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With the emergence of multidetector-row computed tomography
(CT) it is now possible to image both structure and function via
use of a single imaging modality. Breath-hold spiral CT provides
detail of the airway and vascular trees along with texture reflective
of the state of the lung parenchyma. Use of stable xenon gas wash-
in and/or wash-out methods using an axial mode of the CT scanner
whereby images are acquired through gating to the respiratory
cycle provide detailed images of regional ventilation with isotropic
voxel dimensions now on the order of 0.4 mm. Axial scanning during
a breath hold and gating to the electrocardiogram during the pas-
sage of a sharp bolus injection of iodinated contrast agent provide
detailed images of regional pulmonary perfusion. These dynamic
CT methods for the study of regional lung function are discussed
in the context of other methods that have been used to study
heterogeneity of lung function.
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The primary role of the lung is to deliver oxygen from the air
into the venous blood and to extract carbon dioxide from the
blood at the same air–blood interface. Thus, matching of ventila-
tion and perfusion within various regions of the lung is critical
for adequate gas exchange. To understand the etiology of physio-
logic manifestations of lung pathology, it has been critical to
understand the interrelationship between regional lung ventila-
tion and regional lung perfusion and to interrelate these two
functional parameters to lung structure. Imaging methods are
emerging to provide powerful new tools in the quest for this
understanding.

To infer nonuniform lung ventilation, a large amount of early
work was based on simple nitrogen wash-out curve (1) imaging
of the distribution of inhaled radioactive xenon gas (2), regional
strain measured via implanted lung markers used in conjunction
with biplane X-ray fluoroscopy (3–6), as well as regional density
changes seen with X-ray computed tomography (CT) imaging of
the lung and multiple static inflation steps (7, 8). For the measure-
ment of pulmonary perfusion, radioactive gases (9–11), radiola-
beled microaggregated albumin, and radioactive microsphere in-
jection (12, 13) have been extensively used. Ventilation–perfusion
relationships in lung compartments, without specific knowledge
of where the compartments are or whether they are contiguous,
have been studied via the multiple inert gas elimination tech-
nique (14). These early studies provided significant insights into
lung function and served to establish the notion that ventilation
and perfusion are heterogeneous but well matched under normal
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conditions. A revolution in X-ray CT methods, taking advantage
of multidetector-row CT (MDCT), has now provided a means
of quantitatively studying regional lung ventilation and perfusion
in conjunction with acquisition of highly detailed information
regarding lung structure. Simultaneously there has been a de-
mand for objective, quantitative tools with which to assess
regional lung structure and function as new methods for in-
tervening in lung disease emerge. Surgical and nonsurgical
interventions in late-stage emphysema have increased the de-
mand for methods by which to identify subsets of patients likely
to benefit from the interventions, transbronchial biopsies have
increasingly required imaging-based methods of guidance, and
therapies targeted at interventions early in the pathologic devel-
opment of a disease require tools more sensitive than the pulmo-
nary function test or the radiologist’s subjective visual reading
of a radiograph or CT scan to identify subjects needing early
intervention and to evaluate the effectiveness of the intervention.
As interest increases in delivering drugs via inhalation rather
than injection, it becomes critically importance to be able to
evaluate the effect of these drugs, such as insulin, on the lungs.
Elsewhere in this issue, the reader will find discussions of mag-
netic resonance imaging, positron emission tomography (PET),
and bronchoscopy, and discussions of methods for assessing ana-
tomic details of the lung, such as airway geometry. In this article,
we focus on methods for imaging ventilation (V̇), perfusion (Q̇),
and V̇/Q̇ via CT methodologies, and we place these methods
into context with other methods that have provided our current
understanding of lung structure–function relationships.

