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Advances in computed tomographic (CT) imaging of the lung in the past decade, particularly with increased speed, res-
olution, gating capability, and rapidly expanding volumetric image acquisition, along with advances in image processing,
have expanded the repertoire of imaging methods beyond anatomic visualization into the noninvasive study of regional
lung physiological function. Recognizing that significant local disease or dysfunction can exist before global measures
begin to deteriorate, the motivation for the development and application of these regional techniques is to further our
understanding of the basic pathophysiological characteristics of evolving lung disease and, ultimately, develop sensitive
measures for its early detection. This review emphasizes the key elements of ventilation and lung mechanics relevant for
regional approaches and CT measurement principles available for their study. Examples of established and evolving meth-
ods for imaging regional ventilation and mechanics, including the xenon CT ventilation method; the relationship between
changing regional CT density and air volume change; and registration-based methods for examining regional lung expan-
sion and strain, are presented.
©
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Whereas x-ray computed tomography (CT) has long pro-
vided important documentation of the anatomic evidence
of lung disease, its use in the late 1980s to define the het-
erogeneous mechanical nature of acute lung injury and a
pathophysiological rationale for management strategies
(1–5) marked a transition into the era of functional lung
imaging. Advances in CT imaging of the lung in the
past decade, particularly with increased speed, resolu-
tion, gating capability, and rapidly expanding volumet-
ric image acquisition, along with requisite advances in
image processing, have expanded the repertoire of im-
aging methods beyond anatomic visualization into the
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noninvasive study of regional lung physiological func-
tion. Recognizing that significant local disease or dys-
function can exist before global measures begin to deteri-
orate, the motivation for the development and application
of these regional techniques is to further our understand-
ing of the basic pathophysiological characteristics of
evolving lung disease and, ultimately, develop sensitive
measures for its early detection. This review emphasizes
the key elements of ventilation and lung mechanics rele-
vant for regional approaches and CT measurement princi-
ples available for their study. Examples of established and
evolving methods for imaging regional ventilation and
mechanics are presented.

VENTILATION

To a physiologist, ventilation is the process by which
fresh gas is transferred to the alveoli, resulting in replen-
ishment of oxygen, removal of carbon dioxide, and, in the
presence of blood flow, exchange of these gases with the

subject. This is a steady-state dynamic process. Alveolar
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ventilation, the portion of total ventilation that contributes
to gas exchange, determines arterial PCO2 and reflects the
net contribution of all lung units. Distribution of ventila-
tion within the lung depends on many factors, including
airway resistance and branching patterns, regional lung
compliance, flow rates, lung volume, regional pleural
pressure changes, and gas properties. Ventilation distribu-
tion also is regulated actively on a local level in concert
with perfusion to optimize gas exchange.

Physiologists have used indirect methods to make in-
ferences about the distribution of ventilation or ventila-
tion-perfusion (V/Q) matching by examining, for exam-
ple, the concentration profile of nitrogen in single-breath
or multibreath washout procedures (6) or the multiple
inert gas elimination technique (7). However, imaging
methods, initially using planar detectors and radioactive
tracer gases (8) and, more recently, tomographic methods
(9–12), have provided information on regional lung venti-
lation. Although certain imaging approaches sometimes
are used because of convenience or technological limita-
tions, it is important to emphasize that ventilation distri-
bution is related to, but not the same as, the distribution
of aeration, the distribution of a vital capacity or large-
volume single breath, and the change in regional lung
density over a tidal breath.

