Reviews

The Control of Breathing in Clinical
Practice*

Brendan Caruana-Montaldo, MD; Kevin Gleeson, MD; and
Clifford W. Zuwillich, MD, FCCP

The control of breathing results from a complex interaction involving the respiratory centers,
which feed signals to a central control mechanism that, in turn, provides output to the effector
muscles. In this review, we describe the individual elements of this system, and what is known
about their function in man. We outline clinically relevant aspects of the integration of human
ventilatory control system, and describe altered function in response to special circumstances,
disorders, and medications. We emphasize the clinical relevance of this topic by employing case
presentations of active patients from our practice. (CHEST 2000; 117:205-225)
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Abbreviations: CPAP = continuous positive airway pressure; CSF = cerebrospinal fluid; CSR = Cheyne-Stokes
respiration; DRG = dorsal respiratory group; [H'] = hydrogen ion concentration; HCO; = bicarbonate;
MVV = maximal voluntary ventilation; OSA = obstructive sleep apnea; pHa = arterial pH; PITA = postinspiration
inspiratory activity; PImax = maximal inspiratory pressure; RAR = rapidly adapting receptor; REM = rapid eye
movement; Sa0, = arterial oxygen saturation; SAR = slowly adapting receptor; VC = vital capacity; VE = minute
ventilation; Vo, = oxygen uptake; V/Q = ventilation/perfusion; VRG = ventral respiratory group; VT = tidal volume;

WOB = work of breathing

his review is intended as an overview of human

respiratory control. The first section will briefly
describe the physiology of respiratory control includ-
ing the sensors, the central controllers, and the
effector systems. Subsequently, the control of
breathing under special conditions and in certain
common disease states will be reviewed. Throughout
this discussion, we will employ selected case histories
from our current outpatient population to illustrate
salient, clinically relevant concepts.

Ventilation is constantly monitored and adjusted
to maintain appropriate arterial pH (pHa) and Pao,.
This homeostatic control system requires a system of
sensors, a central controlling mechanism, and an
effector system to carry out its commands (Fig 1). Its
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response to changes in blood chemistry, mechanical
load, metabolic rate, and respiratory neural receptors
enables the respiratory system to adapt to special
physiologic circumstances such as sleep, exercise,
and altitude, as well as to compensate for pathologic
disorders such as asthma, COPD, drug use, Cheyne-
Stokes respiration (CSR), and neurologic disease.

COMPONENTS OF RESPIRATORY CONTROL

Respiratory Sensors

The afferent input into the central system is
provided primarily by four groups of neural recep-
tors: (1) peripheral arterial chemoreceptors; (2) cen-
tral (brainstem) chemoreceptors; (3) intrapulmonary
receptors; and (4) chest wall and muscle mechano-
receptors.

Peripheral Arterial Chemoreceptors: The peripheral
arterial chemoreceptors consist of the carotid and
aortic bodies. The physiologic significance of the aortic
bodies in humans is difficult to determine but likely to
be small: the carotid bodies appear to have preeminent
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FIGURE 1. A schematic of the respiratory control system. Infor-
mation from the various peripheral sensors is fed to a central
control mechanism, the output of which goes to the effector
muscles. By changing ventilation, the respiratory muscles reduce
perturbations of the sensors (negative feedback). Reprinted with
permission from West.126

importance. The carotid bodies are located at the
junction of the internal and external carotid arteries,
and are small, measuring 1.5 X 2.0 X 3.7 mm each
with a weight of 10.6 to 12.6 mg (Fig 2).12 They receive
their blood supply from branches of the external ca-
rotid artery, and their sensory supply from the carotid
sinus branch of the glossopharyngeal nerve.3

The carotid bodies consist of two different cell
types, glomus cells (type I) and sheath cells (type II)
(Fig 3). Both cells are innervated primarily by the
carotid sinus nerve, which contains both parasympa-
thetic and sympathetic neurons with both afferent
(sensory) and efferent (motor) components. The
afferent neurons terminate on glomus cells. There is
also an unmyelinated supply to the sheath cells. The
efferent neurons or sympathetic innervation primar-
ily supply the vasculature and regulate vessel tone
and blood supply to the carotid body.2 The carotid
body has a uniquely high arterial blood supply (2
L/min/100 g) that allows for its oxygen needs to be
met by the dissolved oxygen in the blood, unlike
other tissues that depend primarily on oxygen ini-
tially bound to hemoglobin.! In addition, Pao, is the
specific signal sensed by the glomus cells. Therefore,
the carotid body is insensitive to conditions that
lower arterial oxygen content but exert little or no
change on the Pao,, such as anemia and carbon
monoxide poisoning.! This accounts for the clinical
observation that carbon monoxide intoxication, re-
gardless of severity, does not include signs and
symptoms of respiratory stimulation such as dyspnea
or hypoventilation.

The carotid body responds to both Pao, and
hydrogen ion concentration ([H"]). The intensity of
the response of the glomus cells varies according to
the severity of the arterial hypoxemia or acidosis in a
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FIGURE 2. The location of the carotid and aortic bodies with
respect to the common carotid arteries and aortic arch, respec-
tively. Reprinted with permission from Ganong.!

nonlinear manner. The greatest increase is seen in
response to hypoxemia, especially when Pao, falls to
=70 mm Hg, at which point the firing frequency
and, subsequently, minute ventilation (VE) increase
in an accelerated fashion (Fig 4).# This increase in
VE is manifested primarily by an increase in the
depth of breathing (tidal volume, or VT) rather than
by an increased respiratory rate. In mammals, the
carotid bodies are responsible for about 90% of the
ventilatory response to hypoxemia; the remaining
10% is from the aortic bodies. They are also respon-
sible for 20 to 50% of the response to arterial
hypercapnia and acidemia, with the remaining 50 to
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80% of the response to hypercapnia and acidemia
mediated by the central brainstem receptors.* The
exact mechanism by which the carotid bodies trans-
duce the stimulus of a low Pao, into neurotransmit-
ter release is still under investigation.

In humans, bilateral carotid body resection or
carotid endarterectomy reduces resting VE, raising
resting Paco, by 2 to 4 mm Hg, and essentially
eliminates the ventilatory response to hypoxia both at
rest and during exercise.>¢ These patients also expe-
rience a 30% decrease in their ventilatory response
to euoxic hypercapnia.> Unlike in cats and ponies,
this loss of peripheral chemosensitivity in humans is
permanent, perhaps because of the relatively minor
function of the aortic bodies in man.” The most
common clinical situation in which carotid body
“resection” now occurs is as an unintended conse-
quence of carotid endarterectomy, which may dam-
age the carotid bodies. Following unilateral surgery,
peripheral chemosensitivity remains normal or is
slightly decreased, but patients with bilateral endar-
terectomies may lose carotid body function com-
pletely, losing their ventilatory response to hypoxia
and experiencing an increase in their resting Paco,.

Case 1: Sequential Bilateral Carotid Endarterec-
tomy in a COPD Patient. A 69-year-old white woman
was admitted for an elective right carotid endarter-
ectomy. Her medical history was significant for 40
pack-years of cigarette smoking, severe COPD, two
cerebrovascular accidents, and a left carotid endar-
terectomy 1 year prior. Her preoperative arterial
blood gas values showed a pH of 7.43; Paco,, 48 mm
Hg; Pao,, 50 mm Hg; and bicarbonate (HCO3 ™), 31
mEq/L while breathing room air. After an unevent-
ful procedure, she was extubated on postoperative
day 2 and received oxygen by nasal cannula at a rate
of 3 L. On postoperative day 3, the nurses noticed
that the patient was increasingly somnolent, and by
postoperative day 5 she had developed severely
altered mental status characterized by lethargy and
confusion, despite the absence of any narcotic or
sedative medications. There was no detectable
change in her chest examination or chest radiograph.
Arterial blood gas values while breathing 2 L of
oxygen demonstrated a pH of 7.28; Paco,, 69 mm
Hg; Pao,, 62 mm Hg; and HCO; ™, 31 mEq/L. The
pulmonary service was consulted at this point and
recommended treating her with nasal bilevel positive
airway pressure ventilation. The patient improved
clinically; 2 days later, her arterial blood gases while
breathing 2 L oxygen per nasal cannula were a pH of
7.38; Paco,, 54 mm Hg; Pao,, 72 mm Hg; and
HCO; ', 36 mEq/L.

This case report illustrates an example of the
clinical importance of the carotid bodies in the
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FIGURE 3. Organization of the carotid body showing the two
different cell types. Glomus cells (type I) contain catecholamines
(norepinephrine and dopamine). When exposed to hypoxia, they
release the stored neurotransmitters that stimulate the cuplike
endings of the carotid sinus nerve fibers (Hering’s nerve) in the
glossopharyngeal nerve. The glial-like sheath cells (type II)
surround the type I cells and probably have a sustentacular
function. Reprinted with permission from Ganong.!

control of ventilation. This patient developed acute
respiratory acidemia following the inadvertent oper-
ative denervation of her sole remaining functional
carotid body. Together with her severe COPD with
baseline CO, retention, the acute loss of the carotid
body input to the respiratory center resulted in
further depression of VE sufficient to produce CO,
narcosis.

The Central Chemoreceptors: The fact that a
ventilatory response to added CO,, persists in exper-
imental animals despite peripheral chemoreceptor
denervation suggests that there are chemoreceptors
in the brain that are sensitive to CO, or hydrogen
ions.® Although no definite chemoreceptors have
been defined anatomically, results of experiments
involving the local application of chemical, electrical,
and thermal stimuli or the ablation of neural tissue
suggest that the central chemoreceptors are located
at or near the ventral surface of the medulla.’
Stimulation of these receptors increases both the
rate of rise and the intensity of the inspiratory
“ramp” signal, thereby increasing the frequency of
the respiratory rhythm.® The inspiratory ramp signal

CHEST /117 /1/JANUARY, 2000 207



is a nervous signal transmitted to the respiratory
muscles as a weak burst of action potentials that
steadily increases in a ramp-like manner.!%! Physi-
ologically, these central chemoreceptors respond
primarily to alterations of [H*] in the cerebrospinal
fluid (CSF) and medullary interstitial fluid. The
contribution of these central chemoreceptors to ven-
tilation depends on the factors that alter hydrogen
ion flux in their vicinity, causing changes in their
intracellular pH. They are located in many different
brainstem locations, including the ventral medullary
surface, deeper sites near the nucleus tractus soli-
tarius, and rostrally close to the locus ceruleus.
Stimulation of these sites increases the whole respi-
ratory control system output, suggesting that they
respond to changes in brainstem pH via a ventilatory
feedback loop. The sensing of acute pH changes, but
not the steady-state ventilatory response, seems to
require carbonic anhydrase. Imidazole-histidine ap-
pears to be an important molecule involved in
central chemoreception and may be a pH sensor
molecule. It is found in proteins located in pH-
sensitive areas including ion channels, ion transport
proteins, enzymes, and receptors. Thus, it may be
involved in central chemoreception at sites within
the ventrolateral surface of the medulla oblongata.!2

Hydrogen ions enter and exit the CSF and extra-
cellular fluid in the vicinity of the central chemore-
ceptors as a result of both CO, dissociation and by
direct diffusion into and out of the bloodstream.
Elevated arterial CO, rapidly penetrates the blood-
brain barrier because CO, is highly membrane-
permeable, is converted to carbonic acid (H,COy),
and rapidly dissociates into hydrogen ions and
HCO, ™. This causes [H"] in the CSF and intersti-

CNS

tium to rise in parallel with Paco,. This increased
[H"] stimulates respiration by a direct action on the
central chemoreceptors. Conversely, a decreased
Paco, or [H"] inhibits ventilation.!3

The ventilatory response to an increased Paco, is
divided into an initial rapid phase (within seconds)
due to the relatively rapid acidification of the CSF,
and a slower phase (within minutes) due to hydrogen
ion buildup in the more highly buffered medullary
interstitium. In addition, when compared with the
highly membrane-permeable CO,, hydrogen ions in
the arterial blood penetrate the blood-brain barrier
relatively slowly (minutes to hours). As a result,
changes in pHa result in relatively slower and smaller
changes in ventilation (Fig 5).!* Changes in Paco,
alone have a potent acute effect on ventilation but
only a weak chronic effect. This occurs because a
chronically elevated Paco, is associated with renal
compensation with the retention of HCO; . This
HCO;™ gradually diffuses through the blood-brain
barrier and into the CSF, where it binds to the excess
hydrogen ions produced by the elevated Paco, and
negates their effect on ventilatory drive.!?