MDCT

Early studies of the lung via CT imaging used a one-of-a-kind
scanner developed at the Mayo Clinic (Rochester, MN), known
as the dynamic spatial reconstructor (15–17). This scanner pro-
vided the means of capturing a volumetric image of the lung in
as short a time as 1/60th of a second, with increased resolution
provided by widening the scan aperture, and typically apertures
of 4/60th of a second were used for assessing regional perfusion,
which was calculated by the injection of iodinated contrast agent
and scanning gated to the cardiac cycle as the contrast agent
passed through the lung with the lung held at a fixed volume
(18). Regional ventilation was estimated by assessing regional
density changes in the lung as the lung was inflated and imaged
at each static inflation step (7, 8). Because early CT scanners
required up to 2 to 5 s to acquire projection data for the recon-
struction of a single slice of the lung, little work was done to
assess lung function in the clinical arena via this modality, and
the modality gained a reputation of being strictly targeted at
imaging anatomic features. Imatron Corporation (South San
Francisco, CA) developed a scanner known initially as the Ul-
trafast or Cine CT, later referred to as the electron beam CT
(EBCT) (19), which provided scan apertures of 50 ms and up
to eight slices of 7-mm thickness each or thin, single 3-mm-thick
sections gathered in 100 ms. The table step took 1 to 2 s and
thus images of the full lung could be acquired during a static
breath hold on the order of 40 s. The EBCT scanner had a
spatial resolution of approximately 10 line pairs per centimeter.
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Although this modality provided a useful research tool with
which to assess both ventilation (20) and perfusion (21), this
application of the EBCT remained impractical for use in the
clinical arena. At the end of the 1990s a new class of CT scanners
emerged, known as MDCT scanners. These scanners had re-
duced rotation times of 0.5 s and initially acquired four simulta-
neous thin (1- to 1.5-mm) sections. Using a spiral mode of scan-
ning, highly detailed anatomic images of the lung could be
acquired volumetrically with a breath hold of 40 s, but with an
increased spatial resolution on the order of 24 line pairs per
centimeter. Because scan aperture (rotation time) was down to
0.5 s it was now possible to image axially and gate the scanner
to the cardiac cycle during a breath hold such that blood flow
measures could be assessed similarly to those acquired earlier
via the dynamic spatial reconstructor (18, 22) or later by the
EBCT scanner (23–25). These MDCT scanners have rapidly
evolved to such as point that they can now acquire 64 slices in a
single rotation and a rotation is completed in as little as 0.3 s.
Volumetric images are now acquired with a breath hold of 5 s or
less and axial blood flow assessment is widened such that up to
4 cm of z-axis coverage is achievable. It is clear that z-axis coverage
will soon widen as rotation times will continue to drop. A fully
equipped MDCT scanner suite is shown in Figure 1 and includes
a xenon delivery device (Enhancer 3000; Diversified Diagnostic
Products, Houston, TX), a high-powered contrast injector (ME-
DRAD, Indianola, PA), and a physiologic monitoring system
(IntelliVue; Philips Medical Systems, Bothell, WA). The xenon
Enhancer 3000 allows for the rebreathing of xenon gas, the
scrubbing of CO2, and maintenance of the O2 and Xe concentra-
tion constant. The contrast injector provides 950 to 1,200 psi of
pressure to deliver 0.5 cm3 of iodinated contrast agent per kilo-
gram in 2 to 3 s, with injection into the superior vena cava. The
inset to Figure 1 shows a micro-CT scanner (microCAT II; Siemens
Medical Systems, Knoxville, TN), which allows for imaging mice

Figure 1. Composite image of computed tomography (CT) scanners
and associated equipment used in functional imaging of the lung. (A )
Micro-CT scanner (microCAT II; CTI Molecular Imaging, Knoxville, TN);
(B ) multidetector-row CT scanner (SOMATOM Sensation 64; Siemens
Medical Solutions, Forscheim, Germany); (C ) xenon delivery device
(Enhancer 3000; Diversified Diagnostic Products, Houston, TX); (D )
high-powered contrast injector (Mark V; MEDRAD, Indianola, PA); (E )
physiologic monitoring system (IntelliVue patient monitor; Philips Medi-
cal Systems, Bothell, WA).

at 18-�m resolution, such that one can visualize alveoli in vivo.
This is briefly discussed at the conclusion of this article.

IMAGING TECHNIQUES TO STUDY PULMONARY
VENTILATION AND PERFUSION

Perfusion Measurement Methods

Although multiple methods are currently available to measure
pulmonary perfusion quantitatively, they have relative limita-
tions and are not used routinely in clinical applications.

