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Atelectasis and Chest Wall Shape during Halothane

Anesthesia

David O. Warner, M.D.,* Mark A. Warner, M.D.,t Erik L. Ritman, M.D., Ph.D.+

Background: Anesthesia produces atelectasis in the depen-
dent areas of the lungs by mechanisms that remain unknown.
It has been proposed that anesthesia produces a cephalad shift
in the end-expiratory position of the diaphragm, which com-
presses the lungs and produces atelectasis. This study tested
the hypothesis that the extent of atelectasis is correlated with
the cephalad displacement of the dependent portion of the
diaphragm produced by halothane anesthesia in healthy
young human subjects.

Methods: Twelve volunteers (mean age 34 yr) were studied
while awake and during approximately 1.2 minimum alveolar
concentration halothane anesthesia. Chest wall configuration
was determined using images of the thorax obtained by three-
dimensional fast computed tomography. Functional residual
capacity was measured by a nitrogen dilution technique. Mea-
surements were performed during quiet breathing in all sub-
jects and after paralysis with 0.1 mg/kg vecuronium and me-
chanical ventilation in six subjects. Atelectasis was assumed
to be present in regions of the lung that showed radiographic
attenuation values similar to solid organs such as the liver.

Results: Atelectasis in dependent lung regions was not ap-
parent in scans performed while the subjects were awake.
Anesthesia with spontaneous breathing increased the volume
of atelectasis measured at end-expiration by more than 1 ml
in 9 of 12 subjects. For all subjects, the volume of atelectasis
was 29 + 10 ml (M = SE), representing 0.67 + 0.23% of the total
thoracic volume. The distribution of atelectasis varied along
the cephalocaudal axis, with less atelectasis in more cephalad
transverse sections. Paralysis and mechanical ventilation sig-
nificantly decreased the volume of atelectasis present at end-
expiration. There was no correlation between the average
amount of cephalad displacement of the most dependent re-
gion of the diaphragm and the amount of atelectasis, nor was
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there any correlation between the amount of atelectasis and
anesthesia-induced changes in the end-expiratory position of
any chest wall structure.

Conclusions: The dependent lung atelectasis produced by
halothane anesthesia does not appear to be related to changes
in the position of any single chest wall structure in these
healthy young subjects, but rather to an interaction of several
factors that remain to be identified. (Key words: Anesthetics,
volatile: halothane. Lung: breathing pattern; diaphragm;
functional residual capacity; gas exchange; intrathoracic blood
volume; rib cage; shunt. Measurement techniques: dynamic
spatial reconstructor; fast computed tomography.)

ANESTHESIA impairs gas exchange in the lungs. An im-
portant series of investigations from Hedenstierna and
colleagues has revealed one source of this impair-
ment.'~"* They found that anesthesia consistently pro-
duces densities in the dependent regions of the lung
as imaged by computed tomography. The extent of
these densities, thought to represent areas of atelectasis,
is correlated with the magnitude of shunt produced by
anesthesia. The densities are observed in patients anes-
thetized with both volatile and intravenous anesthetic
agents (with the exception of ketamine®) during both
spontancous breathing and mechanical ventilation, and
can be reduced by continuous positive pressure applied
to the airway. These atelectatic areas may represent a
significant source of postoperative pulmonary morbid-
ity in some patients, because they may persist for some
time after surgery.* '

Significant questions about these densities remain,
some related to technical limitations of conventional
computed tomography scanners. In the studies to date,
only two transverse sections of the thorax were ob-
tained. Thus, the distribution and extent of densities
is not fully known, nor is the fraction of total lung
volume they may represent. The temporal resolution
of conventional scanners is such that it has not been
possible to determine if the extent of atelectasis varies
over the course of a breath as expansile forces applied
to the lung increase with inspiration.

Important questions also remain about the mecha-
nism responsible for the formation of atelectasis. It has
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been suggested that atelectasis forms when lung tissue
is compressed by the surrounding chest wall.” Specif-
ically, it has been hypothesized that a loss of end-ex-
piratory tone in the diaphragm allows the vertical gra-
dient of abdominal pressure to be transmitted to the
thorax, causing cephalad diaphragm displacement and
compression of the dependent regions of the lung."?
Studies employing three-dimensional computed to-
mography to provide images of the entire thorax have
shown that the dependent regions of the diaphragm
move cephalad with the induction of anesthesia, which
could promote atelectasis.'*~'® However, anesthesia
does not consistently produce a net cephalad displace-
ment of the diaphragm; rather, the most consistent
finding is an inward motion of the rib cage. Lung €Xx-
pansion is determined by a complex interaction be-
tween lung and chest wall, and it may not be possible
to simply predict regional changes in lung volume
based on local changes in the surrounding chest wall.

