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in anesthetized paralyzed humans. J. Appl. Physiol. 81(4):
18221833, 1996.N Regional ventilation and perfusion were
studied in 10 anesthetized paralyzed supine patients by
single-photon emission computerized tomography. Atelec-
tasiswas estimated from twotransaxial computerized tom og-
raphy scans. The ventilation-perfusion (W®)) distribution was
also evaluated by multiple inert gas elimination. While the
patients were awake, inert gas W® ratio was normal, and
shunt did not exceed 1% in any patient. Computerized
tomography showed noatelectasis. During anesthesia, shunt
ranged from 0.4 t012.2%. Nine patients displayed atelectasis
(0.6D7.2% of the intrathoracic area), and shunt correlated
with the atelectasis (r5 0.91, P, 0.001). Shunt was located
in dependent lung regions corresponding to the atelectatic
area. Therewas considerable W® mismatch, with ventilation
mainly of ventral lung regions and perfusion of dorsal re-
gions. Little perfusion was seen in the most ventral parts
(zone 1) of caudal (diaphragmatic)lung regions. In summary,
shunt during anesthesia is due to atelectasis in dependent
lung regions. The Wd distributions differ from those shown
earlierin awake subjects.
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DURING GENERAL ANESTHESIA, atelectasis develops
promptly in dependent lung regions during spontane-
ous breathing and mechanical ventilation and whether
the anestheticisgiven intravenously orisinhaled (2, 8,
27,30). Thevisualization of atelectasisrequires comput-
erized tomography (CT) of the lung; in most cases,
conventional pulmonary X-ray does not disclose the
densities. The atelectasis has been shown to be per-
fused by blood (28), and the size of atelectatic lung
regions has been shown to correlate with the magni-
tude of shunt (8, 30). However, it has not been possible
tolocate shunt toany particular lung region.

Inthe presentinvestigation, the vertical distribution
of ventilation and perfusion was studied during anesthe-
sia by means of radioactive isotopes to locate regions
with shunt. Theresultswere compared with thevisible
distribution of atelectasis on CT scans and with the
distribution of ventilation-to-perfusion (W) ratios as
measured by the multiple inert gas elimination tech-
nique. Finally, W& distributions by inert gas and
isotope techniques were compared.

PATIENTS AND METHODS
Patients

Ten patients (3 women and 7 men, mean age 50 yr)
scheduled for elective abdominal surgery were studied aw ake
immediately before induction of and during general anesthe-
sia. They were all of ordinary body conbguration (Table 1).
Five were smokers and bve were nonsmokers. No one pre-
sented symptoms or signs of chronichronchitis. Preoperative
spirometry was within the normal range in all patients,
although two smokers had low Rows at the end of a forced
expiration (20). The study was approved by the Ethical
Committee of Huddinge University Hospital, and informed
consent was obtained from each patient.

Anesthesia

The patientsreceived nopremedication. Atropine (0.25 mg
iv) and fentanyl (0.1D0.2 mg iv) were given immediately
hefore anesthesia. Anesthesia was induced by thiopentone
sodium (2000450 mg iv), and succinylcholine (750100 mg iv)
was given hefore tracheal intubation. M uscular relaxation
was continuously achieved with pancuronium bromide (total
dose 11D19mgiv). The patientswereventilated atarate of 12
breaths/min with a Servo 900C ventilator (Siemens Elem a)
with zero end-expiratory pressure. Tidal volume was ad-
justed toresult in an end-tidal carbon dioxide concentration
of , 4%. Anesthesia was maintained with halothane, 0.6D
1.3%inspired concentration, in a gas mixture of oxygen and
nitrogen.Theinspired oxygen fraction (0.4000.43)was checked
by mass spectrometry and kept constant during the measure-
mentsin each patient. Minute ventilation was monitored on a
vortex meter (BournsL5D75), and the airway pressureswere
monitored on the manometer of the ventilator.

Catheaerization

Atriple-lumen thermistor-tipped catheter (Swan-Ganz no.
7F, Edwards Laboratories) was introduced from a brachial
vein to the pulmonary artery. A brachial arterial and two
peripheral venous catheters were also inserted. One of the
venous lineswasused forinfusion ofinert gases and the other
for injection of anesthetic drugs. Vascular pressures were mea-
sured relative tothe atm osphericpressure, with the midthoracic
level as reference. The pressures were averaged during the
respiratory cyde. Cardiacoutput (mean of 3 measurements)was
determined by standard thermodilution technique by use of
10-m| bolus injections of chilled (0D4iC) glucose solution (50
mg/ml). The thermal curve was analyzed by a cardiacoutput
computer (model 9520A, Edwards L aboratories).