The central hydrogen ion chemoreceptors are
somewhat redundant, sensing the same stimulus as
the carotid bodies. Carotid body chemoreceptors
seem to adjust for breath-to-breath changes in arte-
rial chemistry, while the hydrogen ion-sensitive med-
ullary chemoreceptors sustain ventilation with lesser
breath-to-breath variation.13

Pulmonary Receptors: Pulmonary receptors are
present in the airways and lung parenchyma. They
are all innervated by the vagus nerve, with myelin-
ated fibers supplying the airway receptors and un-
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FIGURE 4. (Left, A: the carotid body responds to changes of Po,, Pco,, and pH in arterial blood.
Impulses travel to the CNS through the carotid sinus nerve (Hering’s nerve). Right, B: the percent
maximum response of the firing frequency of the carotid body to arterial Po,. Note that the maximum
response occurs at a PO, of < 50 mm Hg and that the response varies in a nonlinear fashion. Reprinted

with permission from West.!26
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FI1GURE 5. Effects of increased arterial Pco,, both acute (con-
tinuous line) and chronic (dotted line), on the rate of alveolar
ventilation. The second abscissa shows the relationship of de-
creased pHa (broken line) to alveolar ventilation. Note that an
acute change in Pco, has a greater effect on alveolar ventilation
than a chronic change. Reprinted with permission from Guyton.?

myelinated C fibers supplying the lung parenchy-
ma.'+1> The airway receptors are subdivided into the
slowly adapting receptors (SARs), also known to be
the pulmonary stretch receptors, and the rapidly
adapting receptors (RARs). The lung parenchyma
receptors are called juxtacapillary receptors.

The SARs lie among the airway smooth muscle
and are responsible for the Hering-Breuer inflation
reflex in animals. Activation of these receptors also
causes the tracheobronchial smooth muscle to relax,
thus dilating the airways.'6 The Hering-Breuer reflex
is the prolongation of expiratory time and the de-
crease in respiratory rate in response to lung infla-
tion.!>!7 In humans, the Hering-Breuer reflex is
manifest only at a VT of > 3 L and seems to play a
protective role in preventing excessive lung infla-
tion.!%'7 The SARs do not accommodate to persis-
tent stimulation such as prolonged distention.'* The
SARs are thought to participate in ventilatory control
by prolonging inspiration in conditions that reduce
lung inflation, such as airway obstruction or de-
creased chest wall compliance, thereby allowing a

normal VT to be achieved. Conversely, in conditions
that prolong expiration, lung deflation is slow and the
increased SAR activity increases the force of contrac-
tion of the expiratory muscles and also prolongs
expiratory time. This prevents an increase in end-
expiratory volume, thus decreasing the resting length
of the inspiratory muscles and allowing them to
function along the most advantageous portion of
their length-tension curve.'

The RARs lie between the airway epithelial cells
and are irritant receptors, responding to noxious
stimuli such as dust, cigarette smoke, and hista-
mine.'¥ They are concentrated in the carina and
primary bronchi, and are also believed to be cough
receptors.’* These RARs are innervated by myelin-
ated fibers and have a more rapid rate of adaptation
than SARs. During normal breathing, their discharge
is independent of the phases of inspiration and
expiration, and therefore these receptors do not
seem to be an important influence on breathing at
rest.20 However, animal studies show that they are
stimulated by conditions that increase airflow resis-
tance and decrease lung compliance.?! Thus, their
most important function may be to detect patho-
physiologic changes in the airways. RARs also seem
to be responsible for the augmented breathing and
sighs that occur sporadically during normal breathing
that helps to prevent atelectases.?? These receptors
may be important in the sensations of chest tight-
ness, dyspnea, bronchoconstriction, and the rapid
and shallow breathing that occurs in asthma.!6.23

The pulmonary parenchymal receptors are inner-
vated by the unmyelinated C fibers of the vagus
nerve. They are called juxtacapillary receptors be-
cause of their location near capillaries in the alveolar
walls. In animals, these receptors respond both to
hyperinflation of the lungs and to chemicals present
in the pulmonary circulation, and may be involved in
the sensation of dyspnea in conditions causing inter-
stitial congestion (eg, heart failure).!”2* Stimulation
of these C fibers may also be associated with rapid
shallow breathing, bronchoconstriction, and in-
creased airway secretions.?

The cumulative influence of lung receptors inner-
vated by the vagus nerve on ventilation has been
determined by blocking or interrupting the vagal
tracts in animals. This intervention produces a re-
duced ventilatory response to hypercapnic and hy-
poxemic stimuli in conscious dogs at rest, and a
decreased respiratory frequency response during
exercise.?6 The mechanism for rapid shallow breath-
ing and hyperventilation present during acute
asthma has also been studied in dogs before and after
vagotomy. Although vagotomy has no effect on base-
line respiratory pattern, experimental bronchocon-
striction after vagotomy does not produce the char-
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acteristic increase in respiratory rate and VE present
in dogs (and humans) with intact vagi, suggesting
that the rapid shallow breathing pattern in response
to bronchoconstriction is mediated by vagal afferent
pathways.2”25 Another study in anesthetized dogs
demonstrated that the rapid shallow breathing re-
sponse to severe inspiratory resistive loading was
abolished by bilateral vagectomy and was not medi-
ated by diaphragm fatigue or hypoxia.2® Similar
results have been found in limited experiments in
man.29.30

Overall, these studies suggest that the abnormal
breathing pattern associated with certain diseases
(eg, asthma, pneumonia, heart failure, and pulmo-
nary thromboembolism) in humans may be related
primarily to lung receptor stimulation rather than
derangements in lung mechanics or arterial blood
gases.

Chest Wall and Muscle Mechanoreceptors:
Mechanoreceptors are sensors that respond to
changes in length, tension, or movement. The
primary mechanoreceptors in the chest are the
muscle spindle endings and tendon organs of the
respiratory muscles and the joint proprioceptor.
Muscle spindles are primarily influenced by
changes in length and are responsible for reflex
contraction of the skeletal muscles in response to
stretching. Afferent information from these recep-
tors is carried in the anterior columns of the spinal
reticular pathway and terminates in the region of
the respiratory centers in the medulla.3' Muscle
receptor afferents are involved in the level and
timing of respiratory activity.?®> These receptors
may also play a role in the increase in ventilation
occurring during the early stages of exercise.

Tendon organs sense changes in the force of
contraction exerted by the muscles of respiration.
Tendon organ receptors are involved in monitoring
the force of muscle contraction and have an inhibit-
ing effect on inspiration. They may be important in
coordinating respiratory muscle contraction during
breathing at rest or with a respiratory load.??

Joint proprioceptors sense the degree of chest wall
movement and may also influence the level and
timing of respiratory activity. Proprioceptor afferents
project to the phrenic motor neurons and affect their
firing rate. They also ascend to the medullary respi-
ratory neurons in the dorsal respiratory group and
nucleus retroambiguus, where they affect the timing
of inspiration and expiration.>?

These mechanoreceptors may also be important in
the sensation of dyspnea when respiratory effort is
increased by the mechanism of length-tension inap-
propriateness.'¢ This is illustrated by the following
case history.
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Case 2: Large Pleural Effusion Associated With
Dyspnea. A T4-year-old white man presented with
dyspnea on minimal exertion for several weeks. His
medical history was significant for stage IV non-
Hodgkin’s lymphoma treated with radiation and
chemotherapy several years previously. Physical ex-
amination demonstrated left cervical lymphadenop-
athy and decreased vocal fremitus, dullness to per-
cussion, and poor air entry on the right side of the
chest. A chest radiograph showed a large (> 50% of
the hemithorax) right pleural effusion with medias-
tinal shift to the contralateral side. Spirometry
showed an FVC of 3.0 L (60% of predicted) and a
FEV, of 2.4 L (82% of predicted). Arterial oxygen
saturation (Sa0,) on room air was 94% at rest, with
mild desaturation (Sao, < 88%) occurring with in-
formal exercise testing (1 to 2 min of ambulation in
the clinic hallway). A 1.5-L therapeutic thoracentesis
was performed, with dramatic improvement in the
patient’s symptoms. The patient returned to the
clinic several weeks later with recurrence of his
symptoms of shortness of breath with minimal exer-
tion. Physical examination confirmed reaccumula-
tion of the pleural fluid. Right-sided pleurodesis was
ultimately performed with no pleural fluid recur-
rence and excellent long-term relief of his dyspnea.

This patient had dyspnea primarily resulting from
the presence of a large pleural effusion. This appears to
arise primarily by the mechanism of length-tension
inappropriateness caused by a pleural effusion stretch-
ing the chest wall3 According to this hypothesis,
inspiratory muscle activation produces muscle contrac-
tion and a degree of tension in the muscles that is
sensed by the tendon organs. If the respiratory muscles
are inefficient for mechanical reasons (in this case
because of the thoracic distention produced by the
pleural effusion), the magnitude of tension in the
muscle produced by a given amount of muscle contrac-
tion is proportionately lower than in the normal state.
This discrepancy between the degree of neural input to
and contraction of the respiratory muscles and the
tension produced by that muscle contraction is sensed
by the cerebral cortex as dyspnea. Removal of the
pleural fluid in this case had the effect of reducing
end-expiratory muscle fiber length and restoring the
relationship of muscle contraction and muscle tension
to normal, thereby immediately reducing dyspnea.?
This scenario does not exclude the possibility that other
mechanisms may be contributing to this patient’s symp-
toms. It is possible that the relief of dyspnea following
thoracentesis may have resulted from the decreased
work of breathing (WOB) that occurs because of the
removal of the mechanical load of the pleural effusion,
or possibly because of improved gas exchange from
improved ventilation/perfusion (V/Q) matching.
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The Central Respiratory Controllers

The central respiratory controllers are divided into
the brainstem group (involuntary) and the cerebral
cortex group (voluntary). The former is further sub-
divided into pneumotaxic, apneustic, and medullary
centers.

The pneumotaxic center consists of the nucleus
parabrachialis and the Kolliker-Fuse nucleus in the
pons. This center is important in influencing the
timing of the inspiratory cut-off by providing a tonic
input to the respiratory pattern generators located in
the inspiratory center. Thus, this center may modu-
late the respiratory response to stimuli such as
hypercapnia, hypoxia, and lung inflation, and is of
importance in regulating the duration of inspira-
tion.31.34

The apneustic center is found in the lower pons
and seems to function as the source of impulses that
terminate inspiration, an “inspiratory cut-off
switch.”3* Inactivation of this center results in apne-
ustic breathing, which is rhythmic respiration with a
marked increase in inspiratory time and a short
expiration phase.’> Apneustic breathing can be ex-
perimentally induced in animals by transecting the
spinal cord between the pneumotaxic center and the
lower brainstem in combination with bilateral vagot-
omy. Clinical information from patients with multi-
ple sclerosis with brainstem involvement and clinical
pathologic correlations suggest that the pneumotaxic
center may function similarly in man.3>36

The medullary center is divided into an inspiratory
dorsal respiratory group (DRG) of neurons and an
expiratory ventral respiratory group (VRG). The
DRG is located in the nucleus of tractus solitarius in
the medulla and is important in integrating impulses
from visceral afferents from the upper airways, intra-
arterial chemoreceptors, and lung parenchyma
through the fifth, ninth and 10th cranial nerves,
respectively.* It may also be the site of projection of
proprioceptive afferents from the respiratory mus-
cles and chest wall. The DRG is a processing center
for respiratory reflexes and is the site of origin of the
normal rhythmic respiratory drive consisting of re-
petitive bursts of inspiratory action potentials.>* The
exact mechanism by which this rhythm is generated
is unknown.

