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Pulmonary Artery Pressure: An Intraoperative Guide
to Limiting Resection Volume1
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Lung volume reduction surgery (LVRS) has shown
romising results in severe emphysema. However, intra-
perative indicators are needed to define optimal resec-
ion volumes. Diffusing capacity (DLCO) worsens with
arger LVRS and may correlate with pulmonary artery
PA) pressure. We hypothesized that there would be a
reater increase in PA pressures with larger volume
VRS in an inhaled elastase animal emphysema model.
wenty-one rabbits were induced with 15,000 units of
lastase via an endotracheal tube. Four weeks later, bi-
ateral LVRS was performed through a median sternot-
my using an endoscopic stapler. PA pressures were
easured prior to LVRS, immediately after LVRS, and

t sacrifice. Single-breath DLCO, static pressure–volume
elationships, and forced expiratory flows were mea-
ured prior to induction and at corresponding times to
A pressures. Systolic PA pressures increased in both
roups immediately after LVRS (small: 2.67 6 9.2 mm Hg,
NOVA, P 5 0.023; large: 3.8 6 8.5 mm Hg, P 5 0.002), and

hen decreased at time of sacrifice 1 week later (small:
.43 6 4.8 mm Hg, ANOVA, P 5 0.053; large: 5.2 6 7.3 mm
g, P 5 0.552). The decrease, at sacrifice, in PA pressures
as greater for small LVRS animals than large LVRS
nimals. The mortality rate (MR) for the small resection
roup was 0%, whereas that for the large resection
roup was 24%. The MR associated with larger LVRS
as appreciably greater than that associated with small
VRS. These studies suggest that PA pressures may
rove to be a useful intraoperative indicator for limits of
esection. © 1999 Academic Press

Key Words: lung volume reduction surgery; pulmo-
ary artery pressure; pulmonary hypertension.
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INTRODUCTION

Emphysema is a chronic progressive disease of the
ungs involving destruction of terminal alveoli and as-
ociated airway obstruction. Lung volume reduction
urgery (LVRS) has shown promising results in se-
erely symptomatic emphysema patients, but consid-
rable investigation is required to optimize patient
election and operative procedures. Pulmonary me-
hanics may improve by removal of poorly functioning
r dysfunctional lung tissue with LVRS. However, it is
nclear how much tissue should be removed, and what
arameters can be used to judge optimal resection vol-
mes.
Previous research investigating the effects of resec-

ion volume on diffusion capacity and pulmonary com-
liance suggests that there are limits to how much
issue can be removed for optimal response. While
ome physiological variables improve with larger vol-
me tissue resections, other variables were shown to
egin to deteriorate as excessive lung tissue was ex-
ised. Therefore, intraoperative parameters must be
dentified to help guide resection volumes for LVRS. In

New Zealand White rabbit model with elastase-
nduced emphysema, animals undergoing progres-
ively larger lung volume resection LVRS (greater than
g) were shown to have a worsening of their diffusion

apacity (DLCO), while static compliance continued to
mprove [1]. Thus, reduction in diffusing tissue, or
ther physiological variables, may limit the extent of
urgical resection that can be tolerated. Unfortunately
ccurate diffusion capacity may not be obtainable until

fter recovery from the operation, and there are cur-
ently no other intraoperative indicators to define the
imits of LVRS resection.

Diffusing capacity in severe emphysema is influ-
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Copyright © 1999 by Academic Press

All rights of reproduction in any form reserved.



e
a
c
v
v
w
p
w
m
p
u

s
r
t
s
o
m
c
a
t
L

U
w
a

a
x
i
l
C
a
p
m
a
m

u
p
M
n
C
t
o
m
p
w

v
l
4
t

h
C
t
t
w

S
p

l
t
o
t
w
m
i
b
fi
r
e
v

F
t
w
c
t
m
m
w

t
l
T
r
n
c
j
v

f
i
T
l

l
e
i
O
B
E

i
e
s
s
q
l
q
e
w
t
w
a
a
c
t

p

1 RC
nced by the available gas-exchanging alveolar surface
rea, ventilation–perfusion matching, and pulmonary
apillary blood volume. Decreased pulmonary capillary
olume and chronic hypoxemia may be manifested by
arying degrees of pulmonary hypertension in patients
ith advanced emphysema. For these reasons, we hy-
othesize that pulmonary artery pressures will rise
ith more extensive pulmonary resections in this ani-
al emphysema model. Such rises in pressure could

