plied to a bronchial airway with its radius reduced Drivi o
riving Pressure Driving Pressure

50 percent.

to increase to 20 cm H,O (twice its original pressure) to maintain the same flow
(Figure 2-25).

Poiseuille’s Law Rearranged
to Simple Proportionalities

When Poiseuille’s law is applied to the tracheobronchial tree during spontaneous
breathing, the two equations can be rewritten as simple proportionalities:

V =~ prt
\Y%
P=—
o~

Based on the proportionality for flow, it can be stated that because gas flow
varies directly with r* of the bronchial airway, flow must diminish during exhala-
tion because the radius of the bronchial airways decreases. Stated differently, as-
suming that the pressure remains constant as the radius (r) of the bronchial
airways decreases, gas flow (V) also decreases. During normal spontaneous
breathing, however, the reduction in gas flow during exhalation is negligible.

In terms of the proportionality for pressure (P = V =+ r*), if gas flow is to re-
main constant during exhalation, then the transthoracic pressure must vary in-
versely with the fourth power of the radius (r*) of the airway. In other words, as
the radius of the bronchial airways decreases during exhalation, the driving pres-
sure must increase to maintain a constant gas flow.*

*See mathematical discussion of Poiseuille’s law in Appendix III.
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Flow Rate Remains Constant

A
[ 1
— -«— 1 cm Radius
.84 cm Radius —» -
Bronchial

Airway
Figure 2—25. l?ozseuzllg ] lqw for pressure applied 10 cm HyO 20 cm Hy0
to a bronchial airway with its radius reduced 16 Driving Pressure Driving Pressure

percent.

During normal spontaneous breathing, the need to increase the transairway
pressure during exhalation in order to maintain a certain gas flow is not signifi-
cant. However, in certain respiratory disorders (e.g., emphysema, bronchitis), gas
flow reductions and transthoracic pressure increases may be substantial as a result
of the bronchial narrowing that develops in such disorders.

AIRWAY RESISTANCE

Airway resistance (R,,) is defined as the pressure difference between the mouth
and the alveoli (transairway pressure) divided by flow rate. In other words, the rate
at which a certain volume of gas flows through the bronchial airways is a function
of the pressure gradient and the resistance created by the airways to the flow of
gas. Mathematically, R,,, is measured in centimeters of water per liter per second
(L/sec), according to the following equation:

_ AP(cm H,0)

V(L/sec)

For example, if an individual produces a flow rate of 4 L/sec during inspira-
tion by generating a transairway pressure of 4 cm H,O, then R,,, would equal
1 ecm H,O/L/sec:

_ AP
\%

. 4 cm Hzo
4L/sec

=1cm H,O/L/sec

aw

Raw
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Figure 2-26. Chronic bronchitis. ESG, enlarged
submucosal gland; IEP, inflammation of epithe-
lium; MA, mucus accumulation; MP, mucus plug;
HALV, hyperinflation of alveoli (distal to airway
obstruction). (Reprinted with permission from Des
Jardins T and Burton GG. Clinical manifesta-
tions and assessment of respiratory disease : —
[4th ed.]. St. Louis: Mosby, Inc., 2002.) =

Normally, the R, in the tracheobronchial tree is about 0.5 to 1.5 cm
H,O/L/sec in adults. In patients with COPD (e.g., chronic bronchitis), however,
R,w may be very high (Figure 2-26). R, is also much higher in newborn infants
than in normal adults (see Chapter 10).

The movement of gas through a tube (or bronchial airway) can be classified
as (1) laminar flow or (2) turbulent flow (Figure 2-27).

Laminar

Turbulent

Figure 2-27. Types of gas flow.
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Laminar Flow

Laminar gas flow refers to a gas flow that is streamlined. The gas molecules move
through the tube in a pattern parallel to the sides of the tube. This flow pattern oc-
curs at low flow rates and at low pressure gradients.

Turbulent Flow

Turbulent gas flow refers to gas molecules that move through a tube in a random
manner. Gas flow encounters resistance from both the sides of the tube and from
the collision with other gas molecules. This flow pattern occurs at high flow rates
and at high pressure gradients.

TIME CONSTANTS

A product of airway resistance (R,,) and lung compliance (C;) is a phenomenon
called time constant. Time constant is defined as the time (in seconds) necessary
to inflate a particular lung region to 60 percent of its potential filling capacity.
Lung regions that have either an increased R,,, or an increased C; require more
time to inflate. These alveoli are said to have a long time constant. In contrast, lung
regions that have either a decreased R,,, or a decreased C; require less time to in-
flate. These alveoli are said to have a short time constant.
Mathematically, the time constant (T¢) is expressed as follows:

APemH,0) ~ AV(L)

Te (e = = /se)  AP(em H;0)
(Raw) (CL)
cm H,O X L

- L/sec X cm H,O

This equation shows that as R,,, increases, the value for pressure (P, in cm
H,0) in the numerator increases. Or, when C; decreases, the value for volume (V)
in liters (L) in the numerator decreases.

Thus, assuming that all other variables remain constant, if the R, of a spe-
cific lung region doubles, then the time constant will also double (i.e., the lung
unit will take twice as long to inflate). In contrast, if the C; is reduced by half, then
the time constant will also be reduced by half—and, importantly, the potential fill-
ing capacity of the lung region is also reduced by half. To help illustrate this con-
cept, consider the time constants illustrated in Figure 2-28.

In Figure 2-28A, two alveolar units have identical R,,, and C;. Thus, the two
alveoli require the same amount of time to inflate—they have the same time con-
stants. Figure 2-28B shows two alveolar units with the same R,,, but with two dif-
ferent C;. Because the C; in Unit B is one-half the C; of Unit A, Unit B (low
compliance) receives one-half the volume of Unit A (high compliance). It is impor-
tant to realize that (1) Unit B has a shorter time constant than Unit A, and (2) Unit
B receives only one-half the volume received by Unit A.

In Figure 2-28C, the two alveolar units have the same compliance, but two
different R,,,. Because the R,,, leading to Unit B is twice the R,,, leading to Unit A,
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Figure 2-28. Time constants for hypothetical alveoli with differing lung compliances (Cp), supplied by airways with dif-
fering resistances (R ).

Unit B (high R,,,) requires twice the time to fill to the same volume as Unit A (low
R.w). It is important to note that the two alveolar units do not have the same time

constant—the time constant for Unit

B is twice that of Unit A. Thus, it is also im-

portant to note that as the breathing frequency increases, the time necessary to fill
Unit B may not be adequate. Clinically, how readily a lung region fills with gas
during a specific time period is called dynamic compliance.
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Figure 2-29. Dynamic compliance/static compliance
ratio at different breathing frequencies. In normal individ-
uals there is essentially no ratio change. In individuals
with obstructive disorders, however, the ratio decreases
dramatically as the respiratory rate increases.
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DYNAMIC COMPLIANCE

The measurement called dynamic compliance is a product of the time constants.
Dynamic compliance is defined as the change in the volume of the lungs divided
by the change in the transpulmonary pressure (obtained via a partially swallowed
esophageal pressure balloon) during the time required for one breath. Dynamic
compliance is distinctively different from the static lung compliance (Cp) defined
earlier in this chapter as the change in lung volume (AV) per unit pressure change
(AP) (see Figure 2-8). In short, static compliance is determined during a period
of no gas flow, whereas dynamic compliance is measured during a period of
gas flow.

In the healthy lung, the dynamic compliance is about equal to static compli-
ance at all breathing frequencies (the ratio of dynamic compliance to static com-
pliance is 1:1) (Figure 2-29).

VENTILATORY PATTERNS

THE NORMAL VENTILATORY PATTERN

The ventilatory pattern consists of (1) the tidal volume (Vr), (2) the ventilatory
rate, and (3) the time relationship between inhalation and exhalation (I:E ratio).
Tidal volume is defined as the volume of air that normally moves into and
out of the lungs in one quiet breath. Normally, Vr is about 7 to 9 mL/kg (3 to
4 mL/Ib) of ideal body weight. The normal adult ventilatory rate is about 15
breaths per minute. The I: E ratio is usually about 1:2. That is, the time required to
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inhale a normal breath is about one-half the time required to exhale the same
breath.

Technically, however, the time required to inhale and exhale while at rest is
about equal (a 1:1 ratio) in terms of “true” gas flow. The reason exhalation is con-
sidered twice as long as inhalation in the I: E ratio is that the ratio includes the nor-
mal pause, during which there is no gas flow, that typically occurs at
end-expiration as part of the exhalation phase (Figure 2-30).

This normal pause that occurs at end-exhalation is usually about equal, in
terms of time, to either the inspiratory or expiratory phase. Thus, when an indi-
vidual is at rest, the time required for a normal ventilatory cycle consists of ap-
proximately three equal phases: (1) the inspiratory phase, (2) the expiratory phase,
and (3) the pause phase at end-expiration (see Figure 2-30).
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Figure 2-30. Normal, spontaneous breathing (eupnea). The I: E ratio typically is 1:2.
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ALVEOLAR VENTILATION VERSUS
DEAD SPACE VENTILATION

Only the inspired air that reaches the alveoli is effective in terms of gas exchange.
This portion of the inspired gas is referred to as alveolar ventilation. The volume
of inspired air that does not reach the alveoli is not effective. This portion of gas is
referred to as dead space ventilation (Figure 2-31). There are three types of dead
space: (1) anatomic, (2) alveolar, and (3) physiologic.

AUTO PEEP AND ITS RELATIONSHIP TO Raw
DURING RAPID VENTILATORY RATES

During rapid ventilatory rates, small airways with high R,,, may not have suffi-
cient time to fully deflate during exhalation. The pressure in the alveoli distal to
these airways may still be positive when the next inspiration begins. Positive end-
expiratory pressure (PEEP) caused by inadequate expiratory time is called
auto-PEEP (also called air trapping, intrinsic PEEP, occult PEEP, inadvertent
PEEP, and covert PEEP). Auto-PEEP increases a patient’s work of breathing (WOB)
in two ways:

1. As a result of auto-PEED, the patient’s functional residual capacity (FRC) in-
creases (see Chapter 4). When the FRC increases, the patient is forced to
breathe at a higher, less compliant, point on the volume-pressure curve (see

Venous  Airways
Blood

Vp Anatomic

:
1
1
1
1
:
1
1
1
1
1
1
Vp Physiologic

Alveolus Alveolus

Vp Alveolar

Alveolar Ventilation

Capillary Arterial Blood

Figure 2-31.
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Figure 2-8). Thus, air-trapping and alveolar hyperinflation (auto-PEEP)
decrease lung compliance, causing the WOB to increase.

2. When auto-PEEP produces air trapping and alveolar hyperinflation, the pa-
tient’s diaphragm is pushed downward; this causes the patient’s inspiratory
efforts to become less efficient, causing WOB to increase. Normally, an indi-
vidual needs to create an inspiratory effort that causes the alveolar pressure
(PA) to decrease —1 or 2 cm H,O below the ambient pressure to have air to
flow into the alveoli. When auto-PEEP is present, the PA is higher than the
ambient pressure at the beginning of inspiration. For example, if as a result
of auto-PEEP the PA is +4 cm H,O (above atmospheric pressure), then the
inspiratory effort must decrease the PA more than 4 cm H,O before gas can
start to flow into the lungs, requiring increased WOB.

In patients with partially obstructed airways, however, the ratio of dynamic
compliance to static compliance falls significantly as the breathing frequency rises
(see Figure 2-29). In other words, the alveoli distal to the obstruction do not have
enough time to fill to their potential filling capacity as the breathing frequency in-
creases. The compliance of such alveoli is said to be frequency dependent.

Anatomic Dead Space

Anatomic dead space is the volume of gas in the conducting airways: the nose,
mouth, pharynx, larynx, and lower airways down to, but not including, the respi-
ratory bronchioles. The volume of anatomic dead space is approximately equal to
1 mL/Ib (2.2 mL/kg) of normal body weight. Thus, if an individual weighs 150
pounds, approximately 150 mL of inspired gas would be anatomic dead space gas
(or physiologically ineffective).

Moreover, because of the anatomic dead space, the gas that does enter the
alveoli during each inspiration (alveolar ventilation) is actually a combination of
(1) anatomic dead space gas (non-fresh gas) and (2) gas from the atmosphere
(fresh gas). To visualize this, consider the inspiration and expiration of 450 mL
(V1) in an individual with an anatomic dead space of 150 mL (Figure 2-32).

Inspiration. As shown in Figure 2-32A, 150 mL of gas fill the anatomic dead
space at pre-inspiration. This gas was the last 150 mL of gas to leave the alveoli
during the previous exhalation. Thus, as shown in Figure 2-32B, the first 150 mL
of gas to enter the alveoli during inspiration are from the anatomic dead space
(non-fresh gas). The next 300 mL of gas to enter the alveoli are from the atmos-
phere (fresh gas). The last 150 mL of fresh gas inhaled fill the anatomic dead space
(see Figure 2-32B). Thus, of the 450 mL of gas that enter the alveoli, 150 mL come
from the conducting airways (non-fresh gas) and 300 mL come from the atmos-
phere (fresh gas).

Expiration. As shown in Figure 2-32C, 450 mL of gas are forced out of the alve-
oli during expiration. The first 150 mL of gas exhaled are from the anatomic dead
space. This gas was the last 150 mL that entered the conducting airways during
the previous inspiration (see Figure 2-32B). The next 300 mL of gas exhaled come
from the alveoli. The last 150 mL of gas to leave the alveoli fill the anatomic dead
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Figure 2-32. Alveolar ventilation versus dead space ventilation during one ventilatory cycle.

space. During the next inspiration, the last 150 mL of gas exhaled from the alveoli
will, again, reenter the alveoli, thus diluting the oxygen concentration of any at-
mospheric gas that enters the alveoli (see Figure 2-32A).

Therefore, minute alveolar ventilation (V,) is equal to the tidal volume (V)
minus the dead space ventilation (Vp) multiplied by the breaths per minute
(frequency):

Va = (Vg — Vp) X breaths/min
For example, if:
Vp = 450 mL
Vp = 150 mL
Breaths/min = 12
then minute alveolar ventilation would be computed as follows:
V5 = Vi — Vp X breaths/min
=450 mL — 150 mL X 12
=300 X 12
= 3600 mL
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Finally, an individual’s breathing pattern (depth and rate of breathing) can
profoundly alter the total alveolar ventilation. For example, Table 2-2 shows three
different subjects, each having a total minute ventilation (MV) of 6000 mL and
each having an anatomic dead space volume of 150 mL. Each subject, however,
has a different tidal volume and breathing frequency. Subject A has a tidal volume
of 150 mL and a breathing frequency of 40 breaths/min. Even though gas rapidly
moves in and out of the lungs, the actual alveolar ventilation is zero. Subject A
is merely moving 150 mL of gas in and out of the anatomic dead space at a rate of
40 times per minute. Clinically, this subject would become unconscious in a few
minutes.

Subject B has a tidal volume of 500 mL and a breathing frequency of 12
breaths/min. This subject has an alveolar ventilation of 4200 mL. Subject C has a
tidal volume of 1000 mL and a frequency of 6 breaths/min. This subject has an
alveolar ventilation of 5100 mL.

The important deduction to be drawn from Table 2-2 is that an increased depth
of breathing is far more effective than an equivalent increase in breathing rate in increas-
ing an individual’s total alveolar ventilation. Or, conversely, a decreased depth of
breathing can lead to a significant and, perhaps, a critical reduction of alveolar
ventilation. This is because the anatomic dead space volume represents a fixed
volume (normally about one-third), and the fixed volume will make up a larger
portion of a decreasing tidal volume. This fraction increases as the tidal volume
decreases until, as demonstrated by subject A, it represents the entire tidal vol-
ume. On the other hand, any increase in the tidal volume beyond the anatomic
dead space goes entirely toward increasing alveolar ventilation.

Alveolar Dead Space

Alveolar dead space occurs when an alveolus is ventilated but not perfused with
pulmonary blood. Thus, the air that enters the alveolus is not effective in terms of
gas exchange, because there is no pulmonary capillary blood flow. The amount of
alveolar dead space is unpredictable.

TxBLE 2—2.’ Effect of Breathing Depth and Frequency on Alveolar Ventilation

BREATHING
BREATHING FREQUENCY TOTAL MV* Vot Al
SUBJECT  DEPTH (Vy)(mL)  (BREATHS/MIN) (ML/MIN) (ML/MIN) (ML/MIN)
A 150 40 6000 150 X 40 = 6000 0
B 500 12 6000 150 X 12 = 1800 4200
c 1000 6 6000 150 X 6= 900 5100

* Total pulmonary ventilation, or minute ventilation (MV), is the product of breathing depth, or tidal volume (V+), times breathing
frequency, or breaths per minute.
** Total dead space ventilation (Vp) is the product of anatomic dead space volume (150 mL in each subject) times breathing

frequency.

TV, = alveolar ventilation.
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Physiologic Dead Space

Physiologic dead space is the sum of the anatomic dead space and alveolar dead
space. Because neither of these two forms of dead space is effective in terms of gas
exchange, the two forms are combined and are referred to as physiologic dead
space.

HOW NORMAL INTRAPLEURAL
PRESSURE DIFFERENCES CAUSE
REGIONAL DIFFERENCES IN
NORMAL LUNG VENTILATION

As discussed earlier, the diaphragm moves air in and out of the lungs by changing
the intrapleural and intra-alveolar pressures. Ordinarily, the intrapleural pressure
is always below atmospheric pressure during both inspiration and expiration (see
Figure 2-5).
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Figure 2-33. Intrapleural pressure gradient in the upright position. The negative intrapleural pressure normally is greater
in the upper lung regions compared with the lower lung regions. Because of this, the alveoli in the upper lung regions expand
more than those in the lower lung regions. This condition causes alveolar compliance to be lower in the upper lung regions
and ventilation to be greater in the lower lung regions.
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The intrapleural pressure, however, is not evenly distributed within the tho-
rax. In the normal individual in the upright position, there is a natural intrapleural
pressure gradient from the upper lung region to the lower. The negative in-
trapleural pressure at the apex of the lung is normally greater (from —7 to —10 cm
H,O pressure) than at the base (from —2 to —3 cm H,O pressure). This gradient is
gravity dependent and is thought to be due to the normal weight distribution of
the lungs above and below the hilum. In other words, because the lung is sus-
pended from the hilum, and because the lung base weighs more than the apex
(primarily due to the increased blood flow in the lung base), the lung base requires
more pressure for support than does the lung apex. This causes the negative in-
trapleural pressure around the lung base to be less.

Because of the greater negative intrapleural pressure in the upper lung re-
gions, the alveoli in those regions are expanded more than the alveoli in the lower
regions. In fact, many of the alveoli in the upper lung regions may be close to, or
at, their total filling capacity. This means, therefore, that the compliance of the
alveoli in the upper lung regions is normally less than the compliance of the alve-
oli in the lower lung regions in the normal person in the upright position. As a re-
sult, during inspiration the alveoli in the upper lung regions are unable to
accommodate as much gas as the alveoli in the lower lung regions. Thus, in the
normal individual in the upright position, ventilation is usually much greater and
more effective in the lower lung regions (Figure 2-33).

THE EFFECT OF AIRWAY
RESISTANCE AND LUNG
COMPLIANCE ON VENTILATORY
PATTERNS

As already mentioned, the respiratory rate and tidal volume presented by an indi-
vidual is known as the ventilatory pattern. The normal ventilatory pattern is a res-
piratory rate of about 15 breaths per minute and a tidal volume of about 500 mL.
Although the precise mechanism is not clear, it is well documented that these ven-
tilatory patterns frequently develop in response to changes in lung compliance
and airway resistance.

When lung compliance decreases, the patient’s ventilatory rate generally in-
creases while, at the same time, the tidal volume decreases. When airway resis-
tance increases, the patient’s ventilatory frequency usually decreases while, at the
same time, the tidal volume increases (Figure 2-34).

The ventilatory pattern adopted by the patient is thought to be based on mini-
mum work requirements, rather than ventilatory efficiency. In physics, work is de-
fined as the force applied multiplied by the distance moved (work = force X
distance). In respiratory physiology, the changes in transpulmonary pressure
(force) multiplied by the change in lung volume (distance) may be used to quanti-
tate the amount of work required to breathe (work = pressure X volume). Normally,
about 5 percent of an individual’s total energy output goes to the work of breathing.

Thus, because the patient may adopt a ventilatory pattern based on the
expenditure of energy rather than the efficiency of ventilation, it cannot be
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assumed that the ventilatory pattern acquired by the patient in response to a cer-
tain respiratory disorder is the most efficient one in terms of physiologic gas ex-
change. Such ventilatory patterns are usually seen in the more severe pulmonary
disorders that cause lung compliance to decrease or airway resistance to increase.

The patient’s adopted ventilatory pattern is frequently modified in the clini-
cal setting because of secondary heart or lung problems. For example, a patient
with chronic emphysema, who has adopted a decreased ventilatory rate and an
increased tidal volume because of increased R,,, may demonstrate an increased
ventilatory rate and a decreased tidal volume in response to a lung infection
(pneumonia) that causes lung compliance to decrease.

OVERVIEW OF SPECIFIC
VENTILATORY PATTERNS

The following are ventilatory patterns frequently seen by the respiratory care
practitioner in the clinical setting.
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Figure 2-35. Biot’s respiration: Short episodes of rapid, uniformly deep inspirations, followed by 10 to 30 seconds of apnea.

Apnea: Complete absence of spontaneous ventilation. This causes the PAp,* and
PaO; to rapidly decrease and the PACO2i and Pacof to increase. Death will ensue
in minutes.

Eupnea: Normal, spontaneous breathing (see Figure 2-30).

Biot’s Respiration: Short episodes of rapid, uniformly deep inspirations, followed
by 10 to 30 seconds of apnea (Figure 2-35). This pattern was first described in pa-
tients suffering from meningitis.

Hyperpnea: Increased depth (volume) of breathing with or without an increased
frequency (Figure 2-36).

*PAp, = alveolar oxygen tension
*Pag, = arterial oxygen tension
O,
*PAco, = alveolar carbon dioxide tension

§Pa.:o2 = arterial carbon dioxide tension
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Figure 2-36. Hyperpnea: Increased depth of breathing.

Hyperventilation

Hyperventilation: Increased alveolar ventilation (produced by any ventilatory
pattern that causes an increase in either the ventilatory rate or the depth of breath-
ing) that causes the PAco, and, therefore, the Paco, to decrease (Figure 2-37).

Hypoventilation: Decreased alveolar ventilation (produced by any ventilatory pat-
tern that causes a decrease in either the ventilatory rate or the depth of breathing)
that causes the PAcp, and, therefore, the Paco, to increase (Figure 2-38) (page 106).

Tachypnea: A rapid rate of breathing.

Cheyne-Stokes Respiration: 10 to 30 seconds of apnea, followed by a gradual in-
crease in the volume and frequency of breathing, followed by a gradual decrease
in the volume of breathing until another period of apnea occurs (Figure 2-39)
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Figure 2-37. Hyperventilation: Increased rate (A) or depth (B), or some combination of these, of breathing that causes the
PAco, and, therefore, the Paco, to decrease.

(page 107). As the depth of breathing increases, the PAg, and Pag, fall and the PAco,
and Paco, rise. Cheyne-Stokes respiration is associated with cerebral disorders.

Kussmaul’s Respiration: Both an increased depth (hyperpnea) and rate of breath-
ing (Figure 2-40) (page 108). This ventilatory pattern causes the PAco, and Pacop, to
decline and the PAg, and Pag, to increase. Kussmaul’s respiration is commonly as-
sociated with diabetic acidosis (ketoacidosis).

Orthopnea: A condition in which an individual is able to breathe most comfort-
ably only in the upright position.

Dyspnea: Difficulty in breathing, of which the individual is aware.
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Figure 2-38. Hypoventilation: Decreased rate (A) or depth (B), or some combination of both, of breathing that causes the
PAco, and, therefore, the Paco, to increase.

CHAPTER SUMMARY

The essential knowledge base for ventilation consists of four major areas. First, the
respiratory practitioner must understand how the excursion of the diaphragm
changes the intra-alveolar and intrapleural pressures. Important components of
this subject are (1) the pressure differences across the lungs, including the driving
pressure, transairway pressure, transpulmonary pressure, and transthoracic pres-
sure; (2) the role of the diaphragm in ventilation, (3) how the excursion of the di-
aphragm affects the intrapleural pressure, intra-alveolar pressure, and bronchial
gas flow during inspiration, end-inspiration, expiration, and end-expiration. Sec-
ond, the respiratory care practitioner must understand the static characteristics of
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Figure 2-39. Cheyne-Stokes respiration: A gradual increase and decrease in the volume and rate of breathing, followed by
10 to 30 seconds of apnea.

the lungs. Major components of this subject include (1) lung compliance, includ-
ing the calculation of lung compliance; (2) elastance, including Hooke’s law; and
(3) surface tension and its relationship to Laplace’s law, pulmonary surfactant,
and the deficiency of pulmonary surfactant.

Third, the practitioner must have a good understanding of the dynamic char-
acteristics of the lungs. This important subject includes (1) how Poiseuille’s law
arranged for either flow or pressure relates to the radius of the bronchial airways;
(2) airway resistance, including its calculation, and its relationship to laminar and
turbulent flow; and (3) dynamic compliance and its relationship to increased air-
way resistance and frequency dependence. Finally, the respiratory care practi-
tioner needs a good knowledge base of the characteristics of normal and abnormal
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Figure 2-40. Kussmaul’s respiration: Increased rate and depth of breathing. This breathing pattern causes the PAco, and
Paco, to decrease and PAo, and Pag, to increase.

ventilatory patterns. This subject consists of (1) knowing the meaning of the nor-
mal ventilatory pattern, including the tidal volume, ventilatory rate, and I: E ratio;
(2) differentiating between alveolar ventilation and dead space ventilation; (3)
knowing how the depth and rate of breathing affects alveolar ventilation; (4) being
able to calculate an individual’s alveolar ventilation; (5) understanding how the
normal intrapleural pressure differences cause regional differences in normal lung
ventilation; (6) knowing how the respiratory rate and tidal volume change in re-
sponse to a decreased lung compliance or an increased airway resistance; and (7)
the ability to recognize specific ventilatory patterns, such as Biot’s respiration, hy-
poventilation, tachypnea, Cheyne-Stokes respiration, Kussmaul’s respiration, or-
thopnea, and dyspnea.
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AP P LI CATTION

1

This 14-year-old girl with a long history of
asthma presented in the emergency depart-
ment in moderate to severe respiratory dis-
tress. She appeared very frightened and tears
were running down her face. She was sitting
perched forward with her arms braced in a
tripodlike position on the side of a gurney,
hands clutching the edge of the gurney. She
was using her accessory muscles of inspiration.
When asked about her condition, she stated, “I
can’t get enough air” She could only speak two
or three words at a time, between each breath.

The patient's skin appeared pale and
bluish. She had a frequent and strong cough,
productive of large amounts of thick, white se-
cretions. Her vital signs were: blood pressure—
151/93 mm Hg, heart rate—106 beats/min and
strong, and respiratory rate—32 breaths/min.
Wheezes were heard over both lung fields.
Chest x-ray showed that her lungs were hyper-
inflated and that her diaphragm was depressed.
Her peripheral oxygen saturation level (Spo,),
measured by pulse oximetry over the skin of
her index finger, was 89 percent (normal, 97%).

The respiratory therapist working in the
emergency department started the patient on
oxygen via a 6-liter (6 L/min) nasal cannula, and
on a bronchodilator continuously, via a hand-
held aerosol. The therapist also remained at the
patient’s bedside to monitor the patient’'s re-
sponse to treatment, and to encourage the pa-
tient to take slow, deep inspirations.

Forty-five minutes later, the patient had
substantially improved. She was sitting up in
bed and no longer appeared to be in respiratory
distress. She could speak in longer sentences
without getting short of breath. Her skin color
was normal. Her vital signs were: blood pres-
sure—126/83 mm Hg, heart rate—87 beats/min,
and respiratory rate— 14 breaths/min.

When instructed to cough, she generated
a strong, nonproductive cough. Although

wheezes could still be heard over the patient’s
lungs, they were not as severe as they were on
admission. A second chest x-ray showed that
her lungs were normal and her diaphragm was
no longer depressed. Her Spo, was 94 percent.

DISCUSSION

This case illustrates (1) an acute decreased lung
compliance condition, (2) how Poiseuille’s law
can be used to demonstrate the effects of
bronchial constriction and excessive airway se-
cretions on bronchial gas flow and the work of
breathing, (3) the effects of an increased airway
resistance (R,,,) on time constants, and (4) the
frequency-dependent effects of a decreased
ventilatory rate on the ventilation of alveoli.

As the severity of the tracheobronchial
tree constriction progressively increased, the
patient’s ability to exhale fully declined. This
process caused the patient’s lungs to hyperin-
flate (but not with fresh air). As a result of the
hyperinflation, the patient’s work of breathing
increased, because her lungs were functioning
at the very top of their volume-pressure curve—
the flat portion of the curve (see Figure 2-8). As
the volume-pressure curve shows, lung compli-
ance is very low on the upper, flat portion of the
volume-pressure curve. Because of this, the pa-
tient was working extremely hard to breathe
(i.e., generating large intrapleural pressure
changes), with little or no change in her alveolar
ventilation (volume), as shown in Figure 2-8.

In addition, as Poiseuille’s law demon-
strates, the tracheobronchial tree constriction
and excessive airway secretions, both caused
by the asthma attack, can have a tremendous
impact on gas flow and on the patient’s work of
breathing. Poiseuille’s law shows that gas flow
is directly related to the fourth power of the ra-
dius (r*) of the tracheobronchial tree, and pres-
sure (e.g., intrapleural pressure changes) is
indirectly related to the fourth power of the ra-

(continues)
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dius of the airways. Thus, if the patient’s
bronchial constriction and bronchial secretions
decreased the radius of the airways by one-half,
the flow of gas would decrease to 1/16 of the
original flow (see Figure 2-22). Similarly, in
order for the patient to maintain the same flow
rate, she would have to increase her work of
breathing to 16 times her original level (see
Figure 2-24).

Airway resistance (R,,) can be defined as
the intrapleural pressure difference (AP) gener-
ated by the patient to move a volume of gas di-
vided by the flow rate (V). Again, according to
Poiseuille’s law, it can be seen that as the air-
ways narrow, intrapleural pressure will increase
significantly while, at the same time, gas flow
through the airways will decrease. Because
R.w = AP =V, it is easy to see mathematically
how quickly airway resistance can increase dur-
ing an asthmatic episode.

Finally, as the airway resistance (R,,) in-
creased, the alveoli distal to the bronchial con-
striction required a longer time to inflate. These
alveoli are said to have a long time constant
(see Figure 2-28). A product of the time con-
stants is the measurement called dynamic com-
pliance, which is the change in volume of the
lungs divided by the change in the trans-
pulmonary pressure during the time required
for one breath (i.e., during a period of gas flow).

In the healthy lung, the dynamic compli-
ance is approximately equal to static compli-
ance at all breathing frequencies. In the patient
with partially obstructed airways, however, the
ratio of dynamic compliance to static compli-
ance decreases as the respiratory rate in-
creases. The alveoli distal to the airway
obstruction do not have enough time to fully in-
flate as the breathing frequency rises. The com-
pliance of these alveoli is said to be frequency
dependent. This is why it was important for the
respiratory therapist to remain at the bedside
and encourage the patient to take slow, deep
breaths.

Because the patient was having trouble in-
haling a normal volume of gas and because her
oxygen saturation level (Spg,) was below nor-
mal, oxygen therapy was clearly indicated. The
continuous bronchodilator therapy was also in-
dicated and worked to offset the effects of air-
way constriction (as described by Poiseuille’s
law), increased airway resistance, air trapping,
and hyperinflation. As the lung hyperinfla-
tion progressively declined, lung compliance
steadily increased, or returned to normal
(i.e., returned back to the steep portion of the
volume-pressure curve). The patient continued
to improve and was discharged from the hospi-
tal by the next afternoon.
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2

A 22-year-old white man motorcycle accident
victim was brought to the emergency depart-
ment with several facial, neck, and shoulder
abrasions and lacerations, and multiple broken
ribs. During each breath, the patient’s right an-
terior chest moved inward during inspiration
and outward during exhalation (clinically this is
called a flail chest). The patient was alert, in
pain, and stated, “l can’t breathe. Am | going
to die?”

The patient’s skin was pale and blue. His
vital signs were: blood pressure—166/93 mm
Hg, heart rate—135 beats/min, and respiratory
rate—26 breaths/min and shallow. While on a
simple oxygen mask, the patient's peripheral
oxygen saturation level (Spg,), measured over
the skin of his index finger, was 79 percent (nor-
mal, 97%). Chest x-ray showed that the third,
fourth, fifth, sixth, and seventh ribs were each
broken in two or three places on the right ante-
rior chest. The chest x-ray also revealed that his
right lung was partially collapsed.

The patient was immediately transferred
to the intensive care unit (ICU), sedated, intu-
bated, and placed on a mechanical ventilator.
The mechanical ventilator was set at a ventila-
tory rate of 12 breaths/minute, an oxygen con-
centration of 0.5, and a positive end-expiratory
pressure (PEEP) of +5 cm H,0.* No sponta-
neous breaths were present between the
mandatory mechanical breaths.

Four hours later, the patient appeared
comfortable and his skin color was normal.The
ventilator was set at a rate of 12 breaths/min, an
inspired oxygen concentration (Fip,) of 0.3, and
a PEEP of +5 cm H,0. No spontaneous breaths
were generated between each mechanical ven-

tilation. During each mechanical breath, both
the right and left side of the patient’s chest ex-
panded symmetrically. His blood pressure was
127/83 mm Hg and heart rate was 76 beats/min.
A second chest x-ray revealed that his right lung
had re-expanded. His peripheral oxygen satura-
tion level (Spo,) was 97 percent.

DISCUSSION

This case illustrates (1) the effects on trans-
thoracic pressure when the thorax is unstable,
(2) how the excursions of the diaphragm affect
the intrapleural pressure, (3) acute decreased
lung compliance, and (4) the therapeutic effects
of positive pressure ventilation in flail chest
cases.

Under normal conditions, on each inhala-
tion, the diaphragm moves downward and
causes the intrapleural pressure and alveolar
pressure to decrease (see Figure 2-5). In this
case, however, the patient’s ribs were broken
on the right side and caved in during each inspi-
ration when the intrapleural and alveolar pres-
sure decreased. This caused the right lung to
partially collapse—an acute decreased lung
compliance condition (see Figure 2-8).

This process was corrected when the pa-
tient was ventilated with positive pressure. The
patient no longer had to generate negative
pressure to inhale. During each positive pres-
sure breath, the chest wall expanded evenly
and returned to normal resting level at the end
of each expiration.This process allowed the ribs
to heal. After 10 days, the patient was weaned
from the ventilator; he was discharged 3 days
later.

* At the end of a normal spontaneous expiration, the pressure in the alveoli is equal to the barometric pressure. A +5 cm
H,O of PEEP means that at the end of each exhalation, the patient’s alveoli still had a positive pressure of 5cm H,O above
atmospheric pressure. Therapeutically, this helps to re-expand collapsed alveoli or to prevent the collapse of alveoli.
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REVIEW QUESTIONS

1. The average compliance of the lungs and chest wall combined is
A. 0.1 L/cm H,O
B. 0.2L/cm H,O
C. 0.3L/cm H,O
D. 04 L/cm H,O
2. Normally, the airway resistance in the tracheobronchial tree is about
A. 0.5-1.0 cm H,O/L/sec
B. 1.0-2.0 cm H,O/L/sec
C. 2.0-3.0cm H,O/L/sec
D. 3.0-4.0 cm H,O/L/sec
3. In the normal individual in the upright position,
I. the negative intrapleural pressure is greater (i.e., more negative) in
the upper lung regions
II. the alveoli in the lower lung regions are larger than the alveoli in the
upper lung regions
III. ventilation is more effective in the lower lung regions
IV. the intrapleural pressure is always below atmospheric pressure dur-
ing a normal ventilatory cycle
A. Tand II only
B. Il and IIl only
C. IL III, and IV only
D. L III, and IV only
4. When lung compliance decreases, the patient commonly has
I. an increased ventilatory rate
II. a decreased tidal volume
III. an increased tidal volume
IV. a decreased ventilatory rate
A. Tonly
B. Il only
C. Il only
D. Iand Il only
5. When arranged for flow (V), Poiseuille’s law states that V is
I. inversely proportional to r*
II. directly proportional to P
III. inversely proportional to m
IV. directly proportional to 1
A. Tonly
B. Il only
C. Il and III only
D. Il and IV only
6. During a normal exhalation, the
I. intra-alveolar pressure is greater than the atmospheric pressure
II. intrapleural pressure is less than the atmospheric pressure
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10.

11.

12.

13.

IIL. intra-alveolar pressure is in equilibrium with the atmospheric pres-
sure
IV. intrapleural pressure progressively decreases
A. Tonly
B. IV only
C. Iand T only
D. Il and IV only

. Atrest, the normal intrapleural pressure change during quiet breathing is

about

A. 0-2mm Hg
B. 2-4 mm Hg
C. 4-6 mm Hg
D. 6-8 mm Hg

. Normally, an individual’s tidal volume is about

A. 12mL/lb
B. 3-4mL/Ib
C. 5-6mL/Ib
D. 7-8 mL/Ib

. Arapid and shallow ventilatory pattern is called

A. Hyperpnea
B. Apnea
C. Alveolar hyperventilation
D. Tachypnea
Assuming that pressure remains constant, if the radius of a bronchial air-
way through which gas flows at a rate of 400 L/min is reduced to one-
half of its original size, the flow through the bronchial airway would
change to
A. 10 L/min
B. 25L/min
C. 100 L/min
D. 200 L/min
The difference between the alveolar pressure and the pleural pressure is
called the
A. transpulmonary pressure
B. transthoracic pressure
C. driving pressure
D. transairway pressure
According to Laplace’s law, if a bubble with a radius of 4 cm and a dis-
tending pressure of 10 cm H,O is reduced to a radius of 2 cm, the new
distending pressure of the bubble will be
A. 5cm H,O
B. 10 cm H,O
C. 15cm H,0O
D. 20 cm H,O
If alveolar Unit A has one-half the compliance of alveolar Unit B, then the
I. time constant of Unit A is essentially the same as Unit B
II. volume in Unit B is two times greater than Unit A
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III. time constant of Unit B is twice as long as Unit A
IV. volume in Unit B is essentially the same as the volume of Unit A
A. Tonly
B. Il only
C. IV only
D. I and III only
14. If a patient weighs 175 lbs and has a tidal volume of 550 mL and a respi-
ratory rate of 17 breaths per minute, what is the patient’s minute alveolar
ventilation?

Answer:

15. Lung compliance study
Part I: If a patient generates a negative intrapleural pressure change of

—8 cm H,O during inspiration, and the lungs accept a new volume of
630 mL, what is the compliance of the lungs?

Answer:

Part II: If the same patient, 6 hours later, generates an intrapleural pres-
sure of —12 cm H,O during inspiration, and the lungs accept a new vol-
ume of 850 mL, what is the compliance of the lungs?

Answer:

Part III: In comparing Part II to Part I, the patient’s lung compliance is
A. increasing
B. decreasing
16. If a patient produces a flow rate of 5 L/sec during inspiration by generat-
ing a transairway pressure of 20 cm H,O, what is the patient’s R,,,?
A. 1 cm H,O/L/sec
B. 2cm H,O/L/sec
C. 3cm H,O/L/sec
D. 4 cm H,O/L/sec
17. AsR,,, increases, the patient commonly manifests:
I. adecreased ventilatory rate
II. an increased tidal volume
IIL. a decreased tidal volume
IV. anincreased ventilatory rate
A. Tonly
B. I only
C. IV only
D. Il and IV only
18. If the radius of a bronchial airway, which has a driving pressure of 2 mm
Hg, is reduced by 16 percent of its original size, what will be the new
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driving pressure required to maintain the same gas flow through the

bronchial airway?

A. 4mm Hg

B. 8 mm Hg

C. 12mm Hg

D. 16 mm Hg

19. In the healthy lung, when the alveolus decreases in size during a normal
exhalation, the
I. surface tension decreases

IL. surfactant to alveolar surface area increases

III. surface tension increases

IV. surfactant to alveolar surface area decreases
A. Tonly
B. Il only
C. IV only
D. Iand Il only

20. At end-expiration, Py, is:

A. 0mmHg

B. 2mm Hg

C. 4mm Hg

D. 6 mm Hg

CLINICAL APPLICATION
QUESTIONS

Case 1

1. As a result of the hyperinflation, the patient’s work of breathing increased
because her lungs were inflated to the very top of their volume-pressure
curve. As the volume-pressure curve illustrates, lung compliance is very

(high ; low ) on the upper, flat portion of the volume-
pressure curve.
2. Because of the lung hyperinflation described in question 1, the patient was

generating (small ; large ) intrapleural pressure changes with

(little or no ; moderate to large ) volume changes.

3. What two major tracheobronchial tree changes occurred during the
asthma attack that caused gas flow to significantly decrease, as described
by Poiseuille’s law?

4. As the airway resistance increased in this case, the alveoli distal to the

bronchial constriction required (shorter ; longer ) time to
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inflate. These alveoli are said to have a (short ; long ) time
constant.

