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Abstract

Previous studies in anesthetized humans positioned in the left lateral decubitus (L L D) posture have
shown that unilateral positive end-expiratory pressure (PEEP) to the dependent lung produce a more even
ventilation distribution and improves gas exchange. Unilateral PEEP to the dependent lung may offer
special advantages during LLD surgery by reducing the alveolar-to-arterial oxygen pressure difference
{(A-a)PO, or venous admixture} in patientswith thoracic trauma or unilateral lunginjury. We measured
the effects of unilateral PEEP on regional distribution of blood flow (Q) and ventilation (v,) using
fluorescent microspheresin pentobarbital anesthetized and air ventilation dogsin left lateral decubitus
posture with synchronous lung inflation. Tidal volume to left and right lung is maintained constant to
permit the effect on gas exchangeto be examined. Theaddition of unilateral PEEP to theleft lung increased
its FRC with no changein left-right blood flow distribution or venous admixture. Theoverall lung v,/Q
distribution remained relatively constant with increasing unilateral PEEP. Bilateral PEEP disproportionately
increased FRC in theright lung but again produced no significant changesin venous admixture or v,/Q
distribution. We conclude that the reduced dependent lung blood flow observed without PEEP occurs
secondary to a reduction in lung volume. When tidal volume is maintained, unilateral PEEP increases
dependent lung volume with little effect of perfusion distribution maintaining gas exchange.
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Introduction

During surgery in the left lateral dependent
(LLD) posture the dependent left lung is particularly
prone to poor ventilation and impaired gas exchange
presumably because its relatively small size makes it
susceptible to compression by the mediastinal and
abdominal contents (13, 17, 19, 23). During surgery,
applying PEEP increases lung volume to a point well
up the pressure-volume relationship close to total
lung capacity, reduces airway closure, and improves
gas exchange (3, 16). However, PEEP is accompa-
nied by deleterious effects of lung barotrauma and
reduced cardiac output (11).

Pulmonary perfusion is decreased to non-de-
pendent lung and increased to dependent lung in the
lateral decubitus posture (18). Recent studies (10, 14,
18) using new high resolution techniques show that
there is a considerable degree of perfusion heteroge-
neity within isogravitational regions and reveals a
gravity-independent central-to-peripheral flow
gradient. These findings suggested that factors other
gravity may play an important role in controlling the
distribution of pulmonary blood flow. Positive end-
expiratory pressure (PEEP) redistributes blood flow
further from the top lung to the dependent lung re-
gions as shown in supine dogs with 5 (10) and 20
cm H,0 PEEP (11) and in lateral posture dogs with 10
cm H,O PEEP (6). Moderate PEEP inducing blood
flow redistribution in healthy lung has little clinical
significance. However, the effect may have major
impact during lung dysfunction.

The use of controlled ventilation to each lung

(differential ventilation) with unilateral PEEP to
the dependent lung in the LLD posture has been
proposed as being superior to conventional ventila-
tion with bilateral PEEP. In anesthetized humans,
differential ventilation produced higher PaO, and
alower (A-a)PO, than a single ventilator supplying
a free distribution of ventilation between lungs
either without or with 9 cm H,0 PEEP (11). Differ-
ential lung ventilation decreased (A-a)PO, by 30%
compared with conventional ventilation. Unilateral
PEEP to the dependent lung decreased (A-a)PO,
by 13% (3) in human subjects. This behavior was
attributed to the increased compliance, reduced
airway resistance, and a more even ventilation distri-
bution in the dependent lung as a result of the differ-
ential ventilation with and without unilateral PEEP
(15).

The aim of this study was to use injected and
aerosolized fluorescent microspheres to investigate
the effect of unilateral and bilateral PEEP on the
redistribution of blood flow and ventilation between
the left and right lungs during constant tidal volume
in the left lateral decubitus posture.

Materials and Methods
Animal Preparation

This study was approved by the University of
Washington Animal Care Committee. Mongrel dogs
(n = 6, 20-23 kg) were anesthetized with pentobar-
bital sodium (30 mg/kg, iv) and anesthesia was
maintained by added doses (25-50 mg/h). Detailed
procedures have been described (6). The animals
were mechanical ventilated with a constant volume
piston pump (Harvard Apparatus, South Natick, MA,
USA) with room air having inspired fractional oxy-
gen concentration (FIO,) of 0.21, tidal volume of 15
ml/kg and a varied ventilatory rate which was ad-
justed to obtain an arterial PCO, of 35-40 mmHg.
Tidal volume and ventilation of the right and left lung
were measured by spirometry. Lungswere hyperinflated
every 15 min for 30 sec before measurements.

