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ABSTRACT: The nature of dense areas In dependent lung regions regu
larly seen In anaesthetized humans was examined In a sheep model. During 
anaesthesia with muscle paralysis and mechanical ventilation dense areas 
in dependent lung regions could be seen by means of computerized tomo· 
graphy (CT). They bad the same location and the same attenuation as In 
anaesthetized humans. Gas exchange Impairment tended to increase In 
proportion to the size of tbe dense area on the CT scan. Microscopy showed 
that the densities In the sheep were atelectatic lung regions, with no or 
little interstitial oedema and only minor vascular congestion. The atelec
tatic lung tissue was sharply demarcated and the lung tissue In the Imme
diate vicinity was weU aerated, or even hyperlnflated. Gravimetry showed 
the same amount of extravascular fluid and blood per unit lung weight In 
the atelectatic lung and in the aerated lung region. It is concluded that the 
densities appearing in dependent lung regions during anaesthesia are caused 
by atelectasis. 

Correspondence: Dr G. Hedenstiema, 
Dept of Qinical Physiology, Uppsala University 
Hospital, 
S-751 85 UPPSALA, Sweden. 

Keywords: Anaesthesia; atelectasis; gas exchange; 
morphology. 

Received: September 13, 1988. 

Accepted after revision January Z7, 1989 

Eur Respir J., 1989, 2, 528-535. 

Pulmonary gas exchange is impaired during general 
anaesthesia, both during spontaneous breathing and during 
mechanical ventilation with muscle paralysis [1, 2]. The 
major manifestation is increased alveolar-arterial oxygen 
tension difference P(A-a)o2 and sometimes hypoxaemia. 
Although this impairment has been well known for many 
years, its causes have so far remained unclear. 

We have recently demonstrated prompt development 
of densities in dependent lung regions on induction of 
anaesthesia in man (fig. 1) [3). These densities appear 
within 5 min of induction, whether the patient breathes 
spontaneously or is paralysed and ventilated mechani
cally [4). The densities are perfused as shown by intra
venous injection of contrast [5] and the magnitude of 
right-to-left shunt correlates strongly to the amount of 
dense lung tissue (6]. In the few anaesthetized subjects 
who do not develop densities (approximately 5% of a 
total of more than 100 subjects studied), gas exchange is 
more or less normal [6). These findings suggest that the 
densities are a major cause of the impairment of gas 
exchange during anaesthesia. 

We have suggested that the densities represent ate· 
!ectasis [3, 5). However, to what extent the densities 
represent blood pooling (vascular congestion) or even 
interstitial oedema is not clear. In this study we have 
made a more direct approach for analysis of the nature 
of the densities, namely by gravimetry and microscopi
cal examination of excised lungs from anaesthetized 
sheep. 

Subjects and methods 

Subjects and anaesthesia 

Five adult sheep, with weights between 42 and 74 kg 
were studied. Anaesthesia was induced with an intrave
nous dose of pentobarbital (12-17 mg-kg-1 bw), and 
intubation was performed with the sheep in the prone 
position. Anaesthesia was maintained with halothane 
(0.5-1 %) in air/oxygen (inspired oxygen fraction: Fro2, 

0.4). Muscle paralysis was induced by pancuronium 
bromide (0.15 mg-kg·1 bw) and additional doses (0.02 
mg·kg·1 bw) were given every 30 min. The sheep was 
turned to dorsal recumbency and connected to a ventila
tor (Servo Ventilator 900C, Siemens Elema). Ventilation 
frequency was set at 15 breaths per min with the tidal 
volume adjusted for an end-tidal col tension of 5 kPa. 
No end-expiratory pressure or deep sighs were used. A 
large bore ventricular tube was passed to the rumen, and 
salivary and rumenal fluid losses were replaced by equal 
amounts of intravenous physiological saline. A femoral 
or carotid artery cannula was inserted for blood sampling 
and measurement of oxygen and carbon dioxide tensions 
(Pao2, Paco2), using standard electrode techniques (Radi
ometer ABL2). The alveolar-arterial oxygen tension 
difference P(A·a)o2 was calculated according to: 

Paco2 
P(A-a)o2=Fro2x(PB-F>Hzo)-Pao2- ~ 
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Fig. 1. - Chest er scans in a healthy lung supine patient awake (upper panel) and after 15 min of anaesthesia (lower panel). Note the appear
ance of dense regions in dependent regions of both lungs during anaesthesia. (The er scan has been obtained during earlier studies of our own, 
and has not been published previously). 

where Pa=barometric pressure, PH2o=water vapour 
pressure, R=respiratory exchange ratio, assumed to 
be 0.8. 

