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Abstract

In many species, pneumonectomy results in compensatory growth in the remaining lung. Although

the late mechanical consequences of murine pneumonectomy are known, little is known about the

anatomic adaptations and respiratory mechanics during compensatory lung growth. To investigate

the structural and mechanical changes during compensatory growth, mice were studied for 21 days

after left pneumonectomy using microCT and respiratory system impedance (FlexiVent).

Anatomic changes after left pneumonectomy included minimal mediastinal shift or chestwall

remodeling, but significant displacement of the heart and cardiac lobe. Mean displacement of the

cardiac lobe centroid was 5.2±0.8mm. Lung impedance measurements were used to investigate the

associated changes in respiratory mechanics. Quasi-static pressure-volume loops demonstrated

progressive increase in volumes with decreased distensibility. Measures of quasi-static compliance

and elastance were increased at all time points post pneumonectomy (p < 0.01). Oscillatory

mechanics demonstrated a significant change in tissue impedance on the 3rd day after

pneumonectomy. The input impedance on day 3 after pneumonectomy demonstrated a significant

increase in tissue damping (5.8 versus 4.3 cmH2O/ml) and elastance (36.7 versus 26.6 cmH2O/ml)

when compared to controls. At all points, hysteresivity was unchanged (0.17). We conclude that

the timing and duration of the mechanical changes was consistent with a mechanical signal for

compensatory growth.

Introduction

Post-pneumonectomy lung growth is a dramatic example of adult tissue morphogenesis. In

many mammalian species, removal of one lung is associated with compensatory growth of
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the remaining lung to near-baseline levels. The growth of the remaining lung reflects not

simply an increase in alveolar size, but an increase in the number of alveoli [1]. The

consequences of this process have been well-documented [2]; but the mechanisms

controlling compensatory lung growth are unknown.

Although the potential importance of oxygen concentration [3], blood flow [4] and growth

factors [5] to post-pneumonectomy growth have been reported, “alveolar-capillary stretch”

[6] is generally considered the major factor controlling compensatory growth. The evidence

for mechanical stretch is based on several indirect observations. Foremost, a reproducible

experimental observation is that preventing stretch of the post-pneumonectomy lung by

packing of the residual intrathoracic space with inert material limits compensatory growth

[7-9]. Conversely, increasing the post-pneumonectomy stretch appears to increase

compensatory growth. Maneuvers such as increasing the amount of lung resected (right lung

versus left lung) [10], expanding the size of the chestwall with low atmospheric pressure [7]

and in vitro overexpansion of the isolated perfused lung [11] produce responses consistent

with enhanced growth. In addition, lung growth preferentially occurs in the cardiac lobe and

in subpleural regions of the cardiac lobe—a spatial dependency consistent with stretch [12].

Recent studies of post-pneumonectomy lung cells [12], including endothelial cells [13, 14]

and alveolar macrophages [15], have demonstrated an unexpected transcriptional time

course; that is, gene transcription and cell proliferation that are minimal at 3 days, but peak 6

to 7 days after pneumonectomy. Distinct from the stretch responses studied in vitro—

typically detected within hours of the stretch signal—these results indicate that post-

pneumonectomy mechanics may not be optimally characterized as an immediate one-time

stretch signal, but rather as dynamic anatomical and mechanical adaptations to the post-

pneumonectomy thorax that occur over days to weeks.

The observations of post-pneumonectomy lung cell populations predict that relevant

anatomic and mechanical changes occur within days of pneumonectomy—prior to the

maximal transcriptional and proliferative response. To test this prediction, we investigated

the anatomic changes and tissue mechanics during post-pneumonectomy lung growth by

obtaining serial microCT scans and measuring respiratory system impedance. For

mechanical forces to be causally implicated in compensatory lung growth, we anticipated

that peripheral mechanical changes would be detectable prior to and resolve with

compensatory growth.

Methods

Mice

8 to 12 week old C57/B6 mice (Jackson Laboratory, Bar Harbor, ME, USA), 22 to 30gm,

were used in all experiments. The care of the animals was consistent with guidelines of the

American Association for Accreditation of Laboratory Animal Care (Bethesda, MD, USA)

with the protocol reviewed and approved by the Harvard Medical School Institutional

Animal Care and Use Committee.
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Anesthesia and intubation

The animals were anesthetized with an intraperitoneal injection of Ketamine 100 mg/kg

(Fort Dodge Animal Health, Fort Dodge, IA, USA) and Xylazine 6 mg/kg (Phoenix

Scientific, Inc., St. Joseph, MO). The animals were intubated under direct visualization with

a standard 20g Angiocatheter (pneumonectomy) or 18g Angiocatheter (forced oscillation

measurements)(BD Insyte, Sandy, UT, USA) using a thin metal stylus, and transferred to a

FlexiVent rodent ventilator (SCIREQ, Montreal, QC Canada). Ventilator rates of 200/

minute, tidal volume of 10 ml/kg with positive end-expiratory pressures of 3 cmH2O and a

pressure limit of 30 cmH2O were used.