LUNG MECHANICS

Broadly, lung mechanics describes the relationship be-
tween lung expansion or deformation and applied pres-
sure. The lung and chest wall are constrained to change
volume the same amount. Depending on the pressures
measured, the mechanics obtained may relate to the lung,
chest wall, or respiratory system (lung and chest wall to-
gether). The lung expands in response to increases in
transpulmonary (alveolar-intrapleural) pressure, but be-
cause it is difficult to measure intrapleural pressure, most
descriptions of lung mechanics in patients describe respi-
ratory system properties. However, locally, intrapleural
pressure depends on many factors, including gravity, body
position (supine, prone), chest wall and diaphragm activ-
ity, and cardiac motion, and this local pleural pressure
determines local lung expansion (13). Even if an estimate
of average pleural pressure, using such a device as an
esophageal balloon or intrapleural catheter, is used, the
local pleural pressure needed for a true measure of re-

gional lung mechanics would not be available.
CT MEASUREMENT PRINCIPLES

CT directly measures only two quantities, density and
volume, but it can do so throughout the interior of the
object in its view. Density is measured in Hounsfield
units (HU), an arbitrary linear scale defined as zero for
water and (approximately) –1000 for air. This scale is
particularly convenient for lung imaging because the lung
is composed of two “materials”: air, at –1000 HU, and
“tissue” (eg, blood, water, cells) at approximately 0 HU.
(Because exact HU values for air and tissue may vary
between scanners and depend on, eg, daily calibration and
manufacturer, the best results are obtained by measuring
air and tissue reference values from each image set and
using those values to scale the data.) Thus, a lung region
with a density of –600 HU translates to an average 60%
air and 40% tissue; –800 HU translates to 80% air, and
so on. Similarly, as lung volume increases, air enters the
lung while the tissue component remains relatively con-
stant (plus or minus changes in blood volume); thus, den-
sity decreases. Volume is simply the product of the in-
plane cross-sectional area of the region of interest (ROI)
and slice thickness and can be defined precisely in units
of cubic millimeters or milliliters. Finally, absolute vol-
umes of air and tissue in an ROI are obtained from total
volume times the fraction of air or tissue.

All functional lung measures involve creative use of
these simple principles. Tracer techniques for ventilation
use a radiodense gas (xenon [Xe], krypton) as an inhaled
contrast agent and standard dye-dilution analyses (14).
These methods have the advantage that the accumulation
of tracer gas during regular breathing should follow the
same gas transport principles as respiratory gases. Den-
sity-based methods require the assumption that the de-
crease in CT density as a region expands is caused by
only gas influx. Similarly, registration methods, which
follow anatomic tissue deformation (15,16), also must
assume that the changes in volume observed occur be-
cause of gas influx to estimate ventilation.

Breathing is a dynamic process, and, particularly in
diseased or injured lungs with heterogeneous mechanical
properties, the distribution of inspired and expired gas has
temporal and topographic properties. For example, in
lungs in which there are different regional time constants,
such as those affected by emphysema, the important dif-
ference may be the rate of filling or emptying as opposed
to absolute regional volume change (17,18). In this case,

the degree of ventilation heterogeneity may be a function
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of respiratory rate, and the lung may appear uniform if
ventilation is slow or enough time is allowed at end-expi-
ration or end-inspiration. The development of CT scan-
ners with short scan apertures, capable of gated imaging
at multiple points in the respiratory cycle during steady-
state breathing, enable study of this additional dimension
of lung mechanics.

Finally, to properly interpret regional functional imag-
ing data, it is important to pay attention to the denomina-
tor used. The lung moves relative to the imaging plane;
with full inflation, the base of the lung in a human may
displace 3–6 cm caudally. Thus, repeated imaging at a
fixed table location, but different lung volumes, may re-
sult in the comparison of quantitative measures actually
made to different anatomic lung regions. Fortunately, with
the high-resolution anatomic detail present in CT images,
it is possible to minimize this problem by the matching of
distinct anatomic markings to identify nearly the same
lung region from image set to image set (19). However,
unless three-dimensional (3D) image registration tech-
niques are used (16), comparisons of absolute volume
measurements between slice data are susceptible to regis-
tration errors, whereas comparisons of density measures
(by definition, normalized for regional volume) are more
robust. Conversely, whole-lung imaging permits the use
of mass balance principles to detect changes in absolute
air and tissue volumes without normalization. Similarly,
one must distinguish between measurements of absolute
ventilation, which is determined externally by respiratory
rate and tidal volume, and measurements of ventilation
distribution, which better describe relative changes in
ventilation between lung regions.

