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The study of lung mechanics has progressed from global descrip-
tions of lung pressure and volume relationships to the high-
resolution, three-dimensional, quantitative measurement of dy-
namic regional mechanical properties and displacements. X-ray
computed tomography (CT) imaging is ideally suited to the study
of regional lung mechanics in intact subjects because of its high
spatial and temporal resolution, correlation of functional data with
anatomic detail, increasing volumetric data acquisition, and the
unique relationship between CT density and lung air content. This
review presents an overview of CT measurement principles and
limitations for the study of regional mechanics, reviews some of
the early work that set the stage for modern imaging approaches
and impacted the understanding and management of patients with
acute lung injury, and presents evolving novel approaches for the
analysis and application of dynamic volumetric lung image data.
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The phenomena covered by the word “respiration” are very diverse.
When a person is seen to breathe, what is observed is a movement
of the chest and abdomen by which air is alternately drawn into his
lungs and again expelled. This constitutes the mechanical aspect of
respiration.

—August Krogh, 1941

In the 60-odd years since A. Krogh (1) opened his treatise on
the comparative physiology of respiration with these words, an
enormous amount of work has explored the relationship between
lung expansion or deformation and the forces that drive such
changes. Most recently, advances in imaging techniques have
extended the study of lung mechanical behavior to the regional
level, and currently evolving technologies permit the three-
dimensional characterization of dynamic lung volume changes
in intact subjects. X-ray computed tomography (CT), because
of its speed, widespread availability, high-resolution anatomic
visualization, and unique ability to quantify regional air and
tissue volumes, provides a particularly powerful tool for the
noninvasive measurement of lung mechanics in experimental
models as well as human subjects. This review presents relevant
CT measurement principles for regional mechanics, presents ex-
amples of static and dynamic approaches to lung mechanics, and
emphasizes some exciting and promising new high-resolution, vol-
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umetric methods for characterizing lung mechanical properties
throughout the whole lung.

In the simplest sense, lung mechanics describes the relation-
ship between the expansion of the lung and the forces driving
that expansion, the most basic measure being lung compliance or
the ratio between volume and pressure change, but also includes
airways and airflow, lung tissue material properties, interdepen-
dence, and chest wall and diaphragm properties and interactions.
Limited initially to measuring global gas entry into the lung
and total lung volumes, investigators began to explore indirect
methods such as lung frequency response (2) or exhaled gas
concentration profiles (3) to probe the distribution of this in-
spired gas within the lung and the effect of regional mechanical
properties. Invasive techniques, including the retrograde cathe-
ter (4, 5), alveolar capsule (6), and implanted radiopaque mark-
ers (7), added greatly to our understanding of regional lung
function but obviously could not be applied in human disease.
The use of noninvasive imaging methods, initially with low-
resolution planar detectors and radioactive tracer gases (8) and
then by tomographic methods of increasing resolution and volu-
metric data acquisition (9–13) (again, enhanced by coupling to
models of distributed lung function [14]), now provides an un-
precedented capability for understanding regional lung mechani-
cal function in general as well as in individual patients.

CT MEASUREMENT PRINCIPLES

Although modern CT scanners have greatly improved the speed,
resolution, and (with multidetector hardware) volume of tissue
simultaneously imaged, the two quantities measured remain,
simply density and volume. Density is measured in the Houns-
field unit (HU) scale, defined (approximately) as –1,000 HU for
air, 0 HU for water, and 1,000 HU for bone. If one considers
that the lung is composed essentially of two “materials” of known
density: air, at –1,000 HU and “tissue” (including blood, cells,
water, etc.) at 0 HU, then the density in Hounsfield units may
be converted directly into the air and tissue content of the region
of interest (ROI) imaged. For example, an ROI with density of
–600 HU contains an average of 60% air and 40% “tissue.”
Importantly, the exact Hounsfield unit values for air and tissue
vary over time and between scanners, and thus best results are
obtained by measuring actual air and tissue values from specific
image sets and calibrating the results on the basis of those refer-
ence values (15, 16). Volume is the product of the in-plane cross-
sectional area of the ROI and the slice thickness, summed over
all the slices spanning the ROI. The absolute volumes of air or
tissue in an ROI may then be obtained from the region volume
multiplied by the fraction of air or tissue. Because modern scan-
ners have high spatial resolution, the limitation in accurately
defining lung volumes is generally due to difficulties in defining
the edges or boundaries of the tissue (“segmentation”), which
may be blurred because of motion artifact, small density differ-
ences from the adjacent tissue, or partial volume effects. Note
that this analysis requires that the lung be composed of elements
with one of two densities; the introduction of a third density
compartment (such as an intravascular contrast agent) violates
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this assumption and makes calculation of regional aeration and
partitioning of air and tissue volumes more complex because
the system is no longer described by two equations in two un-
knowns. In some cases, such as with contrast injection, the vol-
ume of the “third” compartment may be estimated from the
difference between pre- and postinjection images and the air
and tissue compartment volumes may then be computed (17).

