wathine. simila he '
L 10 the heartbeat, is an automatic

mqllllrlng O conscious awareness. In contrast
artbeat, breathing patterns ¢

an be consciously
.:n"h' La!

powerful neural control mechanisms over-
F—‘ﬂmfﬂl soon after one willfully stops breath-

_-L:k 'iﬂnt‘.:ﬂnSClﬂus cycle of breathing is regulated by
1an fms that are still not completely understood.
st & of brﬂﬂﬂ‘llﬂg comes from the hmlmt(m
n neurons located in the medulla. Higher brain

d ly systemic receptors and reflexes change the
#&dﬂllﬁl These d1fferent structures function in

mgﬂ needs of the bndy This Lhaptcr h{:lpa the
__%%t(RT) understand hasm Ph?%lﬂlﬂglt mecha-

.__“«“TEI', breathing continues rhythmically after
just above the pons (see Figure 15-1, level
d to belleve that separate msplratﬂry and
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i}rﬂat}ung Researchers believed that inspi-
tory neurons fired by self-excitation and that
:" hited one another. More recent evidence
ratory and expiratory neurons are anatomically
and do not inhibit one another.! No clearly
| aﬁﬁl expiratory centers exist. Instead, the
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medulla contains widely scattered groups of respiratory-related
neurons, as shown in Figure 15-1. The dorsal respiratory
groups (DRGs) contain mainly inspiratory neurons, whereas

the ventral respiratory groups (VRGs) contain both i Inspira-
tory and expiratory neurons.

Dorsal Respiratory Groups

As shown in Figure 15-1, DRG neurons are mainly inspiratory
neurons located on both sides of the medulla. These neurons

send the major inspiratory stimuli to the motor nerves of the
diaphragm and external intercostal muscles." Many DRG nerves
extend into the VRGs, but few VRG nerve fibers extend into the
DRGs. Mutual inhibition is an unlikely explanation for rhyth-
mic, spontaneous breathing.' J
The vagus and glossopharyngeal nerves transmit many
sensory impulses to the DRGs from the lungs, airways, periph‘—
eral chemoreceptors, and joint proprioceptors. These impulses
change the basic breathing pattern generated in the medulla,

Ventral Respiratory Groups

VRG neurons are located bilaterally in the medulla in two dif-
ferent nuclei and contain inspiratory and expiratory neurons
(see Figure 15-1). Some inspiratory VRG neurons send motor
impulses through the vagus nerve to the laryngeal and pharyn-
geal muscles, abducting the vocal cords and increasing the
diameter of the glottis. Other VRG inspiratory neurons trans-
mit impulses to the diaphragm and external intercostal muscles.
Still other VRG neurons have mostly expiratory discharge pat-
terns and send impulses to the internal intercostal and abdomi-
nal expiratory muscles.

The exact origin of the basic rhythmic pattern of ventilation
is unknown. No single group of pacemaker cells has been iden-
tified. Two predominant theories of rhythm generation are

Bl |nspiratory neurons

- Expiratory neurons
_ | Inspiratory and expiratory neurons

\ Pneuﬁutaxic center
i / Nucleus parabrachialis medialis
Kolliker-Fuse nucleus

Apneustic center

Dorsal respiratory groups
" (nucleus tractus solitarius, NTS)
Ventral respiratory groups

Botzinger complex
Nucleus retroambiguus
(caudal and rostral portions)

Nucleus ambiguus

_,_.__---

s at different levels. (Modified from Beachey W:

efer to transection
it uis, 2007, Mosby.)
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vpothesis.” The
rv cells have
self-exciting

the pacemaker hypothesis and the network F
pacemaker hypothesis holds that certain medl‘_”‘l
intrinsic pacemaker properties (i.e., rhythmic b
characteristics) and that these cells drive other mfdi .
neurons. The network hypothesis suggests tbgt rhyt nm
breathing is the result of a particular pattern of mtercﬂﬂﬂt:t_
tions between neurons dispersed throughout the_ upper P‘”; X
the VRG, the pre-Botzinger complex, and the Botzinger COLp f’-"j
This hypothesis assumes that certain populations of inspiratory
and expiratory neurons inhibit one another and that one of thE:
neuron types fires in a self-limiting way, such that 1t bemn_lt‘b_
less responsive the longer it fires. There is no definitive proof of
either hypothesis; the precise origin of respiratory rthythm gen-

eration remains mysterious.

