Atelectasis:

Effect on Distribution of Ventilation and Perfusion
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The effects of ventilatory and circulatory events
on oxygen uptake by the blood and their temporal

lationships were died in dogs before and
after induced 1 i Analysis of helium
washin curves revealed no significant changes in
the ventilatory characteristics of the Iungs follow-
. ing atelectasis. Oxygen washin curves, however,
revealed an increase in the rate of alveolar equili-
bration and a marked decrease in the rate of oxy-
gen uptake by the blood. The absence of demon-
strable change in cardiac output or distribution of
ventilation in the remaining lung suggests that
perfusion of atelectatic lung is primarily respon-
sible for the increase in the A-aDo. following in-
duced atelectasis. (Key words: Atelectasis; Ven-
tilation; Perfusion.)

ATELECTASIS in dogs results in a reduction in
functional residual capacity and an increase
in the amount of blood shunted through the
lung. The purpose of the present work was to
define changes in the distribution of ventila-
tion and perfusion following induced atelecta-
sis in the dog and to determine the effects of
the changes on oxygen uptake by the blood.

Methods

Six dogs were anesthetized with 25 mg/kg
thiopental sodium intravenously, placed supine,
and allowed to breathe spontaneously. A
swivel Y-picce incorporating nonrebreathing
valves and a Rahn end-tidal sampler was at-
tached to the endotracheal tube. The input
side of the Y-piece was connected to a T-piece
with attached anesthesia breathing tube, and
air was admitted at the T-connection at a rate
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of 12 I/min. A similar breathing tube with an
inline Fleisch #2 pneumotachograph was at-
tached to the exhalation side of the Y-piece.

The left femoral artery was cannulated, and
a central venous catheter advanced through the
jugular vein into the right ventricle. Proper
placement of the catheter tip was achieved by
monitoring the pulse wave during advance-
ment {and confirmed at postmortem examina-
tion). The dogs were then heparinized with
50 mg heparin, intravenously.

The distribution of ventilation was de-
fined utilizing the open-circuit helium dilution
method of Briscoe,! and continuous recordings
of alveolar and arterial oxygen tensions were
made during oxygen washin of the lungs to
determine the effect of atelectasis on the de-
velopment of A-aDj..

Helium washin (0.8 per cent in air) was
monitored by continuously drawing the end-
expired air from the Rahn end-tidal sampler
through the thermal conductivity meter of a
Godart pulmonet. The galvanometer signal
was further amplified and recorded. Follow-
ing amplification, the galvanometer signal was
processed by a Sanbomn logarithmic preampli-
fier, and the resulting signal, a logarithmic ex-
pression of the helium washin curve, was ad-
justed to record full-scale when 99 per cent
(or two log cycles) of the total helium washin
had occurred. The time required for 99 per
cent of equilibration to occur is hereinafter
called equilibration time. The determination
of actual (100 per cent) equilibration time be-
comes highly subjective because of the rela-
tive insensitivity of open-circuit (He and N.)
analyzers.> The logarithmic expression of each
helium washin curve was separated into two
exponential components and the relative size
(L/L,) and ventilation (V,/L) of each com-
partment determined by the method of Bris-
coe.r V,/L relates alveolar ventilation per
minute per unit lung volume to the respiratory
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TapLe 1. Effects of Induced Atelectasis
on Ventilation*

Before Atell is| After

f(/min) 21 %2 31 %6
Vp/Vr 040 = 0.03 | 0.52 % 0.05
Equilibration time

(99 per cent)(min)l 1.3 = 0.3 1.0 +£02
Li/L: (per cent) 885 1.0 {865 =14
La/L: (per cent) 115 =32 (138 =41
Vy/L (}/min/l) 67 =12 | 85 =053
Vz/L (1/min/l) 1.9 2044 1.2 =035

* AMean values = SE (n = 6).

rate and the time required to achieve 90 per
cent washin or washout of the compartment
analyzed.

