
R
l
L

General Thoracic Surgery Fernandez et al

1

G
TS
einitiation of compensatory lung growth after subsequent
ung resection

ucas G. Fernandez, MD, DSc, Christopher K. Mehta, Irving L. Kron, MD, and Victor E. Laubach, PhD

O
c
u
t

M
w
t
(
w
u
w
l
R
i

R
i
s
w
a
g
v

C
i
T
s

P
e
l
y
c
n
r

g
c
f
s

From the Department of Surgery, Univer-
sity of Virginia, Charlottesville, Va.

Supported by Virginia Thoracic Society
Career Investigator Award CI-52-N (VEL)
and National Institutes of Health grant RO1
HL67780 (VEL).

Received for publication March 9, 2007;
revisions received July 6, 2007; accepted
for publication July 10, 2007.

Address for reprints: Victor E. Laubach,
PhD, University of Virginia Health Sys-
tem, Department of Surgery, PO Box
801359, Charlottesville, VA 22908. (E-
mail: laubach@virginia.edu)

J Thorac Cardiovasc Surg 2007;134:1300-5

0022-5223/$32.00

Copyright © 2007 by The American Asso-
ciation for Thoracic Surgery

Drs Fernandez (left) and Laubach (right)
p
doi:10.1016/j.jtcvs.2007.07.005

300 The Journal of Thoracic and Card
bjective: In experimental animals, pneumonectomy results in rapid, hyperplastic
ompensatory growth of the remaining lung. The limits of this induced growth are
nknown. We tested the hypothesis that compensatory growth can be reinitiated in
he same lung after subsequent lung resection.

ethods: A left thoracotomy (Sham group) or left pneumonectomy (PNX group)
as performed in Sprague–Dawley rats. A third group underwent left pneumonec-

omy followed 4 weeks later by a bilobectomy of the right upper and middle lobes
PNX�LBX group). Four weeks after bilobectomy in the PNX�LBX group (8
eeks in the Sham and PNX groups), right ventricular pressures were measured by
sing the open chest technique, and total lung weight and lower plus cardiac lobe
eight indices were measured. Lungs were inflation fixed at 25 cm H2O to measure

obe volume index and to perform morphometric measurements on lung sections.
ight ventricle/left ventricle plus septum weight index was measured as another

ndex of pulmonary hypertension.

esults: Total lung weight index was similar in all groups. Pneumonectomy resulted
n increased lower plus cardiac lobe weight and volume indices, which were
ignificantly augmented in the PNX�LBX group. The PNX�LBX group under-
ent a significant increase in total volume of respiratory region, airspace, and tissue

nd a decrease in alveolar surface density versus the PNX group. The PNX�LBX
roup also had significantly increased right ventricular systolic pressure and right
entricle/left ventricle plus septum index.

onclusion: These results demonstrate that compensatory growth can be reinitiated
n lungs that had previously undergone postpneumonectomy compensatory growth.
his subsequent growth, however, is more hypertrophic, and pulmonary hyperten-
ion develops despite subsequent compensatory growth.

neumonectomy (PNX) or lobectomy (LBX) is often the last resort for
treatment in patients who otherwise cannot be cured. These are the treatments
of choice for, among other pathologies, lung cancer and congenital lobar

mphysema. In the management of lung pathologies, such as cancer, the chance of
ocal recurrences after an initial lung resection have an incidence of 1% to 5% per
ear,1,2 and repeat resection comes with a significant risk of death and complications
ompared with the initial operation. After LBX in human adults, there is a perma-
ent loss of lung volume and function that might explain the increased risk of a
epeat operation.

In experimental animals the remaining lung undergoes rapid compensatory lung
rowth (CLG) after PNX, which restores lung weight, volume, DNA, and protein to
ontrol levels within 3 weeks.3-8 This CLG occurs to maintain the lung’s vital
unction of providing O2/CO2 exchange. In children CLG has been documented in
everal clinical studies9-11; however, CLG has not been documented in adult

atients. Our laboratory has demonstrated in rats that CLG occurs in the left lung
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fter right LBX, which is accompanied by increased vascu-
ar growth that is proportional to the amount of lung tissue
emoved.12 In this study, however, the removal of more than
0% of total lung mass (right upper, middle, and lower
obes) also resulted in vascular changes that lead to pulmo-
ary hypertension.