A theory to explain the breathing rhythmicity of
the central pattern generator is as follows. Inspira-
tion begins by the abrupt removal of inhibitory
impulses to the DRG. This is followed by increased
inspiratory motoneuron activity in the form of a
slowly augmenting ramp of signals that is suddenly
terminated by an off-switch mechanism. This termi-
nation of inspiratory activity occurs when a critical
threshold is attained. During early expiration, there

is another burst of inspiratory neuronal activity that
is referred to as postinspiration inspiratory activity
(PIIA). PIIA does not prolong inspiration, but rather
slows down the rate of exhalation during the first part
of the expiratory phase. The neurons that generate
the PITIA may depend on mechanisms that are
different from those responsible for the main in-
spiratory ramp activity.!!

The VRG consists of both inspiratory and expira-
tory neurons and is located within the nucleus
ambiguus rostrally and nucleus retroambiguus cau-
dally. The VRG innervates respiratory effector mus-
cles through the phrenic, intercostal, and abdominal
respiratory motoneurons.* Its output increases with
the need for forceful expiration such as in exercise or
in any condition of increased airway resistance to
breathing (eg, COPD or asthma).

The cerebral cortex plays a role in ventilatory
control and can also influence or bypass the central
respiratory control mechanism in order to accom-
plish behavior-related respiratory activity such as
cough, speech, singing, voluntary breath holding,

and other such activities.38

Effector System

The effector system consists of those pathways and
muscles that are involved in the actual performance
of inspiration and expiration. The spinal pathways
connect the respiratory centers in the brain and
spinal cord to the respiratory muscles and are di-
vided into the descending and ascending pathways.
The descending pathways connect the DRG and
VRG to the ventrolateral columns of the spinal cord,
the phrenic nerves, and the intercostal and abdom-
inal muscles of respiration. These pathways are used
for the inhibition of the expiratory muscles during
inspiration and inhibition of inspiratory muscles dur-
ing expiration to prevent opposing muscles from
contracting at the same time.>* The ascending path-
ways connect the respiratory muscles to the higher
brainstem levels. Impairment of the ascending spinal
pathways (eg, following bilateral percutaneous cervi-
cal cordotomy or anterior spinal operations) may
lead to respiratory dysfunction in the form of apnea
during sleep that is reversed by arousal. This condi-
tion may be caused by damage of ascending spino-
reticular fibers, lessening brainstem reticular forma-
tion activity and causing a general depression of
respiration.34

The respiratory muscles consist of the diaphragm
and the intercostal, abdominal, and accessory mus-
cles of respiration. The diaphragm is responsible for
the majority (75%) of air movement during quiet
inspiration, while the intercostal, abdominal, and
accessory muscles (sternocleidomastoid and other
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neck muscles) account for the remainder.?® Inspira-
tion at rest is active and expiration is a passive event
in patients with normal lungs. During exercise or in
patients with airway obstruction, both inspiration
and expiration become active, with expiratory con-
traction of the abdominal wall and internal intercos-
tal muscles.#® The clinical importance of the dia-
phragm is illustrated by the following case history.

Case 3: Bilateral Hemidiaphragm Weakness. A
77-year-old white man was transferred to the medi-
cal ICU for failure to wean off mechanical ventilation
after the repair of a type 1 thoracic aortic dissection.
His postoperative course had been uncomplicated
until he was extubated 48 h later. Within 15 min of
extubation, he became tachypneic, hypercapnic, and
acidotic (pHa of 7.13; Paco,, 85 mm Hg; and Pao,,
66 mm Hg), and required reintubation. Initial eval-
uation included a brief interval of spontaneous
breathing off the ventilator, during which paradoxi-
cal inward inspiratory motion of the abdomen was
observed. A chest radiograph showed bilateral small
but clear lung fields with minimal pleural effusions.
Fluoroscopy of the diaphragm demonstrated bilat-
eral failure to descend with rapid inspiratory efforts
(smiff test).

This patient has respiratory failure due to bilateral
hemidiaphragm paralysis, presumably caused by in-
traoperative phrenic nerve injury.#! Less common
than previously believed, this is nevertheless an
easily overlooked cause of ventilator dependence
after thoracic surgery. One reason it may be over-
looked is that positive pressure ventilation masks the
characteristic paradoxical diaphragm/abdominal wall
movement and the pulmonary restriction, which
would otherwise be obvious. In our experience, it
presents as prolonged postoperative ventilator de-
pendence following either complex or multiple in-
trathoracic operations. Typically, the patient has
good gas exchange and a favorable clinical course
until the ventilator is totally discontinued, when
acute ventilatory decompensation occurs within a
short time. Once the diagnosis is considered, mea-
suring maximal inspiratory pressure (PImax), maxi-
mum voluntary ventilation (MVV), and supine and
sitting vital capacities (VCs) will confirm it. In bilat-
eral diaphragm paralysis, both PImax and MVV are
decreased and there is a > 50% reduction in VC in
the supine vs the upright position.*?

INTEGRATED RESPONSES OF THE VENTILATORY
CONTROL SYSTEM

The categorization of the respiratory control sys-
tem employed above is a useful means of organizing
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and outlining the anatomic and physiologic informa-
tion available regarding its various components.
However, all normal physiologic functions and de-
rangements of respiratory control must consider the
integrated function of the entire system. Consider-
able information of clinical significance is best un-
derstood as it relates to the integrated ventilatory
response to the various chemical stimuli.

Respiratory Response to Increased CO,

The integration of the central respiratory centers
is normally coordinated, and thus arterial CO, is
maintained constant with relatively little variation.
Therefore, ventilation increases in a directly propor-
tional manner to increasing CO, production. This
response is reflected in the ventilatory response to
experimentally induced arterial hypercapnia (Fig 5).
During exercise, this occurs without arterial hyper-
capnia occurring. There is an important interaction
between hypercapnic and hypoxemic ventilatory re-
sponses. The slope of the ventilatory response to
increases in Paco, is greater in the presence of a
lower Pao, (Fig 6).#3 Although the majority of
normal subjects maintain a resting Paco, of 40 mm
Hg, there is substantial genetic variation in CO, and
oxygen sensitivity.** Genetic variation in drive may
explain some of the differences in blood gas tensions
in patients with COPD.#> Both hypercapnic and
hypoxemic ventilatory responses tend to decrease
with increasing age or formal exercise training.46-47
Pregnancy is associated with an increase in resting
VE primarily because of an increased VT. This begins
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FIGURE 6. Fan of lines showing the difference in ventilatory
response to Paco, at various fixed values for alveolar Po,. Note
that hypoxemia increases the slope of the ventilatory response to
Paco,. BTPS = corrected for physiologic body temperature,
pressure, and water saturation. Reprinted with permission from
Ganong!; see original source for references within Figure.
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in the first trimester but then remains relatively
constant thereafter. The hyperventilation is thought
to be secondary to the rise in progesterone blood
levels.48

Abnormalities of the response of the central con-
trol system’s to CO, may occur (eg, central alveolar
hypoventilation when lesions of the CNS are
present). If no lesions are detected, the condition is
called primary alveolar hypoventilation; the following
case history describes this condition.

Case 4: Primary Alveolar Hypoventilation. A 47-
year-old woman was referred for asymptomatic re-
spiratory acidosis with a pH of 7.35; Paco,, 49 mm
Hg; and Pao,, 67 mm Hg. Her medical history
included sick sinus syndrome, for which a pacemaker
was inserted, and postural hypotension secondary to
autonomic dysfunction. The physical examination
revealed a nonobese patient with a BP of 110/80 mm
Hg supine and 80/60 mm Hg standing, but the
findings were otherwise normal. A urine toxicology
screen showed no illicit drug use, and thyroid func-
tion tests and chest radiograph were normal. Spirom-
etry, lung volumes, diffusing capacity, MVV, and
negative inspiratory pressure were normal. A noctur-
nal polysomnogram demonstrated minimal central
apneas/hypopneas associated with mild desaturation
by pulse oximetry. A neurologic workup (including a
CT scan of the brain) was normal, and a provisional
diagnosis of primary alveolar hypoventilation was
made by exclusion. This was confirmed by the
arterial blood gas values after 5 min of voluntary
hyperventilation: pH of 7.52; Paco,, 29 mm Hg; and
Pao,, 93 mm Hg.

The diagnosis of primary alveolar hypoventilation
is ordinarily based on finding hypercapnia, hypox-
emia, and chronic respiratory acidosis in the absence
of respiratory muscle weakness, mechanical ventila-
tory defects, or an underlying neurologic disease.*
These patients, although often asymptomatic, may
have symptoms secondary to the combination of
hypercapnia and resulting hypoxemia. These may
include symptoms of cor pulmonale, morning head-
aches, daytime fatigue, somnolence, confusion, and
sleep disturbances. However, alveolar-arterial gradi-
ent, airflow rates, and lung volumes are usually
normal, as are MVV and PImax. In contrast, patients’
ventilatory and occlusion pressure responses to hy-
percapnia are reduced or absent, and they have an
abnormal ventilatory response to exercise associated
with further increases in their Paco, and a decrease
in Pao,.*® Their breath-holding time is also markedly
prolonged without the accompanying sensation of
dyspnea.?® Typically, these patients can voluntarily
hyperventilate to a normal or low Pacos,.

This case illustrates an important method that may

be useful to differentiate the cause of hypercapnia in
a patient. If the patient can, during voluntary hyper-
ventilation, lower Paco, to normal or below, then a
central mechanism depressing ventilation is at least
partially responsible for the hypercapnia. However,
if voluntary hyperventilation fails to lower Paco, to
normal, an alternative cause of the hypercapnia
should be sought. Primary alveolar hypoventilation
was diagnosed in this patient, as she effectively
hyperventilated on command, and no central lesions
effecting her central respiratory drive were identi-

fied.
Respiratory Response to Decreased Oxygen

The ventilatory response to hypoxemia varies de-
pending on the level of CO, and also varies between
individuals on a genetically determined basis.*345 It
also decreases with age and training.4647 The re-
sponse to a falling Pao, demonstrates an exponential
type of curve rather than the linear relationship of
increasing ventilation in response to increasing
Paco, (Fig 7). There is little increase in VE until the
Pao, falls to <60 mm Hg5' At this point, any
further decrease in Pao, causes a marked increase in
VE. However, if CO, is added to the inspired gas
during testing to cause hypercapnia, then the result-
ant ventilatory response is markedly increased (Fig
7). Conversely, if the Paco, is decreased during

Control of Ventilation
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FIGURE 7. Shown are the ventilatory response curves at three
different levels of alveolar CO,. Note that when PAco, is 36 mm
Hg, almost no increase in ventilation occurs until the Pao, is
reduced to about 50 mm Hg. Reprinted with permission from
West. 126
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testing, the ventﬂatory response to hypoxemia is
blunted.#3 The clinician should be alerted when the
patient is not dyspneic in the face of significant
hypoxemia, particularly when hypercapnia is also
present. In these patients, a low ventilatory drive
should be suspected, and reversible abnormalities
(eg, ventilatory-depressant drug use—opiates and
sedatives) or hypothyroidism should be considered.

Response to pH

Ventilation is stimulated by a primary metabolic
acidosis/acidemia and inhibited by alkalosis/alkale-
mia (Fig 5). This response is mediated primarily
through the peripheral chemoreceptors.* At any
level of Pao,, the carotid body responds to an
increase in hydrogen ions by increasing the firing
rate of the glomus cells and vice versa. In the clinical
setting, hyperventilation in response to metabolic
acidosis is easy to overlook. This is because the
primary mechanism of compensation involves an
increase in VT, which is more difficult to detect
clinically than an increase in respiratory rate.

In metabolic alkalosis, respiratory compensation
for the increased serum HCO;  occurs with a
decrease in minute alveolar ventilation. This elevates
Paco, to cause a respiratory acidosis, and tends to
normalize pH. This compensation is ultimately lim-
ited by the carotid chemoreceptors once Pao, begins
to decrease.?