ﬂ/@jRatios
W@distribution tolung regions with different ‘la/Q'lratios
wasdetermined by amultipleinert gaselimination technique

based on the infusion of a solution of six gases: sulfur
hexaRuoride, ethane, cyclopropane, enfurane, ether, and
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Table 1. Subject data

Subject Height, Weight, Cigarettes/ FVC, FEV,, MEFs,
No.  Sex Age,yr cm kg day %pred %pred Ypred
1 F 65 155 68 0 96 105
2 F 62 162 17 0 117 130 94
3 F 32 174 72 20 112 102 95
4 M 36 183 80 0 107 100 136
5 M 58 179 85 5 86 95 140
6 M 60 182 74 20 111 90 44
7 M 49 180 67 0 110 97 81
8 M 56 185 88 0 135 118 55
9 M 20 178 75 20 117 107 93
10 M 49 178 88 10 87 87 48

FVC, forced vital capacity; FEV;,, forced expired volume in 1 s;
M EF;s, expired Bow at 25%vital capacity in percentage of predicted
values (Yopred) (20).

acetone (5, 33; for further technical details, seg Ref. 32). Of
the available information obtained from the Wddistribution,
we present data on shunt (&s: perfusion of lung regions with
Wal , 0.005), ®ow QA regions® (®hy,: perfusion of lung
regions with 0.005 , W&, 0.1), Ghigh W regions®(Whyn:
ventilation of lung regions with 10 , Wa®!, 100), and dead
space (Wb: ventilation of lung regions with W® . 100) and
the mean and the log standard deviation of the distribution of
bjood Bow (®h,.an and log ®ksp) and ventilation (W, .., and og
W), Subdivisions of blood Bow and of ventilation are pre-
sented as percentage of cardiac output and expired minute
ventilation, respectively.

Blood Gas Analysis

Arterial and mixed venous blood samples were drawn for
blood gas analysis, for which standard techniques were
employed (ABL-2,Radiometer, Copenhagen, Denmark).

CT oftheChest

The development and the size of atelectasis were deter-
mined by X-ray CT scanning (Siemens Somatom 2) of the
chest at twolevels: at the top of the diaphragm (the position
was determined from the frontal scout view in the awake
state)and 5 cm cranially tothe brstlevel. During anesthesia,
the same scan levels relative to the spine were used. The
measurements were made during apnea at resting end-
expiratory lung volume [functional residual capacity (FRC)].
Scan timewas 5 sat 115 mAand 125 kV, and slice thickness
was 8 mm. The total estimated dose equivalent from CT was
0.28 mSv. The transverse thoracicand atelectaticareas were
measured by planimetry on the transverse CT scans. The
thoracicareawasdebned asthe areawithin theinner walls of
the thoraciccage and includes the lungs and the mediastinal
organs. The atelectaticarea, debpned asvolume elementswith
attenuation values between 2100 and 100 Hounsbeld units
(6), is presented as percentage of thoracic area. M aximal
transverse and sagittal diameters were measured on the CT
scans and refer totheinner margins of the thoraciccage.

Ventilation and Perfusion Scintigraphy ofthelL ungs

Two radionuclides with different gamma energies, *%™In
and ®*mTc, were used for single-photon emission computerized
tomography (SPECT). For ventilation scintigraphy, the pa-
tientinhaled an aerosol. The isotope wasbound todiethylene-
triamine pentaaceticacid (D TPA)dissolved in 3 ml of isotonic
saline. The nebulizer (UltraVent, M allinckrodt) produces an
aerosol that, according to the manufacturer, has a median
mass aerodynamic diameter of 0.590.6 um with 98% of the
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particles , 1.0 um. For perfusion scintigraphy, the isotope
wasbound tomacroaggregated human albumin (M AA), which
was injected intravenously after the inhalation of aerosol.
The total activity of the two isotopes was not allowed to
exceed a dose equivalent of 1 mSv. We aimed at reaching an
activity of ¥mTcbve times that of 13¥™In, because In is partly
seen in the Tcwindow. In the brst bve patients 113mIn-D TPA
was inhaled (800 MBgq in the nebulizer) and %°™Tc-M AA w as
injected (37 MBq), which ensured a perfusion image of high
statistical quality but a ventilation image of less quality. To
optimize the statistical quality of the ventilation image
without exceeding the permissible dose equivalent and yet
maintain the activity ratiobetween the twoisotopes, the next
bve patients inhaled **"Tc-DTPA (2,000 MBq in the nebu-
lizer), and 37 MBq of 3™ In-M AA were injected. The mean
counts collected in the brst frontal projection (during 20 s)
from the inhaled isotope were 41,000 (patients 1£5, 113™|n)
and 258,000 counts (patients 6£10, **"Tc) and from the
injected isotope 177,000 (patients 1-5, °°™Tc) and 44,000
counts (patients 66810, 13" n). After the inhalation of aerosal
was completed, the respiratory tubing, including the y piece,
wasreplaced by noncontaminated tubing.