The overall goal of this study was to usc¢ fast three-
dimensional computed tomographic scanning to pro-
vide new descriptive information about the phenom-
enon of dependent lung atelectasis and to explore
questions related to mechanism in healthy young vol-
unteers. We reasoned that if compression of lung tissue
by the diaphragm caused atelectasis then the amount
of dependent lung atelectasis should be correlated with
the cephalad motion of the most dependent portion of
the diaphragm.

Materials and Methods

This study was approved by the Institutional Review
Board. Scanning data for this analysis were obtained
from two prior studies of anesthetized subjects.>'°
Details of the experimental procedures are given in
these reports; we concentrate here on features germane
to the current analysis.

A total of 12 subjects (9 men and 3 women) were
studied while in the supine position. The subject char-
acteristic were as follows: median age, 32 yr (range,
27-48); median height, 176 cm (range, 164-195);
median weight 70 kg (range, 56-87), and body mass
index, (weight/height?), 22 kg-m * (range, 20-27).
A radial arterial catheter was inserted for arterial blood
gas analysis (Instrumentation Laboratories 1302, Lex-
ington, MA). Each subject was placed in the dynamic
spatial reconstructor, a high-speed radiographic scan-
ner that uses the computed tomography principle to

provide three-dimensional images of the thorax. This
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technique has been described in detail else-
where.'*'*'7 The dynamic spatial reconstructor has
sufficient temporal resolution to image thoracic struc-
tures during quiet breathing and sufficient volume res-
olution to determine a known volume to within 2%.'®

Dynamic spatial reconstructor images were obtained
while the awake subject quietly breathed a gas mixture
of 30% oxygen, balance nitrogen. The subjects breathed
through a mouthpiece and noseclip with the arms
raised until the humeri were vertical to permit scan-
ning. We have shown that neither the breathing ap-
paratus nor the arm position significantly affects the
pattern of breathing.'® Scans of 300 ms duration were
triggered manually at end-expiration during three con-
secutive breaths and gated together during later anal-
ysis.'” Because the cephalocaudal height of the imaging
field was not sufficient to include the entire thorax,
these initial scans included only the superior half of
the thorax. The subject was then shifted cephalad, and
a similar sequence of scans was obtained to image the
inferior portion of the thorax.'” During subsequent
analysis, the superior and inferior images were joined
to produce end-expiratory images of the entire thorax.
In six subjects (group 1, subjects 1-6), scans were also
performed at end-inspiration while awake.

Immediately after scanning, the functional residual

capacity (FRC) was measured in duplicate using a ni-
trogen dilution technique.'>'?* Each subject per-
formed six vital capacity maneuvers into a 4-1 bag ini-
tially filled with 100% O after the bag was connected
to the mouthpiece at end-expiration. Nitrogen concen-
trations in the bag were determined before and after
this maneuver by a mass spectrometer (Perkin-Elmer
MGA 1100, Buffalo Grove, IL).

Anesthesia was induced with inhalational halothane
using balance oxygen. The trachea was intubated with
a2 9.0-mm ID endotracheal tube during deep halothane
anesthesia, then the inspired halothane concentration
was adjusted to maintain approximately 1.2 minimum
alveolar concentration end-tidal concentration in a 30%
O,, balance nitrogen inspired gas mixture. After the
pattern of breathing had stabilized, dynamic spatial re-
constructor scans at end-expiration during quiet
breathing were performed in all subjects (groups 1 and
2). In six subjects (group 2, subjects 7-12), 0.1 mg/
kg vecuronium was then administered, and complete
neuromuscular blockade was confirmed by the absence
of response to peripheral ulnar nerve stimulation. The
lungs were mechanically ventilated using a tidal vol-
ume and breathing frequency matched to that observed

brcathi“g q
e icatory pressY
posmvci o, tidal volum¢
of 0% ) £atio of 1
aorpePi? ¢ thorax »

2 em BV o
12"ration and end-inspiratic’
7 ents C were pCrf()rr‘
e ion of the lungs-

ive inflat o] i
ts, t
¢ measuremfg‘

crcarmired
rSCd (1f re(%llrf
e wAS FEV¢ m agestht

zese//:dpy wo.