CONTROL OF BREATHING IN SPECIAL
PHYSI0LOGIC CIRCUMSTANCES

Sleep
At sleep onset, the behavioral and cognitive influ-

ences on ventilatory control are largely eliminated.
VE and respiratory responses to exogenous (and

presumably endogenous) stimuli such as the re-
sponse to hypoxia and hypercapnia are generally
reduced.?>34 In addition, an increase in airflow
resistance typically occurs at sleep onset because of
relative hypotonia of the upper airway dilatory mus-
cles.” Ventilatory compensation to both added and
intrinsic resistance to breathing is also severely re-
duced during rapid eye movement (REM) sleep; this
explains why the majority of sleep-related ventilatory
disturbances are most severe during this phase of
sleep.?® These effects are summarized in Table 1.
Hypoventilation during slow-wave sleep is a product
of a decreased VT and respiratory rate resulting in a
2- to 7-mm Hg increase in Paco, and a reciprocal fall
in Pao,. A periodic breathing pattern following sleep
onset commonly occurs in stages 1 and 2 of sleep.
The respiratory pattern is notably most regular in
stages 3 and 4.57 Another notable change related to
the sleep state is the marked reduction in skeletal
muscle tone during REM sleep, sparing only the
diaphragm and ocular muscles. This decreased mus-
cle activity is thought to be caused by REM-related
supraspinal inhibition of the alpha motor drive and
the specific depression of fusimotor function, caus-
ing attenuation of the stretch and polysynaptic re-
flexes with decreased muscle tone.>® The diaphragm
is relatively spared because it contains very few
muscle spindles and is therefore much less affected
by these inhibitory impulses.?® However, during
phasic REM sleep, the contraction of the diaphragm
becomes uncoordinated (so-called “diaphragmatic
fragmentation”).®* In fact, respiration during phasic
REM sleep is very irregular and consists of sudden
changes in both respiratory amplitude and fre-
quency, which are linked to the rapid eye move-
ments. Sa0, is also lowest during this period.5!
Ventilation during REM sleep is primarily main-
tained through diaphragmatic contraction. It follows

Table 1—Effects of Sleep on Breathing*

Characteristics Slow-Wave Sleep REM Sleep

Alveolar ventilation Decreased due to |, Vrand | F Variable
Arterial Pco, 1 4-6 mm Hg Variable
Arterial PO, | 4-8 mm Hg Variable
Breathing pattern

Stages 1 and 2 Periodic Irregular

Stages 3 and 4 Regular 1 Foplus | VT
Diaphragmatic contraction No change No change
Intercostal contraction ! |
Upper airway muscle contraction ! |
Ventilatory response to CO, ) |
Ventilatory response to hypoxemia ! )
Response to lung afferents ! |
Response to respiratory muscle afferents ) |
*F = respiratory frequency.
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that any respiratory impairment in which diaphrag-
matic dysfunction is prominent (eg, paralysis, weak-
ness, or the hyperinflation of severe COPD) can
cause severe nocturnal hypoventﬂation, especially
during REM sleep.

Exercise

The usual ventilatory response to exercise is a
well-known and extensively studied phenomenon
consisting of four phases (Fig 8). However, the exact
mechanism involved in the control of this response is
unclear. It now seems likely that there are several
potential biological control mechanisms, and that a
number of them combine together in a complex
fashion to coordinate the overall response.

Phase I consists of an immediate increase in
baseline VE that occurs within seconds of the onset
of exercise, preceding any detectable changes in
Pao, or Paco,. This response is thought to be
neurally mediated by impulses originating from the
muscle spindles in the exercising muscles, tendons,
and proprioceptors in the joints. There may also be
stimuli that originate from a region of the brain
rostral to the pons and medulla (possibly the hypo-
thalamus and motor cortex) and operate indepen-
dently of the other stimuli.®? This phase is unaltered
by carotid body resection, hypoxia, or hypercap-
nig 63-65

Phase II of the ventilatory response to exercise
occurs within 20 to 30 s of exercise initiation, an
interval that approximates the circulation time for
venous blood from the exercising muscles to reach
the respiratory centers. This phase consists of a
slower and exponential increase in VE, oxygen up-
take (V0,), and CO, elimination. This increased
ventilation lags behind CO, production, and conse-
quently the respiratory exchange ratio and Pao,
decrease in association with an increase in Paco,
during this period.56
Exercise i Recovery
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FIGURE 8. The ventilatory response to exercise showing the
initial rapid increase that occurs at the onset (phase I), followed
by the slower and exponential increase (phase II), the steady state
(phase III), and the rapid decrease that occurs with cessation of
activity. Reprinted with permission from Wasserman et al.”!

Phase III of the respiratory response to exercise is
a steady state characterized by pulmonary gas ex-
change that matches the metabolic rate to maintain a
stable arterial Paco,, pHa, Pao,, and respiratory
exchange ratio that are similar to resting values.67 It
normally occurs within 4 min of exercise initiation
and is characterized by a generally constant respira-
tory frequency and VT, and a ventilatory response to
exercise that is linearly related to CO, output. The
magnitude of the steady-state ventilatory response
appears to be inversely related to the resting Paco,,
and the lower the Paco,, the greater the ventilatory
response to a given level of exercise. There is little
change in blood lactate concentration during this
phase. Patients who have undergone carotid body
resection show no impairment in their ability to
regulate Paco, during phase II1.6% Phase III ends
once the anaerobic threshold is reached.

Phase 1V is the final ventilatory response to exer-
cise. It begins at the point at which the anaerobic
threshold is reached. It is also known as the first
ventilatory threshold. At this point, oxygen consump-
tion exceeds oxygen delivery, and lactic acid accu-
mulates in arterial blood as a product of anaerobic
metabolism. This lactic acidosis produces an expo-
nential rise in VE, which is usually accompanied by a
decrease in Paco,.9%7 The second ventilatory
threshold is a second nonlinear increase in ventila-
tion that occurs when the subject reaches 70 to 90%
of their maximal Vo,. At this point, ventilation
increases disproportionately to both Vo, and CO,
elimination. This threshold is accompanied by prom-
inent arterial hypocapnia until exhaustion finally
occurs.57

Termination of exercise is associated with an
abrupt decrease in ventilation followed by an expo-
nential decay to resting levels. This abrupt decrease
is usually of a lesser magnitude than the abrupt
increase seen at the onset of exercise. It may be
secondary to the removal of neural stimuli from the
higher neural centers and exercising limbs, while the
slow decay may be related to the removal of
the remaining stimuli (hypoxia, hypercapnia, and
short-term potentiation) present during steady-state
exercise.%” The measurement of the ventilatory re-
sponse to exercise is a useful clinical tool that is often
used to evaluate the cause of dyspnea or exercise
limitation.

Altitude

The ventilatory response to altitude is largely
dependent on the degree of altitude and rate of
ascent. As altitude increases, barometric pressure
decreases; although the partial pressures of oxygen
and nitrogen remain unchanged, their absolute pres-
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sures decrease. Inspired oxygen tension is 150 mm
Hg at sea level and approximately 120 mm Hg at
5,200 feet; thus, the expected arterial Pao, decreases
from 100 to 70 mm Hg. This mild hypoxemia results
in an increase in alveolar ventilation and a lower
arterial Paco, (respiratory alkalosis).”

Acute mountain sickness may develop following
rapid ascent to moderate altitude as a result of
hypoxemia that causes cerebral vasodilatation with
increased perfusion pressure, leading to the devel-
opment of cerebral edema. Symptoms include
headache, nausea and vomiting, lethargy, and
sleep disturbances. Hypoxemia-induced hyperven-
tilation and pulmonary hypertension are probably
important in the common complaint of dyspnea at
altitude. Twenty-five percent of visitors to Rocky
Mountain ski resorts developed symptoms of acute
mountain sickness, usually within the first 12 h of
arrival. Persons who are younger, are less physi-
cally fit, live at sea level, have a history of acute
mountain sickness, or have underlying lung prob-
lems are more likely to develop this syndrome.™
Symptoms may be diminished or abolished either
by slow ascent, (eg, over a 5-day period) or by 2
days of prophylaxis with acetazolamide. This drug
induces a HCO3 ™ and sodium diuresis, causing a
hyperchloremic metabolic acidosis. This leads to
compensatory hyperventilation with subsequent
improvement in oxygenation and normalization of
breathing pattern during sleep.”™

High-altitude pulmonary edema is a form of
noncardiogenic pulmonary edema secondary to
hypoxia of high altitudes that may develop in
normal subjects without preexisting cardiac or
pulmonary disease. It occurs after 6 to 48 h at
altitudes of > 8,000 feet and is more common with
cold exposure and after exercise. The symptoms of
this illness consist of cough, severe dyspnea, chest
pain, and fatigue. On examination, these patients
may be febrile, tachypneic, tachycardic, and cya-
notic; their chest examination may reveal crackles
and wheezes. A chest radiograph initially shows
prominent pulmonary arteries and patchy, diffuse
infiltrates. The ECG shows sinus tachycardia and a
right ventricular strain pattern. Pulmonary artery
catheterization reveals elevated pulmonary artery
pressures, with a low pulmonary capillary wedge
pressure. Sao0, is 40 to 70%, and the mortality rate
is 4 to 11%. Treatment is centered on increasing
the fraction of inspired oxygen with supplemental
oxygen or increasing barometric pressure by rapid
descent. Nifedipine, a calcium-channel antagonist,
may be utilized in acute treatment and also for
prophylaxis in susceptible subjects.”™
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Normal Adaptations to Stress

Important insight into the capacity of the inte-
grated respiratory control system to respond to
acute disease states can be gained by experimen-
tally inducing acute respiratory muscle fatigue in
subjects with a normal respiratory apparatus. Fol-
lowing a brief interval of breathing against a high
resistance, normal subjects develop respiratory
muscle fatigue, measured by a reduction in their
ability to reach or sustain normal high (negative)
inspiratory pressures.”™ When exposed to the stim-
ulus of CO, rebreathing while in this fatigued
state, these subjects maintain their ventilatory
response to CO,, but do so at lower inspiratory
pressures with smaller, more frequent breaths (e,
rapid shallow breathing).” In addition, if these
subjects with experimentally induced acute respi-
ratory muscle fatigue are subjected to heavy exer-
cise, ventilation is also maintained at prefatigue
exercise values, but again with smaller, more
frequent breaths.” This is accomplished by re-
cruitment of abdominal muscles to augment the
efforts of the fatigued respiratory apparatus.” As
can be surmised by this information, these exper-
imental observations correspond to the well-
known pattern of rapid shallow breathing and
accessory muscle use employed to sustain VE in
acute asthmatics. Thus, the ventilatory control
system rapidly employs a variety of compensatory
mechanisms in the service of its ultimate function.

CONTROL OF BREATHING IN VARIOUS DISEASE
STATES

Asthma

Symptomatic asthmatics normally breathe at a
normal or increased frequency.”™ Their ventilatory
drive (as measured by mouth occlusion pressure)
increases during exacerbations, probably in response
to the resistive load imposed by increased airflow
resistance.™ This compensation is usually excellent,
as most asthmatics hyperventilate during an episode
of wheezing with dyspnea. Although asthmatics are
usually hypoxemic during attacks, supplemental ox-
ygen does not significantly raise the low Paco,,
suggesting that hypoxemia is not the cause of the
hypocapnia. The hyperventilation during acute
asthma attacks is primarily caused by an increased
respiratory rate and is not accompanied by an in-
creased V1.7 This is the reverse of the respiratory
pattern response seen in asthmatics during broncho-
constriction iatrogenically induced by either metha-
choline or exercise, where VE increases because of
increases in VT alone, with no increase in the
respiratory rate. A possible explanation for these
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different responses is the presence of severe airway
inflammation during an acute asthma attack that is
absent in the bronchoconstrictor challenge induced
by methacholine or exercise.”™

The clinical importance of increased respiratory
drive in severe asthma is well known to physicians, as
the majority of asthmatics have a low Paco, on
presentation for emergency care. A normal or in-
creased Paco, signifies severe airway obstruction,
patient fatigue, and incipient ventilatory failure.
These attacks may be fatal and mandate careful
observation and monitoring of the patient.