The technique using radiolabeled red blood cells or serum
albumin macroaggregates was applied to evaluate regional pul-
monary transit time and blood flow by determining the amount
of radiation emitted from a specific region of interest (ROI)
(26). Also, regional perfusion can be measured by using insoluble
radioactive gas with a low blood–gas partition coefficient, such
as 133Xe, on the basis of the concept that radioactivity distributes
within alveolar in proportion to local perfusion (27).

Regional pulmonary perfusion has been measured on the
basis of the concept that the number of microspheres trapped
in an ROI is proportion to regional perfusion (28). After micro-
spheres are injected intravenously, fluorescence intensities are
measured by extracting fluorescent dye and dye concentration
is determined by fluorimetry. This method has relatively poor
spatial resolution (because of the need to acquire enough spheres
for a meaningful estimate of flow and because of the difficulty
of dicing the lung too finely).

Mijailovich and coworkers (29) provided the theoretical back-
ground for positron emission tomographic (PET) measurement
of pulmonary perfusion from 13N2 concentration during apnea.
When nitrogen gas arrives in the pulmonary capillaries, most of
the tracer gas diffuses into the alveolar air space during a first
pass because of its low solubility in blood and tissue; regional
tracer content during apnea is proportional to regional Q̇. Brudin
and coworkers (30) calculated pulmonary perfusion by measur-
ing ventilation obtained during continuous inhalation of 19Ne
and V̇/Q̇ during constant intravenous infusion of 13N in saline
solution. This technique has reduced temporal and spatial resolu-
tion, compared with magnetic resonance imaging (MRI) and
CT. More recently, Venegas and colleagues (31–33) used PET
to measure perfusion. Furthermore, with the modeling they em-
ploy, they have made perfusion estimates that have allowed
them to predict blood gases. Others (34) have used PET to
measure perfusion with 15O-labeled water and also to measure
perfusion via PET with macroaggregates of labeled albumin
(effectively microspheres that degrade in the body and can be
used in humans). With the implementation of commercial PET
CT scanners, it is now possible to begin to use these modalities
to cross-validate each other and to begin to design studies that
best make use of the unique capabilities offered by each mod-
ality. Furthermore, with the more limited availability of PET
scanners, it may be of interest to identify how CT may provide
the same information as PET. CT clearly has resolution such
that it is able to evaluate flow in, for instance, nodules of sizes
not visible in a PET image.

Wolfkiel and Rich (25) measured myocardial blood flow by
EBCT, using a single-compartment model of indicator transport.
The basic concept of their model is that flow is proportional to
maximum enhancement. Wu and coworkers, using the dynamic
spatial reconstructor, applied this model in pigs to measure pul-
monary blood flow and showed a good correlation with mi-
crosphere-based flow measurements. The assumption of the
model used is that tissue accumulation of indicator must be
nearly complete before the onset of indicator wash-out. Wolfkiel
and Rich tested this assumption by comparing time–density
curves of the pulmonary outflow tract, lung parenchyma, and
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aortic outflow tract. According to their article, even if the arrival
time on the left side of the circulation was slightly before the
peak lung parenchymal enhancement time, estimation of the
amount of wash-out was minimal (2.7 � 5.3%) at the time of
peak lung contrast enhancement, suggesting that the assumption
of no indicator wash-out is valid for pulmonary blood flow mea-
surements made with central intravenous bolus injections. This
model using CT has been applied by other investigators studying
both animals and humans (35). Won and coworkers (36) demon-
strated the ability to use dynamic CT imaging to extract the
signal within a single voxel related to microvascular blood flow,
thus demonstrating the ability to estimate perfusion parameters
at or near the very interface that provides gas exchange in the
lungs. This was done by assessing the time–attenuation curve in
the feeding pulmonary artery and in the peripheral parenchymal
regions to then extract the transfer function, which expresses
the mathematical function serving to convert the arterial curve
into the parenchymal curve. It was observed that the transfer
function was bimodal; and it was concluded that if the first mode
reflected the partial-volume small arteries in a voxel, and the
second mode reflected the partial-volume microvascular bed,
then one could eliminate the first portion of the transfer function,
reconvolve the arterial curve with just the second portion of
the transfer function, and thus derive a time–attenuation curve
reflecting microvascular perfusion. An example of perfusion
measures obtained in a human nonsmoker and in a human
smoker is shown in Figure 2 (p. 506) with scanning having been
achieved via MDCT (SOMATOM Sensation 16; Siemens Medi-
cal Solutions, Forscheim, Germany). Note the increased hetero-
geneity of perfusion in the smoker, possibly representing disrup-
tion of normal perfusion via inflammatory processes.