otentially be used as intraoperative guides to individ-
ally assess optimal lung resection volume.
No studies have been reported analyzing PA pres-

ures intraoperatively and following recovery for cor-
elation with physiological outcomes after LVRS. In
his study, we investigated the effects of large- and
mall-volume bilateral staple resection LVRS on intra-
perative and postoperative PA pressures in a rabbit
odel of elastase-induced emphysema. We analyze

hanges in PA pressure with those of DLCO, compli-
nce, and expiratory flows in attempt to identify poten-
ial intraoperative indicators for limits of resection in
VRS.

METHODS

This protocol was approved by the Institutional Animal Care and
se Committee at the University of California, Irvine. All rabbits
ere cared for in accordance with the NIH Guidelines for the Care
nd Use of the Laboratory Animal.
Animal preparation. Twenty-three rabbits (3.0–4.5 kg) were

nesthetized with a 2:1 mixture of ketamine HCl (100 mg/ml) and
ylazine (20 mg/ml) at a dose of 0.75 ml/kg IM. The rabbits were
ntubated with a 3-mm endotracheal tube and mechanically venti-
ated (Harvard Apparatus Dual Phase Control Respiratory Pump—
anine, Harvard Co., South Natic, MA) with tidal volume of 50 ml
nd frequency of 30–40/min. A 20-gauge intravenous catheter was
laced in a marginal ear vein for intravenous access. Anesthesia was
aintained with 0.3 ml of a 1:1 mixture of ketamine HCl (100 mg/ml)

nd xylazine (20 mg/ml) given as an intravenous bolus as needed to
aintain apnea throughout all procedures.
Induction of emphysema. Emphysema was induced in 23 rabbits

nder general anesthesia by aerosolizing 15,000 units (7.89 ml) of
orcine elastase (Product E1250, Sigma Chemical Co., St. Louis,
O) through the endotracheal tube over approximately 1 h. The

ebulizer (Respirgard, Marquest Medical Products, Inc., Englewood,
O) was placed in the inspiratory arm of the ventilator circuit with

he tidal volume provided by the ventilator set at zero with the rate
f 30 breaths/min. The O2 flow through the nebulizer was adjusted to
aintain the peak airway pressure at 20 cm H2O, monitored by a

ressure gauge placed at the side port of the endotracheal tube,
hich provided the tidal volume during induction.
Pulmonary function testing. Lung function measurements (lung

olumes, expiratory flows, DLCO, compliance) were obtained at base-
ine prior to induction of emphysema, immediately preoperatively at

weeks following induction of emphysema, and 1 week postopera-
ively.

Gas dilution lung volumes. The inhalation gases consisted of 93%

38 JOURNAL OF SURGICAL RESEA
elium, 26% oxygen, balanced with nitrogen, 0.87% C2H2, and 0.28%
18O (Liquid Carbonics Corp., Los Angeles, CA). All gas concentra-

ions were measured continuously with an on-line mass spectrome-
er (MGA 1100, Perkins-Elmer Corp., Pomona, CA). Analog data
ere converted to digital information with an AD converter (Keithley

(
t
b
z
m

ystem 570, Cleveland, OH) sampling at 20 Hz and stored on an IBM
ersonal computer.
The anesthetized and intubated rabbits were taken off the venti-

ator and placed in the left decubitus position. The sampling tube of
he mass spectrometer was connected to the side port of the end
rotracheal tube through which the inspired and expired gas concen-
rations were continuously measured. A syringe was filled to 60 cc
ith inhalation gases and connected to the endotracheal tube. A
ultibreath helium dilution maneuver was performed by manually

nsufflating and removing 50 cc tidal volume with the syringe for 10
reaths at an approximate rate of 20–30 breaths/min. The initial and
nal helium concentrations were used to calculate the functional
esidual capacity (FRC). Two measurements of FRC were obtained at
ach trial and averaged. The rabbits were returned to mechanical
entilation following each procedure.