Systemic arterial blood pressure (Psa), heart
rate (HR), pulmonary artery pressure (Ppa) and air-
way pressure (Paw) were continuously measured. A
pulmonary artery catheter was placed in the jugular
vein to measure body temperature and cardiac output.
Arterial and mixed venous blood gases and hemogl o-
bin were measured.

A double-lumen endotracheal tube (broncho-Cath,
left; Mallinckrodt Medical, Inc., St. Louis, MO, USA)
was inserted via a subcricoid tracheostomy. Both lungs
were air-ventilated synchronously with a dual-piston
ventilator (Harvard Instruments, South Natick, MA,
USA). Tida volumes were set at 6 ml/kg and 9 mi/kg
for the left and right lung, respectively after determin-
ing the distribution during ventilation with a single
endotracheal tube. These settings were based on |eft
and right lung tidal volumes that were measured in turn
by in line pneumotachographs (Korr Medical Inc, Salt
Lak City, UT, USA). Thetidal volume was maintained
constant throughout the study. Inspired and end-tidal
PCO, and PO, were measured by mass spectrometry
from each lung. The respiratory rate was adjusted to
maintain PaCO, between 35 and 40 mm Hg. Left and
right lung tidal volumes were measured in the LLD
posture without PEEP and maintained constant for the
different PEEP conditions. Cardiac output (CO) mea-
surements (via the thermodil ution technique) and blood
temperature were measured with a cardiac output com-
puter (Baxter Edwards Sat2, Irvine, CA, USA). CO
was maintained constant by saline infusion.

Study Protocol

In the LLD posture, after obtaining right and
left lung tidal volumes at FRC, the dependent left
lung received 0, 5, or 10 cm H,O PEEP and both lungs
10 cm H,0O PEEP, in random order. After 20 min,
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tidal volumes, arterial and mixed blood gases, mean
expired CO,, hemodynamic variables, pulmonary
capillary wedge pressure (Pcwp) were measured. FRC
of left and right lung were measured simultaneously
by using helium dilution method. The respiration rate
did not adjust once the data collection started.

Measurement of Regional V, and Q Distributions

Regional ventilation and perfusion were mea-
sured by aerosolized 1-pum fluorescent microspheres
and intravenous injection of 15-um fluorescent
microspheres over 5 min, as previously described (6).
Following the final measurements, heparin (10,000
U, i.v.) and papaverine (60 mg, i.v.) were administered,
the animals were exsanguinated, the lungs were ex-
cised and perfused and air-dried at TLC.

After the dried lungs were encased in foam, they
were sliced into cubes (1.2 cm sides), and the pieces
were weighed. Each lung piece was assigned an X
(left-to-right), Y (dorsal-to-ventral), Z (caudal-to-
cranial) coordinate position. Fluorescent intensity of
each piece was measured spectrophotometrically
(25).

Data Processing

Detailed procedures have been described (24).
Briefly, without PEEP the dimension of the lung
cubes dried at TLC was adjusted to those at FRC (6).
Adjustments were also made for the vertical gradient
of transpulmonary pressure (Ptp).

For 5 cm H,O PEEP to the dependent lung, cube
dimensions were based on measured FRC. No adjust-
ment was made to the dependent lung pieces with 10
cm H,0O PEEP. The nondependent right lung pieces
with PEEP to the left lung were adjusted to dimen-
sions similar to those without PEEP.

Volume Normalization of Blood Flow and Ventilation

For the plots of the spatial distribution of in vivo
regional blood flow, fluorescent intensity represent-
ing blood flow (Q) and ventilation (V) to each piece
was converted into units of ml/min per unit of in vivo
regional lung volume (6). Anatomic dead space was
estimated using Fowler’s method (8).

Gas Exchange Parameters V,/Q and PO,

End-capillary PO, was calculated from the
V,/Q measurement made on each lung piece. We
calculated regional PO, (PrO,), PCO, and (A-a)PO,
of each lung piece using the V, and Q fluorescent
intensities, body temperature, Hb concentration and
mixed venous blood gases (2). (A-a)PO, was also

calculated using the alveolar gas equation (12) with a
respiratory quotient of 0.8.

Statistics

Data are presented as mean + SD. The slopes
of linear relationships were compared with zero
with a single Student’s two-tailed t-test. The influ-
ence of PEEP on flow gradients, and blood gases per
condition was analyzed with a two-tailed Student’s
paired t-test. Differences between conditions were
also analyzed using ANOVA repeat measurement.
A P-value < 0.05 was considered statistically signifi-
cant.

Results
Physiological Measures

Cardiac output. Psa, Ppa, heart rate, body
temperature, hemoglobin, respiratory rate, and tidal
volume to right and left lung, respectively, were
unchanged throughout the study (Table 1).