A final issue of potentially life-saving clinical im-
portance is that asthmatic patients with histories of
acute asthma and respiratory failure (near-fatal
asthma) may have an inherently blunted perception
of the resistance to their breathing imposed by
worsening bronchospasm. Thus, they are unable to
sense when they are reaching the point of critical
airflow obstruction.® It is of utmost importance that
these patients routinely monitor some objective mea-
sure of lung function, such as peak expiratory flow
rate, to determine when their airflow obstruction is
progressing. In this way, they can modify their
treatment early and prevent life-threatening exacer-
bations.

COPD

The clinical importance of the ventilatory response
to CO, in COPD is illustrated by the following cases
of normocapnic vs hypercapnic COPD patients. In
this section, we will also discuss several other venti-
latory control issues unique to these patients.

Case 5: Severe COPD Without CO, Retention. A
50-year-old white woman presented to the pulmo-
nary clinic with complaints of progressive dyspnea
on exertion and weight loss for the past 5 years.
She denied any cough, phlegm, or peripheral
edema. Her medical history was significant for a
60—pack-year history of cigarette smoking. Exam-
ination of her chest revealed hyperinflation with
poor air entry bilaterally but no wheezing. Extrem-
ities showed no clubbing, cyanosis, or edema. Her
chest radiograph showed evidence of hyperin-
flation with bullous changes and a small heart.
Spirometry demonstrated an FEV, of 0.47 L
(18% of predicted) and an FVC of 2.8 L (86% of
predicted). Arterial blood gas analysis on room air
showed a pH of 7.42; Paco,, 36 mm Hg; Pao,, 68
mm Hg; and serum HCO; ™, 24 mEq/L.

This woman has severe COPD, yet nonetheless
manages to maintain a normal Paco, and pH. She
can be contrasted to the following patient from our
practice.

Case 6: Severe COPD With CO, Retention. A
72-year-old white woman with a 40—pack-year his-
tory of cigarette smoking presented with cough,
increasingly purulent sputum, dyspnea and paroxys-
mal nocturnal dyspnea, worsening lower extremity
edema, and weight gain. Physical examination re-
vealed cyanosis, increased jugular venous pressure,
decreased breath sounds, wheezing, prolonged expi-
ration, and bilateral lower extremity edema. Her
chest radiograph showed increased bronchovascular
markings and an enlarged heart. Spirometry demon-
strated an FEV, of 0.74 L (31% of predicted) and an
FVC of 2.43 L (73% of predicted). Arterial blood gas
analysis on room air showed a pH of 7.35; Paco,, 52
mm Hg; Pao,, 60 mm Hg; and serum HCO; ™, 29
mEq/L. These values were consistent with a com-
pensated respiratory acidosis.

These cases juxtapose two patients from our prac-
tice with severe COPD. The most notable fact is that
the first patient (case 5) with the greater airflow
obstruction (FEV,, 0.46 L) has a normal arterial
CO.,, while the second, with less severe obstruction
(FEV,, 0.74 L), has hypoventilation and a respiratory
acidosis. The causes of hypercapnia in COPD are
multiple and complex, and include the degree of
airflow obstruction, inspiratory muscle function, the
native ventilatory response to CO,, the coexistence
of nocturnal hypoventilation, and other less well-
defined features. The most important determinant of
arterial CO,, retention in these patients is the mag-
nitude of airflow obstruction. This has been studied
previously in a group of COPD patients.®! Very few
patients with an FEV, of =1 L had Paco, values
>40 mm Hg. However, this study also demon-
strated great variability in the degree of CO, reten-
tion for any level of FEV, reduction of <1 L.
Therefore, the degree of CO, retention in patients
with COPD with lung function in this range seems to
be determined by other factors.

Another possible explanation for chronic hypercap-
nia is inspiratory muscle dysfunction or weakness in
association with an increase in lung resistance.?2 This
decrease in inspiratory muscle strength is probably
caused by a combination of increased lung volumes
together with shortening of the diaphragm and other
inspiratory muscles or generalized muscle weakness
affecting the respiratory muscles. This combination of
inspiratory muscle weakness and increased lung resis-
tance is associated with hypercapnia and may be a
protective strategy to avoid overloading the inspiratory
muscles, thereby causing fatigue and ultimately irre-
versible respiratory failure.

One interindividual factor that may contribute to
this variable hypercapnia in COPD patients is the
native ventilatory response to Paco,. This concept of
inherent differences in the ventilatory response to
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CO, arose from the observation that considerable
variability existed in the magnitude of the ventilatory
response to experimentally induced increases in
arterial PCO, in normal subjects. In accord with this
concept, subjects with high ventilatory responses to
abnormal blood gases who went on to develop even
severe COPD would adapt to their disease by main-
taining normal blood gases by increasing total VE,
thereby preserving alveolar ventilation and reason-
able blood gas values. Those with native low venti-
latory responses to CO, would, alternatively, adapt to
increasing airflow obstruction by tolerating arterial
CO, retention, and therefore hypoventilate and de-
velop respiratory acidosis. According to this para-
digm, COPD patients have been classified into those
with high ventilatory responses to abnormal blood
gases (type A; pink puffers) and those with low
responses (type B; blue bloaters), with additional
distinguishing characteristics (Table 2). A genetic
basis for attenuated respiratory drive is supported by
the observation that adult children of pink puffers
have higher ventilatory chemosensitivity than off-
spring of blue bloaters do.*>

Another factor that may account for variable arte-
rial CO,, retention (hypoventilation) in severe COPD
patients is a correspondingly variable coincidence of
sleep-related hypoventilation: those with the most
sleep-disordered breathing having daytime hypoven-
tilation and those with normal ventilation during
sleep having the least hypoventilation. In support of

this hypothesis, hypercapnic COPD patients have a
higher association of sleep-related upper airway
compromise compared with those who are eucap-
nic.% In addition, patients with obstructive sleep
apnea (OSA) syndrome and concurrent COPD have
higher daytime Paco, values than those without
COPD.%> Although we neither perform nor recom-
mend nocturnal polysomnograms in COPD patients
per se, we try to keep the coincidence of these
conditions in mind.

Some COPD patients with CO, retention will
develop worsening respiratory acidosis when given
supplemental oxygen that raises their Pao, to > 70
mm Hg, an effect that is usually attributed to the loss
of their hypoxic stimulus to breathe. However, re-
duction in hypoxic ventilatory drive may not be the
sole mechanism causing increasing hypercapnia in
this group. A second potential explanation for the
arterial hypercapnia associated with supplemental
oxygen administration in this patient group is wors-
ening V/Q mismatch resulting in a significant in-
crease in the dead space—to-VT ratio.56:57

V/Q mismatch occurring under these circum-
stances may be explained as follows. Before supple-
mental oxygen use, areas of local alveolar hypoxia
produce  pulmonary hypoxic  vasoconstriction,
thereby diverting the flow of CO,-rich blood from
poorly ventilated to better ventilated lung segments.
When supplemental oxygen reverses local hypox-
emia, pulmonary hypoxic vasoconstriction reverses

Table 2—Differentiating Features in Advanced Chronic Airflow Obstruction*

Features

Type A (Pink Puffer)

Type B (Blue Bloater)

Symptoms

is common; minimal or no cough;

Dyspnea (first and predominant symptom); Cough and sputum production with frequent chest
patients are usually thin, and weight loss

infections; stocky build; recurrent or persistent signs of
right heart failure

hyperinflated lung fields; no signs of cor

pulmonale
Routine laboratory studies
Chest radiograph

Arterial blood gases

Paco,
Total lung capacity Increased
DLco Decreased
Hematocrit Normal
Specialized laboratory studies
Inspiratory resistance Normal
Pulmonary compliance Increased

V/Q distribution Increased VD/VT

Hemodynamics

Mild pulmonary hypertension

Ventilatory performance and gas
exchange during exercise

Gas exchange during sleep

Normal or decreased cardiac output

Increased ventilatory equivalent (VE/VO,)
D1co fails to increase normally
Decreased Pao,; small rise in Paco,
Moderate degree of oxygen desaturation

Hyperinflation; decreased vascular markings Normal or increased markings at lung bases (so-called

dirty-chest appearance)

Mildly reduced Pao,; normal or decreased Marked reduction in Paoy; increased Paco,

Normal or slightly increased
Normal
Increased

Increased

Normal

Increased regions of low Va/Q

Normal cardiac output

Marked pulmonary hypertension

Decreased VE/VO,

DLCoO increases normally

Pao, may increase; moderate rise in Paco,
Frequent periods of profound oxygen desaturation

*Drco = diffusing capacity of the lung for carbon monoxide; Vb/VT = physiologic dead space ventilation; Va/Q = ventilation/perfusion ratio.
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and allows for perfusion of very poorly ventilated
lung segments, increasing the proportionate amount
of dead space and reducing effective alveolar venti-
lation, thus allowing arterial CO, to rise. Finally,
Paco, may increase with supplemental oxygen ad-
ministration because of a concurrent decrease of the
CO,, carrying capacity of the hemoglobin molecule
secondary to the increasing oxygenation. This results
in an altered steady-state relationship between car-
boxyhemoglobin and Paco,, which raises the latter
by several millimeters of mercury. This is known as
the Haldane effect.58

COPD patients have an increased neural drive to
their respiratory muscles, as measured by surface
electromyographic activity of the diaphragm associ-
ated with an increased respiratory rate and low V1.5
This increased drive seems to be greater in hyper-
capnic COPD patients than in normocapnic patients,
and may be related to mechanical (pulmonary and
chest wall) and chemical (hypoxic) afferents. This
theory is in contrast to the concept of an inherited
decreased ventilatory response to CO, in patients
who develop CO, retention.*> This increased respi-
ratory drive is probably needed to overcome both
increased airway resistance and mechanically disad-
vantaged respiratory muscles. The latter is a product
of several factors: flattening of the diaphragm (mus-
cle shortening) causes the muscle to operate on a less
favorable portion of its length-tension curve. There is
also a decreased radius of curvature of the dia-
phragm, which requires an increased motor input to
generate the same transdiaphragmatic pressure.
Lastly, hyperinflation of the lungs and chest wall
reverses the normally outwardly directed chest wall
recoil forces, which assist inspiration. These factors
together contribute to a reduction in inspiratory
muscle strength that can be measured as a decrease
in the PImax.8390 For these reasons, an increased
neural drive to breathe is required to maintain the
same level of alveolar ventilation in patients with
COPD compared with normal subjects.

Obesity-Hypoventilation Syndrome

Obesity-hypoventilation syndrome is another
sleep-related disorder affecting the control of venti-
lation. This is illustrated by the following case his-

tory.

Case 7: Obesity-Hypoventilation Syndrome. A 65-
year-old woman was evaluated for bilateral knee
replacement surgery. During her preoperative as-
sessment, she was noted to be cyanotic with an Sao,
of 80% by pulse oximetry. The patient admitted to
cough, shortness of breath with exertion, and swollen
ankles for several years. She had daytime hypersom-

nolence but was not noted to be a loud snorer. Her
medical history included hypertension and gout, for
which she was taking medications. She was a non-
smoker and had no previous history of pulmonary
disease. On examination, she was 5 feet, 2 inches tall,
and weighed 252 lb. Mental status, chest, cardiovas-
cular system, and abdominal examinations were nor-
mal. She had 2+ pitting edema of both lower
extremities up to the level of the knees associated
with venous stasis dermatitis. Initial laboratory data
included a hematocrit of 58%; arterial blood gas
assessment showed a pH of 7.36; Pco,, 55 mm Hg;
Pao,, 45 mm Hg; and HCO;™, 34 mEq/L. Spirom-
etry showed mild obstruction with an FEV, of 1.3 LL
(70% of predicted) and an FEV,/FVC of 0.68. A
chest radiograph showed prominent pulmonary ar-
teries bilaterally. An echocardiogram showed a se-
verely dilated right atrium and right ventricle with an
estimated pulmonary artery systolic pressure of 80
mm Hg. A diagnosis of obesity-hypoventilation syn-
drome was made. The patient was treated with
nocturnal bilevel continuous positive airway pressure
(CPAP) ventilation by nasal mask and dramatically
improved over a period of 3 months.