Pneumonectomy

In all mice, the left lung was exposed with a 5th intercostal space thoracotomy and the hilum

ligated with a 5-0 silk tie (Ethicon, Somerville, NJ, USA)[16]. The left lung was excised

distal to the tie. For sham operated controls, the thoracotomy was created but the left lung

left in situ. A recruitment maneuver (named “TLC” by SCIREQ), consisting of a 3 sec ramp

to 30 cmH2O follwed by a 3 sec hold, was performed while closing the thoracotomy. The

animals were removed from the ventilator and extubated upon recovery of spontaneous

respirations. The animals were recovered with supplemental oxygen and external warming;

Subcutaneous Buprenorphine 2.4 μg (Hospira Inc., Lake Forest, IL, USA) was administered

twice daily for 48 hours. There were no perioperative (post-pneumonectomy) deaths.

Pulmonary Mechanics

Prior to all measurements, the pressure transducers and ventilator tubing of the FlexiVent

(SCIREQ) were calibrated by the two collected-point method. The volume and resistance of

the endotracheal tube were calibrated with open and closed measurements. After intubation,

mice were transferred to the FlexiVent system (SCIREQ) for pulmonary mechanics studies.

Pulmonary mechanics on individual mice were measured immediately post-pneumonectomy

and on days 3, 7, 14 and 21 post-procedure. The post-pneumonectomy mechanics were

performed as a terminal procedure. The animals were hyperventilated at a rate of 300/minute

and allowed to remove spontaneous respiratory drive and allowed to acclimate to the

ventilator for two minutes before standardization of the volume history with 3 consecutive

recruitment maneuvers (“TLC” by SCIREQ). Two maneuvers were performed. First,

ventilation was briefly stopped and the animal passively exhaled to functional residual

capacity (FRC); an 8 second multifrequency (0.5-19.5 Hz) oscillatory signal (Prime-8 by

SCIREQ) was delivered with ventilation resumed at the completion of the maneuver.

Second, dynamically determined pressure volume loops (PV-P by SCIREQ) were created by

an 8-second steady inflation ramp to 30 cmH2O, starting from a positive end-expiratory

pressure (PEEP) of 3 cmH2O, with an 8-second deflation. The PEEP of 3 cmH2O was used

to maintain lung volumes [16].

Input impedance model

Respiratory system impedance (Zrs) includes the components representing the lung (ZL) and

chest wall (Zw) [17]. Preliminary experiments demonstrated that the chest wall (Zw)

contributed less than 15% to absolute impedance measurements and did not influence the
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time course or reproducibility of the observed mechanical changes in the lung. The constant

phase model [18] was fitted to the input impedance to derive Newtonian resistance (Rn),

tissue damping (G), tissue elastance (H) and hysteresivity (η) as described below:

Zrs = Rn + jωI + (G –iH) / ωα where α = (2 / π)tan-1 (1 / η) and η = G / H

In this study, measurements were obtained at low frequencies and FRC; therefore, inertance

(I) was negligible. A minimum of three measures were taken per animal with measurements

accepted at a minimum coefficient of determination (COD) of 0.89; consistently high COD

suggested input impedance with a high signal to noise ratio.

CT scanning

Prior to all imaging sessions, the CT scanner (GE explore VISTA, GE Healthcare,

Waukesha, WI, USA) was set to a potential of 40kV and a current of 140uA. The animal

was anesthetized in a chamber of 3% isofluorane and intubated with a 20g Angiocatheter. A

volume controlled ventilator with the settings of 500ul tidal volume, 80/min respiratory rate

and 0 PEEP was attached, and anesthesia maintained with 1.5% isofluorane. Cranial and

caudal endpoints were defined, and the animal imaged at 4 shots per gantry turn at standard

resolution (120um/slice). Upon completion of imaging, the animal was recovered in a

warmed cage and studied on days 0, 3. 7, 14 and 21 post pneumonectomy.