CT-based measures of lung mechanical function rely on one
of two principles, both of which are discussed in detail below.
Most commonly, regional mechanics are defined by relating
regional lung air volume change, derived from CT total volume
and density changes as described above, to estimates or measure-
ments of distending or inflation pressure. This approach has been
used successfully to provide insight into the pathophysiology of
acute lung injury, particularly with respect to recruitment and
ventilator management (18–22). However, as pointed out in a
Critical Care Perspective (23), CT analysis based on density
cannot detect volume changes of lung units that are flooded and
that may expand as more fluid enters. Furthermore, as the mean
density within an ROI falls because of gas inflow, CT cannot
distinguish how that gas distributes at the alveolar level, that is,
whether some alveoli inflate to a greater extent at the expense
of others within the region.

A second, newer approach uses image registration, in which
the anatomic and structural detail in image sets are used to
generate a three-dimensional mapping of the lung from one state
to another (24, 25), as from end expiration to end inspiration.
The deformation description obtained can be used to quantitate
global and regional volume changes as well as local volumetric
and directional strains (25, 26), as detailed below.

Finally, whereas early studies were typically limited to im-
aging during constant airway pressure breathholds, modern CT
scanners have scan apertures as low as 100 to 500 ms, permitting
gated imaging during continuous respiration to stop motion.
Although the volume coverage of multislice scanners is increas-
ing every year, to capture volumetric data it is necessary either
to repeat the “prospective” gated imaging protocol (i.e., image
acquisition gated to specific points in the ongoing respiratory
cycle) at multiple table positions or to apply “retrospective”
gating techniques. In retrospective gating, initially developed
for cardiac imaging (27), a slow helical scan is performed with
continuous image data acquisition during steady breathing along
with a signal synchronous with the respiratory cycle, such that
all table locations are imaged at all points of the respiratory
cycle (28, 29). The images are then later (retrospectively) recon-
structed in three dimensions at the desired time points in the
cycle, giving true dynamic, volumetric image data. Although
retrospective gating currently has the disadvantage of high radia-
tion exposure, the ability to image the lung at multiple points
in the respiratory cycle during physiologic breathing will be
important in extending our understanding of in vivo lung me-
chanical function from static to dynamic, steady-state conditions.

ASSUMPTIONS AND LIMITATIONS

Although imaging permits measurement of regional volume
change in the lung, it is not possible to noninvasively measure
regional pressure changes; thus, descriptions of regional mechan-
ics require assumptions about the local pressure distributions.
These assumptions become more problematic as conditions vary
from static to dynamic and as regional heterogeneity increases.
Furthermore, the lung responds to changes in transpulmonary
pressure (alveolar–intrapleural) (30), but because of difficulties
in measuring intrapleural pressure many descriptions of lung
mechanics in human subjects refer to respiratory system (lung
plus chest wall) properties. Even if a measure of average pleural

pressure, such as from an esophageal balloon, were available,
the local intrapleural pressures required for a true measure of
regional lung mechanics would not be. On the other hand, one
could argue that respiratory system mechanics, which include
the effect of the chest wall and abdomen, are the most relevant
for management of patient issues because this approach reflects
the actual in situ patient condition and there are limited clinical
interventions that separate chest wall and lung effects.

A second important caveat with respect to CT imaging relates
to the use of slice versus volumetric imaging. The lung moves
relative to the image plane during tidal breathing, and thus
repeat imaging at the same table location during changes in lung
volume can result in the quantitative comparison of measure-
ments made in anatomically different lung regions. The high-
resolution anatomic detail available in CT images frequently
permits the manual matching of distinct ROI between different
image sets (31), but this is possible only if multiple slices covering
the moving ROI are obtained. However, unless three-dimensional
image registration methods are used to ensure that the same
tissue elements are included in all tracked regions (24), absolute
volumes computed from slice data are subject to significant regis-
tration errors. Calculations based on density measurements, in
contrast, are more robust because average density is less sensitive
to small errors in boundary registration. Several important stud-
ies have highlighted the potential errors associated with under-
sampling or single-slice analysis (32, 33). Alternatively, whole
lung or lobar analysis permits the use of conservation of mass
principles to measure changes in absolute air or tissue volumes.
Lobar segmentation and analysis revealed important differences
in the involvement and mechanical behavior of upper versus
lower lobes in patients with acute lung injury (34), a finding that
was not evident when the same data were analyzed with the
typical global Cartesian axes because of averaging across lobes.