Patients with obesity-hypoventilation (pickwick-
ian) syndrome usually have hypersomnolence, day-
time hypoventilation, hypoxemia with the develop-
ment of pulmonary hypertension, and subsequent
right-sided cardiac failure.®! The daytime hypersom-
nolence is related to their disturbed sleep.®? These
patients have marked depression of both their hy-
percapnic and hypoxic respiratory drives, accompa-
nied by an abnormal and irregular pattern of breath-
ing during sleep that persists during the waking
state.”> They have an increased respiratory rate
(25%) and a decreased VT (25%) compared with
subjects with simple obesity. In contrast to subjects
with simple obesity, the inspiratory muscles are weak
and ventilatory drive is not increased to meet the
extra WOB. Both VC and expiratory reserve volume
are reduced.”* The cause of their daytime arterial
hypercapnia is believed to be increased mechanical
impedance to breathing related to severe obesity
combined with a decreased central respiratory
drive 959 This daytime hypercapnia differentiates
them from OSA patients. Although obesity-hypoven-
tilation syndrome is often associated with OSA or
central sleep apnea, this is not always the case; this
combination is associated with worse hypoxemia and
hypercapnia. The primary treatment involves weight
loss combined with improving oxygenation through
the use of supplemental nocturnal oxygen and the
relief of any concurrent OSA through the use of
nocturnal nasal CPAP or tracheostomy.97-95 Weight
loss is effective by reducing the mechanical imped-
ance to breathing. Nasal CPAP alone or bilevel
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CPAP ventilation corrects abnormal ventilatory drive
and nocturnal hypoventilation with subsequent im-
provement in daytime blood gases.?1% The en-
hancement of central respiratory drive by drugs such
as medroxyprogesterone is sometimes effective.!0!

CSR

CSR is a disorder of breathing pattern character-
ized by a progressive increase in VT followed by a
decrease, occurring in a cyclical pattern associated
with intervening periods of apnea. It is a form of
periodic breathing that may occur in a variety of
situations in adults, such as neurologic disease, con-
gestive heart failure, and ascent to altitude.!°2 CSR is
illustrated by the following case history.

Case 8: CSR in a Patient With Neurologic Disease.
A 68-year-old white man fell off the roof of a barn
and landed on his right side. On admission, a CT
scan revealed fractures of the right skull base, pari-
etal bone, and zygomatic arch, with a small epidural
hematoma. He required a tracheostomy initially for
airway protection and ventilatory support, but was
weaned off the ventilator 6 days later. He then
developed mental status changes and left lower
extremity weakness. A repeat CT scan showed a
hypodense area in the right temporo-occipital lobe
thought to be the result of an ischemic cerebrovas-
cular accident. The patient improved, and his trache-
ostomy was removed. He was transferred to a reha-
bilitation program, where desaturation during sleep
and breathing pauses lasting up to 23 s associated
with a fall in SA0, were noted. An overnight poly-
somnogram demonstrated frequent episodes of cen-
tral apnea, each associated with significant oxygen
desaturation approaching 80%, producing an apnea/
hypopnea index of 43/h. Very rare obstructive apneic
events and no snoring were noted. A trial of CPAP
resulted in no improvement in the frequency or
duration of the apneas. Supplemental nocturnal ox-
ygen at 2 L/min markedly improved his sleep-
disordered breathing.

This classic case of CSR caused by CNS dysfunc-
tion illustrates how a neurologic disease such as a
cerebrovascular accident can affect the control of
breathing. In this setting, CSR is usually associated
with bilateral supramedullary damage in conjunction
with a depressed level of consciousness, such as
occurs during sleep, sedation, or diffuse cortical
injury.'*2 Periodic breathing is most obvious during
non-REM sleep, and is often misdiagnosed as typical
OSA unless a sleep study is performed to differenti-
ate the cause of the irregular breathing.

CSR is also associated with congestive heart failure
and an increased mortality in these patients.'%3 This
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may be the result of the associated unusually high
sympathetic nervous system activity present during
sleep as a consequence of these apneas. When
patients with congestive heart failure and CSR are
treated with nocturnal nasal CPAP, a significant
improvement in left ventricular ejection fraction
occurs over a 3-month period, possibly related to an
associated decrease in sympathetic nervous activity
resulting from the diminution in CSR.1%* This novel
treatment remains experimental, as others have not
reproduced these findings.!*> Supplemental oxygen
may be used as treatment and tends to eliminate or
decrease CSR in congestive heart failure by elimi-
nating hypoxemia, which contributes to respiratory
cycling. 106

CSR secondary to heart failure may also be treated
with oral theophylline. This results in a significant
reduction in the number of episodes of apnea and
hypopnea per hour and also decreases the total
percentage of sleep time during which Sao, is
< 90%. These beneficial effects occur without dete-
rioration in sleep quality or increase in ventricular
arrhythmias. It is believed that theophylline im-
proves periodic breathing because it competes with
adenosine receptors in the CNS. Adenosine is known
to be a respiratory depressor.'” Thus, by inhibiting
adenosine receptors, theophylline stimulates respira-
tion and results in a decreased number of central
apneas.'% Although theophylline is a somewhat ef-
fective treatment for CSR in heart failure, it is not
generally recommended for patients with underlying
neurologic diseases because it may induce sei-
zures.'% Although periodic breathing may not re-
quire therapy, treatment is indicated for severe
oxygen desaturation or if there is compromise in
sleep quality resulting from the arousals that occur
during maximal hyperpnea.

Sleep at altitude is associated with periodic breath-
ing.”! Sleep at an altitude of 14,000 feet was charac-
terized by central apneas in normal subjects in a
study investigating sleep and respiratory patterns at
sea level and following a stay of several days on a
mountain summit.11° Acetazolamide can be used to
reduce periodic breathing at altitude and often
results in improved sleep quality. Interestingly, CO,
will eliminate periodic breathing induced by hypoxia,
probably as a result of the elimination of hypocapnia,
thus preventing Paco, from falling below the apneic
threshold.!" This has been used in experimental
situations only.

Neuromuscular Disease

Neuromuscular diseases are often associated with
abnormalities of ventilatory control with associated
hypoventilation, particularly during sleep, and a re-
duced ventilatory response to CO, and oxygen.!'2 Of
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important clinical significance is the fact that patients
with certain neuromuscular diseases may have severe
derangements in arterial blood gases without impres-
sive symptoms. These patients increase their respi-
ratory rate rather than VT in response to hypercapnia
and hypoxemia.'' This rapid and shallow breathing
response is thought to be an attempted compensa-
tion aimed at increasing ventilation with minimal
increase in the WOB. This is a particularly important
feature of patients with chest wall deformities (ky-
phoscoliosis) in whom thoracic compliance is low.
Accordingly, there is a less impressive increase in
total alveolar ventilation due to increased dead space
ventilation. This is in comparison with the normal
response of increased VT in response to hypercapnia
or hypoxemia. The tachypnea may then cause wors-
ening respiratory muscle fatigue leading to further
reduction in VT. Respiratory failure typically compli-
cates advanced neuromuscular disease by compro-
mising effective respiratory muscle function. Death
in these patients is usually caused by progressive
respiratory failure and superimposed infections sec-
ondary to aspiration as a result of pharyngeal dys-
function. One method of preventing decompensa-
tion of alveolar ventilation during sleep is with the
use of either nasal bilevel ventilation or through the
placement of a tracheostomy and mechanical venti-
lation."14.115 This is illustrated by the following case

history.

Case 9: Respiratory Failure Due to Duchenne’s
Muscular Dystrophy. A 24-year-old white man
with Duchenne’s muscular dystrophy presented
with progressive shortness of breath at rest over 2
months. On physical examination, he was tachy-
pneic. Chest examination revealed thoracic spine
scoliosis and tachypnea with shallow respiration
but otherwise normal breath sounds. He had

diffuse muscle wasting and profound weakness of

both his upper and lower extremities with
pseudohypertrophy of his calves and contractures
of his ankles. Arterial blood gas analysis on room
air showed a pH of 7.32; Paco,, 79 mm Hg; and
Pao,, 42 mm Hg. His chest radiograph showed
mild cardiomegaly with prominent pulmonary ar-
teries and increased vascular markings. Maximum

inspiratory force was —25 cm H,0. A diagnosis of

chronic respiratory failure due to Duchenne’s
muscular dystrophy was made. The patient was
treated with nasal bilevel positive airway pressure
ventilation during sleep. Two weeks later, arterial
blood gas analysis off ventilation improved to a pH
of 7.39; Paco,, 55 mm Hg; and Pao,, 71 mm Hg;
his dyspnea at rest resolved. Over the course of the
day while the patient was off bilevel ventilation,
repeat sequential blood gas analyses showed a

rising Paco,, a falling pH, and a slow decrease in
Pao,.

It is now known that nocturnal hypoventilation
precedes resting daytime gas exchange abnormali-
ties, probably accounting for the presenting symp-
toms of disturbed sleep, increasing daytime hyper-
somnolence, morning headaches, and features of cor
pulmonale despite reasonably normal daytime gas
exchange.!'® These patients typically have general-
ized muscle weakness of a proportionately severe
degree, including pharyngeal airway dysfunction.
Therefore, the impending respiratory failure is a
conspicuous, rather than an unexpected, feature of
their illness. However, disproportionate respiratory
muscle dysfunction with respiratory failure can oc-
cur, especially in patients with associated kyphosco-
liosis. Regardless of the status of the associated
muscle weakness, respiratory failure can be antici-
pated when the VC falls to < 55% of predicted, and
the maximum inspiratory force falls to <30% of
predicted.!'” Patients with neuromuscular disease
typically have a rapid, shallow breathing pattern with
accessory muscle use, especially under respiratory
duress.!13 A variety of ventilatory control abnormal-
ities have been suggested in patients with neuromus-
cular disease.!’?> However, as a rule, all important
abnormalities in the ventilatory response to blood
gases with chest wall mechanical dysfunction and in
breathing during sleep are best viewed as a direct
consequence of the primary abnormality of respira-
tory muscle. We routinely follow patients with
progressive neuromuscular diseases (eg, muscular
dystrophy, amyotrophic lateral sclerosis) with spi-
rometry and pulse oximetry, and occasionally obtain
arterial blood gases. The onset of symptoms such as
dyspnea at rest, disturbed sleep, morning headaches,
and daytime hypersomnolence is the usual indication
for the initiation of treatment, which is usually
bilevel positive airway pressure delivered noninva-
sively by nasal mask. Ventilatory treatment is
initiated empirically and titrated using nocturnal
arterial blood gases and pulse oximetry. The com-
monplace occurrence of a dramatic relief of symp-
toms as well as improved daytime respiratory
function is very gratifying to these patients.!!'s In
addition, abnormalities of daytime arterial blood
gases are frequently reversed by effective nonin-
vasive nocturnal ventilatory support.!'* This oc-
currence lends some credence to the hypothesis
that respiratory muscle fatigue, which has been
reversed by restlng the resplratory muscles at
night, is a major factor contributing to the terminal
chronic respiratory failure in these patients.
Other authors dispute this conclusion with good
reason.!18
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DRUGS AND THE CONTROL OF BREATHING

From a clinical standpoint, the most important
classes of drugs that influence ventilatory control are
the inhalational anesthetics, narcotics, and minor
tranquilizers. Inhalational anesthetics such as halo-
thane, ether, and nitrous oxide cause respiratory
depression in normal subjects by decreasing resting
VE and the response to increasing Paco, or hypox-
emia.''® In patients with severe COPD but without
CO, retention, there is substantially more hypoven-
tilation during light halothane anesthesia than in
normal subjects. Characteristically, such COPD pa-
tients display a decrease in VT, producing an in-
crease in the ratio of dead space to VT. The degree
of hypoventilation in COPD patients is inversely
related to preoperative FEV.120

Narcotics such as morphine, meperidine, fentanyl,
and methadone typically cause mild arterial hyper-
capnia in clinically recommended doses. For exam-
ple, morphine caused an increase in arterial Paco, of
4.0 = 1.8 mm Hg 45 min after a slow IV injection of
10 mg in normal-sized subjects.'?! Barbiturates have
similar but less severe effects, but are comparatively
rarely used in recent years. Benzodiazepines (eg,
diazepam, lorazepam, and midazolam) have respira-
tory-depressant properties. With oral administration,
this effect is usually mild compared with their seda-
tive properties, unless another substance such as
ethanol is present concurrently. In one study, both
midazolam, 7.5 mg, and diazepam, 5 mg, given orally
had no effect on either ventilation at rest or on the
ventilatory responses to hypoxia and hypercapnia in
normal subjects.’? Although oral benzodiazepines
do not usually cause an increase in Paco, in COPD
patients, very cautious use is recommended during
exacerbations, as hypoventilation may occur. By con-
trast, when administered parenterally, benzodiaz-
epines suppress ventilatory responses to hyperoxic
hypercapnia and isocapnic hypoxia. In a study of
patients with COPD, an IV dose of diazepam of 0.11
mg/kg caused a significant decrease in VT, a reduced
response to CO,, and an increased Paco, and phys-
iologic dead space ventilation.!23

Alcohol alone tends to depress the ventilatory
response to CO, and will shift the response curve to
the right. However, Paco, remains unchanged un-
less serum ethanol concentration is > 350 mg/dL.!2*

Respiratory stimulants include doxapram, ami-
nophylline, and progesterone. All increase VE and
decrease Paco,.!"¥ Methylprogesterone can be used
to stimulate ventilatory drive in patients with obesity-
hypoventilation syndrome.'°! Drugs such as the opi-
oid antagonist naloxone and the benzodiazepine
antagonist flumazenil may be used to counter the

222

respiratory depressive effects of these drugs. They
are particularly useful in the acute treatment of the
overdose patient.!?

