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Abstract Background. Pulmonary function may im-
prove after surgical resection of the most severely affect-
ed lung tissue (lung-reduction surgery) in patients with
diffuse emphysema. The basic mechanisms responsible
for the improvement, however, are not known.

Methods. We studied 20 patients with diffuse emphy-
sema before and at least three months after either a uni-
lateral or a bilateral lung-reduction procedure. Clinical
benefit was assessed by measurement of the six-minute
walking distance and the transitional-dyspnea index, which
is a subjective rating of the change from base line in func-
tional impairment and the threshold for effort- and task-
dependent dyspnea. Pressure—volume relations in the
lungs were measured with static expiratory esophageal-
balloon techniques, and right ventricular systolic function
was assessed by echocardiography.

Results. The patients had significant improvement in
the transitional-dyspnea index after surgery (P<<0.001).
The mean (+=SD) coefficient of retraction, an indicator of
elastic recoil of the lung, improved (from 1.3+0.6 cm of
water per liter before surgery to 1.8+0.8 after, P<<0.001).

UNG-reduction surgery in patients with diffuse em-
physema involves resection of the most severely
affected regions of diseased lung tissue. Recent surgical
advances have increased interest in this procedure and
led to its greater availability."* This surgery improves
lung function by increasing airway conductance and the
ratio of conductance to lung volume, possibly by in-
creasing elastic recoil of the lung,>® which is known to
increase after large bullae are removed.”!

Because elastic recoil of the lung is the effective pres-
sure driving maximal expiratory flow, an increase after
surgery should improve flow proportionately at all lung
volumes and secondarily reduce hyperinflation of the
lung.""'? To evaluate the effect of lung-reduction sur-
gery on elastic recoil of the lung in patients with diffuse
emphysema, we measured static transpulmonary pres-
sures, indexes of lung volume, expiratory flow, gas ex-
change, and right ventricular function before surgery
and three to four months afterward. We evaluated the
overall clinical effect of these changes by measuring the
transitional-dyspnea index and the distance a patient
was able to walk in six minutes.

METHODS

Selection of Patients

We studied 20 consecutive patients with diffuse confluent emphyse-
ma documented by high-resolution computed tomography of the
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Sixteen patients with increased elastic recoil had a great-
er increase in the distance walked in six minutes than
the other four patients, in whom recoil did not increase
(P=0.02). The improved lung recoil led to disproportion-
ate decreases in residual volume as compared with to-
tal lung capacity (16 percent vs. 6 percent), but the
decreases in both values were significant (P<0.001).
Forced expiratory volume in one second increased (from
0.87x0.36 to 1.11+0.45 liters, P<0.001). End-expiratory
esophageal pressure also decreased (P=0.002). These
improvements in lung mechanics led to a decrease in
the partial pressure of arterial carbon dioxide from 42+6
to 38+5 mm Hg (P =0.006). Furthermore, the fraction-
al change in right ventricular area, an indicator of sys-
tolic function, increased from 0.33+0.11 to 0.38+0.10
(P=0.02).

Conclusions. Lung-reduction surgery can increase the
elastic recoil of the lung in patients with diffuse emphyse-
ma, leading to short-term improvement in dyspnea and ex-
ercise tolerance. (N Engl J Med 1996;334:1095-9.)
01996, Massachusetts Medical Society.

lungs between October 1994 and February 1995. Patients were exclud-
ed if they had giant bullae,” clinically dominant bronchiectasis or
chronic bronchitis, clinical cor pulmonale or an estimated systolic pul-
monary-artery pressure greater than 50 mm Hg as measured by Dop-
pler echocardiography, if they had a history of severe epistaxis, or if
they refused or could not tolerate esophageal-balloon placement.

All the patients in the study had severe dyspnea despite maximal
medical therapy and had been clinically stable for at least one month
before the first study. All had a ratio of forced expiratory volume in
one second to forced vital capacity of less than 0.5 and a residual vol-
ume greater than 140 percent of the predicted value after a broncho-
dilator was administered. The protocol was approved by the institu-
tional review board of the University of Pittsburgh, and all the
patients provided written informed consent.