For tomography, a gamma camera (M axi Camera 400T,
General Electric) with a medium-energy collimator was ro-
tated around the patient, who lay supine on the tomograph
table with arms stretched cranially. Counts were collected in
windows of 20% centered around the photopeaks at 140 and
392 keV (**™Tc and 13™|n, respectively) simultaneously for
both isotopes at 64 positions (360j). Acquisition timewas 20 s
at each position, and the data were stored in two 64 3 64
matrices by a computer (PDP/11, Digital Equipment). The
Prst twopositions were repeated at the end of the procedure
to obtain an estimate of the effective half-life of the isotopes
within the lung that was accounted for in the reconstruction
of the ventilation and perfusion distributions (software:
SPETS and Gamma-11, Digital Equipment). Attenuation
correction for thoracic geometry was not used, inasmuch as
notransmission source was available. The spatial resolution
for thistechnique and equipmentwas, 11 mm.

D ata Analysis

From the acquired data two sets of transverse scans
covering all partsofboth lungswere reconstructed: one set for
ventilation and the other for lung perfusion. The scans were
built up by volume elements (voxels) with the following
dimensions: 0.58 3 0.58 3 1.16 cm (the largest dimension
parallel tothe axis of rotation,i.e., cranial-caudal direction).

Ventilated and perfused lung tissues were delineated ac-
cording tothe following procedure:thetransverse diameter at
midlung level of the two CT scans was measured. A back-
ground was subtracted from the corresponding SPECT scans
(ventilation and perfusion scans treated separately) from all
voxels to give transverse diameters of the ventilation and
perfusion scans in agreement with the diameters of the CT
scans (within the resolution of one voxel). If an exact agree-
ment between the diameters was not found, we allowed the
lungs on the SPECT scans tobe slightly larger, inasmuch as
these scans were obtained during tidal breathing and CT
scans were obtained during apnea at FRC. The background,
expressed as a percentage of the maximal activity of the two
isotopes in any voxel (range 13D33%), was thus individually
determined for each patient for both isotopes and was sub-
tracted from all voxels in the tomographed volume (also
within the lung). An impaction of aerosal in the carina and
endotracheal tube was seen in most patients. This area was
excluded. After thelungswere delineated, cardiacoutput and
expired minute ventilation were divided by the total number
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of counts of the corresponding isotope. Blood Row and ventila-
tion to a single voxel were obtained by multiplying these
ratios by the number of counts of the appropriate isotope
within thatvoxel. The W ratiow as calculated for each voxel,
and the distribution of ventilation and blood Row against Wl
ratios was plotted in a manner similar tothe inert gas Wl
data.

Vertical ventilation and perfusion proPles were con-
structed after normalization of lung dimensions.

Procedureand Technical Setup

The patients were catheterized in the awake state at the
catheterization laboratory, after which they were moved to
the X-ray department for measurements of hemodynamics
and gas exchange during air breathing and for CT scans.
They were then anesthetized as previously described. An-
other two transverse CT scans were obtained 15 min after
induction of anesthesia. The patientswere then moved tothe
isotope department during manual ventilation with 0.5D1%
halothane in pure oxygen, where they were placed supine on
the gamma camera tomograph table and connected to the
ventilator. After another 20 min of anesthesia (inspired
oxygen fraction 0.40D0.43), hemodynamics and gas exchange
were measured, then inhalation of the aerosol tagged with
isotope was started. The nebulizer (within a shielding con-
tainer)was connected totheinspiratory tubing of the ventila-
tor. The gastothe nebulizer (10 I/min)was obtained from the
gas inlet to the ventilator after it passed the halothane
vaporizer, permitting a stable anesthesia and an unchanged
inspired oxygen fraction. The tidal volume given to the
patient could not be directly controlled by theinspired volume
setting of the ventilator because of the additional gas intro-
duced tothe respiratory tubing by the nebulizer. The ventila-
tor tidal volume was set to result in the same inspiratory
pause pressure as before the inhalation of aerosol, and the
end-tidal carbon dioxide concentration did not change during
the procedure. The exhaled gases passed a collection blter
before they reached the expiratory Row sensor of the ventila-
tor. After completion of aerosol inhalation, the intravenous
isotope was slowly injected during mechanical ventilation,
and the emission tomography was commenced. After conclu-
sion of the measurements, all catheters but one venous line
were removed and the patients were transported to the
operation theater toundergosurgery. The study lasted , 2 h,
including the awake measurements.

Statistics

Means 6 SE were calculated. The signibcance of differ-
ences between the awake and the anesthetized paralyzed
conditions was tested by Student@ paired f-test (two-tailed).
Linear regression analysis was performed to study the rela-
tionship between twovariables.