Inspiratory Ramp Signal

The inspiratory muscles do not receive an instantaneous burst
of signals from the dorsal and ventral inspiratory neurons.
Rather, the firing rate of DRG and VRG inspiratory neurons
increases gradually at the end of the expiratory phase, creating
a ramp signal (Figure 15-2). The inspiratory muscles contract
steadily and smoothly, gradually expanding the lungs rather
than filling them in an abrupt inspiratory gasp. During exercise,
various reflexes and receptors influence the medullary neurons,
making the ramp signal much steeper, filling the lungs more
rapidly.

During quiet breathing, inspiratory neurons fire with an
increasing rate for approximately 2 seconds and then abruptly
switch off, allowing expiration to proceed for approximately 3
seconds.” At the start of expiration, inspiratory neurons again
fire briefly, holding back the early phase of expiration (see
Figure 15-2). The inhibitory neurons that switch off the Inspira-
tory ramp signal are controlled by the pneumotaxic center and

pulmonary stretch receptors, which are discussed later in this
chapter.

Phase | |Phase ||

— Off switch

Expiration

Inspiratory premotor nerve firing rate

™ e
L= 1|"-_ ] W

Inspiration

=

Inspiration

-, 11‘1!__,#'_.* o8 : - ii '-hlh-i‘._ it e -_. B

=

FIGURE 15-2 Inspiratory neural activity during breathing,

Note the inspiratory ramp signal (left) and the braking action of
inspiratory signals in the early part (phase 1) of expiration (Redrawn
from Leff AR, Shumacher PT: Respiratory physiology: basics and
applications, Philadelphia, 1993, Saunders.)
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Hering-Breuer Inflation Re
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The Hering-Breuer inflation reflex, described by Her
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through the vagus nerve to the DRG neuron
'nspiration. In this way, the Hering-Breuer
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lu_rulff ase in inspiratory effort—the Dppﬂsiti}] f}?qtsies
;:‘ijﬂ'? reflex. The receptors for this reflex are call;;
- ¢ receptors hut{use they stop firing promptly
. R, change occu s. The Head reflex may help maiﬁ~
A | volumes .d uring exercise and may be involyved in
o ' sighs during quiet breathing, Perjodic sighs help
-ﬁ.wgr Tat t-nll_-apsv, or atelectasis. The Head reflex also
:_-"r B b isible for the first breaths of a newborn.’

Bit: ceplors

pit“_‘- pting irritant receptors in the epithelium of the
ger conducting airways have vagal sensory nerve fibers, Their
ﬁ wlation, whether by inhaled irritants or by mechanical
Mictors, causes reflex bronchoconstriction, coughing, sneezing,

fachypnea, and narrowing of the glottis. Some of these reflexes,
ed vagovagal reflexes, have both sensory and motor vagal
tomponents; they are responsible for laryngospasm, coughing,
and slowing of the heartbeat. Endotracheal intubation, airway
Suctioning, and bronchoscopy readily elicit vagovagal reflexes.
Physical stimulation of the conducting airways, as with suction-
,: bronchoscopy, may cause a severe case of bronchospasm,
ghing, and laryngospasm.

FReceptors

Eifibers in the Jung parenchyma near the pulmonary capillaries
_E called juxtacapillary receptors, or J-receptors. Alveolar
flammatory processes (pneumonia), pulmonary vascular
Ongestion (congestive heart failure), and pulmonary edema
tmulate these receptors. This stimulation causes rapid, shallow
thing; a sensation of dyspnea; and expiratory narrowing of

®ripheral Proprioceptors

Wprioceptors i muscles, tendons, and joints and pain
Plors in muscles and skin send stimulatory signals to the
respiratory center. Such stimuli increase medullary
fHalory activity and cause hyperpnea.’ For this reason,
102 the limbs, slapping or splashing cold water on the sl-:-_m,
& Other painful stimuli stimulate ventilation in patients with
galory depression, | |

. Prioceptors in joints and tendons may be important 1n

" = = .I .n“
©2nd maintaining increased ventilation _aF -ﬂl_.e : bE-E =
. XeIcise, Passive limb movement around a joint mﬁr;a;ed
ln§ fate in both anesthetized animals and unﬂﬂﬁﬁthﬁ i