Morphometry

The microCT images were archived as DICOM files and imported into MetaMorph 7.7

(Molecular Devices, Brandywine, PA, USA). After X, Y and Z axis distance calibration, the

image planes were analyzed by MetaMorph to provide three-dimensional structural

information. The View Orthogonal Planes command allowed examination of cross sectional

slices through the image volume in the XY, XZ, and YZ planes [19]. The command

permitted the use of sliders to select the X, Y, and Z coordinates of the active pixel location

as it was displayed in each image window. The command was also used simultaneously with

the Measure XYZ Distance command to draw wireframe lines to follow anatomic objects

through multiple planes of the stack. The lines were viewed as an overlay on both the

original stack and on the orthogonal plane stacks. XYZ coordinates were also exported for

quantitative analysis.

Topographic mapping

After routine distance calibration, the microCT image stacks were separately processed for

the heart, cardiac lobe, mediastinum and chestwall. For the heart, cardiac lobe and chestwall,

axial microCT images at the T8-T9 intervertebral space were exported and recombined as a

time series image stack in MetaMorph 7.7 (Molecular Devices). For the mediastinum, the

image stack was processed using the MetaMorph Stack Arithmetic Minimum function. The

stack minimum image, reflecting the carina and mainstem bronchi, was exported and

recombined as a times series image stack. In each case, the region of interest was

thresholded, binarized and the time series recombined using the Topographic Surface

command.

Gibney et al. Page 4

Exp Lung Res. Author manuscript; available in PMC 2014 May 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Statistical analysis

Data analysis was performed using XLstat (Addinsoft, New York, NY, USA) add-in for

Microsoft Excel. Results are reported as mean +/- one standard deviation (SD) unless

otherwise noted. Statistical significance was determined using analysis of variance

(ANOVA) with a p-value of 0.05. Pairwise comparisons were performed as needed using

Tukey's test.

Results

Structural adaptations

To investigate the structural adaptations of the mouse thorax post-pneumonectomy, serial

microCT imaging was performed (Figure 1). Analysis of the microCT scans demonstrated

an ex vacuo pneumothorax detectable immediately post-operation (Figure 1B, arrow), but

there was no residual air demonstrable by post-operative day 3. Morphometry of the cardiac

silhouette demonstrated initial cardiac enlargement (axis length 8.1±0.3mm day 0 versus

7.3±0.2mm control), then shift of the heart into the left hemithorax (Figure 2A). The most

striking change in pulmonary anatomy was a shift of the cardiac lobe into the left

hemithorax; mean displacement of the lobar centroid was 5.2±0.8mm (Figure 2B). In

contrast, there was minimal displacement of the trachea or carina (range 0-3 mm) at any

point post-operation (Figure 2C). Similarly, the postoperative chestwall configuration was

similar to the control mice with no consistent asymmetries (Figure 2D).

Lung volume changes

Based on microCT images, volumetric reconstructions demonstrated an initial decline in

total lung volumes followed by progressive enlargement of the remaining lung (Figure 3A).

Comparison of the no surgery age-matched controls and post-pneumonectomy day 21 mice

demonstrated no significant difference in total lung volumes (Figure 3B; p>.05). To

determine the coincident mechanical changes, the pressure (P)-volume (V) relationship of

the post-pneumonectomy lung was studied. Quasi-static deflation lung P-V curves

demonstrated a comparable shape at 4 time points after pneumonectomy (Figure 3C).

Additionally, the volume of the compensatory lung on day 21 was not statistically different

from the control volume of control lungs at 30 cmH2O distending pressure (Figure 3D).

Despite the similarity of the P-V curves, measures of quasi-static compliance (decreased)

and elastance (increased) were significantly changed at all time points post-pneumonectomy

(p < 0.01)(Figure 4A). These measures peaked on day 3 (0.065 cmH2O/ml and 15.33

ml/cmH2O). Lung distensibility, a reflection of specific compliance, peaked on day 3 and

normalized to prepneumonectomy levels by day 7 (Figure 4B).

Pressure-flow response

To identify a characteristic frequency dependence produced by parenchymal lung growth,

the lungs of post-pneumonectomy mice were probed using the forced oscillation technique.

At frequencies below 5 Hz, a significant difference in the flow resistive properties of the

respiratory system was noted on day 3 after pneumonectomy (p<.05); no difference was

identified between control and pneumonectomy mice at other time points (Figure 5). At
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frequencies above 5 Hz, there was no significant difference between pneumonectomy and

control mice at any time point.

Constant-phase model

Fitting the constant phase model to respiratory system impedance data produced measures of

Newtonian resistance (Rn), tissue damping (G), elastance (H), and hysteresivity (η)(Figure

6). Newtonian resistance peaked immediately post-procedure (0.35 cmH2O.s/ml) and

rapidly returned to baseline levels by day 3 after pneumonectomy (0.25 cmH2O.s/ml).