Lung volumes. Compared to 0 cm H,O PEEP,
FRC of the left lung was increased by 55 and 110%
with 5 and 10 cm H,O (unilateral) PEEP to the left
lung, respectively, and by 83% with 10 cm H,O
(bilateral) PEEP to both lungs (Fig. 1). FRC of the
right lung was unaffected with unilateral PEEP, but
more than doubled with 10 cm H,0 bilateral PEEP. A
PEEP of approximately 5 cm H,O applied to the
dependent lung returned the dependent lung FRC to
its original value in the supine position (Fig. 1).

In the left lung, Paw was increased with 5 and 10
cm H,O unilateral PEEP to the left lung (17 and 20
cm H,0) and 10 cm H,0 bilateral PEEP (20 cm H,0)
from the value measured without PEEP (11 cm H,0).
By contrast in the right lung, only bilateral PEEP (23
cm H,0) increased Paw above that under zero PEEP
conditions (11 cm H,0). Compared with 10 cm H,O
unilateral PEEP, Pcwp was increased ~ 4 cm H,0
with 10 cm H,0 bilateral PEEP.

Gas exchange. Compared to 0 cm H,O PEEP,
Pa0,, PaCO, or venous admixture did not change with
unilateral PEEP to the left lung or with 10 cm H,O
bilateral PEEP. Values of (A-a)PO, measured using
the alveolar gas equation were somewhat higher but
not significantly different from values calculated us-
ing the fluorescent microsphere data.

Microsphere Data

Analysis of regional perfusion and ventilation
were carried out on between 1058-1337 lung pieces
(93.3 + 2.6%) per animal. Lung pieces (82 £ 40) with
> 25% pulmonary airways and with fluorescent
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Table 1. Cardiopulmonary variables
0 5 10 10
PEEP (cm H20) both dependent dependent both
T (°C) 37.3x04 37504 37.2£04 37.3x0.5
Psa (mm Hg) 114+14 102+12 10749 103+19
HR (beats - min™) 110+18 111412 115+16 116+15
Ppa (cm H,0) 2417 2448 26+6 29+4
Ppcw (cm H,0) 74 9+6 916 13+4*
Or (I - min™) 2.8+0.3 2.7+0.2 2.6+0.3 2.7+0.4
Ry, cmH, - L min™ 6.2+1.4 5.7+1.3 6.4+15 5.9+2.6
R, cmH,O- L min? 5.3£3.9 15.149.7 18.4+7.3 11.8+6.4*
Rg, cmH,O - L™ - min™ 0.4+5.6 9.3+7.4 10.0+7.5 12.2+45.2
RR (breaths - min™), 8+2 17+2 18+2 18+2
Vr (ml), left 19+31 119+33 120+32 119+33
right 17+£39 214+39 215+39 215+37

MV (I - min™), left 2.1+0.7 2.0+0.7 2.1+0.8 2.1+0.8

right 3.7104 3.6£04 3.7:04 3.6+04
Vp/V1 (%) left 4045 45+3 48+4 45+6
Vp/V1 (%) right 2946 31+4 29+4 3616
Paw (cm H,0), left 1142 1743 2042+ 2042+

right 11+2 10+2 11+1 23+3+ ™
PaO, (mm Hg) 98+18 99+12 107+26 93+19
PaCO, (mm Hg) 31+3 31+3 31+3 34+3
(A-a)PO, (mm Hg) 17.7¢17.4 12.1+12.4 12.6+14.5 18.7+19.8
Venous Admixture (%) 14.0£7.5 11.0£54 12.3+54 15.6+8.2
pH 7.38+0.03 7.39+0.62 7.36+£0.03 7.34+0.02
Pv O, (mm Hg) 44+6 43+6 45+6 43+4
Pv CO, (mm Hg) 3614 36+5 37+3 39+3
FRC (ml) left 183+48 283+74* 38665 335466

right 402+80 392+95 354+79 879+104* ™

Hb (g -d™ 13+2 13+1 13+1 13+1

Vauesare means+ SD (n=6). BT, body temperature; Psa, mean systemic arteria pressure; HR, heart rate; Ppa, mean
pulmonary artery pressure; Ppcw, pulmonary capillary wedge pressure; Q+, cardiac output; RR, respiratory rate; V-, tidal
volume; R: vascular resistance; MV, minute ventilation; Paw, peak airway pressure; PaO, , arterial O, tension; PaCO, ,
arteria carbon dioxide tension; (A-a)PO, , venous admixture (%); alveolar and arterial O, tension difference; pH, arterial
blood pH; Pv O,, mixed venous oxygen tension; Pv CO,, mixed venous carbon dioxide tension; FRC, functional residual
capacity; Hb = arterial hemoglobin. *P < 0.05, compared with no PEEP. P < 0.05, compared with 5 cm H,O unilateral
PEEP. *P < 0.05, compared with 10 cm H,0 unilateral PEEP.

microsphere intensity (11 + 7) beyond the range of
+4SD of the mean values were discarded. For the
analysis of V,/Q and regional PrO,, we rejected data
(19 £ 7 lung pieces or 1.6%) outside the range of mean
+3SD of In (VA/Q) to eliminate lung pieces predomi-
nantly with dead space (large V ,/Q) and shunt (low
VA/Q).