Computerized tomography of the chest. 

The lungs were studied by computerized X-ray tomo
graphy (CT scanning). The sheep were positioned in 
dorsal recumbency on the tomography table (Somatom 

2, Siemens). A frontal scout view covering the chest was 
initially obtained. In sheep no. 1 repeated transverse CT 
scans, 2 cm apart, were obtained from apex to base. In 
the other four sheep 2 CT scans, 5 cm apart, were made 
through the caudal (basal) lung regions. The time inter
val between the exposures was as short as possible, i.e. 
approximately 30 s. Scan time was 5 s, at 125 kV, 115 
mAs and slice thickness 8 mm. The window centre was 
set at ±0 and the width at 512. 
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Fig. 2. - Upper panel: CT scan during anaeslhesia in sheep I. The exposure level was made through lhe basal lung regions, and part of lhe rumen 
and lhe gastric tube can also be seen. Note lhe densities in dependent lung regions. Lower panel: Magnification of lhe dorsal aspect of the right 
lung wilh delineation of the dense area. 

In order to calculate the dense area a magnified image 
(2x) was made from the dorsal portion of the scan with 
an image from the right and left lung respectively. The 
border between the thoracic wall and the dense area is 
outlined. The ventral border of the dense area is recog
nized by the high contrast in the er -scan between the 

airfilled and dense lung parenchyma. Thus the deline
ation of the dense area was made manually and calcu
lated by the computer (fig. 2). The amount of the dense 
area in each lung was expressed as its transverse area in 
percentage of the transverse area of the cavity of that 
hemithorax. 



ATELECTASIS DURING ANAESTHESIA 531 

Lung water determination. Post mortem gravimetric 
analysis of extravascular lung water contrast (Qwl) was 
carried out as described by l'EARcE et al. [7) with modi
fication according to SELINGER et al. [8]. Thus, shortly 
before the sheep was killed, 50 ml of blood were with
drawn for analysis of water content (see below), haemo
globin content (Spectrophotometer: Tecnicon H6010), and 
haematocrit. A bilateral thoracotomy incision was made 
and the parietal pleura was visualized by careful dissec
tion in order not to rupture it. The sternum was then 
divided. The animals were sacrificed with a large dose of 
potassium chloride. The endotracheal tube was clamped 
before the pleura was opened, and the lungs were rapidly 
excised. Tissue samples were cut from the lungs and 
were drained passively, weighed, and homogenized with 
an equal weight of distilled water in a blender. The well
stirred homogenate was centrifuged at 30,000 g at s·c 

Procedure. The sheep were anaesthetized and cannulated 
in the animal laboratory. They were then transported to 
the CT scanner, 5 min away. The sheep were positioned 
on the CT scan table and exposures were made. The time 
in dorsal recumbency had then been approximately 45 
min. The sheep were immediately returned to the animal 
laboratory and killed for subsequent lung excision (about 
10-15 min after the CT scanning) and lung tissue analy
sis. 

Results 

Chest tomography 

The CT scans showed densities in dependent lung 
regions in all 5 sheep during anaesthesia. Thus, sheep 1 
had developed density areas in both lungs comprising 

Table 1. - Arterial oxygen and carbon dioxide tensions (Pao and Paco2, respectively), density area on the CT scan 
as well as extravascular lung water content (Owl), the ratio o~ extravascular lung water content to dry blood-free lung 
weight (QwlldQI), and the ratio of residual blood to dry blood-free lung (Qb/dQI) 

Qwl/dQl Qb/dQl 
Qwl "dense" "normal" "dense" "'normal"' 

Pao2 P(A-a)o2 Paco2 Density area, % whole lung lung whole lung lung whole lung 
kPa kPa kPa left lung right lung g·kg"1 bw tissue lung tissue tissue lung tissue 