RESULTS
Awake

Cardiacoutput, heart rate, and systemicand pulmo-
nary vascular pressureswere within the normal range
during the awake state, whereas minute ventilation
was rather high (4) (Table 2). Gas exchange was
normal,with narrow perfusion and ventilation distribu-
tions, as assessed by the ingerf gas technique (Table 3).
Shunt and perfusion of low W did not exceed 1 and 4%,
respectively, in any patient. Wb (including apparatus
dead space) comprised 30% of ventilation.

DISTRIBUTION OF VENTILATION AND PERFUSION

Table 2. Circulatoryand respiratoryvariables,
arterial blood gases, and atd ectasis

Variable Aw ake Anesthesia
Qkr, I/min 6.56 0.3 5.76 0.3
HR, beats/min 7062 796 3o
Pa,mmHg 14361.1 1376 1.1
Pev,mmHg 7.76 0.7 8.860.9
Pba,mmHg 1046 6.0 8165.7a
Ve, I/min 9.161.1 6.26 0.3a
Paw, cmH ,0 1226 1.1
Pao,, Torr 95.06 4.5 159.16 10.1*
Paco,, Torr 36.161.4 35.76 0.9
Atelectaticarea 0, % 0.060.0 2.260.7a
Atelectaticarea 5, % 0.060.0 1.860.7

_ Valuesaremeans 6 SE;n5 10. &, cardiacoutput; HR, heart rate;
Pa, Pcv, and Pba, mean pulmonary arterial, pulmonary capillary
venous, and brachial arterial pressures, respectively; Ve, expir-
ed minute ventilation; Paw, end-inspiratory airway pressure; Pao,
and Paco,, arterial Po, and Pco, ; area 0 and area 5, transverse
atelectatic area in percentage of transverse thoracic area at top of
diaphragm and 5 cm cranially, respectively; *inspired O, fraction 5
0.4000.43. P, 0.05;aP, 0.01;=P, 0.001.

CT scanning displayed nolung abnormalities in any
patient during the awake measurements.

Anesthesia With M uscleParalysis
and M echanical Ventilation

Ventilation and henodynamics. Minute ventilation
was lower during anesthesia than in the awake condi-
tion (2319%; Table 2). Cardiacoutput decreased (2 13%)
and heartrateincreased (13%). M ean pulmonary vascu-
lar pressureswere unchanged, whereas mean systemic
arterial pressure decreased (2 21%).

Gas exchange The distribution of perfusion, as as-
sessed by the multipleinert gaselimination technique,
was in most cases wider than during the awake state
and centered around a lower mean value (Table 3; see
Figs. 2 and 5). In all patients there was an increased

Table 3. Distribution of perfusion and ventilation
from multipleinert gas dimination technique

in awakestateand during anesthesia

and from SPECT during anesthesia

Inert Gas D ata SPECT
Variable Aw ake Anesthesia Anesthesia
s, % 0.260.1 5.06 1.32 6.961.9
Qhoy, % 1.26 0.5 7.161.82 3.660.8
Q»'meap 0.766 0.10 0.5160.072 0.9460.07¢
log Qkp 0.676 0.07 1.186 0.122 0.806 0.04¢
Vb, % 306 5.0 3263 5.36 1.6
%,gh,% 0.046 0.04 0.060.0 7.461.8¢9
Vlmea,n 1.146 0.16 1.0160.11 1676 0.13¢
log Wsp 0.546 0.06 0.626 0.05° 0.786 0.04¢

Valuesaremeans6 SE;n5 10. ®s and Qhy, ;shunt and perfusion of
regionswith 0.005, W@, 0.1, respectively, expressed as percentage
of cardiac output; Q.. and log Qkp, mean and log standard
deviation of perfusjon; Wb and Wy, ventilation toregions with W@,
100 and 10 , W, 100, respectively, expressed as percentage of
expired ventilation; W,ean and log Wp, mean and log standard
deviation of ventilation. Signibcantly different from awake: 2P ,
0.01;°P, 0.001. Signipcantly different from inert gas data during
anesthesia: P, 0.05;9P, 0.01;¢P, 0.001.
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retention of the least soluble gases, which appeared
as shunt and/or perfusion of low W® regions. Shynt
ranged from 0.4 to 12.2% and perfusion to low W®
regions from 0t018.0%. The distribution of the ventila-
tion was conbned to one main mode centered at the
same mean value as during the awake situation. Wb
was unaltered. Arterial oxygen tension was 1250202
Torr. Mean arterial carbon dioxide tension was un-
changed (range 32D40 Torr) compared with the awake
measurement.

CT and SPECT. Atelectasis appeared in dependent
lung regions in nine patients. The atelectasis com -
prised 0.6D7.2%of the thoracicarea, and the mean area
was slightly larger in the caudal than in the cranial
scan (Table 2, Figs. 1 and 2).