118,
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Hib leh'"'ﬁ-.-q,_ / Garnmafiber

4~— Alpha motor
fiber

Spindle

Hib___ — Extrafusal

muscle
fiber

Intrafusal
muscle fiber

¢

Spindle afferent

FIQUHE 15-3 Stretch-sensitive muscle spindle located on

lthe Intrafusal fibers of intercostal muscles. Motor innervation for
mtrafusal fibers (gamma nerve fibers) is different than for extrafusal
fibers (alpha nerve fibers). Spindle afferent nerve fibers synapse with

alpha motor neurons in the spinal cord, creating a single synapse
reflex arc.

muscle fibers, arranged parallel to the main extrafusal muscle
fibers (Figure 15-3). The extrafusal fibers that elevate the ribs
are innervated by motor fibers (alpha fibers) different from the
fibers that innervate the intrafusal spindle fibers (gamma
fibers). When the main extrafusal muscle fiber and the intra-
fusal fibers contract simultaneously, the sensing element
(spindle) of the intrafusal muscle fiber stretches and sends
impulses over spindle afferent nerves directly to the spinal cord
(see Figure 15-3). The spindle’s afferent (sensory) nerve syn-
apses directly with the alpha motor neuron in the spinal cord,
sending impulses back to the main extratusal muscle. A single
synapse reflex arc is created. Alpha motor neuron impulses
cause the main extrafusal muscle fibers to contract with greater
force, shortening the nearby intrafusal fibers. The stretci?*
sensitive spindle is thus unloaded, and its impulses cease. In this
way, inspiratory muscle force adjusts to Fhe load ‘unpﬂsed by
decreased lung compliance or increased airway resistance.

GCHEMICAL CONTROL OF BREATHING

proper amounts of oxygen (0a), (-;arbon
rogen ions (H') in the blood mmnl}i by
Physiologic mechanisms that monitor
blood allow ventilation to ‘I‘espﬂ:{ld
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H* concentration stimulates specialized s
g As a result, the chemoreceptors

The body maintains the
dioxide (CO,), and hyd
fejgumting ?&ntﬂaﬁon.

these substances 1N the

chemﬂl'ewptﬂtll'f; adalla dn creasing ventilation. (EEHHB‘I:E
impulses D @ ceptors in the medulla respond to H', which

olved CO, in the cerebrospinal fluid

normally arises .4 chemoreceptors in the fork of
(CSF). Peripherall}': located chem tic arch are also semﬂ%

common carotid artﬂries and the aor
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Medulla (ventral surface)

Central
chemoreceplors

Blood-brain
barrier

FIGURE 15-4 CO. stimulates the medullary chemoreceptors by
forming H* in the cerebrospinal fluid (CSF). The blood-brain barrier
IS almost impermeable to H* and HCO;™ but is freely permeable to
CO.. (Modified from Beachey W: Respiratory care anatomy and

physiology: foundations for clinical practice, ed 2, St Louis, 2007,
Mosby.)

to H" and indirectly to CO,. These receptors are also indirectly
sensitive to hypoxemia because hypoxemia increases the sensi-
tivity of the peripheral chemoreceptors to H* 2

Central Chemoreceptors

H™ ions, not CO, molecules, stimulate highly responsive che-
mosensitive nerve cells, located on both sides of the medulla.
Nevertheless, these central chemoreceptors are extremely sensi-
tive to CO, in an indirect fashion. These chemoreceptors are
not in direct contact with arterial blood (Figure 15-4). Instead,
they are bathed in the CSE, separated from the blood by a semi-
permeable membrane called the blood-brain barrier. This
membrane is almost impermeable to H* and HCOy, but it is
freely permeable to CO,. When PaCO, increases, CO, diffuses
rapidly through the blood-brain barrier into the CSE. In the
CSE, CO, reacts with water (H,0) to form H* and HCO;™ (see
Figure 15-4). The H* ions generated in this fashion stimulate
the central chemoreceptors, which stimulate the medullary
inspiratory neurons. In this way, PaCO, is indirectly the primary
minute-to-minute controller of ventilation. CO, djffusing from
the blood into the CSF increases |H'] almost i tantly, exciting
the chemoreceptors within seconds. Alveolar ventilation in-
Creases by approximately 2 to 3 L/min for each 1-mm Hg
increase in PaCQ,.’ e B
S Thﬁﬁtﬂﬁﬂlatﬂr}’ﬂffﬂﬂﬂf chronically high CO, on the central
- chemoreceptors gradually declines over | or 2 days because the