5. A product of the time constants is the measurement called dynamic com-
pliance, which is the change in volume of the lungs divided by the change
in the transpulmonary pressure during the time for one breath. During an

asthmatic episode, the patient’s dynamic compliance (increases

).

4

decreases ; remains the same

Case 2

1. Because this patient’s ribs were broken on the right side, his right chest

(bulged outward ; caved inward ) during each inspiration.
2. As a result of the condition described above, the patient’s right lung

, which in turn caused an acute

(decreased ; increased ) lung compliance condition.

3. The pathophysiologic process that developed in this case was corrected
with . During each breath, the pa-
tient’s chest wall (caved inward ; moved outward ) and then
returned to normal at the end of

each expiration.



By the end of this chapter, the student should be able to:

1.
2.

o

Define diffusion.

State the following gas laws:
—Boyle’s law

—Charles’ law
—Gay-Lussac’s law
—Dalton’s law

. Identify the percentage and partial pres-

sure of the gases that compose the baro-
metric pressure:

—Nitrogen

—Oxygen

—Argon

—Carbon dioxide

Identify the partial pressure of the gasses
in the air, alveoli, and blood:

—Oxygen (Po,)

—Carbon dioxide (Pco,)

—Nitrogen (Py,)

—Water (Pn,0)

Calculate the ideal alveolar gas equation.
Name the nine major structures of the
alveolar-capillary membrane through
which a gas molecule must diffuse.

7.

10.

11.

12.

13.

14.

Describe how oxygen and carbon dioxide
normally diffuse across the alveolar-
capillary membrane.

Explain how Fick’s law relates to gas diffu-
sion.

Describe how the following relate to the
diffusion constants in Fick’s law:
—Henry's law

—Graham'’s law

Describe how Fick’s law can be applied
to certain clinical conditions.

Define perfusion limited, and explain how
it relates to a gas such as nitrous oxide.
Define diffusion limited, and explain how
it relates to a gas such as carbon
monoxide.

Describe how oxygen can be classified
as perfusion or diffusion limited.
Complete the review questions at the end
of this chapter.

117
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As discussed in Chapter 2, the mass movement of air in and out of the lungs oc-
curs because of transpulmonary and transairway pressure changes generated by
the action of the diaphragm. This mechanism carries oxygen from the atmosphere
to the alveoli and carbon dioxide from the alveoli to the external environment. The
process of ventilation, however, merely moves gases from one point to another
(e.g., from the atmosphere to the alveoli); it does not move gas molecules across
the alveolar-capillary membrane. This process occurs by passive diffusion.

Diffusion is defined as the movement of gas molecules from an area of rela-
tively high concentration of gas to one of low concentration. Different gases each
move according to their own individual partial pressure gradients. Diffusion con-
tinues until all the gases in the two areas are in equilibrium.

To understand how gases transfer (diffuse) across the alveolar-capillary
membrane, a brief review of the physical principles governing the behavior of
gases (gas laws) and the partial pressures of the atmospheric gases is appropriate.

GAS LAWS
IDEAL GAS LAW

The behavior of gases surrounding the earth is described in a mathematical rela-
tionship known as the ideal gas law:

PV = nRT

where P is pressure, V is volume, T is temperature on the Kelvin (K) scale,* 7 is the
number of moles of gas molecules present, and R is the gas constant, which has a
fixed value of 0.0821.

Assuming that the amount of gas remains constant (i.e.,, n remains un-
changed), the ideal gas law can be used to predict specific changes of temperature,
pressure, and volume under different conditions. In other words, if nR remains
constant, then:

Py XV; P, XV,

T, T,

Thus, when any one of the above variables (P, V, T) is held constant while
one of the others changes in value, the new value of the third variable can be cal-
culated. The following laws illustrate the interrelationship of P, V, and T.

BOYLE'S LAW

Boyle’s law (P; X V; = P, X V,) states that if temperature remains constant, pres-
sure will vary inversely to volume. For example, if an air-tight container, which

*Whenever the temperature of gases is involved in calculations, all temperatures must be con-
verted to the Kelvin scale. Fahrenheit (°F) is converted first to Celsius (°C) as follows: 5 +~ 9
(F — 32). Celsius is converted to Kelvin (K) by adding 273 to the Celsius temperature (e.g.,
37°C + 273 = 310 K).
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has a volume of 200 mL and a pressure of 10 cm H,O, has its volume reduced
50 percent (100 mL), the new pressure in the container can be computed as
follows:
P XV,
2 Vv,
_ 10 em H,O X 200 mL
B 100 mL

= 20 cm H,O

CHARLES’ LAW

Charles” law (V; = T; = V, + T) states that if pressure remains constant, volume
and temperature will vary directly. That is, if the temperature of the gas in a 3-liter
balloon is increased from 250 K to 300 K, the resulting volume of the balloon can
be calculated as follows:

VX T,

2 T1
3L X 300K
250 K

=36L

GAY-LUSSAC’'S LAW

Gay-Lussac’s law (P; +~ T; = P, + T,) states that if the volume remains constant,
pressure and temperature will vary directly. For instance, if the temperature of the
gas in a closed container, having a pressure of 50 cm H,O, is increased from 275 K
to 375 K, the resulting pressure in the container can be calculated as follows:
2= T
_ 50 em H,0 X 375K
275K

_ 18,750
275

= 68 cm H,O

DALTON’S LAW

Because the earth’s atmosphere consists of several kinds of gases, it is essential to
understand how these gases behave when they are mixed together. This is de-
scribed by Dalton’s law, which states that in a mixture of gases, the total pressure
is equal to the sum of the partial pressures of each separate gas. In other words, if
10 molecules of gas are enclosed in a container, the total pressure may be
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Figure 3-1. Dalton’s law.

expressed as 10; if 5 molecules of a different gas are enclosed in another container
of equal volume, the total pressure may be expressed as 5; if both these gases are
enclosed in a container of equal volume, the total pressure may be expressed as 15
(Figure 3-1).

It should be stressed that the pressure produced by a particular gas is com-
pletely unaffected by the presence of another gas. Each gas in a mixture will indi-
vidually contribute to the total pressure created by the mixture of gases.

THE PARTIAL PRESSURES
OF ATMOSPHERIC GASES

The atmospheric gases that surround the earth exert a force on the earth’s sur-
face called the barometric pressure. At sea level the barometric pressure is about
760 mm Hg and is a function of Dalton’s law. The barometric pressure is prima-
rily derived from the gases listed in Table 3-1.

The pressure between the external atmosphere and the alveoli is in equilib-
rium, except for slight changes (3—6 cm H,O) that take place during inspiration or
expiration. Within the circulatory system, however, the sum of the partial pres-

T!BLE 3—!’. Gases That Compose the Barometric Pressure

PARTIAL PRESSURE

GAS % OF ATMOSPHERE (mm Hg)
Nitrogen (N) 78.08 593
Oxygen (O,) 20.95 159
Argon (Ar) 0.93 7

Carbon Dioxide (CO,) 0.03 0.2
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sures is reduced, because the venous blood, which has a reduced Pp, owing to cel-
lular metabolism, is not in equilibrium with the atmosphere.

It should also be noted that the barometric pressure decreases with an in-
crease in altitude. For example, as one ascends a mountain, the barometric pres-
sure steadily decreases, because the density of the different gases surrounding the
earth decreases with increased altitude. As the density of the various gases de-
creases, the partial pressure exerted by each gas also decreases. It should also be
noted that, even though the barometric pressure varies with the altitude, the per-
cent concentration of the atmospheric gases (see Table 3-1) is the same at both
high and low elevations.

PARTIAL PRESSURES OF OXYGEN
AND CARBON DIOXIDE

Table 3-2 shows the partial pressure of gases in dry air, alveolar air, arterial blood,
and venous blood. Note that even though the total barometric pressure is the same
in the atmosphere and in the alveoli, the partial pressure of oxygen in the atmo-
sphere (159 mm Hg) is significantly higher than the partial pressure of oxygen in
the alveoli (100 mm Hg). This is because alveolar oxygen must mix—or compete,
in terms of partial pressures—with alveolar CO, pressure (PAco, = 40 mm Hg)
and alveolar water vapor pressure (Py,0 = 47 mm Hg), which are not nearly as
high in the atmosphere. In short, by the time the oxygen molecules reach the alve-
oli, they are diluted by the addition of CO, and H,O molecules. This leads to a de-
crease in the partial pressure of oxygen in the alveoli (PAo,).

WATER VAPOR PRESSURE

Depending on the surrounding temperature and pressure, water can exist as a lig-
uid, gas, or solid. Water in the gaseous form is called water vapor, or molecular water.
When water vapor is present in a volume of gas, it behaves according to the gas
laws and exerts a partial pressure. Because alveolar gas is 100 percent humidified
(saturated) at body temperature, the alveolar gas is assumed to have an absolute
humidity of 44 mg/L, and a water vapor pressure (Py,o) of 47 mm Hg—regardless of
the humidity of the inspired air (Table 3-3).

TXBLE 3—2.’ Partial Pressure (in mm Hg) of Gases in the Air, Alveoli,

o and Blood*

DRY ALVEOLAR ARTERIAL VENOUS
GASES AIR GAS BLOOD BLOOD
Po, 159.0 100.0 95.0 40.0
Pco, 0.2 40.0 40.0 46.0
Ph,0 (water vapor) 0.0 47.0 47.0 47.0
Pn, (and other gases 600.8 573.0 573.0 573.0

in minute quantities)

Total 760.0 760.0 755.0 706.0

* The values shown are based on standard pressure and temperature.
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TXBLE 3—3.’ Relationship Between Temperature, Absolute Humidity,
— and Water Vapor Pressure*

ABSOLUTE

TEMPERATURE (MAXIMUM) HUMIDITY WATER VAPOR PRESSURE
(Celsius) (mg/L) (mm Hg)

37° 44.0 47.0

35° 39.6 42.2

30° 30.4 31.8

27° 25.8 26.7

25° 23.0 23.8

20° 17.3 17.5

* At sea level (760 mm Hg).

THE IDEAL ALVEOLAR
GAS EQUATION

Clinically, the alveolar oxygen tension PAg, can be computed from the ideal alve-
olar gas equation. A useful clinical approximation of the ideal alveolar gas equa-
tion is as follows:

Pao, = [PB — Py,0lFio, — Paco,(1.25)

where PAg, is the partial pressure of oxygen in the alveoli, PB is the barometric
pressure, Py is the partial pressure of water vapor in the alveoli
(Py,0 = 47 mm Hg), Fip, is the fractional concentration of inspired oxygen, and
Paco, is the partial pressure of arterial carbon dioxide. The number 1.25 is a factor
that adjusts for alterations in oxygen tension due to variations in the respiratory ex-
change ratio (RR), which is the ratio of the amount of oxygen that moves into the
pulmonary capillary blood to the amount of carbon dioxide that moves out of the
pulmonary blood and into the alveoli. Normally, about 200 mL/minute of carbon
dioxide move into the alveoli while about 250 mL/minute of oxygen move into
the pulmonary capillary blood, making the respiratory exchange ratio about 0.8.

Thus, if a patient is receiving an Fip, of .40 on a day when the barometric
pressure is 755 mm Hg, and if the Pacq, is 55 mm Hg, then the patient’s alveolar
oxygen tension (PAp,) can be calculated as follows:

PAo, = [PB — Py,0]Flo, — Paco,(1.25)
= [755 — 47].40 — 55(1.25)
= [708].40 — 68.75
= [283.2] — 68.75
= 214.45
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Clinically, when the Paco, is less than 60 mm Hg, and when the patient is re-
ceiving oxygen therapy, the following simplified version of the alveolar gas equa-
tion may be used:

PAO2 = [PB - PHZO]FIOZ - Pacoz

" THE DIFFUSION OF
PULMONARY GASES

The process of diffusion is the passive movement of gas molecules from an area of
high partial pressure to an area of low partial pressure until both areas are equal in
pressure. Once equilibrium occurs, diffusion ceases.

In the lungs, a gas molecule must diffuse through the alveolar-capillary
membrane (Figure 3-2), which is composed of (1) the liquid lining the intra-
alveolar membrane, (2) the alveolar epithelial cell, (3) the basement membrane of
the alveolar epithelial cell, (4) loose connective tissue (the interstitial space), (5) the

Capillary
basement Capillary
Alveolar membrane endothelium

epithelium

Erythrocyte
membrane

Alveolar
basement
membrane

Intracellular
erythrocyte
fluid
Fluid layer
(with pulmonary
surfactant)
Alveolus Capillary

Interstitial Plasma
space

ALVEOLAR-CAPILLARY MEMBRANE

Figure 3-2. The major barriers of the alveolar-capillary membrane through which a gas molecule
must diffuse.
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basement membrane of the capillary endothelium, (6) the capillary endothelium,
(7) the plasma in the capillary blood, (8) the erythrocyte membrane, and (9) the in-
tracellular fluid in the erythrocyte until a hemoglobin molecule is encountered.
The thickness of these physical barriers is between 0.36 and 2.5 p. Under normal
circumstances, this is a negligible barrier to the diffusion of oxygen and carbon
dioxide.

OXYGEN AND CARBON DIOXIDE
DIFFUSION ACROSS THE

v ALVEOLAR-CAPILLARY MEMBRANE
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In the healthy resting individual, venous blood entering the alveolar-capillary sys-
tem has an average oxygen tension (Pvp,) of 40 mm Hg, and an average carbon
dioxide tension (Pvcp,) of 46 mm Hg. As blood passes through the capillary, the
average alveolar oxygen tension (PAg)) is about 100 mm Hg, and the average alve-
olar carbon dioxide tension (PAco,) is about 40 mm Hg (see Table 3-2).

PAQ, = 100 mm Hg

0, Alveolus

/

Nonoxygenated Reoxygenated
Blood Blood

PVQ, = 40 mm Hg / Pag, = 100 mm Hg
PVCO, = 46 mm Hg PacQ, = 40 mm Hg

O,

[ ———

Blood Flow

Figure 3-3. Normal gas pressures for oxygen (O,) and carbon dioxide (CO,) as blood moves through the alveolar-capillary
membrane. Pvo, = partial pressure of oxygen in mixed venous blood; Pvco, = partial pressure of carbon dioxide in mixed
venous blood; PAo, = partial pressure of oxygen in alveolar gas; PAco, = partial pressure of carbon dioxide in alveolar
gas; Pap, = partial pressure of oxygen in arterial blood; Paco, = partial pressure of carbon dioxide in arterial blood.
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Figure 3-4. Under normal resting conditions, blood moves through the alveolar-capillary membrane in about 0.75 second.
The oxygen pressure (Po,) and carbon dioxide pressure (Pco,) reach equilibrium in about 0.25 second—one-third of the time
available. Pvg, = partial pressure of oxygen in mixed venous blood; Pvco, = partial pressure of carbon dioxide in mixed
venous blood; PAo, = partial pressure of oxygen in alveolar gas; PAco, = partial pressure of carbon dioxide in alveolar gas;
Pag, = partial pressure of oxygen in arterial blood; Paco, = partial pressure of carbon dioxide in arterial blood.
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Thus, when venous blood enters the alveolar-capillary system, there is an
oxygen pressure gradient of about 60 mm Hg and a carbon dioxide pressure gra-
dient of about 6 mm Hg. As a result, oxygen molecules diffuse across the alveolar-
capillary membrane into the blood while, at the same time, carbon dioxide
molecules diffuse out of the capillary blood and into the alveoli (Figure 3-3)
(page 124).

The diffusion of oxygen and carbon dioxide will continue until equilibrium is
reached; this is usually accomplished in about 0.25 second. Under normal
resting conditions, the total transit time for blood to move through the alveolar-
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Figure 3-5. During exercise or stress, the total transit time for blood through the alveolar-capillary membrane is less than
normal (normal = 0.75 sec). In the healthy individual, however, oxygen equilibrium usually occurs. Pvg, = partial pressure
of oxygen in mixed venous blood; PAo, = partial pressure of oxygen in alveolar gas; Pao, = partial pressure of oxygen in
arterial blood.
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capillary system is about 0.75 second. Thus, the diffusion of oxygen and carbon di-
oxideis completed in about one-third of the time available (Figure 3-4) (page 125).

In exercise, however, blood passes through the alveolar-capillary system at a
much faster rate and, therefore, the time for gas diffusion decreases (i.e., the time
available for gas diffusion is <0.75 second). In the healthy lung, oxygen equilib-
rium usually occurs in the alveolar-capillary system during exercise—in spite of
the shortened transit time (Figure 3-5). In the presence of certain pulmonary dis-
eases, however, the time available to achieve oxygen equilibrium in the alveolar-
capillary system may not be adequate. Such diseases include alveolar fibrosis,
alveolar consolidation, and pulmonary edema (Figure 3-6).
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Figure 3-6. When the rate of diffusion is decreased because of alveolar thickening, oxygen equilibrium will likely not occur
when the total transit time is decreased as a result of exercise or stress. Pvo, = partial pressure of oxygen in mixed venous
blood; PAo, = partial pressure of oxygen in alveolar gas; Pao, = partial pressure of oxygen in arterial blood.
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GAS DIFFUSION
FICK'S LAW

The diffusion of gas takes place according to Fick’s law, which is written as
follows:

AD (Pl - P2)

\Y
gas o T

where V gas is the amount of gas that diffuses from one point to another, A is sur-
face area, D is diffusion constant, P; — P, is the difference in partial pressure be-
tween two points, and T is thickness.

The law states that the rate of gas transfer across a sheet of tissue is directly
proportional to the surface area of the tissue, to the diffusion constants, and to the
difference in partial pressure of the gas between the two sides of the tissue, and is
inversely proportional to the thickness of the tissue (Figure 3-7).

The diffusion constant (D) noted in Fick’s law is determined by Henry’s law
and Graham’s law.

HENRY'S LAW

Henry’s law states that the amount of a gas that dissolves in a liquid at a given
temperature is proportional to the partial pressure of the gas. The amount of gas

I:,2
Alveolar
tissue area
L AD. (P, -P,)
Vgas (¢ . 2
L T
Thickness

Figure 3-7. Fick’s law.
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that can be dissolved by 1 mL of a given liquid at standard pressure (760 mm Hg)
and specified temperature is known as the solubility coefficient of the liquid.
At 37° C and 760 mm Hg pressure, the solubility coefficient of oxygen is
0.0244 mL/mm Hg/mL H,O. The solubility coefficient of carbon dioxide is
0.592 mL/mm Hg/mL H,O. The solubility coefficient varies inversely with
temperature (i.e., if the temperature rises, the solubility coefficient decreases in
value).

On the basis of the solubility coefficients of oxygen and carbon dioxide, it
can be seen that in a liquid medium (e.g., alveolar-capillary membrane) carbon
dioxide is more soluble than oxygen:

Solubility CO, 0592 24

Solubility O, 0.0244 1

GRAHAM’'S LAW

Graham’s law states that the rate of diffusion of a gas through a liquid is (1) di-
rectly proportional to the solubility coefficient of the gas and (2) inversely propor-
tional to the square root of the gram-molecular weight (GMW) of the gas. In
comparing the relative rates of diffusion to oxygen (GMW = 32) and carbon diox-
ide (GMW = 44), it can be seen that, because oxygen is the lighter gas, it moves
faster than carbon dioxide:

Diffusion rate for CO, GMWO, V32

Diffusion rate for O, B GMW CO, - V44

_56
6.6

By combining Graham’s and Henry’s laws, it can be said that the rates of dif-
fusion of two gases are directly proportional to the ratio of their solubility coeffi-
cients, and inversely proportional to the ratio of their gram-molecular weights.
For example, when the two laws are used to determine the relative rates of diffu-
sion of carbon dioxide and oxygen, it can be seen that carbon dioxide diffuses
about 20 times faster than oxygen.

Diffusion rate for CO, _ 5.6 X 0.592 _ 20
Diffusion rate for O, 6.6 X 0.0244 1

To summarize, the diffusion constant (D) for a particular gas is directly pro-
portional to the solubility coefficients (S) of the gas, and inversely proportional to
the square root of the GMW of the gas:

b. S
GMW

Mathematically, by substituting the diffusion constant,

D= S

GMW
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into Fick’s law:
AD (Pl - Pz)

\%
gas a T

then Fick’s law can be rewritten as:
AS. (P, — Py)

VGMW X T

V gas a

CLINICAL APPLICATION OF FICK'S LAW

Clinically, Fick’s law is confirmed by the following general statements:

® The area (A) component of the law is verified in that a decreased alveolar
surface area (e.g., caused by alveolar collapse or alveolar fluid) decreases the
ability of oxygen to enter the pulmonary capillary blood.

® The P; — P, portion of the law is confirmed in that a decreased alveolar oxy-
gen pressure (PAp, or P;) (e.g., caused by high altitudes or alveolar hypoven-
tilation) reduces the diffusion of oxygen into the pulmonary capillary blood.

e The thickness (T) factor is confirmed in that an increased alveolar tissue
thickness (e.g., caused by alveolar fibrosis or alveolar edema) reduces the
movement of oxygen across the alveolar-capillary membrane.

Fick’s law also suggests how certain adverse pulmonary conditions may
be improved. For example, when a patient’s oxygen diffusion rate is decreased
because of alveolar thickening, the administration of oxygen therapy will be
beneficial. As the patient’s fractional concentration of inspired oxygen (Fio,)
increases, the patient’s alveolar oxygen pressure (i.e., PAp, or the P,) also in-
creases, causing the movement of oxygen across the alveolar-capillary mem-
brane to increase.

PERFUSION-LIMITED GAS FLOW

Perfusion limited means that the transfer of gas across the alveolar wall is a
function of the amount of blood that flows past the alveoli. Nitrous oxide (N,O)
is an excellent gas to illustrate this concept. When N,O moves across the alveo-
lar wall and into the blood, it does not chemically combine with hemoglobin.
Because of this, the partial pressure of N,O in the blood plasma rises very
quickly. It is estimated that the partial pressure of N,O will equal that of the
alveolar gas when the blood is only about one-tenth of the way through the
alveolar-capillary system (Figure 3-8). Once the partial pressures of the N,O in
the blood and in the alveolar gas are equal, the diffusion of N,O stops. In order
for the diffusion of N,O to resume, additional blood must enter the alveolar-
capillary system. The rate of perfusion, therefore, determines the amount of dif-
fusion of N,O.
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Figure 3-8. Nitrous oxide (N,O) quickly equilibrates with pulmonary blood. When equilibrium occurs, the diffusion of
N,O stops. In order for the diffusion of N,O to resume, fresh blood (pulmonary artery blood) must enter the alveolar-capillary
system. This phenomenon is called perfusion limited. Py,o = partial pressure of N,O in the blood.

DIFFUSION-LIMITED GAS FLOW

Diffusion limited means that the movement of gas across the alveolar wall is a
function of the integrity of the alveolar-capillary membrane itself. Carbon monox-
ide (CO) is an excellent gas to illustrate this concept. When CO moves across the
alveolar wall and into the blood, it rapidly enters the red blood cells (RBCs) and
tightly bonds to hemoglobin (CO has an affinity for hemoglobin that is about 210
times greater than that of oxygen).

It should be noted that when gases are in chemical combination with hemo-
globin, they no longer exert a partial pressure. Thus, because CO has a strong
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chemical attraction to hemoglobin, most of the CO enters the RBCs, combines
with hemoglobin, and no longer exerts a partial pressure in the blood plasma. Be-
cause there is no appreciable partial pressure of CO in the blood plasma at any
time (i.e.,, P, — P; stays constant), only the diffusion characteristics of the alveolar-
capillary membrane, not the amount of blood flowing through the capillary, limit
the diffusion of CO (Figure 3-9).

This property makes CO an excellent gas for evaluating the lung’s ability to
diffuse gases and is used in what is called the diffusion capacity of carbon monoxide
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Figure 3-9. Carbon monoxide (CO) rapidly bonds to hemoglobin and, thus, does not generate an appreciable partial pres-
sure (Pco) in the plasma. As a result of this chemical relationship, blood flow (perfusion) does not limit the rate of CO diffu-
sion. When the alveolar-capillary membrane is abnormal (e.g., in alveolar fibrosis), however, the rate of CO diffusion
decreases. This phenomenon is called diffusion limited. In essence, diffusion limited means that the structure of the alveolar-
capillary membrane alone limits the rate of gas diffusion.
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(DLco) test. The DLcp test measures the amount of CO that moves across the
alveolar-capillary membrane into the blood in a given time. In essence, this test
measures the physiologic effectiveness of the alveolar-capillary membrane. The
normal diffusion capacity of CO is 25 mL/min/mm Hg. Figure 3-10 shows clini-
cal conditions that may cause problems in diffusion. See Figure 3—6 for an illustra-
tion of the diffusion of oxygen during a diffusion-limited state. Table 3—4 presents
factors that affect measured DLcc.

Alveolar Thickening of
Collapse Alveolar Wall
(Atelectasis) (Alveolar Fibrosis)

L d

Alveolar-Capillary
Destruction
(Emphysema)

Alveolar Consolidation
(Pneumonia)

Normal
Alveolar-Capillary
Membrane
Frothy
Secretions

(Pulmonary Edema)

Interstitial
Edema

A\

Figure 3-10. Clinical conditions that decrease the rate of gas diffusion. These conditions are known as diffusion-limited
problems.
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TXBLE 3-4. FactorsThat Affect Measured DLco

Age

Lung volume

Body size

Body position

Exercise

Alveolar P, (PAo,)

Hemoglobin concentration

Carboxyhemoglobin

The DL¢o progressively increases between birth and 20 years of age. After age
20, the DL decreases as a result of the normal anatomic alterations of the
lungs that reduce the overall alveolar-capillary surface area.

The DL¢o is directly related to an individual’s lung size. Thus, the greater the
subject’s lung volume, the greater the DLco.

As a general rule, the DLco increases with body size. The size of the lungs are
directly related to the subject’s ideal body size. Thus, the larger the subject,
the greater the lung size and the higher the DLco.

The DL¢o is about 15% to 20% greater when the individual is in the supine
position, compared with the upright position.

The DL¢o increases with exercise. This is most likely because of the increased
cardiac output, and capillary recruitment and distention, associated with
exercise.”

The DL¢o decreases in response to a high PAg,. This is because O, and CO
both compete for the same hemoglobin sites.**

Anemia: Patients with low hemoglobin content have a low CO-carrying capacity
and, therefore, a low DLgg value. Polycythemia: Patients with high
hemoglobin content have a high CO-carrying capacity and, therefore, a high
DLco value.

Individuals who already have CO bound to their hemoglobin (e.g., smokers
or fire fighters overcome by smoke inhalation), generate a “back pressure”
to alveolar P¢o. This condition decreases the pressure gradient between
the alveolar CO and the blood CO, which in turn reduces the DLco (see
Fick’s law).

* See Chapter 5.
** See Chapter 6.

HOW OXYGEN CAN BE EITHER
PERFUSION OR DIFFUSION
LIMITED

When oxygen diffuses across the alveolar wall and into the blood, it enters the
RBCs and combines with hemoglobin—but not with the same avidity as does car-
bon monoxide. Hemoglobin quickly becomes saturated with oxygen and, once
this occurs, oxygen molecules in the plasma can no longer enter the RBCs. This, in
turn, causes the partial pressure of oxygen in the plasma to increase.

Under normal resting conditions, the partial pressure of oxygen in the capil-

lary blood equals the partial pressure of oxygen in the alveolar gas when the blood
is about one-third of the way through the capillary. Beyond this point, the transfer
of oxygen is perfusion limited (Figure 3-11). When the patient has either a de-
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Figure 3-11.  Under normal resting conditions, the diffusion of oxygen across the alveolar-capillary membrane stops when
blood is about one-third of the way through the capillary. This occurs because the partial pressure of oxygen in the capillary
blood (Po,) equals the partial pressure of oxygen in the alveolus (PAo,). Once oxygen equilibrium occurs between the alveolus
and capillary blood, the diffusion of oxygen is perfusion limited.

creased cardiac output or a decreased hemoglobin level (anemia), the effects of
perfusion limitation may become significant.

When the diffusion properties of the lungs are impaired (see Figure 3-10),
however, the partial pressure of oxygen in the capillary blood may never equal the
partial pressure of the oxygen in the alveolar gas during the normal alveolar-
capillary transit time. Thus, under normal circumstances the diffusion of oxygen
is perfusion limited, but under certain abnormal pulmonary conditions the trans-
fer of oxygen may become diffusion limited.
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CHAPTER SUMMARY

Diffusion is the movement of gas molecules from an area of relatively high con-
centration of gas to one of low concentration. When several different gases are
mixed together, each gas in the mixture diffuses according to its own individual
partial pressure gradient. Diffusion continues until all gases in the two areas are in
equilibrium. Fundamental to the understanding of the diffusion of gases are the
gas laws, including the ideal gas law, Boyle’s law, Charles’ law, Gay-Lussac’s law,
and Dalton’s law. The gas laws provide the basic foundation to understand (1) the
gases that compose the barometric pressure, (2) the partial pressure of these gases
in the air, alveoli, and blood, and (3) the ideal alveolar gas equation. Finally, es-
sential to the knowledge base regarding the diffusion of gases across the alveolar-
capillary membrane is the understanding of (1) the diffusion of oxygen and
carbon dioxide across the alveolar-capillary membrane, (2) Fick’s law, including
how Henry’s law and Graham’s law are used in Fick’s law, (3) perfusion-limited
gas flow, (4) diffusion-limited gas flow, and (5) how oxygen can be either perfu-

sion or diffusion limited.

C LI NTITZCAL

This 68-year-old man entered the hospital in
severe left ventricular heart failure and pul-
monary edema (Figure 3-12).* He appeared
very anxious and his lips and skin were blue. He
had a frequent and strong cough, productive of
moderate amounts of frothy, white and pink
secretions. The patient’s vital signs were:
blood pressure—140/88 mm Hg, heart rate—
93 beats/min and weak, and respiratory rate—
28 breaths/min and shallow. On auscultation,
crackles and rhonchi (fluid sounds) could be
heard over both lung fields. His arterial oxygen
pressure (Pag,) was 53 mm Hg (normal range is
80-100 mm Hg).

The emergency department physician ad-
ministered several different heart medications
and a diuretic.The respiratory therapist placed a
continuous positive airway pressure (CPAP)

A PP LICATTION

1

mask over the patient’s nose and mouth, and
set the pressure at +10 cm H,0 and the frac-
tional concentration of inspired oxygen (Fig,)
at 0.4. One hour later the patient was breathing
comfortably. His lips and skin no longer ap-
peared blue, and his cough was less frequent.
No frothy or pink sputum was noted at this
time. His vital signs were: blood pressure—
126/78 mm Hg, heart rate—77 beats/min, and
respiratory rate—16 breaths/min. On ausculta-
tion, his breath sounds were improved. His ar-
terial oxygen pressure (Pag,) was 86 mm Hg.

DISCUSSION

This case illustrates both the adverse and thera-
peutic effects of factors presented in Fick's law
(see Figure 3-7). The patient presented in the
emergency department in severe left ventricu-

* Pulmonary edema refers to fluid accumulation in the alveoli and airways. Pulmonary edema is commonly associated

with congestive heart failure (CHF).
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Figure 3-12. Cross-sectional view of alveoli and
alveolar duct with pulmonary edema. FWS = frothy
white secretions; IE = interstitial edema; RBC = red
blood cell. (Reprinted with permission from Des Jardins
T and Burton GG. Clinical manifestations and as-
sessment of respiratory disease [4th ed.]. St. Louis:
Mosby, Inc., 2002.)

lar heart failure and pulmonary edema (see
Figure 3-12). This means that the patient’s left
ventricle was failing to pump blood adequately
and caused blood to back up into the patient’s
lungs. This pathologic process, in turn, caused
the patient’s pulmonary blood pressure to in-
crease. As the pulmonary blood pressure in-
creased, fluid moved out of the pulmonary
capillaries and into the extracapillary spaces, as
well as into the alveoli and into the tracheo-
bronchial tree. As a result of this process, the
thickness of the alveolar-capillary membrane
also increased (see Figure 3-2).

Because gas diffusion (V) is indirectly re-
lated to thickness (T), the diffusion of oxygen
across the alveolar-capillary membrane de-
creased (Fick’s law). This fact was illustrated by
the low Pag, of 53 mm Hg when the patient first

entered the hospital. The physician treated the
original cause of this condition—the failing
heart and fluid overload—with medications. As
the cardiac function and fluid overload im-
proved, the thickness of the alveolar-capillary
membrane returned to normal. As the thickness
of the alveolar-capillary membrane decreased,
the diffusion of oxygen increased.

While the physician was treating the pa-
tient’s failing heart, the respiratory therapist
worked to offset the patient’s poor oxygenation
by increasing the patient’s PAo, (P, of Fick's law).
As Fick’s law shows, the diffusion of gas is di-
rectly related to P, — P,.The therapist increased
the patient’s PAg, by (1) increasing the pressure
at the level of the patient’s alveoli with the CPAP
mask, and (2) increasing the inspired Fio, to 0.4.

(continues)
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Thus, the reduction in alveolar-capillary
membrane thickness (decreased via medica-
tions), the increased pressure at the level of the
alveoli (produced via CPAP), and the increased
Fio, (increased P,) all worked to enhance the dif-

fusion of oxygen, as shown by the Pag, of 86
mm Hg.The patient’s cardiac condition progres-
sively improved and he was discharged from
the hospital 2 days later.

C LI NTITZCAL

2

L 1 ¢CAT I O0ON

A 78-year-old woman with a long history of
chronic interstitial lung disease (alveolar thick-
ening and fibrosis) was admitted to the hospital
because of respiratory distress. She was well
known to the hospital staff. She had been ad-
mitted to the hospital on several occasions, and
for the 2 years prior to this admission, she had
been on continuous oxygen at home (2 L/min
by nasal cannula). The home care respiratory
therapist made regular visits to the patient’s
home to check on her equipment and to assess
her respiratory status. In fact, it was the respi-
ratory therapist who alerted the physician
about the patient’s poor respiratory status that
prompted this hospitalization.

On admission, the patient appeared anx-
ious and agitated. Her skin was pale and blue
and felt cool and clammy. Her vital signs were:
blood pressure—166/91 mm Hg, heart rate— 105
beats/min, and respiratory rate—24 breaths/
min. Her breath sounds were clear and loud. Al-
though chest x-ray regularly showed signs of
increased alveolar density (white appearance)
because of her lung fibrosis, this day’s chest
x-ray was markedly worse.

The physician on duty felt that the chest x-
ray showed an acute inflammatory condition
from an undetermined cause. The physician
started the patient on corticosteroids. The respi-
ratory therapist noted that even though the

patient’s alveolar oxygen pressure (PAg,) was
calculated to be 165 mm Hg, the patient’s arte-
rial oxygen pressure (Pag,) was only 57 mm Hg
(normal, 80-100 mm Hg). In response to the low
(Pag,), the therapist increased the patient's in-
spired oxygen concentration (Fip,) from 2 L/min
via nasal cannula (an Fig, of about 0.28) to 0.5
via an oxygen Venturi mask.

Over the next 24 hours the patient’s condi-
tion progressively improved. She stated that
she was breathing much better. Her skin color
returned to normal and no longer felt cold or
wet. Her vital signs were: blood pressure—
128/86 mm Hg, heart rate—76 beats/min, and
respiratory rate—14 breaths/min. A second
chest x-ray showed improvement, compared
with the previous day’s chest x-ray, and her
Pag,was 89 mm Hg, within normal limits.

DISCUSSION

This case illustrates both the acute and chronic
effects of an increased alveolar-capillary mem-
brane. As Fick’s law states, the diffusion of gas
is indirectly related to the thickness of the
alveolar-capillary membrane, and directly re-
lated to P, — P, (see Figure 3-7). Because the
patient had chronic alveolar fibrosis and thick-
ening, her oxygen diffusion was low. This is
why continuous oxygen (2 L/min) administered
via nasal cannula at home was needed to offset
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this condition. Increasing the alveolar oxygen
level (i.e., increasing the PAg, or P;) enhanced
oxygen diffusion. When the patient’s usual
chronic status was stable, the 2 L/min oxygen
via cannula at home was usually adequate to
oxygenate her alveolar-capillary blood.
Because the patient had an acute alveolar
inflammatory condition overlying her chronic
problem, her alveolar-capillary membrane be-
came even thicker. As a result, her usual home
oxygen administration was not enough to meet
the new challenge. Over the course of her hos-

pitalization, however, the steroid therapy re-
duced her alveolar inflammation. As the acute
alveolar inflammation improved, the thickness
of her alveolar-capillary membrane decreased.
While this process was taking place, the in-
creased oxygen concentration (P;) worked to
offset the patient’s poor oxygenation status and
thus worked to make her comfortable. The pa-
tient continued to improve and was discharged
on day 5 of her hospital stay. She continued to
use oxygen via nasal cannula at home.

REVIEW QUESTIONS

1. If a container having a volume of 375 mL and a pressure of 15 cm H,O in
it is suddenly reduced to a volume of 150 mL, what would be the pres-

sure in the container?

A. 17.5 cm H,O
B. 28 cm H,O
C. 37.5cm H,O
D. 43 cm H,O

2. If the gas temperature in a closed container that has a pressure of 50 cm
H,O in it is increased from 125 absolute to 235 absolute, what would be
the pressure in the container?

A. 86 cm H,O
B. 94 cm H,O
C. 102 cm H,O
D. 117 cm H,O

3. Which of the following gas laws states that in a mixture of gases the total
pressure is equal to the sum of the partial pressure of each gas?

A. Dalton’s law

B. Gay-Lussac’s law

C. Charles’ law
D. Boyle’s law

4. At sea level, the normal percentage of carbon dioxide (CO,) in the atmos-

phere is
A. 5%
B. 40%
C. 78%
D. 0.03%
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5. At sea level, the alveolar water vapor pressure is normally about
A. 0.2mm Hg
B. 47 mm Hg
C. 0.0mmHg
D. 40 mm Hg
6. If a patient is receiving an Fip, of .60 on a day when the barometric pres-
sure is 725 mm Hg, and if the Paco, is 50 mm Hg, what is the patient’s
alveolar oxygen tension (PAg,)?
A. 177 mm Hg
B. 233 mm Hg
C. 344 mm Hg
D. 415 mm Hg
7. The normal transit time for blood through the alveolar-capillary system is
about
A. 0.25 second
B. 0.50 second
C. 0.75 second
D. 1.0 second
8. Under normal resting conditions, the diffusion of oxygen and carbon
dioxide is usually completed in about
L. 0.25 second
IL. 0.50 second
III. 0.75 second
IV. 1.0 second
V. one-third of the time available
A. TTonly
B. Il only
C. IVand V only
D. Iand V only
9. Which of the following states that the rate of gas diffusion is inversely
proportional to the weight of the gas?
A. Graham’s law
B. Charles’ law
C. Henry’s law
D. Gay-Lussac’s law
10. According to Fick’s law, gas diffusion is
I. directly proportional to the thickness of the tissue
IL. indirectly proportional to the diffusion constants
III. directly proportional to the difference in partial pressure of the gas
between the two sides
IV. indirectly proportional to the tissue area
A. Tonly
B. Il only
C. IV only
D. Il and III only
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CLINICAL APPLICATION
QUESTIONS

Case 1

1.

As a result of the severe left heart failure and increased pulmonary blood
pressure in the case, fluid moved out of the pulmonary capillaries and into
the extracapillary spaces. The pathologic process caused the thickness of

the alveolar-capillary membrane to

2. Because gas diffusion is indirectly related to the thickness, the diffusion of
oxygen across the alveolar-capillary membrane in thiscase

3. While the physician was treating the patient’s failing heart, the resplratory
therapist worked to offset the patient’s poor oxygenation by increasing the
patients __ whichis of Fick’s law.

4. The therapist achieved the goal in question 3 by (1) increasing the patient’s
overall , and (2) increasing the
inspired

Case 2

1. Which factor in Fick’s law confirmed why the patient’s oxygenation status
was chronically low in this case?
Answer:

2. Which factor in Fick’s law was used therapeutically to improve the pa-
tient’s oxygenation status?
Answer:

3. Which factor in Fick’s law caused the patient’s oxygenation status to
acutely worsen in this case?

Answer:
4. In addition to the corticosteroid therapy, what factor in Fick’s law was

used therapeutically to improve the patient’s oxygenation status?

Answer:
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CHAPTER FOUR

By the end of this chapter, the student should be able to:

1.

Compare and contrast the following lung
volumes:

—Tidal volume

—Inspiratory reserve volume
—Expiratory reserve volume

—Residual volume

. Compare and contrast the following /lung

capacities:

—Vital capacity

—Inspiratory capacity

—~Functional residual capacity

—Total lung capacity

—Residual volume/total lung capacity
ratio

. Identify the approximate lung volumes

and capacities in milliliters in the average
healthy man and woman between 20 and
30 years of age.

Compare and contrast how the following
methods indirectly measure the residual
volume and the capacities containing the
residual volume:

—Closed circuit helium dilution

—COpen circuit nitrogen washout

—Body plethysmography

5.

Compare and contrast the following expi-

ratory flow rate measurements:

—~Forced vital capacity

—~Forced expiratory volume timed

—Forced expiratory volume, ¢./forced
vital capacity ratio

—~Forced expiratory flowsse, 759,

—~Forced expiratory flowsgg_1200

—~Peak expiratory flow rate

—Maximum voluntary ventilation

—~Flow-volume curves

Identify the following average dynamic

flow rate measurements for the healthy

man and woman between 20 and 30

years of age:

—Forced expiratory volume timed for pe-
riods of 0.5, 1.0, 2.0, and 3.0 seconds

—~Forced expiratory flowsgg_1200

—~Forced expiratory flowsse, 759,

—Peak expiratory flow rate

—Maximum voluntary ventilation

Describe the effort-dependent portion of a

forced expiratory maneuver.