Distribution of Q and V, between Lungs

Tidal volume of the dependent left lung (119
ml), which was about 55% tidal volume of the non-
dependent right lung. Since the left lung was under a
constant ventilation, this relative low tidal volume

indicated that the ventilation of the left lung was
much lower than that of the right lung. Ventilation to
the left lung was disproportionately lower than the
right based on lung size. On average, the left lung
weighed ~25% less than the right lung.

The total blood flow measured by fluorescent
microspheres was distributed 41% to the dependent
left lung and 59% to the nondependent lung with O
cm H,O PEEP (Table 2). Unilateral dependent lung
PEEP (5 or 10 cm H,0) did not change blood flow to
the left lung or the blood flow distribution between
lungs. This behavior in conjunction with the constant
tidal volume indicated that unilateral PEEP per se had
no beneficial effect on gas exchange to the left lung.
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Table2. Relative percentages of fluorescent microsphere signals from left and right lungsrepresenting relative
cardiac output (Q) and minute ventilations to left and right lungs, respectively during differential
ventilation with unilateral (LL) dependent PEEP and bilateral (WL) PEEP in left LLD

PEEP, cm H,0O 0
Q (%) Leftlung 41+3
Q (%) Rightlung 59+3
V, (%) Leftlung 29+10
V, (%) Right lung 71+10

5LL 10LL 10WL
4045 36+5 5245+ 1
60+5 6415 48+5
26+9 22+6*1 33+10™
74+9 78+6 67+10

Valuesare mean £ SD (n=6). LLD: left lateral decubitus posture. 5LL: LL PEEP of 5¢cm H,0, 10LL: LL PEEP =10
cm H,0. 10WL: wholelung bilateral PEEP of 10 cm H,0. *P < 0.05, compared with no PEEP. 'P < 0.05, compared with
5 cm H,0 unilateral PEEP. *P < 0.05, compared with 10 cm H,O unilateral PEEP.

| SupineH | LLD d
1000 *t3
800
left lung
— [ right lung
E 600 .
i to
o 4004 * *
200
0" Zeer ZEEP  5cmH,0  10cmH,0 10cmH,0
unilateral unilateral bilateral
@@ PEEP PEEP PEEP
RO A0 RO R
TR ter KT LA
Fig. 1. Left and right lung volume changes during ZEEP com-

pared to unilateral and bilateral PEEP in LLD posture.
Vauesof FRC aremean + SD (n=6). ZEEP represented
0cmH,0. LLD with ZEEPisthereference condition. *P
< 0.05 comparison of same lung with LLD ZEEP. 1P <
0.05, significantly different from 5 cm H,O unilateral
dependent PEEP in the same lung. P < 0.05, signifi-
cantly different from 10 cm H,O unilateral dependent
PEEP.

By contrast, 10 cm H,0 bilateral PEEP increased the
fraction of cardiac output to the left lung by 11-16%
compared to 0 cm H,O PEEP or 5 and 10 cm H,O
unilateral PEEP.

Regional distribution of Q. The redistribution
of volume normalized regional blood flow was shown
in Fig. 2. Vertical height up the lung was plotted
against regional blood flow. Figure 2A, 2B, 2C and
2D show blood flow in the left lateral position with
PEEP = 0 cm H,0, left lung PEEP = 5 cm H,0, left
lung PEEP = 10 cm H,0, and bilateral PEEP = 10
cm H,0, respectively. The blood flow was normal-
ized by lung piece volume. Thus, although total
blood flow to the left lung did not change appreciably
in panels A, B & C, the higher Q values in panel A
reflected in the lower volume per piece at zero end-

expiratory pressure (ZEEP). Increased lung volume
due to PEEP resulted in a decrease in volume-normal -
ized blood flow to each piece.

Regional distribution of V,/Q. The regional
distribution of V,/Q was shown in Fig. 3. The
influence of increased lung volume has identical ef-
fects on perfusion per unit lung volume and ventila-
tion per unit lung volume. Figure 3A, 3B, 3C and 3D
show blood flow in the left lateral position with PEEP
= 0 cm H,0, left lung PEEP = 5 cm H,0, left lung
PEEP = 10 cm H,0, and bilateral PEEP = 10 cm H,0,
respectively. The relative V,/Q heterogeneity
changes very little amongst the four situations consis-
tent with the lack of change in venous admixture.