Oxygen washin was monitored by continu-
ously withdrawing gas from the Rahn end-tidal
sampler at a flow of 200 ml/min, using 2
Beckman microcatheter sample pump. The
gas was drawn through a Beckman C-2 Paul-
ing paramagnetic oxygen analyzer and record-
ings were made at ten-second intervals. The
gas sample was further analyzed for COa
using an inline Beckman LB-1 CO. analyzer
and a2 Texas Instruments rectilinear recorder.
A stable, sustained end-expired CO, record
assured the proper functioning of the nonre-
breathing valves and the validity of the sam-
pling during oxygen washin.

During helium or oxygen washin, the flow
rate of expired air was recorded and the pneu-
motachographic signal integrated electronically
to determine the tidal and minute volumes.
Expired air was also collected in a 30-liter
meteorological balloon for determination of
Vy, Vo £, R and Vp/Vi.

Arterial and right ventricular blood samples
were drawn during inhalation of air and oxy-
gen for the determination of cardiac output by
the Fick principle, and analyzed for Po.. Pcoz,
and pH. Arterial and mixed venous blood
oxygen contents were determined directly using
2 mixture of deoxygenated potassium ferricya-
oxygen content was estimated assuming full
nide and blood.® Pulmonary capillary blood
equilibration of pulmonary capillary blood at
the observed Pao.. Intrapulmonary shunting
during inhalation of air and oxygen was de-

termined using standard formulae.*

During oxygen washin, arterial blood was
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withdrawn from the femoral artery and
through a Beckman cuvette at a constant rate
of 1 ml/min, utilizing a Braun precision in-
fusor-withdrawal pump. Oxygen tension of
the blood was measured with a Beckman 160
Physiological Gas Analyzer and the galva-
nometer signal recorded during oxygen washin.
Oxygen tension values were corrected for dif-
ferences in the temperature of the blood in the
cuvette during withdrawal. Blood was al-
lowed to equilibrate in the cuvette immedi-
ately before and after withdrawal. The Jower
temperature in the cuvette during withdrawal
reduced the oxygen tension of the blood ap-
proximately 4 per cent.

The rate of change of the Beckman 160
galvanometer in response to an instantaneous
change in blood oxygen tension from 80 torr
to 680 torr was 27 torr/sec when the blood
was drawn through the cuvette at the experi-
mental rate of 1 ml/min. This rate of rise
was at least three times faster than that of ar-
terial blood during oxygen washin. The 100
per cent response times of the helium galva-
nometer and the C-2 oxygen analyzer to 2
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Fic. 1. Arterial oxygen tension curves during
washin, before and after atelectasis.
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“square-wave” change in helium or oxygen
tension were 7 seconds and 4 seconds, respec-
tively. These rise times are significantly
shorter than those which can be achieved by
progressive alveolar dilution even at excessive
ventilatory rates.

Significance levels were determined by the
method of paired comparisons and values of ¢.

EXPERIMENTAL ProTOCOL

Following 30 minutes of anesthesia and
spontaneous respiration, the following meas-
urements were made for each dog: 1) physio-
Jogic shunt during inhalation of air and oxy-
gen; 2) end-expired helium and oxygen washin
analyses, as described above; 3) continuous
recording of arterial oxygen tension during
oxvgen washin. Following control measure-
ments, an endobronchial blocker was inserted
under bronchoscopic control, and the left lung
made atelectatic. Thirty minutes later the
measurements were repeated, and the animal
was sacrificed with intracardizc KCL  Post-
mortem examination was done to determine
the amount of atelectasis present.