Surgical Approach

The resections were performed with unilateral thoracoscopic tech-
niques combining the use of a neodymium:yttrium—aluminum-gar-
net (Nd:YAG) laser with stapling (in 17 patients) or bilateral median
sternotomy with stapling (in 3 patients), with a goal of reducing the
volume of each lung operated on by 20 to 30 percent.”® High-resolu-
tion computed tomography and nuclear-perfusion studies were per-
formed preoperatively to identify the areas of worst anatomical dis-
ease and the regions of poorest perfusion to be targeted for resection,
as well as the zones of more normal lung to be avoided. Strips of lung
tissue were resected along the leading edges of each lobe — for ex-
ample, along the fissures or anteriorly and posteriorly to the apex of
the upper lobe and along the basal segments or superior segment of
the lower lobe. An Nd:YAG laser was used adjunctively in the unilat-
eral procedure to scarify the entire lung surface diffusely so as to in-
hibit the reexpansion of underlying bullae. The lung was periodically
reinflated during the procedure so that the extent of resection accom-
plished in each lobe could be estimated to gauge the progress of the
procedure and to avoid over-resection.

Clinical and Physiologic Testing

Esophageal pressure was measured as an index of pleural pressure
with the use of a standard esophageal balloon-catheter system.'*!
With such a system, when air flow is interrupted with an occluding
valve at the mouth, the difference between the esophageal pressure
and the pressure in the mouth proximal to the occlusion reflects the
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static elastic-recoil pressure across the lung. The maneuver, first per-
formed at maximal inflation (maximal elastic-recoil pressure), is re-
peated at several lower lung volumes to generate a volume—pressure
curve (Fig. 1). Patients with emphysema are known to have abnormal-
ly low elastic recoil for any given lung volume, which results in a left-
ward shift of the volume—pressure curve. The coefficient of retraction
— the ratio of the maximal static recoil pressure to total lung capacity
— has been validated as a sensitive indicator of elastic recoil; decreas-
es in this value correspond closely to qualitative leftward shifts in the
volume—pressure curve.'!’

The lung-recoil studies and other tests were performed one to four
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Figure 1. Relation between Lung Volume as a Percentage of To-
tal Lung Capacity and Static Transpulmonary Pressure in Two
Patients with Diffuse Emphysema.

The graphs show a shift to the right in transpulmonary pressure
at a given lung volume after lung-reduction surgery (solid
squares), as compared with preoperative values (open
squares). The curves represent the response in normal sub-
jects. Panel A shows the results in a 64-year-old woman with
severe emphysema who had a forced expiratory volume in one
second of 41 percent of the predicted value and in whom meas-
urements could be made throughout expirations (shown are
composite data points from three separate expirations). Panel B
shows the results in a 41-year-old woman with more advanced
disease (forced expiratory volume in one second, 12 percent of
the predicted value), who could tolerate only one to two occlu-
sions at the higher lung volumes (shown are data from two sep-
arate expirations) so that results could not be obtained at a low-
er lung volume.
Downloaded from www.nejm.org on December 5, 2008
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weeks before and three to four months after lung-reduction surgery
and within two hours after a bronchodilator was administered. The
equipment used included a 10-cm esophageal balloon catheter (Erich
Jaeger, Wiirzberg, Germany), a differential pressure transducer (mod-
el MP45-871, Validyne Engineering, Northridge, Calif.), a pneumo-
tachograph (model 3700, Hans Rudolph, Kansas City, Mo.), and a
pneumatic occlusion valve (model 9340, Hans Rudolph). Data were
displayed with the use of commercial software (Respiratory Pressure
Module, Medical Graphics, St. Paul, Minn.) but were processed inde-
pendently of this system. Pressure transducers were calibrated and
balloon integrity assessed immediately before, after, and when neces-
sary, during each procedure. After three full inspirations to establish
a consistent volume history, static transpulmonary pressure was meas-
ured during exhalation when pressure plateaued during two-second
occlusions. When possible, measurements made during at least three
reproducible exhalations were averaged. In patients with severe dysp-
nea, however, values were considered acceptable if maximal recoil
pressure was reproduced within 1 cm of water in at least two separate
maneuvers. The technologist performing the postoperative tests did
not know the preoperative values, but otherwise the balloon-insertion
distance and volume (0.5 ml) were identical during both tests. Al-
though we did not establish equivalent esophageal compliance before
and after the procedure, theoretical changes related to postoperative
pleural fibrosis would be expected to cause us to underestimate any
postoperative increase in elastic recoil.

Patients performed a six-minute walk on an oval track after receiv-
ing standard instruction.”® Supplemental oxygen was titrated before
testing to determine a flow rate that would maintain arterial satura-
tion above 90 percent during exertion at a normal pace. The transi-
tional-dyspnea index was assessed at three months by a trained nurse
clinician through direct interviews with patients. This index measured
the change from base line in three categories: functional impairment,
the magnitude of the task needed to evoke dyspnea, and the magni-
tude of the effort needed to evoke dyspnea. Scoring ranged from —9
(major deterioration) to +9 (major improvement)."?