XE-CT VENTILATION IMAGING

The use of Xe gas as an inhaled contrast agent for CT-
based regional ventilation measurement was pioneered 25
years ago by Gur et al (12,20), but only recently has the
method been updated and applied (21–25). Stable (nonra-
dioactive) Xe gas is denser than air (26–28); thus, the CT
density of an airspace containing Xe increases linearly
with Xe concentration (Figure 1). By imaging the same
lung location in serial end-expiratory gated CT scans as
the inspired gas is switched from air to Xe/oxygen and
back to air, the rate of increase and decrease in ROI den-
sity as Xe washes into and out of the peripheral airspaces
can be measured. Assuming a single-compartment model,

the time constant of this density-time curve is equal to the
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inverse of the specific ventilation, the ventilation per unit
of gas volume (Figure 2). Using this method, regional
ventilation can be mapped for regions with areas as small
as 5 � 5 pixels (Figure 3), although noise caused by par-
tial volume effects, registration of the ROI from image to
image, and variations in lung volume are all increased at
smaller ROI sizes (24). Each Xe-CT study involves a se-
ries of images at a single axial location with whatever
volumetric coverage the scanner provides, and multiple
repeated studies are needed if larger volumes or different
locations are needed. By combining Xe-CT ventilation
studies with CT bolus-contrast injection regional perfu-
sion measurements (22,29,30), regional distributions of
ventilation, perfusion, and V/Q ratio can be generated as
images or continuous distributions. In Figure 4, the frac-
tion of total ventilation at different values of V/Q is plot-
ted as a histogram for the entire lung and for the apex,
midlung, and base subvolumes for an anesthetized normal
supine sheep. Whole-lung data have a normal mode of
0.89 � 0.01; however, in addition, differences between
different lung regions are evident.

Although the Xe-CT method can provide noninvasive
high-resolution maps of regional ventilation, there are
several important limitations. First, current models assume
there is no uptake or recirculation of Xe, washin and
washout time constants are equal, and Xe distributes simi-

Figure 1. Xe enhancement in HU vs concentration. Note the
greater enhancement at lower kV.
larly to the respiratory gases oxygen and carbon dioxide.
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Xe is moderately soluble in blood and is taken up by the
circulation: that uptake is the basis for the original use of
inhaled Xe and CT imaging for measurement of regional
cerebral perfusion (31,32). In addition, uptake of Xe by
the pulmonary circulation decreases the maximum alveo-
lar Xe concentration attained during washin; this differ-
ence has been used to estimate regional perfusion in addi-
tion to regional ventilation (33). Xe has much greater
density and viscosity than air; thus, it is possible that its
distribution within the lung may depart from the normal
respiratory gases, particularly at greater inspiratory flow

Figure 2. Xe-CT example with density-time curves for two ROIs

Figure 3. Regional Xe-CT analysis (ROI size, 8 � 8 pixels) for a
and color maps of (b) regional air content (% air) and (c) specific
rates (34).
The signal-to-noise ratio depends on distinguishing the
density enhancement of Xe gas from background lung
density; thus, it will be decreased by anything that adds
noise to the background density (such as breath-to-breath
registration errors, partial-volume effects, or changes in
lung volume) or increases the background density (such
as lung injury or intravenous contrast accumulation). Be-
cause inhaled Xe is an anesthetic, approximately 30%
more potent than nitrous oxide (35), its use in humans is
limited by side effects to 30%–40% (36,37) and ulti-
mately limits the maximum signal achieved. However,

a supine, anesthetized, mechanically ventilated sheep.

at the level of the carina, showing (a) original gray-scale image
ation (sec–1).
slice
the most important limitation for application in patients
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is that it is time and radiation intensive. Each study
requires 20 –70 repeated respiratory-gated axial images
at each location, with repeated runs to obtain volumetric
coverage.

