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First published August 29, 2013; doi:10.1152/japplphysiol.00635.2013.—In
many mammalian species, the removal of one lung [pneumonec-
tomy (PNX)] is associated with the compensatory growth of the
remaining lung. To investigate the hypothesis that parenchymal
deformation may trigger lung regeneration, we used respiratory-
gated micro-computed tomography scanning to create three-
dimensional finite-element geometric models of the murine cardiac
lobe with cyclic breathing. Models were constructed of respiratory-
gated micro-computed tomography scans pre-PNX and 24 h post-
PNX. The computational models demonstrated that the maximum
stretch ratio map was patchy and heterogeneous, particularly in
subpleural, juxta-diaphragmatic, and cephalad regions of the lobe. In
these parenchymal regions, the material line segments at peak inspi-
ration were frequently two- to fourfold greater after PNX; some
regions of the post-PNX cardiac lobe demonstrated parenchymal
compression at peak inspiration. Similarly, analyses of parenchymal
maximum shear strain demonstrated heterogeneous regions of me-
chanical stress with focal regions demonstrating a threefold increase
in shear strain after PNX. Consistent with previously identified growth
patterns, these subpleural regions of enhanced stretch and shear strain
are compatible with a mechanical signal, likely involving cyclic
parenchymal stretch, triggering lung growth.

finite element; lung; image registration; regeneration; pneumonec-
tomy

THE SHAPE OF THE LUNG, REFLECTING the elastic properties of
alveolar septae and transpleural pressures, is relevant to both
normal respiratory function and lung regeneration. During
normal tidal breathing, the lung demonstrates relative shape
stability and geometric similarity (19); that is, the shape of the
lung remains relatively constant, despite a change in lung
volume. Computational modeling during normal breathing has
largely focused on the mapping of lung motion relevant to the
targeting of radiation therapy for lung tumors (1, 22).

In contrast, there is a fundamental change in the shape of the
lung, independent of tidal ventilation, after the surgical re-
moval of lung tissue. In rodents, micro-computed tomography
(CT) imaging after the removal of the left lung [pneumonec-
tomy (PNX)] has suggested a significant change in the shape of
the remaining right lung (8) and heterogeneity in parenchymal
deformation when assessed at static midthoracic (20 cmH2O)
lung volumes (4). Analyses of the remaining lung, and the

cardiac lobe in particular, have demonstrated significant in-
creases in volume, weight, and cell number (3, 15, 16). Based
on midthoracic lung volumes, regions of cell proliferation and
angiogenesis correlated with areas of maximal deformation.
These data, together with others (23, 24), suggest the impor-
tance of parenchymal stretch as a high-level regulator of lung
growth; however, the deformational changes with tidal venti-
lation in the remaining lung after PNX are not known.

In this report, we used respiratory-gated micro-CT scanning
to create finite-element models of the murine cardiac lobe
during post-PNX tidal ventilation. We characterized the defor-
mation of the post-PNX lung with an iterative nonrigid spatial
transformation. Our finite-element models were used to map
cyclic lobar deformation and predict regions of regenerative
growth within the murine cardiac lobe.

METHODS

Mice. C57/B6 mice (Jackson Laboratory, Bar Harbor, ME), 30–35
g (N � 40), were used in all experiments. The care of the animals was
consistent with guidelines of the American Association for Accredi-
tation of Laboratory Animal Care (Bethesda, MD) with the protocol
reviewed and approved by the Harvard Medical School Institutional
Animal Care and Use Committee.

Orotracheal intubation and ventilation. Orotracheal intubation was
performed with the animal suspended by the incisors and the tongue
gently retracted anteriorly. A 20-G angiocatheter (BD Insyte, Sandy,
UT) was passed between the vocal cords under direct illumination.
Anesthesia for orotracheal intubation was a mixture of 100 mg/kg
ketamine (Fort Dodge Animal Health) and 0.6 mg/kg xylazine (Phoe-
nix Scientific, St. Joseph, MO) administered intraperitoneally. For
subsequent CT imaging, pressure-controlled ventilation was used with
0.5% isofluorane and a rate of 50 beats/min. Oxygen saturation
monitoring and ambient temperature monitoring were performed as
previously described (8, 9).

