Atelectasis and Pneumothorax:

Effect on Lung Function and Shunting
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Lung mechanics and physiologic shunting were
measured before and after experimentally-pro-

duced 1 is and in dogs
breathing air or oxygen. Atelectasis of the left
lung was liched with an endob hial
blocker; p horax by injecting an t of
air equal to the functional idual ity of
the dog. @i in physiologic shunting fol-
lowing 1, is and p horax were less
than ted from the t of collapsed Jung
involved, indicating that the of shunt
is an i itive index of atel is. Reductions

in lung compliance, however, were related directly
to the t of induced atelectasis confirmed by
. 1 Jual

. i~ . Functi ca-
pacity was found to be related linearly and in-
versely to the degree of shunting during breathing
of air but not during inhalation of oxygen. Thus,
i of an imal state of resting lung
)i seems y to minimi hunti
whenever the inspired gas is not oxygen.

Craxces in lung compliance and/or physio-
logic shunting frequently have been assessed
as indices of atelectasis.>> Data correlating
changes in lung compliance and shunting with
the actual amount of atelectasis present are
lacking, however. Changes in lung compli-
ance also may reflect changes in functional
residual capacity (FRC),® surface tension 7 or
cycling dynamics during controlled ventila-
Hon & without development of atelectasis. Ac-
cordingly, spontaneously-breathing dogs were
studied to determine the effect of a known
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amount of atelectasis produced by bronchial
blockage or pneumothorax on lung compliance,
FRC and physiologic shunting, and to assess
the relative contributions of ventilation-perfu-
sion defects to the observed shunts.

Methods

Twenty-six dogs were anesthetized with a
50:50 mixture of sodium pentobarbital and
sodium thiopental, administered intravenously.
An initial dose of 16 mg./kg. was followed by
supplementary doses of pentobarbital, as re-
quired. The dogs were placed in the supine
position and an esophageal balloon was passed
into the stomach, withdrawn to the lower third
of the esophagus, and 0.5 ml. of air was added.
A large double-cuffed endotracheal tube was
passed and attached to a modified T piece.
Thirteen dogs breathed air and 13 breathed
oxygen throughout the study. Either oxygen
or air was admitted through the sidearm at
6-8 liters per minute, a flow more than suff-
cient to eliminate rebreathing.® Denitrogena-
tion was assessed by analysis of end-tidal sam-
ples for O, and CO,. Measurements of FRC
and compliance were made in duplicate ap-
proximately 30 minutes after induction of anes-
thesia. Femoral arterial blood and expired gas
samples were obtained for gas analysis between
the duplicate FRC determinations. In 12 dogs
a catheter for sampling mixed venous blood
was inserted through the jugular vein into the
pulmonary artery, using the method of Fife
and Lee®

ATELECTASIS

Atelectasis was produced in the following
manner: following collection of control data,
the trachea was extubated and a McCarthy
double-lumen bronchial blocker passed through
a #10 Jackson bronchoscope into the left
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main-stem & h The t 1 pe was
removed and reinserted beside the bronchial
blocker, and the blocker withdrawn slowly
until the proximal end of the cuff was just
visible below the carina. The cuff was in-
flated under direct vision following expiration,
so that the blocked lung contained an amount
of gas equal to its normal contribution to the
total FRC. The snugness of the block was
tested by gentle tugs after which the endo-
tracheal tube was reinserted. As much gas as
possible was removed from the blocked lung
by gentle aspiration through the blocker tubing
opening distal to the balloon. This was usu-
ally less than half the expected left lung vol-
ume. A period of at least ten minutes then
was allowed, to permit complete absorption
of the remaining oxygen from the blocked
Tung.1t.12 Al measurements made in the con-
trol period were repeated 30 minutes after in-
stitution of atelectasis, since shunting is maxi-
mal during the first hour.1* At this point eight
dogs were sacrificed immediately with intra-
venous pentobarbital, the endotracheal tube
camped, and the extent of atelectasis deter-
mined by postmortem examination. In the
remaining dogs the endobronchial blacker was
removed and the lungs were hyperinflated ac-
tively several times by sustained pressures of
40 em. H,O for 15-20 seconds, to re-expand
them adequately. Spontaneous respiration
was permitted for 30 minutes to allow the
Tungs to attain their normal resting volume fol-
lowing reinflation, after which control mea-
surements were repeated.