EARLY STUDIES OF REGIONAL LUNG MECHANICS

Two important early imaging approaches to regional lung me-
chanics originated at the Mayo Clinic (Rochester, MN), begin-
ning in the late 1970s. Using metal parenchymal markers im-
planted in animals and a biplane X-ray cine system that tracked
the marker positions during spontaneous and controlled ventila-
tion, a series of landmark studies was performed that examined
regional lung expansion under a variety of conditions. Compar-
ing results in intact animals as well as excised lungs, these studies
demonstrated differences in the distribution of lung expansion
between prone and supine positioning (7), the uniformity of
expansion within lobes and the motion of lobes relative to each
other within the chest (7), and the importance of chest wall–lung
interactions in determining regional lung expansion and mechan-
ical strain (35–37). Subsequent applications of this method exam-
ined the heterogeneity of bronchoconstriction (38), regional dia-
phragm function (39), and most recently the controversy over
flooding versus collapse in acute lung injury (40, 41). At about
the same time, the dynamic spatial reconstructor, a predecessor
of modern volumetric CT scanners, was built (42). Using an
array of rotating X-ray sources and detectors, the dynamic spatial
reconstructor could image a 21.5-cm cylindrical volume at 60
times per second to determine detailed in vivo structure–function
relationships of the heart and lungs. This device was used to
establish some of the fundamental relationships between lung
density and volume changes, the interactions of the chest wall
and regional lung expansion, and, again, the effect of body orien-
tation on regional lung air content (43, 44). The mechanical
and physiological relationships described by these basic studies
remain benchmarks for the evaluation of current and future
technologies.
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CT STUDIES OF AERATION DISTRIBUTION IN ACUTE
LUNG INJURY

One of the most important contributions of CT imaging and
lung mechanics to our understanding of the pathophysiology of
human disease and consequent management is with respect to
acute lung injury (ALI) (21, 45). The pioneering CT studies of
Gattinoni and colleagues changed the prevailing view of ALI
from that of a diffuse process, as evidenced from the relatively
uniformly involved chest X-ray, to one in which the lung was
heterogeneously involved. They showed that there were signifi-
cant regional differences in lung aeration and recruitment behav-
ior with tidal volume and positive end-expiratory pressure, and
that these differences in regional parenchymal mechanical prop-
erties helped determine whether the local response to different
management strategies was beneficial or potentially injurious.
Although initial patient studies were limited by radiation expo-
sure and slow imaging technology to a single or a few representa-
tive slices (18, 20), the basic principles relating regional density
to regional aeration and partitioning air and tissues volumes
were applied in a series of elegant studies of critically ill patients.
Regional aeration patterns from CT data were used to shed light
on the distinct shape of the whole lung pressure–volume curve
in patients with ALI (19), and a classification scheme for different
types of ALI based on CT and other characteristics with different
therapeutic and prognostic features has been proposed (46, 47).
Subsequent studies using high-speed scanning during brief
breathholds have examined whole lung and lobar changes in
lung air and tissue volumes (34, 48, 49), and have further empha-
sized the regional heterogeneity of the disease process and the
importance of whole lung imaging for accurate assessment of
regional behavior.