sis, bringing the blood PH level back toward normal, The

- er ﬂ‘f Hmah ions iﬂlhﬂ blﬂﬂd | -ﬁ-?entually

e

liffuses across the blot H‘i—hfﬂ‘i n barrier into the
Ilml'ft.'r H* and bring l.ht.‘ {JS,.i- pH level ha;;k;_fﬁ.-im e
ctivity removes the stim ulus m‘lhe Chemw Tl
;“;Ill‘i}lil decreases. Thus an acute increase in PaCoy

ful effect on ventilation, which is greatly weakEBﬁép

Tpps e | § .-

days of ada ptation. s
Peripheral Chemoreceptors

The peripheral L'hEITI{}TE'L?EptDl’S are ?mallﬁdhighlyg o
tures known as the carotid an d ::mrr:F bodies. The ¢ rotid |
are located bilaterally in the blfurcatmn's of the con |
arteries. The aortic bodies are fnun_d m, the ﬂlfChg‘h
These neural structures increase their ﬁ;mg rateslﬁr
creased arterial [H'] regardless of its origin (m&
from fixed acid accumulation or increased CQ,). Th.

X

bodies send their impulses to the respiratory ln the |
medulla via the glossopharyngeal nerve, Whereﬂf'ﬁ%lﬁea&“ ¢
bodies send their impulses over the vagus nmﬁmmmd _
bodies exert much more influence over the respiratory ce...
than the aortic bodies do, especially with respec
hypoxemia and acidemia.' G |
Because the carotid bodies receive an Extremely%-f_&mim
blood flow, they have little time to remove O, fTﬂIilﬂieblug i |
Therefore venous blood leaving the carotid b(]d]ﬁshagalmﬁst
the same O, content as the arterial blood entering them, T,
carotid bodies are exposed at all times to arterial blood
venous blood, and they sense arterial (not venﬁuﬂ[l;.{*]
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Traditionally, it was believed that the carotid boc ectl
sense low PaO,, implying that arterial hyp c}xemmls depen-
dent stimulus to breathe—the so-called hypoxic drive, Although
the peripheral chemoreceptors fire more frequent y in the pres-
ence of arterial hypoxemia, they do so only because 12
makes them more sensitive to H*2 In other words, when Pa0.
is low, carotid body sensitivity to a given [H'| mcr n this
way, hypoxia increases ventilation for any given
other hand, elevated PaQ » (hyperoxia) decreases carot
sensitivity to [H']. The carotid bodies res,pﬂnd
hypoxemia only because hypoxia makes them mﬁmi 5"
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a.::aroti.d bodies. Simply stated, the ultimate effect
IS to Increase the sensitivity of the periphera]‘-. wﬁ
to the given blood [H'], which increases their fi ing rate
brings about increased ventilation. g s
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and PaCQ; are normal (pH = 7.40
B he nerve-impulse transmission rate of the carotid
49d“’ ot increase significantly until the Pa0, decreases
g bo IL:' tely 60 mm Hg.” If PaQ, decreases further from
& 30 mm Hg, the rate of Impulse transmission
irply because hypoxemia makes the carotid bodjes
P o sensitive to @ pH of 7.40. A decrease in PaO, from
0 30 mm Hg corresponds to the sharpe

R | PO st decrease
B, content on the O,-HDb equilibrium cyrve (1.e., the steepest m
. of the curve). Arterial hypoxemia does not stimulate ven-

and PaCQ, = ndirec @ '
;l;.dnully [0 PaCO)y—the lollowing staterment.
Jio ) - o . AN
gh | O, renders the peripheral chemored eptors almost upre
*PONSIve to PCO;, and (2) low P

chemo receptors

) are true: (]

400, renders the peripher;
. almost unresponsive to |
g arterial hypoxemia, acidemia
maximally stimul