Describe the effort-independent portion of

a forced expiratory maneuver.

(continues)
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9. Explain how the dynamic compression 11. Describe how the following are used to
mechanism limits the flow rate during the evaluate the patient’s ability to maintain
last 70 percent of a forced vital capacity, spontaneous, unassisted ventilation:
and define the equal pressure point. —Maximum inspiratory pressure (MIP)

10. Describe the diffusion capacity of carbon —Maximum expiratory pressure (MEP)
monoxide study. 12. Complete the review questions at the end

of this chapter.

LUNG VOLUMES AND CAPACITIES

The total amount of air that the lungs can accommodate is divided into four sepa-
rate volumes. Four specific combinations of these lung volumes are used to desig-
nate lung capacities (Figure 4-1).

LUNG VOLUMES

Tidal Volume (Vy): The volume of air that normally moves into and out of the
lungs in one quiet breath.

(VC) (TLC) (IC) p
Inspiratory
= > > Reserve Volume
S 5 9% (IRV)
S | 8| &8 IRV
© ] o ®
o % 20
s 2 - .
S 3 Tidal Volume (V) AVAUAY vt
5 (FRC) Expiratory
_ Reserve Volume ERV
ey (ERV)
o329 .
528 Residual
5238 Volume RV
- (RV)

Figure 4-1. Normal lung volumes and capacities. IRV = inspiratory reserve volume; V1 = tidal volume; RV = residual
volume; ERV = expiratory reserve volume; TLC = total lung capacity; VC = vital capacity; IC = inspiratory capacity;
FRC = functional residual capacity.
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Inspiratory Reserve Volume (IRV): The maximum volume of air that can be in-
haled after a normal tidal volume inhalation.

Expiratory Reserve Volume (ERV): The maximum volume of air that can be ex-
haled after a normal tidal volume exhalation.

Residual Volume (RV): The amount of air remaining in the lungs after a maximal
exhalation.

LUNG CAPACITIES

Vital Capacity (VC): The maximum volume of air that can be exhaled after a max-
imal inspiration (IRV + V1 + ERV). There are two major VC measurements: the
slow vital capacity (SVC), in which exhalation is performed slowly; and the
forced vital capacity (FVC), in which maximal effort is made to exhale as rapidly
as possible. The SVC is the “gold standard” measurement used to identify a re-
strictive lung disorder. A restrictive lung disorder causes the SVC to decrease. The
FVC will be discussed in more detail later in this chapter.

Inspiratory Capacity (IC): The volume of air that can be inhaled after a normal ex-
halation (V1 + IRV).

Functional Residual Capacity (FRC): The volume of air remaining in the lungs
after a normal exhalation (ERV + RV).

Total Lung Capacity (TLC): The maximum amount of air that the lungs can ac-
commodate (IC + FRC).

Residual Volume/Total Lung Capacity Ratio (RV/TLC X 100): The percentage of
the TLC occupied by the RV.

The amount of air that the lungs can accommodate varies with the age, race,
weight, height, and sex of the individual. Table 4-1 lists the normal lung volumes
and capacities of the average man and woman ages 20 to 30 years.

TXBLE 4—1.’ Approximate Lung Volumes and Capacities in the Average Normal
Subject 20 to 30 Years of Age

MEN WOMEN
APPROX. % APPROX. %

MEASUREMENT mL OFTLC mL OFTLC
Tidal Volume (V) 500 8-10 400-500 8-10
Inspiratory Reserve Volume (IRV) 3100 50 1900 30
Expiratory Reserve Volume (ERV) 1200 20 800 20
Residual Volume (RV) 1200 20 1000 25
Vital Capacity (VC) 4800 80 3200 75
Inspiratory Capacity (IC) 3600 60 2400 60
Functional Residual Capacity (FRC) 2400 40 1800 40
Total Lung Capacity (TLC) 6000 — 4200 —
Residual Volume/TLC 1200 1000

20 25
Capacity Ratio (RV/TLC X 100) 6000 4200
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Changes in lung volumes and capacities are seen in trauma and disease.
Such changes are usually classified as either an obstructive lung disorder or a re-
strictive lung disorder.

In an obstructive lung disorder, the RV, V1, FRC, and RV/TLC ratio are in-
creased; and the VC, IC, IRV, and ERV are decreased (Figure 4-2). In a restrictive
lung disorder, the VC, IC, RV, FRC, V1, and TLC are all decreased (Figure 4-3).

Indirect Measurements of the Residual Volume
and Capacities Containing the Residual Volume

Because the residual volume (RV) cannot be exhaled, the RV, and lung capacities
that contain the RV, are measured indirectly by one of the following methods:
closed circuit helium dilution, open circuit nitrogen washout, or body plethysmography. A
brief description of each of these methods follows.

The closed circuit helium dilution test requires the patient to rebreathe from
a spirometer that contains a known volume of gas (V;) and a known concentration
(Cy) of helium (He), usually 10 percent. The patient is “switched-in” to the closed
circuit system at the end of a normal tidal volume breath (i.e., the level at which
only the FRC is left in the lungs). A helium analyzer continuously monitors the He
concentration. Exhaled carbon dioxide is chemically removed from the system.
The gas in the patient’s FRC, which initially contains no He, mixes with the gas in
the spirometer. This dilutes the He throughout the entire system (i.e., patient’s
lungs, spirometer, and circuit). The test lasts for about 7 minutes. When the He
changes by less than 0.2 percent over a period of 1 second, the test is terminated.

Normal Lung Obstructed Lung

N

............... <Lmmmmmmen TLC*

Figure 4-2. How obstructive lung disorders alter lung volumes and capacities. IRV = inspiratory reserve volume; Vo =
tidal volume; RV = residual volume; ERV = expiratory reserve volume; TLC = total lung capacity; VC = tidal capacity;
IC = inspiratory capacity; FRC = functional residual capacity.
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Normal Lung Restricted Lung
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Figure 4-3. How restrictive lung disorders alter lung volumes and capacities. IRV = inspiratory reserve volume; Vi =
tidal volume; RV = residual volume; ERV = expiratory reserve volume; TLC = total lung capacity; VC = vital capacity;
FRC = functional residual capacity.

The He concentration at this point is C,. The patient’s FRC (V,) can then be deter-
mined by using the following formula:

ViC = VG,
which is rearranged to solve for V, as follows

Vi€,
V =
2 C,

The FRC can then be calculated by subtracting the initial spirometer volume
(V,) from the equilibrium volume (V,). (FRC =V, — V;). The RV is determined by
FRC — ERV. The TLC can be calculated by RV + VC.

In the open circuit nitrogen washout test, the patient breathes 100 percent
oxygen through a one-way valve for up to 7 minutes. The patient is “switched-in”
to the system at the end of a normal tidal volume (i.e., the level at which only the
FRC is left in the lungs). At the beginning of the test, the nitrogen (N,) concen-
tration in the alveoli is 79 percent (C;). During each breath, oxygen is inhaled and
Ny-rich gas from the FRC is exhaled. Over several minutes, the N, in the patient’s
FRC is effectively washed out. In patients with normal lungs this occurs in 3 min-
utes or less. Patients with obstructive lung disease may not washout completely
even after 7 minutes.

During the washout period, the exhaled gas volume is measured and the av-
erage concentration of N, is determined with a nitrogen analyzer. The test is com-
plete when the N, concentration drops from 79 percent to 1.5 percent or less. The
FRC (V;) can then be determined by taking the initial concentration of N, in the
FRC gas (C;), the total volume of gas exhaled during the washout period (V,), and
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the average concentration of N, in the exhaled gas (C,) and inserting the findings
into the following equation:

CZVZ
V, =
1 Cl

Body plethysmography measures the gas volume within the lungs (thoracic
gas volume [V¢]) indirectly by using a modification of Boyle’s law. During the
test, the patient sits in an airtight chamber called a body box. Initially, the patient is
permitted to breathe quietly through an open valve (shutter). Once the patient is
relaxed, the test begins at the precise moment the patient exhales to the end tidal
volume level (FRC). At this point, the shutter is closed and the patient is instructed
to pant against the closed shutter. Pressure and volume changes are monitored
during this period. The alveolar pressure changes caused by the compression and
decompression of the lungs are estimated at the mouth. Because there is no air-
flow during this period, and because the temperature is kept constant, the pres-
sure and volume changes can be used to determine the trapped volume (FRC) by
applying Boyle’s law. This method is generally considered to be the most accurate
of the three methods for measuring RV.

H' |I:Nil@ PULMONARY MECHANICS
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In addition to measuring volumes and capacities, the rate at which gas flows into
and out of the lungs can also be measured. Expiratory flow rate measurements
provide data on the integrity of the airways and the severity of airway impair-
ment, as well as indicating whether the patient has a large airway or a small air-
way problem. Collectively, the tests for measuring expiratory flow rates are
referred to as the pulmonary mechanic measurements.

PULMONARY MECHANIC MEASUREMENTS
Forced Vital Capacity (FVC)

The FVC is the maximum volume of gas that can be exhaled as forcefully and rap-
idly as possible after a maximal inspiration (Figure 4—4). The FVC is the most
commonly performed pulmonary function measurement. In the normal individ-
ual, the total expiratory time (TET) required to completely exhale the FVC is 4 to
6 seconds. In obstructive lung disease, the TET increases. TETs greater than 10 sec-
onds have been reported in these patients.

In the normal individual, the FVC and the slow vital capacity (SVC) are usu-
ally equal. In the patient with obstructive lung disease, the SVC is often normal
and the FVC is usually decreased because of air trapping. The FVC is also de-
creased in restrictive lung disorders (e.g., pulmonary fibrosis, adult respiratory
distress syndrome, pulmonary edema). This is primarily due to the low vital ca-
pacity associated with restrictive disorders. The TET needed to exhale the FVC in
a restrictive disorder, however, is usually normal or even lower than normal, be-
cause the elasticity of the lung is high (low compliance) in restrictive disorders.
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Figure 4-4. Forced vital capacity 01—2345
(FVC). A = point of maximal inspira-
tion and the starting point of an FVC. Time (Sec)

Forced Expiratory Volume Timed (FEV)

The FEVy is the maximum volume of gas that can be exhaled within a specific time
period. This measurement is obtained from an FVC. The most frequently used time
period is 1 second. Other commonly used periods are 0.5, 2, and 3 seconds (Figure
4-5). Normally, the percentage of the total FVC exhaled during these time periods
is as follows: FEVj5, 60 percent; FEV,, 83 percent; FEV,, 94 percent; and FEV;,
97 percent. Patients with obstructive pulmonary disease have a decreased FEVr. Pa-
tients with restrictive lung disease also have a decreased FEVr, primarily due to the
low vital capacity associated with such disease. The FEV decreases with age.

Normal

Expiration

-
-
-
-
-
e®

Obstruction

FEV3

Volume (L)

FEV2o
*| FEV4

FEVo.5

Figure 4-5. Forced expiratory volume timed 0 1 2 3 4 5
(FEV ). Time (Sec)
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Forced Expiratory Volume, s../Forced
Vital Capacity Ratio (FEV,/FVC Ratio)

The FEV,/FVC ratio is the comparison of the amount of air exhaled in 1 second to
the total amount exhaled during an FVC maneuver. Because the FEV,/FVC ratio
is expressed as a percentage, it is commonly referred as a forced expiratory volume in
1 second percentage (FEV,s,). As mentioned previously, the normal adult exhales 83
percent or more of the FVC in 1 second (FEV;). Thus, under normal conditions the
patient’s FEV;,, should also be 83 percent or greater. Clinically, however, an FEV.,
of 65 percent or more is often used as an acceptable value in older patients.

Collectively, the FEV, FEV,, and the FEV,,, are the most commonly used
pulmonary function measurements to (1) determine the severity of a patient’s ob-
structive pulmonary disease, and (2) distinguish between an obstructive and re-
strictive lung disorder. The key pulmonary function differences between an
obstructive and restrictive lung disorder are as follows: In obstructive lung disor-
ders, both the FEV; and the FEVq, are decreased. In restrictive lung disorders, the
FEV, is decreased, but the FEV ., is normal or increased.

Forced Expiratory Flow,so, 759, (FEF250,_750,)

The FEF,s0, 759, is the average flow rate that occurs during the middle 50 percent of
an FVC measurement (Figure 4-6). This average measurement reflects the condi-
tion of medium- to small-sized airways. The average FEF,5¢, 750, for normal healthy
men aged 20 to 30 years, is about 4.5 L/sec (270 L/min), and for women of the
same age, about 3.5 L/sec (210 L/min). The FEF,sy, 75, decreases with age and in
obstructive lung disease. In obstructive lung disease, flow rates as low as 0.3 L/sec
(18 L/min) have been reported.

5
Normal
4 -
- Obstruction
Expiration v fmmmmmmE===
3 Plmmei] s S e 75%

Volume (L)

Time (Sec)

Figure 4-6. Forced expiratory flow,se, 759, (FEF 50, 75%).
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Figure 4-7. The FEF,s, 75, is similar to measuring and then averaging the flow rate from a
faucet when 1 liter and 3 liters of water have accumulated in a 4-liter container. Picture the flow rate
from the faucet being measured when 1 liter (25%) of water has entered a 4-liter container (A).
Again, picture the flow rate from the faucet being measured when 3 liters (75%) of water have en-
tered the 4-liter container (B). Tnking the average of the two flow rates would be similar to the
FEF )59, 759, which measures and then averages the flow rate when an individual exhales 25% and

75% of the FVC.

The FEF,s0, 759, is also decreased in patients with restrictive lung disorders,
primarily because of the low vital capacity associated with restrictive lung disor-
ders. Although the FEF,s¢, 754, has no value in distinguishing between obstructive
and restrictive disease, it is helpful in further confirming—or ruling out—an ob-
structive pulmonary disease in patients with borderline low FEV,,. Conceptually,
the FEF,50, 750, is similar to measuring, and then averaging, the flow rate from a
water faucet when 25 percent and 75 percent of a specific volume of water has ac-
cumulated in a measuring container (Figure 4-7).

Forced Expiratory Flow,go_1200 (FEF200-1200)

The FEFy_1209 is the average flow rate that occurs between 200 and 1200 mL of the
FVC (Figure 4-8). The first 200 mL of the FVC is usually exhaled more slowly than
the average flow rate because of (1) the inertia involved in the respiratory maneu-
ver, and (2) the unreliability of response time of the equipment. Because the
FEF00_1200 measures expiratory flows at high lung volumes, it is a good index of
the integrity of large airway function (above the bronchioles). Flow rates that origi-
nate from the large airways are referred to as the effort-dependent portion of the
FVC.* Thus, the greater the patient effort, the higher the FEF,qy 1290 Value. The

*See “The Effort-Dependent Portion of a Forced Expiratory Maneuver,” later in this chapter.
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Figure 4-8. Forced expiratoryﬂowZoo_lzog (FEFZOO—IZOO)-

average FEFy_1209 for healthy men aged 20 to 30 years, is about 8 L/sec (480
L/min), and for women of the same age, about 5.5 L/sec (330 L/min).

The FEF;p0_1200 decreases with age and in obstructive lung disease. Flow
rates as low as 1 L/sec (60 L/min) have been reported in some patients with ob-
structive lung disease. The FEF,p_1209 is also decreased in patients with restrictive
lung disorders. This is primarily because of the low vital capacity associated with
restrictive lung disorders. Conceptually, the FEF;0_1209 is similar to measuring,
and then averaging, the flow rate from a water faucet when 200 mL and 1200 mL
have accumulated in a measuring container (Figure 4-9).

Peak Expiratory Flow Rate (PEFR)

The PEFR (also known as peak flow rate) is the maximum flow rate that can be
achieved during an FVC maneuver (Figure 4-10). The PEFR is most commonly
measured at the bedside using a small, hand-held flow-sensing device called a
peak flow meter. Similar to the FEF,(y_1500 measurement, the PEFR reflects initial
flows originating from the large airways during the first part of an FVC maneuver
(the effort-dependent portion of the FVC*). Thus, the greater the patient effort, the
higher the PEFR value.

The average PEFR for normal healthy men aged 20 to 30 years, is about
10 L/sec (600 L/min), and for women of the same age, about 7.5 L/sec (450
L/min). The PEFR decreases with age and in obstructive lung disease. The PEFR
is an inexpensive and effective bedside measurement that is used both in the

*See “The Effort-Dependent Portion of a Forced Expiratory Maneuver,” later in this chapter.
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Figure 4-9. The FEF,yp 100 is similar to measuring and then averaging the flow rate of water
from a faucet at the precise moment when 200 mL and 1200 mL of water have accumulated in a con-
tainer. Picture the flow rate from the faucet being measured when 200 mL of water have entered the
container (A). Then picture the flow rate from the faucet being measured when 1200 mL of water
have entered the container (B). Taking the average of the two flow rates would be similar to the
FEF 091200, which measures and then averages the flow rate at the precise point when 200 mL and
1200 mL of gas have been exhaled during an FVC maneuver.

Expiration

Volume (L)

Time (Sec)

Figure 4-10.  Peak expiratory flow rate (PEFR).
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hospital and home care setting to evaluate gross changes in airway function and
to assess the patient’s response to bronchodilator therapy.

Maximum Voluntary Ventilation (MVV)

The MVV is the largest volume of gas that can be breathed voluntary in and out of
the lungs in 1 minute (the patient actually performs the test for only 12 or 15 sec-
onds); it is also known as maximum breathing capacity (MBC). The MVV is a general
test that evaluates the performance of the respiratory muscles’ strength, the com-
pliance of the lung and thorax, airway resistance, and neural control mechanisms.
The MVV is a broad test and only large reductions are significant. The average
MVV for healthy men aged 20 to 30 years is about 170 L/min, and for women of
the same age it is about 110 L/min. The MVV decreases with age and chronic ob-
structive pulmonary disease. The MVYV is relatively normal in restrictive pul-
monary disease. The MVV decreases with age (Figure 4-11).

Flow-Volume Loop

The flow-volume loop is a graphic presentation of a forced vital capacity (FVC)
maneuver followed by a forced inspiratory volume (FIV) maneuver. When the
FVC and FIV are plotted together, the illustration produced by the two curves is
called a flow-volume loop (Figure 4-12). The flow-volume loop compares both
the flow rates and volume changes produced at different points of an FVC and FIV
maneuver. Although the flow-volume loop does not measure the FEF,qy 1209 and
FEF;5¢, 759, it does show the maximum flows (Vinay) at any point of the FVC. The
most commonly reported maximum flows are FEF,s,, FEFsq,, and FEF;s5,. In
healthy individuals, the FEF5q, (also called the Vmaxso) is a straight line because the
expiratory flow decreases linearly with volume throughout most of the FVC

MVV = Maximum Volume X Rate/Min

i —— N

Maximum
Volume

Volume (L)

15 Sec. =
12 Breaths
1 1 1 1 1 1

5 10 15 20 25 30 35
Time (Sec)

Figure 4-11.  Maximum voluntary ventilation (MV'V).
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Figure 4-12. Normal flow-volume loop. PEFR =
peak expiration flow rate; PIFR = peak inspiratory flow
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range. In subjects with obstructive lung disease, however, the flow rate decreases
at low lung volumes, causing the FEFsq, line to appear cuplike or scooped out.

To summarize, depending on the sophistication of the equipment, several
important measurements can be obtained from the flow-volume loop, including
the following:

PEFR

PIFR

FVC

FEVy
FEV,/FVC ratio
FEF550,
FEFSO% (Vmaxso)
FEF75%

Flow-volume loop measurements graphically illustrate both obstructive
(Figure 4-13) and restrictive lung problems (Figure 4-14). Table 4-2 (page 157)
summarizes the average dynamic flow rate values found in healthy men and
women aged 20 to 30 years.
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Figure 4-13. Flow-volume loop, obstructive pattern. FVC = forced vital capacity.
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Figure 4-14.  Flow-volume loop, restrictive pattern. FVC = forced vital capacity.
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TABLE 4- Average Dynamic Flow Rate Measurements in Healthy
j Men and Women 20 to 30 Years of Age

MEASUREMENT* MEN WOMEN
FEV+

FEV 5 60% 60%

FEV,, 83% 83%

FEVz, 94% 94%,

FEVs3, 97% 97%
FEF00-1200 8 L/sec (480 L/min) 5.5 L/sec (330 L/min)
FEF 250, 759, 4.5 L/sec (270 L/min) 3.5 L/sec (210 L/min)
PEFR 10 L/sec (600 L/min) 7.5 L/sec (450 L/min)
MVV 170 L/min 110 L/min

* See text for explanation of abbreviations.

HOW THE EFFECTS OF DYNAMIC
COMPRESSION DECREASE
EXPIRATORY FLOW RATES

THE EFFORT-DEPENDENT PORTION
OF A FORCED EXPIRATORY MANEUVER

During approximately the first 30 percent of an FVC maneuver, the maximum
peak flow rate is dependent on the amount of muscular effort exerted by the indi-
vidual. This portion of the FVC maneuver originates from the large airways and is
referred to as effort-dependent. As discussed earlier, the FEF,y 1599 and PEFR
measurements reflect flow rates from the large airways. Thus, the greater the pa-
tient effort, the higher the FEF,4y_1500 and PEFR values.

THE EFFORT-INDEPENDENT PORTION
OF A FORCED EXPIRATORY MANEUVER

The flow rate during approximately the last 70 percent of an FVC maneuver is ef-
fort independent. That is, once a maximum flow rate has been attained, the flow
rate cannot be increased by further muscular effort.

The lung volume at which the patient initiates a forced expiratory maneuver
also influences the maximum flow rate. As lung volumes decline, flow also de-
clines. The reduced flow, however, is the maximum flow for that particular
volume.

Figure 4-15 illustrates where the effort-dependent and effort-independent
portions of a forced expiratory maneuver appear on a flow-volume loop.
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Figure 4-15. The effort-dependent and effort-independent portions of a forced expiratory maneu-
ver in a flow-volume loop measurement. FVC = forced vital capacity.

DYNAMIC COMPRESSION
OF THE BRONCHIAL AIRWAYS

The limitation of the flow rate that occurs during the last 70 percent of an FVC ma-
neuver is due to the dynamic compression of the walls of the airways. As gas
flows through the airways from the alveoli to the atmosphere during passive ex-
piration, the pressure within the airways diminishes to zero (Figure 4-16A).

During a forced expiratory maneuver, however, as the airway pressure de-
creases from the alveoli to the atmosphere, there is a point at which the pressure
within the lumen of the airways equals the pleural pressure surrounding the air-
ways. This point is called the equal pressure point.

Downstream (i.e., toward the mouth) from the equal pressure point, the lat-
eral pressure within the airway becomes less than the surrounding pleural pres-
sure. Consequently, the airways are compressed. As muscular effort and pleural
pressure increase during a forced expiratory maneuver, the equal pressure point
moves upstream (i.e., toward the alveolus). Ultimately, the equal pressure point
becomes fixed where the individual’s flow rate has achieved maximum (Figure
4-16B). In essence, once dynamic compression occurs during a forced expiratory
maneuver, increased muscular effort merely augments airway compression,
which in turn increases airway resistance.



CHAPTER FOUR PULMONARY FUNCTION MEASUREMENTS

159

A B
Passive Expiration Forced Expiration
0 0
Ppl -5 T Ppl 10
PstL 10 b ) PstL 10
1 namic
Palv 5 Con¥pression Palv 20
I 5
-5 +10
2
-5 3 J 10
N / o] +10 v \
4 - N 15 Equal
Pressure
+10 Point
5 20

-5 +10/ +10

Figure 4-16. The dynamic compression mechanism. (A) During passive expiration, static elastic recoil pressure of the
lungs (Py;) is 10, pleural pressure (P,;) at the beginning of expiration is —5, and alveolar pressure (Py,) is +5. In order for
guas to move from the alveolus to the atmosphere during expiration, the pressure must decrease progressively in the airways
from +5 to 0. As A shows, P, is always less than the airway pressure. (B) During forced expiration, P, becomes positive
(+10 in this illustration). When this P, is added to the Py of +10, Py, becomes +20. As the pressure progressively decreases
during forced expiration, there must be a point at which the pressures inside and outside the airway wall are equal. This point
is the equal pressure point. Airway compression occurs downstream (toward the mouth) from this point because the lateral

pressure is less than the surrounding wall pressure.

As the structural changes associated with certain respiratory diseases (e.g.,
COPD) intensify, the patient commonly responds by increasing intrapleural pres-
sure during expiration to overcome the increased airway resistance produced by
the disease. By increasing intrapleural pressure during expiration, however, the
patient activates the dynamic compression mechanism, which in turn further re-
duces the diameter of the bronchial airways. This results in an even greater in-
crease in airway resistance.

Flow normally is not limited to effort during inspiration. This is because the
airways widen as greater inspiratory efforts are generated, thus enhancing gas
flow (see Figure 4-12).
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TXBLE 4—3.’ Maximum Inspiratory and Expiratory Pressures

~
MIP MEP

Male —125 cm H,O 230 cm H,O

Female —90 cm H,O 150 cm H,O

Maximum Inspiratory and Expiratory Pressure

An individual’s maximum inspiratory pressure (MIP) and maximum expiratory
pressure (MEP) are directly related to muscle strength. Table 4-3 shows the av-
erage MIP and MEP for the normal healthy adult. Clinically, the MIP and MEP
are used to evaluate the patient’s ability to maintain spontaneous, unassisted
mechanical ventilation. Both the MIP and MEP are commonly measured while
the patient inhales and exhales through an endotracheal tube that is attached to
a pressure gauge. For the best results, the MIP should be measured at the pa-
tient’s residual volume, and the MEP should be measured at the patient’s total lung
capacity. In general, the patient is ready for a trial of spontaneous or unassisted
ventilation when the MIP is greater than —25 cm H,O and the MEP is greater
than 50 cm H,0.

DIFFUSION CAPACITY OF CARBON
MONOXIDE (DL¢o)

The DLco study measures the amount of carbon monoxide (CO), a diffusion-
limited gas,* that moves across the alveolar-capillary membrane. CO has an affin-
ity for hemoglobin that is about 210 times greater than that of oxygen. Thus, in in-
dividuals who have normal amounts of hemoglobin and normal ventilatory
function, the only limiting factor to the diffusion of CO is the alveolar-capillary
membrane. In essence, the DL-o study measures the physiologic status of the
various anatomic structures that compose the alveolar-capillary membrane (see
Figure 3-2).

The CO single-breath technique is commonly used for this measurement.
Under normal conditions, the average DLco value for the resting male is 25
mL/min/mm Hg (STPD). This value is slightly lower in females, presumably be-
cause of their smaller normal lung volumes. The DLco may increase three-fold in
healthy subjects during exercise. The DLc generally decreases in response to lung
disorders that affect the alveolar-capillary membrane. For example, the DLcg is
decreased in emphysema because of the alveolar-capillary destruction associated
with this lung disease. See Figure 3-10 for other common lung disorders that af-
fect the alveolar-capillary membrane and cause the DLco to decrease.

*See diffusion limited, page 131.
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CHAPTER SUMMARY

The total amount of air that the lungs can accommodate is divided into four sepa-
rate volumes and four capacities. The lung volumes are the tidal volume (Vy), in-
spiratory reserve volume (IRV), expiratory reserve volume (ERV), and residual
volume (RV). The capacities consist of the vital capacity (VC), inspiratory capacity
(IC), functional residual capacity (FRC), and total lung capacity (TLC). In obstruc-
tive lung disorders, the RV, V1, FRC, and RV /TLC ratio are increased; the VC, IC,
IRV, and ERV are decreased. In restrictive lung disorders, the VC, IC, RV, FRC, Vy,
TLC are all decreased. Because the RV cannot be exhaled, the RV, and lung capac-
ities that contain the RV, are measured indirectly by either closed circuit helium di-
lution method, the open circuit nitrogen washout method, or by body
plethymosgraphy.

In addition to measuring volumes and capacities, the rate at which gas flows
into and out of the lungs can be measured. Collectively, the tests used to measure
expiratory flow rates are referred to as pulmonary mechanic measurements. These
tests include the forced vital capacity (FVC), forced expiratory volume time
(FEV7y), forced expiratory volume 1 sec/forced vital capacity ratio (FEV;/FVC),
forced expiratory flow 25%-75% (FEF;s50, 754,), forced expiratory flowygo 1200
(FEF200-1200), peak expiratory flow rate (PEFR), and the maximum voluntary venti-
lation (MVV). The flow-volume loop is a graphic presentation of an FVC followed
by a forced inspiratory volume (FIV) maneuver. The flow-volume loop compares
both the flow rates and volume changes produced at different points of the FVC
and FIV maneuver. A number of measurements can be obtained from the flow-
volume loop, including the PERF, PIFR, FVC, FEVy, FEV,/FVC ratio, FEF,s,,
FEFs5q, (Vmaxso), and FEF;sq,. To fully understand the pulmonary mechanic mea-
surements, the respiratory therapist must have a basic knowledge of how the ef-
fects of dynamic compression decrease expiratory flow rates, including the
influences of (1) the effort-dependent portion of a forced expiratory maneuver, (2)
the effort-independent portion of a forced expiratory maneuver, and (3) the dy-
namic compression of the bronchial airways. Finally, the maximum inspiratory
pressure (MIP) and maximum expiratory pressure (MEP) are used to directly
measure muscle strength, and the diffusion capacity of carbon monoxide (DLco) is
routinely used to evaluate the physiologic status of the various anatomic struc-
tures of the alveolar-capillary membrane.
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C LI NTTC CAL

This 16-year-old girl with a long history of
asthma became short of breath while playing
volleyball during her high school gym class.
The head coach took her out of the game and
had an assistant coach watch her closely. Even
though the patient inhaled a total of four puffs
of the bronchodilator albuterol from a metered-
dose inhaler over the next 30 minutes, her con-
dition progressively worsened. Concerned, the
coach called the patient’'s mother. Because the
patient had had to be given mechanical ventila-
tion on two different occasions, the patient’s

APPLICATTION

1

mother asked the coach to take her daughter di-
rectly to the emergency department of the local
hospital.

In the emergency department, the patient
was observed to be in severe respiratory dis-
tress. Her skin was blue and she was using her
accessory muscles of inspiration. The patient
stated, “My asthma is really getting bad.” Her
vital signs were: blood pressure—180/110 mm
Hg, heart rate—130 beats/min, respiratory
rate—36 breaths/min, and oral temperature
37°C. While on 4 L/min oxygen via nasal can-

Figure 4-17. X-ray showing presence of asthma.
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nula, her hemoglobin oxygen saturation (Spg,),
measured by pulse oximetry over the skin of
her index finger, was 83 percent.

A portable chest x-ray showed that her
lungs were hyperinflated and that her di-
aphragm was depressed (Figure 4-17). Mea-
surement of the patient’s forced vital capacity
provided the following data:

Bedside a)irometry

v

PARAMETER* PREDICTED ACTUAL
FVvVC 2800 mL 1220 mL
FEV, <83% 44%

PEFR 400 L/min 160 L/min

* FVC = forced vital capacity; FEV, = forced expiratory
volume in 1 second (see text); PEFR = peak expiratory
flow rate.

Because the respiratory therapist felt that
the patient did not produce a good effort on her
first FVC test, a second test was done. Even
though the patient appeared to exhale much
more forcefully during the second FVC test, the
spirometry results were identical to the previ-
ous ones. The patient’'s mother stated that her
daughter’s “personal best” peak expiratory
flow rate (PEFR) at home was 360 L/min. While
the patient was in the emergency department,
the nurse started an intravenous infusion. The
respiratory therapist increased the patient’s
oxygen via nasal cannula to 6 L/min.The patient
was then given a continuous bronchodilator
therapy via a hand-held nebulizer per the respi-
ratory care protocol. The medical director of the
respiratory care department was notified and a
mechanical ventilator was placed on standby.

One hour later, the patient stated that she
was breathing easier. Her skin appeared pink
and she was no longer using her accessory
muscles of inspiration. Her vital signs were:
blood pressure—122/76 mm Hg, heart rate—
82 beats/min, and respiratory rate—14 breaths/

min. On 2 L/min oxygen via nasal cannula her
Spo, was 97 percent. Her bedside spirometry re-
sults at this time were as follows:

Bedside ;)irometry

PARAMETER* PREDICTED ACTUAL
FVC 2800 mL 2375 mL
FEV, <83% 84%

PEFR 400 L/min 345 L/min

* FVC = forced vital capacity; FEV, = forced expiratory vol-
ume in 1 second; PEFR = peak expiratory flow rate.

The patient continued to improve and her
oxygen therapy, bronchodilator therapy, and IV
were all discontinued the next morning. Her
bedside spirometry results were FVC, 2810 mL;
FEV,, 87 percent; and PEFR, 355 L/min. She was
discharged on the afternoon of the second day.
During her exit interview, she was instructed to
use her metered-dose inhaler about 15 minutes
before each gym class.

DISCUSSION

This case illustrates (1) how the measurement
of a patient’s pulmonary mechanics can serve
as an important clinical monitor; and (2) the ef-
fects and interrelationships of the following on
the bronchial airways during a forced expira-
tory maneuver: the effort-independent portion
of a forced expiratory maneuver, dynamic com-
pression, and the equal pressure point.

When the patient was in the emergency
department, the fact that her mother knew her
daughter’s “personal best” PEFR served as an
important clinical indicator of the severity of the
patient’s asthma attack. Today, asthma patients
commonly monitor their own PEFR at home to
evaluate the severity of an asthmatic episode.
Some physicians instruct their patients to call
them or to go directly to the hospital when their
PEFR decreases to a specific level.

(continues)
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The fact that the respiratory therapist ob-
tained the same bedside spirometry results on
the second test demonstrated the effects of
effort-independent flow rate, dynamic compres-
sion, and the equal pressure point on the
bronchial airways during an FVC maneuver. Re-
member, approximately the last 70 percent of
an FVC maneuver is effort independent because

of the dynamic compression of the bronchial
airways. When the patient made a stronger
muscular effort on the second FVC test, she
only moved the equal pressure point (and dy-
namic compression) of her airways closer to the
alveoli—which in turn further increased airway
resistance and offset any increase in her FVC
(see Figure 4-16).

C LI NTITZCAL

L1 ¢CAT I O0ON

2

A 29-year-old man with no previous history of
pulmonary disease presented at his family
physician’s office complaining of a frequent
cough and shortness of breath. He stated that
his cough had started about 2 weeks prior to
this visit as a result of breathing paint fumes
while working in a small and confined area.
Even though the patient stated that he had
stopped painting in the enclosed area immedi-
ately, his cough and his ability to breathe pro-
gressively worsened. At the time of this office
visit, he had been too ill to work for 2 days.The
physician admitted the patient to the hospital
and requested a pulmonary consultation.

In the hospital, the patient appeared
healthy but in severe respiratory distress. His
skin was blue and his hospital gown was damp
from perspiration. He had a frequent and weak
cough. During each coughing episode, he pro-
duced a moderate amount of thick, white and
yellow sputum. His vital signs were: blood pres-
sure—155/96 mm Hg, heart rate—90 beats/min,
respiratory rate—26 breaths/min, and oral tem-
perature of 37°C. Dull percussion notes were
elicited over the lower lobe of the patient’s left
lung. Rhonchi were heard over both lungs dur-

ing exhalation, and loud bronchial rales were
heard over the left lower lobe.

On administration of 4 L/min oxygen via
nasal cannula, the patient's arterial oxygen
pressure (Pag,) was 63 mm Hg (normal,
80-100 mm Hg). A chest x-ray showed several
areas of alveolar collapse (atelectasis)
throughout the left lower lobe. A pulmonary
function study revealed the following results:

Bulmon,/ Function Study No. 1
PARAMETER* PREDICTED ACTUAL
FVC 4600 mL 2990 mL
FEV, <83% 67%
FEF200-1200 470 L/min 306 L/min
PEFR <400 L/min 345 L/min
VC 4600 mL 2900 mL
RV 1175 mL 764 mL
FRC 2350 mL 1528 mL

* FVC = forced vital capacity; FEV, = forced expiratory
volume in first second of an FVC maneuver; FEFp0_1200 =
forced expiratory flowsgo_1200; S€€ text; PEFR = peak expi-
ratory flow rate; VC = vital capacity; RV = residual
volume; FRC = functional residual capacity.
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In the patient’s chart, the physician noted
that the excessive bronchial secretions were a
result of an acute tracheobronchial tree inflam-
mation (acute bronchitis) caused by the inhala-
tion of noxious paint fumes. The physician
also noted that the patches of atelectasis (see
Figure 3-10) identified in the patient’s left lower
lung lobe were most likely caused by excessive
airway secretions and mucus plugging.

The respiratory therapist working with the
patient obtained a sputum sample and sent it to
the laboratory for culture. To help mobilize and
clear the excessive bronchial secretions and to
offset the mucus plugging, the patient was
started on aggressive bronchial hygiene ther-
apy, which consisted of coughing and deep
breathing, chest physical therapy, and postural
drainage.To treat the atelectasis in the left lower
lobe, the patient received lung expansion ther-
apy (hyperinflation therapy), which consisted
of incentive spirometry, coughing and deep
breathing, and continuous positive airway pres-
sure (CPAP) via a face mask.

Three days later, the patient’s general ap-
pearance had improved significantly and he no
longer appeared to be in respiratory distress.
His skin was pink. He no longer had a cough.

Pulmona’/ Function Study No. 2
PARAMETER* PREDICTED ACTUAL
FVC 4600 mL 4585 mL
FEV, <83% 83%
FEF200-1200 470 L/min 458 L/min
PEFR <400 L/min 455 L/min
VC 4600 mL 4585 mL
RV 1175 mL 1165 mL
FRC 2350 mL 2329 mL

* FVC = forced vital capacity; FEV, = forced expiratory
volume in first second of an FVC maneuver; FEF00_1200 =
forced expiratory flow,go_1200, S€€E text; PEFR = peak
expiratory flow rate; VC = vital capacity; RV = residual
volume; FRC = functional residual capacity.

When the patient was asked to cough, the
cough was strong and nonproductive. At this
time, he was receiving antibiotic therapy for a
streptococcal infection that had been identified
from a sputum culture. His vital signs were:
blood pressure—116/66 mm Hg, heart rate—
64 beats/min, respiratory rate—12 breaths/min,
and oral temperature of 37°C. Normal percus-
sion notes were elicited over both lungs. Nor-
mal bronchial vesicular breath sounds were
heard over both lungs.

On room air, the patient’s Pag,was 96 mm
Hg. A chest x-ray showed no problems. A sec-
ond pulmonary function study revealed the re-
sults shown in the table at right. The patient was
discharged the following day.

DISCUSSION

This case illustrates both an obstructive and re-
strictive lung disorder. Because of the excessive
bronchial secretions produced by the inhalation
of paint fumes and the subsequent streptococ-
cal infection, the patient’s FVC, FEV,, FEF,40_1200,
and PEFR (dynamic flow rate measurements)
were all decreased at the time of admission.

In addition, the excessive bronchial secre-
tions (and the patient's weak cough effort)
caused mucus pooling, and mucus plugging, of
the bronchial airways in the left lower lobe. As a
result of the mucus plugging, the alveoli distal
to the bronchial obstructions could not be venti-
lated and eventually collapsed (see Figure 1-9).
This condition was verified by the chest x-ray
and by the decreased VC, RV, and FRC.

Fortunately, his respiratory problems
were reversible with aggressive bronchial hy-
giene therapy and lung expansion therapy.
Once the bronchial secretions were cleared, the
obstructive problem was no longer present.
This was verified by the increased values
shown of the FVC, FEV,, FEF;00_1200, and PEFR.
When the mucus plugs were cleared and the
lungs were re-expanded, the restrictive prob-
lem was no longer present. This was verified by
the increased values of the VC, FRC, and RV.
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REVIEW QUESTIONS

1. The volume of air that can be exhaled after a normal tidal volume exhala-
tion is the
A. IRV
B. FRC
C. FVC
D. ERV
2. In an obstructive lung disorder, the
I. FRC is decreased
II. RV is increased
III. VCis decreased
IV. IRV is increased
A. Tand III only
B. Il and III only
C. I and IV only
D. I, III, and IV only
3. The PEFR in normal healthy men ages 20 to 30 years may exceed
A. 300 L/min
B. 400 L/min
C. 500 L/min
D. 600 L/min
4. Which of the following can be obtained from a flow-volume loop study?
I. FVC
II. PEFR
III. FEVy
IV. FEF2s9, 75,
A. Tand Il only
B. Il and III only
C. L III, and IV only
D. All of these
5. The MVV in normal healthy men ages 20 to 30 years is
A. 60 L/min
B. 100 L/min
C. 170 L/min
D. 240 L/min
6. Approximately how much of a forced expiratory maneuver is effort
dependent?
A. 20%
B. 30%
C. 40%
D. 50%
7. Which of the following forced expiratory measurements reflects the sta-
tus of medium-sized to small-sized airways?
A. FEF500-1200
B. PEFR
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10.

11.

C. MVV
D. FEF50, 759

. Normally, the percentage of the total volume exhaled during an FEV, by

a 20-year-old individual is
A. 60%
B. 83%
C. 94%
D. 97%

. Which of the following forced expiratory measurements is a good index

of the integrity of large airway function?