Discussion

In this study, we measured the effect of unilat-
eral and bilateral PEEP on the regional distribution of
blood flow and ventilation with constant tidal volume
to both lungsin the LLD posture. The major findings
of this study were asfollows. First, with constant (35-
65%, left-right lung) tidal volumein the LLD posture,
neither unilateral PEEP (5 and 10 cm H,0) to the
dependent lung nor bilateral PEEP improved gas
exchange, asindicated by venous admixture. Therefore,
a PEEP-induced increase in alveolar ventilation was
most likely responsible for the improved gas ex-
change observed previously with conventional me-
chanical ventilation (15). Second, unilateral PEEP to
the dependent |eft lung had no effect on blood flow.
Third, the PEEP-induced increase in FRC to the de-
pendent left lung with unilateral PEEP and bilateral
PEEP produced no change in venous admixture.

Methodological Issues
We studied dogs since the pattern of lobar bron-

chial branching from the trachea allowed differential
ventilation to the left and right lungs with a double-
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Fig. 2. Blood flow per unit regional lung volume (ml blood/min/ml lung volume) vs. lung height (H) for arepresentativedogintheLLD

posture (A) without PEEP, (B) with 5 cm H,0 unilateral dependent PEEP, (C) with 10 cm H,O unilateral dependent PEEP and
(D) with bilateral 10 cm H,O PEEP (D). Left lung (open points). Right lung (solid points). The lines represent best-fit values
from multiple linear regression analysis at center of mass for the whole lung (WL), left lung (LL) and right lung (RL). Slope

isdQ/dH, theinverse of the plotted axes.
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lumen tube. We used the fluorescent microsphere
technique to measure the regional distribution of Q
and V , because of its much greater spatial resolution
compared to other techniques. Three-dimensional
data of the regional distribution of Q. V,, VA/Q and
regional PRO, were obtained in ~2.0 ml pieces of the
isolated lung dried at TLC.

Both injected and aerosolized fluorescent
microspheres were delivered in vivo across several
respiratory cycles, while the fluorescent intensity
was measured in vitro in the dry lung pieces near total
lung capacity. Several adjustments were made to
estimate the regional ventilation and perfusion per in
vivo regional lung volume (6). First, anisotropic
reduction of the cubic lengths in the 3 dimensions
from TLC to FRC was made using previous measure-
ments (9, 20). Second, we imposed a distortion to the
vertical dimension (X) of each lung piece to account
for the vertical Ptp gradient (1). No adjustment was
made for the Ptp gradients in the other two axes (Y
and Z) in the absence of reported data. The adjust-
ment for the vertical Ptp gradient was only needed for
the bilateral ventilation without PEEP and for unilat-
eral ventilation with 5 cm H,O PEEP.

Q and V, were normalized by dividing esti-
mated in vivo regional volume, to conform to spatial
measurements using imaging techniques. This ad-
justment required the use of lung density of the in-
flated lung at FRC. Blood volume was excluded from
the estimate of lung density because the dried lung
pieces were blood-free.

Conventional vs. Differential Mechanical Ventilation

In the lateral posture, conventional mechanical
ventilation in anesthetized humans produced a mis-
match between Q and V, and impairment in gas
exchange (1, 16, 21). This could be due to the result
of reduced regional ventilation to the dependent lung
caused by a reduced FRC due to heart (13, 19) and
abdominal compression (17, 23) and a reduced lung
compliance (21, 22). Theincrease in PO, to the lung
caused by PEEP has been observed in our previous
studies (6) due to arelative increase in ventilation to
the left lung. This increase in left lung ventilation
was absent in the present study, since ventilation to
the left lung was kept equal to that measured without
PEEP.

In our previous study in the anesthetized dog
ventilated with air in the LLD posture, blood flow
measured using the fluorescent microsphere tech-
nique (18) was lower in the dependent lung than in the
nondependent lung, a behavior opposite to that ex-
pected due to gravity. The reduced blood flow was
caused by areduced PgO, and V ,/Q, secondary to the
reduced dependent lung FRC due to compression by

the mediastinal content and reduced ventilation (6).
The relatively low flow in the dependent lung was
increased either by a change to the RLD posture or by
applying 10 cm H,O PEEP. Mechanical ventilation
with 100% O, increased flow to the dependent lung in
the LLD posture (6), consistent with hypoxic pulmo-
nary vasoconstriction as the mechanism for the re-
duced flow with air ventilation.