TIDAL LUNG DENSITY CHANGES

Because the decrease in lung density with inflation
is caused by the inflow of gas, the density change of
an ROI over a tidal breath or with a step change in
static airway pressure has been equated with regional
ventilation (38,39). However, this relationship is non-
linear and dependent on both initial region density and
the magnitude of the density change. This effect can be
modeled assuming a simple mass balance with conser-
vation of tissue elements and that air and tissue have
densities of –1000 and 0 HU, respectively (Figure 5).
The specific volume change (sVol; change in volume
divided by initial gas volume) for the same change in
density can vary threefold as the initial region density
changes from –500 to – 850 HU, values of lung density
found within the normal lung. However, using the

Figure 4. Histograms of total ventilation (mL/min) at different
V/Q ratios for the entire lung (blue) and apex (black), midlung
(green), and base (red) subvolumes in a supine anesthetized
sheep. Ventilation data were obtained from Xe-CT studies and
perfusion data from bolus contrast injection studies by Hoffman
et al (22).
same model assumptions, one can show that sVol can
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be calculated from the density change with the follow-
ing formula (40):

sVol � 1000 (H2 � H1) ⁄ (H1[H2 � 1000])

Note that ROI volume does not appear in this relation-
ship, only mean ROI density. Assuming that all gas enter-
ing the region is fresh gas, sVol should be related closely
to specific ventilation. Comparing sVol with specific ven-
tilation measured by means of Xe-CT in a healthy supine
sheep, there was a high degree of correlation (r2 � 0.73)
for ROI with an average size of 1.6 � 0.7 mL (41).

There are several advantages to the use of sVol as a
surrogate for regional ventilation. First, it requires only
two images at different lung volumes. Of course, im-
ages obtained with high-speed scanners gated to end-
expiration and end-inspiration will better reflect lung
dynamic behavior than those obtained during breath-
hold imaging. Care should be taken to use the detail in
the images to match the same anatomic ROI at differ-
ent volumes, even if these regions appear in different
numbered slices at the different volumes. However,
because sVol uses mean ROI density, it should be less
sensitive to small registration errors and partial-volume
effects than absolute volume measurements. The pri-
mary disadvantage of this approach is that it is time
consuming if manual ROI matching is used; computer
automation and 3D ROI definition will help with this

Figure 5. Calculated sVol (volume change/initial air volume) for
an ROI as a function of the change in density at different starting
densities. Note there can be large differences in sVol for the same
ROI density change depending on initial region density, illustrating
why CT density change is a poor correlate for regional ventilation.
problem, as described next.
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REGIONAL LUNG VOLUME
DISTRIBUTIONS

The early use of CT to investigate mechanical behav-
ior of the lung used single-slice images from patients with
acute lung injury at different static distending pressures
and examined changes in aeration to characterize recruit-
ment behavior. These pioneering studies were limited by
radiation exposure and slow imaging technology to sam-
pling a few lung locations (2,4). Subsequent studies,
which took advantage of high-speed scanning during brief
breath holds, examined whole-lung and lobar changes in
air and tissue volumes (42–44).

The importance of imaging the entire lung for accurate
assessment of heterogeneous regional behavior has been
shown for patient data (45) and may be seen in the fol-
lowing animal example. In this study, anesthetized me-
chanically ventilated dogs had contiguous CT images
obtained, covering the entire lung from apex to base,
acquired one image/breath at end-expiration during
steady-state ventilation before and after lung injury with
infused oleic acid. Images were calibrated in units of
fractional air content (% air) by using air and tissue mea-
surements from each data set. This procedure was re-
peated at increasing levels of positive end-expiratory pres-
sure (PEEP) and in prone and supine postures. Data are
presented as axial (apex to base) profiles of cross-sec-