1ypoxemia,” (oexist
yand high PaCO, (i.e., asphyxia
ate the peripheral chemoreceptors,

part of Delayed Hype tilati

B oreatly until the PaO, decreases to less th: i ar PN at

Rtion o . : less than 60 mm Hg. High Altitude

B0, plays no role in the drive to breathe in healthy individuals

‘gt-sfﬂ level. High altitude causes a hhcalth}f person’s ventilation PROBLEM: If a person ascends to an elevation of 10,000 feet
o because low barometric pressure decreases the above sea level, his or her mspired PO, decreases because of
"spjrmi PO, and the arterial PO,, which increases the sensitjv- low barometric pressure; this excites the peripheral chemore-

i

Bty of peripheral chemoreceptors to their H* environment. The ceptors and causes an increase in ventilation. Why must a day

B ltine increase in ventilation is less than expected, however OF $O pass at this altitude before ventilation increases to its

i

: dr b ; ; maximal level?
]u'p{;‘r'“u’::nr;l]_;ﬂm n decreases PaCQO, and 1ncreases arterial : :

BH. The increased pH depresses the medullary respiratory SOLUTION: Hypoxia-induced hyperventilation reduces
Bhter, counteracting the excitatory effect of a low PaQ, on PaC0O, and creates alkalemia. This condition produces an alka-

T . lotic CSF b -brai ler 1 = -
speripheral chemoreceptors. Hypoxemia-induced hyperventila- h i the blﬂ? e ba.r A e
_ S . , B able to HCO,™ ions; that is, as CO, diffuses out of the CSF in
ftion may be impossible 1n certain conditions, such as severe

| _ _ _ ' response to the low arterial blood PCO,, HCO: remains
sehronic obstructive pulmonary disease (COPD), in which lung

= _ _ behind in the CSE. The central chemoreceptors are exposed to
mechanics are so deranged that the stimulatory effect of hypox- an alkalotic environment, diminishing the effect of the hypoxic

femia on ventilation fails to decrease PaCQO, regardless of the ventilatory stimulus on peripheral chemoreceptors. In other
Bpatient’s effort. In such instances, there is no alkalosis to coun- words, the development of respiratory alkalosis limits the
Beract the stimulatory effects of hypoxemia on ventilation. degree of hypoxia-induced hyperventilation. Over the first 24

i
-
i

hours or so of hyperventilation, HCO, gradually diffuses out
e of the CSF across the blood-brain barrier, restoring the CSF pH
RULE OF THUMB level to normal. In addition, the kidneys excrete HCO.™ to

| Hypoxemia is not associated with an increased drive to compensate for the respiratory alkalemia. Consequently, the

£ @ breathe until Pa0, is less than 60 mm Hg, after which blood pH level decreases toward normal, and the hypoxic ven-

- e drive to breathe increases proportionally with the tilatory stimulus keeps the PaCO, low. As the CSF pH level

decrease in PaO,. returns to normal, the progressively unrestrained hypoxic stim-

e e ulus increases ventilation further. It takes approximately 24
| hours of high-altitude exposure before ventilation increases to

ponse to Increased Pa CO. and its maximal level. . | |

Hye rogen lons Individuals with chronic hypercapnia secondary to
-4 :a o in PaCO 'H'], the caroti d bodies are advanced COPD have depressed ventilatory responses to acute

= 4 gLy ase 1n PaCQO, or ,

: ' in arterial CO,, partly because of their altered acid-
8 tesponsive than th T eptors. The peripheral increases Partiyhe £ R
i an the central chemoreceptors. base status and partly because their deranged lung mechan

cceptors account for only 20% to 30% of the ventihtary prevents them from increasing their ventilation aclef:luatelly,'

to h}’percapnja,ﬁ However, they respond to increased The altered acid-base status arises from the preexisting h1g_h
H'] more r apidly than the central chemoreceptors. The levels of blood buffer base, a compensatory response to chronic
fPlanation j that, in contrast to the central chemoreceptors, respiratory acidosis (see Chapter 14).

id bodies are exposed directly to arterial blﬂ":_'d- ?E'he
SV S nitja] ventilatory response to metabolic acidosis 1S fﬂl}‘])’
“ven though H* crosses the blood-brain barrier with
e Uity

Stated earljer, hypoxemia increases the sensitivity of the
Tl chemoreceptors to H* and indirectly to PaCO. Con-