Data Analysis N
Details of imMAge pracesst
houndaries and validatg_on 0
constructor in measurigg cllc

fescibed previously- 'z 3
hree-dimensional volgme i
posed of cubic volumg eler
leagths of 1.5 mm; thigs, €
ume was composed ofgppre
fiographic attenuatior&valu
fom 0 to 255, in which 0
ardiac chambers Was@ppre
tem differs from conv@nion
sanners, which use argatter
101,000 Hounsfield urgits. In
the ANALYZE system g(May
MN) to define each vc§(el ir
thoracic cavity, the Zhdon
ground. The total thoécic V
counting the numberSof va
thove the diaphragmg Chay
positions of chest wafl stru
:‘;:Cbr(l)ll)led p}'eviouslyils.u- .
Were q::::‘lgs pfthe Shoray
o p(l)si?'l as (I3 a ct
Vertica] dj K«
ica distance, (2) the v

With changes in posiri

by the iy g e O
8¢ with ch;

hanges were analyzed ¢

Wake o an .
(g l) esthetized ap

and mccmo.r from awake
€as of Meally ventilaqe
brary i0 AUelectasis were
g Of Voxels g

€ cay i
O Yielq g Y Was mult;,

Anes[h“.
o)
8y, V85 No 1, Ju |



ail else.
UCtOr hyg
Cic Struc-
lume res-
hin 29 18
obtaineg
S MiXture
breatheq
the armg
Mmit scap.
[hing ap-
fects the
ion were
Iree con-
iter anal-
- imaging
* thorax,
r half of
1lad, and
nage the
sequent
€ joined
> thorax.
vere also

residual
ing a ni-
ect per-
bag ini-
nnected
concen-
nd after
in-Elmer

1lothane
ted with
1lothane
ntration
inimum
ina 30%
\fter the
yatial re-
g quiet
ps 1 and
0.1 mg/
omplete
absence
ion. The
idal vol-
)bscrvcd

HALOTHANE ANESTHESIA AND ATELECTASIS

51

while awake and breathing quietly, without extrinsic
positive end-expiratory pressure (breathing frequency
of 10 + 1 min™', tidal volume of 735 + 18 ml. inspi-
ratory-expiratory ratio of 1:2, peak airway pressure of
12 = 2 cm H;O). The thorax was then scanned at end-
expiration and end-inspiraticn. In both groups, mea-
surements of FRC were performed after scanning, using
passive inflation of the lungs.'>

After these measurements, the neuromuscular block-
ade was reversed (if required) and the subject was al-
lowed to emerge from anesthesia. No untoward effects
were observed.

Data Analysis

Details of image processing to define chest wall
boundaries and validation of the dynamic spatial re-
constructor in measuring chest wall motion have been
described previously.'*'>'7-2! Each scan produced a
three-dimensional volume image of the thorax com-
posed of cubic volume elements (voxels) with edge
lengths of 1.5 mm; thus, each milliliter of image vol-
ume was composed of approximately 300 voxels. Ra-
diographic attenuation values in these images ranged
from O to 255, in which 0 was air and blood in the
cardiac chambers was approximately 200.%* This sys-
tem differs from conventional computed tomographic
scanners, which use an attenuation range from —1,000
t0 1,000 Hounsfield units. Images were processed using
the ANALYZE system (Mayo Foundation, Rochester,
MN) to define each voxel in the image as being in the
thoracic cavity, the abdominal cavity, or the back-
ground. The total thoracic volume was determined by
counting the number of voxels in the thoracic cavity
above the diaphragm. Changes in the end-expiratory
positions of chest wall structures were determined as
described previously.">'” To summarize, changes in
the boundaries of the thorax measured at end expiration
were quantified as (1) a change in the average cepha-
locaudal position of the diaphragm as a function of
vertical distance, (2) the volume swept by diaphragm
with changes in position, and (3) the volume swept
by the rib cage with changes in position (fig. 1).
Changes were analyzed during the transitions from
awake to anesthetized and breathing spontaneously
(group 1) or from awake to anesthetized, paralyzed,
and mechanically ventilated (group 2).

Areas of atelectasis were defined as follows. First, the
binary image of voxels distinguished as being in the
thoracic cavity was multiplied by the original image
to yield an image of only the thoracic contents (fig. 2,
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Anterior

Diaphragm

Cephalad

—— Awake
----- Anesthetized

Spine
Plane used to define
dependent diaphragm motion

Fig. 1. Diagram of a midsagittal section of the thorax while
awake (solid lines) and while anesthesized (dashed lines).
Stippled area denotes the plane used to calculate the change
in the average end-expiratory position of the diaphragm with
the induction of anesthesia.