PNEUMOTHORAX

Pneumothorax was produced with injection
into the left chest of air in a volume equal to
the control FRC, using a syringe and an 18-
gauge needle. Care was exercised to avoid
puncturing the lung. Following measurements
made 30 minutes after pneumothorax, four
dogs were sacrificed and examined to deter-
mine the extent of lung collapse. In the re-
maining dogs the gas was aspirated from the
chest and repeat measurements were made 30
minutes later. Finally, reinflation of the himgs
was accomplished in a manmer similar to that
following atelectasis, and after the resumption
of spontaneous respiration for 30 minutes the
measurements were repeated.
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FRC determinations were made using the
closed-circuit helium-dilution techniq He-
lium meter readings were corrected fr3
changes in oxygen concentration which o
curred during the determinations, by a method
described elsewheres® The per cent change
in helium concentration was measured at 30-
second intervals during helium equilibration
to assess the efficiency of intrapulmonary mix-
ing. When plotted on semilog paper, a
straight line results if mixing is normal. If the
lung contains poorly-ventilated components,
the plot is represented best by two or more
exponential equations. as suggested by Nye*
and observed clinically.3s.2¢

Dynamic lung compliance was computed as
the change in lung volume per unit change in
transpulmonary pressure measured from the
beginning of inspiration to the end of inspira-
tion. Transpulmonary pressure was repre-
sented as the difference in pressure between
airway and esophageal pressure. Tidal vol-
ume was determined by integrating the flow
signal from a Fleisch #1 pneumotachoeraph
attached to the endotracheal tube. Al blnod
gas analyses were done with a Beckman 160
Analvzer or an Instrumentation Laboratories
Analyzer.

Calculations

Alveolar oxygen tension during inspiration
of oxygen was calculated from the equation:

Pao. = Pp — PH:0 — PaAco, (6]

‘When air was inspired, the alveolar air equa-
tion was used:

Pao, = F1o,(Ps — Pr:0}
1 — Fro,
- P.‘co,[mo: + —R—°] @

The respiratory exchange ratio (R) was deter-
mined from analyses of the inspired and ex-
pired air, the latter collected at the time of
femoral arterial blood sampling. Both equa-
tions were solved assuming that PAco, = Paco,.
Actually, there is a CO, gradient of less than
2 mm. Hg in right-to-left shunts of less than
90 per cent, and it can be ignored. The exist-
ence of a 5-mm. Hg gradient in the presence
of a 40 per cent shunt during air inhalation
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would lead to an underestimation of the shunt
by less than 1 per cent

The total physiologic shunt was calculated
from the shunt equation:

Ccu, - Cno,
Cco, — CVo,

0./0. = @
where Q, represents that portion of the total
blood flow (Q.) which is shunted past non-
ventilated alveoli, blood coming from re-
gions with low ventilation—perfusion ratios, as
well as blood flowing through anatomical
shunts. Ccg,, Cag,, and C¥o, represent the
oxygen contents of pulmonary capillary, ar-
terial and mixed venous bloods, respectively.
Cao, during oxygen breathing was-calculated
from the hematocrit and addifon of the
amount physically dissolved—a method found
to give results similar to the direct Van Slyke
technique.r* When air was inspired, Cag, Was
determined utilizing the nomogram of Rossing
and Cain, which determines jon of dog’s
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a loosely dependent relationship (r=0.50).
The regression equation expressing this rela-
tion was FRC=0.37 +4.78 C.. The mean
Cr was 0.058 =0.02 L/em. H.O and mean
FRC of the group was 0.835+=0.19 L The
coefficients of variation for Cy, and FRC were
36 per cent and 30 per cent, respectively.
The relationship of helium-mixing time to
respiratory minute volume and FRC was de-
termined by analysis of 42 simultaneous mea-
surements of these parameters during the con-
trol periods. No correlation was found be-
tween mixing time and minute volume (r
=0.06). A positive comrelation (r=0.38)
was found between mixing time and FRC,
which is significant at the 1 per cent level.
The formula expressing the relationship was:
mixing time (min.) = 1.27 + 1.8 FRC. Dur-
ing the control periods and with atelecta-
sis produced by lung blockage and pneumo-
thorax, the mixing times required for complete
helium dilution were less than three minutes.