The rationale for differential ventilation in the
left lateral posture was to ensure adequate ventilation
to the dependent lung by matching the greater re-
gional perfusion in the dependent lung with an equal
ventilation, thus improving gas exchange (11). Pre-
vious studies in anesthetized humans using equal
ventilation to both lungs showed improved gas ex-
change (3, 11) The explanation given for the im-
proved gas exchange was that differential ventilation
caused more airways to open, resulting in a greater
lung compliance and lower airway resistance in the
dependent lung (6). However, an alternative explana-
tion was the application of 50% of the total ventila-
tion to the dependent left lung instead of the 35%
measured with conventional ventilation (6).

The foregoing effects of differential ventilation
on gas exchange differed from the present results.
First, using the 35-65% left-right lung ventilation
ratio measured with conventional ventilation, differ-
ential ventilation did not improve gas exchange, as
measured by the venous admixture. V,/Q inequali-
ties as measured by spatial gradientsin V,/Q did not
contribute to the venous admixture.

Notably absent were any significant gradients
in the V,/Q dependent left lung with and without
PEEP. Thisisin contrast to a previous study (6), with
single tube ventilation where small but significant
gradientsin V ,/Q were observed. Theincreased flow
velocity might serve to redistribute gas more evenly
in the lung periphery and result in more uniform
ventilation and regional. Another potential mecha-
nism would be decreased sequential mixing of dead
space. The left lung received less re-inspired air and
more alveolar ventilation. Fowler dead space mea-
surements demonstrated that the dead space of the left
lung was less than that of the right lung with double
lumen tubes (Table 1). In the left lung, V, and
measured by aerosolized microspheres were distrib-
uted similarly among lobes between differential and
conventional ventilation. By contrast in the right
lung, Q and V ,/Q in the caudal |obe were greater with
the double lumen tube (53 and 50% total) than with
the single lumen tube (38 and 35% total).

Effect of Unilateral and Bilateral PEEP with Differential
Ventilation in the LLD Posture

The application of PEEP to the dependent left
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lung with differential ventilation improved gas ex-
changein humans (3, 4, 7, 11). In anesthetized humans,
equal ventilation to both lung with differential venti-
lation produced higher PaO, and a lower (A-a)PO,
than a single ventilator supplying afree distribution of
ventilation between lungs either without or with 9
cm H,O PEEP (11). Similar studies in anesthetized
humans showed a 30% reduction in (A-a)PO, with
equal ventilation to both lungs and a further 13%
reduction in (A-a)PO, with unilateral PEEP to the
dependent lung (3, 4). This behavior was attributed to
the increased compliance, reduced airway resistance,
and a more even ventilation distribution in the depen-
dent lung as aresult of the differential ventilation with
unilateral PEEP (9).

The absence of an increase in PRO, with unilat-
eral and bilateral PEEP in the present study with
constant ventilation to the dependent left lung was
opposite to the PEEP-induced increase in PRO, ob-
served with conventional mechanical ventilation with
asingle-lumen tube (6). Thisindicatesthat PEEP did
not improve gas exchange to the dependent left lung
in the present study. The PEEP-induced improved
gas exchange with conventional mechanical ventila-
tion in the LLD posture was mostly likely caused by
increased ventilation to the dependent left lung.

In the present study with 35-65% left-right lung
differential ventilation, no improvement in gasexchange
as indicated by constant venous admixture was ob-
served with unilateral PEEP (5 and 10 cm H,0) to the
dependent left lung or with 10 cm H,0 bilateral PEEP.
This was consistent with the constant blood flow mea-
sured in the dependent left lung with unilateral PEEP
compared to zero PEEP. The absence of the effect of
PEEP on the venous admixture indicated that neither
small airway closure nor lung non-uniform distortion
was responsible for the lower V,/Q observed in the
dependent lung, as these two factors would be reduced
by the PEEP-induced increase in FRC.

Klingstedt et al. (16) studied atelectasis and
ventilation-perfusion distribution using multiple in-
ert gas elimination technique (MIGET) and CT scan
in the supine and lateral position of human between
conventional and differential ventilation with unilat-
eral PEEP. They found that low V,/Q and shunt
regions were decreased and oxygenation was im-
proved with differential ventilation with unilateral
PEEP. In addition, the atelectatic region was highly
correlated with the shunt measured by MIGET. They
reasoned that unilateral PEEP opened closed periph-
eral airways, increasing compliance and ventilation
of the dependent lung and reducing shunt and low
VA/Q regions.

One difference between the human studies and
oursisthat cardiac output was maintained constant in
our studies while it was allowed to change in the

human studies. Thus in addition to the increased
ventilation, a reduced blood flow to the dependent
lung with differential ventilation might account for
the increased V,/Q and reduced (A-a)PO, in the
human studies.