top). The heart and other major mediastinal structures
were then removed from the image using a combination
of computer thresholding and operator interaction as
described previously. This left an image of predomi-
nantly the lung, including the smaller pulmonary ves-
sels, but excluding the chest wall and major mediastinal
structures (fig. 2, middle). We reasoned that the ra-
diographic attenuation of atelectatic areas would be
similar to the attenuation of other solid structures with
similar tissue densities such as the abdominal contents.
For each scan, a portion of the abdominal contents that
excluded any bowel gas was sampled, and a histogram
of radiographic attenuations within this volume was
plotted (fig. 3). The mean (M) and standard deviation
(SD) of this distribution was determined. In preliminary
work, a histogram of the lung image also was obtained
for scans obtained while awake. No areas of high density
(corresponding to lung atelectasis) were observed in
these images. There was little overlap between the dis-
tributions of lung and abdominal radiographic atten-
uation values while awake (fig. 3). A threshold value
to include most areas of approximately solid tissue
density and exclude most areas of density approximat-
ing aerated lung was computed as M — (2-SD) of the
abdominal histogram. This threshold was applied to
the lung image and used to generate an image coding
all voxels with values greater than this threshold (fig.
2, bottom). This method, which does not depend on
subjective operator interaction, yielded areas that cor-
responded closely to areas of increased lung tissue
density observed in scans (fig. 2, bottom). The volume
of atelectasis measured was relatively insensitive to the
exact threshold chosen, varying by less than 10% as
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Fig. 2. Example of image processing. A transverse section of
the thorax in an anesthetized subject breathing spontaneously
(#4), with the surrounding rib cage removed through pro-
cessing (top). The heart and right hemidiaphragm are clearly
visible. The section after the heart and abdominal contents
have been removed, leaving an image of predominantly the
lung (middle). The outline of the lung in gray, with areas of
atelectasis defined by application of a density threshold (see
text for details) shown in white (bottom).
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the threshold varied between M — (1-SD) and M —
(3-SD).

As an estimate of the efficiency of gas exchange, the
alveolar to arterial gradient for the partial pressure of
oxygen was calculated from arterial blood gasses and
the inspiratory fraction of oxygen by using standard
formulas.*’

Analysis revealed that most datasets were not normally
distributed. Thus, paired comparisons were performed
using the Wilcoxon signed rank test. The relationship
between two variables was determined using the
Spearman rank correlation, which is relatively insen-
sitive to outlying values.?' When appropriate, variables
were scaled to account for differences in subject size
using the awake total thoracic volume for volume mea-
surements and the cube root of the awake total thoracic
volume for linear measurements. A Pvalue of less than

0.05 was considered to be significant.

Results

Areas of increased lung radiographic attenuation (Z.e.,
image density), suggestive of atelectasis, in dependent
lung regions were not apparent in scans performed
while the subjects were awake. This impression was
confirmed by quantitative analysis, which yielded a low
volume of atelectatic areas (table 1).

Lung

@ Abdomen
o
a
£
=3
Z

0 50 100 150 200 250

X-ray attenuation coefficient

Fig. 3. Example of a histogram generated by sampling volumes
corresponding to the lungs and abdomen. Arrow shows
threshold for definition of tissue density in this image (se€
text for details).
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Table 1. Volume of Atelectasis

Anesthetized, Spontaneous Breathing

Volume (ml)
Awake
Subject Volume (ml) Right Left Total % Total % Total
No. Total Thorax Hemithorax Hemithorax Thorax Thoracic Volume Lung Volume
1 3 32 24 57 0.85 1.26
2 5 20 10 30 0.77 1.24
3 5 17 9 26 0.72 1.30
4 8 283 0 23 0.52 0.83
5 1 0 0 0 0.00 0.00
6 3 9 9 18 0.40 0.63
7 1 0 2 2 0.04 0.06
8 0 5 2 7 0.14 0.22
9 0 0 0 1 0.02 0.03
10 0 71 52 123 2.92 4.65
11 2 11 14 25 0.67 0.94
12 1 18 18 36 1.02 1.57
Mean 2 17 12 29" 0.67 1.06
SE 1 6 4 10 0.28 0.36

Total lung volume (ml) was calculated as the difference between the total thoracic volume and the volume of the heart and mediastinal structures, both obtained

from thoracic images

* Significantly different from awake, Wilcoxin signed rank test, P < 0.05. Mean values for the volumes of the right and left hemithoraces were 2,120 + 129 and

2,259 = 136 ml, respectively.

Anesthesia with spontancous breathing increased
the volume of atelectasis measured at end-expiration
by more than 1 ml in 9 of 12 subjects, an increase
that was statistically significant (table 1). The areas
of atelectasis were consistently distributed in the
most dependent areas of the lungs (figs. 2 and 4).
For all subjects, the volume of atelectasis was 29 +
10 ml. This represented 0.67 = 0.23% of the total
thoracic volume and 1.06 = 0.36% of the total lung
volume. There was no significant difference in the
volume of atelectasis that developed in the right and
left hemithoraces (fig. 4 and table 1). However, the
distribution of atelectasis varied along the cephalo-
caudal axis, with less atelectasis in more cephalad
transverse sections (fig. 5).