Tissue damping and elastance remained elevated on day 3 (5.8 and 32.7 cmH2O/ml), and

returned to baseline by day 7 (4.5 and 27.9 cmH2O/ml, p <0.05). Hysteresivity was

unchanged at all time points (mean = 0.17). For all parameters, there was no significant

difference between no surgery mice and sham thoracotomy controls (p>.05; N=4; day 3).

Discussion

In this report, we investigated the mechanostructural changes during murine post-

pneumonectomy lung growth. Our studies demonstrated 1) significant displacement of the

heart and cardiac lobe within 3 days of surgery, and 2) coincident changes in peripheral lung

mechanics. The changes in both the anatomic configuration of the thorax and the impedance

measurements within the lung preceded the previously described peaks in growth-associated

gene transcription [13, 15]. Further, the peripheral mechanical changes in the lung resolved

with compensatory growth. We conclude that the timing and duration of the mechanical

changes was consistent with a mechanical signal for compensatory growth.

The gross anatomic changes after left pneumonectomy provided insight into the structural

mechanics of the mouse thorax. In the normal mouse, the reproducibility of thoracic

anatomy indicates a mechanostructural equilibrium. The significant displacement of the

heart and cardiac lobe within days of surgery suggests that this stable structural system was

destabilized by pneumonectomy. A new structural equilibrium was subsequently established

after anatomic realignment. Of note, the cardiac lobe was the portion of the lung with the

greatest displacement; it is also the lobe of the lung with the greatest demonstrable post-

pneumonectomy increase in angiogenesis [12], volume [4, 20-22], weight [23] and cell

proliferative activity [21, 24, 25]. Since structural hierarchies channel mechanical forces

from the macroscale to microscale, it is likely that the post-pneumonectomy mechanical

instabilities were transmitted down to the level of lung cells. Work in cellular signal

transduction suggests that these mechanical signals may contribute to the trigger for cellular

proliferation and tissue remodeling [26].

The impact of pneumonectomy was reflected in our measurements of lung tissue impedance;

namely, our measurements of tissue damping (G) and elastance (H). A measure of the in-

phase pressure losses across the lung tissue, tissue resistance has been thought to reflect

frictional losses occurring at an elemental level; that is, at a level coupling energy

dissipation and elastic behavior [27]. The mechanism responsible for this structural damping

is unclear, but likely reflects components intimately involved in tissue regeneration

including proliferating cells, extracellular connective tissue and the alveolar air-liquid

interface [28, 29]. Consistent with this interpretation, our data demonstrated a significant

Gibney et al. Page 6

Exp Lung Res. Author manuscript; available in PMC 2014 May 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



change in tissue damping coincident with the maximal growth phase; that is, the phase of

lung growth associated with cellular proliferation and gene transcription [12-14]. We

speculate that the return to baseline G and H was a reflection of neoalveolarization.

The interpretation that changes in tissue impedance may reflect neoalveolarization is also

supported by observations in developing rat lungs. Respiratory mechanics in neonatal rats

have demonstrated a significant decrease in tissue damping and elastance from postnatal

days 10 to 16. These changes temporally coincide with alveolarization and the thinning of

alveolar septae [30]. Similarly, an association of tissue resistance with alveolar wall

thickness is consistent with observations in pathologic conditions [31, 32]. Finally, a

prediction based on the dominance of damping and elastance measures at TLC is that tissue

damping (G) should increase if volume changes were due to alveolar hyperinflation without

tissue growth [33]; the observed decrease in tissue damping is further mechanical evidence

for lung growth.

Previous attempts to characterize the anatomy and respiratory mechanics after

pneumonectomy in animal models have focused on the functional consequences of

compensatory growth. Consistent with our findings, previous studies have demonstrated that

anatomic volume of the remaining lung at the completion of compensatory growth

approximated baseline lung volumes [2]. Also consistent with the present work, studies of

mechanical deformation of the lung during inspiration and expiration have approximated

normal. For example, pressure-volume curves appeared normal when volume was expressed

as a percentage of maximal lung volumes [34, 35]. Despite the normal shape of the flow-

volume curve and retained elastic recoil, the lung volume at any given distending pressures

is consistently lower in pneumonectomized rats than in the two lungs of control rats [34, 35].

Perhaps reflecting a growth-related change in the conducting airways, decreased maximal

expiratory flow rates have been noted post-pneumonectomy [36-39]. The reduced maximal

flow rates appear to be related to both increased upstream resistance and abnormal central

airway mechanics [39].