blood from Pag,, pH, and temperature.’® Dur-
ing inhalation of oxygen when pulmonary cap-
illary blood reaches full equilibration at the
observed Pag, only anatomical shunting and
shunt past nonventilated alveoli are measured.
During inhalation of air, pulmonary capillary
blood fails to achieve equilibration at the ob-
served Pag,. The difference between the Cco.
predicted from full equilibration and that actu-
ally achieved (Cag.), represents the total
physiologic shunt. Therefore, Ccg, was calcu-
lated assuming full equilibration of pulmonary
capillary blood at the observed Pag,. Oxygen
consumption was measured spirometrically and
the cardiac output determined by the Fick
principle:

Cap, — C¥o,
Since Cao,~C¥o, did not change significantly
in twelve dogs following atelectasis, whether
air or oxygen was inhaled, the observed mean

value of 3.2 volumes per cent was used in esti-
mating shunt in the remaining 14 dogs.

Results

Experimental data are summarized in tables
1 and 2. Lung compliance and FRC during
quiet breathing in anesthetized dogs exhibited

C.0. (I/min.) = 4)

Only following pneumothorax did mixing time
differ significantly (P <0.05) when air or
oxygen was inhaled because of the marked
difference in FRC. In all situations, however,
the slopes of the helium-dilution curves, when
plotted semilogarithmically, were straight, in-
dicating absence of poorly-ventilated areas of
the Iung.

ATELECTASIS

The large A-20. gradient present during
inhalation of oxygen in the control period sug-
gested significant atelectasis when dogs are al-
lowed to breathe spontaneously during anes-
thesia. During breathing of air or oxygen,
27 per cent or 22 per cent, respectively, of
venous blood was shunted. When the left
lung was made atelectatic following bronchial
occlusion, tidal volume was reduced approxi-
mately 17 per cent, but a 23 per cent increase
in respiratory rate also occurred and the mi-
nute volume remained virtually unchanged.
The loss of approximately 40 per cent 1%-2? of
the total lung tissue was reflected by a de-
crease in lung compliance of equal magnitude
(42 per cent and 46 per cent) in both groups
of dogs. The FRC was reduced by 41 per
cent in the group breathing air and 23 per
cent in the group breathing oxygen. Shunting
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increased to 43 per cent during breathing of
air and 34 per cent during breathing of oxy-
gen following atelectasis. No significant
change in cardiac output occurred following
institution of atelectasis, whether oxygen or air
was inhaled (table 2). In all eight dogs, ex-
amination of the lung following inhalation of
oxygen and bronchial blockage revealed that
the left lung was completely liver-like in both
color and consistency. The right lungs ap-
peared fully inflated without evidence of
atelectasis in the dependent portions. In each
dog, correct positioning of the bronchial
blocker in_the left main-stem bronchus and
the catheter within the pulmonary artery was
confirmed.

PNEUMOTHORAX

Introduction into the thorax of air equal in
volume to the FRC of the dog resulted in a
reduction in tidal volume and almost doubling
of the respiratory rate. Minute volume in-
creased approximately 50 per cent. A 53 per
cent reduction of the FRC during breathing

TasLe 1. Respiratory and Blood Gas Changes Due to Induced Atel
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of air and a 67 per cent reduction during
breathing of oxygen also occurred. The dif-
ference between the two groups was signifi-
cant at the 1 per cent level. Larger reduction
in FRC were not expected, since some oxygen
is absorbed from the pneumothorax and the
thoracic volume actually increases somewhat
with the introduction of air. The negative
intrapleural pressure resulting from the elastic
retractive force of the lung was reduced, al-
lowing the rib cage to enlarge.™

Pneumothorax decreased lung compliance

by 52 per cent and 44 per cent of control val- .

ues when air and oxygen, respectively, were
inspired. For dogs breathing oxygen, the
physiologic shunt following pneumothorax,
which presumably represents shunting past
nonventilated alveoli, was also the same as
that observed following bronchial blockage.
The totzl shunt was again higher when air
was breathed, suggesting that ventilation—
perfusion abnormalities of patent alveoli con-
tribute a significant amount to the total physio-
logic shunt. Both lungs of four dogs sacrificed

tasis and Pn horax in Dogs

Breathing Either air or Oxygen (Mean values and standard deviations. Significant differences
between the air versus oxygen groups: *P < 0.05; ** <0.01.)