CONCLUSION

Our knowledge of the control of ventilation is
constantly evolving through continued clinical and
basic research. Abnormalities of respiratory drive are
often overlooked in clinical practice. They should be
considered whenever the level of respiratory muscle
weakness, intrapulmonary gas exchange abnormali-
ties, or lung mechanical dysfunction cannot explain
deranged blood gases. Breathing abnormalities tend
to be more severe during sleep than during wakeful-
ness, and they have serious consequences. The ef-
fective management of ventilatory control abnormal-
ities has important prognostic implications in the
setting of both acute and chronic disease.
ACKNOWLEDGMENT: The authors would like to gratefully

acknowledge Kathryn Caruana-Montaldo for the preparation of
this manuscript.

REFERENCES

—

Ganong WF. Regulation of respiration. In: Review of med-
ical physiology. 16th ed. Norwalk, CT: Appleton & Lange,
1993; 611-619
2 McDonald D. Peripheral chemoreceptors. In: Hornbein TF,
ed. Regulation of breathing (part I). New York, NY: Marcel
Dekker, 1981; 106—110
3 Bee DH. The carotid body: a review of its anatomy,
physiology and clinical importance. Monaldi Arch Chest Dis
1993; 48:48-53
4 Gonzales C, Almara L, Obeso A, et al. Oxygen and acid
chemoreception in the carotid body receptors. Trends Neu-
rosci 1992; 15:146-153
Lugliali R, Whipp BJ, Seard C, et al. Effect of bilateral
carotid body resection on ventilatory control at rest and
during exercise in man. N Engl | Med 1971; 285:1105-1111
6 Wade ]G, Larson CP, Hickey RF, et al. Effect of carotid
endarterectomy on carotid chemoreceptor and baroreceptor
function in man. N Engl | Med 1970; 282:823-829
7 Honda Y. Respiratory and circulatory activities in carotid
body-resected humans. ] Appl Physiol 1992; 73:1-8
8 Bruce EN, Cherniak NS. Central chemoreceptors. | Appl
Physiol 1987; 62:389-402
9 Guyton AC. Regulation of respiration, and respiratory ab-
normalities. In: Human physiology and mechanisms of
disease. Philadelphia, PA: WB Saunders, 1982; 318-328
10 Guyton AC, Hall JE. Regulation of respiration. In: Guyton
AC, Hall JE, eds. Textbook of medical physiology. Philadel-
phia, PA: WB Saunders, 1996; 525-535
11 vonEuler C. On the central pattern generator for the basic
breathing rhythmicity. ] Appl Physiol 1983; 55:1647-1659
12 Nattie EE. Central chemoreception. In. Dempsey JA, Pack
Al eds. Regulation of breathing. 2nd ed. New York, NY:
Marcel Dekker, 1995; 473-510
13 Bledsoe SW, Hornbein TF. Central chemoreceptors and the
regulation of their chemical environment. In: Hornbein TF,
ed. Regulation of breathing (part I). New York, NY: Marcel
Dekker, 1981; 347—-428

ut

Reviews



14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

Sant’ Ambrogio G. Nervous receptors of the tracheobron-
chial tree. Annu Rev Physiol 1987; 49:611-627

Berger AJ, Mitchell RA, Severinghaus JW. Regulation of
respiration, Part I. N Engl | Med 1977; 297:92-96
Manning HL, Schwartzstein RM. Pathophysiology of dys-
pnea. N Engl | Med 1995; 333:547-553

Trippenbach T. Pulmonary reflexes and control of breathing
during development. Biol Neonate 1994; 65:205-210
Dodd DS, Brancatisano T, Engle LA. Chest wall mechanics
during exercise in patients with severe chronic air-flow
obstruction. Am Rev Respir Dis 1984; 129:33-38

Sellick H, Widdicombe JG. Stimulation of lung irritant
receptors by cigarette smoke, carbon dust and histamine
aerosol. ] Appl Physiol 1971; 31:15-19

Sampson SR, Vidruk EH. Properties of “irritant” receptors
in canine lungs. Respir Physiol 1975; 25:9-22

Sellick H, Widdicombe JG. Vagal deflation and inflation
reflexes mediated by lung irritant receptors. Q J Exp Physiol
1970; 55:153-163

Sant’ Ambrogio G. Information arising from the tracheo-
bronchial tree of mammals. Physiol Rev 1982; 62:531-569
Schwartzstein R, Lilly ], Isracl E, et al. Breathlessness of
asthma differs from that of external resistive loading [ab-
stract]. Am Rev Respir Dis 1991; 143(suppl):A596

Paintal AS. The mechanism of excitation of type | receptors
and the ] reflex. In: Porter R, ed. Breathing: Hering-Breuer
centenary symposium. London, UK: Churchill, 1970; 59-71
Coleridge JCG, Coleridge HM. Afferent vagal C fiber
innervation of the lungs and airways and its significance. Rev
Physiol Biochem Pharmacol 1984; 99:1-110

Phillipson EA, Hickey RF, Bainton C, et al. Effect of vagal
blockade on regulation of breathing in conscious dogs.
] Appl Physiol 1970; 29:475-479

Cotton D], Bleecker ER, Fischer SP, et al. Rapid, shallow
breathing after ascaris suum antigen inhalation: role of vagus
nerves. | Appl Physiol 1977; 42:101-106

Adams M, Farkas GA, Rochester DF. Vagal afferents,
diaphragm fatigue, and inspiratory resistance in anesthetized
dogs. J Appl Physiol 1988; 64:2279-2286

Eisele JH, Jain SK. Circulatory and respiratory changes
during unilateral and bilateral cranial nerve IX and X block
in two asthmatics. Clin Sci 1971; 40:117-125

Guz A, Noble MIM, Eisele JH: Breathing: Hering-Breuer
centenary symposium. London, UK: Churchill, 1970;
315-336

Mitchell RA, Berger AJ. Neural regulation of respiration. In:
Hornbein TF, ed. Regulation of breathing (part I). New
York, NY: Marcel Dekker, 1981; 541-620

Duron B. Intercostal and diaphragmatic muscle endings and
afferents. In: Hornbein TF, ed. Regulation of breathing
(part I). New York, NY: Marcel Dekker, 1981; 473-540
Estenne M, Yernault JC, Troyer DE. A mechanism of relief
of dyspnea after thoracentesis in patients with large pleural
effusions. Am | Med 1983; 74:813-819

Berger AJ, Mitchell RA, Severinghaus JW. Regulation of
respiration, Part II. N Engl | Med 1977; 297:138-143
Plum F, Alvord EC. Apneustic breathing in man. Arch
Neurol 1964; 10:101-112

Howard RS, Wiles CM, Hersch NP, et al. Respiratory
involvement in multiple sclerosis. Brain 1992; 115:479-494
Martin |, Aubier M, Engel LA. Effects of inspiratory loading
on respiratory muscle activity during expiration. Am Rev
Respir Dis 1982; 125:352-358

Mithoeffer JC. Breath holding. In: Handbook of physiology:
respiration (section 3, vol II). Washington, DC: American
Physiology Society, 1964; 38:1011-1025

Ganong WF. Pulmonary function. In: Review of medical

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

physiology. 16th ed. Norwalk, CY: Appleton & Lange, 1993;
587-603

West JB. Mechanics of breathing. In: Satterfield TS, ed.
Respiratory physiology. Baltimore, MD: William & Wilkins,
1990; 87-89

Estenne M, Yernault JC, De Smet [M, et al. Phrenic and
diaphragm function after coronary artery bypass grafting.
Thorax 1985; 40:293-299

Roy TM, Fields CL, Hobenstein KR. Bilateral diaphragm
paralysis: recognition and treatment. Respir Manage 1992:
22: 47-50

Edelman NH, Epstein PE, Lahiri S, et al. Ventilatory
responses to transient hypoxia and hypercapnia in man.
Respir Physiol 1973; 17:302-314

Cunningham DJC, Robbins PA, Wolff CB. Integration of
respiratory responses to changes in alveolar partial pressures
of CO, and O, and in arterial pH. In: Geiger S, ed.
Handbook of physiology (section 3, vol II, part 2). Baltimore,
MD: American Physiology Society, 1986; 475-528
Mountain R, Zwillich CW, Weil JV. Hypoventilation in
obstructive lung disease. N Engl | Med 1978; 298:521-525
Kronenberg RS, Drage CW. Attenuation of the ventilatory
and heart rate responses to hypoxia and hypercapnia with
aging in normal men. J Clin Invest 1973; 52:1812-1819
Byrne-Quinn E, Well JV, Sodal IE, et al. Ventilatory control
in the athlete. | Appl Physiol 1971; 30:91-98

Contreras G, Gutierrez M, Beroiza T, et al. Ventilatory drive
and respiratory muscle function in pregnancy. Am Rev
Respir Dis 1991; 144:837-841

Phillipson EA. Disorders in the control of breathing. In:
Murray JF, Nadel JA, eds. Textbook of respiratory medicine
(vol 2). 2nd ed. Philadelphia, PA: WB Saunders, 1994;
2291-2300

Shea SA, Andres LP, Shannon DC. Respiratory sensations in
subjects who lack a ventilatory response to CO,. Respir
Physiol 1993; 93:203-219

Fidone SJ, Gonzalez C. Initiation and control of chemore-
ceptive activity in the carotid body. In: Geiger S, ed.
Handbook of physiology (vol I, part 2). Baltimore, MD:
American Physiology Society, 1986; 247-312

Ganong WF. Regulation of extracellular fluid composition
and volume. In: Review of medical physiology. 16th ed.
Norwalk, CT: Appleton & Lange, 1993; 664—671

Douglas N, White D, Pickett C, et al. Hypercapnic ventila-
tory response in sleeping adults. Am Rev Respir Dis 1982;
126:758-762

Douglas N, White D, Weil |, et al. Hypoxic ventilatory
response decreases during sleep in normal man. Am Rev
Respir Dis 1982; 125:286-289

Wiegand DA, Latz B, Zwillich CW, et al. Geniohyoid muscle
activity in normal men during wakefulness and sleep. | Appl
Physiol 1990; 69:1262-1269

Wiegand L, Zwillich CW, White DP. Sleep and the venti-
latory response to resistive loading in normal men. | Appl
Physiol 1988; 64:1186-1195

Bulow K. Respiration and wakefulness in man. Acta Physiol
Scand 1963; 59(suppl 209):1-110

Aserinsky E, Kleitman N. Regularly occurring periods of
motility and concurrent phenomena during sleep. Science
1953; 118:273-274

Parmeggiani PL, Sabattini L. Electromyographic aspect of
postural respiratory and thermoregulatory mechanisms in
sleeping cats. Clin Neurophysiol 1972; 33:1-13