PNX. Mice were intubated with a 20-G angiocatheter (BD Insyte,
Sandy, UT) and ventilated with a Flexivent rodent ventilator (SciReq,
Montreal, QC, Canada) using standard settings of 200 beats/min, 10
ml/kg, a pressure limit of 30 cmH2O, and a positive end-expiratory
pressure of 3 cmH2O (9). A left thoracotomy was performed through
the fifth intercostal space, the hilum ligated with a 6–0 silk tie
(Ethicon, Somerville, NJ), and the lung sharply excised distal to the
ligature. A recruitment maneuver was performed to recruit the con-
tralateral lung and medialize the mediastinum as the thoracotomy was
closed. The mouse was extubated and transferred to a warmed cage
until it recovered from the anesthesia. Postoperative pulmonary func-
tion studies have demonstrated variability, but no significant differ-
ence between PNX and control mice within 24 h of surgery (25).

CT scanning. Before all imaging sessions, the CT scanner (eXplore
CT 120 micro-CT, GE Healthcare, Waukesha, WI) was set to a
potential of 40 kV and a current of 140 �A. Cranial and caudal end
points were defined, and the animal imaged at resolutions from 50 to
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120 �m/slice. Respiratory gating was obtained prospectively. Respi-
ratory gating was achieved by incorporating the “respiratory pillow”
transducer into the ventilator circuit. Complete thoracic images were
obtained within 15 min; typical image stacks were 525 images. For
mice, the reconstructed images were assumed to be isotropic; the
voxel size of the CT images were isotropic in the X-, Y- and Z-axes.
After reconstruction, the scans were evaluated for 1) technical ade-
quacy, 2) cardiac lobe displacement, and 3) cardiac lobe deformation.
Based on these criteria, a modal scan was selected for finite-element
modeling. The serial DICOM (digital imaging and communication in
medicine) images of the representative animal from each group were
exported for use in custom finite-element software previously de-
scribed (5, 12).

Morphometric measurements. The micro-CT images were archived
as DICOM files and imported into MetaMorph 7.7 (Molecular De-
vices, Downingtown, PA) software, as previously described (8). After
routine distance calibration, the micro-CT image stacks were analyzed
using the MetaMorph integrated morphometry application. The api-
cal-basilar distance was measured in coronal and parasagittal projec-
tions using an orthogonal transept line drawn from the apex of each
hemithorax. The axial transverse projections were measured in the
lateral and anteroposterior dimensions at the T8-T9 vertebral body (8).

Geometric model. We used a detailed image algorithm based on the
three-dimensional (3D) image reconstruction of the cardiac lobe both
pre- and post-PNX (4). The 3D image model was created by combin-
ing the 525 sequential two-dimensional (2D) segmented images (each
564 � 444 pixels) into one matrix image file (see Fig. 4). Using the
matrix file, the boundary surface of the 3D mesh was constructed
based on the marching cubes algorithm (5). The surface was idealized
using a standard Laplacian smoothing algorithm and surface cleaning.
Using a connectivity analysis previously described (21), the cardiac
lobe was isolated from the rest of the lung (Fig. 5). The resulting
geometric models, typically about 84,564 3D eight-node finite ele-
ments using unstructured discretization, provided a faithful reproduc-
tion of the cardiac lobe observed in vivo. The central axis of the
cardiac lobe airway, branching from the right mainstem bronchus, was
used as a reference point for translation and a reference axis for
rotation calculations. The registration of pre- and post-PNX lung
images was approached using a nonrigid spatial transformation with
iterative steps, as previously described (4).

Numerical procedure. To examine the effects of PNX on the tissues
during tidal ventilation, we considered the lung at the peak expiration
(minimum volume) as the un-deformed configuration and at the peak
inspiration (maximum volume) as the most deformed configuration.
Specifically, the effects of tidal ventilation on the configuration of the
cardiac lobe was compared between pre- and post-PNX mice; n � 20
mice in each group. After CT reconstruction, a modal image was
selected. The finite-element models were based on a single case to
ensure internal consistency. The following numerical procedure (also
see Fig. 1) was performed using an Intel Core 2 Duo CPU E8500 at
3.16 GHz; CPU time was �4 h for each run.

Step 1: Using image registration analysis previously described
(4), achieve a 1:1 material point correspondence between the
configurations at peak expiration and peak inspiration based on
�40 landmarks (4).