Thesubtraction criteria used for delineating the lung
on the SPECT scan resulted in an overestimation of
sagittal (ventral-dorsal) diameters compared with the
corresponding CT scanshy 0.36 0.4cm (CT:18.06 0.5
cm; P. 0.05)and 0.76 0.5cm (CT:17.06 0.4 cm; P,
0.01) at the caudal and cranial scan level, respectively.
Lung volume estimated by SPECT was 2,590 6 181 m|
(range 1,60003,500 m1).

After normalization of lung height, mean curves of
the vertical ventilation and perfusion were calculated.
After an initial increase down the topmost region,
ventilation decreased further down the lung. Perfusion
increased downward, except for the most dependent
part,whereit decreased (Fig. 3).

Amore detailed analysis of the distributions was also
undertaken by dividing the lung into four segments
from the apex to the base (Fig. 4). Such an analysis
showed that the inequality of ventilation and perfusion
in thevertical direction increased from the apex tothe
base of the lung. Ventilation of poorly perfused regions
was mainly found at the ventral aspects of the two
basal segments of the lung. Shunt was seen in all four
segments (Fig. 4) and was as large as 17%in the basal
lung segment. In the other segments, it averaged
5P6%. Shunt was spread over awider vertical distance
intheapical lung segmentsthanin the other segments,
where shunt was mainly conbned to dependent lung
regions. Perfusion of poorly ventilated regions was
generally small as measured by the isotope technique
(Table 3). It wasmainly located in dependent parts just
aboye regionswith shunted blogd Row. ;

/@ distribution. Higher W ... and & .., values
were seen with the isotope technique than with the
inert gas technique (P, 0.01 and P, 0.001, respec-
tively). M oreover, with theisotope technique, the log W
was higher (P, 0.05) and the log &, was lower
(P, 0.05)than with the inert gas technique (Table 3).
There was nosignibcant difference between the mean
values of shunt with use of isotope and inert gas
techniques, respectively (&s;so, ®s,a5), and a correjation
was found according tothe following equation: ®s;s, 5
029 1 1.26 3 Bsgps (n 5 10, r 5 0.78, P, 0.01).
Perfusion to poorly ventilated regions tended to be
lower for the isotope than for the inert gas technique
(P5 0.08). The isotope technique showed regions with
high W& (10, Wd, 100), but theinert gas technique
did not (P, 0.01; Table 3). The isotope technique
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detected only,a small amount of dead space (dePned as
voxels with W&l . 100), 5%vs. 32% with the inert gas
method (P, 0.001). Individual W®! distributions are
shown in Fig. 5.

Shunt vs. atdectasis. Shunt measured by the inert
gastechnique correlated with the size of atelectasis (x)
according tothe following regression equation: &s;,s 5
1.031 1783 x(n5 10, r5 0.91, P, 0.001). Also,
shunt measured by the isofope technique correlated
with the size of atelectasis: ®s;;,5 2.001 2.18 3 x(n 5
10,r5 0.76, P, 0.01).

CT scans and the corresponding SPECT scans from
bve patients are shown in Figs. 1, 2, and 6. On the
SPECT scan, the area in which shunt was found has
been indicated, and it closely agreeswith the location of
atelectasis. Figures 1 and 2 show examples of large and
small atelectasis with accompanying large and small
shunts (patients 10 and 3). In patient 6, narrow atelec-
taticregionsbridged over arim of aerated alvealiin the
bottom m ost part of the lung. The corresponding SPECT
scan disclosed a horizontal zone of shunt resting on a
perfused and ventilated region (Fig. 6, A and B). In
patient 5, the CT showed a trabeculated atelectasis
similar to a honeycomb pattern. The SPECT scan
showed alarge mottled shunt area corresponding tothe
atelectaticregion (Fig. 6, C and D). Patient 4 had only
minor atelectasis in dependent parts of both lungs, as
seen on the CT scan. Shuntin thispatient was found as
anarrow rim in the bottom of the lungs (Fig. 6, £ and
F). However, despite individual similarities, shunt
tended to extend higher up in the vertical direction
than in the atelectatic region. This may in part have
been due tothe bnding of a shunt along the mediastinal
lung border in three of bve patients who received
118mn-M AA for blood Row measurements (but in none
with ®9mTc-M AA; cf. Fig. 1).

Thisbndingwasunexpected and forced ustoperform
model experiments with two glass bottles Plled with
saline to which two isotopes (1*™In and °™Tc) were
added. The bottles were 10 cm in diameter and 5 cm
apart, simulating the lungs and mediastinum in a
transverse projection. In the transverse SPECT scans
there was a rim of pure M3™|n activity along the
mediastinal aspects of the bottles but not elsewhere
(Fig. 7). Thus the @nediastinal® shunt may be an
artifact caused by reconstruction errors.