Use of pulmonary perfusion measures is largely limited to
date to the assessment of pulmonary emboli (37–41) or the
characterization of lung nodules (42). No study to date has used
quantitative measures (ml/min/g) for clinical assessment of the
lung. Studies assessing pulmonary emboli and lung nodules have
relied on slow, prolonged infusions of contrast simply to evaluate
enhancement of the local blood pool. This has erroneously been
termed “perfusion.” It is in fact “perfused blood volume.”

MRI has been used to evaluate pulmonary perfusion in ani-
mals and humans (43). Perfusion can be evaluated by analyzing
enhancement after intravenous injection of contrast material
(typically gadolinium). CT has significant potential for measuring
highly regionalized pulmonary blood flow on the basis of first-
pass indicator dilution principles, using iodinated contrast me-
dium (44). The measurement of blood flow in brain (45) and
myocardium (24), using CT, was introduced in the early 1980s.
However, the measurement of blood flow has been limited by the
long scan time, long interscan delays, and a lack of nondiffusible
indicators (46, 47). The indicator must satisfy several criteria in
order to allow the application of first-pass indicator dilution
theory: (1) contrast indicator should not affect flow through
physiologic or volume effects, (2) the indicator must mix with
the blood uniformly, and (3) the indicator must remain in the
intravascular space. The development of the EBCT and the
introduction of nonionic contrast agents improved the ability of
CT to measure regional tissue perfusion.

Ventilation Measurement Methods

Quantification of regional pulmonary ventilation has been at-
tempted via various imaging techniques. Scintigraphic imaging
(48) can measure regional ventilation as well as perfusion. Radio-
tracers, such as 133Xe, 13N, and 15O, have been used tomographi-
cally for the evaluation of lung function (49). Nitrogen and oxy-
gen have relatively short half-lives, and specialized imaging

equipment is required (50). This technique yields gross estimates
of ventilation within relatively large tissue volumes.

PET combined with radioactive inert gas tracer was devel-
oped to measure regional alveolar ventilation. Regional ventila-
tion was obtained during the continuous inhalation of 19Ne (51).
Senda and coworkers (52) introduced a method based on the
inhalation of nitrogen gas instead of 19Ne. PET imaging during
a constant rate intravenous infusion of nitrogen has been used
to measure ventilation–perfusion ratios. Musch and coworkers
(31) modified this technique to measure ventilation and perfu-
sion separately by use of a bolus infusion of nitrogen during a
short apneic period. This method has several advantages to assess
both ventilation and perfusion in topological distribution: (1)
use of a single administration of tracer, (2) minimal invasiveness,
and (3) low radiation exposure to the subject. However, there
are several shortcomings. First and foremost has been the fact
that function is not matched with structural detail. This is being
solved by the emergence of combined PET-CT scanners whereby
the best of both PET and CT can be obtained if one uses state-of-
the-art MDCT in conjunction with the PET side of the scanner.
Often, however, the CT side is a lower level machine that is there
largely to provide attenuation correction information obtained
during a fairly prolonged breath hold.

Fluorescent microspheres (12) can be used to measure regional
ventilation by inhaling fluorescent microsphere aerosols and mea-
suring regional extracted dyes for each lung portion. The most
significant limitation of aerosol deposition as an estimate of regional
ventilation is related to the scale of measurement (53, 54). When
a 1.9-cm3 volume per piece is used, ventilation relies primarily on
convective gas movement, whereas the deposition of 1.0-�m aero-
sol depends on gravitational settling and inertial impaction, neither
of which is related to alveolar ventilation.