Step 2: Based on the results of step 1, discretize the peak expiration
and peak inspiration surface configurations.

Step 3: Determine total displacement1 field of the surface from the
two surface finite-element meshes.

Step 4: Fill the interior, bound by the surface configuration, with
elastic material (see Young’s modulus and Poisson’s ratio below) and
discretize the interior.

Step 5: Setting a large number (N) of steps, determine the inter-
mediate surface configuration by linearly interpolating displacement
vector between the initial (i � 0) and final positions (i � N) for
surface nodes.

Step 6: Check whether N is large enough to achieving equilibrium
convergence. If “not”, increase N and repeat step 5. If “yes”, go to the
next step.

Step 7: Iterate i � 0 (peak expiration) to i � N (peak inspiration),
with N steps to obtain the intermediate configuration. Perform “prin-
cipal stretch analysis” and “shear strain analysis” and record the
results at every intermediate configuration (see Fig. 6).

Step 8: At i � N (at the peak inspiration), the protocol is completed.
Young’s modulus and Poisson’s ratio. Based on the available data,

the material properties of the lung tissue were treated as an elastic
material described by Young’s modulus (E) and Poisson’s ratio (�). E,
characterizing the stiffness of an elastic material, was assumed to be
�25 kPa (6); our laboratory has used this value previously (13, 14, 17,
18). To validate the use of this value for our study, we ensured that our
results were consistent over a 100-fold variation in E.

The � of our lung tissue sample was determined by linear interpo-
lation of the lung volume. First, at each iteration, we calculated mean
stress ( ��k) for each material point (k)

��k �
�xx � �yy � �zz

3

Then we defined the �� for the whole cardiac lobe at each iteration by
summing all ��k and dividing by the number of material points (n)

�� �
�
k�1

n

��k

n

Based on linear interpolation of the lung volume, the � during that
intermediate iteration was determined as,

�i � 0.5 �

E · �Vinterm

Vinitial
� 1�

6 · ��

where Vinitial and Vinterm denote the initial and the intermediate
volume of the lobe, respectively. An incremental displacement was
performed until the cardiac lobe volume became the final lobe vol-
ume.

In our calculation, the initial value of � (0.3) converged to a value
of 0.25 at the final value lobe volume.

Principal stretch analysis. At each material point (material is
considered isotropic), the strain2 tensor εij, i,j � 1, 2, 3, was calcu-
lated, and the principal values and the principal vectors were obtained
by solving the following eigenvalue problem,

1 Displacements represent change of position in space of each material
point.

2 Strains (normal and shear) are generally used to describe material defor-
mation. Normal strain is given as the ratio of the increment of an elementary
material line segment (of infinitesimal length) with respect to its original
length. Taken for all directions, normal strains provide a measure of
material elongation or compression. In contrast, shear strain is a measure of
material distortion, i.e., relative rotation of elementary material segments at
a material point. Since number of line segments at a point is infinitely large
(for the entire 360°), a coordinate system is used, and strains refer to the
segments along the coordinate directions. Strain is mathematically expressed
by six values, among which three are normal and three are shear components;
these components form a quantity called strain tensor. With these components,
calculated by using deformation gradients, it is possible to determine normal
strain for any direction and shear strain within any plane in space, at a
considered material point.
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where Ei denoted the principal strain, and xi
p (i � 1, 2, 3) were the

principal axes (see Fig. 6). The Green-Lagrange strains (7) were used
in our analysis, and the principal stretches were calculated as �i �

�2Ei�1 (i � 1, 2, 3).
Maximum shear analysis. Using the Mohr’s circle analysis for

strain, the value of the maximum shear strain (�max) was obtained as,

�max � E1 � E3

Note here, we assume �1 	 �2 	 �3 without loss of generality.

RESULTS

Both pre- and post-PNX mice were imaged by respiratory-
gated micro-CT (Fig. 2). In pre-PNX mice, tidal ventilation
was associated with both diaphragmatic and chest wall excur-
sion (Fig. 3).

In post-PNX mice, there was a significant shift of the cardiac
lobe into the left hemithorax (Fig. 4).

The micro-CT scans were used to construct 3D geometric
finite-element models of the pre-PNX and post-PNX cardiac

Fig. 1. Flowchart of numerical procedure.