A. FEV;

B. FEF500-1200

C. FEFas0, 759,

D. MVV

The residual volume/total lung capacity ratio in healthy men ages 20 to
30 years is

A. 15%

B. 20%

C. 25%

D. 30%

A 73-year-old man with a long history of smoking demonstrates the fol-
lowing clinical data on a pulmonary function test (PFT):

Pulmonary Function Study

PFT BELOW NORMAL NORMAL ABOVE NORMAL

VC X

RV X
FRC X
ERV

FEV
FEF2s50,75%
PEFR
MVV

X X X X X

Based on the information shown, the patient appears to have:
an obstructive lung disorder

a restrictive lung disorder

both obstructive and restrictive lung disorders

. neither an obstructive or restrictive lung disorder

OSO®p»
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CLINICAL APPLICATION
QUESTIONS

Case 1

1. When the patient was in the emergency department, what pulmonary
function measurement served as an important clinical indicator of the
severity of the patient’s asthma attack?

Answer:
2. The fact that the respiratory therapist obtained the same bedside spirome-
try results on the second test demonstrated presence of what three physio-
logic effects?

3. When the patient made a stronger muscular effort on the second FVC test,

she only moved the equal pressure point of her airways

Case 2

1. This patient demonstrated both obstructive and restrictive lung disorders.
During the first part of the case, which pulmonary function studies veri-
fied that the patient had an obstructive pulmonary disorder?

Answer:

Which pulmonary function studies verified that the patient had a restric-
tive pulmonary disorder?

Answer:

2. After aggressive bronchial hygiene therapy and lung expansion therapy,

; decreased

the patient’s FEV; (increased
), and the RV (increased
).

; remained the

same

; decreased ; remained

the same
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By the end of this chapter, the student should be able to:

1.

Describe the function of the following spe-
cialized cells in the plasma:
—~Erythrocytes

—Leukocytes

—Thrombocytes

List the chemical components of plasma.

. Describe the structure and function of the

following components of the heart:

—Inferior vena cava and superior vena
cava

—Right and left atria

—Right and left ventricles

—Pulmonary trunk

—Pulmonary arteries

—Pulmonary semilunar valve

—Pulmonary veins

—Tricuspid valve

—Bicuspid valve (or mitral valve)

—Aortic valve

—Chordae tendineae

—Papillary muscles

Describe the function of the major compo-

nents of the pericardium.

. Describe the major components of the

heart wall, including:
—Epicardium
—Myocardium
—Endocardium

6.

Describe the blood supply of the heart, in-
cluding:
—Left coronary artery

e Circumflex branch

¢ Anterior interventricular branch
—Right coronary artery

¢ Marginal branch

® Posterior interventricular branch
—Venous drainage

e Great veins

¢ Middle cardiac vein

e Coronary sinus

¢ Thebesian vein
Describe how blood flows through the
heart.
Describe the following components of the
pulmonary and systemic vascular sys-
tems:
—Arteries
—Arterioles
—Capillaries
—Venules
—Veins
Explain the neural control of the vascular
system.

(continues)
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10.

11.

12.

13.

14.

15.

16.

Describe the function of the barore-
ceptors.

Define the following types of pressures:
—Intravascular pressure

—Transmural pressure

—Driving pressure

Describe how the following relate to the
cardiac cycle and blood pressure:
—Ventricular systole

—Ventricular diastole

List the infraluminal blood pressures
throughout the pulmonary and systemic
vascular systems.

Describe how blood volume affects blood
pressure, and include the following:
—Stroke volume

—Heart rate

—Cardiac output

Identify the percentage of blood found
throughout the various parts of the pul-
monary and systemic systems.
Describe the influence of gravity on blood
flow, and include how it relates to
—Zone 1

—Zone 2

—Zone 3

17.

18.
19.

20.

Define the following determinants of car-
diac output:
—Ventricular preload
—Ventricular afterload
—Myocardial contractility
Define vascular resistance.
Describe how the following affect the pul-
monary vascular resistance:
—Active mechanisms
* Abnormal blood gas values
* Pharmacologic stimulation
¢ Pathologic conditions
—Passive mechanisms
¢ Increased pulmonary arterial
pressure
¢ Increased left atrial pressure
¢ | ung volume and transpulmonary
pressure changes
¢ Blood volume changes
¢ Blood viscosity changes
Complete the review questions at the end
of this chapter.

The delivery of oxygen to the cells of the body is a function of blood flow. Thus,
when the flow of blood is inadequate, good alveolar ventilation is of little value.

The circulatory system consists of the blood, the heart (pump), and the vas-
cular system.

THE BLOOD

Blood consists of numerous specialized cells that are suspended in a liquid sub-
stance called plasma. The cells in the plasma include the erythrocytes (red blood
cells), leukocytes (white blood cells), and thrombocytes (or platelets, which are
actually cell fragments) (Table 5-1).
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TXBLE 5—!’ Formed Elements of the Blood

DURATION OF
NUMBER OF DEVELOPMENT
CELLS/MM3 (D) AND LIFE
CELLTYPE ILLUSTRATION DESCRIPTION OF BLOOD SPAN (LS) FUNCTION
Erythrocytes Biconcave, 4—6 million D: 5-7 days Transport oxygen and
(red blood @ anucleate disc; LS: 100-120 carbon dioxide
cells, RBCs) salmon-colored; days
@} diameter 7-8.
L
Leukocytes Spherical, nucleated 4,000-11,000
(white blood cells
cells, WBCs)
Neutrophils _f-'-f'-"f;_I\ Nucleus multilobed; 3000-7000 D: 6-9 days Phagocytize bacteria
i i inconspicuous LS: 6 hours to a
\r%] cytoplasmic few days
L granules;
diameter 10-14
Eosinophils S Nucleus bilobed; 100-400 D: 6-9 days Kill parasitic worms;
. T red cytoplasmic LS: 8-12 days destroy antigen-
Wy granules; antibody complexes;
= _':- 4 diameter 10-14 inactivate some
inflammatory
chemicals of allergy

Basophils Nucleus lobed; large 20-50 D: 3-7 days Release histamine and
blue-purple LS: a few hours other mediators of
cytoplasmic to a few days inflammation;
granules; contain heparin, an
diameter 10-12 anticoagulant

Agranulocytes Nucleus spherical or 1500-3000 D: days to weeks ~ Mount immune response

Lymphocytes indented; pale LS: hours to by direct cell attack
blue cytoplasm; years or via antibodies
diameter 5-17p.

Monocytes Nucleus, U or 100-700 D: 2-3 days Phagocytosis; develop
kidney-shaped; LS: months into macrophages in
gray-blue tissues
cytoplasm;
diameter 14-24 .

Platelets : Discoid cytoplasmic 250,000 D: 4-5 days Seal small tears in blood
"‘" fragments 500,000 LS: 5-10 days vessels; instrumental

containing granules;
stain deep purple;
diameter 2—4p.

in blood clotting
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ERYTHROCYTES

Erythrocytes constitute the major portion of the blood cells. In the healthy adult
man there are about 5 million red blood cells (RBCs) in each cubic millimeter of
blood (mm?). The healthy adult woman has about 4 million RBCs/ mm?®. The per-
centage of RBCs in relation to the total blood volume is known as the hematocrit.
The normal hematocrit is approximately 45 percent in the adult man (Figure 5-1)
and 42 percent in the adult woman. In the normal newborn, the hematocrit ranges
between 45 percent and 60 percent.

Microscopically, the RBCs appear as biconcave discs, averaging about 7.5
in diameter and 2.5 p in thickness. They are produced in the red bone marrow
in the spongy bone of the cranium, bodies of vertebrae, ribs, sternum, and
proximal epiphyses of the humerus and femur. It is estimated that the RBCs are
produced at the rate of 2 million cells per second. An equal number of worn-
out RBCs are destroyed each second by the spleen and liver. The life span of a
RBC is about 120 days. The major constituent of the RBCs is hemoglobin,
which is the primary substance responsible for the transport of oxygen and car-
bon dioxide.

Plasma = 55%

<«— "Buffy coat"

Red cells = 45%
(Hematocrit = 45)

Figure 5-1. When a blood-filled capillary tube is centrifuged, the red blood cells (RBCs) become
packed at the bottom of the test tube, leaving the fluid plasma at the top of the tube. White cells and
platelets form a thin, light-colored “buffy coat” at the interface between the packed RBCs and the
plasma.
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LEUKOCYTES

The primary function of the leukocytes, or white blood cells (WBCs), is to protect
the body against bacteria, viruses, parasites, toxins, and tumors. The leukocytes
are far less numerous than RBCs, averaging between 4000 and 11,000 cells/mm?.
Unlike RBCs, which are confined to the bloodstream, WBCs are able to leave the
capillary blood vessels (a process called diapedesis) when needed for inflamma-
tory or immune responses. Diapedesis is activated by chemical signals released
by the damaged cells (positive chemotaxis). Once out of the bloodstream, the
leukocytes form cytoplasmic extensions that move them along through the tissue
spaces toward the damaged cells (amoeboid motion). Whenever the WBCs are
mobilized for action, the body increases their production and twice the normal
number may appear in the blood within a few hours. A WBC count greater than
11,000 cells/ mm? is called leukocytosis. This condition is seen in patients with
bacterial or viral infections.

Leukocytes are grouped into two major categories on the basis of structural
and chemical characteristics: Granulocytes (neutrophils, eosinophils, and ba-
sophils) contain specialized membrane-bound cytoplasmic granules; agranulocytes
(lymphocytes and monocytes) lack granules. Because the general function of the
leukocytes is to combat inflammation and infection, the clinical diagnosis of an in-
jury or infection is often assisted by a differential count, which is the determination
of the percentage of each type of white cell (in 100 WBCs). Table 5-2 shows a nor-
mal differential count.

Granulocytes

Granulocytes, which include the neutrophils, basophils, and eosinophils, are
spherical in shape and much larger than erythrocytes. They characteristically have
rounded nuclear masses connected by thinner strands of nuclear material. Their
membrane-bound cytoplasmic granules stain quite specifically with Wright’s
stain. Functionally, all granulocytes are relatively short-lived phagocytes.
Neutrophils are the most numerous of the WBCs. They typically account
for half or more of the WBC population (40%-70%). Neutrophils are active
phagocytes that are twice the size of erythrocytes. They stain a lilac color. Neu-
trophils contain small granules that produce potent antibiotic-like proteins called
defensins. They are especially found at inflammation sites caused by bacteria

TXBLE 5-2.3 Normal Differential Count
v

POLYMORPHONUCLEAR GRANULOCYTES MONONUCLEAR CELLS
Neutrophils  60-70% Lymphocytes 20-25%
Eosinophils 2-4% Monocytes 3-8%

Basophils 0.5-1%
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and some fungi, which they ingest and destroy. Neutrophils kill bacteria by
means of a process called a respiratory bust, whereby oxygen is actively metabo-
lized to produce potent bacterial-killing oxidizing substances such as bleach and
hydrogen peroxide. Defensin-mediated lysis also occurs. The number of neu-
trophils increases dramatically during bacterial infections.

Eosinophils account for 1%-4% of all leukocytes. They are approximately
the same size as neutrophils. They have large, coarse granules that stain brick
red to crimson. Eosinophils lessen the severity of allergies by phagocytizing im-
mune (antigen-antibody) complexes involved in allergic attacks. This action in
turn inactivates certain inflammatory chemicals that are typically released dur-
ing an allergic reaction. An elevated eosinophil count is commonly seen in asth-
matic patients.

Basophils are the smallest group of WBCs, accounting for 1% or less of the
leukocyte population. Basophils are about the same size or slightly smaller than
neutrophils. Basophils also combat allergic reactions. Their cytoplasm contains
large coarse histamine-containing granules that stain purplish-black. Histamine is
an inflammatory substance that causes vasodilation and attracts other WBCs to
the inflamed site.

Agranulocytes

Agranulocytes, which include the lymphocytes and monocytes, lack cytoplasmic
granules. Their nuclei are typically spherical or kidney shaped. Although they are
similar in structure to the granulocytes, they function differently.

Lymphocytes are the second most numerous leukocytes in the blood. Lym-
phocytes stain dark-purple and their nuclei are usually spherical in shape and sur-
rounded by a thin rim of pale-blue cytoplasm. Although large numbers of
lymphocytes exist in the body, only a small amount are found in the bloodstream.
Most of the lymphocytes are found in the lymphoid tissues (lymph nodes), where
they play an important role in immunity. T lymphocytes (T cells) function in the
immune response by acting directly against virus-infected cells and tumors. B
lymphocytes (B cells) give rise to plasma cells, which produce antibodies (im-
munoglobulins) that work to inactivate invading antigens.

Monocytes account for 4%-8% of the WBCs. They have pale-blue cytoplasm
and a darkly stained U-shaped or kidney-shaped nucleus. In the tissue, mono-
cytes differentiate into highly mobile macrophages with large appetites. In
chronic infections, such as tuberculosis, the macrophages increase in number and
are actively phagocytic. Monocytes are also effective against viruses and certain
intracellular bacterial parasites.

THROMBOCYTES

Thrombocytes, or blood platelets, are the smallest of the formed elements in the
plasma (see Table 5-1). The normal platelet count ranges from 250,000 to
500,000/ mm? of blood. The function of the platelets is to prevent blood loss from a
traumatized area of the body involving the smallest blood vessels. They do this by
virtue of an activator substance called platelet factor, which is a sticky substance
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TXBLE 5-3.] Chemical Composition of Plasma
v

Water Food Subtances
93% of plasma weight Amino acids 40 mg/100 mL
Glucose/carbohydrates 100 mg/100 mL
Proteins Lipids 500 mg/100 mL
Albumins 4.5 g/100 mL Individual vitamins 0.0001-2.5 mg/100 mL
Globulins 2.5 g/100 mL
Fibrinogen 0.3 /100 mL Respiratory Gases
O, 0.3 mL/100 mL
Electrolytes CO, 2 mL/100 mL
Cations N, 0.9 mL/100 mL
Na™* 143 mEqg/L
K* 4 mEg/L Individual Hormones
ca** 2.5 mEq/L 0.000001-0.05 mg/100 mL
Mg?* 1.5 mEq/L
Anions Waste Products
ClI~ 103 mEq/L Urea 34 mg/100 mL
PO~ 1 mEg/L Creatinine 1 mg/100 mL
S0,.2 0.5 mEg/L Uric Acid 5 mg/100 mL
HCO3;™ 27 mEqg/L Bilirubin 0.2—1.2 mg/100 mL

that causes blood clotting at the traumatized site. The platelets also contain sero-
tonin which, when released, causes smooth-muscle constriction and reduced
blood flow.

PLASMA

When all the cells are removed from the blood, a straw-colored liquid called
plasma remains. Plasma constitutes about 55 percent of the total blood volume
(see Figure 5-1). Approximately 90 percent of plasma consists of water. The re-
maining 10 percent is composed of proteins, electrolytes, food substances, respira-
tory gases, hormones, vitamins, and waste products. Table 5-3 outlines the
chemical composition of plasma. Blood serum is plasma without its fibrinogen
and several other proteins involved in clotting.

THE HEART

The heart is a hollow, four-chambered, muscular organ that consists of the upper
right and left atria and the lower right and left ventricles (Figure 5-2). The atria
are separated by a thin muscular wall called the interatrial septum; the ventricles
are separated by a thick muscular wall called the interventricular septum. The
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Figure 5-2. (A) anterior view of the heart. (B) posterior view of the heart.
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heart actually functions as two separate pumps. The right atrium and ventricle act
as one pump to propel unoxygenated blood to the lungs. At the same time, the left
atrium and ventricle act as another pump to propel oxygenated blood throughout
the systemic circulation. Compared with the ventricles, the atria are small, thin-
walled chambers. As a rule, they contribute little to the propulsive pumping activ-
ity of the heart.

Externally, the heart appears as a cone-shaped structure, weighing between
250 and 350 g. It is enclosed in the mediastinum and extends obliquely between
the second rib and the fifth intercostal space (Figure 5-3A). The heart rests on the
superior surface of the diaphragm, anterior to the vertebral column and posterior
to the sternum (Figure 5-3B). Both the left and right lateral portions of the heart
are flanked by the lungs, which partially obscure it (Figure 5-3C). Approximately
two-thirds of the heart lies to the left of the midsternal line; the balance extends to
the right.

The base of the heart is broad and flat, about 9 cm, and points toward the
right shoulder. The apex points inferiorly toward the left hip. When fingers are
pressed between the fifth and sixth ribs just below the left nipple, the heart beat
can be felt where the apex is in contact with the internal chest wall. This site is
called the point of maximal intensity (PMI).

THE PERICARDIUM

The heart is enclosed in a double-walled sac called the pericardium (Figure 5-4).
The outer wall, the fibrous pericardium, is a tough, dense, connective tissue layer.
Its primary function is to (1) protect the heart; (2) anchor the heart to surrounding
structures, such as the diaphragm and the great vessels; and (3) prevent the heart
from overfilling. The inner wall, the serous pericardium, is a thin, slippery, serous
membrane. The serous pericardium is composed of two layers: the parietal layer,
which lines the internal surface of the fibrous pericardium, and the visceral layer
(also called the epicardium). The epicardium is an integral part of the heart often
described as the outermost layer of the heart. Between the two layers of the serous
pericardium there is a film of serous fluid, which allows the parietal and visceral
membranes to glide smoothly against one another, which in turn permits the heart
to work in a relatively friction-free environment.

THE WALL OF THE HEART

The heart wall is composed of the following three layers: epicardium (visceral
pericardium), myocardium, and endocardium (see Figure 5-4).

The epicardium, or visceral layer of the pericardium, is composed of a single
sheet of squamous epithelial cells overlying delicate connective tissue. In older pa-
tients, the epicardium layer is often infiltrated with fat.

The myocardium is a thick contractile middle layer of uniquely constructed
and arranged muscle cells. The myocardium forms the bulk of the heart. It is the
layer that actually contracts. The contractile tissue of the myocardium is com-
posed of fibers with the characteristic cross-striations of muscular tissue. The car-
diac muscle cells are interconnected to form a network spiral or circular bundles
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Figure 5-4. The layers of the pericardium and the heart wall.

(Figure 5-5). These interlacing circular bundles effectively connect all the parts of
the heart together. Collectively, the spiral bundles form a dense network called the
fibrous skeleton of the heart, which reinforces the internal portion of the my-
ocardium. Specifically modified tissue fibers of the myocardium constitute the
conduction system of the heart (i.e., the sinoatrial [SA] node, the atrioventricular
[AV] node, the AV bundle of His, and the Purkinje fibers) (discussed in more detail
in Chapter 12).

The endocardium is a glistening white sheet of squamous epithelium that
rests on a thin connective tissue layer. Located in the inner myocardial surface, it
lines the heart’s chambers. It contains small blood vessels and a few bundles of
smooth muscles. It is continuous with the endothelium of the great blood ves-
sels—the superior and inferior vena cava.
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Figure 5-5. View of the spiral and circular
arrangement of the cardiac muscle bundles.

BLOOD SUPPLY OF THE HEART

Arterial Supply

The blood supply of the heart originates directly from the aorta by means of two
arteries: the left coronary artery and the right coronary artery.

The left coronary artery divides into the circumflex branch and the anterior
interventricular branch (Figure 5-6A). The circumflex branch runs posteriorly
and supplies the left atrium and the posterior wall of the left ventricle. The ante-
rior interventricular branch travels toward the apex of the heart and supplies the
anterior walls of both ventricles and the interventricular septum. The right coro-
nary artery supplies the right atrium and then divides into the marginal branch
and the posterior interventricular branch. The marginal branch supplies the lat-
eral walls of the right atrium and right ventricle. The posterior interventricular
branch supplies the posterior wall of both ventricles.

Venous Drainage

The venous system of the heart parallels the coronary arteries. Venous blood from
the anterior side of the heart empties into the great cardiac veins; venous blood
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Figure 5-6. Coronary circulation. (A) arterial vessels. (B) venous vessels.

from the posterior portion of the heart is collected by the middle cardiac vein (see
Figure 5-6B). The great and middle cardiac veins merge and empty into a large ve-
nous cavity within the posterior wall of the right atrium called the coronary sinus.
A small amount of venous blood is collected by the thebesian vein, which empties
directly into both the right and left atrium. The venous drainage that flows into
the left atrium contributes to the normal anatomic shunt, the phenomenon
whereby oxygenated blood mixes with deoxygenated blood (this concept is dis-
cussed in more detail in Chapter 6).

BLOOD FLOW THROUGH THE HEART

As shown in Figure 5-7, the right atrium receives venous blood from the inferior
vena cava and superior vena cava. A small amount of cardiac venous blood enters
the right atrium by means of the thebesian vein. This blood is low in oxygen and
high in carbon dioxide. A one-way valve, the tricuspid valve, lies between the
right atrium and the right ventricle. The tricuspid valve gets it name from its three
valve leaflets, or cusps. The tricuspid leaflets are held in place by tendinous
cords called chordae tendinae, which are secured to the ventricular wall by the
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papillary muscles. When the ventricles contract, the tricuspid valve closes and
blood leaves the right ventricle through the pulmonary trunk and enters the
lungs by way of the right and left pulmonary arteries. The pulmonary semilunar

valve separates the right ventricle from the pulmonary trunk.

After blood passes through the lungs, it returns to the left atrium by way of
the pulmonary veins. These vessels are best seen in a posterior view of the heart
(see Figure 5-2B). The returning blood is high in oxygen and low in carbon diox-
ide. The bicuspid valve (also called the mitral valve) lies between the left atrium
and the left ventricle. This valve, which consists of two cusps, prevents blood from
returning to the left atrium during ventricular contraction. Similar to the tricuspid
valve, the bicuspid valve is also held in position by chordae tendinae and papil-
lary muscles. The left ventricle pumps blood through the ascending aorta. The
aortic valve, which lies at the base of the ascending aorta, has semilunar cusps
(valves) that close when the ventricles relax. The closure of the semilunar valves

prevent the backflow of blood into the left ventricle (see Figure 5-7).
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THE PULMONARY AND SYSTEMIC
VASCULAR SYSTEMS

The vascular network of the circulatory system is composed of two major subdivi-
sions: the systemic system and the pulmonary system (Figure 5-8). The pul-
monary system begins with the pulmonary trunk and ends in the left atrium. The
systemic system begins with the aorta and ends in the right atrium. Both systems
are composed of arteries, arterioles, capillaries, venules, and veins (see Figure
1-24).

Arteries are vessels that carry blood away from the heart. The arteries are
strong, elastic vessels that are well suited for carrying blood under high pressure
in the systemic system. The arteries subdivide as they move away from the heart
into smaller vessels and, eventually, into vessels called arterioles. Arterioles play a
major role in the distribution and regulation of blood pressure and are referred to
as the resistance vessels.

Gas exchange occurs in the capillaries. In the capillaries of the pulmonary
system, gas exchange is called external respiration (gas exchange between blood
and air). In the capillaries of the systemic system, gas exchange is called internal
respiration (gas exchange between blood and tissues).

The venules are tiny veins continuous with the capillaries. The venules
empty into the veins, which carry blood back to the heart. The veins differ from
the arteries in that they are capable of holding a large amount of blood with very
little pressure change. Because of this unique feature, the veins are called capaci-
tance vessels. Approximately 60 percent of the body’s total blood volume is con-
tained within the venous system.

NEURAL CONTROL OF THE VASCULAR SYSTEM

The pulmonary arterioles and most of the arterioles in the systemic circulation are
controlled by sympathetic impulses. Sympathetic fibers are found in the arteries,
arterioles and, to a lesser degree, in the veins (Figure 5-9). The vasomotor center,
which is located in the medulla oblongata, governs the number of sympathetic im-
pulses sent to the vascular systems. Under normal circumstances, the vasomotor
center transmits a continual stream of sympathetic impulses to the blood vessels,
maintaining the vessels in a moderate state of constriction all the time. This state
of vascular contraction is called the vasomotor tone.

The vasomotor center coordinates both vasoconstriction and vasodilation by
controlling the number of sympathetic impulses that leave the medulla. For exam-
ple, when the vasomotor center is activated to constrict a particular vascular re-
gion (i.e., more than the normal state of constriction), it does so by increasing the
number of sympathetic impulses to that vascular area. In contrast, the vasomotor
center initiates vasodilation by reducing the number of sympathetic impulses sent
to a certain vascular region. (The major vascular beds in the systemic system that
are not controlled by this mechanism are the arterioles of the heart, brain, and
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skeletal muscles. Sympathetic impulses to these vessels cause vasodilation.) In ad-
dition to the sympathetic control, blood flow through the large veins can be af-
fected by abdominal and intrathoracic pressure changes.

Working together, the vasomotor center and the cardiac centers in the
medulla oblongata regulate the arterial blood pressure in response to signals re-
ceived from special pressure receptors located throughout the body. These pres-
sure receptors are called arterial baroreceptors.

THE BARORECEPTOR REFLEX

Specialized stretch receptors called baroreceptors (also called pressoreceptors) are
located in the walls of the carotid arteries and the aorta. In the carotid arteries, the
baroreceptors are found in the carotid sinuses located high in the neck where
the common carotid arteries divide into the external and internal carotid arteries
(Figure 5-10). The walls of the carotid sinuses are thin and contain a large number
of branching, vinelike nerve endings that are sensitive to stretch or distortion. The
afferent fibers from the carotid sinuses travel with the glossopharyngeal nerve
(ninth cranial) to the medulla. In the aorta, the baroreceptors are located in the
aortic arch (see Figure 5-10). The afferent fibers from the aortic arch baroreceptors
travel with the vagus nerve (tenth cranial).

The baroreceptors regulate the arterial blood pressure by initiating reflex ad-
justments to changes in blood pressure. For example, when the arterial pressure
decreases, the neural impulses transmitted from the baroreceptors to the vasomo-
tor and cardiac centers in the medulla also decrease. This causes the medulla to in-
crease its sympathetic activity, which in turn causes an increase in the following:

e Heart rate
* Myocardial force of contraction
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e Arterial constriction
* Venous constriction

The net result is (1) an increased cardiac output (because of an increased
heart rate and stroke volume), (2) an increase in the total peripheral resistance
(primarily induced by arterial constriction), and (3) the return of blood pressure
toward normal. The vascular constriction occurs primarily in the abdominal re-
gion (including the liver, spleen, pancreas, stomach, intestine, kidneys, skin, and
skeletal muscles).

In contrast, when the blood pressure increases, the neural impulses from the
arterial baroreceptors increase. This causes the medulla to decrease its sympa-
thetic activity, which in turn reduces both the cardiac output and the total periph-
eral resistance.

Finally, the baroreceptors function as short-term regulators of arterial blood
pressure. That is, they respond instantly to any blood pressure change to restore
the blood pressure toward normal (to the degree possible in the situation). If, how-
ever, the factors responsible for moving the arterial pressure away from normal
persist for more than a few days, the arterial baroreceptors will eventually come to
“accept” the new pressure as normal. For example, in individuals who have
chronically high blood pressure (hypertension), the baroreceptors still operate, but
at a higher level—in short, their operating point is reset at a higher level.

Other Baroreceptors

Baroreceptors are also found in the large arteries, large veins, and pulmonary ves-
sels and the cardiac walls themselves. Functionally, most of these receptors are
similar to the baroreceptors in the carotid sinuses and aortic arch in that they send
an increased rate of neural transmissions to the medulla in response to increased
pressure. By means of these additional receptors, the medulla gains a further de-
gree of sensitivity to venous, atrial, and ventricular pressures. For example, a
slight decrease in atrial pressure initiates sympathetic activity even before there is
a decrease in cardiac output and, therefore, a decrease in the arterial blood pres-
sure great enough to be detected by the aortic and carotid baroreceptors.

PRESSURES IN THE
PULMONARY AND SYSTEMIC
VASCULAR SYSTEMS

Three different types of pressures are used to study the blood flow: intravascular,
transmural, and driving.

Intravascular pressure is the actual blood pressure in the lumen of any vessel
at any point, relative to the barometric pressure. This pressure is also known as the
intraluminal pressure.

Transmural pressure is the difference between the intravascular pressure of a
vessel and the pressure surrounding the vessel. The transmural pressure is positive

g
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Figure 5-11.  Schematic illustration of a blood vessel and an alveolus, showing the types of blood pressures used to study
blood flow. Within the blood vessel, the intravascular pressure at point A is 15 mm Hg, and the intravascular pressure at point
B is 5 mm Hg. The pressure within the alveolus (which represents the pressure surrounding the blood vessel) is zero. In view
of these numbers, the following can be stated: (1) The transmural pressure at point A is +15 mm Hg, (2) the transmural pres-
sure at point B is +5 mm Hg, and (3) the driving pressure between point A and point B is 10 mm Hg.

when the pressure inside the vessel exceeds the pressure outside the vessel, and
negative when the pressure inside the vessel is less than the pressure surrounding
the vessel.

Driving pressure is the difference between the pressure at one point in a ves-
sel and the pressure at any other point downstream in the vessel.

Figure 5-11 illustrates the different types of pressures used to study the flow
of blood.

THE CARDIAC CYCLE AND ITS
EFFECT ON BLOOD PRESSURE

The arterial blood pressure rises and falls in a pattern that corresponds to the
phases of the cardiac cycle. When the ventricles contract (ventricular systole),
blood is forced into the pulmonary artery and the aorta, and the pressure in these
arteries rises sharply. The maximum pressure generated during ventricular con-
traction is the systolic pressure. When the ventricles relax (ventricular diastole),
the arterial pressure drops. The lowest pressure that remains in the arteries prior
to the next ventricular contraction is the diastolic pressure (Figure 5-12). In the
systemic system, normal systolic pressure is about 120 mm Hg and normal dias-
tolic pressure is about 80 mm Hg. In the pulmonary system, the normal systolic
pressure is about 25 mm Hg and the normal diastolic pressure is about 8 mm Hg
(Figure 5-13).



CHAPTER FIVE THE ANATOMY AND PHYSIOLOGY OF THE CIRCULATORY SYSTEM

189

(A)
Pulmonary
valve

Atrial
systole

Tricuspid
valve

(B) Pulmonary Aorta
artery

Atrial
diastole

Bicuspid
valve

Ventricular
diastole

Atrial

Ventricular
systole

diastole

Figure 5-12. Sequence of cardiac contraction. (A) ventricular diastole and atrial systole; (B) ventricular systole and atrial

diastole.
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The pulmonary circulation is a low-pressure system. The mean pressure in
the pulmonary artery is about 15 mm Hg and the mean pressure in the left atrium
is about 5 mm Hg. Thus, the driving pressure needed to move blood through the
lungs is 10 mm Hg. In contrast, the mean intraluminal pressure in the aorta is
about 100 mm Hg and the mean right atrial pressure is about 2 mm Hg, making
the driving pressure through the systemic system about 98 mm Hg. Compared
with the pulmonary circulation, the pressure in the systemic system is about 10
times greater. Figure 5-14 shows the mean intraluminal blood pressures through-
out both the pulmonary and systemic vascular systems.

Upper body

Arterial

Lung

Arterial

Venous

Right heart
Left heart

Lower body

Figure 5-14. Mean intraluminal blood pressure at various points in the pulmonary and systemic
vascular systems.
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The surge of blood rushing into the arterial system during each ventricular
contraction causes the elastic walls of the arteries to expand. When the ventricu-
lar contraction stops, the pressure drops almost immediately and the arterial
walls recoil. This alternating expansion and recoil of the arterial wall can be felt
as a pulse in systemic arteries that run close to the skin’s surface. Figure 5-15
shows the major sites where a pulse can be detected by palpation.

THE BLOOD VOLUME AND ITS
EFFECT ON BLOOD PRESSURE

The volume of blood ejected from the ventricle during each contraction is called
the stroke volume. Normally, the stroke volume ranges between 40 mL and
80 mL. The total volume of blood discharged from the ventricles per minute is
called cardiac output. The cardiac output (CO) is calculated by multiplying the
stroke volume (SV) by the heart rate (HR) per minute (CO = SV X HR). Thus, if
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Figure 5-15. Major sites where an arterial pulse can be detected.
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the stroke volume is 70 mL, and the heart rate is 72 beats per minute (bpm), the
cardiac output is 5040 mL /minute.

Under normal circumstances, the cardiac output directly influences blood
pressure. In other words, when either the stroke volume or heart rate increases, the blood
pressure increases. Conversely, when the stroke volume or heart rate decreases, the
blood pressure decreases.

Although the total blood volume varies with age, body size, and sex, the
normal adult volume is about 5 L. Of this volume, about 75 percent is in the
systemic circulation, 15 percent in the heart, and 10 percent in the pulmonary
circulation. Overall, about 60 percent of the total blood volume is in the veins,
and about 10 percent is in the arteries. Normally, the pulmonary capillary bed
contains about 75 mL of blood, although it has the capacity of about 200 mL.

THE DISTRIBUTION OF
PULMONARY BLOOD FLOW

In the upright lung, blood flow progressively decreases from the base to the apex
(Figure 5-16). This linear distribution of blood is a function of (1) gravity, (2) car-
diac output, and (3) pulmonary vascular resistance.

GRAVITY

Because blood is a relatively heavy substance, it is gravity dependent; i.e., it natu-
rally moves to the portion of the body, or portion of the organ, that is closest to the

Base

Figure 5-16. Distribution of pulmonary blood flow. In the upright lung, blood flow steadily in-
creases from the apex to the base.
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ground. In the average lung, there is a distance of about 30 cm between the base
and the apex. The blood that fills the lung from the bottom to the top is analogous
to a column of water 30 cm long and, therefore, exerts a pressure of about 30 cm
H,0O (22 mm Hg) between the base and apex. Because the pulmonary artery enters
each lung about midway between the top and bottom of the lung, the pulmonary
artery pressure must be greater than 15 cm H,O (11 mm Hg) to overcome the grav-
itational force and, thereby, supply blood to the lung apex. For this reason, most of
the blood flows through (or falls into) the lower half of the lung—the gravity-
dependent portion of the lung.

As a result of the gravitational effect on blood flow, the intraluminal pres-
sures of the vessels in the gravity-dependent area (lower lung region) are greater
than the intraluminal pressures in the least gravity-dependent area (upper lung
region). The high intraluminal pressure of the vessels in the gravity-dependent
area causes the vessels to distend. As the vessels widen, the vascular resistance de-
creases and, thus, permits blood flow to increase. The fact that blood flow is en-
hanced as the vascular system widens is according to Poiseuille’s law for flow
(V = Pr).

The position of the body can significantly change the gravity-dependent por-
tion of the lungs. For example, when an individual is in the supine position (lying
on the back), the gravity-dependent area is the posterior portion of the lungs;
when an individual is in the prone position (lying on the stomach), the gravity-
dependent region is the anterior portion of the lungs; when the person is lying on
the side, the lower, lateral half of the lung nearest the ground is gravity depend-
ent; when an individual is suspended upside down, the apices of the lungs be-
come gravity dependent (Figure 5-17).

Figure 5-18 uses a three-zone model to illustrate the effects of gravity and
alveolar pressure on the distribution of pulmonary blood flow.

In Zone 1 (the least gravity-dependent area), the alveolar pressure is some-
times greater than both the arterial and the venous intraluminal pressures. As a re-
sult, the pulmonary capillaries can be compressed and blood is prevented from
flowing through this region. Under normal circumstances, this situation does not
occur, because the pulmonary arterial pressure (generated by the cardiac output)
is usually sufficient to raise the blood to the top of the lungs and to overcome the
alveolar pressure. There are, however, a variety of conditions—such as severe
hemorrhage, dehydration, and positive pressure ventilation—that can result in
the alveolar pressure being higher than the arterial and venous pressures. When
the alveoli are ventilated but not perfused, no gas exchange can occur and alveo-
lar dead space is said to exist (see Figure 2-28).

In Zone 2, the arterial pressure is greater than the alveolar pressure and,
therefore, the pulmonary capillaries are perfused. Because the alveolar pressure is
greater than the venous pressure, the effective driving pressure for blood flow is
determined by the pulmonary arterial pressure minus the alveolar pressure—not
the normal arterial-venous pressure difference. Thus, because the alveolar pres-
sure is essentially the same throughout all the lung regions, and because the arte-
rial pressure progressively increases toward the gravity-dependent areas of the
lung, the effective driving pressure (arterial pressure minus alveolar pressure)
steadily increases down the vertical axis of Zone 2. As a result, from the beginning
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(B)

© (D)

Figure 5-17. Blood flow normally moves into the gravity-dependent areas of the lungs. Thus,
body position affects the distribution of the pulmonary blood flow as illustrated in the erect (A),
supine (B), lateral (C), and upside-down (D) positions.

of the upper portion of Zone 2 (the point at which the arterial pressure equals the
alveolar pressure) to the lower portion of Zone 2 (the point at which the venous
pressure equals the alveolar pressure) the flow of blood progressively increases.

In Zone 3 (gravity-dependent area), both the arterial and the venous pres-
sures are greater than the alveolar pressure and, therefore, blood flow through this
region is constant. Because the arterial pressure and venous pressure both increase
equally downward in Zone 3, the arterial-venous pressure difference and, there-
fore, blood flow is essentially the same throughout all of Zone 3.

DETERMINANTS OF CARDIAC OUTPUT

As described earlier, the cardiac output is equal to the stroke volume times the
heart rate. The stroke volume is determined by (1) ventricular preload, (2) ventric-
ular afterload, and (3) myocardial contractility.
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Figure 5-18. Relationship between gravity, alveolar pressure (P 4), pulmonary arterial pressure (P,), and pulmonary ve-
nous pressure (P,) in different lung zones. Note: The +2 cm H,O pressure in the alveoli (e.g., during expiration) was arbi-
trarily selected for this illustration.

Ventricular Preload

Ventricular preload refers to the degree that the myocardial fiber is stretched prior
to contraction (end-diastole). Within limits, the more the myocardial fiber is
stretched during diastole (preload), the more strongly it will contract during sys-
tole and, therefore, the greater the myocardial contractility will be. This mecha-
nism enables the heart to convert an increased venous return into an increased
stroke volume. Beyond a certain point, however, the cardiac output does not in-
crease as the preload increases.

Because the degree of myocardial fiber stretch (preload) is a function of
the pressure generated by the volume of blood returning to the ventricle during
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diastole, ventricular preload is reflected in the ventricular end-diastolic pressure
(VEDP)—which, in essence, reflects the ventricular end-diastolic volume
(VEDV). In other words, as the VEDV increases or decreases, the VEDP (and,
therefore, the cardiac output) increases or decreases, respectively. It should be
noted, however, that similar to lung compliance (Cp), VEDP and VEDV are also in-
fluenced by ventricular compliance. For example, when the ventricular compli-
ance is decreased as a result of disease, the VEDP increases significantly more than

the VEDV.

The relationship between the VEDP (degree of myocardial stretch) and car-
diac output (stroke volume) is known as the Frank-Starling curve (Figure 5-19).

Figure 5-19. Frank-Starling curve. The
Frank-Starling curve shows that the more the
myocardial fiber is stretched as a result of the
blood pressure that develops as blood returns to
the chambers of the heart during diastole, the
more the heart muscle will contract during sys-
tole. In addition, the heart muscle will contract
with greater force. The stretch produced within
the myocardium at end-diastole is called pre-
load. Clinically, it would be best to determine
the preload of the left ventricle by measuring
the end-diastolic pressure of the left ventricle or
left atrium. However, because this practice
would be impractical at the patient’s bedside,
the best preload approximation of the left heart
is the pulmonary capillary wedge pressure
(PCWP). As shown here, the relationship of
the PCWP (preload) to the left ventricular
stroke work index (LVSWI) (force of contrac-
tion) may appear in four quadrants: (1) hypo-
volemia, (2) optimal function, (3)hypervolemia,
and (4) cardiac failure.

Ventricular Afterload

Ventricular afterload is defined as the force against which the ventricles must
work to pump blood. It is determined by several factors, including (1) the volume
and viscosity of the blood ejected, (2) the peripheral vascular resistance, and
(3) the total cross-sectional area of the vascular space into which blood is ejected.
The arterial systolic blood pressure best reflects the ventricular afterload. For ex-
ample, as the arterial systolic pressure increases, the resistance (against which the
heart must work to eject blood) also increases. Clinically, this condition is particu-
larly serious in the patient with congestive heart failure and low stroke volume.
By reducing the peripheral resistance (afterload reduction) in such patients, the
stroke volume increases with little or no change in the blood pressure. This is be-
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cause blood pressure (BP) is a function of the cardiac output (CO) times the sys-
temic vascular resistance (SVR) (BP = CO X SVR).
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Myocardial contractility may be regarded as the force generated by the myo-
cardium when the ventricular muscle fibers shorten. In general, when the contrac-
tility of the heart increases or decreases, the cardiac output increases or decreases,
respectively.

There is no single measurement that defines contractility in the clinical set-
ting. Changes in contractility, however, can be inferred through clinical assess-
ment (e.g., pulse, blood pressure, skin temperature) and serial hemodynamic
measurements (discussed in Chapter 15). An increase in myocardial contractility
is referred to as positive inotropism. A decrease in myocardial contractility is re-
ferred to as negative inotropism.

VASCULAR RESISTANCE

Circulatory resistance is derived by dividing the mean blood pressure (BP) by the
cardiac output (CO):

Resistance o

In general, when the vascular resistance increases, the blood pressure in-
creases (which in turn increases the ventricular afterload). Because of this relation-
ship, blood pressure monitoring can be used to reflect pulmonary or systemic
resistance. That is, when resistance increases or decreases, the blood pressure will
increase or decrease.