THREE-DIMENSIONAL IMAGE REGISTRATION
TECHNIQUES

Image registration is the alignment of three-dimensional image
sets on the basis of common anatomic landmarks or other image
features such as intensity patterns or boundaries (Figure 1
[p. 506]). These computer-based analyses allow the mapping of
lung regions between image sets, whether acquired at different
points in time or under different conditions (such as inflation),
and also permit the comparison of individuals with other subjects
or normal “standards” (24). Although this process was developed
for the purpose of tracking changes in a patient’s condition (such
as a nodule or mass) over time or for allowing quantitative
comparison of individual images with a standard (24), it has
important implications for the study of regional lung pathophysi-
ology. First, it provides a mechanism for an accurate quantitative
comparison of a three-dimensional ROI between image sets,
unaffected by lung motion, expansion, and subject orientation in
the scanner. In this mode, the boundaries of a three-dimensional
ROI are mapped onto each image set and quantitative measures
(mean density, density histogram, and volume) are determined.
Second, the mathematical transform that describes the mapping
of the lung from one volume to another also allows the voxel-
by-voxel calculation of the local lung expansion or contraction
as well as directional strains (26). Thus, given a pair of volumetric
image sets from the same lung, a three-dimensional image may
be created whose values (or colors) represent the local lung expan-
sion or contraction between the two states (Figure 2 [p. 507]). When
combined with evolving dynamic image acquisition techniques, this
approach promises to provide new insights into important questions
in lung mechanics such as regional interdependence, airway–
parenchymal interactions, and parallel inhomogeneity, and possibly
address the issue of regional flooding versus collapse in ALI raised

by Hubmayr (23) by simultaneously measuring local deformation
and density change.

There are many general methodologies for three-dimensional
image registration (50). One of the simplest methods is the opti-
cal flow method. This algorithm follows the distribution of appar-
ent velocities of movement in brightness patterns in a set of
images (51). It has been adapted for use in static breathhold
lung CT images to monitor nodules and disease progression over
time (52) and for radiation therapy treatment planning (25, 53).
A second approach generates a three-dimensional warping func-
tion by aligning landmarks or other image features and then
deforming the structure to minimize the differences in these
parameters. Simpler approaches use manually identified land-
marks in both image sets (54, 55), but this approach is extremely
labor intensive. More advanced image registration approaches
use combined image intensities and landmark information to
determine correspondences. One such approach is the small-
deformation inverse consistent linear elastic (SICLE) image reg-
istration technique (56–58). This approach assumes that the
shape change that occurs over a short interval of time can be
described by a small-deformation linear elastic model. This algo-
rithm also estimates better correspondences by jointly estimating
the forward and reverse transformations between two images
while minimizing the inverse consistency registration error (58)
between the forward and reverse transformations.

Once the image registration is determined, then the local
tissue deformation (expansion or contraction) can be quantified
from the log-Jacobian of the deformation field (26). This is illus-
trated in Figure 2 (p. 507), from a pilot study of patients with
lung tumors in which a series of multislice CT images was ac-
quired every 0.75 s during quiet breathing for three breathing
cycles, repeated at different table positions to cover the entire
lung. Spirometry (Figure 2, II) was used to measure whole lung
tidal volume and to correlate the imaging with the respiratory
cycle. SICLE image registration (58) was used to nonrigidly
register adjacent 12-slice temporal image volumes. Figure 2
shows the midlung slice from the registration and is color-coded
such that orange–red represents lung expansion from the first
to the second volume, and blue–magenta represents contraction.
Figure 2, III, demonstrates an excellent correlation between
the volume change measured by spirometry and the mean log-
Jacobian for the entire lung. The data show a somewhat unex-
pected dissynchrony between lung regions. For example, during
exhalation from points E to F to G, the majority of the lung
shows volume contraction, but there are regions in the dependent
periphery that exhibit little volume change or expansion. Only
during the final period of exhalation (points G to H), while the
central regions are mostly unchanged, do these regions finally
contract. Whereas ventilatory dissynchrony or pendelluft is a
theoretical consequence of parallel mechanical inhomogeneity
(59), particularly at high respiratory rates (2), these data may
represent the first in vivo demonstration of this phenomenon
in a subject during quiet breathing. Given that these regional
expansion data may be obtained relatively easily in intact sub-
jects, in three-dimensional distribution and with correlation to
the high-resolution CT anatomic information, these approaches
make it possible to define dynamic regional lung mechanical
behavior to directly address indirectly measured phenomena
such as pendelluft or serial and parallel ventilation inhomogenei-
ties. Furthermore, it may be possible to apply these methods to
detect early, localized disease processes that are physiologically
silent until they become more widespread, such as fibrosis, em-
physema, lung transplant rejection, or cystic fibrosis.