1 13.7 17.0 5.9 1.7 3.3 
2 22.1 8.8 5.7 0.4 0 
3 19.1 11.6 5.9 1.6 1.2 
4 24.9 5.8 5.9 0 1.1 
5 18.0 12.9 5.7 3.8* 2.4* 

mean 19.6 11.2 5.8 1.5 1.6 

*: mottled appearance (true atelactic area may be smaller). 

for 60 min (centrifuge: DuPont-Sorvall, RC2B) to obtain 
a clear supematant The supematant was then analyzed 
for haemoglobin and water content. The water content of 
lung homogenate, supematant and whole blood was 
determined by drying weighed samples at +85"C to 
constant weight (72 h or more). Calculations of the ratio 
of extravascular lung water content to dry blood-free lung 
weight (Qwl/dQl) and residual lung blood (Qb) were made 
according to PEARCE et al. [7] and SELINGER et al. [8]. 
Finally, the ratio of Qb/dQl was calculated. 

Morphology. Pulmonary tissue samples, approximately 
measuring 2x lx0.5 cm, selected from regions showing 
radiological changes and from aerated lung regions were 
fixed in a 4% neutral, buffered formaldehyde solution. 
This was facilitated by taking care to preserve lung 
geometry as much as possible when the lungs were taken 
out (in bloc after clamping the trachea at end-expiration). 
In addition, it was easy on visual inspection to identify 
the dense area when cutting the lung. The fixed tissue 
was cut perpendicular to the pleural surface and all the 
material was embedded in paraffin. Five micron thick 
sections were made and stained with haematoxylin and 
eosin and parallel sections were silver impregnated 
according to GoRDON and SWEIIT [9] to visualize the 
reticulum. 
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Fig. 3. - Dependence of alveolar-arterial o~ygen tension difference 
P(A-a)o

2 
kPa) on the dense area in the caudal er scan in % of the 

intrathoracic area. There was a significant correlation according to 
y=2.53+4.63~; r=().86, p<0.05. 
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Fig. 4. - Tissue samples from radiologically and macroscopically normal lung (upper panels) taken from a few cm above the dense lung region, 
and samples from the dense region (lower panels). Note the well inflated alveoli in "normal" lung tissues, and the airlessness (atelectasis) in the 
dense lung region (left: haematoxylin-eosin; right: silver impregnation, 530x). 

about 3% of the total intrathoracic area (fig. 2.). The 
densities were only seen in the two caudal CT scans (in 
this sheep repeated scans were made from apex to base). 
Sheep 2 and 4 developed small lung densities on one 
side only, whereas sheep 3 and 5 developed densities of 
varying sizes in both lungs. Individual data from the 
caudal scan level are shown in table 1. The density area 
was in general smaller in the cranial scan. In sheep 1-4 
the densities were more or less homogeneous with an 
attenuation value that varied between 10 and 40 Houns
field units (possible range: -1000 (air) to +1000 (bone)). 
In sheep 5 the density area was mottled with small aer
ated foci scattered throughout the dense region. 

Blood gases 

Pao
2 

varied between 13.7 and 24.9 kPa and Paco2 
between 5.7 and 5.9 kPa (table 1). There was a linear 
correlation between the dense area (x: in per cent of 

intrathoracic area and y: P(A-a)o2 kPa according to the 
equation y=2.53+4.63x; r=0.86, p<0.05, fig. 3). 

Lung gravimetry 

Extravascular lung water determination of the whole 
lung was undertaken in sheep 1 only. A lung water (Qwl) 
of approximately 5 g·kg·1 bw was seen in sheep 1. In 
sheep 2-5 separate samples were taken from lung re
gions with densities on the er scan and immediately 
above this region, i.e. within "normal" lung tissue. As 
can be seen in table 1 the ratio of lung water to blood
free dry lung weight (Qwl/dQl), was not consistently 
different between samples from "dense" and "normal" 
lung tissues. There was also no clear difference in the 
ratio of residual lung blood to dry blood-free lung weight 
(Qb/dQl), although sheep 4 and 5 had more blood per 
unit tissue in the atelectatic than in the "normal" lung 
sample. 
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Lung morphology 

On visual inspection of excised lungs a widespread 
blueish zone was seen in sheep 1, in the dorsal, basal 
part of the lower lobes. This zone was smaller in sheep 
3 and 5, and even smaller in sheep 2 and 4, in which it 
covered only a few cm2 of the lung surface. 