To our knowledge, there have been no animal model
tudies into sequential lung resection to explore the poten-
ial of the lung to undergo more than 1 episode of compen-
atory growth. Our ultimate goal is to be able to manipulate
hose mechanisms that regulate and induce CLG (alveolar-
zation) to benefit patients with end-stage lung disease or
njury or to induce healthy lung maturation in severely
remature infants. In the present study, our objectives are to
1) use a model of sequential lung resection in the adult rat,
2) describe the CLG process in this model, and (3) explore
he cardiopulmonary effects of sequential lung resection.

aterials and Methods
nimals
dult male Sprague–Dawley rats weighing 300 to 350 g were used

or all experiments (Charles River, Wilmington, Mass). Facilities
or animal care are accredited by the American Association for
ccreditation of Laboratory Animal Care. All procedures and
rotocols were approved by the Institutional Animal Care and Use
ommittee at the University of Virginia Health System, Char-

ottesville, Virginia.

urgical Procedure
he operative technique for left PNX was performed as previously
escribed.12,13 Surgical intervention was carried out under halo-
hane anesthesia administered through an endotracheal tube con-
ected to a small-animal ventilator (Kent Scientific, Torlington,
onn). Animals in the PNX group (n � 9) underwent a left
osterolateral thoracotomy, and the left lung was freed from the
nferior pulmonary ligament. The lung was then delivered into the
urgical wound, the hilum was tied with a medium titanium clip
HORIZON; Teleflex Medical, Research Triangle Park, NC), and
he lung was excised. The chest was closed with 3-0 nylon sutures,
nd the skin was closed with surgical staples. Animals in the Sham
roup (n � 8) underwent a similar procedure, except the hilum was
ot tied and the lung was not removed. Animals in the PNX�LBX

Abbreviations and Acronyms
CLG � compensatory lung growth
LBX � lobectomy
PNX � pneumonectomy
RVSP � right ventricular systolic pressure
Sv � alveolar surface density
TVra � total volume of the respiratory airspace
TVrt � total volume of respiratory tissue
TVvr � total volume of the respiratory region
roup (n � 6) underwent a left PNX procedure followed by 4 e

The Journal of Thoracic
eeks of recovery, after which a right bilobectomy operation was
erformed followed by another 4 weeks of recovery. For the right
ilobectomy operation, the animals underwent a right posterolat-
ral thoracotomy, and the upper and middle lobes were ligated
ith a ligating titanium clip and excised. The chest was closed
ith 3-0 nylon sutures, and the skin was closed with surgical

taples. Animals were allowed to recover from anesthesia and
eceived postoperative analgesia in the form of buprenorphine
ydrochloride (0.03 mg/kg administered subcutaneously). All an-
mals were allowed to feed ad libitum and were maintained in a
ontrolled environment of normal temperature, humidity, and light
ycle.

ung Harvest and Measurement of Weight and
olume Indices
our weeks after bilobectomy in the PNX�LBX group (8 weeks
fter PNX or sham operations), all groups of rats were anesthetized
ith a combination of ketamine and xylazine injected intraperito-
eally, weighed, and intubated through a tracheotomy, and expo-
ure of the organs was obtained by using a bilateral anterior
ternothoracotomy. The animals were rapidly exsanguinated by
eans of renal vein division, and the right lung (or left and right

ungs in the Sham group) was removed, blotted dry, and weighed.
he upper and middle lobes were then ligated and carefully dis-
ected out, and the lower plus cardiac lobe weight was obtained.
ower and cardiac lobes received intratracheal instillation of 4%
araformaldehyde to a pressure of 25 cm H2O to obtain lower plus
ardiac lobe volumes. The trachea was then tied under pressure,
nd the total lung volume was obtained by means of volume
isplacement, as described by Scherle.14 Lung volumes (in milli-
iters) and weights (in grams) were expressed as a ratio to the final
ody weights of the animals (in grams) to obtain the volume and
eight indices.

ung Morphometry
ung morphometry was performed by using a 3-level sampling

echnique15,16 and point-counting technique,17 as previously de-
cribed by our laboratory.18,19 A 42-point test reticule (lattice with
5-�m grid lines) attached to a Nikon Eclipse E400 microscope
as used. This technique involved 3 levels of study performed on
ematoxylin and eosin–stained slides (5 random fields per animal).
he first level of analysis, which is usually performed under gross

nspection, was not performed because of the small size of the rat
ung and the lack of accurate differentiation at the gross level.