Measurements of esophageal pressure at functional residual capac-
ity were recorded at end-tidal points of no flow during steady-state
breathing at rest. The esophageal-pressure transducer was balanced
against atmospheric pressure. Spirometry and tests of lung volume
and single-breath diffusing capacity were performed with the use of
standard techniques (rolling-seal spirometer, modified model 2200,
Sensor-Medics, Yorba Linda, Calif.; pressure body plethysmograph,
model 1085, Medical Graphics, St. Paul, Minn.) and reference equa-
tions.?? Curves for reference volume (represented as the percentage
of predicted total lung capacity) in relation to pressure were those of
Knudson et al.?* Arterial blood for gas measurements was obtained
by radial arterial puncture (ABL model 620, Radiometer, Copen-
hagen, Denmark).

Two-dimensional echocardiography (model 77035A, Hewlett—Pack-
ard, Andover, Mass.) was used to measure the right ventricular area.
The change in area during cardiac contraction was calculated as (end-
diastolic area minus end-systolic area) divided by end-diastolic area
— an index of right ventricular systolic function.?

Paired two-tailed t-tests were used to compare values before and af-
ter surgery. Simple linear regression analysis was used to assess rela-
tions between the maximal elastic-recoil pressure or coefficient of re-
traction and changes in lung volumes, spirometric indexes, and right
ventricular function.?

RESULTS

The study group comprised 12 men and 8 women
with a mean age of 60 years (range, 40 to 75). The cause
of the emphysema was tobacco-related in 19 patients,
and 1 patient had alpha,-antitrypsin deficiency. The
results of the pre- and postoperative tests of pulmo-
nary function are shown in Table 1. After surgery, there
were significant increases in the indexes of elastic re-
coil. The mean (*=SD) maximal elastic recoil increased
from 9.5*+3.2 to 12.1 =3.2 cm of water, and the coeffi-
cient of retraction increased from 1.3+0.6 to 1.6+0.8
cm of water per liter (P<<0.001 for both) (Fig. 2). Sixteen
of the 20 patients had a shift to the right (toward nor-
mal) in the curve for volume versus transpulmonary
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Table 1. Effect of Lung-Reduction Surgery on Physiologic and Clinical Indexes of
Pulmonary Function in 20 Patients with Diffuse Emphysema.*

had preoperative values for end-
expiratory esophageal pressure of at

least 0 cm of water had more nor-

INDEX BAse LINE AFTER SURGERY P VALUE .
mal, negative values after surgery.
6-Minute walk (ft)f 819+284 916+286 0.05 Values for partial pressure of arte-
iti . i _ +1. <0. . . .

I;a“§1tl(:n€;1 dAySp“eaA;ndexi 0543 12 '}Ji <g 88: rial carbon dioxide at rest decreased
aximal elastic-reco1 pressure o Jusio B N st B N . . + +
(cm of water)§ significantly, from 42*6 to 38*5

Total lung capacity (liters)§ 7.84+1.68 (139+12) 736+1.78 (131=17)  <0.001 mm Hg (P=0.006); values decreased

Residual volume (liters) 485+1.06 (235+56)  4.08+0.94 (197=44)  <0.001 in all five patients (mean decrease,

Functional residual capacity (liters) 5.98+1.16 (186+24) 5.22+1.30 (161+25)  <0.001 6 mm Hg) who had preoperative hy-

Forced expiratory volume in one 0.870.36 (32x11) 1112045 (41£14)  <0.001 percapnia (>45 mm Hg). Values for
second (liters) partial pressure of arterial oxygen at

Forced vital capacity (liters) 2.77%x1.16 (71x20) 3.14%=1.15 (81=19) <0.001 . . . .

o rest and diffusing capacity did not

Esophageal pressure at end-expiration —0.5%£3.7 —3.1%£2.7 0.002 ..

(cm of water) change significantly (Table 1). There
Arterial PCO, (mm Hg) 9+6 38+5 0.006 was no significant difference in the
Arterial PO, (mm Hg) 66=11 68=13 045 number of patients requiring supple-
Diffusing capacity (ml/min/mm Hg) 8.7+4.7 (44+21) 9.6=3.5 (47=15) 0.15 mental oxygen at rest (before sur-

*Plus—minus values are means *SD. Values in parentheses are percentages of predicted values. PCO, denotes partial

pressure of carbon dioxide, and PO, partial pressure of oxygen.
1To convert values from feet to meters, multiply by 0.305.

+Measured in 18 patients.