During spontancous breathing while anesthetized, the
amount of atelectasis at end-inspiration did not signif-
icantly differ from the amount of atelectasis at end-
expiration (26 = 8 and 22 + 8 ml, respectively, group
1, n = 6). This finding was also true in subjects who
were paralyzed and mechanically ventilated (end-ex-
piratory and end-inspiratory atelectatic volumes of 14
+ 8 and 13 = 5 ml, respectively, group 2, n = 0).
Paralysis and mechanical ventilation significantly de-
creased the volume of atelectasis present at end-expi-
ration (group 2; table 2).
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Data were analyzed attempting to correlate the
amount of atelectasis with changes in the configuration
of chest wall structures produced by anesthesia. The
FRC was significantly decreased during anesthesia as
compared with awake values, both with spontaneous
breathing (by 297 £ 53 ml, n = 12) and with paralysis
and mechanical ventilation (by 348 = 67 ml, n = 0).
There was no correlation between the relative change
in FRC and the relative amount of atelectasis (r, =
—0.28, P = 0.26, n = 18; fig. 6). As reported previ-
ously,'” anesthesia changed the end-expiratory shape
of the diaphragm, with a cephalad displacement of the
most dependent regions of the diaphragm and a caudad
displacement of the nondependent regions. There was
no correlation between the average amount of cephalad
displacement of the most dependent region of the dia-
phragm and the amount of atelectasis (r, = 0.24, P =
0.33, n = 18; fig. 7). Similar results were obtained
when the motion of the diaphragm was scaled accord-
ing to thoracic volume (r; = 0:23, P= 0.35,n = 18).
Furthermore, there was no correlation between the
amount of atelectasis and anesthesia-induced changes
in the end-expiratory position of any chest wall struc-
ture (table 3).

Anesthesia with spontaneous breathing significantly
increased the alveolar to arterial gradient for the partial
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Fig. 4. Two-dimensional representation of a volume image
from an anesthetized subject (#4) in which the surface of the
lung is shown in shades of gray and areas of atelectasis are
shown in white. Conceptually, this represents the view of a
gray transparent three-dimensional model of lung shape, with
a superimposed opaque white model of atelectasis. This an-
teroposterior view (zop) clearly shows the right and left lungs,
with a visible cardiac shadow. The lateral view (bottom) dem-
onstrates that the atelectatic areas are located in the most
dependent lung regions. In this view, down is posterior, and
left is caudad.

pressure of oxygen (from 10 + 1 to 25 + 4 mmHg; n
= 12). There was a significant correlation between the
relative volume of atelectasis produced by anesthesia
and the increase in the alveolar to arterial gradient for
the partial pressure of oxygen (r, = 0.76, P = 0.003;
fig. 8). Anesthesia and paralysis with mechanical ven-
tilation also increased the alveolar to arterial gradient
for the partial pressure of oxygen compared with the
awake state (to 35 = 7 mmHg), an increase that was
also significantly correlated with the development of
atelectasis (r, = 0.89, P = 0.03, n = 6, data not shown).

Anesthesiology, V 85, No 1, Jul 1996

Discussion

All previous studies of lung atelectasis produced by
anesthesia, except for one initial report,”> are from
Hedenstierna’s group. In their studies, transverse com-
puted tomographic scans of the chest were generally
obtained at two levels: just cephalad to the right hemi-
diaphragm while awake (hereafter referred to as scan
1), and 5 cm cephalad to this first scan (scan 2). Data
were analyzed by expressing the atelectatic area, de-
termined either by manual tracing or computer thresh-
olding, as a percentage of the total intrathoracic area
measured in transverse section. The mean atelectatic
area in scan 1 reported over a series of several studies
ranges from 1.0% to 6.1% of the intrathoracic
area.! 24578911 In a summary of their experience with
45 patients anesthetized with halothane or enflurane
and in whom the lungs were mechanically ventilated,'’
the atelectatic areas represented 1.9 = 0.3 and 1.4 *+
0.3% of intrathoracic areas for scans 1 and 2, respec-
tively. Of these 45 subjects, atelectasis developed in
39 (87%). When analyzed in a similar manner, com-
parable values in our study are 1.2 + 0.3% and 0.5 *
0.2% for regions corresponding to scans 1 and 2 during
anesthetized spontaneous breathing (n = 12), and 0.39