Fig. 2. Representative tracing of phased-based respiratory gating obtained with an
eXplore CT 120 micro-computed tomography (CT) scanner. The mice were
ventilated with a FlexiVent (SciReq) rodent ventilator at 50 breaths/min and a 1:2
inspiratory-to-expiratory ratio. The micro-CT images were obtained at end expi-
ration and end inspiration (arrows). Dots in the SAM-PC software (Small Animal
Instruments, Stony Brook, NY) reflected 200-ms intervals in the horizontal axis.
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lobe at peak inspiration and peak expiration (Fig. 5). The
changes in the shape of the cardiac lobe (i.e., deformation3)
were mathematically expressed as second-order strain tensors
(εij, i,j � 1, 2, 3) at each of 88,548 material points; the strain
tensor was decomposed into normal (diagonal part) and shear
(off-diagonal part) components. By solving the eigenvalue
problem (see METHODS), we diagonalized the strain tensor and
expressed it as principal strains, Ei (i � 1, 2, 3), along the
direction of three orthogonal principal axes, xi

p (i � 1, 2, 3),
where shear strain is zero, as well as the �max (Fig. 6).

To determine the effect of PNX on the principal stretch4,

�i � (�2Ei�1) (i � 1, 2, 3), the maximum stretch ratio
(�max) was mapped at peak inspiration (Fig. 7). In both pre-
PNX and post-PNX models, the �max map was patchy and
heterogeneous, particularly in subpleural, juxta-diaphragmatic,
and cephalad regions of the lobe (Figs. 7 and 8). In these
parenchymal regions, the material line segments at peak inspi-
ration were frequently more than twofold the length of the
same line segments at peak expiration (Fig. 8). Importantly, the

3 Deformation is due to relative displacements. To quantify material defor-
mation, strains and stretches are used as the mechanical measures of defor-
mation. Strain and stretch depend on the gradient of displacements, mathe-
matically expressed by derivatives of displacements with respect to the
coordinates of the material points.

4 Stretch represents the ratio of length of a material line segment in the
deformed state, with respect to initial length in the un-deformed state. Stretch
can be used as a measure of deformation, particularly by calculating the
principal values. The principal stretches occur in directions that define princi-
pal planes where shear is equal to zero.

Fig. 3. Anatomic changes associated with tidal ventilation in the preoperative adult mice were obtained with coronal (A–C), parasagital (D–F), and axial
transverse (G–I) projections. The scans were obtained with an eXplore CT 120 micro-CT scanner. The mice were ventilated with a FlexiVent (SciReq) rodent
ventilator at 50 breaths/min and a 1:2 inspiratory-to-expiratory ratio. The DICOM files were exported and analyzed using Metamorph 7.7 (MDS) software. The
anatomic changes with tidal ventilation in 3 age-matched (30–35 g) mice, scanned with identical resolution, were compared by morphometry. The apical-basilar
distance was analyzed in coronal (C) and parasagittal (F) projections; the axial transverse projections (I) were compared in the lateral and anteroposterior
dimensions. Error bars � 1 SD; bar � 4 mm.
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post-PNX map was distinct from the pre-PNX map in both the
distribution and relative magnitude of stretch. In some focal
regions, the stretch of the post-PNX cardiac lobe was more
than fourfold greater at peak inspiration than at peak expiration
(�max � 4, shown in red). Notably, regions of the post-PNX
cardiac lobe, particularly in the central regions of the lobe,
showed little stretch during tidal ventilation. In some central
areas, the �max was less than 1 (�max 
 1; light blue and gray),
indicating that the post-PNX lung parenchyma was compressed
at peak inspiration (Figs. 7 and 8).

To determine the effect of PNX on the �max � E1 � E3

(where we assume �1 	 �2 	 �3), the shear strain of the
cardiac lobe was mapped pre- and post-PNX. Compared with
the preoperative map, cyclic ventilation after PNX resulted in
marked heterogeneous deformation of the cardiac lobe (Fig. 9).
Prominent regions reflecting mechanical stress5 were again
localized to the juxta-diaphragmatic and cephalad regions of
the lobe. Similar to the results of the principal stretch analysis,
the difference between subpleural and central regions of the
cardiac lobe was more pronounced after PNX (Fig. 10). In
some parenchymal regions of the post-PNX cardiac lobe,

cyclic ventilation was associated with a threefold increase in
shear strain.