Single-breath carbon monoxide diffusion capacity (DLCOSB ).
ive-second breath-hold DLCO maneuvers were performed following

he above FRC measurement on each rabbit. All gas concentrations
ere measured continuously through the mass spectrometer. Sixty

ubic centimeters of the inhalation gas was insufflated into the lung
hrough the endotracheal tube and held for 5 s. Thirty cubic centi-
eters of the inspired volume was then withdrawn and held to
easure the gas concentrations at 33% expired volume. All data
ere sampled and digitized at 20 Hz.
For analysis, the breath-hold time was measured from 0.5 s from

he start of inspiration to 30 cc of exhalation. The duration of inha-
ation was rapid and peak concentrations were achieved within 1 s.
he initial helium and C18O concentrations were measured at their
espective concentration plateaus following gas insufflation. The fi-
al gas concentrations were measured at 30 cc exhalation. DLCO was
alculated from the standard formula and corrected to STPD. Ad-
ustments were made for the rabbit body temperature and water
apor pressure.

Lung volume reduction surgery. LVRS was performed 4 weeks
ollowing elastase induction of emphysema. The anesthetized and
ntubated rabbits were shaved and placed in the supine position.
wenty-three rabbits underwent resection of varying quantities of

ung tissue.
Hypothermia was prevented with a surgical warming pad, and

actated Ringers solution was infused through an intravenous cath-
ter in a marginal ear vein at 5–15 cc/h. The rabbits were mechan-
cally ventilated. Oxygen saturation (Ohmeda Biox 3700 Pulse
ximeter, BOC Health Care), tidal CO2 (Olimeda 5200 CO2 Monitor,
OC Health Care), and EKG (Hewlett–Packard 78353B Continuous
KG Monitor, BioMedical Services) were monitored continuously.
The chest was shaved, prepped with betadine, and draped ster-

lely. The thorax was entered through a median sternotomy. Bilat-
ral upper and middle lobes were excised using a linear thoraco-
copic stapler (Endopath ELC, Ethicon Endo-Surgery) with 3.5-mm
taples. Target quantity of lung tissue removed was 2–6 g. The
uantity of excised lung weight was carefully escalated. The excised
ung tissue weights were obtained intraoperatively to assess ade-
uate target resection. In the sham operations, no lung tissue was
xcised. Hemostasis was obtained and a 12-Fr neonatal chest tube
as placed under direct visualization into each pleural space. The

wo chest tubes were connected to 10 cm water suction. The sternum
as closed with O silk and the chest wound closed in layers with
bsorbable monofilament sutures. The rabbits were awakened from
nesthesia and extubated. There was usually a small airleak in the
hest tubes but all leaks sealed spontaneously within 1 h. All chest
ubes were removed within 1 h.

Pulmonary artery pressure measurement. Pulmonary artery
ressures were measured in 23 animals by using a cardiac monitor

H: VOL. 82, NO. 2, APRIL 1999
Hewlett–Packard 78353B Continuous EKG Monitor) connected to a
ransducer attached to a standard-pressure saline bag. The saline
ag pressure was raised to 200 mm Hg and then the transducer was
eroed at the level of the pulmonary artery and calibrated. After the
edian sternotomy was performed and the catheter zeroed, the
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easurement was taken by using a 24-gauge catheter. Pulmonary
rtery pressures were measured while the thorax was open. The
atheter was inserted into the right ventricular outflow tract and
dvanced into the pulmonary artery. When the characteristic PA
aveform was visualized on the monitor the measurements were
btained. Measurements were performed before LVRS and then
epeated after LVRS and at sacrifice 1 week later. Measured param-
ters included systolic and diastolic PA pressures. The mean PA
ressure was calculated using the standard formula: MPAP 5
2PAD 1 PAS)/3.