Control Atelectasis Control ¥ b A infl
Air 13 dogs 13 dogs 9 dogs 7 dogs 7 dogs
[¢3% 13 dogs 13 dogs 9 dogs 7 dogs 7 dogs
[ ir | 0.055 = 0.021 | 0.032 20018 | 0.067 =0.022 0.032 0021 | 0.065 = 0.039
(L/em. H:0)  O: | 0057 =0017 | 0.031 %0010 | 0.057 £ 0.013 0.033 = 0.009 | 0.047 £ 0.006
FRC Air | 0090 = 0214 | 0.412 20141 | 0727 2 0.192 0.529 = 0.136% | 0.691 = 0.243
[ 0: | 0583 0,085 | 0:451 =0.130 | 0584 -+ 0.103 0383 % 0.083* | 0.500 == 0.089
FRC Air | 254 =49 17.0 =37 26.7 19.7 =22 25.1 £5.9
(ml./kg.) O: | 20L6=66 16.6 = 4.9 219 =3 130 =37 | 17551
vr Air [ 93 =28 7.8 =25 6.6 =15 63 =23 62 =16
(ml./kg.) [ 86 =39 7030 69 =36 61 %32 6.0 £3.0
Rate Air 134 165 7 & 14 32 416 25 7
(resp./min.) Oz 137 168 5 22 £10 25 %13 233 £8
Minute volume  Air 121 125 112 171 202 155
(mk/kg./min) Oz 112 12 101 139 152 150
Mixing time  Air | 2508 21 =08 26207 23 £06 21 =05 25409
(min. 0:| 26=x09 23 =10 19 =02¢ 12x12e L7 =05 15 £06*
pH Air | 738 =006 732 =005 7.35 =005 7.31 =007 7.32 2007 7.34 2006
0: | 732 =006 7.28 £ 005 731 £0.05 731 =004 732 £0.06 733 £ 0.0¢
Paco: Air 4327 46 2= 10 g 2 6 52 %10 49 =8 48 =8
(mm. Hg) 0: 3 =T 19 =9 526 489 =8 88
Pao: Air 70 %7 59 = 6 72 &7 58 = 16 63 9 70 =12
(mm. He) 0: 369 =62 138 =64 311 =129 153 =93 158 = 83 317 £ 158
A—aos Air 29 =9 37 =11 2] £ 8 32 12 30 & 13 24 513
(mm. Hp) 0: 257 =89 519 =85 314 £ 140 499 =155 489 £65 335 £ 161
Qs/0t X 100 Air 27 43 23 43 36 26
0: 22 31 25 33 32 24

202 [udy 0} uo31sanb £q 3pd-Z1000-00060896-Z¥S0000/92 2L L 9/€26/S/62/3Pd-0]on1e/ABOjOISaUIsaUER/W0O JIBYDIBA|IS ZBSE//:dRY WOl papeojumoq
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TapLe 2. Cardiac Output, Arteriovenous Oxygen
Difference, and Total Physiologic Shunt before
and following Atelectasis Induced by Left
Bronchial Blockage in 8 Dogs and by

Pneumothorax in 4 Dogs
(Means % S.D.)
Cardiae _ Qa/in
Gty | Cooz = Cren i
Control
0- 2.51 3306 22
Air 268 29 205 29
Atelectasis
0. 236 3.4 =06 34
Air 243 3106 40

after pneumothorax were partially collapsed,
with patchy atelectasis in the dependent por-
tions. Lung volume was estimated visually
to have been reduced to 50-60 per cent of
normal volume by the pneumothorax.

Aspiration of pneumothorax air produced no .

increase in compliance in either group, and
since no decrease in shunting occurred in the
oxygen-breathing group, presumably there was
no reduction in atelectasis. FRC did increase
in both groups, however, and the increase in
resting lung volume in the air-breathing group
was associated with a reduction in the total
shunt from 43 per cent to 36 per cent of the
cardiac output. Compliance values and shunt-
ing returned to control levels only in the pe-
riod following vigorous hyperinflation.