20

= _.
o o
T T

Atelectasis, % total thoracic area
5
1|

0.0 1 1 1 1 1
-2.5 0.0 25 5.0 7.5 10.0

Distance from dome of right hemidiaphragm, cm
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and the cephalad distance from the dome of the right hemi-

diaphragm (positive numbers denote the cephalad direction).
Values are mean + SE, n = 12.

fation MO
of Venti
fable % i
//
mi
2
1 7
8 1
- 123 o
% 3
12 2 g
Vean 19 §
SE =
G
me was calculategas t
gifcant difeence from spomianeo;
;T_
8
3

£
=
2

+019and 0.17 = (&

chanical ventilation @ = (
clectasis developed ig 9 (°
and extent of atelectdsis f
appears to be generaffy cor
previous work, altho@h th
be less extensive in the cu
sonsare not possible fecaus
and analysis techniquies an
ferences in subject céamcl

S
=
g
S S
1y 3
0 S (
§ B
) g
? 2
i B
3 3
8,0 %
’ v A
(] B
0
Ll
0
3
:
<ot 0
-
Chan
Fi :
i';elelalloll between the
fu“ﬁig MSE:f the total |
;:::;» Exprec, | Capacity
0 a percq
Ctrelagiy, | capacit
Clents (l‘ ) f



55

— 108
HALOTHANE ANESTHESIA AND ATELECTASIS
duced b Table 2. Effects of Ventilation Mode on the Volume of Atelectasis at End-expiration in Anesthetized Subjects (Group II)
y
are frop Spontaneous Breathing Paralysis and Mechanical Ventilation
>rse com- » % vTotaI % Total % Total % Total
genera“y Subject No. mi Thoracic Volume Lung Volume mi Thoracic Volume Lung Volume
y .
ht hem;. 7 2 0.04 0.06 1 0.02 0.03
O as scanp 8 7 0.14 0.22 5 0.10 0.15
2)_ Data 9 1 0.02 0.03 0 0.00 0.00
area, de. 10 123 2.92 4.65 53 1.21 1.83
o th, 11 25 0.67 0.94 9 0.24 0.33
e resh- 12 36 1.02 1.57 17 0.49 0.73
ACIC areg Mean 32 0.80 1.24 14* 0.34* 0.51*
electatic SE 19 0.45 0.72 8 0.19 0.29
1 studi
dl?s Total lung volume was calculated as the difference between the total thoracic volume and the volume of the heart and mediastinal structures, both obtained from
tthoraclc thoracic images. Subject numbering convention is consistent with table 1.
nce with * Significant difference from spontaneous breathing, P < 0.05, Wilcoxin signed rank test.
nflurane
tilated, '
1d 1.4 + + 0.19 and 0.17 = 0.09% during paralysis and me- volunteers (mean age 34 yr) with no smoking history,
- Tespec- chanical ventilation (n = 6). Of our 12 subjects, at- whereas Hedenstierna’s subjects were older (mean ages
loped in electasis developed in 9 (75%). Thus, the incidence ranging from 41 to 68 yr) patients about to undergo
er, com- and extent of atelectasis found in the current study surgery that included smokers. Because these factors
d 0.5 £ appears to be generally consistent with that found in may affect lung and chest wall properties, the tendency
2 during previous work, although the amount of atelectasis may  to form atelectasis may differ. However, Gunnarson et
ind 0.39 be less extensive in the current study. Strict compari-  al.'” found that neither smoking history nor age was
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correlation coefficients (r,) for these relationships.
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correlated with the extent of atelectasis in a summary
of several studies, so the significance of these differ-
ences remains unclear.

Previous work has shown that the extent of atelectasis
is consistently less in the more cephalad scan (scan 2)

5
o
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Fig. 7. Relation between the volume of atelectasis, expressed
as a percentage of the total lung volume, and the change in
the average position of the dependent diaphragm with the
induction of anesthesia (see fig. 1). Positive values denote that
the average position moved cephalad. Also shown are the
Spearman correlation coefficients (r,) for these relationships.
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Table 3. Correlation between Volume of Atelectasis and
Changes in the End-expiratory Position of Chest Wall

Structures
Spontaneous Paralysis,
Breathing Mechanical
n=12) Ventilation (n = 6)
7% P rs P
FRC —0.31 0.32 —0.26 0.66
Thoracic volume —0:25 0.42 —-0.02 0.99
Volume displaced by rib
cage -0.13 0.67 -0.31 0.56
Volume displaced by
diaphragm -0.20 0:51 0.14 0.80
Dependent diaphragm
motion 0.13 0.67 0.60 0.24

Values are Spearman rank correlation coefficients (rs) and P values for correlation
between the volume of atelectasis, expressed as a fraction of lung volume, and
the change in a variable caused by the transition from awake to the specified
condition, scaled for variations in thoracic volume among subjects.