Consistent with the human studies (11), the greater
the unilateral PEEP to the dependent lung, the greater
the increase in the volume of the dependent lung
(Table 1, Fig. 2), with no change in the volume of the
nondependent lung. In the human studies, the compli-
ance of dependent lung was increased and airway
resistance was decreased by unilateral dependent PEEP,
causing amore uniform gas distribution. 1n the present
study the spatial gradientsin V, observed without
PEEP in the dependent left lung was reduced by unilat-
eral or bilateral PEEP with differential ventilation,
indicative of a more uniform ventilation distribution.
Differential ventilation also reduced the positive dor-
sal-ventral gradient of V, observed in the previous
study with conventional mechanical ventilation (6).

In the present study, all measures of gas ex-
change efficiency from analysis of microsphere data
of Q and V, were unchanged with unilateral and
bilateral PEEP, in contrast to previous studies in
humans (11), in which shunt and low V,/Q regions
were decreased by unilateral PEEP to the dependent
lung. The latter was most likely caused by the PEEP-
induced increased in ventilation that was constant in
the present study.

Differential Ventilation with Unilateral Dependent PEEP
vs. Differential Ventilation with Bilateral PEEP

The lung volume of the dependent left lung with
10 cm H,0 unilateral PEEP was greater than that of
dependent lung with 10 cm H,0O bilateral PEEP while
the non-dependent lung volume with bilateral PEEP
doubled that with unilateral 10 cm H,O PEEP. This
behavior was similar to results found in humans stud-
ied in the LLD posture (15, 16, 22).

While unilateral PEEP had no effect on blood
flow to the dependent left lung, with the same differ-
ential ventilation bilateral PEEP diverted blood flow
to the dependent | eft lung from the nondependent lung.
Thisincreased blood flow had no effect on the venous
admixture and was associated with a Pcwp-induced
reduction in vascular resistance in the dependent lung.
By contrast, bilateral PEEP with conventional ventila-
tion increased V ,/Q, areflection of increased ventila-
tion to the dependent left lung (6).

The increase in FRC of the nondependent lung
with bilateral PEEP is associated with an increased
risk of barotrauma, decreased venous return and de-
creased cardiac output (3, 4, 11). These studies have
demonstrated that equal ventilation to both lungs
without and with unilateral PEEP improved gas
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exchange efficiency with alower risk of barotrauma
and a smaller decrease in cardiac output. However,
in the present study, unilateral PEEP with ventilation
to the dependent lung similar to that without PEEP
did not improve gas exchange. Similarly, bilateral
PEEP increased FRC but produced no change in the
(A-a)PO, or venous admixture. This behavior was
found by Dyhr and coworkers (7) who showed that 12
cm H,O PEEP increased lung volume but not PaO, in
patients ventilated after cardiac surgery. They specu-
lated that a PEEP of 12 cm H,O may not be enough to
recruit atelectatic lung regions induced by anesthesia.
Thus, the improved gas exchange in previous studies
with differential ventilation was caused by the in-
creased ventilation to the dependent lung and not by
a PEEP-induced increased lung compliance, reduced
airway resistance or reduced lung distortion.

Differential ventilation with selective PEEP to
the dependent lung might be beneficial to patients
with chest trauma and unilateral lung injury (5), with
bilateral severe lung disease, and with certain types
of thoracic surgery (25). In patients with signs of
hypoxemia, differential ventilation with selective
PEEP can be used to improve gas exchange by aug-
menting ventilation to the dependent lung and to
avoid impairment of cardiac output that occurs with
conventional mechanical ventilation.

Acknowledgments

We thank Wayne Lamm for helpful suggestions
and criticism, and lan Starr, Jenny Souders, Erin
Shade, Dowon An, and Shen Sheng Wang for excel-
lent technical assistance.

This research was supported by NIH grants HL
12174, afellowship (HC) from the Tri-Service Gen-
eral Hospital in Taiwan, and a sabbatical leave (SILF)
from the University of Kentucky.

References

1. Agostoni, E. and D’ Angelo, E. Comparative features of the
transpulmonary pressure. Respir. Physiol. 11: 76-83, 1970.

2. Altemeier, W.A., Robertson, H.T. and Glenny, R.W. Pulmo-
nary gas-exchange analysis by using simultaneous deposition
of aerosolized and injected microspheres. J. Appl. Physiol.
85: 2344-2351, 1998.

3. Baehrendtz, S. and Klingstedt, C. Differential ventilation and
selective PEEP during anaesthesia in the lateral decubitus
posture. Acta. Anaesthesiol. Scand. 28: 252-259, 1984.

4. Baehrendtz, S., Santesson, J., Bindslev, L., Hedenstierna, G.
and Matell, G. Differential ventilation in acute bilateral lung
disease. Influence on gas exchange and central haemodynamics.
Acta. Anaesthesiol. Scand. 27: 270-277, 1983.