IMAGE-BASED MODELING

Mathematical modeling of the respiratory system has been
crucial to the development and advancement of a quantitative
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understanding of lung physiology in general, and mechanics in
particular (2, 60–62). This approach has become increasingly
important with the explosion of information at the cellular and
molecular levels, and the integration of quantitative models of
physiology at multiple scales and for multiple organ systems is
the goal of the International Union of Physiological Sciences
Physiome Project (63, 64). In conjunction with that effort,
M. Tawhai and associates at the University of Auckland (Auckland,
New Zealand) have developed finite element models of the lung
airways, vascular tree, and parenchymal mechanics that are based
on individual subject anatomy determined from CT imaging
(65–67). Figure 3 (p. 507) illustrates a deformable computer
model of the sheep lung, built from CT images obtained at
multiple inflation pressures and incorporating the actual airway
tree, surface motion, and nonlinear parenchymal material prop-
erties (66). Data beyond the resolution of the CT images, such
as small airways and alveoli, are modeled according to a volume-
filling branching algorithm (65). Once built, the model generates
predictions of lung deformation that can be compared with the
actual volume and shape changes from the CT images. Over time,
increasing complexity in terms of material properties, regional
interdependence, and airflow phenomena, and eventually blood
flow, gas exchange, and even cellular and molecular processes,
will be incorporated as the modeling process moves toward the
goals of the Physiome Project (63, 64).

CONCLUSIONS

CT imaging opens a window into the dynamic distributed me-
chanical functioning of the respiratory system. Imaging has pro-
vided the data needed to refine our understanding of many
aspects of the heterogeneous pathophysiology of the lung. Fur-
thermore, our ability to measure and model airflow and regional
lung mechanics is rapidly evolving, incorporating improving de-
scriptions of lung material properties, interregional interactions,
boundary conditions, and eventually gas exchange. Imaging con-
tributes to this integration of structure and function in two impor-
tant ways. CT image data are used to create actual anatomically
accurate models, and functional imaging results (such as ventila-
tion, perfusion, or regional mechanics) are used to test the model
predictions and refine their design. In the near future, we may
expect to see subject-specific image-based models of an individ-
ual patient’s respiratory system, and we will begin to use these
tools to first understand the evolution of pathologic processes
and, ultimately, to predict the outcome of interventions such as
surgery and to assess the progression of (subclinical) disease and
response to therapy.
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COMPUTED TOMOGRAPHY STUDIES OF LUNG VENTILATION AND PERFUSION
Eric A. Hoffman and Deokiee Chon (pages 492–498)

Figure 2. Color maps of regional pulmonary blood flow
in nonsmoking and smoking subjects. Note the in-
creased heterogeneity of flow in the smoker, presum-
ably indicating the results of inflammatory processes.
The color scales under each image range from 0 to
15 ml/min/g.

Figure 3. Colormapsof regional
specific ventilation (left), regional
perfusion (middle), and regional
V̇/Q̇ (right) in a prone sheep. Be-
cause of the simultaneously de-
rived anatomic detail via CT, we
are able to express ventilation
and perfusion through normal-
ization to air, tissue, or blood
content of the region. To achieve
a measure of regional specific
ventilation, onewould normalize
the measures of ventilation to re-
gional air content. However,
here we simply express ventila-
tion and perfusion as a function
of voxel volume because V̇/Q̇
provides self-normalization.

COMPUTED TOMOGRAPHY STUDIES OF LUNG MECHANICS
Brett A. Simon, Gary E. Christensen, Daniel A. Low, and Joseph M. Reinhardt (pages 517–521)

Figure 1. Example of the image registration process, in which a human lung
computed tomography (CT) image at functional residual capacity (FRC) is
mapped to total lung capacity (TLC). The mathematical transform defined is
applied to the FRC image, and the original TLC slice is seen to closely resemble
the corresponding “warped” FRC slice.
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Figure 2. Color-coded log-
Jacobian (quantitative regional
expansion or contraction) im-
ages superimposed on the target
CT volume for 15 images ob-
tained from a human subject
during three spontaneous
breaths. I: log-Jacobian superim-
posed on the CT slice for each
of the 14 image registrations.
The subscripts for each panel
correspond to the points in the
respiratory cycle (II) at which
the image pairs were obtained.
Magenta corresponds to a con-
traction, red corresponds to
an expansion, and green
corresponds to no change. III:
Correlation between the aver-
age log-Jacobian and the vol-
ume changes measured by
spirometry.

Figure 3. Image-based computational model of sheep lung mechanics
(66). Finite element meshes of a sheep lung at distending pressures of 0,
20, and 25 cm H2O demonstrate simulated deformation from 25 cm H2O
(wireframe mesh). Also shown are the CT-based airway tree and generated
volume-filling small airways (at 25 cm H2O; bottom right) embedded within
the finite element mesh. Figure reprinted by permission from M. Tawhai
(University of Auckland, Auckland, New Zealand). Paw � airway pressure.