In the pulmonary system, there are several known mechanisms that change
the vascular resistance. Such mechanisms are classified as either active or passive
mechanisms.

Active Mechanisms Affecting Vascular Resistance

Active mechanisms that affect vascular resistance include abnormal blood gases,
pharmacologic stimulation, and pathologic conditions that have a direct effect on
the vascular system.

Abnormal Blood Gases.

¢ Decreased P, (Hypoxia)
¢ Increased Pco, (Hypercapnia)
® Decreased pH (Acidemia)

The pulmonary vascular system constricts in response to a decreased alveo-
lar oxygen pressure (hypoxia). The exact mechanism of this phenomenon is un-
known. Some investigators suggest that alveolar hypoxia causes the lung
parenchyma to release a substance that produces vasoconstriction. It is known,
however, that the partial pressure of oxygen in the alveoli (PAp,)—not the partial
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pressure of oxygen of the capillary blood (PCo )—controls this response. The effect
of hypoxic vasoconstriction is to direct blood away from the hypoxic lung regions
to lung areas that have a higher partial pressure of oxygen.

Clinically, when the number of hypoxic regions becomes significant (e.g., in
the advanced stages of emphysema or chronic bronchitis), generalized pulmonary
vasoconstriction can develop. This can cause a substantial increase in the pul-
monary vascular resistance and in the work of the right heart. This in turn leads to
right ventricular hypertrophy, or cor pulmonale.

Pulmonary vascular resistance increases in response to an acute increase in
the Pco, level (hypercapnia). It is believed, however, that the vasoconstriction that
occurs is most likely due to the increased hydrogen ion (H") concentration (respi-
ratory acidosis) that develops from a sudden increase in the Pco, level, rather than
to the Pco, itself. This is supported by the fact that pulmonary vasoconstriction
does not occur when hypercapnia is accompanied by a normal pH (compensated
respiratory acidosis).

Pulmonary vasoconstriction develops in response to decreased pH (in-
creased H" concentration), or acidemia, of either metabolic or respiratory origin.

Pharmacologic Stimulation. The pulmonary vessels constrict in response to
various pharmacologic agents, including:

Epinephrine
Norepinephrine
Dobutamine
Dopamine
Phenylephrine

Constricted pulmonary vessels relax in response to the following agents:

Oxygen

Isoproterenol

Aminophylline

Calcium-channel blocking agents

Pathologic Conditions. Pulmonary vascular resistance increases in response to
a number of pathologic conditions. Some of the more common ones are:

¢ Vessel blockage or obstruction—e.g., caused by a thrombus or an embolus
(blood clot, fat cell, air bubble, or tumor mass)

* Vessel wall diseases—e.g., sclerosis, polyarteritis, or scleroderma

¢ Vessel destruction or obliteration—e.g., emphysema or pulmonary intersti-
tial fibrosis

* Vessel compression—e.g., pneumothorax, hemothorax, or tumor mass

Pathologic disturbances in the pulmonary vasculary system can develop in
the arteries, arterioles, capillaries, venules, or veins. When increased vascular re-
sistance originates in the venules or veins, the transmural pressure increases and,
in severe cases, causes the capillary fluid to spill into the alveoli. This is called pul-
monary edema. Left ventricular failure will cause the same pathologic distur-
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bances. When the resistance originates in the arteries or arterioles, the pulmonary
artery pressure will increase but the pulmonary capillary pressure will be normal
or low. Regardless of the origin of the pathologic disturbance, a severe and per-
sistent pulmonary vascular resistance is ultimately followed by an elevated right
ventricular pressure, right ventricular strain, right ventricular hypertrophy, and
right heart failure.

Passive Mechanisms Affecting Vascular Resistance

The term passive mechanism refers to a secondary change in pulmonary vascular re-
sistance that occurs in response to another mechanical change. In other words,
when a mechanical factor in the respiratory system changes, a passive increase or
decrease in the caliber of the pulmonary blood vessels also occurs. Some of the
more common passive mechanisms are listed below.

Pulmonary Arterial Pressure Changes. As pulmonary arterial pressure in-
creases, the pulmonary vascular resistance decreases (Figure 5-20). This is assum-
ing that lung volume and left atrial pressure remain constant. The pulmonary
vascular resistance decreases because of the increase in intraluminal distending
pressure, which increases the total cross-sectional areas of the pulmonary vascular
system through the mechanisms of recruitment and distension.
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Figure 5-20. Increased mean pulmonary arterial pressure decreases pulmonary vascular
resistance.
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As shown in Figure 5-21, recruitment means the opening of vessels that were
closed or not being utilized for blood flow before the vascular pressure increased.
Distension, on the other hand, means the stretching or widening of vessels that
were open, but not to their full capacity. Both of these mechanisms increase the
total cross-sectional area of the vascular system, which in turn reduces the vascu-
lar resistance. These mechanisms, however, have their limits.

Left Atrial Pressure Changes. As the left atrial pressure increases, while the
lung volume and pulmonary arterial pressure are held constant, pulmonary vas-
cular resistance decreases.

Lung Volume Changes. The effect of changes in lung volume on pulmonary
vascular resistance varies according to the location of the vessel. Two major
groups of vessels must be considered: (1) alveolar vessels—those vessels that sur-
round the alveoli (pulmonary capillaries)—and (2) extra-alveolar vessels—the
larger arteries and veins.

Alveolar Vessels. Because the pulmonary capillary vessels are so thin, in-
trapleural pressure changes directly affect the anatomy of the capillaries. During
normal inspiration, the alveolar vessels progressively stretch and flatten. During
expiration, the alveolar vessels shorten and widen. Thus, as the lungs are inflated,
the resistance offered by the alveolar vessels progressively increases (Figure 5-22).
During the inspiratory phase of mechanical ventilation (positive pressure phase),
moreover, the resistance generated by the alveolar vessels may become exces-
sively high and, as a result, restrict the flow of pulmonary blood. The pressure dif-

Closed
- capillary
(A) m
Open
| capillary
Capilla
(B) rec?uitnrzent
Figure 5-21. Schematic drawing of the mechanisms that may be activated to Capillary
decrease pulmonary vascular resistance when the mean pulmonary artery pres-  (C) distension
sure increases. (A) a group of pulmonary capillaries, one-half of which are not
perfused; (B) the previously unperfused capillaries shown in A are recruited
(i.e., opened) in response to the increased pulmonary artery pressure; (C) the
increased blood pressure has distended the capillaries that are already open. .
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Figure 5-22. Schematic illustration of pulmonary vessels during inspiration. The alveolar vessels
(pulmonary capillaries) are exposed to the intrapleural pressure change and are stretched and flat-
tened. The extra-alveolar vessels expand as the intrapleural pressure becomes increasingly negative
during inspiration.

ference between the alveoli and the lumen of the pulmonary capillaries is called
the transmural pressure (see Figure 5-11).

Extra-Alveolar Vessels. The extra-alveolar vessels (the large arterioles and
veins) are also exposed to the intrapleural pressure. They behave differently, how-
ever, from the pulmonary capillaries (alveolar vessels) when subjected to volume
and pressure changes. That is, as the lung volume increases in response to a more
negative intrapleural pressure during inspiration, the transmural pressure in-
creases (i.e., the pressure within the vessels becomes more positive) and the extra-
alveolar vessels distend (see Figure 5-22). A second factor that dilates the
extra-alveolar vessels at higher lung volumes is the radial traction generated by
the connective tissue and by the alveolar septa that hold the larger vessels in place
throughout the lung.

Another type of extra-alveolar vessel is the so-called corner vessel, located at
the junction of the alveolar septa. As the lung volume increases, the corner vessels
are also pulled open (dilated) by the radial traction force created by the expansion
of the alveoli (Figure 5-23).

To summarize, at low lung volumes (low distending pressures), the extra-
alveolar vessels narrow and cause the vascular resistance to increase. The alveolar
vessels, however, widen and cause the vascular resistance to decrease. In contrast,
at high lung volumes (high distending pressures), the extra-alveolar vessels dilate
and cause the vascular resistance to decrease. The alveolar vessels, however, flat-
ten and cause the vascular resistance to increase.

Finally, because the alveolar and extra-alveolar vessels are all part of the
same vascular system, the resistance generated by the two groups of vessels is ad-
ditive at any lung volume. The effect of changes in lung volume on the total pul-
monary vascular resistance is a U-shaped curve (Figure 5-24). Thus, the
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PULMONARY VASCULAR RESISTANCE
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High Lung Volume

Figure 5-23. Schematic drawing of the extra-alveolar “corner vessels” found at the junction of
the alveolar septa. Expansion of the alveoli generates radial traction on the corner vessels, causing
them to dilate. The alveolar vessels are compressed and flattened at high lung volumes.

pulmonary vascular resistance (PVR) is lowest near the functional residual capac-
ity (FRC) and increases in response to both high and low lung volumes.

Blood Volume Changes. As blood volume increases, the recruitment and dis-
tension of pulmonary vessels will ensue, and pulmonary vascular resistance will
tend to decrease (see Figure 5-21).
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Figure 5-24. At low lung volumes, the extra-alveolar vessels
Vessels

generate a greater resistance to pulmonary blood flow; at high
lung volumes, the alveolar vessels generate a greater resistance
to pulmonary blood flow. When added together, the resistances of 1
the extra-alveolar and alveolar vessels demonstrate a U-shaped
curve. Pulmonary vascular resistance (PVR) is lowest near the
functional residual capacity (FRC) and increases at both high :
and low lung volumes. RV = Residual volume; TLC = total RV FRC TLC
lung capacity. Lung Volume (L)

Extra-Alveolar
Vessels

Pulmonary Vascular Resistance
(mm Hg/mL/min)

Blood Viscosity Changes. The viscosity of blood is derived from the hemat-
ocrit, the integrity of red blood cells, and the composition of plasma. As blood vis-
cosity increases, the pulmonary vascular resistance increases. Table 54
summarizes the active and passive mechanisms of vascular resistance.

CHAPTER SUMMARY

The transport of oxygen to the cells of the body is a function of the circulatory sys-
tem. The essential components of the circulatory system consists of the blood, the
heart, and the pulmonary and systemic vascular system. Blood consists of a vari-
ety of specialized cells that are suspended in a fluid called plasma. The cells in the
plasma include the erythrocytes, leukocytes, and thrombocytes.

Essential components of the heart include the right and left atria, right and
left ventricles, the interventricular septum, the pericardium, the walls of the
heart (ie., epicardium, myocardium, endocardium), the arterial supply of the
heart (the left and right coronary artery), the venous drainage (i.e., the great car-
diac veins, middle cardiac vein, coronary sinus, and thebesian vein), and the
blood flow through the heart.
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TXBLE 5—4.’ Summary of the Effects of Active and Passive

- Mechanisms on Vascular Resistance
T RESISTANCE 1 RESISTANCE
(VASCULAR (VASCULAR
CONSTRICTION) DILATION)

ACTIVE MECHANISMS
Abnormal Blood Gases
\LPOZ
J/Pcoz
JpH
Pharmacologic Stimulation
Epinephrine
Norepinephrine
Dobutamine
Dopamine
Phenylephrine
Oxygen
Isoproterenol
Aminophylline
Calcium-channel blocking agents
Pathologic Conditions
Vessel blockage/obstruction
Vessel wall disease
Vessel destruction
Vessel compression
PASSIVE MECHANISMS
TPulmonary arterial pressure X
TLeft atrial pressure X
TLung volume (extreme) X
dLung volume (extreme) X
TBlood volume X
TBlood viscosity X

X X X X X X X X
X X X X

X X X X

T = increased; | = decreased.

The pulmonary and systemic vascular systems are composed of the arteries, ar-
terioles, capillaries, venules, veins. The pulmonary arterioles and most of the ar-
terioles in the systemic circulation are controlled by sympathetic impulses.
Specialized stretch receptors called baroreceptors regulate the arterial blood pres-
sure by initiating reflex adjustments to deviations in blood pressure. The follow-
ing three types of pressures are used to study the blood flow in the pulmonary and
systemic vascular systems: intravascular, transmural, and driving. During each
cardiac cycle, the ventricular systole and diastole have a direct relationship to the
blood pressure. During ventricular systole, the arterial blood pressure sharply in-
creases; during ventricular diastole, the arterial blood pressure decreases. The
high and low blood pressures generated by ventricular systole and diastole result
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in mean intraluminal blood pressures throughout the pulmonary and systemic
circulation. The mean systemic vascular pressure is about 10 times that of the pul-
monary vascular system.

The distribution of pulmonary blood flow is a function of (1) gravity, (2) car-
diac output, and (3) pulmonary vascular resistance. The influence of gravity in the
upper right lung is described in terms of zones 1, 2, and 3; zone 3 is the most
gravity-dependent area. Determinants of cardiac output is a function of ventricu-
lar preload, ventricular afterload, and myocardial contractility. Finally, the pul-
monary vascular resistance may increase or decrease as a result of active and
passive mechanisms. Active mechanisms include abnormal blood gases, pharma-
cologic stimulation, and pathologic conditions. Passive mechanisms include in-
creased pulmonary arterial pressure, increased left atrial pressure, lung volume

changes, and blood volume and blood viscosity changes.

C LI NTITZCAL

A PP LICATTION

1

A 16-year-old girl was involved in an automo-
bile accident on the way home from school dur-
ing a freezing rain. As she drove over a bridge,
her car hit a patch of ice, spun out of control,
and hit a cement embankment. It took the emer-
gency rescue team almost an hour to cut her
out of her car with the “Jaws of Life” She was
stabilized at the accident scene and then trans-
ported to the trauma center.

In the emergency department, the patient
was unconscious and hypotensive. It was obvi-
ous that she had lost a lot of blood; her shirt
and pants were soaked with blood. She had
several large lacerations on her forehead, face,
neck, left arm, and left leg. The patient’s head
was lowered and her legs were elevated. The
emergency department nurse started an intra-
venous infusion of Ringer’s lactated solution.
The respiratory therapist placed a nonrebreath-
ing oxygen mask on the patient’s face and drew
an arterial blood sample. The radiologic techni-
cian took several portable x-rays.

The patient had several large bruises and
abrasions over her left anterior chest that were
most likely caused by the steering wheel when
her car hit the cement embankment. Her four

upper front teeth were broken off at the gum
line. Her skin was pale and blue. Her vital signs
were: blood pressure—78/42 mm Hg, heart
rate—145 beats/min and weak, and respira-
tions—22 breaths/min and shallow. Her breath
sounds were diminished bilaterally. Her arterial
oxygen pressure (Pap,) was 72 mm Hg.

Although chest x-ray showed no broken
ribs, patches of pulmonary infiltrates (increased
alveolar density) could be seen over the left an-
terior lung. Additional x-rays showed that she
had a broken left humerus and left tibia. She
was taken to surgery to repair her lacerations
and broken bones. Five hours later, she was
transferred to the surgical intensive care unit
with her left arm and left leg in a cast.

To offset the increased alveolar density
noted on the chest x-ray, the respiratory thera-
pist administered continuous positive airway
pressure (CPAP) via a face mask for 20 minutes
every hour. Between the CPAP treatments, the
patient continued to receive oxygen via a non-
rebreathing mask. Two hours later, the patient
was conscious and talking to her parents. Her
skin appeared normal and her vital signs were:

(continues)
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blood pressure—115/82 mm Hg, heart rate—
75 beats/min and strong, and respirations—
14 breaths/min. Normal vesicular breath
sounds were heard throughout both lungs. Her
fractional concentration of inspired oxygen
(Floz) was decreased to 0.4, and her Pag,on this
setting was 94 mm Hg.

The patient’s cardiopulmonary status pro-
gressively improved and she was discharged
on the sixth day of hospitalization. Although her
broken bones healed adequately, she had trou-
ble walking normally for some time after the ac-
cident. Because of this problem, she continued
to receive physical therapy twice a week for 6
months on an outpatient basis. At the time of
her high school graduation, she had completely
recovered.

DISCUSSION

This case study illustrates (1) the activation of
the baroreceptor reflex, (2) hypovolemia and
how it relates to preload, (3) negative trans-
mural pressure, and (4) the effects of gravity on
blood flow.

As shown in this chapter, the specialized
stretch receptors called baroreceptors (see
Figure 5-10) regulate the arterial blood pres-
sure by initiating reflex adjustments to
changes in blood pressure. In this case, as
the patient’s blood pressure decreased from
the loss of blood, neural impulses transmitted
from the baroreceptors to the vasomotor and
cardiac centers in the medulla decreased. This
action, in turn, likely caused the patient’s

medulla to increase its sympathetic activity,
which increased the heart rate (her pulse was
145 beats/min in the emergency department).

Because ventricular preload is a function
of the blood pressure generated by the volume
of blood returning to the left or right ventricle
during diastole, it can easily be seen why the
patient’s ventricular preload decreased as she
became hypovolemic from the loss of blood.
In the emergency department, the fact that
the patient’s ventricular preload was low
was reflected by her low blood pressure
(78/42 mm Hg). It should be noted that as pre-
load decreases, cardiac output decreases.

Finally, as the patient’s preload decreased
(from blood loss), the transmural pressure in
her least gravity-dependent lung areas became
increasingly negative. Transmural pressure is
the difference between the intraluminal pres-
sure of a vessel and the pressure surrounding
the vessel (see Figure 5-11). The transmural
pressure is negative when the pressure sur-
rounding the vessel is greater than the pressure
inside the vessel. In this case, this pathophysio-
logic process was offset by (1) lowering the pa-
tient’s head and elevating her legs, which used
the effects of gravity to move blood to the
patient’s lungs, and (2) replacing the volume
of blood lost by administering Ringer’s lactated
solution. These two procedures worked to
change the negative transmural pressures
to positive transmural pressures in the lung
regions.

C LI NTZ CAL

2

L1 ¢CAT I ON

A 72-year-old woman presented in the intensive
care unit with left ventricular heart failure and
pulmonary edema (also called congestive heart
failure). She had no history of respiratory dis-
ease. The patient’s husband stated that she had

gone to bed with no remarkable problems, but
awoke with severe dyspnea after several hours
of sleep. Concerned, her husband called 911.
On observation, the patient’s skin was
cyanotic and she was in obvious respiratory
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distress. Her neck veins were distended and her
ankles were swollen. Her vital signs were:
blood pressure—214/106 mm Hg, heart rate—
90 beats/min, and respirations—28 breaths/
min. On auscultation, rales and rhonchi were
heard over both lung fields. She had a frequent,
productive cough with frothy white secretions.
Her arterial oxygen pressure (Pag,) on 3 L/min
oxygen via nasal cannula was 48 mm Hg.
A portable chest x-ray showed dense, fluffy
opacities (white areas) that spread outward
from the hilar areas to the peripheral borders
of the lungs. The chest x-ray also showed that
the left ventricle was enlarged (ventricular
hypertrophy).

The physician prescribed (1) positive in-
otropic agents (see Table 15-3) to improve the
strength of the left ventricular contraction and
cardiac output, and (2) a systemic vasodilator
(see Table 15-6) to decrease the patient’s ele-
vated blood pressure. Diuretic agents were also
administered to promote fluid excretion. The
respiratory therapist increased the patient’s
oxygen levels using a partial rebreathing mask.

Two hours later, the patient’s cardiopul-
monary status had significantly improved. Her
skin appeared normal and her neck veins were
no longer distended. Her peripheral edema
was no longer present. Her vital signs were:
blood pressure—130/87 mm Hg, heart rate—
81 beats/min, and respirations—14 breaths/min.
Her Paoz, on 2 L/min oxygen via nasal cannula,
was 103 mm Hg. A second chest x-ray showed
that her lungs were clear and the left ventricle
had returned to normal size.

DISCUSSION

This case illustrates the effects of high blood
pressure on (1) ventricular afterload, (2) ventric-
ular contractility, (3) ventricular preload, and
(4) transmural pressure.

Ventricular afterload is defined as the
force against which the ventricles must work to
pump blood. In this case, the patient’s left ven-
tricular afterload was very high because of in-

creased peripheral vascular resistance. Clini-
cally, this was reflected by the patient’s high
blood pressure of 214/106 mm Hg. Because of
the high blood pressure and high left ventricu-
lar afterload, the patient’s left ventricle eventu-
ally weakened and began to fail. As the ability
of the left ventricle to pump blood decreased,
the blood volume (and pressure) in the left ven-
tricle increased. Even though the preload was
increased, the left ventricle was unable to meet
the increased demands created by the in-
creased blood volume.

As this condition worsened, blood backed
up into the patient’s lungs, causing the trans-
mural pressure in the pulmonary capillary to
increase significantly. As a result of the exces-
sively high transmural pressure, fluid leaked
out of the pulmonary capillaries and into the
alveoli and airways. Clinically, this was verified
by the rales and rhonchi heard during ausculta-
tion, and by the white, frothy secretions pro-
duced when the patient coughed. As fluid
accumulated in the patient’s alveoli, the diffu-
sion of oxygen into the pulmonary capillaries
decreased. This was verified by the decreased
Pag, of 48 mm Hg.

Finally, as the blood volume and the trans-
mural pressure in the pulmonary capillaries
increased, the right ventricular afterload in-
creased, which in turn decreased the ability of
the right ventricle to pump blood despite the
fact that the preload increased. This condition
was reflected by the patient’s distended neck
veins and peripheral edema.

Fortunately, in this case the patient re-
sponded well to the positive inotropic vasodila-
tor, and diuretic agents. The vasodilator and
diuretics worked to reduce the right and left
ventricular afterloads, and the inotropic agents
increased the ability of the ventricles to pump
blood. The patient rapidly improved and was
discharged on the fourth day of her hospital
stay. Presently, she is seen by her family physi-
cian every 2 months.
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REVIEW QUESTIONS

1. Which of the following are granulocytes?

I. Neutrophils
II. Monocytes
III. Eosinophils
IV. Lymphocytes
V. Basophils
A. Il only
B. Vonly
C. Il and IV only
D. L III, and V only
. In healthy men, the hematocrit is about
A. 25 percent
B. 35 percent
C. 45 percent
D. 65 percent
. Which of the following agents cause pulmonary vascular constriction?
I. Isoproterenol
II. Epinephrine
III. Oxygen
IV. Dopamine
A. Il only
B. Il and IV only
C. L1I, and IV only
D. All of these
. If the pressure in the pulmonary artery is 34 mm Hg and the pressure in
the left atrium is 9 mm Hg, what is the driving pressure?
A. 9mm Hg
B. 17 mm Hg
C. 25mm Hg
D. 34 mm Hg
. The tricuspid valve lies between the
A. right atrium and the right ventricle
B. left ventricle and the aorta
C. right ventricle and the pulmonary artery
D. left atrium and the left ventricle
. Which of the following is usually elevated in patients with asthma?
A. Lymphocytes
B. Neutrophils
C. Basophils
D. Eosinophils
. The mean intraluminal pressure in the pulmonary capillaries is
A. 5mm Hg
B. 10 mm Hg
C. 15mm Hg
D. 20 mm Hg
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10.

11.

12.

13.

14.

. An increase in the number of which of the following suggests a bacterial

infection?

A. Lymphocytes
B. Neutrophils
C. Monocytes
D. Eosinophils

. The force the ventricles must work against to pump blood is called

A. myocardial contractility
B. ventricular afterload
C. negative inotropism
D. ventricular preload
Compared with the systemic circulation, the pressure in the pulmonary
circulation is about
A. 1/10 the pressure
B. 1/4 the pressure
C. 1/3 the pressure
D. 1/2 the pressure
The difference between the pressure in the lumen of a vessel and that of
the pressure surrounding the vessel is called the
A. driving pressure
B. transmural pressure
C. diastolic pressure
D. intravascular pressure
Which of the following cause(s) pulmonary vasoconstriction?
I. Hypercapnia
II. Hypoxia
III. Acidemia
IV. Increased H" concentration
A. III only
B. IIand IV only
C. IL III, and IV only
D. All of these
The cardioinhibitor center of the medulla slows the heart by sending neu-
ral impulses by way of the
I. Tenth cranial nerve
II. Parasympathetic nervous system
III. Sympathetic nervous system
IV. Vagus nerve
A. 1V only
B. Il only
C. Iand IV only
D. L 1I, and IV only
Which of the following cause(s) passive changes in the pulmonary vascu-
lar resistance?
I. pH changes
II. Transpulmonary pressure changes
III. Pco, changes
IV. Blood viscosity changes
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II only
III only
Iand III only
IIand IV only
15. Which of the following cause blood clotting at a traumatized site?
A. Thrombocytes
B. Basophils
C. Monocytes
D. Eosinophils

oOwp

CLINICAL APPLICATION
QUESTIONS

Case 1

1. As the patient’s blood pressure decreased from the loss of blood, neural

impulses transmitted from the

to the vasomotor and cardiac centers in the medulla (decreased

increased ).
2. In the emergency department, the patient’s low preload was reflected by

her low

3. As the preload decreases, the cardiac output

4. The negative transmural pressure in this case was offset by (1)

and (2)

Case 2

1. In this case, the patient’s left ventricular afterload was very high. This con-

dition was reflected by the patient’s
2. As a result of the excessively high transmural pressure, fluid leaked out of
the pulmonary capillaries and into the alveoli and airways. Clinically, this

was verified by the and heard on auscultation.
3. As fluid accumulated in the patient’s alveoli, the diffusion of oxygen into

the pulmonary capillaries decreased. This was verified by the
4. The increased right ventricular afterload was reflected by the patlent s

5. The vasodilator and diuretic agents worked to reduce the right and left

ventricular




CHAPTER SIX

By the end of this chapter, the student should be able to:

1.

2.

Calculate the quantity of oxygen that dis-
solves in the plasma of the blood.
Describe the major features of hemoglo-
bin, including:
—Heme portion
e [ron
—Globin portion
e Four amino acid chains
o Two alpha chains
o Two beta chains
—~Ferrous state versus ferric state
—Normal hemoglobin concentrations in
the adult male and female and in the
infant

. Calculate the quantity of oxygen that

combines with hemoglobin.
Calculate the total amount of oxygen in
the blood.

. Identify the abbreviations for the following:

—Oxygen content of arterial blood

—Oxygen content of mixed venous blood

—Oxygen content of capillary blood

Describe how the following relate to the

oxygen dissociation curve:

—Oxygen pressure

—~Percentage of hemoglobin bound to
oxygen

—Oxygen content

7.

10.

11.

12.

Describe the clinical significance of the

—flat portion of the oxygen dissociation
curve

—steep portion of the oxygen dissocia-
tion curve

—Pso

Identify the factors that shift the oxygen

dissociation curve to the right.

Identify the factors that shift the oxygen

dissociation curve to the left.

Explain the clinical significance of a right

or left shift of the oxygen dissociation

curve in regard to the

—Iloading of oxygen in the lungs

—unloading of oxygen at the tissues

Perform the following oxygen transport

calculations:

—Total oxygen delivery

—Arterial-venous oxygen content
difference

—Oxygen consumption

—Oxygen extraction ratio

—Mixed venous oxygen saturation

—Pulmonary shunting

|dentify the factors that increase and

decrease the oxygen transport studies.

(continues)
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13.

14.
15.
16.

Differentiate between the following forms 17. Define the four main types of tissue
of pulmonary shunting: hypoxia:

—Anatomic shunt —Hypoxic hypoxia

—Capillary shunt —Anemic hypoxia

—Shunt-like effect —~ irculatory hypoxia

Explain the meaning of venous admixture. —Histotoxic hypoxia

Calculate the shunt equation. 18. Explain the meaning of

Describe the clinical significance of intra-
pulmonary shunting.

—Ccyanosis
—polycythemia

19. Complete the review questions at the end
of this chapter.

An understanding of oxygen transport is essential to the study of pulmonary
physiology and to the clinical interpretation of arterial and venous blood gases.
Table 6-1 lists the normal blood gas values.* To fully understand this subject, the
student must understand (1) how oxygen is transported from the lungs to the tis-
sues, (2) the oxygen dissociation curve and its clinical significance, (3) how vari-
ous oxygen transport studies are used to identify the patient’s cardiac and
ventilatory status, and (4) the major forms of tissue hypoxia.

~
TABLE 6-1. 7 Normal Blood Gas Value Ranges

~

BLOOD GAS VALUE* ARTERIAL VENOUS

pH 7.35-7.45 7.30-7.40

Pco, 35-45 mm Hg (Paco,) 42-48 mm Hg (Pvco,)
HCO;~ 22-28 mEq/L 24-30 mEq/L

Po, 80-100 mm Hg(Pao,)** 35-45 mm Hg (Pvo,)

* Technically, only the oxygen (Po,) and carbon dioxide (Pco,) pressure readings are “true” blood gas
values. The pH indicates the balance between the bases and acids in the blood. The bicarbonate
(HCO;3;") reading is an indirect measurement that is calculated from the pH and P, levels.

** For each year over 60 years, subtract 1 mm Hg from 80 mm Hg for the lower Pag, limit. This and

other effects of aging are discussed in Chapter 13.

*See Appendix V for a representative example of a cardiopulmonary profile sheet used to mon-
itor the blood gas values of the critically ill patient.
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OXYGEN TRANSPORT

The transport of oxygen between the lungs and the cells of the body is a function
of the blood and the heart. Oxygen is carried in the blood in two forms: (1) as dis-
solved oxygen in the blood plasma, and (2) chemically bound to the hemoglobin
(Hb) that is encased in the erythrocytes, or red blood cells (RBCs).

OXYGEN DISSOLVED IN THE BLOOD PLASMA

As oxygen diffuses from the alveoli into the pulmonary capillary blood, it dis-
solves in the plasma of the blood. The term dissolve means that when a gas like
oxygen enters the plasma, it maintains its precise molecular structure (in this case,
O,) and moves freely throughout the plasma in its normal gaseous state. Clini-
cally, it is this portion of the oxygen that is measured to assess the patient’s partial
pressure of oxygen (Po,) (see Table 6-1).

The quantity of oxygen that dissolves in the plasma is a function of Henry’s
law, which states that the amount of gas that dissolves in a liquid (in this case,
plasma) at a given temperature is proportional to the partial pressure of the gas.
At normal body temperature, about 0.003 mL of oxygen will dissolve in 100 mL of
blood for every 1 mm Hg of Pg,. Thus, in the healthy individual with an arterial
oxygen partial pressure (Pag,) of 100 mm Hg, approximately 0.3 mL of oxygen is
dissolved in every 100 mL of plasma (0.003 X 100 mm Hg = 0.3 mL). This is writ-
ten as 0.3 volumes percent (vol%). Vol% represents the amount of O, in milliliters
that is in 100 mL of blood (vol% = mL O,/100 mL bd). For example, 10 vol% of O,
means that there are 10 mL of O, in 100 mL of blood. In terms of total oxygen
transport, a relatively small percentage of oxygen is transported in the form of dis-
solved oxygen.

OXYGEN BOUND TO HEMOGLOBIN

Hemoglobin

Most of the oxygen that diffuses into the pulmonary capillary blood rapidly
moves into the RBCs and chemically attaches to the hemoglobin. Each RBC con-
tains approximately 280 million hemoglobin molecules, which are highly special-
ized to transport oxygen and carbon dioxide.

Normal adult hemoglobin, which is designated Hb A, consists of (1) four
heme groups, which are the pigmented, iron-containing nonprotein portions of
the hemoglobin molecule, and (2) four amino acid chains (polypeptide chains)
that collectively constitute globin (a protein) (Figure 6-1).

At the center of each heme group, the iron molecule can combine with one
oxygen molecule in an easily reversible reaction to form oxyhemoglobin:

Hb + 0, —= Hby,
Reduced Oxygen Oxyhemoglobin
hemoglobin (combined or
(uncombined or oxygenated
deoxygenated hemoglobin)

hemoglobin)
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Beta ()
chains

Figure 6-1. Schematic illustration of a hemoglobin mole-
cule. The globin (protein) portion consists of two identical
alpha (o) chains and two beta (B) chains. The four heme
(iron-containing) portions are in the center of each globin Alpha (o)
molecule. chains

Because there are four heme/iron groups in each Hb molecule, a total of four
oxygen molecules can combine with each Hb molecule. When four oxygen mole-
cules are bound to one Hb molecule, the Hb is said to be 100-percent saturated
with oxygen; an Hb molecule with three oxygen molecules is 75-percent satu-
rated; and so forth. Hemoglobin bound with oxygen (Hby,) is called oxyhemoglo-
bin. Hemoglobin not bound with oxygen (Hb) is called reduced hemoglobin or
deoxyhemoglobin. The amount of oxygen bound to Hb is directly related to the
partial pressure of oxygen.

The globin portion of each Hb molecule consists of two identical alpha («)
chains, each with 141 amino acids, and two identical beta (B) chains, each with 146
amino acids (a,,). Normal fetal hemoglobin (Hb F) has two alpha (o) chains and
two gamma () chains (ayy,). This increases hemoglobin’s attraction to oxygen
and facilitates transfer of maternal oxygen across the placenta. Fetal hemoglobin is
gradually replaced with Hb A over the first year of postnatal life.

When the precise number, sequence, or spatial arrangement of the globin
amino acid chains is altered, the hemoglobin will be abnormal. For example, sickle
cell hemoglobin (Hb S) has a different amino acid substituted into the § chain.
This causes the deoxygenated hemoglobin molecule (hemoglobin not bound to
oxygen) to change the RBC shape from biconcave to a crescent or sickle form that
has a tendency to form thrombi (clots). Various drugs and chemicals, such as ni-
trites, can change the iron molecule in the heme from the ferrous state to the ferric
state, eliminating the ability of hemoglobin to transport oxygen. This type of he-
moglobin is known as methemoglobin.

The normal hemoglobin value for the adult male is 14 to 16 g/100 mL of
blood. In other words, if all the hemoglobin were to be extracted from all the RBCs
in 100 mL of blood, the hemoglobin would actually weigh between 14 and 16 g.
Clinically, the weight measurement of hemoglobin, in reference to 100 mL of
blood, is referred to as either the gram percent of hemoglobin (g% Hb) or grams per
deciliter (g/dL). The average adult female hemoglobin value is 12 to 15 g%. The
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average infant hemoglobin value is 14 to 20 g%. Hemoglobin constitutes about
33 percent of the RBC weight.

Quantity of Oxygen Bound to Hemoglobin

Each g% of Hb is capable of carrying approximately 1.34 mL* of oxygen. Thus, if
the hemoglobin level is 15 g%, and if the hemoglobin is fully saturated, about 20.1
vol% of oxygen will be bound to the hemoglobin. The figure 20.1 is calculated
using the following formula:

O, bound to Hb = 1.34 mL O, X 15 g% Hb
= 20.1 vol% O,

At a normal arterial oxygen pressure (Pap,) of 100 mm Hg, however, the he-
moglobin saturation (Sap,) is only about 97 percent because of these normal phys-
iologic shunts:

¢ Thebesian venous drainage into the left atrium
¢ Bronchial venous drainage into the pulmonary veins
¢ Alveoli that are underventilated relative to pulmonary blood flow

Thus, the amount of arterial oxygen in the above equation must be adjusted
to 97 percent. The equation is written as follows:

20.1 vol% O,
xX .97
19.5 vol% O,

TOTAL OXYGEN CONTENT

To determine the total amount of oxygen in 100 mL of blood, the dissolved oxygen
and the oxygen bound to hemoglobin must be added together. The following case
study summarizes the calculations required to compute an individual’s total oxy-
gen content.

CASE STUDY: ANEMIC PATIENT

A 27-year-old woman with a long history of anemia (decreased hemoglobin
concentration) is showing signs of respiratory distress. Her respiratory rate is
36 breaths/min, heart rate 130 beats/minute, and blood pressure 155/90 mm Hg.
Her hemoglobin concentration is 6 g%, and her Pag, is 80 mm Hg (Sap, 90%).

Based on this information, the patient’s total oxygen content is computed as
follows:

1. Dissolved O,:

80 Pao2
X 0.003 (dissolved O, factor)
0.24 vol% O,

*The literature also reports values of 1.36, 1.38, and 1.39. The figure 1.34 is the most commonly
used factor and is used in this textbook.
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2. Oxygen bound to hemoglobin:

6 go/o Hb
X 1.34 (O, bound to Hb factor)
8.04 vol% O, (at Sap, of 100%)

8.04 vol% O,
X .90 Sao2
7.236 vol% O,

3. Total oxygen content:

7.236 vol% O, (bound to hemoglobin)
+ 0.24 vol% O, (dissolved O,)
7.476 vol% O, (total amount of O,/100 mL of blood)

Note that the patient’s total arterial oxygen content is less than 50 percent of
normal. Her hemoglobin concentration, which is the primary mechanism for
transporting oxygen, is very low. Once this problem is corrected, the clinical man-
ifestations of respiratory distress should no longer be present.

The total oxygen content of the arterial blood (Cap ), mixed venous blood
(Cvo,), and pulmonary capillary blood (CCp,) is calculated as follows:

¢ Cap,: Oxygen content of arterial blood
(Hb X 1.34 X Sap,) + (Pag, X 0.003)

* Cvp,: Oxygen content of mixed venous blood
(Hb X 1.34 X Svgp,) + (Pvp, X 0.003)

¢ Cco,: Oxygen content of pulmonary capillary blood
(Hb X 1.34)* + (Pap,** X 0.003)

It will be shown later in this chapter how various mathematical manipula-
tions of the Cap,, Cvp, and Ccp, values are used in different oxygen transport
studies to reflect important factors concerning the patient’s cardiac and ventila-
tory status.

OXYGEN DISSOCIATION CURVE

As shown in Figure 6-2, the oxygen dissociation curve is part of a nomogram that
graphically illustrates the percentage of hemoglobin (left-hand side of the graph) that
is chemically bound to oxygen at each oxygen pressure (bottom portion of the
graph). On the right-hand side of the graph, a second scale is included that
gives the precise oxygen content that is carried by the hemoglobin at each oxygen
pressure.

The curve is S-shaped with a steep slope between 10 and 60 mm Hg and a
flat portion between 70 and 100 mm Hg. The steep portion of the curve shows that

*It is assumed that the hemoglobin saturation with oxygen in the pulmonary capillary blood
(SCo,) is 100 percent or 1.0.

**See Ideal Alveolar Gas Equation (Chapter 3).
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Figure 6-2. Oxygen dissociation curve.

oxygen rapidly combines with hemoglobin as the Pp, increases. Beyond this
point (60 mm Hg), a further increase in the Po, produces only a slight increase
in oxygen-hemoglobin bonding. In fact, because the hemoglobin is already
90-percent saturated at a P, of 60 mm Hg, an increase in the Pq, from 60 to
100 mm Hg elevates the total saturation of the hemoglobin by only 7 percent (see
Figure 6-2).

CLINICAL SIGNIFICANCE OF THE FLAT
PORTION OF THE CURVE

The P, can fall from 100 to 60 mm Hg and the hemoglobin will still be 90-percent
saturated with oxygen. Thus, the upper curve plateau illustrates that hemoglobin
has an excellent safety zone for the loading of oxygen in the lungs.

As the hemoglobin moves through the alveolar-capillary system to pick up
oxygen, a significant partial pressure difference continues to exist between the
alveolar gas and the blood, even after most of the oxygen is transferred. This
mechanism enhances the diffusion of oxygen during the transit time of the hemo-
globin in the alveolar-capillary system.
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The flat portion also means that increasing the P, beyond 100 mm Hg adds
very little additional oxygen to the blood. In fact, once the P, increases enough
to saturate 100 percent of the hemoglobin with oxygen, the hemoglobin will
no longer accept any additional oxygen molecules. However, a small addi-
tional amount of oxygen continues to dissolve in the plasma as the Pp, rises
(Po, X 0.003 = dissolved O,).

CLINICAL SIGNIFICANCE OF THE STEEP
PORTION OF THE CURVE

A reduction of Pg, to below 60 mm Hg produces a rapid decrease in the amount of
oxygen bound to hemoglobin. Clinically, therefore, when the P, continues to fall
below 60 mm Hg, the quantity of oxygen delivered to the tissue cells may be sig-
nificantly reduced.

The steep portion of the curve also shows that as the hemoglobin moves
through the capillaries of the tissue cells, a large amount of oxygen is released
from the hemoglobin for only a small decrease in Pg,. Thus, the diffusion of oxy-
gen from the hemoglobin to the tissue cells is enhanced.

THE Pso

A point of reference on the oxygen dissociation curve is the Ps, (Figure 6-3). The
Ps, represents the partial pressure at which the hemoglobin is 50-percent satu-
rated with oxygen—i.e., when there are two oxygen molecules on each hemoglo-
bin molecule. Normally, the Ps, is about 27 mm Hg. Clinically, however, there are
a variety of abnormal conditions that can shift the oxygen dissociation curve to ei-
ther the right or left. When this happens, the Ps, changes. For example, when the
curve shifts to the right, the affinity of hemoglobin for oxygen decreases, causing
the hemoglobin to be less saturated at a given Pq,. Thus, when the curve shifts to the
right, the Ps, increases. On the other hand, when the curve moves to the left, the
affinity of hemoglobin for oxygen increases, causing the hemoglobin to be more
saturated at a given Po,. Thus, when the curve shifts to the left, the P5, decreases (see
Figure 6-3).