Hendricks JC, Kline LR. Differential activation within costal
diaphragm during rapid-eye-movement sleep in cats. | Appl
Physiol 1991; 70:1194-1200

Muller NL, Francis PW, Gurwitz D, et al. Mechanism of

CHEST /117 /1/JANUARY, 2000 223



62

63

64

65

66

67

68

69

70

72

73

74

75

76

7

=1

79

80

81

82

83

224

hemoglobin desaturation during REM sleep in normal
subjects and in patients with cystic fibrosis. Am Rev Respir
Dis 1980; 121:463-469

Eldridge FL, Waldrop TG. Neural control of breathing
during exercise. In: Whipp BJ, Wasserman K, eds. Exercise
(pulmonary physiology and pathophysiology). New York,
NY: Marcel Dekker, 1991; 309-370
Wasserman K, Whipp BJ, Koyal SN, et al. Effect of carotid
body resection on ventilatory and acid-base control during
exercise. | Appl Physiol 1975; 39:354-358

Yan S, Lichros I, Zakynthinos S, et al. Effect of diaphrag-
matic fatigue on control of respiratory muscles and ventila-
tion during CO,, rebreathing. | Appl Physiol 1993; 75:1364—
1370

Yan S, Sliwinski P, Gauthier AP, et al. Effect of global
inspiratory muscle fatigue on ventilatory and respiratory
muscle responses to CO,. | Appl Physiol 1993; 75:1371-
1377

Sliwinski P, Yan S, Gauthier AP, et al. Influence of global
inspiratory muscle fatigue on breathing during exercise.
J Appl Physiol 1996; 80:1270-1278

Miyamura M, Ishida K, Kobayashi T, et al. Effects of acute
hypoxia on ventilatory response at the onset of cycle exercise
in man. J Appl Physiol 1992; 42:823-829

Casey K, Duffin J, McAvoy GV. The effect of exercise on the
central-chemoreceptor threshold in man. | Physiol (Lond)
1987; 383:9-13
Whipp BJ, Ward SA. Ventilatory control dynamics during
muscular exercise in man. Int | Sports Med 1980; 1:146-159
Mateika JH, Duffin J. A review of the control of breathing
during exercise. Eur | Appl Physiol 1995; 71:1-27
Wasserman K, Whipp BJ, Casaburi R. Respiratory control
during exercise. In: Geiger S, ed. Handbook of physiology
(section 3, vol II, part 2). Baltimore, MD: American Physi-
ology Society, 1986; 595-647
Whipp BJ. Peripheral chemoreceptor control of exercise
hyperpnea in humans. Med Sci Sports Exerc 1994; 26:337—
347

Ganong WF. Respiratory adjustments in health and disease.
In: Review of medical physiology. 16th ed. Norwalk, CT:
Appleton & Lange, 1993; 620-634
White DP, Gleeson K, Pickett CK, et al. Altitude acclima-
tization: influence on periodic breathing and chemorespon-
siveness during sleep. | Appl Physiol 1987; 63:401-412
Honigman B, Theis M, Koziol-McLain |, et al. Acute
mountain sickness in a general tourist population at moder-
ate altitudes. Ann Intern Med 1993; 118:587-592

Hsia C. Southwestern internal medicine conference: pulmo-
nary complications of high altitude exposure. Am | Med Sci
1994; 307:448 -464

Richalet JP. High altitude pulmonary edema: still a place for
controversy? Thorax 1995; 50:923-929

Kesten S, Maleki-Yazdi MR, Sanders BR, et al. Respiratory
rate during acute asthma. Chest 1990; 97:58-62

Schiff M. Control of breathing in asthma. Clin Chest Med
1980; 1:85-89

Kikuchi Y, Okabe S, Tamura G, et al. Chemosensitivity and
perception of dyspnea in patients with a history of near-fatal
asthma. N Engl ] Med 1994; 330:1329-1334

Lane DJ, Howell [BL, Giblin B. Relation between airways
obstruction and CO, tension in chronic obstructive airways
disease. Br Med | 1968; 3:707-770

Begin P, Grassino A. Inspiratory muscle dysfunction and
chronic hypercapnia in chronic obstructive pulmonary dis-
ease. Am Rev Respir Dis 1991; 143:905-912

Rochester DF, Braun NM. Determinants of maximal in-
spiratory pressure in chronic obstructive pulmonary disease.

84

85

86

87

88

89

90

91

92

93

94

95

96

98

99

100

101

102

103

104

105

Am Rev Respir Dis 1985; 132:42—-47

Chan CS, Bye PTP, Woolcock AJ, et al. Eucapnia and
hypercapnia in patients with chronic airflow limitation. Am
Rev Respir Dis 1990; 141:861-866

Chaouat A, Weitzenblum E, Krieger |, et al. Association of
chronic obstructive pulmonary disease and sleep apnea
syndrome. Am | Respir Crit Care Med 1995; 151:82—-86
Sassoon CSH, Hassell KT, Mahutte CK. Hyperoxic-induced
hypercapnia in stable chronic obstructive pulmonary dis-
ease. Am Rev Respir Dis 1987; 135:907-911

Hanson CW III, Marshal BE, Frasch HF, et al. Causes of
hypercarbia with oxygen therapy in patients with chronic
obstructive pulmonary disease. Crit Care Med 1996; 24:
23-28

Kalhoff H, Werkmiester F, Kiwull-Schone L, et al. The
Haldane effect under different acid-base conditions in pre-
mature and adult humans. Adv Exp Med Biol 1994; 361:
353-361

Gorini M, Spinelli A, Ginanni R, et al. Neural respiratory
drive and neuromuscular coupling in patients with chronic
obstructive pulmonary disease. Chest 1990; 98:1179-1186
Macklem PT. Hyperinflation. Am Rev Respir Dis 1984;
129:1-2

Sharpe JT, Barrocas M, Chokroverty S. The cardiovascular
effects of obesity. Clin Chest Med 1980; 1:103-118
Burwell CS, Robin ED, Wahley RD, et al. Extreme obesity
associated with alveolar hypoventilation: a Pickwickian syn-
drome. Am | Med 1956; 21:811-818

Rochester DF, Enson Y. Current concepts in the pathogen-
esis of the obesity-hypoventilation syndrome: mechanical
and circulatory factors. Am | Med 1974; 57:402—420
Rochester DF. Obesity and abdominal distension In: Rous-
sos C, ed. Lung biology in health and disease: thorax (part
C). 2nd ed. New York, NY: Marcel Dekker 1995; 67:1951—
1973

Lopata M, Onal E. Mass loading, sleep apnea, and the
pathogenesis of obesity hypoventilation. Am Rev Respir Dis
1982; 126:640—-645

Garay SM, Rapoport D, Sorkin B, et al. Regulation of
ventilation in the obstructive sleep apnea syndrome. Am Rev
Respir Dis 1981; 124:451-457

Sullivan CE, Issa FG, Berthon-Jones M, et al. Reversal of
obstructive sleep apnea by continuous positive airway pres-
sure applied through the nares. Lancet 1981; 1:862-865
Guilleminault C, Simmons FB, Motta |, et al. Obstructive
sleep apnea syndrome and tracheostomy: long-term fol-
low-up experience. Arch Intern Med 1981; 141:985-988
Meyer TJ, Hill NS. Noninvasive positive pressure ventilation
to treat respiratory failure. Ann Intern Med 1994; 120:760—
770

Lin CC. Effect of nasal CPAP on ventilatory drive in
normocapnic and hypercapnic patients with obstructive
sleep apnea syndrome. Eur Respir | 1994; 7:2005-2010
Sutton FD Jr, Zwillich CW, Creagh CE, et al. Progesterone
for outpatient treatment of Pickwickian syndrome. Ann
Intern Med 1975; 83:476-479

Younes M. The physiological basis of central apnea and
periodic breathing. In: Simmons DH, ed: Current Pul-
monology (vol 10). St. Louis, MO: Mosby, 1989; 265-236
Hanly PJ, Zuberi-Khokhar S. Increased mortality associated
with Cheyne-Stokes respiration in patients with congestive
heart failure. Am | Respir Crit Care Med 1996; 153:272-276
Naughton MT, Liu PP, Benard DC, et al. Treatment of
congestive heart failure and Cheyne-Stokes respiration dur-
ing sleep by continuous positive airway pressure. Am |
Respir Crit Care Med 1995; 151:92-97

Davies RJO, Harrington KJ, Ormerod OJM, et al. Nasal

Reviews



106

107

108

109

110

111

112

113

114

115

116

continuous positive airway pressure in chronic heart failure
with sleep-disordered breathing. Am Rev Respir Dis 1993;
147:630-634

Hanly PJ, Millar TW, Steljes DG. The effect of O, on
respiration and sleep in patients with congestive heart
failure. Ann Intern Med 1989; 111:777-782

Gleeson K, Zwillich CW. Adenosine infusion and periodic
breathing during sleep. ] Appl Physiol 1992; 72:1004—1009
Javaheri S, Parker T[], Wexler L, et al. Effect of theophylline
on sleep-disordered breathing in heart failure. N Engl | Med
1996; 335:562-567

Zwillich CW, Sutton FD, Neff TA, et al. Theophylline-
induced seizures in adults. Ann Intern Med 1975; 82(6):
784787

Reite M, Jackson D, Cahoon RL, et al. Sleep physiology at
high altitude. Electroencephalogr Clin Neurophysiol 1975;
38:463-471

Bersenbrugge A, Dempsey |, Iber C, et al. Mechanisms of
hypoxia-induced periodic breathing during sleep in humans.
J Physiol (Lond) 1983; 343:507-524

Johnson DC, Homeyoun K. Central control of ventilation in
neuromuscular disease. Clin Chest Med 1994; 15:607-615
Baydur A. Respiratory muscle strength and control of
ventilation in patients with neuromuscular diseases. Chest
1991; 99:330-338

Bach JR, Alba AS. Management of chronic alveolar hy-
poventilation by nasal ventilation. Chest 1990; 97:52-57
Gay PC, Patel AM, Viggiano RW, et al. Nocturnal nasal
ventilation for treatment of patients with hypercapnic respi-
ratory failure. Mayo Clin Proc 1991; 66:695-703
Guilleminault C, Stoohs R, Quera SMA. Sleep-related ob-

117

118

119

120

121

122

123

124

125

126

structive and non-obstructive apneas and neurological dis-
ease. Neurology 1992; 42:53-60

Braun NMT, Arora NS, Rochester DF. Respiratory muscle
and pulmonary function in polymyositis and other proximal
myopathies. Thorax 1983; 38:616—623

Hill NS, Eveloff SE, Carlisle CC, et al. Efficacy of nocturnal
nasal ventilation in patients with restrictive thoracic disease.
Am Rev Respir Dis 1992; 145:365-371

Hickey RF, Severinghaus RF. Regulation of breathing: drug
effects. In: Hornbein TF, ed. Regulation of breathing (part
1I). New York, NY: Marcel Dekker, 1981; 1251-1312
Pietak S, Wiering CS, Hickey RF. Anesthetic effects on
ventilation in patients with chronic obstructive pulmonary
disease. Anesthesiology 1975; 42:160-166

Thompson PI, Joel SP, John L, et al. Respiratory depression
following morphine and morphine-6-glucuronide in normal
subjects. Br | Clin Pharmacol 1995; 40:145-152

Mak KH, Wang YT, Cheong TH, et al. The effect of oral
midazolam and diazepam on respiration in normal subjects.
Eur Respir ] 1993; 6:42—47

Catchlove RF, Kafer ER. The effects of diazepam on
respiration in patients with obstructive pulmonary disease.
Anesthesiology 1971; 34:14-18

Johnstone RE, Witt RL. Respiratory effects of ethyl alcohol
intoxication. JAMA 1972; 222:486

Goldfrank L, Weisman RS, Errick JK, et al. A dosing
nomogram for continuous infusion intravenous naloxone.
Ann Emerg Med 1986; 15:566-570

West JB. Control of breathing. In: Satterfield TS, ed.
Respiratory physiology. Baltimore, MD: William & Wilkins,
1990; 116-128.

CHEST /117 /1/JANUARY, 2000 225