Histologic preparation. The animals were sacrificed 1 week fol-
owing LVRS. The lungs were removed en bloc and inflated with
ormalin (20 cm pressure) for histological preparation. The lung
ections were prepared at 0.2- to 0.4-cm thickness and embedded in
araffin. Slides were stained with hematoxylin–eosin and studied by
ight microscopy.

Animal analysis groups. Animals were separated into two groups
or analysis. Low resection volume (,3 g) constituted the first group,
hile the second group was high resection volumes (.3 g).
Statistical analysis. All helium dilution lung volume, compli-

nce, flow, and DLCO data for each rabbit were tabulated corre-
ponding to baseline, preoperative, and postoperative measure-
ents. Comparisons of baseline to preoperative values and

reoperative to postoperative values were made using paired two-
ample ANOVAs. Comparisons of response to surgery based on treat-
ent groups were made using unpaired two-sample ANOVAs. A

tandard statistical software program was used for all statistical
nalysis (Systat 7.0, SPSS Inc.). The change in DLCO from preoper-
tive to postoperative data was analyzed and graphed in relation to
he excised lung weights.

RESULTS

Emphysema was induced and the rabbits underwent
VRS the fourth week after induction. The mortality
ate from elastase induction was 10.8%. The mortality
ate after LVRS was 15%. All of the deaths occurred in
he large resection group. None of the postoperative
eaths occurred in the small resection group. The post-
perative mortality in the large resection group alone
as 24%. Resected lung volumes ranged from 1.9 to
.39 g. Animals in the small resection group had a
ean resection volume of 2.31 g (60.298 g). Animals

hat survived in the large resection group had a mean
esection volume of 4.34 g (60.63 g). The average tis-
ue resection volume in the animals that died was

TAB

Pulmonary A

Group I

Pre-LVRS
(n 5 10)

Post-LVRS
(n 5 9)

ystolic pressure (mm Hg) 16.4 6 4.3 22.5 6 4.2
iastolic pressure (mm Hg) 8.5 6 3.2 10.25 6 2.8
ean pressure (mm Hg) 10.82 6 3.1 14.33 6 3.1

CHEN ET AL.: PA PRESSURE AN
.36 g. The rabbits that died postoperatively tended to
xpire 2 to 3 days after surgery. Autopsy performed
fter death revealed delayed pneumothoraces in all
ases.

f
w
P
8

ulmonary Artery Pressure

Systolic PA pressure. Systolic PA pressures were
easured in all rabbits before and after LVRS and at

acrifice. The average systolic pressure in the small
esection group pre-LVRS was 16.4 mm Hg (63.4 mm
g); post-LVRS, 22.5 mm Hg (64.2 mm Hg); and at

acrifice, 13.25 mm Hg (63.32 mm Hg). The average
hange in systolic PA pressure in the small resection
roup from pre-LVRS to post-LVRS was 2.67 mm Hg
69.2 mm Hg). The average decline in systolic PA
ressure from surgery to sacrifice in the small resec-
ion group was 6.2 mm Hg (64.2 mm Hg). The average
ystolic PA pressure in the large resection group pre-
VRS was 17.7 mm Hg (65.5 mm Hg); post-LVRS, 25.5
m Hg (66.9 mm Hg); and at sacrifice, 19 mm Hg

62.4 mm Hg). The changes in pressure in the small
esection group were compared with the pressure
hanges seen in the large resection group, 3.8 and 25.2
m Hg, and were noted to be not significant. The

hange in systolic pressure from pre-LVRS to post-
VRS was significant in both groups (ANOVA, P 5
.023, P 5 0.002). The change from post-LVRS to sac-
ifice was also noted to be significant in the small
esection group while only approaching significance in
he large resection group (ANOVA, P 5 0.002, P 5
.065) (see Table 1). The systolic PA pressure was
easured in only one of the animals that died because
e did not institute PA measurement in this series of
nimals until later in the study. In this animal the
ystolic PA pressure increased by 17 mm Hg after
VRS.
Diastolic PA pressure. Diastolic PA pressures were
easured in all rabbits before and after LVRS and at

acrifice. The average diastolic pressure in the small
esection group pre-LVRS was mm Hg (63.2 mm Hg);
ost-LVRS, 10.25 mm Hg (62.8 mm Hg); and at sacri-
ce, 5.75 mm Hg (62.43 mm Hg). The average change

n diastolic PA pressure in the small resection group
rom pre-LVRS to post-LVRS was 1.1 mm Hg (65.1

m Hg). The average decline in diastolic PA pressure

1

ry Pressures

Group II

Sacrifice
(n 5 9)