FACTORS THAT SHIFT THE OXYGEN
DISSOCIATION CURVE

pH

As the blood hydrogen-ion concentration increases (decreased pH), the oxygen
dissociation curve shifts to the right. This mechanism enhances the unloading of
oxygen at the cellular level, because the pH decreases in this area as carbon diox-
ide (the acidic end-product of cellular metabolism) moves into the blood. In con-
trast, as the blood hydrogen-ion (H") concentration decreases, the curve shifts to
the left. This mechanism facilitates the loading of oxygen onto hemoglobin as
blood passes through the lungs, because the pH increases as carbon dioxide
moves out of the blood and into the alveoli.
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Figure 6-3. The Ps, represents the partial pressure at which hemoglobin is 50-percent saturated
with oxygen. When the oxygen dissociation curve shifts to the right, the Ps, increases. When the
oxygen dissociation curve shifts to the left, the Ps, decreases.

Temperature

As the body temperature increases, the curve moves to the right. Thus, exercise,
which produces an elevated temperature, enhances the release of oxygen as blood
flows through the muscle capillaries. Conversely, as the body temperature de-
creases, the curve shifts to the left. This mechanism partly explains why an indi-
vidual’s lips, ears, and fingers appear blue while swimming in very cold water.
That is, their Pag, is normal, but oxygen is not readily released from the hemoglo-
bin at the cold tissue sites.

Carbon Dioxide

As the Pco, level increases (increased H' concentration), the oxyhemoglobin satu-
ration decreases, shifting the oxyhemoglobin dissociation curve to the right,
whereas decreasing Pco, levels (decreased H™ concentrations) shift the curve to
the left. The effect of Po, and pH on the oxyhemoglobin curve is known as the
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Bohr effect. The Bohr effect is most active in the capillaries of working muscles,
particularly the myocardium.

2,3-Diphosphoglycerate

The RBCs contain a large quantity (about 15 mol/g Hb) of the substance 2,3-
diphosphoglycerate (2,3-DPG). 2,3-DPG is a metabolic intermediary that is
formed by the RBCs during anaerobic glycolysis. Hemoglobin’s affinity for oxy-
gen decreases as the 2,3-DPG level increases. Thus, the effect of an elevated con-
centration of 2,3-DPG is to shift the oxygen dissociation curve to the right.
Clinically, a variety of conditions affect the level of 2,3-DPG.

Hypoxia. Regardless of the cause, hypoxia increases the 2,3-DPG level.

Anemia. The 2,3-DPG level increases as the hemoglobin concentration de-
creases. This mechanism may explain why individuals with anemia frequently do
not manifest the signs or symptoms associated with hypoxia.

pH Changes. As the pH increases, the 2,3-DPG concentration increases. Thus,
the shift of the oxygen dissociation curve to the left by the increased pH is offset
somewhat by the increased 2,3-DPG level, which shifts the curve to the right. Con-
versely, as the pH decreases, the 2,3-DPG concentration decreases. Thus, while the
decreased pH shifts the curve to the right, the decreased 2,3-DPG level works to
shift the curve to the left.

Stored Blood. Blood stored for as little as 1 week has been shown to have very
low concentrations of 2,3-DPG. Thus, when patients receive stored blood, the oxy-
gen unloading in their tissues may be reduced because of the decreased 2,3-DPG
level.

Fetal Hemoglobin

Fetal hemoglobin (Hb F) is chemically different from adult hemoglobin (Hb A).
Hb F has a greater affinity for oxygen and, therefore, shifts the oxygen dissociation
curve to the left (reducing the P5y). During fetal development, the higher affinity
of Hb F enhances the transfer of oxygen from maternal blood to fetal blood. After
birth, Hb F progressively disappears and is completely absent after about 1 year.

Carbon Monoxide Hemoglobin

Carbon monoxide (CO) has about 210 times the affinity of oxygen for hemoglobin.
Because of this, a small amount of CO can tie up a large amount of hemoglobin
(COxpp) and, as a result, prevent oxygen molecules from bonding to hemoglobin.
This can seriously reduce the amount of oxygen transferred to the tissue cells. In
addition, when COy, is present, the affinity of hemoglobin for oxygen increases
and shifts the oxygen dissociation curve to the left. Thus, the oxygen molecules
that do manage to combine with hemoglobin are unable to unload easily in the
tissues.
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FACTORS THAT SHIFT OXYGEN DISSOCIATION CURVE:
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Figure 6-4. Factors that shift the oxygen dissociation curve to the right and left. (DPG =
2,3-diphosphoglycerate; for other abbreviations, see text).

Figure 6-4 summarizes factors that shift the oxygen dissociation curve to the
right and left and how the Ps is affected by these shifts.

CLINICAL SIGNIFICANCE OF SHIFTS
IN THE O, DISSOCIATION CURVE

When an individual’s blood Pag, is within normal limits (80-100 mm Hg), a shift
of the oxygen dissociation curve to the right or left does not significantly affect
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hemoglobin’s ability to transport oxygen to the peripheral tissues, because shifts
in this pressure range (80-100 mm Hg) occur on the flat portion of the curve. How-
ever, when an individual’s blood Pag, falls below the normal range, a shift to the
right or left can have a remarkable effect on the hemoglobin’s ability to pick up
and release oxygen, because shifts below the normal pressure range occur on the
steep portion of the curve. For example, consider the loading and unloading of
oxygen during the clinical conditions discussed below.

; Right Shifts—Loading of Oxygen in the Lungs
|

“'J“'
i
il
il

Picture the loading of oxygen onto hemoglobin as blood passes through the
alveolar-capillary system at a time when the alveolar oxygen tension (PAg)) is
moderately low—say, 60 mm Hg (caused, for example, by an acute asthmatic
episode). Normally, when the PAg, is 60 mm Hg, the Pp, of the pulmonary
capillary blood (PCop,) is also about 60 mm Hg. Thus, the hemoglobin is about
90-percent saturated with oxygen as it leaves the alveoli (Figure 6-5). If, however,
the oxygen dissociation curve shifts to the right, as indicated in Figure 6-6 (p. 224)
(caused by a pH of about 7.1), the hemoglobin will be only about 75-percent satu-
rated with oxygen as it leaves the alveoli—despite the fact that the patient’s
plasma Pg, is still 60 mm Hg.

In view of this gas transport phenomenon, therefore, it should be stressed
that the total oxygen delivery may be much lower than indicated by a particular Pao,
when a disease process is present that causes the oxygen dissociation curve to shift to the
right (see Figure 6—4). It should also be noted that when a right shift is accompa-
nied by either a decreased cardiac output or a reduced level of hemoglobin, the
patient’s ability to transport oxygen will be jeopardized even more.

Right Shifts—Unloading of Oxygen at the Tissues

Although the total oxygen delivery may decrease in the above situation, the
plasma P, at the tissue sites does not have to fall as much to unload oxygen from
the hemoglobin. For example, if the tissue cells metabolize 5 vol% oxygen at a
time when the oxygen dissociation curve is in its normal position, the plasma P,
must fall from 60 mm Hg to about 35 mm Hg to free 5 vol% oxygen from the he-
moglobin (Figure 6-7) (p. 225). If, however, the curve shifts to the right in response
to a pH of 7.1, the plasma P, at the tissue sites would only have to fall from 60
mm Hg to about 40 mm Hg to unload 5 vol% oxygen from the hemoglobin (Figure
6-8) (p. 226).

Left Shifts—Loading of Oxygen in the Lungs

If the oxygen dissociation curve shifts to the left, as indicated in Figure 6-9 (p. 227)
(caused by a pH of about 7.6), at a time when the PAg, is 60 mm Hg, the hemoglo-
bin will be about 95-percent saturated with oxygen as it leaves the alveoli, even
though the patient’s plasma P, is only 60 mm Hg.

Left Shifts—Unloading of Oxygen at the Tissues

Although the total oxygen delivery increases in the previously mentioned situa-
tion, the plasma P, at the tissue sites must decrease more than normal in order
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Figure 6-5. Normally, when the PAo, is 60 mm Hg, the plasma P, of the alveolar-capillary blood is also about 60 mm Hg
and the hemoglobin is about 90-percent saturated with oxygen as it leaves the alveoli.

for oxygen to dissociate from the hemoglobin. For example, if the tissue cells re-
quire 5 vol% oxygen at a time when the oxygen dissociation curve is normal, the
plasma Po, will fall from 60 mm Hg to about 35 mm Hg to free 5 vol% of oxygen
from the hemoglobin (see Figure 6-7). If, however, the curve shifts to the left
because of a pH of 7.6, the plasma P, at the tissue sites would have to fall from
60 mm Hg to about 30 mm Hg in order to unload 5 vol% oxygen from the hemo-
globin (Figure 6-10) (p. 228).
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OXYGEN TRANSPORT STUDIES
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Various mathematical manipulations of the Cag,, Cvp,, and CCq, values can serve
as excellent indicators of an individual’s cardiac and ventilatory status. Clinically,
the most common oxygen transport studies performed are (1) total oxygen de-
livery, (2) arterial-venous oxygen content difference, (3) oxygen consumption,
(4) oxygen extraction ratio, (5) mixed venous oxygen saturation, and (6) pul-
monary shunting.*

TOTAL OXYGEN DELIVERY

The total amount of oxygen delivered or transported to the peripheral tissues is
dependent on (1) the body’s ability to oxygenate blood, (2) the hemoglobin con-
centration, and (3) the cardiac output (Q). Total oxygen delivery (Do,) is calcu-
lated as follows:

Do, = Qt X (Cag, X 10)

where QT is total cardiac output (L/min); Cag, is the oxygen content of arterial
blood (mL oxygen/100 mL blood); and the factor 10 is needed to convert the Cag,
to mL O,/L blood.

For example, if an individual has a cardiac output of 5 L/min and a Cag, of
20 vol%, the total amount of oxygen delivered to the peripheral tissues will be
about 1000 mL of oxygen per minute:

Do, = Qt X (Cag, X 10)
=5L X (20 vol% X 10)
= 1000 mL O,/min

Oxygen delivery decreases when there is a decline in (1) blood oxygenation,
(2) hemoglobin concentration, or (3) cardiac output. When possible, an individ-
ual’s hemoglobin concentration or cardiac output will often increase in an effort to
compensate for a reduced oxygen delivery.

ARTERIAL-VENOUS OXYGEN CONTENT
DIFFERENCE

The arterial-venous oxygen content difference, C(a — v)o,, is the difference be-
tween the Cap, and the Cvg, (Cap, — Cvp,). Clinically, the mixed venous blood
needed to compute the Cvp, is obtained from the patient’s pulmonary artery (see
Figure 6-1).

*See Appendix V for a representative example of a cardiopulmonary profile sheet used to mon-
itor the oxygen transport status of the critically ill patient.
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Figure 6-11. Oxygen dissociation curve. The normal oxygen content difference between arterial
and venous blood is about 5 vol%. Note that both the right side and the left side of the graph illus-
trate that approximately 25 percent of the available oxygen is used for tissue metabolism and, there-
fore, the hemoglobin returning to the lungs is normally about 75-percent saturated with oxygen.

Normally, the Cag, is about 20 vol% and the Cvq, is 15 vol% (Figure 6-11).
Thus, the normal C(a — v)o, is about 5 vol%:

C(a - V)Oz = (:ao2 - (:VO2
= 20vol% — 15 vol%
= 5vol%

In other words, 5 mL of oxygen are extracted from each 100 mL of blood for tissue
metabolism (50 mL O,/L). Because the average individual has a cardiac
output of about 5 L/min and a C(a — v)o, of about 5 vol%, approximately
250 mL of oxygen are extracted from the blood during the course of 1 minute
(50 mL O,/L X 5 L/min).

Clinically, the C(a — V)0, can provide useful information regarding the pa-
tient’s cardiopulmonary status, because oxygen changes in mixed venous blood
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-
TABLE 6-2.8 FactorsThat Increase the C(a — v)o,
o’

Decreased cardiac output
Periods of increased oxygen consumption
Exercise
Seizures
Shivering
Hyperthermia

can occur earlier than oxygen changes in an arterial blood gas. Table 6-2 lists fac-
tors that can cause the C(a — V), to increase. Factors that can cause the C(a — v)o,
to decrease are listed in Table 6-3.

OXYGEN CONSUMPTION

The amount of oxygen extracted by the peripheral tissues during the period of one
minute is called oxygen consumption, or oxygen uptake (Vo ). An individual’s oxy-
gen consumption is calculated by using this formula:

Vo, = Qr[C(a — V)o, X 10]

where Qr is the total cardiac output (L/min); C(a — v)o, is the arterial-venous
oxygen content difference (Cap, — Cvp,); and the factor 10 is needed to convert
the C(a — v)o, to mL O,/L.
For example, if an individual has a cardiac output of 5 L/min and a
C(a — V)o, of 5 vol%, the total amount of oxygen metabolized by the tissues in one
minute will be 250 mL:
Vo, = Qr[C(a — V)o, X 10]
=5L/min X 5vol% X 10
= 250 mL O,/min

Clinically, the oxygen consumption is usually related to the patient’s body
surface area (BSA) (see Appendix IV), because the amount of oxygen extracted by

TXBLE 6—3.’ Factors That Decrease the C(a — v)o,

~

Increased cardiac output

Skeletal muscle relaxation (e.g., induced by drugs)
Peripheral shunting (e.g., sepsis, trauma)

Certain poisons (e.g., cyanide prevents cellular metabolism)
Hypothermia




232 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

TXBLE 6’. Factors That Increase Oxygen Consumption

Exercise
Seizures
Shivering
Hyperthermia

the peripheral cells varies with an individual’s height and weight. The patient’s
oxygen consumption index is derived by dividing the V¢, by the BSA. The aver-
age oxygen consumption index ranges between 125 to 165 mL O,/m>

Factors that cause an increase in oxygen consumption are listed in Table 6—4.
Table 6-5 lists factors that cause a decrease in oxygen consumption.

OXYGEN EXTRACTION RATIO

The oxygen extraction ratio (O,ER) is the amount of oxygen extracted by the pe-
ripheral tissues divided by the amount of oxygen delivered to the peripheral cells.
The O,ER is also known as the oxygen coefficient ratio or the oxygen utilization ratio.

The O,ER is easily calculated by dividing the C(a — v)o, by the Cag,. In con-
sidering the normal Cag, of 20 vol%, and the normal Cvq, of 15 vol% (see Figure
6-11), the O,ER ratio of the healthy individual is about 25 percent:

|
0

f

T
| ‘|

(:ao2 - (:VO2

O,ER =
2 C:ao2
_ 20vol% — 15vol%
20 vol%
_ 5vol%
20 vol%

=.25

Under normal circumstances, therefore, an individual’s hemoglobin returns to the
alveoli approximately 75-percent saturated with oxygen (see Figure 6-11). In an
individual with a total oxygen delivery of 1000 mL/min, an extraction ratio of

TXBLE 6—’. Factors That Decrease Oxygen Consumption

Skeletal muscle relaxation (e.g., induced by drugs)
Peripheral shunting (e.g., sepsis, trauma)

Certain poisons (e.g., cyanide prevents cellular metabolism)
Hypothermia
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~ g
TABLE 6-6.7 Factors That Increase the O,ER

i

Decreased cardiac output
Periods of increased oxygen consumption
Exercise
Seizures
Shivering
Hyperthermia
Anemia
Decreased arterial oxygenation

25 percent would mean that during the course of 1 minute, 250 mL of oxygen are
metabolized by the tissues and 750 mL of oxygen are returned to the lungs.
Factors that cause the O,ER to increase are listed in Table 6-6. Table 6-7 lists
factors that cause the O,ER to decrease.
The O,ER provides an important view of an individual’s oxygen transport
status that is not readily available from other oxygen transport measurements. For
example, in an individual with normal Cap, and normal Cvg,:

Cap,: 20 vol%
- Cvp,: 15 vol%
C(a — Vv)o,= 5vol%

the C(a — v)o, is 5 vol% and the O,ER is 25 percent (normal). However, in an indi-
vidual with reduced Cap, and reduced Cvp,;:

Cap,: 10 vol%
— Cvp,: 5 vol%
C(a — V)o, = 5vol%

the C(a — V), is still 5 vol% (assuming O, consumption remains constant), but
the extraction ratio (O,ER) is now 50 percent—clinically, a potentially dangerous
situation.

TXBLE 6—;.’ Factors That Decrease the O,ER

~

Increased cardiac output

Skeletal muscle relaxation (e.g., induced by drugs)
Peripheral shunting (e.g., sepsis, trauma)

Certain poisons (e.g., cyanide prevents cellular metabolism)
Hypothermia (slows cellular metabolism)

Increased hemoglobin concentration

Increased arterial oxygenation
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TXBLE 6—%’. Factors That Decrease the Svg *

Decreased cardiac output
Periods of increased oxygen consumption
Exercise
Seizures
Shivering
Hyperthermia

* A decreased Sv, indicates that the C(a — V)o,, \'/oz, and O,ER are increasing.

MIXED VENOUS OXYGEN SATURATION

In the presence of a normal arterial oxygen saturation level (Sacp,) and hemoglobin
concentration, the continuous monitoring of mixed venous oxygen saturation
(Svo,) is often used in the clinical setting to detect changes in the patient’s
C(a — V)o, VOZ, and O,ER. Normally, the Svg, is about 75 percent (see Figure
6-11). Clinically, an Svo, of about 65 percent is acceptable.

Factors that can cause the Svp, to decrease are listed in Table 6-8. Table 6-9
lists factors that can cause the Sv, to increase.

Continuous Svg, monitoring can signal changes in the patient’s C(a — v)o,, Voz,
and O,ER earlier than routine arterial blood gas monitoring, because the Pao, and Sao,
levels are often normal during early C(a — 0)o,, Vo, and O,ER changes. Table 6-10
summarizes how various clinical factors may alter an individual’'s Do, Vo,
C(a — V)o,, O;ER, and Svg,.

MECHANISMS OF PULMONARY SHUNTING

A pulmonary shunt is defined as that portion of the cardiac output that enters the
left side of the heart without exchanging gases with alveolar gases (true shunt) or
as blood that does exchange gases with alveolar gases but does not obtain a Pg,
that equals that of a normal alveolus (shunt-like effect). Because the physiologic ef-
fect of pulmonary shunting is hypoxemia (decreased arterial oxygen tensions),
it is important to understand clinical conditions that produce (1) true shunt, and
(2) shunt-like effect.

TXBLE 6—?’. Factors That Increase the Svg,*

Increased cardiac output

Skeletal muscle relaxation (e.g., induced by drugs)
Peripheral shunting (e.g., sepsis, trauma)

Certain poisons (e.g., cyanide prevents cellular metabolism)
Hypothermia

* An increased Svo, indicates that the C(a — V)o,, \'/02, and O,ER are decreasing.
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TXBLE 6—1, Clinical Factors Affecting Various Oxygen Transport Study Values

~

OXYGEN TRANSPORT STUDIES

CLINICAL Do, Vo, C(a—Vv)o, O;ER SV,
FACTORS (1000 ML O,/MIN) (250 ML O,/MIN) (5 VOL%) (25%)  (25%)

T 0, Loading in the lungs ) Same Same l T
T Hb
T Pao,
l Pacoz
TpH
1 O, Loading in the lungs J Same Same T l
4 Hb
N P302
Anemia
CO poisoning
T Metabolism Same T T T 2
Exercise
Seizures
Hyperthermia
Shivering
| Metabolism Same 2 l J T
Hypothermia
Skeletal muscle relaxation
(e.g., drug induced)

| Cardiac output l Same ) T l

T Cardiac output T Same l d T

Peripheral shunting Same 2 l J T
(e.g., sepsis, trauma)

Certain poisons (e.g., cyanide) Same l l N T

T = increased; | = decreased.

True Shunt

Clinical conditions that cause true shunt can be grouped under two major cate-
gories: anatomic shunts and capillary shunts.

Anatomic Shunts. An anatomic shunt exists when blood flows from the right
side of the heart to the left side without coming in contact with an alveolus for gas
exchange (see Figure 6-12A and 6-12B). Normally, this is calculated to be about 2
to 5 percent of the cardiac output. This normal shunted blood comes from the
bronchial, pleural, and thebesian veins, which are systemic veins that empty into
the pulmonary venous system. The following are common abnormalities that
cause anatomic shunting:

* Congenital heart disease
¢ Intrapulmonary fistula
¢ Vascular lung tumors
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Figure 6-12. Pulmonary shunting. (A) Normal alveolar-capillary unit; (B) anatomic shunt; (C) types of capillary shunts;

(D) types of shunt-like effects.
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Congenital Heart Disease. Certain congenital defects permit blood to flow
from the right side of the heart to the left side without going through the alveolar-
capillary system for gas exchange (e.g., defect of the ventricular septum).

Intrapulmonary Fistula. 1In this type of anatomic shunting, a right-to-left flow
of pulmonary blood does not pass through the alveolar-capillary system. It may
be caused by chest trauma or disease. For example, a penetrating chest wound
that damages both the arteries and veins of the lung can leave an arterial-venous
shunt as a result of the healing process.

Vascular Lung Tumors. Some lung tumors can become very vascular. Some per-
mit pulmonary arterial blood to move through the tumor mass and into the pul-
monary veins without passing through the alveolar-capillary system.

Capillary Shunts. Capillary shunting is commonly caused by (1) alveolar col-
lapse or atelectasis, (2) alveolar fluid accumulation, or (3) alveolar consolidation
(see Figure 6-12C).

The sum of the anatomic and capillary shunts is referred to as true, or
absolute shunt. Absolute shunting is refractory to oxygen therapy; that is, the
hypoxemia produced by this form of pulmonary shunting cannot be treated
by simply increasing the concentration of inspired oxygen, because (1) the
alveoli are unable to accommodate any form of ventilation, and (2) the blood
that bypasses functioning alveoli cannot carry more oxygen once it has be-
come fully saturated—except for a very small amount that dissolves in the
plasma (Pp, X 0.003 = dissolved O,).

Shunt-Like Effect

When pulmonary capillary perfusion is in excess of alveolar ventilation, a shunt-
like effect is said to exist (see Figure 6-12D). Common causes of this form of
shunting are (1) hypoventilation, (2) uneven distribution of ventilation (e.g., bron-
chospasm or excessive mucus accumulation in the tracheobronchial tree), and
(3) alveolar-capillary diffusion defects (even though the alveolus may be venti-
lated in this condition, the blood passing by the alveolus does not have time to
equilibrate with the alveolar oxygen tension). Pulmonary shunting due to the
above conditions is readily corrected by oxygen therapy.

VENOUS ADMIXTURE

The end result of pulmonary shunting is venous admixture. Venous admixture
is the mixing of shunted, non-reoxygenated blood with reoxygenated blood distal to
the alveoli (i.e., downstream in the pulmonary venous system) (Figure 6-13).
When venous admixture occurs, the shunted, non-reoxygenated blood gains
oxygen molecules while, at the same time, the reoxygenated blood loses oxy-
gen molecules. This process continues until (1) the Pp, throughout all the
plasma of the newly mixed blood is in equilibrium, and (2) all the hemoglobin
molecules carry the same number of oxygen molecules. The end result is a
blood mixture that has a higher Pp, and oxygen content value than the original
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Figure 6-13. Venous admixture occurs when reoxygenated blood mixes with non-reoxygenated
blood distal to the alveoli.

shunted, non-reoxygenated blood, but a lower Pp, and oxygen content than the
original reoxygenated blood. Clinically, it is this blood mixture that is evaluated
downstream (e.g., from the radial artery) to determine an individual’s arterial
blood gases (see Table 6-1).

SHUNT EQUATION

Because pulmonary shunting and venous admixture are common complications
in respiratory disorders, knowledge of the degree of shunting is often desirable
when developing patient care plans. The amount of intrapulmonary shunting can
be calculated by using the classic shunt equation, which is written as follows:

@ B CC02 - Caoz

QT CC02 - CVOZ
where Qs is cardiac output that is shunted, Qr is total cardiac output, CCo, is oxy-
gen content of capillary blood, Cag, is oxygen content of arterial blood, and Cvo,
is oxygen content of mixed venous blood.

In order to obtain the data necessary to calculate the degree of pulmonary
shunting, the following clinical information must be gathered:

® Py (barometric pressure)
* Pag, (partial pressure of arterial oxygen)
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Paco, (partial pressure of arterial carbon dioxide)
Pvo, (partial pressure of mixed venous oxygen)
Hb (hemoglobin concentration)

PAo, (partial pressure of alveolar oxygen)*

Fio, (fractional concentration of inspired oxygen)

CASE STUDY: MOTORCYCLE ACCIDENT VICTIM

A 38-year-old man is on a volume-cycled mechanical ventilator on a day when the
barometric pressure is 750 mm Hg. The patient is receiving an Fip, of .70. The fol-
lowing clinical data are obtained:

Hb: 13 go/o

Pap,: 50 mm Hg (Sap, = 85%)
Paco,; 43 mm Hg

Pvo,;: 37 mm Hg (Svp, = 65%)

With this information, the patient’s Pao,, CCo,, Cag,, and Cvp, can now be calcu-
lated. (Remember: Py o represents alveolar water vapor pressure and is always
considered to be 47 mm Hg.)

1. PAO2 = (PB - PHZO)FIOZ - Pacoz (125)
(750 — 47).70 — 43(1.25)

= (703).70 — 53.75

= 492.1 — 53.75

= 438.35 mm Hg

2. Cco, = (Hb X 1.34)* + (PAo* X 0.003)
(13 X 1.34) + (438.35 X 0.003)
= 1742 + 1.315

= 18.735(vol% Oy)

3. Cap, = (Hb X 1.34 X Sap) + (Pao, X 0.003)
= (13 X 1.34 X .85) + (50 x 0.003)
= 14.807 + 0.15
= 14.957(vol% O,)

4. CVo, = (Hb X 1.34 X Svo,)) + (PVo, X 0.003)
= (13 X 1.34 X .65) + (37 X 0.003)
= 11.323 + 0.111
= 11.434(vol% O,)

*See Ideal Alveolar Gas Equation (Chapter 3).

**]t is assumed that the hemoglobin saturation with oxygen in the pulmonary capillary blood is
100 percent or 1.0.
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Based on the above calculations, the patient’s degree of pulmonary shunting
can now be calculated:

QS _ CZCO2 - Ca02
Or Cco, — Cvo,
_18.735 — 14.957

18.735 — 11.434

3778
7.301

= .517

Thus, in this case 51.7 percent of the patient’s pulmonary blood flow is per-
fusing lung tissue that is not being ventilated.

Today, most critical care units have programmed the oxygen transport calcu-
lations into inexpensive personal computers. What was once a time-consuming,
error-prone task is now quickly and accurately performed.

THE CLINICAL SIGNIFICANCE
OF PULMONARY SHUNTING

Pulmonary shunting below 10 percent reflects normal lung status. A shunt be-
tween 10 and 20 percent is indicative of an intrapulmonary abnormality, but is sel-
dom of clinical significance. Pulmonary shunting between 20 and 30 percent
denotes significant intrapulmonary disease and may be life-threatening in pa-
tients with limited cardiovascular function.

When the pulmonary shunting is greater than 30 percent, a potentially life-
threatening situation exists and aggressive cardiopulmonary supportive measures
are almost always necessary.

Calculating the degree of pulmonary shunting is not reliable in patients who
demonstrate (1) a questionable perfusion status, (2) a decreased myocardial out-
put, or (3) an unstable oxygen consumption demand. This is because these condi-
tions directly affect a patient’s Cap, and Cvp, values—two major components of
the shunt equation.

TISSUE HYPOXIA

Tissue hypoxia means that the amount of oxygen available for cellular metabolism
is inadequate. There are four main types of hypoxia: (1) hypoxic, (hypoxemia)
(2) anemic, (3) circulatory, and (4) histotoxic. When hypoxia exists, alternate
anaerobic mechanisms are activated in the tissues that produce dangerous
metabolites (such as lactate and hydrogen ions) as waste products. These ions
form a nonvolatile acid known as lactic acid and cause the blood pH to decrease.
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HYPOXIC HYPOXIA

Hypoxic hypoxia (also called hypoxemic hypoxia) refers to the condition in which
the Pag, and Cap, are abnormally low. Clinically, this form of hypoxia is better
known as hypoxemia (low oxygen concentration in the blood). This form of hy-
poxia can develop from pulmonary shunting and from the following conditions.

Low Alveolar Py, (Decreased PAo,)

Because the arterial Pp, (Pap,) is determined by the alveolar Po, (PAo,), conditions
that decrease the PAg, will lead to reductions in the Pag, and Cag, levels. A low
Pao, can develop from such conditions as (1) hypoventilation from any cause (e.g.,
COPD, drug overdose, neuromuscular diseases that affect the respiratory mus-
cles, such as myasthenia gravis); (2) ascent to high altitudes; and (3) the breathing
of gas mixtures that contain less than 21 percent oxygen (e.g., suffocation).

Diffusion Impairment

In the presence of certain pulmonary diseases, the time available for oxygen equi-
librium across the alveolar-capillary membrane may not be adequate. Such condi-
tions include interstitial fibrosis, alveolar consolidation, and interstitital or
alveolar edema (see Figure 3-6).

Ventilation/Perfusion (V/Q Ratio) Mismatch

When the pulmonary capillary blood flow is in excess of the alveolar ventilation, a
decreased V/Q ratio is said to exist. This condition causes a shunt-like effect,
which in turn causes the Pag, and Cag, to decrease (the effects of different ventila-
tion/perfusion relationships are discussed in greater detail in Chapter 8).

Although the presence of hypoxemia strongly suggests the possibility of tis-
sue hypoxia, it does not necessarily indicate the absolute existence of cellular hy-
poxia. The reduced level of oxygen in the arterial blood may be offset by an
increased cardiac output.

ANEMIC HYPOXIA

In this type of hypoxia, the oxygen tension in the arterial blood is normal but the
oxygen-carrying capacity of the blood is inadequate. This form of hypoxia can de-
velop from (1) a low amount of hemoglobin in the blood or (2) a deficiency in the
ability of hemoglobin to carry oxygen, as occurs in carbon monoxide poisoning or
methemoglobinemia.

Anemic hypoxia develops in carbon monoxide poisoning because the affin-
ity of carbon monoxide for hemoglobin is about 210 times greater than that of oxy-
gen. As carbon monoxide combines with hemoglobin, the ability of hemoglobin to
carry oxygen diminishes and tissue hypoxia may ensue. In methemoglobinemia,
iron atoms in the hemoglobin are oxidized to the ferric state, which in turn elimi-
nates the hemoglobin’s ability to carry oxygen. Increased cardiac output is the
main compensatory mechanism for anemic hypoxia.
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CIRCULATORY HYPOXIA

In circulatory hypoxia, the arterial blood that reaches the tissue cells may have a
normal oxygen tension and content, but the amount of blood—and, therefore, the
amount of oxygen—is not adequate to meet tissue needs. The two main causes of
circulating hypoxia are (1) stagnant hypoxia and (2) arterial-venous shunting.

Stagnant hypoxia can occur when the peripheral capillary blood flow is slow
or stagnant (pooling). This condition can be caused by a decreased cardiac output,
vascular insufficiency, or neurochemical abnormalities. When blood flow through
the tissue capillaries is sluggish, the time needed for oxygen exchange increases
while, at the same time, the oxygen supply decreases. Because tissue metabolism
continues at a steady rate, the oxygen pressure gradient between the blood and
the tissue cells can become insufficient, causing tissue hypoxia. Stagnant hypoxia
is primarily associated with cardiovascular disorders and often occurs in the ab-
sence of arterial hypoxemia. It is commonly associated with a decreased Sv,,.

When arterial blood completely bypasses the tissue cells and moves into the
venous system, an arterial-venous shunt is said to exist. This condition can also
cause tissue hypoxia, because arterial blood is prevented from delivering oxygen
to the tissue cells. Localized arterial or venous obstruction can cause a similar
form of tissue hypoxia, because the flow of blood into or out of the tissue capillar-
ies is impeded. Circulatory hypoxia can also develop when the tissues’ need for
oxygen exceeds the available oxygen supply.

HISTOTOXIC HYPOXIA

Histotoxic hypoxia develops in any condition that impairs the ability of tissue
cells to utilize oxygen. Cyanide poisoning produces this form of hypoxia. Clini-
cally, the Pagp, and Cag, in the blood are normal, but the tissue cells are extremely
hypoxic. The Pvg,, Cvp,, and Svg, are elevated because oxygen is not utilized.

W@ CYANOSIS
|

When hypoxemia is severe, signs of cyanosis may develop. Cyanosis is the term
used to describe the blue-gray or purplish discoloration seen on the mucous mem-
branes, fingertips, and toes whenever the blood in these areas contains at least
5 g% of reduced hemoglobin per dL (100 mL). When the normal 14 to 15 g% of he-
moglobin is fully saturated, the Pag, will be about 97 to 100 mm Hg and there will
be about 20 vol% of oxygen in the blood. In the patient with cyanosis with
one-third (5 g%) of the hemoglobin reduced, the Pag, will be about 30 mm Hg
and there will be about 13 vol% of oxygen in the blood (Figure 6-14). In the
patient with polycythemia, however, cyanosis may be present at a Pap, well above
30 mm Hg, because the amount of reduced hemoglobin is often greater than 5 g%
in these patients—even when their total oxygen transport is within normal limits
(about 20 vol% of O,).

The detection and interpretation of cyanosis is difficult and there is wide in-
dividual variation between observers. The recognition of cyanosis depends on the
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Figure 6-14. Cyanosis may appear whenever the blood contains at least 5 g% (g/dL) of reduced
hemoglobin. In the normal individual with 15 g% hemoglobin, a Pac, of about 30 mm Hg will pro-
duce 5 g% of reduced hemoglobin. Overall, however, the hemoglobin is still about 60-percent satu-
rated with oxygen.

acuity of the observer, on the lighting conditions in the examining room, and the
pigmentation of the patient. Cyanosis of the nail beds is also influenced by the
temperature, because vasoconstriction induced by cold may slow circulation to
the point where the blood becomes bluish in the surface capillaries, even though
the arterial blood in the major vessels is not oxygen-poor.

POLYCYTHEMIA

When pulmonary disorders produce chronic hypoxemia, the hormone erythro-
poietin responds by stimulating the bone marrow to increase RBC production.
RBC production is known as erythropoiesis. An increased level of RBCs is called
polycythemia. The polycythemia that results from hypoxemia is an adaptive
mechanism designed to increase the oxygen-carrying capacity of the blood.

Unfortunately, the advantage of the increased oxygen-carrying capacity in
polycythemia is offset by the increased viscosity of the blood when the hematocrit
reaches about 55 to 60 percent. Because of the increased viscosity of the blood, a
greater driving pressure is needed to maintain a given flow. The work of the right
and left ventricles must increase in order to generate the pressure needed to over-
come the increased viscosity. This can ultimately lead to left ventricular hypertro-
phy and failure and to right ventricular hypertrophy, and cor pulmonale.
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CHAPTER SUMMARY

The understanding of oxygen transport is a fundamental cornerstone to the clini-
cal interpretation of arterial and venous blood gases. Essential components are
(1) how oxygen is transported from the lungs to the tissue, including the calcula-
tion of the quantity of oxygen that is dissolved in the plasma and bound to he-
moglobin; (2) the oxygen dissociation nomogram and how it relates to oxygen
pressure, percentage of hemoglobin bound to oxygen, oxygen content, and right
and left curve shifts; (3) how the following oxygen transport studies are used
to identify the patient’s cardiac and ventilatory status: total oxygen delivery,
arterial-venous oxygen content difference, oxygen consumption, oxygen ex-
traction ratio, mixed venous oxygen saturation, and pulmonary shunting; and
(4) the major forms of tissue hypoxia: hypoxic hypoxia, anemic hypoxia, circula-

tory hypoxia, and histotoxic hypoxia.

C LI NTITZCAL

A PP LICATTION

1

A 12-year-old girl was a victim of a “drive-by”
shooting. She was standing in line outside a
movie theater with some friends when a car
passed by and someone inside began shooting
at three boys standing nearby. Two of the boys
died immediately, one was shot in the shoulder
and lower jaw, and the girl was shot in the
upper anterior chest. Although she was breath-
ing spontaneously through a non-rebreathing
oxygen mask when she was brought to the
emergency department 25 minutes later, she
was unconscious and had obviously lost a lot of
blood. Her clothes were completely soaked
with blood.

The patient’s skin, lips, and nail beds were
blue. Her skin felt cool and clammy. A small bul-
let hole could be seen over the left anterior
chest between the second and third rib at the
midclavicular line. No exit bullet hole could be
seen. Her vital signs were: blood pressure—
55/35 mm Hg, heart rate—120 beats/min, and
respiratory rate—22 breaths/min. Auscultation
of the chest revealed normal breath sounds. A

portable chest x-ray showed that the bullet had
passed through the upper portion of the aorta
and lodged near the spine. Her lungs were not
damaged by the bullet.

Her hematocrit was 15 percent and hemo-
globin was 4 g%. A unit of blood was started im-
mediately, and a pulmonary catheter and
arterial line were inserted (see Figure 15-1). Car-
diac output was 6 L/min. Arterial blood gas val-
ues (on a non-rebreathing oxygen mask) were:
pH—7.47, Paco,—31 mm Hg, Hco,—23 mmol/lL,
and Pag,—503 mm Hg. Her Sag, was 98 percent.
At this time, her oxygen indices were assessed
(see OxygenTransport Studies, Study No. 1).

The patient was rushed to surgery to re-
pair her damaged aorta. Three hours later she
was transferred to the surgical intensive care
unit and placed on a mechanical ventilator.
The surgery was considered a success, and the
patient’s parents were relieved to learn that a
full recovery was expected. The patient was
conscious and appeared comfortable and her
skin felt warm and dry. Her vital signs were:
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blood pressure—125/83 mm Hg, heart rate—
76 beats/min, respiratory rate—12 breaths/min
(i.e., the ventilator rate was set at 12), and tem-
perature 37°C. Auscultation revealed normal
bronchovesicular breath sounds.

Oxygen Ilmsport Studies

L

Do, Vo, C(a—-V)o, OER SV, Qs + Qr
Study No. 1

316 mL 214mL 358vol% 68% 32% 3%
Study No. 2

935 mL 245mL  5vol% 25% 75% 3%

Do, = total oxygen delivery; V02 = oxygen consumption, or
uptake; C(a — V)o, = the arterial-venous oxygen content
difference; O,ER = oxygen extraction ratio; Svp, = mixed
venous oxygen saturation; Qs ~ QT = the amount of intra-
pulmonary shunting.

A portable chest x-ray showed no car-
diopulmonary problems. Laboratory blood
work showed a hematocrit of 41 percent and
hemoglobin was 12 g%. Arterial blood gas val-
ues (while on the mechanical ventilation and on
an inspired oxygen concentration [Fig,] of 0.4)
were: pH—743, Pacg,—38 mm Hg, HCO;—24
mmol/L, and Pag,—109 mm Hg. Sap, was 97
percent. A second oxygen transport study
showed significant improvement (see Oxygen
Transport Study No. 2, above). Over the next 4
days, the patient was weaned from the ventila-
tor and transferred from the surgical intensive

care unit to the medical ward. A week later the
patient was discharged from the hospital.

DISCUSSION

This case illustrates the importance of hemo-
globin in the oxygen transport system. As a re-
sult of the gunshot wound to the chest, the
patient lost a great deal of blood. Because of
the excessive blood loss, the patient was un-
conscious, cyanotic, and hypotensive, and her
skin was cool and damp to the touch. Despite
the fact that the patient had an elevated Pag, of
503 mm Hg (normal, 80-100 mm Hg) and an
Sag, of 98 percent in the emergency depart-
ment, her tissue oxygenation was seriously im-
paired. In fact, the patient’s Pag, and Sag, in this
case were very misleading. Clinically, this was
verified by the oxygen transport studies. For ex-
ample, her Do, was only 316 mL (normal, about
1000 mL).*

Furthermore, it should be noted that be-
cause the patient’s V02 was 214 mL/min and
O,ER was 68 percent (the normal extraction
ratio is 25 percent). In other words, the patient
was consuming 68 percent of the Dg, (214 mL of
oxygen out of a possible 316 mL of oxygen per
minute). Her oxygen reserve was only about 30
percent. If this condition had not been treated
immediately, she would not have survived
much longer. It should be stressed that the pa-
tient's Pag, of 503 mm Hg and Sag, of 98 percent
were very misleading—and dangerous.

* D02 = OT X (Cao;* X 10)
=6 x (5.265 x 10)
= 316 mL

** Cag, = (1.34 X 4 g% Hb X .98%) + (503 mm Hg X .003) = 5.265



246 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

C LI NTZ CAIL

AP PLTICATTION

2

An 18-year-old woman presented in the emer-
gency department in severe respiratory dis-
tress. She was well-known to the respiratory
care team. She had suffered from asthma all of
her life (Figure 6-15). Over the years, she had
been admitted to the hospital on numerous oc-
casions, averaging about three admissions per
year. Five separate asthmatic episodes had re-
quired mechanical ventilation. Although she
was usually weaned from the ventilator within
48 hours, on one occasion she was on the venti-
lator for 7 days. At the time of this admission, it
had been over 4 years since she was last placed
on mechanical ventilation.