Figure 6. Axial distribution of lung slice
acid lung injury in prone and supine positi
different volume profiles between the pron
more uniformly expanded lung in the pron
tional slice volume and corresponding average slice den-
sity (Figure 6). These profiles show distinctly different
distributions of volume and aeration throughout the lung.
The effect of the weight of the heart and abdominal con-
tents is seen in the shape of the supine curves at low
PEEP levels, with a deeper “notch” in the midlung from
the heart and a shorter lung with steeper contour of the
diaphragm, but the apical area is minimally affected, even
with increasing PEEP. This volume distribution translates
into a density pattern in which there is normal density in
the lung apex, with severe and progressive aeration loss
toward the base. Increasing PEEP recruits the midlung
first, and even at 20 cm H2O of PEEP, the caudal base is
not fully expanded. Conversely, volume and correspond-
ing density profiles of the prone position show a more
elongated, very uniformly expanded lung that increases its
aeration throughout with each PEEP increment. The
whole-lung pressure-volume curve, partitioned into total,
air, and tissue components from CT data (Figure 7),
shows none of this regional heterogeneity. Although total
air volume was slightly greater supine at every PEEP
(probably reflecting progression of injury over time be-
cause the supine position was imaged first in this study),
arterial blood PO2 for the prone position was double that
in the supine position at functional residual capacity. Sim-
ilar differences in the vertical distribution of aeration and
recruitment with PEEP between positions also were seen.
Thus, even static distributions of lung aeration, when

lume and density in a dog after oleic
nd at different PEEP levels. Note the

d supine positions, resulting in a much
sition.
air vo
ons a
e an
whole-lung images can be analyzed, provide a wealth of

1419



SIMON Academic Radiology, Vol 12, No 11, November 2005
information about regional differences in lung mechanical
behavior.

3D IMAGE REGISTRATION

To follow up quantitative changes in lung structure
and function over time or across different conditions

Figure 7. CT pressure-volume curves for the entire lung, deter-
mined by summing the individual slice contributions partitioned
into air and tissue components for the dog from Figure 6.

Figure 8. Illustration of registration proce
capacity (FRC) to total lung capacity (TLC
transformed to match the corresponding s

Joseph Reinhardt and Gary Christensen, Unive
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(such as inflation) or compare with other subjects, images
need to be aligned or registered. Registration typically
involves identifying and aligning common anatomic land-
marks or other image features and then locally expanding
or shrinking (warping) the intervening tissue so that map-
ping of one image to the other is defined (Figure 8) (16).
This process, developed for purposes of following up sub-
tle changes in images over time or facilitating quantitative
comparisons of individual images with a “standard” (16),
has an important corollary for regional lung mechanics.
The mathematical transform that defines mapping of the
lung from one volume to the other also permits calcula-
tion of local lung expansion or contraction on a voxel-by-
voxel basis (15). Thus, given two sets of volumetric lung
images at two volumes, a 3D image may be produced in
which colors (or values) represent local lung volume ex-
pansion between the two states (Figure 9). In these slices
from a healthy animal imaged at different static pressures
in both the prone and supine postures, it easily can be
seen that: (1) the lung is most compliant at the lower dis-
tending pressures (largest volume changes for the same
pressure steps), (2) expansion in the prone position is
more uniform than in the supine position, and (3) volume
expansion is small, but uniform, in both positions at the
greatest distending pressure. With images gated to inspi-
ration and expiration during tidal breathing and assuming,
as before, that volume expansion in the lung is realized
by the influx of fresh gas, this regional lung expansion

apping the lung at functional residual
et shows an individual slice at FRC
t TLC. Reprinted with permission from
ss m
). Ins
lice a
rsity of Iowa.
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analysis can provide another surrogate for regional venti-
lation. Furthermore, these data are available at high spa-
tial resolution with full 3D localization and tremendous
depth of information, including directional strains. As the
analysis becomes more automated, application of volu-
metric determination of regional lung mechanics and ven-
tilation from simple paired CT images will open the door
for a new level of understanding of lung regional me-
chanical function.

CHALLENGES FOR THE FUTURE

CT-based measurements of regional ventilation and
lung mechanics are available now, using readily available
technology and image analysis tools. The important chal-
lenges to widespread adoption of these methods for use in
patients include reduction of radiation dose, decreasing
image acquisition times, and improving processing speed.
Concomitant with these advances need to be parallel ad-
vances in data organization, visualization, and parameter-
ization so that results of these studies become useful for
answering important scientific and diagnostic questions.
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