The second level of analysis was performed at 40� magnifi-
ation. The number of lattice points that fell on intra-acinar air
pace and their intervening tissue was counted and designated as

r. Nonrespiratory regions, which included extra-acinar airways
nd vessels larger than 0.5 mm in diameter, were ignored. The
olume density of the respiratory region (Vvr) was calculated by
sing the equation Vvr � Pr/42 � 100, which represents the
ercentage of lung comprised of respiratory (alveolar) tissue and
irspace.

The third level of analysis was performed under 200� magni-
cation. The number of lattice points that overlap the respiratory
irspaces was designated as Pra. The volume density of the respi-
atory airspace (V ) was then calculated by using the following
ra

quation: Vra � Pra/42 � 100. In addition, the number of lattice

and Cardiovascular Surgery ● Volume 134, Number 5 1301
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oints that fell in the respiratory tissue was counted and designated
s Prt. The volume density of respiratory tissue (Vrt) was then
alculated by using the following equation: Vrt � Prt/42 � 100.
hese values represent the percentage of the lung that is comprised
f respiratory alveolar airspace (Vra) and tissue (Vrt), respectively.

Alveolar surface density (Sv), which expresses the alveolar
urface area per unit volume, was determined by using the equa-
ion Sv � 2/d � (Is/Pp), where d is defined as the length of the
attice grid line (85 �m), Is is the number of lattice test lines that
ntercepted the airspace–epithelial interfaces, and Pp is defined as
he total number of lattice test points on the lung parenchyma (42).
he total volume of the respiratory region (TVvr) was calculated as
Vvr � Vvr � Vl, where Vl is defined as the total lung volume. TVvr

s a measure of the total volume of alveoli and intervening gas
xchange tissue. The total volume of the respiratory airspace
TVra) was calculated as TVra � Vvr � Vra � Vl. This is a measure
f alveolar airspace volume in the lung. Total volume of respira-
ory tissue (TVrt) was calculated as TVrt � Vvr � Vrt � Vl. This is
measure of alveolar tissue volume in the lung.

ight Ventricular Hypertrophy and Systolic Pressure
ight ventricular systolic pressures (RVSPs) were measured im-
ediately before death, as previously described.20 Briefly, the rats
ere anesthetized with ketamine and xylazine and placed in a

upine position. The transducer was calibrated before study, and
VSP was measured by means of direct intracardiac puncture with
21-gauge needle. At death, hearts were removed and dissected to

solate the free wall of the right ventricle from the left ventricle and
eptum. The ratio of right ventricular weight to left ventricular plus
eptal weight was used as an index of right ventricular hypertro-
hy, which develops as a result of pulmonary hypertension.

tatistical Analysis
ata are presented as the mean � standard error of the mean.
tatistical analysis was performed with the SPSS 14.0 for Win-
ows software program (Apache Software Foundation, Forest Hill,
d). Comparisons were made with 1-way analysis of variance and

he post-hoc Bonferroni test.

esults

otal Lung Weight and Lower Plus Cardiac Lobe
eight Indices

he total lung weights and the lower plus cardiac lobe
eights were measured in the PNX�LBX group at 4 weeks

fter bilobectomy (8 weeks after PNX or sham operations).
otal lung weight index (left plus right lungs in the Sham
roup, right lung in the PNX group, and lower plus cardiac
obes in the PNX�LBS group) was similar in all groups
Figure 1, A), which is indicative of compensatory growth
fter PNX or PNX�LBX to equal the left plus right lungs
n the Sham group. When only lower plus cardiac lobe
eight indices were compared, the PNX group had a sig-
ificantly higher lower plus cardiac lobe weight index com-
ared with the Sham group (1.91 � 0.06 vs 1.40 � 0.07,
� .05). In addition, the lower plus cardiac lobe weight
ndex for the PNX�LBX group (3.63 � 0.28) was signif- t

302 The Journal of Thoracic and Cardiovascular Surgery ● Nov
cantly increased above that in the PNX group (P � .0001;
igure 1, B).

ower Plus Cardiac Lobe Volume Index
he lower plus cardiac lobe volume indices were measured
weeks after bilobectomy in the PNX�LBX group (8

eeks after PNX or sham operations). The PNX group
howed a significant increase in lower plus cardiac lobe
olume index versus that seen in the Sham group (22.52 �
.77 vs 16.40 � 0.44, P � .0001, Figure 2). The lower plus
ardiac lobe volume index in the PNX�LBX group (31.70

0.71) was further significantly increased versus that seen
n the PNX group (P � .0001, Figure 2).