Discussion

It is well documented that if anesthetized
dogs are allowed to breathe spontaneously,
atelectasis is present, usually in the dependent
portions of the lung.® " Hyperventilation,
whether spontaneous * or artificially pro-
duced,?-¢ may lead to climination or marked
reduction in shunting and significant increase
in compliance. Invariably, however, these
changes are followed by return to prehyper-
inflation levels.»%17 When air is breathed,
the total shunt is considerably greater than
during inhalation of oxygen, presumably be-
cause of abnormalities in ventilation relative
to perfusion, since an appreciable diffusion gra-
dient has not been demonstrated in dogs.*»**

ATELECTASIS AND PNEUMOTHORAX
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Lunc CoyPLIANCE, FRC, AND ATELECTASIS

The present study shows that, following an
increase in the amount of atelectasis caused
by bronchial blockage or pneumothorax, a
proportional decrease in lung compliance can
be expected, whether air or oxygen is inspired.
Factors other than atelectasis, such as changes
in respirator pressure and cycling dynamics
during controlled respiration, can influence
compliance measurements, however.® 2* Dur-
ing spontaneous respiration, changes in fre-
quency 2* and depth of respiration > as well
as changes in alveolar surface tension,? 2¢ bron-
chial tone** and position,® 2% 2 can alter com-
pliance significantly. The observations of Wil-
liams et al.? suggest that during controlled
respiration, reductions in lung compliance can
be expected in hypoventilated alveoli on the
basis of increasing surface tension alone, with-
out atelectasis. Whether these changes occur
during spontaneous respiration is not known.
In our animals alveoli undoubtedly were hypo-
ventilated during the control periods, and par-
ticularly during bronchial blockage and pneu-
mothorax, as evidenced by the increased shunt
during breathing of air. It is unlikely, how-
ever, that changes in surface tension played
a significant role in reducing compliance val-
ues, since increases in FRC following aspira-
tion of pneumothorax air, while cffecting major
increases in alveolar volume, left compliance
unchanged. Measurement of lung compliance,
then, should be considered a sensitive method
for assessing changes in the amount of atelec-
tasis, provided other factors known to influ-
ence lung compliance remain relatively un-
changed.

Reduction in FRC also occurred after atelec-
tasis. However, changes in resting intrapleural
pressure or tone of musculature of the chest
wall, quite apart from atelectasis, may affect
the resting lung volume, also. That changes
of this nature occur is evident from the re-
sponses to aspiration of pneumothorax air:
following aspiration, dogs breathing oxygen
experienced no reduction in shunting and
atelectasis but a marked increase in FRC. In
spite of this increase, lung compliance re-
mained unchanged, reflecting the persistence
of atelectasis. Only following the high sus-
tained inflation pressures required to overcome
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the surface tension forces involved in atelec-
tasis did compliance values and reduction in
shunting reflect the reopening of collapsed al-
veoli, Thus, lung compliance, unlike the
FRC, consistently reflects the amount of under-
lying atelectasis, regardless of whether air or
oxygen flls the lungs.

Resting lung volume following ‘bronchial
blockage also is influenced by the presence or
absence of nitrogen in the lung distal to the
block. We found, as did Dale and Rahn,*
that no significant change occurred in the FRC
of the unblocked lung if the other lung con-
tained air before blockage. When oxygen
+was present in the blocked lung, however, ab-
sorption of the trapped oxygen o , caus-
ing mediastinal shift and a larger resting lung
volume for the unblocked lung. Presumably
this explains the smaller decrease in FRC fol-
lowing bronchial blockage during oxygen in-
halation {23 per cent) than during air inhala-
tion (41 per cent).

ATELECTASIS AND SHUNTING

We were unable to explain why the shunt
only increased from a control value of 27 per
cent to 43 per cent during breathing of air
following blockage of the left lung and from
99 per cent to 34 per cent during inhalation
of oxygen unless some pulmonary blood was
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shunted towards the unaffected lung. Both
shunting and FRC were greater when air
rather than oxygen was breathed following
pneumothorax. Hypoinflated alveoli contain-
ing air, although contributing significantly to
the total physiologic shunt, may sustain 2
greater volume than Ou-filled alveoli because
of the “nitrogen scaffold”3%-3* and may ac-
count for the larger FRC’s measured during
air breathing throughout the study.