Pre-LVRS
(n 5 10)

Post-LVRS
(n 5 9)

Sacrifice
(n 5 9)

13.25 6 3.3 17.7 6 5.5 25.5 6 7.0 19 6 2.4
5.75 6 2.4 8.6 6 3.9 12.6 6 5.4 9.9 6 1.6
8.25 6 2.3 11.67 6 4.3 11.7 6 5.8 12.93 6 1.3

139LIMITING RESECTION VOLUME
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rom surgery to sacrifice in the small resection group
as 4.25 mm Hg (64.1 mm Hg). The average diastolic
A pressure in the large resection group pre-LVRS was
.64 (63.9 mm Hg); post-LVRS, 12.6 mm Hg (65.4 mm
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g); and at sacrifice, 9.9 mm Hg (61.6 mm Hg). The
hanges in pressure in the small resection group were
ompared with the pressure changes seen in the large
esection group, 2.8 and 20.5 mm Hg, and were noted
o be not significant. The change in diastolic pressure
rom pre-LVRS to post-LVRS was not significant in the
mall resection group but significant in the large re-
ection groups (ANOVA, P 5 0.358, P 5 0.014). The
hange from post-LVRS to sacrifice was noted to be
ignificant in the small resection group while not sig-
ificant in the large resection group (ANOVA, P 5
.032, P 5 0.360) (see Table 1). The diastolic PA pres-
ure in the animal that died postoperatively increased
y 20 mm Hg.
Mean PA pressure. The mean PA pressure in-

reased immediately after LVRS and then decreased
rom LVRS to surgery (see Fig. 1). The average in-
rease in mean PA pressure in the small resection
roup was 3.12 mm Hg (64.6 mm Hg) while in the
arge resection group the average increase was 5.2 mm
g (64.4 mm Hg). The average decline in mean PA
ressure in the small resection group was 6.2 mm Hg
64.2 mm Hg) while that of the large resection group
as 2.85 mm Hg (65.7 mm Hg) (see Table 1). The

FIG. 1. Mean pulmonary artery pressure with LVRS. Graph of M
re-LVRS, post-LVRS, and sacrifice. PA pressures tend to rise in bot
een in the small resection group, while pressures remain elevated

40 JOURNAL OF SURGICAL RESEA
hange in mean PA pressure from pre-LVRS to post-
VRS was greater in the large resection group by a

actor of 1.7 (ANOVA, P 5 0.23) (see Fig. 2). The mean
A pressures from pre-LVRS to sacrifice were signifi-

s
o
g

antly different between the two groups (ANOVA,
5 0.046) (see Table 2). The mean PA pressure in

he animal that died postoperatively increased by
9 mm Hg.

LCO

The single-breath DLCO decreased in both groups
fter LVRS but the change did not reach statistical
ignificance (ANOVA, P 5 0.14, P 5 0.27) (see Fig. 3).
here was no difference between the two groups

ANOVA, P 5 0.69) (see Table 3).

low

Early forced expiratory flows were assessed at 33% of
xpired volume. The flow increased in the large resec-
ion group (ANOVA, P 5 0.69) while it decreased in the
mall resection group (ANOVA, P 5 0.04) with LVRS
see Fig. 4). The flows at sacrifice were significantly
ifferent between the two groups (unpaired t test, P 5
.003) (see Table 3).

ompliance

P for small and large resection groups taken at three different times:
roups after LVRS and then fall at time of sacrifice. A greater fall is
he large resection group.