ight Ventricular Hypertrophy and Systolic Pressure
here was no change in right ventricular hypertrophy or
VSP after PNX alone (Figure 3). Subsequent resection of

igure 1. A, Total lung weight index (left plus right lungs in the
ham group, right lung in the pneumonectomy [PNX] group, and

ower plus cardiac lobes in the pneumonectomy plus lobectomy
PNX�LBS] group) was similar in all groups. B, Lower plus
ardiac lobe weight index was significantly increased in the PNX
roup versus that in the Sham group (*P < .0001). In addition,
ower plus cardiac lobe weight index of the PNX�LBX group was
ignificantly higher than that of the PNX group (#P < .0001).
he upper and middle lobes (PNX�LBX group) resulted in

ember 2007
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ignificant pulmonary hypertension, as shown by a signifi-
ant increase of RVSP (P � .01; Figure 3, A), as well as a
ignificant increase in right ventricular hypertrophy (Figure
, B).

ung Histology and Morphometry
ross histologic evaluation of lung sections showed that

ung architecture appeared normal in all the groups (Figure
), with no signs of edema, cellular infiltration, or thicken-
ng of alveolar septa. Detailed morphometric analysis was
sed to measure the Sv, TVvr, TVra, and TVrt values in the
ower lobes of each group (these values were also similar
or the cardiac lobes, data not shown). These results are
hown in Table 1. At 8 weeks, Sv was significantly less in
he PNX group (P � .001) and was even further reduced
ignificantly in the PNX�LBX group (P � .05). The PNX
roup had significantly higher TVvr and TVra values when
ompared with the Sham group (P � .001), and both TVvr

nd TVra values were significantly augmented in the
NX�LBX group when compared with the PNX group (P

.0001). The PNX group had higher TVrt values than the
ham group, which did not reach statistical significance;
owever, values in the PNX�LBX group were significantly
igher than those in the Sham group (P � .05).

iscussion
he treatment of lung disease at times requires PNX, LBX,
r both, resulting in compensatory growth of the remaining
ung in infants and young children.9-11 In experimental
nimals compensatory growth of a mature lung occurs after
NX, resulting in restoration of lung volume, mass, and
unction in the remaining lung. In addition, restoration of
hole lung levels of protein, RNA, DNA, collagen, and

lastin, along with essentially normal lung cell populations,

igure 2. Changes in lower plus cardiac lobe volume index.
ower plus cardiac lobe volume index was significantly in-
reased in the pneumonectomy (PNX) group versus the Sham
roup (*P < .05). In addition, lower plus cardiac lobe volume
ndex for the pneumonectomy plus lobectomy (PNX�LBX) group

as significantly higher than that in the PNX group (#P < .0001).
lso occurs.3,21,22 Although there is no dispute that the t

The Journal of Thoracic
emaining tissue undergoes compensatory growth after
NX, the nature and extent of this growth are not fully
nderstood. Understanding the controlling factors and dy-
amics of CLG could permit the minimization of the
tresses experienced by the remaining lung and lead to
ethods to shorten the time required for new tissue growth.
In this study we evaluated the growth response in lungs

weeks after PNX�LBX and compared these with lungs 8
eeks after PNX or sham operations. The period of 4 weeks

fter each operation was chosen to be a time in which lung
rowth and healing will have occurred in completion be-
ause it has been shown that post-PNX lung growth reaches
plateau between 10 and 21 days. In the present study total

ung weight remained unchanged between the groups after
he operations (Figure 1, A), and when lower plus cardiac
obe weights and volumes were examined, it was evident

igure 3. Pulmonary hypertension is induced after pneumonec-
omy plus lobectomy (PNX�LBX) operations. A, Right ventricular
ystolic pressure (RVSP) was significantly increased in the
NX�LBX group versus the pneumonectomy (PNX) and Sham
roups (*P � .01). B, Ratios of right ventricle to left ventricle plus
eptum weights (RV/LV�S), an assessment of right ventricular
ypertrophy, were compared between groups. RV/LV�S was sig-
ificantly increased in the PNX�LBX group compared with that
een in the PNX and Sham groups (#P < .0001).
hat compensatory growth occurred in both the PNX and

and Cardiovascular Surgery ● Volume 134, Number 5 1303
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NX�LBX groups. Most interesting, a significant augmen-
ation in the lower plus cardiac lobe weight and volume
ndices was observed in the PNX�LBX group when com-
ared with the PNX group (Figures 1, B, and 2), indicating
hat CLG was reinitiated after the second bilobectomy
peration.