§The coefficient of retraction is calculated as the ratio of the maximal elastic-recoil pressure to the total lung capacity.

pressure (Fig. 1 and 3), corresponding to increases in
the coefficient of retraction. The recoil pressure at max-
imal inflation was reproducible in all patients; in some
patients, however, sufficient data points were not consis-
tently obtained at lower lung volumes to permit an as-
sessment of compliance in the tidal-volume range, be-
cause the severity of their dyspnea prohibited them
from holding their breaths long enough (Fig. 1B).

Only one patient had a substantial decrease in elastic
recoil after surgery (Fig. 2). Disproportionate intrinsic
airway disease was diagnosed in this 72-year-old wom-
an, on the basis of the finding of pronounced bronchial
thickening on computed tomography and normal pre-
operative elastic recoil, although the results of spirom-
etry, tests of diffusing capacity, and computed tomogra-
phy were consistent with severe emphysema.

The mean distance the patients could walk in six
minutes increased significantly, from 819 ft (250 m) be-
fore surgery to 916 ft (279 m) afterward (P=0.05). The
4 patients who had no improvement in elastic recoil
(change in maximal recoil pressure, <0.5 cm of water)
had significantly less improvement in walking distance
than the other 16 patients (a mean decrease of 102159
ft [31=48 m] vs. a mean increase of 146+ 182 ft
[45%56 m], P=0.02). The transitional-dyspnea index,
determined in 18 patients, improved in all of them
(mean increase, 5.1; P<<0.001). In the two patients for
whom dyspnea scores were not available, retrospective
reviews of their records indicated subjective improve-
ment in dyspnea.

The increases in elastic recoil were associated with
significant reductions in total lung capacity (6 percent),
residual volume (16 percent), and functional residual
capacity (13 percent, P<0.001 for all measures) (Table
1). Forced vital capacity and forced expiratory volume
in one second were significantly increased after surgery
(P<<0.001 for both). Esophageal pressure at end-expira-
tion during steady-state tidal breathing decreased sig-
nificantly (P=0.002). Seven of the eight patients who

Downloaded from www.nejm.org on December 5, 2008

gery, 6 patients; after surgery, 5)
or during low-level exertion (before
surgery, 12 patients; after surgery,
11), according to criteria defined in
the Nocturnal Oxygen Therapy Tri-
al (partial pressure of oxygen, <35
mm Hg, or <60 mm Hg in the presence of cor pulmo-
nale).?

The fractional change in the area of the right ventricle
during cardiac contraction increased from 0.33*0.11 to
0.38=0.10 after surgery (P=0.02) (Fig. 4). There was no
significant correlation between the changes in maximal
elastic-recoil pressure or the coefficient of retraction and
changes in lung volumes, spirometric indexes, or right
ventricular function.

Di1SCUSSION

Abnormalities in elastic recoil of the lung play a fun-
damental part in the pathophysiology of the mechani-
cal respiratory impairment that is associated with em-
physema. According to models relating the loss of elastic
recoil of the lung to airway obstruction, abnormally low
expiratory-flow rates are consequent upon both the re-
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Figure 2. Coefficient of Retraction at Base Line and Three
Months after Surgery in Patients with Diffuse Emphysema.
The coefficient of retraction is an indicator of elastic recoil of the
lung. Values have been adjusted for differences in lung vol-
ume.'® The two horizontal bars represent the mean value at
each time. The asterisk indicates the patient with a decrease in
elastic recoil after surgery (see the Results section).

. For personal use only. No other uses without permission.

Copyright © 1996 Massachusetts Medical Society. All rights reserved.



1098 THE NEW ENGLAND JOURNAL OF MEDICINE

duction of alveolar driving pressure and increases in
expiratory resistance associated with a loss in elastic
airway support.!t2%.2 Total lung capacity and func-
tional residual capacity subsequently increase because
of a reduction in these inward-recoil forces directed by
the lung parenchyma on the chest wall. End-expiratory
volume is further increased because prolonged exhala-
tions are prematurely terminated at a volume greater
than that at which the position of the chest wall and
lung recoil are balanced. Airways collapse during active
expiration because they are poorly tethered, and this
results in further increases in residual volume. This
thoracic hyperinflation leads to inspiratory-muscle inef-
ficiency related to poorly directed muscle forces and
suboptimal muscle-fiber length.*® In addition, positive
alveolar pressures at end-expiration, a consequence of
incomplete expiration, place an added load on the in-
spiratory muscles that must be overcome to generate
the negative intrathoracic pressures needed to initiate
inspiratory flow.?!