" ¥ RULE OF THUMB
Ao The ventilatory response to hypaxamig is greatly
enhanced by hypercapnia and acidemia.
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FIGURE 15-5 Proposed mechanism whereby 0, administration in chron mcy
is hypoxic and hypercap :
lated unit to absorptio

its blood flow. These events (1)

| by creating V/Q mismatches. A, Low V/Q unit (eft
| vasoconstriction. B, Breathing 50% O, predisposes the poorly vent
1 and simultaneously relieves hypoxic vasoconstriction, increasing

| further and (2) divert blood flow away from and ventilation towar
| V/Q). (Modified from Beachey W: Respiratory care anatomy and

the CSE, increasing the [H'] surrounding central chemorecep-
tors. If PaCO. increases gradually over many years, as might
occur in the development of severe COPD and worsening lung
mechanics, the kidneys compensate by increasing the plasma
[HCO, |, which keeps arterial pH within normal limits. As
plasma HCO;  levels increase, HCO;  ions slowly diffuse across
the blood-brain barrier, keeping CSF pH within its normal
range. Beaam the central chemoreceptors respond to [H], not
ule, they sense a normal pH environment, even

~ though the P: 'f_-‘"?"z is abnormally high.

~ This adaptation explains why the chronically high PaCO, of
heo] ﬁ COPD does not overly stimulate their ven-
ilation. Instead, the hypoxemia that accompanies chronic
ia becomes a major part of the minute-to-minute
stimulus in the roundabout way discussed previously;

ia increase fhe sensitivity of the peripheral chemore-
 [H'], increasing the nerve impulses they transmit to
'h i "'f;'__ vmtllatmn. Patients with severe
d £ when bfﬂaﬂﬂng room air
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hypercapmc individuals induces further h m
while breathing ambient air; this induces pu
~ atelectasis, further decreasing i its

lower the poorly ventilated
_ventilated units. The latter increases alvenlar
tions for clinical practice, ed 2, St Lﬂu[g

with advanced COPD is generally severe enou
the increased PaCO,. The most significant ﬂ
nia following O, breathing in severe COPBH

the ventilation-perfusion (V/Q) relanonshjp
When patients with severe COPD breath

more blood flow, drawing blnnd away m
regions (Figure 15-5). At the same time th

regions receive more blood flow, they beca T
lated as O,-rich inspired gas washes out re
making these alveoli more subject to absqnﬁ
O, may be absorbed by the pulmonary circt
than the slowed ventilation can replenifﬁh.':
decreased V in Figure 15-5, B). As a resul
preferentially to the comphant already wi
(see Figure 15-5, B), increasing thelr V

the cardiac output than before is re di
alveoli, because their vascular re
breathlng

To summarize, O, breathing f:a_*_
directed to poorly ventilated alve '1
awa}' from well—-ventll ated alva ah '?‘5
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.o=. This does not mean that the medullary che-

ors cannot respond to further acute increases in

ien elevation In PaCO, immediately crosges the

sarrier into the CSF, generating H' that thep stim-
iullary chemoreceptors. The resulting ventilatory

iepressed, however, for chemical and mechanical

"he blood’s increased buffering capacity (high

in chronic hypercapnia prevents arterial pH from

q¢ as sharply as it would in normal conditions, and
bnormal breathing mechanics hamper the lung’s ability
“crease ventilation appropriately. To illustrate the blood’s
nged buffering capacity, compare a healthy person (pH =
4, PaCO, = 40 mm Hg, HCO;™ = 24 mEq/L) with a chroni-
lly hypercapnic person (pH = 7.38, PaCO, = 60 mm Hg,
OO, =34 mEg/L). A sudden increase of 30 mm Hg in PaCO,

ol both individuals causes the healthy person’s arterial pH to

L decrease 10 7.21 and the hypercapnic person’s pH to decrease
wonly 7.24. (These values are calculated using the Henderson-
laselbalch equation, assuming a 1-mEg/L increase in plasma
10, concentration for each acute increase of 10 mm Hg in
"C0,.) The central chem oreceptors of a chronically hypercap-

"Cpatient experience less stimulation than the central chemo-
“pors of normal individuals for the same increase in PaCOx.

RULE OF THUMB

55U€ oxygenation is of overriding importance a”;d
Must not be sacrificed because of concern about
Whercapnia and acidemia in a patient with
“Xacerbated COPD.
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SFukes respiration, respiratory rate and tidal
y Increase and then gradually decrease to com-
i absence of ventilation). which may last several
’1"1dal volume and breathing frequency gradually in-
(I€asc agam, repeating the cycle. This pattern occurs when car-
diac output is low, as in congestive heart failure. delaying the
blood transit time between the lungs and the brain.* In this

instance, changes in respiratory center PCO, lag behind changes
in arterial PCO.,.