CLG was also evident after morphometric analysis,
hich revealed that PNX increases TVvr, TVra, and TVrt

alues after PNX (Table 1), confirming previous results.18,19

nterestingly, a further significant augmentation in these
ndices was observed in the PNX�LBX group compared
ith that seen in the PNX group. The Sv value, however,
as significantly reduced after PNX and further reduced

fter PNX�LBX. A decrease in Sv value is likely a result of
arger alveoli, which can be explained by alveolar hyper-
rophy in these groups. This alveolar hypertrophy is not
bvious on the basis of lung histology (Figure 4), which
ppears normal in all groups and requires morphometric
nalysis to detect. A significant decrease in Sv value was not
bserved in previous studies after PNX,18,23 which was
robably due to the 3-week post-PNX period in these stud-
es as opposed to the 8-week post-PNX period in the current
tudy. These extra 5 weeks likely entailed further normal
ung growth and expansion, leading to decreased Sv values.

e have previously shown that PNX enhances lung weight
nd volume by means of alveolar hyperplasia,13,18,23 and we
an postulate that both alveolar hyperplasia and hypertrophy

able 1. Morphometric analysis of the Sham, PNX, and PN
Sv (cm2/cm3)

ham group 173.20 � 9.97 7
NX group 139.08 � 6.97† 10
NX�LBX group 119.13 � 7.72* 15

alues are presented as means � standard error of the mean. PNX, Pne
ensity; TV , total volume of respiratory region; TV , total volume of respira
vr ra

roup; †P � .001 versus the Sham group; ‡P � .0001 versus the PNX and Sha

304 The Journal of Thoracic and Cardiovascular Surgery ● Nov
ccur in the PNX�LBX group, resulting in increased TVrt

nd decreased Sv values. This finding of increased TVvr and
Vra values combined with increased TVrt values and lower
lus cardiac lobe volumes indicates that CLG after subse-
uent lung resection appears to be very dynamic, entailing
oth alveolar hypertrophy and hyperplasia, perhaps with
ypertrophy being a more significant component than after
NX alone.

In the present study there was a significant increase in
VSP and right ventricular hypertrophy after PNX plus
BX when compared with that seen in the Sham and PNX
roups, indicating that pulmonary hypertension developed.
his finding is consistent with our previous study in which

he removal of 3 right lobes (approximately 53% of total
ung mass) resulted in CLG of the left lung but accompanied
y pulmonary hypertension.12 The left lung represents ap-
roximately 37% of the total lung mass in the rat, and the
ight upper and middle lobes account for approximately
4%. Our findings suggest that the bilobectomy performed
weeks after left PNX (which represents approximately

1% of the original total lung mass resected) was significant
nough to cause pulmonary hypertension, despite the com-
ensatory growth after each operation.

In summary, bilobectomy after PNX reinitiated a CLG
esponse in the remaining lung of adult rats. In contrast to
NX alone, this growth involved a greater hypertrophic
esponse, and pulmonary hypertension developed despite

Figure 4. Lung histologic analysis.
Lung sections were stained with he-
matoxylin and eosin. (Original magni-
fication 200�.) Gross lung histology
appears normal among all groups, with
no signs of edema, cellular infiltration,
or thickening of septa. PNX, Pneumo-
nectomy; PNX�LBX, pneumonectomy
plus lobectomy.

LBX groups
(mL) TVra (mL) TVrt (mL)

0.36 5.27 � 0.32 1.79 � 0.12
0.20† 8.16 � 0.35† 2.30 � 0.23
0.84‡ 12.25 � 0.72‡ 2.54 � 0.20*

ctomy; PNX�LBX, pneumonectomy plus lobectomy; Sv, alveolar surface
irspace; TV , total volume of respiratory tissue. *P � .05 versus the Sham
X�

TVvr

.36 �

.69 �

.13 �

umone
tory a
 rt

m groups.
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ubsequent CLG. It is likely that pulmonary hypertension
esulted from the amount of lung parenchyma removed in
he PNX�LBX group rather than the compensatory growth.
o our knowledge, this is the first time that a model of
equential lung resection has been used to study the mod-
lation of post-PNX CLG. Our study provides novel infor-
ation regarding the potential for compensatory growth

fter a second lung resection. A better understanding of the
arious modulators of lung growth has enormous clinical
pplication because scenarios such as reduced-size lung
ransplantation and pulmonary insufficiency can benefit
rom the modulation and induction of lung growth.
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