Results

Heriuat Wasary FOLLOWING ATELECTASIS

Exponential analysis of the helium washin
curves indicated that the lungs of supine anes-
thetized dogs behaved as if composed of two
compartments ventilating at different exchange
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rates. Eighty-eight per cent of the lung vol-
ume exchanged at a mean rate of 6.7 1/min/1
of lung volume, and the smaller compartment
at 1.9 I/min/l. No significant change in the
mean size or ventilatory exchange rate of
either compartment occurred following the in-
stitution of atelectasis (table 1). The mean
respiratory rate increased following atelectasis,
from 21 to 31/min, and deadspace-to-tidal
volume ratio (Vp/Vy) increased from 0.40 to
0.52. The time required to reach 99 per cent
of equilibration was shorter following atelec-
tasis, however, and is probably related to both
the reduction in functional residual capacity
and the increase in respiratory rate following
atelectasis.®

ALVEOLAR—OXYGEN \WasuIN FOLLOWING
ATELECTASIS

Transient reductions in respiratory rate and
tidal volume on switching from air to oxygen
inhalation commonly occur in anesthetized
dogs. Respiratory rates were reduced 25 to
30 per cent during oxygen washin in our dogs
following atelectasis. Oxygen washin, how-
ever, was accomplished significantly faster fol-
lowing atelectasis (P < 0.01).

EQUILIBRATION OF Pag, DURING ALVEOLAR
OXxYGEN WASHIN

Figure 1 plots the actual Pao, changes, cor-
rected for circulation and system lag time, be-
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fore and after atelectasis for each dog during
oxygen washin. Percentage changes of the to-
tal changes in Pao, and Pag, during oxygen
washin were also determined. Mean values for
the group of six dogs are plotted against time
in figure 2. Analysis of the Pao, equilibration
curves before and following induced atelecta-
sis reveal that less than 30 seconds after the
start of equilibration, a significant difference
(P < 0.01) in the rate of rise in the arterial
oxygen tension is apparent. This difference
reaches a peak between 80 and 90 per cent of
equilibration (fig. 2). Ninety-nine per cent
equilibration was achieved in 3.3 minutes in
the control period and in 4.8 minutes follow-
ing atelectasis.
CHANGES IN THE A-ADo, DURING
OxYGEN WASHIN

The A-aDg, during equilibration increased
to values in excess of those ultimately achieved
at full equilibration (fig. 3). The mean times
for peaking of the A-aDo, were 40 seconds in
the control period and 85 seconds following
atelectasis.

ARTERIAL-ALVEOLAR TrME GRADIENTS
DURING EQUILIBRATION

Figure 2 depicts the changes in the mean
arterial-alveolar time gradient (T, ,) during
progressive stages of equilibration before and
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after atelectasis. The T, following atelec-
tasis was increased approximately threefold
throughout the period of equilibration. Most
of this increase was due to a delay in the rate
of equilibration of the arterial blood. A slight
increase in the rate of equilibration of the al-
veolar oxygen further increased the time gra-
dient. The T,_, usually was greatest when al-
veolar and arterial equilibration were 90 per
cent completed. Equilibration of alveolar oxy-
gen tensions proceeded exponentially during
oxygen washin; equilibration of arterial oxy-
gen tensions was nearly exponential. T, a at
90 per cent completion of equilibration (Ta_a
90 per cent) was found to be significantly re-
Jated to the amount of shunting (r=0.64).
Figure 4 relates the time gradient to the
amount of shunting in each dog before and
after the institution of atelectasis. The mean
time gradient at 90 per cent of equilibration
was 49 seconds before, and 143 seconds after,
atelectasis. Thus, for every 10 per cent in-
crease in shunting the 90 per cent time gradi-
ent increased approximately a minute. There
was a still closer correlation between A-aDo,
and T,_, 90 per cent (fig. 5). A time gradient
(T,.a 90 per cent) increase of one minute was
associated with a rise in A-aDg, of 120 torr.
No change in mean cardiac output occurred
following atelectasis. Both the true shunt dur-
ing inhalation of oxygen and the total shunt

— A-aDQ, BEFORE ATELECTASIS
— A-aDO, AFTER ATELECTASIS

Fic. 3. A-aDo. during oxy-
gen washin, before and after
atelectasis. Mean values.
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measured during breathing of air nearly dou-
bled, yet the ratio of true-to-total shunt re-
mained unchanged (0.6) (table 2). At post-
mortem examination we estimated that 25 to
40 per cent lung collapse had been instituted
by bronchial blockage in the six dogs. Mean
collapse amounted to approximately 31 per
cent for the group.