MRI of regional lung ventilation has been developed. T1- or
T2-weighted proton MRI is significantly hampered by the low
concentration of spin within the lung, susceptible artifact, and
cardiac–respiratory motion (55). New methods have been intro-
duced to increase the signal-to-noise ratio, using new contrast
mechanism. The use of hyperpolarized noble gas, such as xenon-
129 (56–58) or helium-3 (59–61), has been demonstrated. After
the noble gas (xenon or helium) is inhaled, the airway and alveo-
lar air space can be visualized with strong signal intensity, again
demonstrated in both animals and humans.

As discussed above, one of the early limitations of clinical
CT scanners was their ability to image only structure and not
function, but with the increase in speed and improved spatial
resolution along with the use of intravenous or intrabronchial
contrast enhancement, physiologic information can be derived.
Serial CT combined with nonradioactive xenon gas (atomic num-
ber, 54; K edge, 34.6 keV) has been used to measure cerebral
blood flow by applying the theory proposed by Kety and Schmidt
(62). Gur and coworkers (50, 63, 64) used CT with nonradioac-
tive, radiodense xenon gas (Xe-CT) to measure regional pulmo-
nary ventilation, taking advantage of the better spatial and tem-
poral resolution of CT, compared with xenon scintigraphy.
However, little attention was paid to careful lung volume control
and the images suffered from significant misregistration prob-
lems when scans performed before and after xenon inhalation
scans were subtracted from one another to visualize ventilation.
Although powerful, Xe-CT techniques continue to face two pri-
mary shortcomings: (1) radiation dose is of growing public con-
cern and there remains a need for methods that lower dose
levels and (2) the need to track wash-in and/or wash-out of the
gas at a fixed level of the thorax limits the current ability to image
ventilation throughout the whole lung. The z-axis coverage for
current MDCT scanners is at most 4 cm.
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Two Xe-CT techniques for the measurement of regional pul-
monary ventilation have been developed: single-breath and
multibreath technique. Ball and coworkers (65) tried to measure
regional ventilation by xenon scintigraphy by relating the count
rate over the lung after a single breath to that after equilibration
of the isotope throughout the lung. Tajik and coworkers (20)
showed the potential of the single-breath method using Xe-CT,
which was performed by having the subject take a single deep
breath of a high nonradioactive xenon gas concentration mixture
(80% xenon, 20% oxygen). Subtraction of identically gathered
xenon-enhanced and unenhanced images can yield information
regarding the relative distribution of local pulmonary ventilation.
The enhancement due to xenon yields direct assessments of
well-ventilated versus poorly ventilated lung regions. The single-
breath technique has several advantages: it minimizes radiation
dose and it allows for volumetric, spiral scanning. A limitation
of the single-breath method lies in the fact that one must take
a large breath of a high concentration of xenon. In some individu-
als this can cause the unwanted effect of temporarily eliminating
the drive to breathe. Multibreath wash-in and/or wash-out meth-
ods offer information related to regional ventilation under dy-
namic conditions.

Xenon Wash-in and Wash-out Studies

X-ray CT assessments of local pulmonary ventilation have as-
sumed monoexponential kinetics for xenon tracer gas filling or
clearing the alveoli, and the model has been described by Kety
(66).

Since xenon (Xe) gas was first introduced by Knipping and
coworkers (67) as a contrast material to examine pulmonary func-
tion, it has been used extensively in scintigraphy (65, 68, 69), MRI
(57), single-photon emission computed tomography (70), and X-
ray analysis (57, 63, 65, 68–71). Stable (nonradioactive) xenon gas
has a K edge similar to that of iodine and should, therefore, be a
potent X-ray attenuator and provide good contrast enhancement
when used in conjunction with CT scanning (72). When imaged
in a conventional CT scanner, lung attenuation varies linearly
with the xenon concentration in the inhaled gas (73). As dis-
cussed by Tajik and coworkers (20), the slope of the relationship
between attenuation and xenon concentration was 1.55 Houns-
field units (HU) per percentage increase in xenon concentration
for the electron-beam CT scanner and 2.24 HU per percentage
increase in xenon concentration for the spiral/axial CT scanner.
Also, attenuation is dependent on the kilovolt setting, with lower
kilovolt settings giving greater attenuation because of the physi-
cal properties of xenon gas (74). Xenon is moderately soluble
in blood and tissue. The Oswald solubility coefficient is 0.14 at
37�C for blood and 0.13 for fat tissue (75). The solubility of xenon
gas has been considered one source of errors in the application of
multibreath wash-in and/or wash-out protocols.