H: VOL. 82, NO. 2, APRIL 1999
RC
Static respiratory system pressures at maximum in-
ufflation (60 cc) were noted to decrease with induction
f emphysema and then increase with LVRS in both
roups (see Fig. 5). A greater increase was seen in the
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arge resection group than in the small resection group.
he change was considered statistically significant in
oth groups at the time of sacrifice (ANOVA, P , 0.05,
, 0.05) (see Table 3).

DISCUSSION

Lung volume reduction surgery is performed for pal-
iation of severe emphysema with little objective intra-
perative information to guide optimal volume of lung
o be resected. In emphysematous patients undergoing
his procedure approximately 30% of the bilateral up-
er lung fields are removed as assessed by clinical
stimation of operating surgeons. Efforts have been
ade to target particular areas of more advanced dis-

TAB

Change in Pulmonary A

Pre-LVRS to Post-LVRS

Group 1
(n 5 9)

Group 2
(n 5 9) P value

G
(

FIG. 2. Change in mean PA pressure with LVRS. The graph show
re-LVRS to post-LVRS, post-LVRS to sacrifice, and pre-LVRS to sa

CHEN ET AL.: PA PRESSURE AN
ystolic pressure (mm Hg) 2.67 6 9.2 3.8 6 8.5 .0.05 29.43
iastolic pressure (mm Hg) 1.1 6 5.1 2.8 6 5.9 .0.05 24.25
ean pressure (mm Hg) 3.12 6 4.6 5.2 6 4.4 .0.05 26.2
ase with preoperative imaging studies in heteroge-
eously distributed emphysema presentations. The
ajor goal of this research study is to develop methods

or determining optimal LVRS resection volumes.
LVRS procedures are generally performed in high-

isk patients, with acute mortality rates of 3–5% in
ost reports and morbidity approaching 10–20% in

everal studies [2–4]. Objective intraoperative indica-
ors for limits of resection are needed to optimize out-
omes following LVRS. Previous animal studies have
emonstrated that diffusing capacity worsens with
arger resection volumes and could potentially help
uide limits of resection volume. However, DLCO is
ifficult to accurately measure intraoperatively for
echnical reasons (high inspired FIO2, mechanical ven-

2

ry Pressure with LVRS

Post-LVRS to sacrifice Pre-LVRS to sacrifice

p 1
9)

Group 2
(n 5 9) P value

Group 1
(n 5 9)

Group 2
(n 5 9) P value

e average change in MPAP in small and large resection groups from
fice.

141LIMITING RESECTION VOLUME
d
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D

6 4.8 25.2 6 7.3 .0.05 23.71 6 3.3 1.1 6 7.5 .0.05
6 4.1 20.5 6 6.1 .0.05 22.25 6 4.3 1.6 6 3.9 0.067
6 4.2 22.85 6 5.7 .0.05 21.12 6 6.7 3.2 6 7.1 0.046
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ilation) as well as operative conditions that may
cutely decrease DLCO (atelectasis, bronchospasm, se-
retions, and positive-pressure ventilation). Therefore,
e chose to investigate other potential intraoperative
hysiological measures that may be more applicable to
VRS outcome optimization.
DLCO is determined by pulmonary capillary circula-

ion, alveolar surface area and thickness, and
entilation–perfusion relationships. Since DLCO ap-
ears to be sensitive to LVRS volumes, we hypothe-
ized that removal of excessive lung tissue would also
esult in impaired pulmonary circulation, manifested
y increased PA resistance and pressures. Pulmonary
rtery pressures can be measured intraoperatively and
an be followed throughout the operative procedure.

Little information is available at this time regarding

TAB

Pulmonary Function Tests in

Group I

Baseline Preoperative Posto

LCO 0.712 6 0.21
(n 5 9)

0.701 6 0.17
(n 5 9)

0.60
(n

FIG. 3. Diffusion capacity with LVRS. Diffusion capacity for sm
ratively at sacrifice.