DISCUSSION

Atelectasisin dependent partsof thelungisaregular
Pnding during anesthesia with muscle paralysis and
mechanical ventilation, appearing shortly after induc-
tion of anesthesia and before surgery (2,27). Aright-to-
left shunt of blood has been found tocorrelate with the
size of atelectasis (30). We have shown that the shuntis
located in the dependent atelectatic lung regions. In
addition,amarked inhomogeneity of the vertical venti-
lation and perfusion distributions was found.

M ehods

Beforewe discusstheresults, several methodological
aspects should be considered. Three major methods
have been used: CT, the multiple inert gas elimination
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inert gas, awake
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0 00101 1 10 100

Fig. 1. Computerized tomography (CT)scans and inert gas ventilation-perfusion (W) distributions of ventilation
and perfusion in patient 10 in awake state (A) and during anesthesia-paralysis (B), as well as corresponding
transverse slice and W@ distributions reconstructed from single-photon emission CT (SPECT) during anesthesia
(C). x-Axis, W ratios; y-axis, ventilation (s) and perfusion (r ). Note absence of lung densities and normal \W®
distribution in awake state and appearance of large densities (atelectasis) in dependent lung regions during
anesthesia. Concomitantly, alarge shuntwasmeasured with inert gasand isotope techniques. Voxelswith Wratio
, 0.005 (shunt)have been colored white on transverse slice from SPECT. N ote location of shunt in dependent lung
regions. Qks, shunt as percentage of cardiacoutput (W@, 0.005;r atzeroon x-axis); Wb, dead space ventilation as
percentage of expired minute ventilation (M. 100;s in C atinbnity;in Aand B, Wb isout of range of y-axis).

technique, and SPECT.By CT, twoscans of the thorax,
5 cm apart, were obtained. M orphological changes can
be visualized with a high spatial resolution within these
scans, but thereisnoinformation about other parts of
the lung, and little information about function is pro-

vided. The multiple inert gas elimination technique
measures the functional properties of the lung with
regard tothe distribution of ventilation and perfusion
relative to W& ratios (5, 33). The technjque has the
ability to separate regions with low W® ratios from
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ANESTHES IR

15 inert gas, awake
1279as 0.3% VD 23%
09 A
0.6
0.3 A
0.0 8 #—
0 00101 1 10 100 o
15 7 inert gas, anesth o
12 1Gs 2.5% VD 21%
0.9 ~
0.6 -
0.3 -
°
0.0 -+~ —

0 00101 1 10 100 °°

15 + isotope

QS 3.5% VD 3%

0 00101 1 10 100 o°

Fig. 2. CT scans and inert gas Wl distributions of ventilation and perfusion jn patient 3 in awake state (A) and
during anesthesia-paralysis (B), aswell as corresponding transverse slice and Waldistributions reconstructed from
SPECT during anesthesia (C). x-Axis, W ratios; y~axis, ventilation (s) and perfusion (r ). Note minor atelectatic
area on CT during anesthesia and appearance of a small shunt located in dependent lung regions on transverse
slice from SPECT (white regions). &, shunt as percentage of cardiacoutput (W@, 0.005;r atzeroon x-axis); b,
dead space ventilation as percentage of expired minute ventilation (M®. 100;s in B and C atinPnity;in A W is

out of range of y~axis).

shunt and alsowell-ventilated regions with only minor
perfusion from dead space. However, it renders no
information about the spatial distribution of ventila-
tion and perfusion within the lung. Scintigraphy pro-
vides a localization of function within a tissue, as
measured by the distribution of an isotope, and in

combination with CT this can be performed in three
dimensions. SPECT is, however, considered to have
less spatial resolution than CT. The distribution of
injected isotope-labeled M AA has been shown to accu-
rately display the distribution of blood Bow by the time
of entrapment of the particles in the capillaries (31).
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0.050

0.000 N T J
Ventr. Dors.
Fig. 3. Vertical distribution of mean fractional ventilation (k) and
perfusion (r ) in supine anesthetized patients. Values are means 6
SE;n5 10.Lung dimensions have been normalized. Ventr, ventral;
Dors, dorsal.