DISCUSSION

In this report, we used respiratory-gated micro-CT imaging
to develop finite-element models of the pre- and post-PNX
murine lung. In particular, geometric models of the cardiac
lobe were used to demonstrate deformation with tidal ventila-
tion. 2D “maps” of the cardiac lobe deformation were strikingly
similar to regions of growth previously demonstrated by cell cycle
histology and corrosion cast scanning electron microscopy (15);
specifically, both deformation and growth occurred in discon-
tinuous or “patchy” subpleural regions of the cardiac lobe. The
spatial coincidence of parenchymal deformation and lung
growth in the cardiac lobe suggests that cyclic stretch is a
regulatory signal in lung regeneration.

Here, the principal finding was the significant heterogeneity
in stretch and shear strain associated with cyclic ventilation of
the cardiac lobe after PNX. Previous postoperative micro-CT
scanning demonstrated marked displacement and shape change
within 24 h of PNX (8); that is, the cardiac lobe was displaced
into the empty left hemithorax. The larger pleural cavity
allowed for greater volumetric expansion. In addition, the
cardiac lobe was uniquely juxtaposed to both diaphragms, a
finding qualitatively consistent with previous work (10, 24).

5 Stresses represent the measure of internal material forces. The relationship
between stresses and strains is specified as a constitutive law. The simplest is
an elastic constitutive law in which the relationships between stress and strain
components are linear.

Fig. 4. Three-dimensional (3D) reconstruc-
tions of the lungs and airways during inspi-
ration (A and B) and expiration (C and D)
based on respiratory-gated micro-CT imaging
with an eXplore CT 120 micro-CT scanner.
The preoperative lungs (A and C) were com-
pared with the remaining lung 24 h after left
pneumonectomy (PNX) (B and D). The car-
diac lobe was selectively pseudocolored red.
Note the significant displacement and in-
crease in size of the cardiac lobe post-PNX.
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With continued diaphragmatic function bilaterally, the cardiac
lobe was exposed to an altered mechanical milieu. This me-
chanical microenvironment may account for the increased
growth observed in the cardiac lobe (15). We anticipate that a
biological test of our computational predictions could be ob-
tained by spatial sampling techniques such as laser capture

microdissection. We are currently using laser capture micro-
dissection to evaluate the angiogenesis-related transcriptional
activity in the subpleural cardiac lobe.

We recognize that micro-CT images alone were insufficient
to perform viscoelastic dynamic analyses of lung mechanics.
Nonetheless, micro-CT images, obtained at two specifically

Fig. 5. Geometric models of the cardiac lobe
in a preoperative mouse (A and C) and a
mouse 24 h after left PNX (B and D). The
models demonstrate the shape and volume of
the cardiac lobe at peak inspiration (A and B)
and peak expiration (C and D).

Fig. 6. Principal stretch and maximum shear
strain (�max) analysis. At each material point
(x1, x2, x3), the strain tensor eij (i,j � 1, 2, 3),
was calculated. A: by solving the eigenvalue
problem, the principal stretch directions (x1

p,
x2

p, x3
p) and magnitude, �i � dLi/dL0i, i � 1, 2,

3, were determined; here dL0i and dLi are the
initial and current lengths, respectively, of
material line segments (�1 	 �2 	 �3 were
assumed). B: the �max was obtained based on
the Mohr’s circle analysis (7, 12). Mohr’s
circle for strain was plotted normal vs. shear
strains, and the principal values of the Green-
Lagrange strains were obtained as Ei �
1/2(�i

2 � 1), i � 1, 2, 3. Note that the shear strains
were equal to zero in the principal direction (i.e., on
the Normal strain axis of the Mohr’s circle). The
�max (equal to double tensorial shear strain) was
obtained graphically as �max � E1 � E3.
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designed time points (pre- and post-PNX), were sufficient to
achieve our main goal; namely, to qualitatively estimate the
effects of PNX on the changes in lung configuration during
tidal ventilation. Furthermore, our analysis of the lung config-
uration allowed the comparison of pre- and post-PNX mice,
providing a predictive map of stretch-related lung growth.