Upon observation, the patient appeared
fatigued and cyanotic, and she was using her
accessory muscles of inspiration (see Figure
1-44). She was in obvious respiratory distress.
Her vital signs were: blood pressure—177/110

Figure 6-15. Asthma. (Reprinted with
permission from Des Jardins T and Burton
GG. Clinical manifestations and assess-
ment of respiratory disease [4th ed.]. St.
Louis: Mosby, Inc., 2002.)

mm Hg, heart rate— 160 beats/min, and respira-
tory rate—32 breaths/min and shallow. Her
breath sounds were diminished and wheezing
could be heard bilaterally. A portable chest x-
ray showed that her lungs were hyperinflated
and her diaphragm was depressed. Arterial
blood gas values on 4 L/min oxygen via cannula
were: pH—7.25, Pacg,—71, HCO;™ —27, Pag,—27
mm Hg, and Sag,—42 percent.

Because she was in acute ventilatory fail-
ure with severe hypoxemia and was clearly
fatigued, the patient was immediately trans-
ferred to the intensive care unit, intubated, and
placed on mechanical ventilation at a rate of
3 breaths/min. A pulmonary catheter and arterial
line were inserted. An intravenous infusion was
started and medications to treat her bronchocon-
striction were administered. A hemodynamic
study showed that her cardiac output (QT) was
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6.5 L/min. Her hemoglobin was 13 g%. An oxy-
gen transport study was performed at this time
(see OxygenTransport Studies, Study No. 1):

Oxygen amsport Studies

v

Do, Vo, C(a—V)o, O;ER SV, Qs + Qr
Study No. 1

523 mL 314mL 4.83vol% 58% 24% 47%
Study No. 2

990 mL 255 mL 5vol% 24% 75% 3%

Do, = total oxygen delivery; V02 = oxygen consumption, or
uptake; C(a — V)o, = the arterial-venous oxygen content
difference; O,ER = oxygen extraction ratio; Svo, = mixed
venous oxygen saturation; Qs + Q1 = the amount of intra-
pulmonary shunting.

Although the patient’s first day in the in-
tensive care unit was a stormy one, her asthma
progressively improved over the second day.
On the morning of the third day, her skin was
pink and dry and she was resting comfortably
on the mechanical ventilator. Although she was
receiving 3 mechanical breaths/min, the patient
was breathing primarily on her own. Her vital
signs were: blood pressure—125/76 mm Hg,
heart rate—70 beats/min, and respiratory rate—
10 breaths/min (10 spontaneous breaths be-
tween the 3 mechanical ventilations per
minute). Auscultation revealed normal bron-
chovesicular breath sounds, and portable chest
x-ray no longer showed hyperinflated lungs or a
flattened diaphragm. Arterial blood gas values
on an inspired oxygen concentration (Fip,) of
0.25 were: pH—742, Pacg,—37, HCO3;™ —24,
Pag,—115 mm Hg, and Sap,—97 percent. An
oxygen transport study was performed at this
time (see Oxygen Transport Study No. 2). The
patient was weaned from the ventilator and
was discharged from the hospital the next day.

DISCUSSION

This case illustrates the clinical significance of a
right shift in the oxygen dissociation curve on

(1) the loading of oxygen on hemoglobin in the
lungs, and (2) the patient’s total oxygen delivery
(Do,). As a result of the asthmatic episode (i.e.,
bronchial smooth-muscle constriction), the pa-
tient’s alveolar ventilation was very poor in the
emergency department. Clinically, this was ver-
ified on chest x-ray showing alveolar hyperinfla-
tion and a flattened diaphragm and by arterial
blood gas analysis and the oxygen indices.

It should be noted here that alveolar “hy-
perinflation” does not mean the lungs are being
excessively ventilated. In fact, they are being
underventilated. The lungs become hyperin-
flated during a severe asthmatic episode be-
cause gas is unable to leave the lungs during
exhalation. As a result, “fresh” ventilation is im-
peded on subsequent inspirations. This condi-
tion causes the alveolar oxygen (Pag,) to
decrease and the alveolar carbon dioxide
(PAco,) to increase (see Figure 2-38). As the PAg,
declined, the patient’s intrapulmonary shunting
(Qs + Qt) and oxygen extraction ratio (O,ER) in-
creased and total oxygen delivery (Dg,) de-
creased (see OxygenTransport Study No. 1)

In addition, as shown by the first arterial
blood gas analysis, her condition was further
compromised by the presence of a decreased
pH (7.25) and an increased Pacg, (72 mm Hg),
which caused the oxygen dissociation curve to
shift to the right. A right shift of the oxygen dis-
sociation curve reduces the ability of oxygen to
move across the alveolar-capillary membrane
and bond to hemoglobin (see Figure 6-8). Be-
cause of this, the patient’'s hemoglobin satura-
tion was lower than expected for a particular
Pag, level. In this case, the patient’s Sap, was
only 42 percent at a time when the Pag, was 27
mm Hg. Normally, when the Pag, is 27 mm Hg,
the hemoglobin saturation is 50 percent (see
Figure 6-4). Thus, it should be emphasized that
when additional factors are present that shift
the oxygen dissociation curve to the right or
left, the respiratory practitioner should consider
these factors in the final analysis of the patient’s
total oxygenation status.
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REVIEW QUESTIONS

1.

If a patient has a Hb level of 14 g% and a Pag, of 55 mm Hg (85-percent
saturated with oxygen), approximately how much oxygen is transported
to the peripheral tissues in each 100 mL of blood?

A. 16 vol%

B. 17 vol%

C. 18 vol%

D. 19 vol%

. When the blood pH decreases, the oxygen dissociation curve shifts to the

A. right and the P5, decreases
B. left and the Ps5, increases
C. right and the Ps, increases
D. left and the Ps, decreases

. When shunted, non-reoxygenated blood mixes with reoxygenated blood

distal to the alveoli (venous admixture), the
I. Po, of the non-reoxygenated blood increases

II. Cag, of the reoxygenated blood decreases

III. Pg, of the reoxygenated blood increases

IV. Cap, of the non-reoxygenated blood decreases
A. Tonly
B. IV only
C. Iand Il only
D. Il and IV only

. The lowest acceptable Pag, for a 75-year-old patient is about

A. 60 mm Hg
B. 65 mm Hg
C. 70 mm Hg
D. 75 mm Hg

. The normal calculated anatomic shunt is about

A. 0.5-1 percent
B. 2-5 percent
C. 6-9 percent
D. 10-12 percent

. In which of the following types of hypoxia is the oxygen pressure of the

arterial blood (Pag,) usually normal?
I. Hypoxic hypoxia

II. Anemic hypoxia

III. Circulatory hypoxia

IV. Histotoxic hypoxia
A. Tonly
B. Il only
C. Il and IV only
D. II, III, and IV only

. If a patient normally has a 12 g% Hb, cyanosis will likely appear when

A. 10 g% Hb is saturated with oxygen
B. 9 g% Hb is saturated with oxygen
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10.

11.

C. 8 g% Hb is saturated with oxygen
D. 7 g% Hb is saturated with oxygen

. The advantages of polycythemia begin to be offset by the increased blood

viscosity when the hematocrit reaches about
A. 30-40 percent
B. 40-50 percent
C. 55-60 percent
D. 60-70 percent

. Assuming everything else remains the same, when an individual’s car-

diac output decreases, the
I. C(a — Vv)o, increases
II. O,ER decreases
III. Vo, increases
IV. Svg, decreases
A. Tonly
B. IV only
C. II'and III only
D. Iand IV only
Under normal conditions, the O,ER is about
A. 10 percent
B. 15 percent
C. 20 percent
D. 25 percent
Case Study: Automobile Accident Victim
A 37-year-old woman is on a volume-cycled mechanical ventilator on a
day when the barometric pressure is 745 mm Hg. The patient is receiving
an Fig, of 0.50. The following clinical data are obtained:
Hb: 11 go/o
Pap,: 60 mm Hg (Sap, = 90%)
Pvo,: 35 mm Hg (Svp, = 65%)
Pacp,: 38 mm Hg
Cardiac output: 6 L/min

Based on the above information, calculate the patient’s
A. total oxygen delivery

Answer:

B. arterial-venous oxygen content difference

Answer:

C. intrapulmonary shunting

Answer:

D. oxygen consumption

Answer:




250 SECTION ONE THE CARDIOPULMONARY SYSTEM—THE ESSENTIALS

E. oxygen extraction ratio

Answer:

CLINICAL APPLICATION QUESTIONS

Case 1

1. As a result of the gunshot wound to the chest, the patient lost a large

amount of blood. Because of the excessive blood loss, the patient was:

Answer:

. As aresult of the excessive blood loss, the patient’s Pag, of 503 mm Hg and

Sap, of 98 percent were very misleading. Which oxygen transport studies
verified this fact?

Answer:

. In the first oxygen transport study, the patient’s Do, was only 316 mL. Her

Vo, was 214 mL. What was her O,ER?

Answer:

Case 2

1.

As a result of the asthmatic episode, the patient’s PAp, (decreased

4

increased

), and the alveolar carbon dioxide (PAco,) (decreased

).

, increased

. As the above condition worsened, the patient’s intrapulmonary shunting

(Qs/Qr) (decreased
(O,ER) (decreased

, increased ), the oxygen extraction ratio

, increased ), and the total oxygen deliv-

).

ery (Do,) (decreased , increased

. The patient’s condition was compromised by the presence of a decreased

pH (7.25) and an increased Paco, (72 mm Hg), which caused the oxygen

dissociation curve to shift to the

. Because of the condition described in question 3, the patient’s hemoglobin

saturation was (higher lower ) than expected for a particu-
lar Pag, level.
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By the end of this chapter, the student should be able to:

1.

2.

List the three ways in which carbon diox-
ide is transported in the plasma.

List the three ways in which carbon diox-
ide is transported in the red blood cells.

. Describe how carbon dioxide is con-

verted to HCO3™ at the tissue sites and
then transported in the plasma to the
lungs.

Explain how carbon dioxide is eliminated
in the lungs.

Describe how the carbon dioxide dissoci-
ation curve differs from the oxygen disso-
Ciation curve.

Explain how the Haldane effect relates to
the carbon dioxide dissociation curve.
Define

—Electrolytes

—Buffer

—Strong acid

—Weak acid

—Weak base

—Strong base

—Dissociation constant

List the three major mechanisms that
maintain the narrow pH range.

Describe the components of the
Henderson-Hasselbalch equation.

10.

11.

12.

Explain how the Pco,, HCO3™, and pH
levels change in:
—Acute ventilatory failure
—Chronic ventilatory failure and renal
compensation
—Acute alveolar hyperventilation
—Chronic alveolar hyperventilation and
renal compensation
Describe how the Pcg,, HCO3™, and pH
levels change in:
—Metabolic acidosis
¢ | actic acidosis
e Ketoacidosis
¢ Renal failure
—Chronic metabolic acidosis and respi-
ratory compensation
—Metabolic alkalosis
¢ Hypokalemia
¢ Hypochloremia
e Gastric suction or vomiting
e Excessive administration of steroids
e Excessive administration of sodium
bicarbonate
—Chronic metabolic alkalosis and respi-
ratory compensation.
Complete the review questions at the end
of this chapter.

251
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An understanding of carbon dioxide (CO,) transport is also essential to the study
of pulmonary physiology and to the clinical interpretation of arterial blood gases
(see Table 6-1). To fully comprehend this subject, a basic understanding of (1)
how carbon dioxide is transported from the tissues to the lungs, (2) acid-base
balance, (3) the Pco,/HCO;™ /pH relationship in respiratory acid-base im-
balances, and (4) the Pco,/HCO;™/pH relationship in metabolic acid-base
imbalances is necessary.

CARBON DIOXIDE TRANSPORT

At rest, the metabolizing tissue cells consume about 250 mL of oxygen and
produce about 200 mL of carbon dioxide each minute. The newly formed car-
bon dioxide is transported from the tissue cells to the lungs by six different
mechanisms—three are in the plasma and three in the red blood cells (RBCs)
(Figure 7-1).

IN PLASMA

¢ Carbamino compound (bound to protein)
¢ Bicarbonate
¢ Dissolved CO,

Although relatively insignificant, about 1 percent of the CO, that dissolves in the
plasma chemically combines with free amino groups of protein molecules and
forms a carbamino compound (see Figure 7-1).

Approximately 5 percent of the CO, that dissolves in the plasma ionizes as
bicarbonate (HCO;™). Initially, CO, combines with water in a process called
hydrolysis. The hydrolysis of CO, and water forms carbonic acid (HyCOj3), which in
turn rapidly ionizes into HCO;~ and H™ ions.

CO, + H,0 5 H,CO; 5 HCO;™ + H

The resulting H" ions are buffered by the plasma proteins. The rate of this
hydrolysis reaction in the plasma is very slow and, therefore, the amount of
HCO;™ and H" ions that form by this mechanism is small.

Dissolved carbon dioxide (CO,) in the plasma accounts for about 5 percent
of the total CO, released at the lungs. It is this portion of the CO, transport system
in the venous blood that is measured to assess the patient’s partial pressure of CO,
(Pco,) (see Table 6-1).

It should also be noted that the concentration of H,COj; that forms in the
plasma is about 1/1000 that of the physically dissolved CO, (Pco,) and, therefore,
is proportional to the partial pressure of the CO,. The H,COj; concentration can be
determined by multiplying the partial pressure of CO, by the factor 0.03. For
example, a Pco, of 40 mm Hg generates a H,CO; concentration of 1.2 mEq/L
(0.03 X 40 = 1.2) (see Figure 7-1).
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Figure 7-1.

How CO, is converted to HCO3 ™ at the tissue sites. Most of the CO, that is produced at the tissue cells is carried
to the lungs in the form of HCO;™.

IN RED BLOOD CELLS

¢ Dissolved CO,
e Carbamino-Hb
e Bicarbonate

Dissolved carbon dioxide (CO,) in the intracellular fluid of the red blood cells
accounts for about 5 percent of the total CO, released at the lungs (see Figure 7-1).
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About 21 percent of the CO, combines with hemoglobin to form a com-

pound called carbamino-Hb. The O, that is released by this reaction is available
for tissue metabolism (see Figure 7-1).

Most of the CO, (about 63 percent) is transported from the tissue cells to the

lungs in the form of HCO;™. The major portion of the dissolved CO, that enters
the RBCs is converted to HCO;™ by the following reactions (see Figure 7-1):

1.

The bulk of dissolved CO, that enters the RBC undergoes hydrolysis accord-
ing to the following reaction (CA = carbonic anhydrase):

CA
CO, + H,0 5 H,CO; 5 H + HCO;5~

This reaction, which is normally a very slow process in the plasma, is greatly
enhanced in the RBC by the enzyme carbonic anhydrase.

. The resulting H* ions are buffered by the reduced hemoglobin.
. The rapid hydrolysis of CO, causes the RBC to become saturated with

HCO;™. To maintain a concentration equilibrium between the RBC and
plasma, the excess HCO;™ diffuses out of the RBC.

. Once in the plasma, the HCO;~ combines with sodium (Na™), which is nor-

mally in the plasma in the form of sodium chloride (NaCl). The HCOj; is
then transported to the lungs as NaHCO; in the plasma of the venous
blood.

. As HCO;™ moves out of the RBC, the C1~ (which has been liberated from the

NaCl molecule) moves into the RBC to maintain electric neutrality. This
movement is known as the chloride shift, or the Hamburger phenomenon,
or as an anionic shift to equilibrium. During the chloride shift, some water
moves into the RBC to preserve the osmotic equilibrium. This action causes
the RBC to slightly swell in the venous blood.

. In the plasma, the ratio of HCO;™ and H,CO; is normally maintained at

20:1. This ratio keeps the blood pH level within the normal range of 7.35 to
7.45. The pH of the blood becomes more alkaline as the ratio increases and
less alkaline as the ratio decreases.

CARBON DIOXIDE ELIMINATION
AT THE LUNGS

As shown in Figure 7-2, as the venous blood enters the alveolar capillaries, the
chemical reactions occurring at the tissue level are reversed. These chemical
processes continue until the CO, pressure is equal throughout the entire sys-
tem. Table 7-1 summarizes the percentage and quantity of the total CO, that is
transported from the tissue cells to the lungs by the six CO, mechanisms each
minute.
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Figure 7-2. How HCO;" is transformed back into CO, and eliminated in the alveoli.
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-
TABLE 7-1. ) Carbon Dioxide (CO,) Transport Mechanisms

v
APPROX. QUANTITY
APPROX. % OF TOTAL CO,

OF TOTAL CO, TRANSPORTED
CO, TRANSPORT TRANSPORTED TO THE LUNGS
MECHANISMS TO THE LUNGS (ML/MIN)
IN PLASMA
Carbamino compound 1 2
Bicarbonate 5 10
Dissolved CO, 5 10
IN RED BLOOD CELLS
Dissolved CO, 5 10
Carbamino-Hb 21 42
Bicarbonate 63 126
Total 100 200

CARBON DIOXIDE DISSOCIATION
CURVE

Similar to the oxygen dissociation curve, the loading and unloading of CO, in the
blood can be illustrated in graphic form (Figure 7-3). Unlike the S-shaped oxygen
dissociation curve, however, the carbon dioxide curve is almost linear. This means
that compared with the oxygen dissociation curve, there is a more direct relation-
ship between the partial pressure of CO, (Pco,) and the amount of CO, (CO, con-
tent) in the blood. For example, when the Pco, increases from 40 to 46 mm Hg
between the arterial and venous blood, the CO, content increases by about 5 vol%
(Figure 7—4). The same partial pressure change of oxygen would increase the oxy-
gen content only by about 2 vol% (see Figure 6-2).

The level of saturation of hemoglobin with oxygen (e.g., Sag, or Svo,) also af-
fects the carbon dioxide dissociation curve. When the hemoglobin is 97-percent
saturated with oxygen, for example, there is less CO, content for any given Pcq,
than if the hemoglobin is, say, 75-percent saturated with oxygen (Figure 7-5). The
fact that deoxygenated blood enhances the loading of CO, is called the Haldane
effect. It should also be noted that the Haldane effect works the other way—that
is, the oxygenation of blood enhances the unloading of CO,.

Figure 7-6 compares both the oxygen and the carbon dioxide dissociation
curves in terms of partial pressure, content, and shape.
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Figure 7-3. Carbon dioxide dissociation curve.
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Figure 7-5. Carbon dioxide dissociation curve at two different oxygen/hemoglobin saturation lev-
els (Sap, of 97 percent and 75 percent). When the saturation of O, increases in the blood, the CO,
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ACID-BASE BALANCE

To fully understand acid-base balance, a working definition of the following terms
and phrases is essential.

¢ Electrolytes: Charged species (ions) that can conduct a current in solution.

* Buffer: A substance that is capable of neutralizing both acids and bases with-
out causing an appreciable change in the original pH.

e Strong acid: An acid that dissociates completely into hydrogen ions (H*)
and an anion (an acid is a hydrogen ion donor).

® Weak acid: An acid that dissociates only partially into ions.

* Strong base: A base that dissociates completely.

* Weak base: A base that reacts with water to form OH™ in an equilibrium;
partial dissociation.

® Dissociation constant: Refers to weak acid or base systems that have an
equilibrium between the molecular form and its ions. For example,

HA S [H*] + [AT]
(molecule) (ions)

[HY[AT]
K= HAT

where K, is the concentration of all species at equilibrium, [ ] means concentration
in terms of molarity (M), H" is the hydrogen ion, A~ is the anion, and HA is the
molecular weak acid.

HA is said to be in the un-ionized (undissociated) state. [H*] and [A™] are said
to be in the ionized (dissociated) state.

THE pH SCALE

Because the transport of CO, can affect the hydrogen ion concentration [H*], and
because hydrogen ion activity can significantly affect the metabolic function of the
cells, it is important to understand the measurement of the H* concentration.
Clinically, the pH scale is used. A pH of 7 is neutral, less than 7 is acidic, and
greater than 7 is basic.

In chemistry, the pH is defined as the negative logarithm, to the base 10, of the
H™ concentration:

pH = —log;o[H']

Thus, a pH of 7 (e.g., pure water) is equal to 10~ mol /L (0.0000001 mol /L) of
hydrogen ions. The normal pH range in the human body is 7.35 to 7.45. An acid is
a substance that donates [H*] and, therefore, increases the H* concentration of a
solution and causes the numerical value of the pH to decrease. A base is a sub-
stance that accepts [H*] and, therefore, decreases the H* concentration and causes
the pH value to increase.

The narrow pH range is maintained by (1) the buffer systems of the blood
and tissues, (2) the respiratory system’s ability to regulate the elimination of CO,
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(see Chapter 9), and (3) the renal system’s ability to regulate the excretion of
hydrogen and the reabsorption of bicarbonate ions (see Chapter 16).

THE BUFFER SYSTEMS

The ability of an acid-base mixture to resist large changes in pH is called its buffer
action. There are numerous acid-base combinations, or buffer combinations, in the
body that can do this. The most significant ones are:

¢ Plasma
o Carbonic acid/sodium bicarbonate (H,CO3;/NaHCO;)
o Sodium acid phosphate/sodium alkaline phosphate (NaH,PO,/NaHPO,)
o Acid proteinate/sodium proteinate (Hprot/ Napyor)
¢ Erythrocytes
o Acid hemoglobin/potassium hemoglobin (HHb/KHDb)
o Potassium acid phosphate/potassium alkaline phosphate (KH,PO,/
K,HPO,)

The carbonic acid/sodium bicarbonate combination (H,CO3;/NaHCO3) is
the most important and, therefore, is used in the following discussion.

When a strong acid like hydrochloric acid (HCI) is added to a H,CO;/
NaHCO; system, the following reaction occurs:

HCI + NaHCO3_ s H2CO3 + NaCl

As shown, this reaction reduces the strong acid into a weak acid (H,COs3)
and a neutral salt (NaCl). Because of this chemical process, the pH movement
toward the acidic range is minimal.

In contrast, when a strong base like sodium hydroxide (NaOH) is added to a
H,CO3;/NaHCO; system, the following reaction occurs:

NaOH + H2CO3 s NaHCO3 + H20

This reaction causes the formation of sodium bicarbonate and the loss of
H,CO;. Because the carbonic acid (H,COs3) is a weak acid, the increase in pH is
small.

THE HENDERSON-HASSELBALCH EQUATION

The Henderson-Hasselbalch equation uses the components of the H,CO;/HCO;~
system in the following way:
[HCO;7]
H=pK +log——"—
PR PR T 98 n,coy
where pK is derived from the dissociation constant of the acid portion of the
buffer combination; normally, the pKis 6.1.
Under normal conditions, when the HCO;™ is 24 mEq/L and the H,CO; is
1.2 mEq/L, use of the Henderson-Hasselbalch equation allows us to calculate the
pH of 7.4 as follows:
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H=pK + 1 [HCO, 1
= o —————
PETP 8 [H,CO;]

6141 24 mEq/L
~ O T %8 D mEq/L

2
=61+ logT0

=61+13
=74

As the above equation illustrates, the major component of the Henderson-
Hasselbalch formula is the ratio of HCO;™ to H,COj3, which is normally 20:1.

Thus, when the HCO;™ to H,CO; ratio changes, the pH will also change; for
example, when the ratio increases to 25:1, the pH increases:

pH=61+ log%

=61+ 14
=75
In contrast, when the HCO;™ to H,COj; ratio decreases to 15:1, the pH
decreases:

1
pH=61+ logT5

=61+ 1.18
=729

THE ROLE OF THE P, /HCO; /pH
RELATIONSHIP IN ACID-BASE
BALANCE

RESPIRATORY ACID-BASE IMBALANCES

The bulk of CO, is transported from the tissues to the lungs as HCO;™. As the CO,
level increases, the plasma Pco,, HCO;™, and H,COj; increase. The converse is also
true: as the level of CO, decreases, the plasma Pcp,, HCO;™, and H,CO; decrease.

Because the blood pH is dependent on the ratio between the plasma HCO;~
(base) and the plasma H,COj; (acid), acute ventilatory changes will immediately
alter the pH. The normal HCO;™ to H,CO; ratio is 20:1. It should be noted that
even though both plasma HCO;™ and plasma H,CO; move in the same direction

|
l

I
If
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Hypoventilation
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Figure 7-7. Alveolar hypoventilation causes the PAco, and the plasma Pco,, H,COs, and HCO;™ to increase. This action
decreases the HCO;~ /H,COj ratio, which in turn decreases the blood pH.

during acute ventilatory changes, acute changes in the H,CO; level play a much
more powerful role in altering the pH status than do acute changes in the HCO;~
level. This is owing to the 20:1 ratio between HCO;™ to HyCOs. In other words, for
every H,CO; molecule increase or decrease, 20 HCO3™~ molecules must also increase or
decrease, respectively, in order to maintain a 20:1 ratio between HCO;™ and H,CO; (the
normal pH status).

Acute Ventilatory Failure

During acute ventilatory failure (e.g., acute hypoventilation caused by an over-
dose of narcotics or barbiturates), the PAco, progressively increases. This action
necessarily increases the blood Pco, H,CO3; and HCO;™ levels (Figure 7-7). Be-
cause acute changes in H,CO; levels are more significant than acute changes in
HCOj;™ levels, a decreased HCO;™ to H,COj; ratio develops (a ratio less than 20:1).
This action causes the blood pH to decrease, or become less alkaline. The normal
buffer line on the Pco,/HCO;™ /pH nomogram in Figure 7-8 illustrates the ex-
pected HCO;™ and pH changes that develop as a result of CO, changes only.

Chronic Ventilatory Failure and Renal Compensation

If the patient hypoventilates for a long period of time (e.g., more than 24 to 48
hours), the kidneys will work to correct the decreased pH by retaining HCO;™ in
the blood. Renal compensation in the presence of chronic hypoventilation can be
verified when the calculated HCO;™ and pH readings are higher than expected for
a particular Pco, level. For example, in terms of the absolute Pco,/HCO;™ /pH re-
lationship, when the P, is about 80 mm Hg, the pH level should be less than 7.2,
and the HCO;™ level should be about 30 mEq/L, according to the normal blood
buffer line (Figure 7-9). If the HCO;™ and pH levels are greater than these values
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Figure 7-8. Nomogram of Pco/HCO;™ /pH relationship.

(i.e., the pH and HCO;™ readings cross the Pco, isobar* above the normal blood
buffer line in the upper left-hand corner of the nomogram), renal retention of
HCO;™ (partial renal compensation) has occurred. When the HCO;™ level in-
creases enough to return the acidic pH to normal, complete renal compensation is
said to have occurred (see Figure 7-9).

Acute Alveolar Hyperventilation

During acute alveolar hyperventilation (e.g., hyperventilation due to pain
and/or anxiety), the PAco, will decrease and allow more CO, molecules to leave
the pulmonary blood. This action necessarily decreases the blood Pcg,, H,CO;,
and HCO;™ levels (Figure 7-10). Because acute changes in H,CO; levels are more
significant than acute changes in HCO;™ levels, an increased HCO;™ to H,CO;
ratio develops (a ratio greater than 20:1). This action causes the blood pH to in-
crease, or become more alkaline. The normal buffer line on the Pco,/HCO;™ /pH
nomogram illustrates this relationship (see Figure 7-8).

*The isobars on the Pco,/HCO;™ /pH nomogram illustrate the pH changes that develop in the
blood as a result of (1) metabolic changes (i.e., HCO;™ changes), or (2) a combination of meta-
bolic and respiratory (CO,) changes.
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Figure 7-9. The expected pH and HCO;™ levels when the Pco, is about 80 mm Hg. When the
HCOs;™ and pH lines cross an isobar in the shaded area, renal compensation is present.
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Figure 7-10. Alveolar hyperventilation causes the PAco, and the plasma Pco,, H,CO;, and HCO;™ to decrease. This
action increases the HCO;~ /H,COj ratio, which in turn increases the blood pH.
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Chronic Alveolar Hyperventilation
and Renal Compensation

If the patient hyperventilates for a long period of time (e.g., a patient who has
been mechanically hyperventilated for more than 24 to 48 hours), the kidneys will
attempt to correct the increased pH by excreting excess HCO;™ in the urine. Renal
compensation in the presence of chronic hyperventilation can be verified when
the calculated HCO;™ and pH readings are lower than expected for a particular
Pco, level. For example, in terms of the absolute Pco,/HCO;™ /pH relationship,
when the P, is about 25 mm Hg, the pH level should be greater than 7.5, and the
HCOj;™ level should be about 19 mEq/L. If the HCO;™ and pH levels are lower
than these values (i.e., the pH and HCO;™ readings cross a Pco, isobar below the
normal blood buffer line in the lower right-hand corner), renal excretion of HCO;™~
(partial renal compensation) has occurred. When the HCO;™ level decreases
enough to return the alkalotic pH to normal, complete renal compensation is said
to have occurred (Figure 7-11).

As a general rule, the kidneys do not overcompensate for an abnormal pH. That is, if
the patient’s blood pH becomes acidic for a long period of time due to hypoventi-
lation, the kidneys will not retain enough HCO;™ for the pH to climb higher than
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Figure 7-11.  The expected pH and HCO;~ levels when the Pco, is about 25 mm Hg. When the
HCO;™ and pH lines cross an isobar in the shaded area, renal compensation is present.
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7.4. The opposite is also true: Should the blood pH become alkalotic for a long pe-
riod of time due to hyperventilation, the kidneys will not excrete enough HCO;~
for the pH to fall below 7.4.

There is one important exception to this rule. In persons who chronically
hypoventilate for a long period of time (e.g., in COPD), it is not uncommon to find
a pH greater than 7.4. This is believed to be due to water and chloride ion shifts
between the intercellular and extracellular spaces that occur when the renal
system compensates for a decreased blood pH.

To summarize: the lungs play an important role in maintaining the Pco,
HCO;™, and pH levels on a moment-to-moment basis. The kidneys, on the other
hand, play an important role in balancing the HCO;™ and pH levels during long
periods of hyperventilation or hypoventilation.

METABOLIC ACID-BASE IMBALANCES

Metabolic Acidosis

By using the isobars of the Pco,/HCO;™ /pH nomogram, the presence of other
acids, not related to an increased Pco, level or to renal compensation, can be iden-
tified. This condition is referred to as metabolic acidosis.

When metabolic acidosis is present, the calculated HCO;™ reading and pH
will both be lower than expected for a particular Pco, level in terms of the absolute
Pco,/HCO;™ /pH relationship. For example, a HCO; ™ reading of 17 mEq/L as well
as a pH of 7.25 would be less than expected in a patient who has a Pco, of 40 mm
Hg, according to the normal blood buffer line (Figure 7-12).

Common Causes of Metabolic Acidosis

® Lactic acidosis. When the oxygen level is inadequate to meet tissue needs, al-
ternate biochemical reactions are activated that do not utilize oxygen. This is
known as anaerobic metabolism (non-oxygen-utilizing). Lactic acid is the
end-product of this process. When these ions move into the blood, and there
is both a reduced oxygen level and a decreased pH level, lactic acidosis is
present.

* Ketoacidosis. When blood insulin is low in the patient with diabetes, serum
glucose cannot easily enter the tissue cells for metabolism. This condition ac-
tivates alternate metabolic processes that produce ketones as metabolites.
Ketone accumulation in the blood causes ketoacidosis. The absence of glu-
cose because of starvation also can cause ketoacidosis. Ketoacidosis may also
be seen in patients with excessive alcohol intake.

® Renal failure. During renal failure, an accumulation of hydrogen ions can
cause metabolic acidosis.

Chronic Metabolic Acidosis
and Respiratory Compensation
Normally, the immediate compensatory response for metabolic acidosis is an in-

creased ventilatory rate (respiratory compensation) that causes the Paco, to de-
cline. This process causes the H™ concentration to decrease and, therefore, works
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Metabolic Acidosis and Respiratory Acidosis
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Figure 7-12. When the HCO;™ and pH lines cross an isobar in the darker shaded area, both meta-
bolic and respiratory acidosis are present. When the HCO;~ and pH lines cross an isobar in the
lighter shaded area, the metabolic acidosis is partially corrected by means of respiratory compensa-
tion (hyperventilation).

to offset the metabolic acidosis. When the Pac, decreases enough to move the
acidic pH back to normal, complete respiratory compensation is said to have oc-
curred (see Figure 7-12).

When the pH is acidic and the HCO;™ reading is below the normal blood
buffer line while, at the same time, the P, level is above 40 mm Hg, both meta-
bolic acidosis and respiratory acidosis are present (see Figure 7-12).

Metabolic Alkalosis

The presence of other bases, not related to either a decreased P, level or to renal
compensation, can also be identified by using the isobars of a nomogram illustrat-
ing the Pco,/HCO;™ /pH relationship (Figure 7-13). This condition is known as
metabolic alkalosis.

When metabolic alkalosis is present, the calculated HCO;™ reading and pH
reading will both be higher than expected for a particular Pco, level in terms of
the absolute Pco,/HCO;™ /pH relationship. For example, an HCO;™ reading of
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Metabolic Alkalosis and Respiratory Alkalosis
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Figure 7-13. When the HCO;™ and pH lines cross an isobar in the blue shaded area, both meta-
bolic and respiratory alkalosis are present. When the HCO;™ and pH lines cross an isobar in the or-
ange shaded area, the metabolic acidosis is partially corrected by means of respiratory compensation
(hypoventilation).

31 mEq/L and a pH level of 7.5 would both be higher than expected in a patient
who has a Pco, of 40 mm Hg, according to the normal blood buffer line (see Figure
7-13).

Common Causes of Metabolic Alkalosis

* Hypokalemia. The depletion of total body potassium can occur from (1) sev-
eral days of intravenous therapy without adequate replacement of potas-
sium, (2) diuretic therapy, and (3) diarrhea.

Whenever the potassium level is low, the kidneys attempt to conserve
potassium by excreting hydrogen ions. This mechanism causes the blood
base to increase. In addition, as the potassium level in the blood decreases,
intracellular potassium moves into the extracellular space in an effort to off-
set the reduced potassium level in the blood serum. As the potassium cation
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(K™) leaves the cell, however, a hydrogen cation (H") enters the cell. This
mechanism causes the blood serum to become more alkalotic.
Patients with hypokalemia frequently demonstrate the clinical triad of

(1) metabolic alkalosis, (2) muscular weakness, and (3) cardiac dysrhythmia.

e Hypochloremia. When the chloride ion (Cl ™) concentration decreases, bicar-
bonate ions increase in an attempt to maintain a normal cation balance in the
blood serum. As the bicarbonate ion increases, the patient’s blood serum be-
comes alkalotic. The kidneys, moreover, usually excrete potassium ions
when chloride ions are unavailable which, as described above, will also con-
tribute to the patient’s metabolic alkalosis.

¢ Gastric suction or vomiting. Excessive gastric suction or vomiting causes a
loss of hydrochloric acid (HCI) and results in an increase in blood base; i.e.,
metabolic alkalosis.

® Excessive administration of corticosteroids. Large doses of sodium-retaining
corticosteroids can cause the kidneys to accelerate the excretion of hydrogen
ions and potassium. Excessive excretion of either one or both of these ions
will cause metabolic alkalosis.

e Excessive administration of sodium bicarbonate. If an excessive amount of
sodium bicarbonate is administered, metabolic alkalosis will occur. This
used to occur frequently during cardiopulmonary resuscitation.

Chronic Metabolic Alkalosis
and Respiratory Compensation

Normally, the immediate compensatory response to metabolic alkalosis is a de-
creased ventilatory rate (respiratory compensation) which causes the Pac, to in-
crease. The excess hydrogen ions produced by the elevated blood Paco, work to
offset the metabolic alkalosis. When the Paco, increases enough to move the alka-
lotic pH back to normal, complete respiratory compensation is said to have occurred
(see Figure 7-13).

When the pH is alkalotic and the HCO;™ reading is above the normal blood
buffer line while, at the same time, the P, level is below 40 mm Hg, both meta-
bolic alkalosis and respiratory alkalosis are present (see Figure 7-13).

BASE EXCESS/DEFICIT

The Pco,/HCO;™ /pH nomogram also serves as an excellent tool to calculate the
patient’s total base excess/deficit. By knowing the base excess/deficit, non-
respiratory acid-base imbalances can be quantified. The base excess/deficit is
reported in milliequivalents per liter (mEq/L) of base above or below the normal
buffer base line of the Pco,/HCO;™ /pH nomogram.

For example, if the pH is 7.25 and HCO;™ is 17 mEq/L, the Pco,/HCO; ™ /pH
nomogram will confirm the presence of (1) metabolic acidosis and (2) a base ex-
cess of —7 (more properly called a base deficit of 7) (see Figure 7-12). Metabolic aci-
dosis may be treated by the careful intravenous infusion of sodium bicarbonate
(NaHCO;).
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In contrast, if the pH is 7.5 and HCO;™ is 31 mEq/L, then the
Pco,/HCO;™ /pH nomogram will verify the presence of (1) metabolic alkalosis
and (2) a base excess of 7 mEq/L (see Figure 7-13). Metabolic alkalosis is treated
by (1) correcting the underlying electrolyte problem (e.g., hypokalemia or hypo-
chloremia), or (2) administering ammonium chloride (NH,CI).

EXAMPLE OF CLINICAL USE OF
Pco,/HCO; /pH NOMOGRAM

It has been shown that the Pco,/HCO;™ /pH nomogram is an excellent clinical
tool to confirm the presence of (1) respiratory acid-base imbalances, (2) metabolic
acid-base imbalances, or (3) a combination of a respiratory and metabolic acid-
base imbalance. The clinical application cases demonstrate the clinical usefulness
of the Pco,/HCO;™ /pH nomogram.

i
i)
|| '

CHAPTER SUMMARY

An understanding of carbon dioxide transport is also a fundamental cornerstone
to the study of pulmonary physiology and the clinical interpretation of arterial
blood gases. Essential components are (1) the transport of carbon dioxide from the
tissues to the lungs, including the three ways in which carbon dioxide is trans-
ported in the plasma and three ways in the red blood cells, and how the carbon
dioxide dissociation curves differ from the oxygen dissociation curve; (2) acid-
base balance, including the buffer systems, and the Henderson-Hasselbalch equa-
tion; (3) the Pco /HCO; /pH relationship in respiratory acid-base imbalances,
including acute ventilatory failure, chronic ventilatory failure and renal compen-
sation, acute alveolar hyperventilation, and chronic alveolar hyperventilation and
renal compensation; and (4) the Pco /HCO; /pH relationship in metabolic acid-
base imbalances, including metabolic acidosis (e.g., lactic acidosis, ketoacidosis,
renal failure), chronic metabolic acidosis and respiratory compensation, metabolic
alkalosis (e.g., hypokalemia, hypochloremia, gastric suctioning, vomiting), and
chronic metabolic alkalosis and respiratory compensation.

C LI NTITZCAL A PP LI CATTION 1

A 36-year-old man, who had been working on Eleven minutes later, the emergency medical
his car in the garage while the motor was team (EMT) arrived, quickly assessed the
running, suddenly experienced confusion, dis- patient’s condition, placed a non-rebreathing
orientation, and nausea. A few minutes later oxygen mask on the patient’s face, and then
he started to vomit. He called out to his wife, transported him to the ambulance. In route to
who was nearby. Moments later he collapsed the hospital, the EMT reported that the patient
and lost consciousness. His wife called 911. continued to vomit intermittently. Because of
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this, the patient was frequently suctioned
orally to prevent aspiration.

In the emergency department, the pa-
tient's skin was cherry red. Although he was still
unconscious, he was breathing on his own
through a non-rebreathing oxygen mask. A
medical student assigned to the emergency de-
partment stated that it appeared that the patient
was being overoxygenated—because his skin
appeared cherry red—and that perhaps the oxy-
gen mask should be removed. The respiratory
therapist working with the patient strongly dis-
agreed.

The patient’s vital signs were: blood pres-
sure—165/105 mm Hg, heart rate—122 beats/
min, and respirations—36 breaths/min. His arte-
rial blood gas values on the non-rebreathing
oxygen mask were: pH—752, Paco,—25 mm
Hg, HCO;™—19 mmol/L, and Pag,—539 mm Hg.
His carboxyhemoglobin level (COy,) was 55
percent.

The patient was transferred to the inten-
sive care unit, where he continued to be moni-
tored closely. Although the patient never
required mechanical ventilation, he continued
to receive high concentrations of oxygen for the
first 48 hours. By the end of the third day he
was breathing room air and was conscious and
able to talk with his family and the medical staff.
His vital signs were: blood pressure—117/77
mm Hg, heart rate—68 beats/min, and respira-
tions—12 breaths/min. His arterial blood gas
values were: pH—74, Paco,—40 mm Hg,
HCO3;™—24 mmol/L, and Pag,—97 mm Hg. His
carboxyhemoglobin level (COy;,) was 3 percent.
The patient was discharged on the fourth day.

DISCUSSION

This case illustrates (1) how clinical signs and
symptoms can sometimes be very misleading,
and (2) how the P¢o,/HCO3;7/pH nomogram can
be used to determine the cause of certain find-
ings on arterial blood gas analysis. Even

though the patient’s Pag, was very high (be-
cause of the non-rebreathing oxygen mask),
the COy,, level of 65 percent had seriously im-
paired the patient's hemoglobin’s ability to
carry oxygen (see Figure 3-9). In addition, any
oxygen that was being carried by the hemoglo-
bin was unable to detach itself easily from the
hemoglobin. This was because COy, causes the
oxygen dissociation curve to shift to the left
(see Figure 6-4).