Ventilation scintigraphy with isotope-labeled aerosal
has been used for 30 years (19, 29). It relies on the
assumption that the aerosol will be distributed within
the lungs in relation to ventilation. This assumption
seems tobe approximately valid for particles with an
aerodynamic diameter , 1 um (12, 18, 25). The nebu-
lizer used in the present investigation has been re-
ported to produce an aerosol that results in little
impaction in central airways and a distribution within
the lung comparable to that of the gas 8!™Kr (34).
Animal experiments indicate that small-sized aerosals
are deposited mainly in respiratory units alsoduring
mechanical ventilation (25). We found some impaction
on the carina and the endotracheal tube, but over the
lung the distribution of theinhaled isotope was sm ooth,
with no @ot spots@in any patient. Thus impaction
seemed to be no major problem. The retention of
aerosols has been shown todecrease and the clearance
to increase with increasing lung volume (3, 25), and
because of differencesin alveolar expansion (15), venti-
lation may be underestimated in nondependent com -
pared with dependent parts of the lung. Also, alveoli
that are expanded mainly by dead space gas during
tidal breathing appear well ventilated because of the
abundance of aerosol in dead space, whereas their
contribution to gas exchange may be minimal, as
measured by the inert gas technique. These method-
ological difficulties should, however, not invalidate the
aerosol techniquein detecting shunt.

Therange of background subtraction values used for
delineating the lungs on the SPECT scans embraces
the value of 20%, which resulted in a good transverse
area estimation of a lung phantom (17). We used
individual subtraction values based on measured trans-
verse diameters, which resulted in a good correspon-
dence between ventral-dorsal lung diameters mea-
sured by SPECT and CT. Mean lung volume was
estimated at 2.6 liters, including air, tissue, and blood
volume. The weight of the lungs is 900D1,000 g (14).
Reducing blood volume by 1000200 ml [as caused by
anesthesiaand mechanical ventilation (10)]and adding
100 m! for the volume of extrapulmonary airways, the
calculated mean gas volume (FRC) approximates 2.0
liters. This is close to the anticipated mean FRC (2.1
liters) of our patients during anesthesia in the supine
position by use of the summary equation of Rehder and
M arsh (23).

DISTRIBUTION OF VENTILATION AND PERFUSION

Atdectasis and Shunt

Atelectasiswasfound in 9 of 10 patientsin this study,
which compares with our previous bpndings during
anesthesiawith muscle paralysis (2, 8). Shunt was also
demonstrated in the same nine patients, and there was
a correlation, and similar mean values, between inert
gas shunt and isotope shunt. Shunt, demonstrated by
either technique, correlated with the atelectatic area,
and by SPECT the shunt could be located in the
dependent lung regions. There was a fair individual
correspondence hetween atelectasis on CT scans and
the distribution of shunt on SPECT scans. The medias-
tinal shuntin a few patientswas most likely explained
by reconstruction errors of the SPECT scans. Thus the
only clear location of shunt was the dependent (dorsal)
lung regions. Shunt was distributed among all four
segments from apex to base. Although no CT scans
were made at the level of the two apical segments,
previous studies indicate that in approximately one-
half of the patients atelectasis can be found 10 cm
cranial tothe diaphragm (2), corresponding to the lower
part of the most apical segmentin the present study.

Distribution of Ventilation and Perfusion

Thebnding ofadecreaseinventilation down thelung
from frontal todorsal (vertical direction) conbrms previous
bPndings in anesthetized paralyzed humans (1, 13, 16,
22,24).However,in previous studiesnodetailed analy-
sis of ventilation distribution was possible. They have
been limited tomeasurements of distribution between
thetwolungsin the lateral position or toa few vertical
levels in the supine position. In this study, we noted a
reduced ventilation in the topm ost region, which might
berelated towell-expanded alveoli located on the upper
Ratter part of their pressure-volume curve (cf. Ref. 15).
There is also the possibility of a compensatory reduc-
tion of ventilation because of reduced hlood Bow, as
demonstrated by Severinghaus et al. (26) and attrib-
uted to hypocapnic bronchoconstriction. Finally, by
addition of perfusion data by means of the macroaggre-
gate technique, a zone of no ventilation in the most
dependent part of the lung could be detected. This would
not have been possible by intravenous injection of Xe, as
hasbeen used in earlier studies, becauseitsdemonstra-
tion of lung blood Bow requiresthat it diffusestopatent
alveoli. Anonventilated zone because of lung collapse
(atelectasis)would thusnot have been detected.

The general feature of an increase in perfusion down
the lung is similar tothat reported earlier in anesthe-
tized paralyzed humans (13, 16). However, a much
more detailed analysis was made possible by the pres-
ently used technique. Thus the vertical gradient of
perfusion, from top to bottom, displayed an initially
steep increase followed by a region with less increase
(compatible with zones 2 and 3) and, bnally, a decrease
of perfusion in the lowerm ost region of the lung (zone 4;
Figs.3 and 4) (14). The bndings are similar in detail to
those obtained in anesthetized dogs and have been
attributed togravitational forces, although nongravita-
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Fig. 4. Vertical (ventral-dorsal) distributions of mean fractional ventilation and perfusion (and subdivisions
thereof) in 4 segments of lung from apex (segment 1) tobase (sggment 4) calculated from SPECT in anesthetized
supine patients. Values are means 6 SE; n 5 10. Left: distribution of fractional expired ventilation (k) and
ventilation of high W regions (p); right: distribution of fractional perfusion (k) and shunt (p). x-Axis, normalized
ventral-dorsal lung height in arbitrary units. Data for each lung segment are shown in column at right.
LV, fractional lung yolume; \k, fractional expired yentilation; g, ventilation of high W®regions (10, WdI, 100)
as fraction of e ; O, fractional lung blood Bow ; ®s, shunt (WQ, 0.005) as fraction of Gk,