5. Blanch, L., Aguilar, J. and Villagra, A. Unilateral lung injury.
Curr. Opin. Crit. Care 9: 33-38, 2003.

6. Chang, H., Lai-Fook, S., Domino, K., Schimmel, C., Hildebrandt,
J., Robertson, H., Glenny, R. and Hlastala, M. Spatial distri-
bution of ventilation and perfusion in anesthetized dogs in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

lateral postures. J. Appl. Physiol. 92: 745-762, 2002.

Dyhr, T., Nygard, E., Laursen, N. and Larsson, A. Both lung
recruitment maneuver and PEEP are needed to increase oxy-
genation and lung volume after cardiac surgery. Acta.
Anaesthesiol. Scand. 48: 187-197, 2004.

Fowler, W.S. Lung function studies Il. The respiratory dead
space. Am. J. Physiol. 154: 405-416, 1948.

Greenleaf, J.F., Ritman, E.L., Sass, D.J. and Wood, E.H.
Spatial distribution of pulmonary blood flow in dogs in left
decubitus position. Am. J. Physiol. 227: 230-244, 1974.
Hakim, T., Lisbona, R. and Dean, G. Graviity-independent
inequality in pulmonary blood flow in humans. J. Appl. Physiol.
63: 1114-1121, 1987.

Hedenstierna, G., Baehrendtz, S., Klingstedt, C., Santesson,
J., Soderborg, B., Dahlborn, M. and Bindslev, L. Ventilation
and perfusion of each lung during differential ventilation with
selective PEEP. Anesthesiology 61: 369-376, 1984.
Hlastala, M.P. and Berger, A.J. Physiology of Respiration:
Oxford University Press. Inc, 2001.

Hoffman, E. A. and Ritman, E.L. Effect of body orientation on
regional lung expansion in dog and sloth. J. Appl. Physiol. 59:
481-491, 1985.

Kallas, H., Domino, K.B, Glenny, R.W., Anderson, E. and
Hlastala, P. M. Pulmonary blood flow distribution changes
with low levels of positive end-expiratory pressure. Anesthe-
siology 88: 1291-1299, 1998.

Klingstedt, C., Baehrendtz, S., Bindslev, L. and Hedenstierna,
G. Lung and chest wall mechanics during differential ventila-
tion with selective PEEP. Acta. Anaesthesiol. Scand. 29: 716-
721, 1985.

Klingstedt, C., Hedenstierna, G., Baehrendtz, S., Lundqvist,
H., Strandberg, A., Tokics, L. and Brismar, B. Ventilation-
perfusion relationships and atel ectasis formation in the supine
and lateral positions during conventional mechanical and
differential ventilation. Acta. Anaesthesiol. Scand. 34: 421-
429, 1990.

Krayer, S., Rehder, K., Vettermann, J., Didier, E. and Ritman,
E. Position and motion of the human diaphragm during anes-
thesia-paralysis. Anesthesiology 70: 891-898, 1989.

Mure, M., Domino, K.B., Robertson, T., Hlastala, M.P. and
Glenny, R. W. Pulmonary blood flow does not redistribute in
dogs with reposition from supine to left lateral position.
Anesthesiology 89: 483-492, 1998.

Olson, L.E. and Hoffman, E.A. Heart-lung interactions deter-
mined by electron beam X-ray CT in laterally recumbent
rabbits. J. Appl. Physiol. 78: 417-427, 1995.

Reed, J.H. Jr. and Wood, E.H. Effect of body position on
vertical distribution of pulmonary blood flow. J. Appl. Physiol.
28: 303-311, 1970.

Rehder, K. and Sessler, A.D. Function of each lung in spon-
taneously breathing man anesthetized with thiopental-
meperidine. Anesthesiology 38: 320-327, 1973.

Rehder, K., Wenthe, F.M. and Sessler, A.D. Function of each
lung during mechanical ventilation with ZEEP and with PEEP
in man anesthetized with thiopental -meperidine. Anesthesiol-
ogy 39: 597-606, 1973.

Roussos, C.S., Martin, R.R. and Engel, L.A. Diaphragmatic
contraction and the gradient of alveolar expansion in the
lateral posture. J. Appl. Physiol. 43: 32-38, 1977.
Schimmel, C., Grazer, D. and Glenny, R. Extending fluores-
cent microsphere methods for regional organ blood flow to 13
simultaneous colors. Am. J. Physiol.: Heart. Circ. Physiol.
280: H2496-H2506, 2001.

Wendt, M., Hachenbert, T., Winde, G. and Lawin, P. Differ-
ential ventilation with low-flow CPAP and CPPV in the
treatment of unilateral chest trauma. Intens. Care Med. 15:
209-211, 1989.