FRC = functional residual capacity.

1,2,4,

compared with the more caudal scan (scan 1),
57-9.11 3 finding that we confirm. Only one subject (#4)
exhibited atelectasis that extended more than 10 cm
cephalad of the diaphragm. Atelectasis also extended
caudad to the dome of the diaphragm. Thus, the dis-
tribution of atelectasis is heterogeneous both in gravity-
dependent (anteroposterior in supine subjects) and
nongravity-dependent (cephalocaudal) axes. This
finding implies that the relative amount of atelectasis
measured in one or two transverse sections may not be
representative of the relative amount of atelectasis in
the entire thorax. Although there was a significant cor-
relation between the proportion of atelectatic area
measured in transverse section at a level corresponding
to scan 1 and the proportion of atelectatic volume
measured in the entire thorax (r, = 0.94, P < 0.001),
the mean value of the former was significantly greater
than that of the latter (1.2 = 0.4 and 0.7 %= 0.2%, re-
spectively during spontancous breathing, P < 0.02,
Wilcoxon signed rank test).

Our volumetric data permit estimation of the amount
of expanded lung tissue that becomes atelectatic with
the induction of anesthesia. Hachenberg et al.® esti-
mated that the mass density of the most dependent por-
tions of the lungs of awake supine subjects was 0.40
g/ml. Using this value, the volume of expanded lung
that developed atelectasis with the induction of anes-
thesia and spontaneous breathing was 72 + 24 ml
(range 0-306 ml), or 4 = 1% of the FRC while awake
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(range of 0 to 15%). The corresponding value during
paralysis and mechanical ventilation was 36 = 20 ml
(range 0—132 ml), or 2 £+ 1% of the FRC while awake
(range 0-7%, n = 6). Thus, it appears that only a small
portion of the aerated lung was compromised by atel-
ectasis in these healthy subjects. Using the same as-
sumed value for aerated lung density in dependent re-
gions, 27 £ 7% of the decrease in FRC produced by
anesthesia with spontaneous breathing could be attrib-
uted to the development of atelectasis (n = 12); the
corresponding value for paralysis and mechanical ven-
tilation was 8 + 3% (n = 6). Thus, the majority of the
decrease in FRC produced by anesthesia must be at-
tributed to other mechanisms, such as increases in tho-
racic blood volume'*'® and decreased volume of aer-
ated lung regions without the development of atelec-
tasis.

Inspiration should not affect the volume of true at-
electasis during spontaneous or mechanical ventilation,
an expectation that we confirmed. This finding also ar-
gues for the reproducibility of the measurements of
atelectasis within subjects. This result is consistent with
those of Rothen et al.,® who found that sustained airway
pressures of greater than 20 cmH,O were necessary to
significantly decrease the amount of atelectasis in anes-
thetized, paralyzed subjects. The volume of atelectasis
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Fig. 8. Relation between the change in the alveolar to arterial
gradient for the partial pressure of oxygen and the volume
of atelectasis produced by halothane anesthesia with spon-
taneous breathing, expressed as a percentage of the total lung
volume. Also shown is the Spearman correlation coefficient
(r,) for this relationship.
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was significantly decreased by paralysis and mechanical
ventilation in these subjects. In contrast, previous
studies have shown that paralysis and mechanical ven-
tilation either does not change* or increases? the area
of atelectasis. These studies differed somewhat in pro-
tocol from ours; anesthesia was induced with thiopental
in one study, the end-tidal concentration of halothane
during spontancous breathing was unspecified, and
scans during spontaneous breathing were performed
before endotracheal intubation. However, it is not im-
mediately apparent how these factors could account
for the different pattern of results. The transition from
spontaneous breathing to mechanical ventilation in-
creased the tidal volume (from 288 + 15 to 735 + 18
ml) and changed the motion of the chest wall, which
must have affected the expansile forces applied to the
lung (see discussion later).