Errors caused by xenon solubility in blood. A number of investi-
gators have used the Kety model in xenon scintigraphy (76, 77)
and Xe-CT techniques (78), assuming xenon gas as the special
case of gas with low solubility in blood. Previous studies using
xenon scintigraphy reported that because of the solubility of
xenon gas in blood and tissue, xenon is absorbed by the blood
stream and distributed to the body parts during the wash-in phase.

Xenon wash-in and/or wash-out protocols. In the application
of Xe-CT, xenon wash-in, xenon wash-out, and combined xenon
wash-in/wash-out have all been used to measure cerebral blood
flow in both research and clinical studies. Polacin and coworkers
(79) suggested a 3-min wash-in/5-min wash-out protocol by com-
paring it with an 8-min wash-in protocol and evaluating precision
and accuracy of the cerebral blood flow estimates. For the mea-
surement of regional pulmonary ventilation, three protocols (20,
71, 74) have been applied in both animal and human studies,

based on the Kety model, which assumes that xenon is insoluble
in blood and tissue and that the xenon wash-in rate is equal to
the xenon wash-out rate. Simon and coworkers (80) used a
Monte Carlo simulation technique to compare the estimates of
confidence interval limit in three different protocols using the
Xe-CT technique. The result from Monte Carlo simulation
showed that the combined wash-in/wash-out protocol gives a
narrower confidence interval for the time constant with the same
nominal parameters and noise level than does either wash-in or
wash-out alone. Tajik and coworkers (20) showed the repeatabil-
ity of the regional tracer wash-out and wash-in measurement in
terms of calculated time constants. Twenty regions of interest
were randomly chosen on lung base. While repeatability of wash-
out measurement was performed on the basis of data obtained
with the EBCT scanner, wash-in measurement repeatability was
performed with the spiral/axial CT scanner. Repeatability was
compared with data obtained from only one animal in the supine
position. The slope was 1.01 (R2 � 1.0) for EBCT and 1.00
(R2 � 0.96) for spiral/axial CT.

The use of wash-in and wash-out curves to derive a single
estimate of regional ventilation has been brought into question.
Chon and coworkers (81) have demonstrated that the two curves
do not mirror each other. These investigators have hypothesized
that, because of the density of xenon gas, as the gas enters
the lung and meets the lighter resident gas, Rayleigh-Taylor
instabilities cause churning effects that in turn cause nonequal
distribution of the inhaled gas down bifurcating paths. This ob-
servation has raised questions concerning whether inhaled xenon
gas will provide the same information as inhaled helium gas.
Because xenon and helium are used increasingly to study re-
gional ventilation via polarized gas methods associated with MRI
(55, 82, 83) and xenon is of increasing interest as a marker of
regional ventilation assessed via CT, it is important to understand
the effect of gas density and viscosity on regional ventilation.
Lin and Hoffman (84) have begun to use computational fluid
dynamic modeling in conjunction with airway geometry assessed
via CT imaging to gain insights into these newly emerging
questions.

The density and viscosity of xenon gas are 5.44 g/L and
2.25 � 10�5 Pa/s at ambient temperature, respectively (85). These
values are substantially higher than those of the other gases,
which may impair respiratory function when used as an inhaled
anesthetic. Previous studies showed the effect of physical gas
properties on pulmonary mechanics and gas exchanges, revealing
that respiratory mechanics are affected by the density and viscos-
ity of a specific gas mixture. Zhang and coworkers (86) found
an increase in airway resistance related to the inspiratory xenon
concentration. Because of the particularly high density and vis-
cosity of xenon gas, the effects of a xenon–oxygen mixture on
respiratory resistance are markedly sensitive to changes in the
inspired xenon concentration. Rueckoldt and coworkers (87)
reported a marked increase in peak air pressure and a 2.04-fold
Reynolds number increase during inhalation of a 33% Xe–67%
O2 mixture, causing the zone of transition from turbulent to
laminar gas flow to locate more peripherally with a consecutive
increase in airway resistance.