Our study documents clinical improvement in dysp-
nea and walking distance after lung-reduction surgery,
and the increase in elastic recoil of the lung points to an
important pathophysiologic basis for these improve-
ments. We also confirmed the expected effect of im-
proved lung recoil on expiratory flow rates and lung vol-
umes. Improvements in end-expiratory flow elicited a
greater reduction in residual volume than in total lung
capacity, thus increasing vital capacity. It is reasonable
to assume that a better respiratory-muscle configuration
resulting from these changes in lung volume may have
led to improved function of the respiratory muscles. The
more negative end-expiratory esophageal pressures we
identified after surgery strongly suggest a reduction in
end-expiratory alveolar pressures, which would confer
further benefits in terms of respiratory-muscle efficien-
cy. The significant reduction in the partial pressure of
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Figure 3. Mean (+SE) Lung Volume as a Function of Mean
(+=SE) Transpulmonary Pressure before (Open Circle) and after
(Solid Circle) Lung-Reduction Surgery in 20 Patients with Dif-
fuse Emphysema.
Note the shift to the right and downward in maximal elastic-
recoil pressure and total lung capacity. Lung volume is repre-
sented as a percentage of the predicted total lung capacity. The
curve represents the mean response in normal subjects.
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Figure 4. Fractional Change in Right Ventricular Area during
Cardiac Contraction in Patients with Diffuse Emphysema before
and after Lung-Reduction Surgery.

The two horizontal bars represent the mean value at each time.

arterial carbon dioxide, most likely a result of improved
alveolar ventilation, is the expected outcome of these
improvements in pulmonary mechanics.

The results of this study support and extend previous
work that suggested that the mechanism of improve-
ment after lung-reduction surgery was related to im-
proved elastic recoil.® In that study, short-term postsur-
gical increases in airway conductance and the ratio of
conductance to volume were measured with body pleth-
ysmography. The results of studies of the effects of sur-
gery on patients with giant bullae have varied; this can
be explained by variation in the type of lung tissue that
expanded to fill the void left by the resection of the bul-
lac — that is, whether it was normal or diffusely em-
physematous. Large bullae are often at maximal infla-
tion and act as space-occupying regions that partially
compress areas of underlying lung.*? After bullectomy,
patients with normal compressed lung have increased
elastic recoil and improved compliance, probably
because of the effective traction applied to distant pa-
renchyma as well as to the renewed contribution of re-
gionally compressed normal lung to the overall pres-
sure—volume relation.”®! On the other hand, if the
compressed lung is emphysematous, the expansion of
these regions may result in only regional improvements
in compliance and gas exchange and have little effect
on overall mechanics.*!”

In contrast to giant bullae, the areas of confluent em-
physematous tissue removed by lung-reduction surgery
are less commonly associated with multisegmental com-
pression but instead exert more subtle effects on re-
gions within lung segments. Furthermore, since these
areas probably participate in air flow, even on a dimin-
ished basis, they contribute to the overall volume—pres-
sure curve as high-compliance units. We suggest that
the improved elastic recoil after this procedure is due
in part to the elimination of these high-compliance re-
gions and in part to the tethering of regional and more
remote lung parenchyma. The varying magnitude of
improvement in measurements of lung recoil may be
related to individual variations in the pattern of disease.

The improvement in right ventricular systolic func-
tion after surgery indicates a reduction in pulmonary
vascular resistance, despite the potential for the resec-
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tion of partially preserved vascular tissue. This sug-
gests that capillary recruitment may occur as a result
of the improved pulmonary mechanics in lung zones
previously subject to compression by hyperinflated al-
veoli® or of the tethering of extraalveolar vessels con-
sequent on improvement in elastic recoil. Furthermore,
the reduced intrathoracic pressure may augment right
ventricular preload.

We have documented an improvement in elastic re-
coil of the lung after lung-reduction surgery in a select
group of patients with diffuse emphysema; such im-
provement suggests a physiologic basis for the short-
term clinical improvement in dyspnea, walking distance,
and pulmonary function. Long-term studies will be nec-
essary to determine the duration of these promising im-
provements, since there has been deterioration over
time, possibly related to postoperative stress relaxation
leading to the expansion of underlying smaller bullae,
despite initial improvement when earlier techniques for
bullectomy or unilateral lung-reduction surgery have
been used.53+%

We are indebted to Claudia Bowers, M.S.N., and Lynda Fetterman,
R.N,, for assistance in coordinating the project; to Dr. Michael Dona-
hoe for review and helpful suggestions; and to Mr. Gerald Ayres and
all the technologists and staff members of the pulmonary laboratory
for their extra efforts.
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