Material selected from radiologically altered areas 
demonstrated extensive morphological changes with a 
greatly reduced amount of air (atelectasis) as the domi
nating feature (fig. 4, lower panels). Atelectasis could be 
demonstrated in all the sheep, but of varying size. Thus, 
sheep 1 and 5 had the largest distribution of atelectasis, 
extending 1.5-2 cm up from the dorsal lung surface. 
Sheep 2 and 4 had only a narrow rim of atelectasis along 
the border, and sheep 3 was intennediate. Within the 
atelectatic regions there was widening of the alveolar 
walls and deformation and separation of the reticular 
fibres. This could be an effect of the shrinkage of the 
lung and/or of oedema. The alveolar capillaries appeared 
congested, and some exudate (including sparse erythro
cytes) was found in the remaining luminal space. Occa
sional eosinophilic granulocytes were also demonstrated 
in the lung parenchyma. Within the atelectatic areas there 
were scattered foci with hyperinflation and even rup
tured alveolar walls. Each of these foci seemed to affect 
10-30 alveoli. The demarcation between atelectatic and 
aerated tissue was distinct with no, or little, gradual change 
between them. 

., . . ' )• 
I . 

In the radiologically and macroscopically nonnallung 
tissue some of the alveolar walls were hyperextended, 
and regions with thin and fragmented septal walls were 
seen (fig. 4, upper panels). 

Discussion 

In the present study sheep have been used for evalu
ating the nature of the changes that create densities in 
dependent lung regions during anaesthesia as seen on CT 
scans. In the sheep these densities turned out to be atelec
tasis with some vascular congestion and no or minor 
interstitial oedema. Possible similarities and dissimilari
ties with the anaesthetized human subject will be dis
cussed below. 

CT scan 

In the human subject the densities in dependent lung 
regions develop promptly during anaesthesia, i.e. within 
15 min of induction [3]. They are located in caudal parts 
of the lungs. The densities do not seem to progress with 
time but retain the same size at least for a 30 min period 
[3). The mean density area in anaesthetized humans is 
approximately 3~% (range 0-11 %) of the intrathoracic 
area in caudal lung segments during mechanical ventila
tion and muscle paralysis [10] . In the sheep it was not 
technically possible to obtain any CT scans early after 

Fig. 5. - Atelectatic long tissue with distinct demarcation (left) or somewhat gradual transition (right) to adjacent aerated lung tissue (Haematox
ylin-eosin, 50x). 
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induction of anaesthesia. However, when CT scans were 
made after about 45 min of anaesthesia, the transverse 
area of the densities in the slieep fell within the range 
seen in humans and they had the same location as in 
humans, i.e. in the caudal dependent parts of the lung. 
The densities that developed in the sheep also had the 
same attenuation factor as seen in anaesthetized humans, 
and the attenuation was approximately of the same 
magnitude all over the density, again as in the anaesthe
tized human [5]. We therefore conclude that the density 
region in the sheep is qualitatively similar to that seen in 
anaesthetized humans. 

There are only few reports on chest CT scans in other 
species. Rhesus monkeys were reported to have small 
radio-opacities in the posterior portion of the lung bases 
while breathing spontaneously during barbiturate anaes
thesia [11]. Dogs during pentobarbital anaesthesia and 
mechanical ventilation in the supine or left lateral posi
tion demonstrated no densities in dependent lung regions 
in general [12] . Whether there are other species which 
develop densities in dependent lung regions like the 
human subject remains to be shown. 

Gas exchange 

The gas exchange impairment in anaesthetized humans 
appears early during anaesthesia and does not in general 
worsen with time [1, 2]. By means of multiple inert gas 
elimination for a descriptive analysis of the ventilation/ 
perfusion distribution (V A/Q), a stable V A/Q was observed 
for more than 3 h of anaesthesia, during peripheral 
vascular surgery [13]. In anaesthetized lung-healthy 
humans shunt is an important cause of gas exchange 
impairment and the magnitude of the shunt correlates 
with the size of the atelectasis as detected by CT scan
ning [6). 

We did not have the possibility to do serial measure
ments of CT scans and gas exchange in the sheep from 
the onset of anaesthesia. However, the alveolar-arterial 
oxygen tension difference correlated to the size of the 
atelectasis when measurements were made after 45 min 
of anaesthesia. This is similar to the findings in anaes
thetized humans. 