We provide an example of the mapping of regional ventilation
via Xe-CT in a prone sheep (Figure 3, left [p. 506]) along with
a map of perfusion (Figure 3, middle) and V̇/Q̇ (Figure 3, right)
in the same sheep. Specific ventilation (per minute) is color
coded. Chon and coworkers (81) have interrelated wash-in and
wash-out time constants to gas density and lung structure, and
Marcucci and coworkers (74) have demonstrated significant dif-
ferences in ventilation patterns in the prone versus supine body
posture.
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Ventilation–Perfusion

Much of what has been known regarding the physiology of venti-
lation and perfusion matching has come from early scintigraphic
imaging of radioactive xenon gas (11, 88, 89). A less direct
method using a multiple inert gas elimination technique was
introduced by Wagner and coworkers (14). With the introduction
of Xe-CT to assess regional ventilation and CT methods for
assessing regional perfusion, if one carefully images an individual
at the same lung volume and body posture and adjusts small
mismatches in anatomy occurring between the two scanning
protocols via image-warping methods (90) it becomes possible
to image regional ventilation and perfusion and to map voxel-
based histograms of V̇/Q̇ heterogeneity as discussed by Hoffman
and coworkers (91). Kreck and coworkers (92) proposed a
method for extracting regional V̇/Q̇ from a single xenon wash-
in study. This model takes into account the solubility of xenon
gas in blood and tissue, leading to separate measurement of
ventilation, perfusion, and a ventilation–perfusion ratio. If the
Hounsfield unit (X-ray attenuation coefficient) change for a
given percentage of xenon gas is known, and the original regional
xenon gas volume into which the inhaled xenon gas is being
equilibrated, it is possible to estimate the regional density plateau
that should be achieved during a wash-in maneuver. To the
extent that the predicted regional density enhancement is not
achieved, one can estimate regional perfusion with the assump-
tion that the failure to achieve the predicted regional density
enhancement is due to the gas being carried away by the blood.
The limitation of this model is the assumption of a fixed “per-
sonal” (regional) dead space, the need for relatively high xenon
radiodensity signal, and the low signal-to-noise characteristics
of the perfusion signal (predicted minus actual plateau).

Figure 4. Cross-sectional image of a mouse lung. The mouse was im-
aged alive and anesthetized. With careful synchronization of respiratory
events and scanner events, it is possible to image detail out to the very
periphery of the lung. With careful calibration of density it becomes
possible to assess regional lung air content and by imaging the lung
at multiple lung volumes (airway pressures) it becomes possible to image
regional “ventilation.” The inserted marker shows a length of 500 �m.

CONCLUSIONS

MDCT in conjunction with careful gating of scanning to either
respiratory or cardiac signals is now providing the ability to link
structure with function in unprecedented detail. It is expected
that with this new information, we will begin to gain new insights
into the etiology of disease processes, devise improved methods
for disease intervention, better evaluate the efficacy of these
interventions, and establish phenotypes that can aid in the search
for genotypes associated with many common lung pathologies.
With the growing interest in the use of mouse models to help
understand the genetic basis of lung disease, micro-CT (93, 94)
is emerging as a powerful new tool for imaging the lung at
resolutions on the order of 9 to 18 �m, which allows for the
visualization of anatomic structure at the level of the alveoli in
the intact mouse. As shown in Figure 4, with careful gating of
scanning and respiration, it is possible to image the mouse lung
such that details of the lung microstructure are clearly visible,
and accurate density measures allow for assessment of regional
lung function directly related to gas delivery to the lung periph-
ery and the status of the parenchyma at the gas exchange
interface.
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