Changes in the amount of shunting were
observed to be closely related to changes in
FRC during breathing of air. When changes
in shunt, determined from table 1 date, are
plotted against changes in FRC, physiologic
shunting increases about 5 per cent with each
100-ml. decrease in FRC (fig. 1). We ob-
served that a reduction in shunting can be
accomplished without a reduction in atelectasis
by increasing the resting lung volume, as oc-
curred following aspiration of pneumothorax
air. When the lung contins air, partially-
collapsed alveoli are maintained patent by
slowly-absorbed nitrogen and are more readily
re-expanded when pneumothorax air is aspi-
rated. When the lung contains only oxygen,
partially-collapsed alveoli are more likely to
become completely atelectatic. Aspiration of
pneumothorax air leads only to overexpansion
of the remaining lung without reopening com-
pletely atelectatic alveoli. The V/Q ratio of
ventilated alveoli was noted to improve with
increases in FRC during breathing of air, sug-
gesting that changes in resting lung volume,
quite apart from the presence or absence of
atelectasis, may play a significant role in deter-
mining the overall efficiency of respiration.

How resting lung volume influences the
V/Q ratio is not altogether clear. We were
unable to demonstrate a distribution defect in
ventilation during atelectasis and pneumo-
thorax. The possibility exists that the heljum-
mixing time may be too insensitive to ventila-
tion defects in normal but hypoventilated lung,
yet its value in the presence of lung disease
is well chronicled.2s.1%. 3%  Alterations in per-
fusion may be affected by resting lung volume,
however. Rahn has shown that in anesthe-
tized supine spontaneously-breathing dogs,
even though more ventilation occurs in de-
pendent portions of the lung, considerably
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more blood per unit volume of lung tissue
flows through the dependent portions, more
than offsetting any increase in ventilation.?
With some shunting of blood toward unaf-
fected lung tissue following institution of
atelectasis, the increase in the total physio-
logic shunt would be less than predictable
from the amount of induced atelectasis. Yet
a further reduction in the V/Q ratio of non-
atelectatic lung, now relatively overperfused,
would occur, partially offsetting the reduction
in shunt due to redistribution. Additional re-
duction in resting lung volume in such a situ-
ation will enhance the shunt further. An opti-
mal lung volume must exist, below which in-
creases in shunting can occur during air in-
halation. Thus, the achievement and mainte-
nance of this volume seems necessary to mini-
mize shunting whenever the inspired gas is
not oxygen.

CONCLUSIONS

Judging from our results, it seems unlikely
that a sensitive assessment of atelectasis can
be made from measurement of the physiologic
shunt alone. Increases in shunting were less
than expected from the loss of nearly half the
functioning lung, and these changes probably
reflected blood shunting towards unaffected
lung tissue. Stll further changes in shunting
can be produced by altering the state of infla-
tion (FRC) of nonatelectatic lung without
changing the degree of atelectasis, when air
is inspired. Changes in lung compliance dur-
ing spontaneous respiration, however, con-
sistently reflected the degree of atelectasis (de-
termined by postmortem examination), re-
gardless of changes in the FRC or the calcu-
lated shunt, whether air or oxygen was inhaled.

The data also suggest that FRC determina-
tions may be helpful in suspected cases of
atelectasis. Reductions in FRC may suggest
atelectasis but, more important, may foretell
significant ventilation-perfusion defects. In
such a situation measurement of shunt during
both inhalation of oxygen and breathing air
would allow assessment of the relative contri-
butions of atelectasis and ventilation—perfusion
defects to the total shunt.

ATELECTASIS AND PNEUMOTHORAX
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Drugs

NARCOTICS The pulmonary and systemic hemodynamic effects of meperidine
and hydroxyzine, individually and in combination, were investigated. The prepara-

tion consisted of intact,

thetized dogs in which pulmonary artery, left atrial

and aortic catheters and an electr

had been implanted at opera-

tion. Meperidine produced significantly increased computed pulmonary and sys-
temic vascular resistance. Hydroxyzine produced significantly increased systemic
vascular resistance, but had little effect on the pulmonary circulation. A combina-
tion of meperidine and hydroxyzine produced considerably fewer changes than
meperidine alone. Both agents individually and in combination produced hemody-
namic changes which could alter the interpretation of a cardiac catheterization.

(Goldberg, S. ]., and others: The Pul

y and Sy ic Hemod, ic Effects

Produced by Meperidine and Hydroxyzine, J. Pharmacol. Exper. Th;mp. 159: 306

(Feb.) 1968.)
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