For example, when an increased PaCO, from the lungs
reaches the respiratory neurons, ventilation is stimulated; this
lowers the PaCO, level. By the time the reduced PaCO), reaches
the medulla to inhibit ventilation, hyperventilation has been n
progress for an inappropriately long time. When blood from the
lung finally does reach the medullary centers, the low PaCO;
greatly depresses ventilation to the point of apnea. PaCO,
increases, but an increase in respiratory cent_er PCO, is delayed
because of low blood flow rate. The brain eventually does
recéive the high PaCO, s-igazial, all:ed thig;kb]; rsgz:&ij?:gﬂ;
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CARBON DIOXIDE AND CEREBRAL
BLOOD FLOW

CO, plays an important role in regulating
[ts effect 1s mediated through the formation of |
Increased P () i I;HL!-, cerebral ve '1:,1,|1,, e I':IH}' CETE |He||
blood flow, whereas decreased PCO, constricts ce rebral vessels
blood flow. In patients with tri Atimati
brain injury ('T'BI), the brain swells acutely; this increases the
[CP in the rigid skull to such high levels that blood supply to
the brain might be cut off, causing cerebral hypoxia (ischemia).
T'hat is, high 1CP may exceed cerebral arterial pressure and stop
blood flow to the brain,
Although controversial, mechanical hyperventilation has
been used for many years in selected patients with TBHI to
decrease PaCO, and reduce the cerebral blood flow and [CP. In
patients with TBI, a cerebral blood volume reduction of only
0.5 to 0.7 ml reduces the ICP by 1 mm Hg; for every I-mm Hg
acute reduction in PaCO, (between 20 mm Hgand 60 mm Hg),
there is a 3% reduction in cerebral blood flow. Although an
acute reduction in PaCO, reduces [CP, it also reduces cercbral
blood flow and potentially causes cerebral ischemia. For this
reason, the practice of inducing mechanical hyperventilation in
patients with TBI is debatable primarily because it may well
reduce blood flow and O, to an injured organ. On the other end
of the spectrum; however, hypoventilation in a head trauma
patient with an already high ICP is especially dangerous because
hypercapnia dilates cerebral vessels and elevates the ICP
even more.

The debate centers around the question of whether a
hyperventilation-induced decrease in cerebral blood flow
creates an additional hypoxic insult to the already ischemic
jbram and whether patients managed in this way have better
clinical outcomes than patients in whom hyperventilation is not
[instituted. A comprehensive review of the subject published in
12005 cﬂncluded that hyperventilation produced no advantage

1g-term clinical outcome of TBI campared with ventilation
intained PaCO, in the normal range.” The authors con-

- cluded that in TBI, hyperventilation therapy should be consid-
. ere ( fpaﬂsen:ts with high ICPs; no benefit can be expected
(if ICP is normal. They further concluded that hyperventilation
st apprc m the second or third day after injury
se cerebr: ﬂxm is Jowest in the first 24 hours after
k for lﬂg ;schenﬁa thrcugh hyperventﬂa—

cerebral hlood How.
| ||}f (L),
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Jhowed that the volume of the swollen bl'ﬁln ot
by decre asing the PaCO,. Since then, mechanical ke
vion has been a cornerstone in managing is ey &
ated with TBL Hyperventilation decream ""' _‘.
cercbral vasoconstriction, ultimately redug ng ,,i
volume. This subject is not without r ey

hyperventilation- -induced cerebral vasocons m :
potential to reduce cerebral blood flow to | a S
cerebral hypoxia (ischemia). This cancem 1 &
enthusiasm for hyperventilation in TBL Bgﬂl i
and the opponents of hyperventilation recog
poses an ischemic threat to the brain; proporen
the reduction of cerebral blood flow ultimately;
bral oxygenation by reducing the ICP, which he
cerebral perfusion pressure. Opponents pgiﬁfi ]
hypoxic organ in the body is treated by re&u cing its b
and O, supply. (Hyperventilation in this

defined as PaCO, < 35 mm Hg.”)
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