Lung gravimetry and morphology 

The data on extravascular lung water, the ratio of lung 
water to dry blood-free lung weight, and the ratio of 
residual blood content to dry blood-free lung weight 
observed in the sheep were all similar to what has been 
reported earlier in sheep and dogs, using similar analytic 
methods [8, 14]. It is also worth mentioning that an 
extravascular lung water of 5 g·kg-1 bw by gravimetry 
compares to 7-8 g·kg·1 bw by double indicator dilution 
technique in animal experiments [14-16), and that lung 
water values of 7-8 g·kg·1 bw by indicator dilution is a 
normal finding in lung healthy awake and anaesthetized 
humans [15, 17]. Nor was there any difference in extra
vascular lung water, and no consistent difference in 
residual blood content, between samples from aerated 

and atelectatic lung tissues. It can thus be concluded that 
the total lung water content was normal as measured by 
gravimetry and that it was evenly distributed between 
"dense" and "normal" lung tissue in the anaesthetized 
sheep. 

The morphological analysis showed some widening of 
the alveolar wall and vascular congestion in the atelec
tatic zone. Minimal, local alveolar oedema could be 
demonstrated. The gravimetric measurements showed no 
oedema and were thus, to some extent, at variance with 
the morphological findings. Whether this difference is 
due to analytical limitations is not clear. However, de
spite these moderate dissimilarities, atelectasis remains 
the major finding, oedema and congestion being moder
ate, at most. 

Another observation was the hyperinflation and even 
"emphysematous-like" changes seen in "normal" lung 
tissues and locally within "atelectatic" regions. Whether 
this can be attributed to post-mortem changes, the airway 
clamping at end-expiration immediately before the exci
sion of the lungs, or was an effect of the anaesthesia and 
mechanical ventilation is not clear. 

Conclusion 

In the present study we have used computed tomogra
phy to show that densities develop in dependent lung 
regions in anaesthetized sheep and that these densities 
are of the same quality as that previously shown in 
anaesthetized humans. Moreover, the densities in the 
sheep were shown to be atelectatic regions with no or 
minor interstitial oedema and vascular congestion. A 
correlation between gas exchange impairment, and size 
of atelectasis was seen in the sheep, similar to the close 
correlation between shunt and density area on the CT 
scan that has earlier been shown in anaesthetized hu
mans. On the basis of these similarities we propose that 
the densities in dependent lung regions in anaesthetized 
human may also be caused by atelectasis. 
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Densites pulmonaires au cours de l'anesthesie. Etude experi
mentale sur la morphologie pulmonaire et les echanges gazeu.x. 
G. Hedenstierna, H. Lundquist, B. Lundh, L. Tokics, A. 
Strandberg, B. Brismar, C. Frostell. 
RESUME: Nous avons etudie, sur un modele de mouton, la 
nature des zones densifiees darts les regions pulmonaires declives 
regulierement observees chez les hommes anesthesies. Au cours 
d'une anesthesie accompagnee d'une paralysie musculaire et 
d'une ventilation mecanique, des zones denses darts les regions 
pulmonaires declives ont ete mises en evidence au moyen du 
CT scan. Elles avaient la meme localisation et la meme attenua
tion que celles observees chez les humains anesthesies. Les 
troubles des echanges gazeux ont tendance a augmenter pro
portionnellement a la taille de la zone densifiee sur le CT scan. 
Les examens microscopiques ont montre que les densites chez 
le mouton etaient des regions pulmonaires atelectasiques, sans 
oedeme interstitiel ou avec un oedeme Ieger, et des phenomenes 
de congestion vasculaire mineure. Le tissu pulmonaire atelec
tasique est nettement dilirnite, et le tissu pulmonaire darts 1' 
environment immediat est bien aere ou meme en etat d'hyper
inflation. La gravimetric a montre la meme quantite de liquide 
extra-vasculaire et de sang par unite de poids pulmonaire darts 
les le poumon atelectasie et dans la region pulmonaire aeree. 
L'on condut que densites apparaissant darts Ies regions 
pulmonaires declives au cours de I'anesthesie sont provoquees 
par l'atelectasie. 
Eur Respir J., 1989, 2, 528- 535. 