Discussion

The present study was undertaken to evalu-
ate simultaneously the pulmonary and circula-
tory events which affect the uptake of oxygen
by the blood in anesthetized dogs with and
without induced atelectasis. How rapidly and
to what degree the arterial blood responds to
a change in inspired oxygen concentration are
dependent on the distribution of inspired oxy-
gen,® diffusion across the alveolar—capillary
membrane,” cardiac output,® and distribution
of the pulmonary blood flow.® Since pulmo-
nary capillary blood can take up oxygen only
to the extent of the concentration presented
in alveoli, the mechanics invelved in ventila-
tory exchange and the speed and equality of
distribution of inspired air play dominant roles
in alveolar-blood gas exchange. Our results
indicate that atelectasis expedites alveolar
washin of oxygen, presumably by reducing
functional residual capacity and increasing
respiratory rate. These changes, however, had
little effect on the relative sizes or turnover

© 60 80 100 120 140 160 180 200
Ta-A""(SECONDS)

rates of the lung compartments. Diffusion of
oxygen across the alveolar—capillary membrane
probably had a minimal effect on gas ex-
change, since the alveolar oxygen concentra-
tion never was reduced to levels known to
affect diffusion significantly.” The relative dis-
tribution of pulmonary blood flow to venti-
lated and to unventilated areas of the lung
also affects the rate and degree of arterializa-
tion of the blood following a change in in-
spired oxygen. Both the amount of perfusion
to unventilated areas of the lung and the time
required to recirculate the blood (i.e., the car-
diac output) affect the rate of arteralization
of blood. Perfusion of unventilated areas of
the lung probably accounts for most of the
observed decrease in the arterialization of
blood following atelectasis, since cardiac out-
put did not change in this study. Thus, in-
duced atelectasis results in both a reduction in
the amount of ventilated lung tissue and at
Jeast partial continued perfusion of atelectatic
lung. This situation contributes to a reduction
in the overall V/Q ratio of the lungs and an
increase in the final alveolar-arterial oxygen
tension gradient.

THe DEVELOPMENT OF THE A-aDg,

Oxygenation of the blood is retarded in pro-
portion to the magnitude of intrapulmonary
shunting, since mixed venous blood passing
through the shunt continually contaminates
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the arterial blood. Thus, the magnitude and
the timing of the A-aDo, peaking effect are
influenced by the size of the intrapulmonary
shunt. Were the distribution of ventilation or
respiratory rate to change as well, the A-aDg.
would be further affected during equilibration.
Since no reduction in cardiac output, which
would increase the circulation time and re-
duce the C¥g,, occurred, the delay in peaking
presumably reflects the increase in the size of
the intrapulmonary shunt. The larger the
shunt, the greater the venous contamination
of arterial blood during equilibration. Figure
3 demonstrates that the A-aDg, remained high
for approximately three minutes after an in-

Anesthesiology
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crease in inspired oxygen temsion and after
reasonable stabilization of the end-expired
oxygen tension. Thus, a stable end-expired
oxygen tension does not necessarily indicate
that the arterial blood has achieved maximal
uptake of oxygen in the presence of a large
shunt for several minutes.