42 JOURNAL OF SURGICAL RESEA
EF33 249.8 6 61.6
(n 5 7)

134.98 6 31.1
(n 5 9)

83.69 6
(n 5

tatic respiratory
pressure

18 6 2.3
(n 5 9)

17 6 1.7
(n 5 9)

19.1 6
(n 5
he effects of LVRS on pulmonary artery pressures. In
case reported in the Japanese literature, one patient
as noted to have marked elevation of his pulmonary
rtery pressure after LVRS [5]. He subsequently had
ormalization of his PA pressure several months later.
We investigated whether PA pressures correlate
ith DLCO changes and physiological outcome vari-
bles to assist in determining intraoperative parame-
ers for limits of resection. The data demonstrate that
ulmonary artery pressures increased in both high and
ow resection volume treatment groups immediately
fter LVRS, and then decrease at the time of sacrifice
week later. The decrease in PA pressures from im-
ediately after surgery to sacrifice is significantly

arger for animals undergoing small volume resection
han following large volume resection.

3

rge- and Small-Volume LVRS

Group II

ative Baseline Preoperative Postoperative

0.13
8)

0.687 6 0.19
(n 5 11)

0.712 6 0.18
(n 5 11)

0.639 6 0.13
(n 5 9)

and large resection groups at baseline, preoperatively, and postop-

H: VOL. 82, NO. 2, APRIL 1999
l
t

LE

La

per

8 6
5

RC
31.4
8)

216.44 6 74.3
(n 5 10)

170.24 6 47.8
(n 5 10)

208.92 6 90.3
(n 5 9)

2.9
9)

18.9 6 1.5
(n 5 11)

17.4 6 1.8
(n 5 11)

22.25 6 2.3
(n 5 8)
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West [6] described alveolar crowding and collapse of
ulmonary capillary beds with increased resistance to
ow within the capillary vessels during positive-
ressure exhalation. As the lungs expand, the capillary
alls are stretched and pulmonary vascular resistance
ecreases. With lung volume reduction surgery the
emoval of lung tissue functionally increases recoil

FIG. 4. Forced expiratory flows with LVRS. Graph of forced e
easured baseline, preoperatively, and postoperatively at sacrifice.

CHEN ET AL.: PA PRESSURE AN
FIG. 5. Static respiratory system pressures with LVRS. Static resp
aseline, preoperatively, and postoperatively at sacrifice.
ressure, decreasing intrathoracic pressure at equiva-
ent lung volumes. This could account for some of the
ecrease seen in the PA pressure after the recovery
eriod from LVRS following small volume resections.
ith larger volume resections the lungs may no longer

e able to compensate by increased capacitance of the
emaining vessels. This could account for the rise in

ratory flows for small resection group and large resection group
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iratory system pressures for small and large resection volumes at
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1 RC
ulmonary artery pressures after recovery following
he larger volume resections. In patients with baseline
ulmonary hypertension, this raises concerns about
isks of sustained pulmonary hypertension and right-
ided heart failure following excessive lung tissue re-
oval.
In this model, pulmonary artery pressure rises that

re seen following large volume resections suggest that
A pressures could limit the extent of tolerable sur-
ery, in a manner analogous to falls in DLCO with
arger volume resection. This contrasts with concur-
ent compliance measurements and expiratory flows,
here larger volume resections are associated with
ormalization of compliance curves and improved flow.
hus, improvements in some physiological markers
ust be weighed against deterioration in other param-

ters as resected volumes increase during LVRS.
Interestingly, intraoperative PA pressure immedi-

tely following LVRS increased by a similar amount in
oth small and large volume resections. The increases
re likely due to a number of acute operative factors
ncluding atelectasis, increased positive airway pres-
ures (since ventilation volumes were maintained con-
tant), and acute airway disease (bronchospasm).
hus, while this information is useful for physiological
nderstanding of the effects of LVRS on cardiopulmo-
ary function, it is only after postoperative recovery
hat differences in PA pressures are detected between
arge and small volume resections. Therefore, if PA
ressures are to be a useful intraoperative indicator of
ptimal extent of resection, methods must be developed
or differentiating the extent of irreversible PA pres-
ure rise from reversible intraoperative pressure rise.
tandardizing inhalation to equivalent pressures (not
olume) during PA pressure measurements and use of
ronchodilators or inhaled NO during PA pressure
valuations could help distinguish reversible from ir-
eversible intraoperative PA pressure increases.