The mechanisms responsible for atelectasis formation
remain unknown. The rapid development of atelectasis
with anesthetic induction shown in previous work sug-
gests that the primary mechanism is related to changes
in chest wall shape rather than resorption of gas from
poorly ventilated but perfused regions, although gas
absorption may accelerate and accentuate atelectasis
formation."'* It has been hypothesized that the induc-
tion of anesthesia abolishes tonic activity in the dia-
phragm present in awake supine subjects.?® Because
the vertical gradient of hydrostatic pressure on the ab-
dominal surface of the diaphragm exceeds that on the
lung surface of the diaphragm,?”*® the diaphragm
should be displaced cephalad, preferentially in more
dependent regions. This motion would then compress
lung tissue in dependent regions.?” Contraction of the
diaphragm produced by phrenic nerve stimulation in
anesthetized subjects reduces lung atelectasis,'* sug-
gesting that changes in chest wall shape produced by
alterations in diaphragm muscle tone can affect the ex-
tent of atelectasis.

Several findings in this and our previous studies are
inconsistent with this hypothesis. The existence of
tonic activity in the diaphragm in awake subjects is
controversial.'>*” Anesthesia does not significantly
change the net end-expiratory position of the dia-
phragm,'#*-1%253! byt rather changes its shape, with
nondependent regions moving caudad and dependent
regions moving cephalad. These changes in position
may be related to anesthesia-induced changes in the
other chest wall structures to which the diaphragm at-
taches.'”> The cephalad motion of the dependent dia-
phragm could still compress lung tissue and produce
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atelectasis, and indeed the subject with the greatest
motion also had the greatest amount of atelectasis (fig.
7). However, for all subjects, there was no correlation
between cephalad motion of the dependent diaphragm
and the amount of atelectasis, as would be expected if
this was the primary mechanism responsible for atel-
ectasis. Furthermore, in anesthetized subjects, paralysis
and mechanical ventilation produced a small cephalad
shift in end-expiratory diaphragm position as compared
with its position during spontaneous breathing,'® while
the amount of atelectasis decreased. The tidal excursion
of the most dependent portion of the diaphragm, which
could also affect the formation of atelectasis, was not
significantly different between spontaneous breathing
and mechanical ventilation (1.0 + 0.1 and 1.1 + 0.1
c¢m, respectively). These results do not support a pri-
mary role for diaphragm displacement in the genesis
of atelectasis in these healthy subjects.

It is possible that no correlation was seen between
the amount of atelectasis and diaphragm displacement
because of the relatively modest amount of atelectasis
that developed in most of these healthy volunteers (i.e.,
small relative to some previous observations in older
surgical patients). The highly significant correlation
between the volume of atelectasis and alveolar to ar-
terial gradient for the partial pressure of oxygen dem-
onstrates that physiologically significant correlations
can be demonstrated in this group of patients with our
measurement techniques over the range of atelectatic
volumes measured. However, greater amounts of at-
electasis have been reported in some patients in Hed-
enstierna’s studies, and our data cannot exclude that
diaphragm displacement may be associated with atel-
ectasis in some of these patients.

The lack of correlation between the amount of atel-
ectasis and anesthesia-induced changes in end-expira-
tory position of any chest wall structure implies that
the formation of atelectasis cannot be ascribed to any
single chest wall element in these healthy subjects. This
finding is not surprising, considering the complexity
of the factors that determine the stresses applied to the
lung tissue, and hence regional lung expansion.** These
factors include the weight of the lung tissue, the in-
teraction between the lung and its container (which
have intrinsically different shapes), and the effects of
imbedded bronchi and blood vessels. There is sound
evidence that pronounced distortion of the chest wall
changes regional lung expansion in humans.***' How-
ever, less pronounced changes in chest wall shape in
supine humans may have little effect on regional lung
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expansion.®> Although anesthesia-induced changes in
the shape of the chest wall may change the distribution
of stresses applied to the lung, changes in regional lung
expansion cannot be simply predicted by the local mo-
tion of the adjacent chest wall.***” For example, Hub-
mayr et al.*® found in dogs that preferential motion of
the dependent portions of the diaphragm did not nec-
essarily result in a preferential ventilation of dependent
lung regions. In their study, individual lobes of the
lungs slid and rotated as the chest wall changed shape,
minimizing the effects of such changes on regional
ventilation. The importance of such mechanisms in
humans is unknown. Indeed, although promising be-
ginnings have been made, the modeling of how changes
in chest wall shape affects lung expansion has not yet
reached the point where predictions can be made.**
Currently, it can only be concluded that the interaction
of several potentially significant factors, including the
shape of chest wall structures (such as the thoracic
spine, rib cage, diaphragm) and the volume or distri-
bution of blood in the thorax, leads to atelectasis.

In conclusion, we have provided new quantitative
information regarding the areas of increased lung den-
sity that develop with the induction of halothane anes-
thesia, presumably representing areas of atelectasis. At-
electasis does not appear to be related to changes in
the position of any single chest wall structure in these
healthy subjects, but rather to an interaction of several
factors that remain to be identified.
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