Despite the detectable mechanical changes in the remaining lung after left pneumonectomy,

our study has a number of limitations. From a methodologic viewpoint, our studies were

performed with the chest wall intact. Although we used hyperventilation and sedation to

minimize the contribution of the chest wall, the potential contribution of the chest wall will

need to be studied in future work. Similarly, the use of plastic (not metal) cannulae and a

single level of PEEP (3 cmH2O) are methodologic choices that may benefit from separate

study. From a biologic viewpoint, our manipulation was limited to left pneumonectomy. We

did not separately manipulate the potential components of lung impedance; namely, the

amount of lung tissue and pulmonary blood flow. Based on this study and prior work [40],

we anticipate that lung volume and blood volume will have reciprocal influences on tissue

resistance.

Finally, an intriguing observation was the relative stability of hysteresivity (η) during the

process of presumed neoalveolarization. Hysteresivity, an empirically determined variable

that quantifies the dependence of energy dissipative processes on elastic processes, would

reasonably change with the changing composition of the peripheral lung. Cell proliferation
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and extracellular matrix biosynthesis would likely change this energy relationship.

Similarly, the development of alveolar form—the spatial relationship of these materials—

would likely change the mechanical interaction among those materials. Despite these

predictions, the relationship of energy dissipation to energy storage as measured by η did

not change during the compensatory growth phase. An interesting possibility is that tissue

growth proceeds with hysteretic matching; that is, the rate and locality of cell proliferation

and matrix production is tied to the elastic actions of a particular region of the lung. This

possibility suggests a mechanistic link, perhaps reflecting feedback control, between the

trigger for and the consequences of lung growth.
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FRC functional residual capacity

G tissue damping
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RM recruitment maneuver
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Figure 1.
Thorax anatomy after left pneumonectomy. Representative microCT scans obtained pre-

pneumonectomy (A) as well as 3 hours (B), 3 days (C), 7 days (D), 14 days (E) and 21 days

(F) post-pneumonectomy (B), The transverse axial images were obtained at the level of the

T9 vertebral body. The post-pneumonectomy space (single arrow) was replaced by the

cardiac lobe (double arrow).
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Figure 2.
Anatomic changes in the murine thorax after left pneumonectomy. Transverse axial

microCT images analyzed on nonsurgical age-matched mice (Control), 3 hours after surgery

(Day 0), and on days 3, 7, 14, and 21 days after left pneumonectomy. XY axis was oriented

on the anatomic centroid of the animal in the transverse plane. A) Cardiac silhouette

measured at T9 was thresholded and perimeter outlined; the enlarged silhouette reflects Day

0 (arrow). B) Mediastinum was assessed by mainstem bronchial airway orientation in the

transverse plane. The cross-section of the cardiac lobe was outlined at the level of the T8-T9

vertebral body. D) The chest wall contour was thresholded at the level of the T8-T9

vertebral body. Representative CT scans of 3-4 mice at each time point are shown.
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Figure 3.
Lung volumes after pneumonectomy. A) Lung volumes calculated using 3D reconstructions

of microCT images (120um/pixel resolution) with volume averaging over 120um intervals.

The images were obtained with positive pressure ventilation at 14ul/gm (N=3-4 mice per

data point). B) Comparison of lung volumes of control mice (2 lungs, left) and post-

pneumonectomy day 21 mice (1 lung, right)(N=3-4 mice per data point). C) Quasi-static

deflation limbs of the pressure volume loop post-pneumonectomy; lung volumes were

normalized to mouse body weight (Volume Index). Lung volumes were compared prior to

surgery (Control), immediately after surgery (Day 0)(N=8), as well as on days 3, 7, 14, and

21 after pneumonectomy (N=8-14 at each time point). D) Comparison of lung volumes of

control mice (2 lungs, left) and post-pneumonectomy day 21 mice (1 lung, right). Values

reflect FlexiVent delivered volumes at 30cmH2O distending pressure normalized to body

weight (Maximum Vital Capacity Index). The data was plotted with the box defining the

25th and 75th percentiles with the whiskers defining the 5th and 95th percentile. The median

value was plotted as a red cross (p=0.39).
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Figure 4.
The shapes of the pressure volume loops were used to derive A) quasi-static compliance

(Cst), and B) quasi-static elastance (Est) data. Each data point reflects the mean volume of

one mouse; error bars reflect 1 SD.
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Figure 5.
Impedance measurements of the respiratory system. Forced oscillation measurements were

obtained in control mice and 3, 7, 14 and 21 days post-pneumonectomy. Total respiratory

system resistance (Rrs)(A, real part) and reactance (Xrs)(B, imaginary part) are displayed in

the frequency domain. Representative values are shown.
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