Importantly, our maps of cyclic stretch and shear strain were
based on three assumptions. First, we assumed that the surface

configuration of the lung at an “intermediate” stage between
expiration and inspiration could be linearly interpolated from
the lung surface configurations obtained at peak expiration and
inspiration. This assumption is likely to be valid because of the
relative geometric similarity of the lung at peak expiration and
peak inspiration. Second, we assumed that the lung at peak
expiration was the nonstressed condition. The deformation of a
nonstressed condition permitted the relative comparison be-

Fig. 7. Maximum principal stretch map of the cardiac lobe. Axial transverse and coronal sections of the cardiac lobe, analogous to histological sections, were
defined for distinct planes in the pre-PNX (A) and post-PNX (B) cardiac lobe. The relative stretch index (RSI) was defined as the ratio between the inspiratory
and expiratory length of each material line segment in the finite-element model (see METHODS). After PNX, regions of high stretch were observed in the
paramediastinal (	), juxta-diaphragmatic (□), and cephalad (
) subpleural regions of the cardiac lobe.

Fig. 8. Principal stretch of the pre-PNX and post-
PNX cardiac lobe at the peak inspiration relative to
the peak expiration. Transept regions of interest
were drawn across the lobar section in five lines
(A1–B1 to A5–B5). The relative stretch, plotted as a
function of distance, is shown for the pre-PNX
(gray) and post-PNX (black) models. Stretch in the
subpleural regions was consistently greater than in
the center of the cardiac lobe.
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tween inspiration and expiration of pre- and post-PNX lungs.
Finally, we assumed that the lung could be treated as a
homogeneous elastic material with E of 25 kPa (6) and � of
0.25, ignoring the potential nonlinearities of the lung micro-
structure. Our laboratory has successfully used Fukaya’s value
previously as a first estimate of the lung’s material properties
(11, 14, 17, 18). The � of our lung tissue sample was calculated
based on the experimental data obtained by CT imaging.

Cyclic stretch provides an additional mechanical dimension
to the structural realignment and regeneration of the lung after
PNX. In previous work, our laboratory has demonstrated that
the post-PNX cardiac lobe is stretched and deformed as it is
displaced into the left hemithorax (4, 8). Superimposed on this
underlying parenchymal distortion is the cyclic stretch associ-
ated with tidal ventilation. We suspect that the cumulative
effect of cyclic stretch and strain in this setting is a proscription

Fig. 9. �max map of the cardiac lobe. Axial transverse and coronal sections of the cardiac lobe, analogous to histological sections, were defined for distinct planes
in the pre- (A) and post-PNX (B) cardiac lobe. The relative shear strain index (RSRI) is defined as E1–E3 (see METHODS). After PNX, regions of high strain were
observed in the paramediastinal (	), juxta-diaphragmatic (□), and cephalad (
) subpleural regions of the cardiac lobe.

Fig. 10. �max of the pre-PNX and post-PNX cardiac lobe
at the peak inspiration relative to the peak expiration.
Transept regions of interest were drawn across the lobar
section in five lines (A1-B1 to A5-B5). The �max, plotted
as a function of distance, is shown for the pre-PNX
(gray) and post-PNX (black) models. Shear strain in the
subpleural regions was consistently greater than in the
center of the cardiac lobe.
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for tissue injury, analogous to the notion of material “fatigue”
in solid mechanics. The absence of histological evidence of
injury in the post-PNX lung (2) likely reflects the active repair
and regeneration in these regions of the lung. This predicted
response suggests that 1) stretch and strain is a participant in,
if not controlling signal for, lung repair; and 2) the regions of
stretch and strain defined in this work provide predictive maps
of lung growth. Furthermore, we speculate that the cumulative
effect of cyclic stretch superimposed on distorted parenchyma
likely participates in the lung injury associated with mechani-
cal ventilation (20).

In summary, we used micro-CT imaging and finite-element
modeling of the remaining lung after left PNX to demonstrate
significant change in the shape, stretch, and shear strain of the
cardiac lobe. Stretch and shear strain of the cardiac lobe was
heterogeneous, but concentrated in the subpleural regions of
the lobe. Based on the spatial distribution of stretch and shear
strain in post-PNX mice, we speculate that parenchymal de-
formation is a controlling element in regenerative lung growth.
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