THE ARTERIAL-ALVEOLAR TiME GRADIENT

The difference between the rates of equili-
bration of alveolar gas and arterial blood fol-
lowing a change in inspired oxygen tension
serves as a useful guide to the efficiency of
ventilation relative to perfusion in gas ex-
change from lungs to blood. In an idealized
situation in which no intrapulmonary shunt-
ing exists and ventilation and perfusion are
distributed equally throughout the lung, the
rates of change in alveolar and arterial ten-
sions would be equal throughout the period
of equilibration. The existence of some intra-
pulmonary shunting of blood, however, may
partially negate an efficient ventilatory ex-
change by contaminating the arterial blood
with mixed venous blood. The greater the
shunt, the more delayed would be the attain-
ment of a stable arterial oxygen tension fol-
lowing a change in inspired oxygen. This was
demonstrated in the present study, in which
an increase in intrapulmonary shunting was
produced by inducing atelectasis, resulting in
an overall increase in the arterial-alveolar time
gradient (T,_,). Since this time gradient was
usually maximum at 90 per cent of full equili-
bration and thus more inherently accurate,
this was chosen as a convenient reference
point (T,_4 90 per cent) in the present study.

Changes in ventilation may affect Ty 90

1 Bload Gases, Cardiac Output and Shunting®

Tane 2. Effects of Induced Atelectasis o
Before Atelectasis After Atelectasis

hing Air hing Oxyzen h Alr hing Oxyren
pH 746 = 0.037 7422 0037 737 = 0.041 733 = Q041
Po: (torr) 71 = 3.06 151 = 18.6 58 =274 189 4= 194
Pco; (torr) 38 =103 38 = LM £ 27 30 = 381
a — ¢Do: (vol per cent) 2,53 == 0437 27X 4 ES 3.00 £ 0420
Per cent shunt (Q./Q. X 100) | 22 =265 13 = EX 30 = 391
Cardiac output (}/min) 24 202 ES

* \ean values == SE (n = 6).
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per cent and arterial rise time. In the presence
of a fixed amount of intrapulmonary shunting,
for example, it could be expected that hyper-
ventilation, while affecting the arterial rise
time, would have a minimal effect on T,_4 90
per cent, since both alveolar and arterial rise
times would decrease. However, T, 4 90 per
cent would be expected to decrease with hy-
poventilation (either generalized or regional),
since prolonged alveolar washin would tend to
minimize the effects of intrapulmonary shunt-
ing.

The effects of changes in cardiac output on
T,_4 90 per cent were not demonstrated in the
present study; yet, under certain conditions
(i.e, a large intrapulmonary shunt) these
changes would be expected to have a signifi-
cant effect. Reduced C¥o, secondary to a de-
creased cardiac output would increase T,_, 90
per cent by further contamination of arterial
blood through the shunt. Similarly, an in-
creased cardiac output would decrease T, s 90
per cent. An increase in cardiac output then,
in the presence of intrapulmonary shunt,
would improve the efficiency of perfusion rela-
tive to ventilation.

The authors gratefully acknowledge the techni-
cal assistance of Miss Catherine P. Vangellow.
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Drugs

PARATHYROID POLYPEPTIDES Thyrocalcitonin, a hormone which in-
duces hypocalcemia and hypophosphatemia, has been isolated, analyzed for amino-
acid sequence, and synthesized chemically. It is secreted from the perifollicular
cells found in mammalian thyroid but related embryologically to the ultimobranchial
body of lower vertebrate species. Sensitive radioimmunoassays for thyrocalcitonin
and parathyroid hormone have shown that secretion of each is controlled by calcium.
Current findings show that the major physiologic parathyroid hormone actions are
mediated by adenosine 3’,5-monophosphate (cyclic AMP) produced as a conse-
quence of direct, specific hormonal stimulation of the enzyme adenyl cyclase in bone
and kidney. Thyrocalcitonin acts through another mechanism to inhibit bone re-
sorption. In healthy subjects, but not in patients with pseudohypoparathyroidism,
parathyroid hormones cause a marked increase in urinary excretion of cyclic AMP.
This observation forms the basis for a useful diagnostic test and suggests that the
metabolic abnormality of pseudohypoparathyroidism may be attributable to 2 genetic
Jack or defect of a specific adenyl cyclase in renal and skeletal tissue. (Aurbach,
G. D., and others: Polypeptide Hormones and Calcium Metabolism, Ann. Intern.

Med. 70: 1243 (June) 1969.)
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