Rabbits that underwent large volume resection had
levated PA pressure 1 week after LVRS compared
ith preoperative levels, while the rabbits with small
olume resections had decreased PA pressures 1 week
fter LVRS. Both pulmonary vascular resistance and
ardiac output determine PA pressures. It is possible
hat some of the changes in PA pressure from the
mmediate postoperative period to 1 week later (pre-
acrifice) could be due to changes in cardiac output.
uring the LVRS procedure the animals receive lac-

ated Ringers solution at a rate of approximately 10
c/h. It is possible that animals had lower intravascu-
ar volumes and consequently lower cardiac outputs at
he time of sacrifice compared with immediately after
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urgery. While this might explain the fall in pressure
elow baseline, it would not account for difference in
acrifice PA pressures between the large and small
olume resection treatment groups. Additionally, indi-

r
t
t
t

ect indicators of cardiac output, blood pressure, and
eart rate were similar in all cases. Nonetheless, we
annot make definitive statements regarding the role
f cardiac output and its effects on PA pressures at this
ime. Future studies examining cardiac output in this
odel may help to answer this question.
While PA pressures may eventually be an intraoper-

tive tool to help determine how much tissue to re-
ove, there are a number of other serious limitations

o this approach that can be seen from this study. All
A pressure measurements were made in anesthetized
abbits with open chests under positive-pressure ven-
ilation. Such measurements may not accurately re-
ect the normal physiological properties of the animals
hen the thorax is closed under negative-pressure in-

piratory conditions. The animals had normal pulmo-
ary artery pressures preoperatively despite emphy-
ema. This may be due to the acute nature of the
isease process since pulmonary hypertension may
ake considerable time to develop or a lower severity of
mphysema involvement than in many operative pa-
ients. Pulmonary artery pressure limitations of resec-
ion volumes may be much more marked if baseline PA
ressures had been elevated. Additionally, all mea-
urements were made at rest. Since pulmonary artery
ressures are extremely dependent on cardiac output
hen capacitance reserve is exhausted, exercise PA
ressures may be much more critical determinants of
esection volume limits than resting measurements.
uture work is clearly needed to address these impor-
ant issues.

There are a number of clear differences in presenta-
ion and physiology between this model and chronic
evere emphysema in humans. However, there are
any physiological properties that are similar, and the

nvestigations we focus on are those that are expected
o respond analogously. In humans it would be impos-
ible to determine the absolute maximal tolerable re-
ection volumes or which physiological variables limit
he extent of resection that subjects are capable of
urviving. The difference between the acute disease
hat we developed and the chronic disease that hu-
ans exhibit does not appear to be in lung paren-

hyma, but more likely in pulmonary vasculature and
hest wall physiology. The chronic pulmonary vascular
daptations to reduced capillary cross-sectional area
ikely take a number of years to develop in patients.
nimals induced acutely do not manifest the pulmo-
ary hypertension that may be seen in chronic emphy-
ema patients. We also know that in humans, the chest
all is less compliant. The chest wall of rabbits is more

ompliant and, therefore, would not be expected to
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espond analogously to that of human emphysema pa-
ients. However, our group and others have shown that
he chest wall itself may not contribute significantly to
he physiological response to LVRS [7].
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Overall, this study has shown that pulmonary pres-
ures rise following large volume LVRS in an animal
odel, and provides insights into potential limiting

actors for the optimal extent of tissue removal during
VRS. This study also shows that the mortality rate
ssociated with larger volume LVRS is appreciably
arger than that of small volume resection, 24% versus
%. This further supports the idea that there is a limit
o lung resection volume and this limit can be demon-
trated not only by a compromise in the diffusion ca-
acity but also in survival. However, a number of is-
ues must be resolved in future investigations before
he role of PA pressures or other objective physiological
ariables can be used clinically to guide resection ex-
ent in patients undergoing LVRS for palliation of se-
ere emphysema.
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