Thus, despite the fact that the patient’s
Pag, was very high (639 mm Hg) in the emer-
gency department, the patient’s oxygen deliv-
ery system—and tissue oxygenation—was in
fact very low and seriously compromised. The
“cherry red” skin color noted by the medical
student was a classic sign of carbon monoxide
poisoning and not a sign of good skin color and
oxygenation. The increased blood pressure,
heart rate, and respiratory rate seen in the
emergency department were compensatory
mechanisms activated to counteract the de-
creased arterial oxygenation, i.e., these mecha-
nisms increased the total oxygen delivery (see
Do, inTable 6-10).

Because it was reported that the patient
had vomited excessively prior to the arterial
blood gas sample being obtained in the emer-
gency department, it was not readily apparent
whether the high pH was a result of (1) the low
Paco, caused by the acute alveolar hyperventila-
tion (which was caused by the low oxygen de-
livery), or (2) a combination of both the acute
alveolar hyperventilation and low Pacg, and the
loss of stomach acids (caused by the vomiting).
The answer to this question can be obtained by
using the Pco/HCO3;7/pH nomogram. In this
case, when the pH, Paco,, and HCO;™ values are
applied to the Pco,/HCO3;/pH nomogram, it can
be seen that the elevated pH was due solely to
the decreased Paco, level, because all three
variables cross through the normal buffer line
(see Figure 7-11).*

* See Appendix VI for a credit-card size P¢o, /HCO3™/pH nomogram that can be copied and laminated for use as a handy

clinical reference tool.
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C LI NTZ CAIL

AP PLTICATTION

2

During a routine physical examination, a 67-
year-old man had a cardiac arrest while per-
forming a stress test in the pulmonary rehabili-
tation department. The patient had a long
history of chronic bronchitis and emphysema.
Although the patient had been in reasonably
good health for the past 3 years, he had re-
cently complained to his family physician of
shortness of breath and heart palpitations. His
physician ordered a full diagnostic evaluation
of the patient, which included a complete
pulmonary function study and stress test.

During the interview, the patient reported
that he had not performed any form of exercise
in years. In fact, he jokingly stated that when-
ever he would start to feel as if he should start to
exercise, he would quickly sit down and the feel-
ing would go away. The patient was about 35
pounds overweight and, during the stress test,
appeared moderately ashen and diaphoretic.
When the patient collapsed, a “Code Blue” was
called and cardiopulmonary resuscitation was
started immediately. When the Code Blue Team
arrived, the patient had an oral airway in place
and was being manually ventilated, with room
air only, using a face mask and bag.

An intravenous infusion was started and
the patient’s heart activity was monitored with
an electrocardiogram (ECG). An arterial blood
gas sample was obtained and showed a pH of
71, Paco,—80 mm Hg, HCO;~—25 mmoliL,
Pag,—38 mm Hg, and Sag,—53 percent. Upon
seeing these results, the physician evaluated
the patient’s chest and breath sounds. It was
quickly established that the patient’s head was
not hyperextended appropriately (which, as a
result, impeded air flow through the oral and la-
ryngeal airways). The patient’s breath sounds
were very diminished, and it was also noted
that the patient’s chest did not rise appropri-
ately during each manual resuscitation. The pa-
tient was immediately intubated and manually
ventilated with a bag and mask with an inspired

oxygen concentration (Fip,) of 1.0. Despite the
fact that the patient’s pH was only 7.11 at this
time, no sodium bicarbonate was administered.

Immediately after the patient was intu-
bated, breath sounds could be heard bilaterally.
Additionally, the patient’s chest could be seen to
move upward during each manual ventilation,
and his skin started to turn pink. Another arterial
blood sample was then drawn. While waiting
for the arterial blood gas analysis results, epi-
nephrine and norepinephrine were adminis-
tered. Moments later, normal ventricular activity
was seen.The arterial blood gas values from the
second sample were: pH—744, Pacg,—35 mm
Hg, HCO3 —24 mmol/L, Pag,—360 mm Hg, and
Sag,—98 percent. Thirty minutes later, the pa-
tient was breathing spontaneously on an (Fip)
of 0.4, and he was conscious and alert. Two
hours later, it was determined that the patient
would not require mechanical ventilation and
he was extubated. The patient was discharged
from the hospital on the fourth day.

DISCUSSION

This case illustrates how the Pco/HCO; /pH
nomogram can be used to (1) confirm both a
respiratory and metabolic acidosis, and (2) pre-
vent the unnecessary administration of sodium
bicarbonate during an emergency situation. As
a result of the cardiopulmonary arrest, the pa-
tient's Paco, rapidly increased while, at the
same time, his pH and Pag, decreased. Because
the patient’s head was not positioned correctly,
the lungs were not ventilated adequately. As a
result, the Paco,, pH, and Pag, continued to de-
teriorate. Fortunately, this was discovered when
the first arterial blood gas values were seen.
The fact that the initial pH (7.11) and HCO;™
(25 mmol/L) were both lower than expected for
an acute increase in the Paco, (80 mm Hg) sug-
gested that there were additional acids present
in the patient’s blood (i.e., acids other than
those produced by the increased Pacg,).
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According to the Pco,/HCO3;™/pH nomogram, an
acute increase in the patient’s Pacg, to 80 mm
Hg should have caused the pH to fall to about
7.18 and the HCO;™ level should have increased
to about 29 mmol/L (see Figure 7-9). In this
case, both the pH and HCO;~ were lower than
expected. According to the Pco/HCO; /pH
nomogram, the patient had both a respiratory
and metabolic acidosis (see Figure 7-12). In this
case, the most likely cause of the metabolic aci-
dosis was the low Pag, (38 mm Hg), which pro-
duces lactic acids (see “Causes of Metabolic
Acidosis” in this chapter).

The fact that the Pco/HCO; /pH nomo-
gram confirmed that the cause of the patient’s
lower than expected pH and HCO;™ levels were
solely due to the poor ventilation eliminated the
need to administer sodium bicarbonate. In
other words, because the patient’s head was
not positioned correctly, the patient’s lungs
were not being ventilated. This condition, in

turn, caused the patient’s Paco, to increase
(which caused the pH to fall) and the Pag, to de-
crease (which produced lactic acids and caused
the pH to fall even further). In this case, there-
fore, the treatment of choice was to correct the
cause of the respiratory and metabolic acidosis.
Because the cause of the respiratory and meta-
bolic acidosis was inadequate ventilation, the
treatment of choice was aggressive ventilation.

Finally, as shown by the second arterial
blood gas analysis, the arterial blood gases
were rapidly corrected after intubation. In fact,
the patient’s Pag, was overcorrected (360 mm
Hg). The patient’'s inspired oxygen concentra-
tion (Fip,) was subsequently reduced. If sodium
bicarbonate had been administered to correct
the patient’s pH of 711 before the patient was
appropriately ventilated, the pH and HCO;~
readings would have been higher than normal
after his Pacg, was ventilated down from 80 mm
Hg to his normal level of about 40 mm Hg.

REVIEW QUESTIONS

1. During acute alveolar hypoventilation, the blood

I. H,CO; increases

II. pH increases
IIL
IV. Pco, increases
A. Il only
B. IV only

C. IIand III only

HCO;™ increases

D. L III, and IV only
2. The bulk of the CO, produced in the cells is transported to the lungs as

A. H,CO,
B. HCO;™
C. COZ and HQO

D. Carbonic anhydrase
3. During acute alveolar hyperventilation, the blood

I. Pco, increases

II. H,CO; decreases
III. HCO;™ increases
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IV. pH decreases
A. TTonly
B. IV only
C. Iand III only
D. IIand IV only
4. In chronic hypoventilation, renal compensation has likely occurred
when the
I. HCO;™ is higher than expected for a particular Pco,
II. pH is lower than expected for a particular Pco,
III. HCO;™ is lower than expected for a particular Pco,
IV. pH is higher than expected for a particular Pco,
A. Tonly
B. I only
C. Iand IV only
D. Il and IV only
5. When metabolic acidosis is present, the patient’s blood
I. HCO;™ is higher than expected for a particular Pco,
II. pH is lower than expected for a particular Pco,
III. HCO;™ is lower than expected for a particular Pco,
IV. pH is higher than expected for a particular Pco,
A. Tonly
B. I only
C. III'and IV only
D. I and III only
6. Ketoacidosis can develop from
I. aninadequate oxygen level
IL. renal failure
III. an inadequate serum insulin level
IV. anaerobic metabolism
V. an inadequate serum glucose level
A. Tonly
B. Il and III only
C. IVand V only
D. Il and V only
7. Metabolic alkalosis can develop from
I. hyperchloremia
II. hypokalemia
IILI. hypochloremia
IV. hyperkalemia
A. Tonly
B. IV only
C. Iand III only
D. I and III only
8. Which of the following HCO;™ to H,CO; ratios represent(s) an acidic pH?
I. 18:1
II. 28:1
III. 12:1
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IvV. 22:1
A. Tonly
B. Il only
C. Il only
D. I and III only
9. If a patient has a Pco, level of 70 mm Hg, what is the H,CO; concentra-
tion?
A. 1.3mEq/L
B. 1.5mEq/L
C. 1.7mEq/L
D. 21 mEq/L
10. The value of the pK in the Henderson-Hasselbalch equation is
A. 10
B. 6.1
C. 74
D. 20.1

CLINICAL APPLICATION
QUESTIONS

Case 1

1. In the emergency department, even though the patient’s Pap, was very

high (539 mm Hg), the COyy, level of 55 percent (enhanced ; im-

paired ) the hemoglobin’s ability to carry oxygen.

2. COpyy, causes the oxygen dissociation curve to shift to the
3. A classic sign of carbon monoxide (CO) poisoning is a skin color that is

described as
4. The increased blood pressure, heart rate, and respiratory rate seen in the
emergency department were compensatory mechanisms activated to

counteract the decreased arterial oxygenation. These mechanisms

5. Initially, it was not clear why the patient’s pH was so high. What were the
two possible causes for the elevated pH?

1.

2.
6. The Pco,/HCO;™ /pH nomogram verified that the sole cause of the ele-

vated pH was due to the
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Case 2

1.

. In this case, the most likely cause of the metabolic acidosis was the

The fact that the initial pH (7.11) and HCO;™ (25 mmol/L) were both lower
than expected for an acute increase in the Paco, (80 mm Hg) suggested that

there were additional present in the patient’s blood.

. What was the treatment of choice in this case?

Answer:

. If sodium bicarbonate had initially been administered to correct the pa-

tient’s low pH level, the pH and HCO;™ readings would have been
than normal after the Paco, had been lowered to the patient’s normal
level.




By the end of this chapter, the student should be able to:

1. Define ventilation-perfusion ratio. 6. Define

2. Describe the overall ventilation-perfusion —Respiratory quotient
ratio in the normal upright lung. —~Respiratory exchange ratio

3. Explain how the ventilation-perfusion ratio 7. ldentify respiratory disorders that increase
progressively changes from the upper to the ventilation-perfusion ratio.
the lower lung regions in the normal up- 8. |dentify respiratory disorders that decrease
right lung. the ventilation-perfusion ratio.

4. Describe how an increased and decreased 9. Complete the review questions at the end
ventilation-perfusion ratio affects alveolar of this chapter.
gases.

5. Describe how the ventilation-perfusion ratio
affects end-capillary gases and the pH
level.

VENTILATION-PERFUSION RATIO

Ideally, each alveolus in the lungs should receive the same amount of ventilation
and pulmonary capillary blood flow. In reality, however, this is not the case. Over-
all, alveolar ventilation is normally about 4 L /min and pulmonary capillary blood
flow is about 5 L/min, making the average overall ratio of ventilation to blood
flow 4:5, or 0.8. This relationship is called the ventilation-perfusion ratio
(V/Q ratio) (Figure 8-1).

Although the overall V/Q ratio is about 0.8, the ratio varies markedly
throughout the lung. In the normal individual in the upright position, the alveoli
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V_ Ratio =~ 4:5=0.8
Q

Alveolus

Alveolar
Ve_ntilation =4 L/min
(V)

\ /

Perfusion = 5 L/min
(Q

Pulmonary !

Capillary

Figure 8-1. The normal ventilation-perfusion ratio (V/Q ratio) is about 0.8.

in the upper portions of the lungs (apices) receive a moderate amount of ventila-
tion and little blood flow. As a result, the V/Q ratio in the upper lung region is
higher than 0.8.

In the lower regions of the lung, however, alveolar ventilation is moderately
increased and blood flow is greatly increased, because blood flow is gravity de-
pendent. As a result, the V/Q ratio is lower than 0.8. Thus, the V/Q ratio progres-
sively decreases from top to bottom in the upright lung, and the average V/Q
ratio is about 0.8 (Figure 8-2).

HOW THE VENTILATION-PERFUSION RATIO
AFFECTS THE ALVEOLAR GASES

The V/Q ratio profoundly affects the oxygen and carbon dioxide pressures in the
alveoli (PAp, and PAco,). Although the normal Pap, and PAco, are typically about
100 mm Hg and 40 mm Hg, respectively, this is not the case throughout most of
the alveolar units. These figures merely represent an average.

The PAg, is determined by the balance between (1) the amount of oxygen en-
tering into the alveoli and (2) its removal by capillary blood flow. The PAco,, on the
other hand, is determined by the balance between (1) the amount of carbon diox-
ide that diffuses into the alveoli from the capillary blood and (2) its removal from
the alveoli by means of ventilation. Changing V/Q ratios alter the PAo, and PAco,
levels for the reasons discussed below.
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V/Q Ratio
(0.8)
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—————— V/Q Ratio Increases —
Lung Lung
Base Apex

Figure 8-2. [In the upright lung, the V/Q ratio progressively decreases from the apex to the base.

Increased V/Q Ratio

When the V/Q ratio increases, the Pao, rises and the PAco, falls. The PAco, de-
creases because it is washed out of the alveoli faster than it is replaced by the ve-
nous blood. The Pag, increases because it does not diffuse into the blood* as fast
as it enters (or is ventilated into) the alveolus (Figure 8-3). The PA(, also increases
because the PAco, decreases and, therefore, allows the PAg, to move closer to the
partial pressure of atmospheric oxygen, which is about 159 mm Hg at sea level
(see Table 3-2).** This V/Q relationship is present in the upper segments of the
upright lung (see Figure 8-2).

I
(I ‘ ‘ (1A
ot
il
(114 |31
il

*See how oxygen can be classified as either perfusion or diffusion limited, in Chapter 3.
**See Ideal Alveolar Gas Equation (Chapter 3).
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High V/Q Ratio

Both Mechanisms Cause Both Mechanisms Cause
the PA g, to Increase the PA Co,to Decrease

A 4

i Increased Ventilation: 5

High Low
Pao, Increases Amount of Increases Amount of CO, PAco
2
O, that Enters Alveolus that Washes Out of Alveolus

Low Blood Flow:

Reduces Amount of CO,
Returning to Alveolus

Decreases O,
Diffusion Rate

Figure 8-3. When the V/Q ratio is high, the alveolar oxygen pressure (PAo,) increases and the alveolar carbon dioxide
pressure (PAco,) decreases.

Decreased V/Q Ratio

When the V/Q ratio decreases, the PAo, falls and the PAco, rises. The Pag, de-
creases because oxygen moves out of the alveolus and into the pulmonary capil-
lary blood faster than it is replenished by ventilation. The PAco, increases because
it moves out of the capillary blood and into the alveolus faster than it is washed
out of the alveolus (Figure 8-4). This V/Q is present in the lower segments of the
upright lung (see Figure 8-2).

“N H“rl“'
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Low \.//é Ratio

Both Mechanisms Cause Both Mechanisms Cause
the PA 0, to Decrease the PA COzto Increase

A 4

3 Decreased Ventilation: ‘

Low High
PAQ, Reduces Amount of Reduces Amount of CO, Paco,
O, that Enters Alveolus that Washes Out of Alveolus

High Blood Flow:

Increases O, Increases Amount of CO,
Diffusion Rate Returning to Alveolus

Figure 8-4. When the V/Q ratio is low, the alveolar oxygen pressure (PAp,) decreases and the alveolar carbon dioxide
pressure (PAcop,) increases.

0,-CO, Diagram

The effect of changing V/Q ratios on the PAo, and PAc, levels is summarized in
the O,~CO, diagram (Figure 8-5). The line in this diagram represents all the possi-
ble alveolar gas compositions as the V/Q ratio decreases or increases. The 0,~CO,
diagram (nomogram) shows that in the upper lung regions, the V/Q ratio is high,
the PAo, is increasing, and the PAc, is decreasing. In contrast, the diagram shows
that in the lower lung regions, the V/Q ratio is low, the PA, is decreasing, and the
PAco, is increasing.
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Figure 8-5. The O,~CO, diagram.

HOW THE VENTILATION-PERFUSION RATIO
AFFECTS THE END-CAPILLARY GASES

The oxygen and carbon dioxide pressures in the end-capillary blood (Pco, and
Pcco,) mirror the PAg, and PAco, changes that occur in the lungs. Thus, as the V/Q
ratio progressively decreases from the top to the bottom of the upright lung, causing
the PAo, to decrease and the PAco, to increase, the Pco, and Pcco, also decrease and
increase, respectively (see Figures 8-3 and 8—4).

Downstream, in the pulmonary veins, the different Pco, and Pcco, levels are
mixed and, under normal circumstances, produce a Pp, of 100 mm Hg and a Pco,
of 40 mm Hg (Figure 8-6). The result of the Pco, and Pcco, mixture that occurs in
the pulmonary veins is reflected downstream in the Pag, and Paco, of an arterial
blood gas sample (see Table 6-1).
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Lung Apex

PAQ,= 130
PA CO,= 30

Pulmonary
Vein

Blood from the
Upper and Lower
Lung Regions Mixes

/ Po, =100 To Left
PCO; 40 Heart
Overall
Pulmonary Average
Vein

Lung Base

Figure 8-6. The mixing of pulmonary capillary blood gases (PCo, and PCco,) from the upper and lower lung regions.

It should also be noted that as the PAco, decreases from the bottom to the
top of the lungs, the progressive reduction of the CO, level in the end-capillary
blood causes the pH to become more alkaline. The overall pH in the pulmonary
veins and, subsequently, in the arterial blood is normally about 7.35 to 7.45 (see
Figure 6-1).

Figure 8-7 summarizes the important effects of changing V/Q ratios.
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Figure 8-7. How changes in the V/Q ratio affect the PAo, and PCo,, the PAco, and PCco,, and the pH of pulmonary

blood.

RESPIRATORY QUOTIENT

Gas exchange between the systemic capillaries and the cells is called internal res-
piration. Under normal circumstances, about 250 mL of oxygen are consumed by
the tissues during 1 minute. In exchange, the cells produce about 200 mL of carbon
dioxide. Clinically, the ratio between the volume of oxygen consumed (V,) and
the volume of carbon dioxide produced (Vco,) is called the respiratory quotient
(RQ) and is expressed as follows:
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\Y,
RQ = —2
Vo,

_ 200 mL CO,/min
~ 250 mL O,/min

=028

RESPIRATORY EXCHANGE RATIO

Gas exchange between the pulmonary capillaries and the alveoli is called external
respiration, because this gas exchange is between the body and the external envi-
ronment. The quantity of oxygen and carbon dioxide exchanged during a period
of 1 minute is called the respiratory exchange ratio (RR). Under normal condi-
tions, the RR equals the RQ.

HOW RESPIRATORY DISORDERS AFFECT
THE V/Q RATIO

In respiratory disorders, the v/ Q ratio is always altered. For example, in disorders
that diminish pulmonary perfusion, the affected lung area receives little or no
blood flow in relation to ventilation. This condition causes the V/Q ratio to in-
crease. As a result, a larger portion of the alveolar ventilation will not be physio-
logically effective and is said to be wasted or dead space ventilation. When the
V/Q ratio increases, the PAg, increases and the PAco, decreases. Pulmonary disor-
ders that increase the V/Q ratio include:

¢ Pulmonary emboli

¢ Partial or complete obstruction in the pulmonary artery or some of the arte-
rioles (e.g., atherosclerosis, collagen disease)

¢ Extrinsic pressure on the pulmonary vessels (e.g., pneumothorax, hydrotho-
rax, presence of tumor)

® Destruction of the pulmonary vessels (e.g., emphysema)

® Decreased cardiac output

In disorders that diminish pulmonary ventilation, the affected lung area re-
ceives little or no ventilation in relation to blood flow. This condition causes the
V/Q ratio to decrease. As a result, a larger portion of the pulmonary blood flow
will not be physiologically effective in terms of gas exchange, and is said to be
shunted blood. When the V/Q ratio decreases, the Pao, decreases and the PAcq,
increases. Pulmonary disorders that decrease the V/Q ratio include:

® Obstructive lung disorders (e.g., emphysema, bronchitis, asthma)
® Restrictive lung disorders (e.g., pneumonia, silicosis, pulmonary fibrosis)
¢ Hypoventilation from any cause

Figure 8-8 summarizes the O,~CO, effects of changing V/Q ratios in re-
sponse to respiratory disorders.
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Figure 8-8. Alveolar O, and CO, pressure changes that occur as a result of V/Q ratio changes caused by respiratory
disorders. (A) shunt unit; (B) normal unit; (C) dead space unit.

CHAPTER SUMMARY

This chapter discusses how the ventilation-perfusion (V/Q) ratio can profoundly
affect alveolar oxygen (PAo,) and carbon dioxide pressures (PAco,). Essential com-
ponents associated with this topic include (1) how the V/Q ratio changes from the
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upper to lower lung regions in the normal upright lung, and (2) how an increased
and decreased V/Q ratio affects the alveolar gases and end-capillary gases and
pH level. Related topics include the respiratory quotient and respiratory ex-
change ratio, and respiratory disorders that increase the V/Q ratio (e.g., pul-
monary emboli, decreased cardiac output) and decrease the V/Q ratio (e.g.,

emphysema, bronchitis, pneumonia).

C LI NTTCAIL

AP P LI CATTION

1

A 34-year-old male construction worker fell from
a second-story platform and was impaled by a
steel enforcement rod that was protruding
vertically about 3 feet from a cement structure.
The steel rod entered the side of his lower
right abdomen and exited from the left side of
the abdomen, about 2 cm below the twelfth
rib (see x-ray below). Although the steel rod
pierced the side of the descending aorta, no
other major organs were seriously damaged.
The man was still conscious when work-
ers cut through the steel rod to free him from
the cement structure. While he was being cut
free, an emergency medical team (EMT) in-
serted an intravenous infusion line, placed a
non-rebreathing mask over his face, and worked
to stop the bleeding as best they could. When

the man was finally cut free, he was immedi-
ately transported to the trauma center. It was
later estimated that he had lost about half of his
blood volume at the accident site.

A full trauma team was assembled in the
emergency department when the patient ar-
rived. The patient was unconscious and very
cyanotic. Even though he still had spontaneous
breaths, he had an oral airway in place and was
being manually ventilated with an inspired oxy-
gen concentration (Floz) of 1.0. His blood pres-
sure was 65/40 mm Hg and heart rate was 120
beats/min. The respiratory therapist intubated
the patient and continued manual ventilation
with an Fig, of 1.0.

Almost simultaneously a portable x-ray
film was taken STAT to aid the trauma surgeons
in the removal of the steel rod. A blood speci-
men was obtained for the following laboratory
assays: glucose, BUN (blood urea nitrogen),
creatinine, electrolytes, CBC (complete blood
cell) count, and a type and screen and blood
gas analysis. The emergency department physi-
cian called the laboratory to alert lab staff that
10 units of uncrossmatched O negative blood
would be needed STAT, and to stay 5 units
ahead at all times. The patient was rushed to
surgery. The surgical team learned during the
operation that the patient's hematocrit was 15.3
percent and his hemoglobin level was 5.1 g%.

FOUR HOURS LATER

The patient was in stable condition in the surgi-

cal intensive care unit. The steel rod had been
(continues)
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successfully removed and his aorta was re-
paired. Although he was still listed in critical con-
dition, his prognosis was described as good to
excellent. At this time, however, the patient was
still unconscious because of the drugs adminis-
tered during surgery. He was on mechanical
ventilation with the following settings: tidal vol-
ume 900 mL, respirations 12 breaths/min, Flo2
0.4, and continuous positive airway pressure
(CPAP) 5 cm H,0.

His blood pressure was 126/79 mm Hg
and heart rate was 78 beats/minute. Arterial
blood gas values were: pH—7.44, Pacg,—36 mm
Hg, HCO; —24 mmol/L, and Pag,—136 mm Hg.
Oxygen saturation measured by pulse oximeter
(Spo,) was 98 percent. His hematocrit was 44
percent and hemoglobin level was 14.6 g%.The
patient’s recovery progressed very well. Two
days later he was conscious and no longer on
the ventilator. He was discharged 6 days later.

DISCUSSION

This case illustrates an increased ventilation-
perfusion ratio caused by an excessive amount
of blood lost as a result of trauma (the penetrat-
ing steel rod). As the patient continued to lose
blood, the blood flow through both of his lungs
progressively decreased. As a result, alveolar
ventilation progressively became greater than
pulmonary blood flow.Thus, the patient’s alveo-
lar ventilation was becoming more and more “in-
effective” physiologically. In other words, more
and more of the patient’s alveolar ventilation was
becoming wasted or dead space ventilation (see
Figure 2-31).The paradox of this condition is that
even though the patient’s Pap, and Pag, in-
creased in response to an increased ventilation-
perfusion ratio, the actual amount of oxygen
being transported decreased because of the re-
duced blood flow (see Table 6-10). Fortunately,
this pathologic process was reversed in surgery.

C LI NTITZCAL

2

L1 ¢CAT I O0ON

A 4-year-old boy presented in the emergency
department in severe respiratory distress. An
hour earlier, the patient’s mother had brought
home some groceries in a large box. After
removing the groceries, she noticed a silver
quarter in the bottom of the box. She removed
the quarter and placed it on the kitchen counter.
She then gave the box to her 4-year-old son to
play with. Thinking he was occupied for awhile,
she went downstairs to the basement with her
10-year-old son to put a load of laundry in the
washing machine. Moments later, they heard
the youngest child cry.

Thinking that it was not anything serious,
the mother asked the older boy to go get his
brother. Seconds later, the older boy called to
his mother that his brother looked blue and that
he had vomited. The mother quickly went up-

stairs to the kitchen. She found her 4-year-old
choking and expectorating frothy white sputum.
She immediately knew what had happened.The
quarter was gone. Her 4-year-old had put the
quarter in his mouth and had aspirated it.

Having been trained in cardiopulmonary
resuscitation (CPR), she initiated the American
Heart Association’s Conscious-Obstructive CPR
procedure. Her son’s response, however, was
not favorable. In fact, his choking appeared, and
sounded, worse. Frothy white secretions con-
tinued to flow out of his mouth, and a loud,
brassy-like sound could be heard each time he
inhaled. His inspiratory efforts were clearly la-
bored. Alarmed, the mother immediately drove
her son to the emergency department a few
miles away. The 10-year-old tried to comfort his
brother as they drove to the hospital.
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In the emergency department, the boy
was conscious, crying, and in obvious respira-
tory distress. His skin was cyanotic and pale. He
appeared very fatigued. Inspiratory stridor
could be heard without the aid of a stetho-
scope. He was sitting up on the side of the gur-
ney, with his legs hanging over the edge, using
his accessory muscles of inspiration. His vital
signs were: blood pressure—89/50 mm Hg,
heart rate—105 beats/min, and respirations—
6 breaths/min and labored. His breath sounds
were very diminished. A portable chest x-ray
film showed the quarter lodged about 2 cm
above the vocal cords (see below). Oxygen sat-
uration measured by pulse oximetry (Spg,) was
87 percent. The patient was immediately trans-
ferred to surgery and placed under general
anethesia. The quarter was removed moments
later without difficulty.

DISCUSSION

This case illustrates a decreased V/Q ratio
caused by an upper airway obstruction (see
below). Although an arterial blood sample was
not drawn in this case, one can easily predict
what the values would have been by consider-
ing the following factors: As a result of the
upper airway obstruction, the patient had a low
V/Q ratio in both lungs. In addition, in the emer-
gency department the patient was becoming fa-
tigued (his respiratory rate was 6 breaths/min),
which further caused the V/Q ratio to fall.

Thus, as the patient’s V/Q ratio progres-
sively decreased, his PAg, decreased while, at

the same time, his PAcg, increased. This condi-
tion, in turn, caused the end-capillary oxygen
pressure (Pco,) and carbon dioxide pressure
(Pcco,) to decrease and increase, respectively.
In addition, as the Pcco, decreased, the pul-
monary capillary blood pH also decreased
(see Figure 8-4 and Figure 8-7). If these arte-
rial blood gas trends had continued, the pa-
tient would have died. Fortunately, when the
quarter was successfully removed, the pa-
tient’s V/Q ratio quickly returned (increased) to
normal. Today, the mother has the quarter on
a charm bracelet.
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REVIEW QUESTIONS

1. Overall, the normal V/Q ratio is about
A. 02
B. 0.4
C. 0.6
D. 0.8
2. In the healthy individual in the upright position, the
I. V/Q ratio is highest in the lower lung regions
II. PAo, is lowest in the upper lung regions
ITI. V/Q ratio is lowest in the upper lung regions
IV. PAco, is highest in the lower lung regions
A. Tonly
B. I only
C. IV only
D. Il and IV only
3. When the V/Q ratio decreases, the
I. Pag, falls
II. Pcco, increases
III. PAco, rises
IV. Pco,decreases
A. Tonly
B. Il only
C. IL III, and IV only
D. All of these
4. When alveolar ventilation is 7 L/min and the pulmonary blood flow is
9.5 L/min, the V/Q ratio is about
A. 04
B. 05
C. 0.6
D. 0.7
5. If tissue cells consume 275 mL of O, per minute and produce 195 mL of
CO, per minute, what is the RQ?
A. 0.65
B. 0.7
C. 08
D. 0.96
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CLINICAL APPLICATION
QUESTIONS

Case 1

1. As the patient continued to lose blood, his alveolar ventilation became

more and more

N

. The patient’s alveolar ventilation was or ventilation.
3. The paradox in this case was that even though the patient’s PAg, and Pag,
increased in response to the increased ventilation-perfusion ratio, the ac-

tual amount of oxygen being transported ( decreased; in-
creased; remained the same) because of the ( increased;
decreased) blood flow.
Case 2
1. As aresult of the upper airway obstruction, the patient had a ( low;

high) ventilation-perfusion in both lungs.
2. The patient’s fatigue and respiratory rate of 6 breaths/min further caused

the ventilation-perfusion ratio to ( rise; fall).
3. As a result of the upper airway obstruction and subsequent ventilation-
perfusion ratio, the following values:

A. Pag,; increased; decreased; remained the same
B. PAco,: increased; decreased; remained the same
C. Pco; increased; decreased; remained the same
D. Pcco; increased; decreased; remained the same
E. pH: increased; decreased; remained the same







CHAPTER NINE

CONTROL OF V

By the end of this chapter, the student should be able to:

1. Describe the function of the following —Central chemoreceptors
respiratory neurons of the medulla —~Peripheral chemoreceptors
oblongata. —Reflexes that influence ventilation
—The dorsal respiratory group e Hering-Breuer reflex
—The ventral respiratory group e Deflation reflex
2. Describe the influence of the following e [rritant reflex
pontine respiratory centers on the respira- e Juxtapulmonary-capillary receptor
tory neurons of the medulla oblongata: reflex
—Apneustic center ¢ Reflexes from the aortic and carotid
—Pneumotaxic center sinus baroreceptors
3. List conditions that can depress the respi- ¢ Peripheral proprioceptor reflexes
ratory neurons. ¢ Hypothalamic controls
4. Describe how the following regulate the 5. Complete the review questions at the end
respiratory neurons: of this chapter.

The intrinsic rhythmicity of respiration is primarily controlled by specific neural
areas located in the reticular substance of the medulla oblongata and pons of
the brain. These neural areas possess monitoring, stimulating, and inhibiting
properties that continually adjust the ventilatory patterns to meet specific meta-
bolic needs. Also received and coordinated in these respiratory neural areas are
the signals transmitted by the cerebral cortex during a variety of ventilatory

293
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maneuvers such as talking, singing, sniffing, coughing, or blowing into a wood-
wind instrument.

To fully understand this subject, a basic knowledge of (1) the function of the
major respiratory components of the medulla, (2) the influence of the pontine res-
piratory centers on the medulla, (3) the major monitoring systems that influence
the respiratory components of the medulla oblongata, and (4) the reflexes that in-
fluence ventilation is necessary.

THE RESPIRATORY COMPONENTS
OF THE MEDULLA OBLONGATA

Although knowledge concerning this subject is incomplete, it is now believed that
two groups of respiratory neurons in the reticular formation of medulla oblon-
gata are responsible for coordinating the intrinsic rhythmicity of respirations.
These are (1) the dorsal respiratory groups (DRGs), and (2) the ventral respira-

Cerebrum

— Pons

DRG

— Medulla oblongata

VRG

Figure 9-1. Schematic illustration of the respiratory components of the lower brainstem (pons
and medulla oblongata). PNC = pneumotaxic center; APC = apneustic center; DRG = dorsal res-
piratory group; VRG = ventral respiratory group; CC = central chemoreceptors.
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tory groups (VRGs) (Figure 9-1). Collectively, these respiratory neurons are re-
ferred to as the respiratory center of the medulla.

DORSAL RESPIRATORY GROUP

The dorsal respiratory groups (DRGs) are located bilaterally in the posterior re-
gion of the medulla oblongata in an area called the nucleus of the tractus solitarius.
The DRGs consist chiefly of inspiratory neurons. The DRG neurons receive inspi-
ratory impulses from several different specialized monitoring systems throughout
the body. These monitoring systems include signals from the central chemorecep-
tors, peripheral chemoreceptors, stretch receptors, peripheral proprioceptors, and higher
brain centers. The DRG neurons continuously evaluate and prioritize the signals
and, depending on the respiratory needs, send neural impulses every few seconds
to the muscles of inspiration, i.e., the diaphragm and the external intercostal mus-
cles (Figure 9-2). The DRG neurons are believed to be responsible for the basic
rhythm of breathing.

]9
92

o / )

\\\

Pons
——— Respiratory
Medulla ——  center _External
oblongata intercostal
muscles

Cervical, thoracic, and

Phrenic lumbar motor nerves ‘\
nerve 7‘

-

’!r.

(/

24)
4»’

i )
uml

Diaphragm

Figure 9-2. Neural impulses from the respiratory center travel to the diaphragm by way of the
right and left phrenic nerves. The cervical, thoracic, and lumbar motor nerves stimulate the external
intercostal muscles (accessory muscles of inspiration).
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Under normal conditions, the DRG neurons trigger inspiratory impulses at a
rate of 12 to 15 breaths/min. The neural signals of the DRGs continue for about 1
to 2 seconds and then cease abruptly, causing the muscles of inspiration to relax.
During exhalation, which lasts for about 2 to 3 seconds, the natural elastic recoil
forces of the lungs cause the lungs to deflate.

VENTRAL RESPIRATORY GROUP

The ventral respiratory groups (VRGs) are located bilaterally in two different
areas of the medulla (see Figure 9-1). They contain both inspiratory and expira-
tory neurons. The VRG neurons are further subdivided into the nucleus am-
biguus, nucleus retroambigualis, and Botzinger’s complex.

The nucleus ambiguus contains primarily inspiratory neurons that innervate
the laryngeal and pharyngeal muscles via the vagus nerve. When stimulated, the
vocal cords of the larynx abduct, causing airway resistance to decrease. The nu-
cleus retroambigualis is divided into the rostral (toward the head) and caudal (to-
ward the tail) areas. The rostral VRG area is composed mainly of inspiratory
neurons that stimulate the diaphragm and external intercostal muscles similar to
the DRG neurons. The caudal VRG area is composed mainly of expiratory neu-
rons that stimulate the internal intercostal and abdominal expiratory muscles. The
Botzinger’s complex contains only expiratory neurons that inhibit the discharge of
the inspiratory neurons of the DRG and VRG.

During normal quiet breathing, the VRG is almost entirely dormant, because
the lungs passively return to their original size by virtue of their own elastic recoil
forces. During heavy exercise or stress, however, the expiratory neurons of the
VRG actively send impulses to the muscles of exhalation (i.e., abdominal muscles)
and the accessory muscles of inspiration that are innervated by the vagus nerve
(see Figure 9-1).

THE INFLUENCE OF THE PONTINE
RESPIRATORY CENTERS ON THE
RESPIRATORY COMPONENTS OF
THE MEDULLA OBLONGATA

The pontine respiratory centers consist of the apneustic center and the pneumo-
taxic center. Although these centers are known to exist and can be made to operate
under experimental conditions, their functional significance in humans is still not
fully understood. It appears that these centers function to some degree to modify
and fine-tune the rhythmicity of breathing.

APNEUSTIC CENTER

The apneustic center is located in the lower portion of the pons (see Figure 9-1). It
continually sends neural impulses that stimulate the inspiratory neurons of the
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DRGs and VRGs in the medulla. If unrestrained, a prolonged or gasping type of
inspiration (breath hold) occurs. This inspiratory maneuver is called apneustic
breathing. Under normal conditions, however, the apneustic center receives sev-
eral different inhibitory signals that suppress its function, thus permitting expira-
tion to occur. Research suggests that the most important inhibitory signals are
elicited from the pneumotaxic center and from afferent impulses that originate
from lung inflation (Hering-Breuer reflex discussed later in this chapter). Breath-
ing becomes deep and slow when the pneumotaxic neurons are cut in animal
brain-transection studies, which supports the evidence that the apneustic center is
normally inhibited by the pneumotaxic center.

PNEUMOTAXIC CENTER

The pneumotaxic center is located bilaterally in the upper one-third of the pons,
in a reticular substance called the nucleus parabrachialis medialis and nucleus
Kolliker-Fuse (see Figure 9-1). The pneumotaxic center receives neural impulses
via the vagus from (1) the lung inflation reflex (see Hering-Breuer reflex dis-
cussed later in this chapter) and (2) the stretch receptors located in the intercostal
muscle of the thorax. In response to these neural signals, the pneumotaxic center
sends out inhibitory impulses to the inspiratory center of the medulla, causing
the inspiratory phase to shorten. Strong signals from the pneumotaxic center
decrease the inspiratory time and increases the respiratory rate. Weak signals
increase the inspiratory time (increased tidal volumes) and decrease the respira-
tory rate.

The precise role and interaction between the apneustic and pneumotaxic
center are not known. Research suggests, however, that the major function of
the pneumotaxic center is to (1) limit the inspiratory phase of a ventilatory cycle,
and (2) keep the apneustic center from causing an “apneustic” or breathing pat-
tern. It is believed that the pneumotaxic center works to enhance and fine-tune
the rhythmicity of the breathing pattern. This is supported by animal brain-
transection studies that show that when the pons is separated from the medulla,
an irregular breathing pattern results. Finally, some investigators believe that
the pneumotaxic center is closely related to the so-called panting center in ani-
mals such as dogs. For example, when a dog becomes overheated, the panting
center causes it to breathe with rapid, shallow breaths that evaporate large
amounts of water from the its upper airways, thus cooling the animal. In hu-
mans, the pneumotaxic center appears to have an effect similar to the Hering-
Breuer reflex.

CONDITIONS THAT DEPRESS THE RESPIRATORY
COMPONENTS OF THE MEDULLA OBLONGATA

Several clinical conditions can depress the function of the respiratory components
of the medulla, including (1) reduced blood flow through the medulla as a result
of excess pressure caused by a cerebral edema or some other intracerebral abnor-
mality, (2) acute poliomyelitis, and (3) ingestion of drugs that depress the central
nervous system.
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T

MONITORING SYSTEMS THAT
INFLUENCE THE RESPIRATORY
COMPONENTS OF THE MEDULLA
OBLONGATA

From moment to moment, the respiratory components of the medulla (DRG and
VRG) activate specific ventilatory patterns based on information received from
several different monitoring systems throughout the body. The major known
monitoring systems are the (1) central chemoreceptors and (2) peripheral
chemoreceptors. Certain neural impulses transmitted to the respiratory neurons
during exercise and certain reflexes also influence ventilation.

CENTRAL CHEMORECEPTORS

The most powerful stimulus known to influence the respiratory components
(DRG and VRG) of the medulla is an excess concentration of hydrogen ions [H*]
in the cerebrospinal fluid (CSF). The central chemoreceptors, which are located bi-
laterally and ventrally in the substance of the medulla, are responsible for moni-
toring the H* ion concentration of the CSF. In fact, a portion of the central
chemoreceptors is actually in direct contact with the CSFE. It is believed that the
central chemoreceptors transmit signals to the respiratory components of the
medulla by the following mechanism:

1. As the CO, level increases in the arterial blood (e.g., during hypoventila-
tion), the CO, molecules diffuse across a semipermeable membrane, called
the blood-brain barrier, which separates the blood from the CSF. The blood-
brain barrier is very permeable to CO, molecules but relatively impermeable
to H" and HCO;™ ions.

2. As CO, moves into the CSF, it forms carbonic acid by means of the following
reaction:

CO, + H,0 S H,CO3 S H' + HCO;~

3. Because the CSF lacks hemoglobin and carbonic anhydrase and has a rela-
tively low bicarbonate and protein level, the overall buffering system in the
CSF is very slow. Because of the inefficient CSF buffering system, the H*
generated from the above reaction rapidly increases and, therefore, signifi-
cantly reduces the pH in the CSFE.

4. The liberated H* ions cause the central chemoreceptors to transmit signals
to the respiratory component in the medulla which, in turn, increases the
alveolar ventilation.

5. The increased ventilation