tional mechanisms also have been proposed (7, 9, 11, (13.7 mmHg) related to midthorax, sagittal diameter
21). In the most caudal segment, but not elsewhere, was 18 cm, and end-inspiratory airway and, presum -
therewereeven bndings compatiblewith an uppermost ably, alveolar pressure was 12.2 cmH,0 (Tables 2 and
nonperfused zone 1. With the knowledge that mean 4), it can be assumed that alveolar pressure exceeded
pulmonary arterial pressure averaged 185 cmH,0 pulmonary vascular pressureduring part but not all of
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Fig. 5. Individual ‘W@distributions during anesthesia. L eft: inert gas data; right: isotope data. x-Axis, W@ratios;
y-axis, ventilation (s) and perfusion (r ). Note similarity between W® distributions with the 2 techniques in most
patients, except for dead space values.
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e

ANESTHES | A  44y0BE-Y

AMESTHES | A

Fig.6. CT (A, patient 6,C, patient 5;E, patient 4) and SPECT scans (B, patient6;D, patient 5, F, patient 4)during
anesthesia. N ote close correspondence between distributions of atelectasis and of shunt (white voxels).

the respiratory cycle in nondependent lung regions. A
similar discrepancy with a zerohlood Row at a vertical
level below the point where mean pulmonary arterial
pressure is less than alveolar pressure has been re-
ported by Reed and Wood (21).

Noanalysis of nongravitational distribution of venti-
lation and blood Row has been made in the present
study.

V/@]Ratios

The ‘WQJ distribution, assessed by the inert gas
method, was similar to that in previous studies in
subjects of similar age, both awake and during anesthe-
sia(8,30). Thusanincreaseinlog &, and asimilar but

smaller increase in log W, were seen during anesthe-
sia, indicating an increased dispersion of W ratics. This
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Fig. 7. Distribution of shunt (white voxels) on SPECT
scan of patient 7 (A)and aphantom experiment on 2 glass
bottles Plled with 113m|n and ™ Tcdissolved in saline (B).
Note rim of shunt along mediastinal border in patient in
addition to shunt in dependent lung regions; also note
that a similar rim appeared in phantom experiment,
suggesting areconstruction error in mediastinal area.

wasalsoseen asan increased amount of perfusion of poorly
ventilated lung regions (&, WM, 0.1). |

Although the gross appearance of the W® distribu-
tions by theisotope technique was similar tothat of the
inert gas method (Figs. 1, 2, and 5), signibcant differ-
encesin several indexeswere alsonoted (Table3). Thus
the W distribution was shifted to the right, as evi-
denced by higher mean values of ventilation and hlood
Row;therewasno®,,, butthepresgnce gf regionswith
ventilation in excess of perfusion (W, W . 10)and,
Pnally, dead space was minor with the isotope tech-
nique. When the twomethods are compared, it should
be remembered that the inert gas method is based on
gas dilution principles, whereas the used isotope tech-
nique is based on the deposition of particles in the
alveoli and pulmonary vessels. The inert gas method
enables the analysis of the distribution of alveolar
ventilation relative to W® ratios and can handle the
Wb, whether of airways or of alveoli, separately. The
isotope technique will depend on its resolution in
detecting dead space. Thus any airway or alveolar
region thatissmaller than thevoxel (0.583 0.583 1.16
cm)will not show up as dead space but will beincluded
in the distribution of W ratios. This will explain the
large difference in calculated dead space by the two
methods (32 and 5%, respectjvely). This also explains
the rightward shift of the Wl djstributions. M oreover,
it also explains the lower log ®k, and higher log W,
with theisotope technique, because arightward shift of
the distribution curves reduges the amount of &, and
increases the amount of ‘Mhigh. Recalculation of the
isotope distribution mean values after suptraction of
the measured inert gas dead space shifted Wdldistribu-
tions toward the left (M, oan: 1.13; &, .an: 0.64) so that
they came closer tothe inert gas data (1.01 and 0.51,
respectively).

Concdusions

This study has described the relationship between
atelectasis and shuntin dependentlung regionsduring
anesthesia and mechanical ventilation in supine pa-
tients. Apreferential distribution of ventilation toward
ventral lung regions and noor only minor, perfusion of
nondependent regions were seen. The Wd distribution
calculated from isotope data was similar to that ob-
tained by multipleinert gaselimination.
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