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Chronic obstructive pulmonary disease is a leading cause of
morbidity and mortality worldwide. Exposure to cigarette smoke
(CS) is a major risk factor for developing this chronic airflow
impairment, but the early progression of disease is not well
defined or understood. Ventilation/perfusion (V/Q) SPECT pro-
vides a noninvasive assessment of lung function to further our
current understanding of how CS affects the lung. Methods:
BALB/c mice were imaged with V/Q SPECT and CT after 8
and 24 wk of whole-body exposure to mainstream CS. Bron-
choalveolar lavage was collected and cell differentials produced
to determine inflammatory patterns. Histologic lung sections
were collected, and a semiautomated quantitative analysis of
airspace enlargement was applied to whole histology slices.
Results: Exposure to CS induced an inflammatory response that
included increases in the numbers of both mononuclear cells
and neutrophils. Airspace enlargement was also significantly in-
creased at 8 wk of CS exposure and was still more pronounced
at 24 wk. Ventilation and perfusion correlation at the voxel level
depicted a significant decrease in matching at 8 wk of CS expo-
sure that was also apparent after 24 wk. The standard deviation
(SD) of the log(V/Q) curve, a basic measure of heterogeneity,
was increased from 0.44 6 0.02 in age-matched controls to
0.62 6 0.05 with CS exposure at 24 wk, indicating an increase
in V/Q mismatching between 8 and 24 wk of CS exposure.
CT, however, was not capable of discriminating control from
CS-exposed animals at either time point, even with greater res-
olution and respiratory gating. Conclusion: This study demon-
strated that, before CT detection of structural changes, V/Q
imaging detected changes in gas-exchange potential. This func-
tional impairment corresponded to increased lung inflammation
and increased airspace enlargement. In vivo V/Q imaging can
detect early changes to the lung caused by CS exposure and
thus provides a noninvasive method of longitudinally studying
lung dysfunction in preclinical models. In the future, these meas-
ures could be applied clinically to study and diagnose the early
stages of chronic obstructive pulmonary disease.
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Chronic obstructive pulmonary disease (COPD) is a world-
wide health concern with high morbidity and mortality and
an increasing burden on health care systems (1,2). Exposure
to cigarette smoke (CS), which is a major risk factor in COPD
pathogenesis, leads to various pathologies including, but not
limited to, chronic inflammation, increased mucus production,
small-airway fibrosis, and airspace enlargement, otherwise
known as emphysema (3). Together, these pathologies, which
are heterogeneously present in the small airways and periphery
of the lung, lead to a reduction in overall gas-exchange function
that becomes debilitating over time (1). Traditionally, COPD is
diagnosed by spirometric measures such as forced vital capac-
ity and forced expiratory volume over 1 s; these airflow-mea-
surement techniques are also used in staging disease severity,
monitoring disease progression, and measuring drug efficacy.

Although diagnosis of COPD by spirometry allows for
a relatively simple measure of lung-function and disease-
severity staging in afflicted individuals, the pathology of
COPD tends to be in the smallest airways and these airways
contribute little to airflow resistance under normal circum-
stances (4). Therefore, spirometry cannot detect the impact of
small-airway obstruction until it has developed considerably,
making spirometry insensitive to early disease. Further, spi-
rometry does not differentiate the varying pathologies, such
as small-airway obstruction and emphysema, associated with
COPD (5,6). Because of the lack of early diagnoses, due in
part to the insensitivity of spirometry and the heterogeneous
nature of the disease, a thorough understanding of early path-
ogenesis is still required. Until this disease can be phenotyped
and precise roles of the various pathologies determined in
relation to air flow, blood flow, and gas exchange, our inabil-
ity to prevent lung dysfunction or provide patients with fully
individualized treatment regimens will continue (7,8). It is
therefore necessary to develop tools that can be used to
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phenotype COPD, provide earlier diagnosis, and allow for
greater understanding of this disease.
Clinical methods that measure ventilation/perfusion (V/Q)

ratios in the lung have been shown to have high sensitivity to
COPD pathologies, as demonstrated by Rodríguez-Roisin et
al. using the multiple inert gas elimination technique (MIGET)
(9). Although this methodology is well suited to understanding
respiratory disease mechanisms because of its ability to de-
scribe the distribution of V/Q ratios in the lung, it lacks the
ability to spatially distinguish underlying pathologies (10) and
is not readily available in clinical practice. V/Q SPECT imag-
ing, on the other hand, is a well-established nuclear medicine
technique that provides spatial information regarding the 2
core processes of respiratory gas exchange, ventilation of al-
veolar units and perfusion of the pulmonary capillary beds
(11), and the results of this technique correlate well with those
derived from MIGET (12). SPECT V/Q is commonly used in
the diagnosis of pulmonary embolism but has been shown to
be sensitive to early indicators of COPD in addition to being
capable of identifying comorbid disease and distinguishing
pathophysiologic changes (13,14). Furthermore, coregistration
of nuclear imaging data to CT images allows for greater in-
sight into the anatomic position of lung dysfunction and struc-
tural information such as the distribution of emphysema.
Although V/Q imaging techniques hold great promise in

providing a better understanding of chronic respiratory ill-
nesses such as COPD, these techniques can also be used
in preclinical research to study disease pathogenesis and
evaluate the efficacy of therapies. Preclinical models for
investigating COPD include a host of different agents to
elicit pathologies such as inflammation and emphysema,
but CS exposure is likely the most relevant when modeling
the pathogenesis of this disease (15).
We have applied V/Q imaging to a preclinical model of

COPD to determine the impact of prolonged CS exposure on
the relationship between ventilation and perfusion in the lung.
Inflammatory measures and histologic assessment of airspace
enlargement were collected to describe 2 of the major
pathologies present in this model and to provide context for
the V/Q measurements. In addition, anatomic data from CT
images were compared with the functional measures obtained
through V/Q imaging. Although CT may not be sensitive to
early changes in the lung associated with CS exposure, V/Q
imaging provides a method by which to study the functional
consequences of the inflammation and airspace enlargement
present under these conditions.

MATERIALS AND METHODS

Animals
FemaleBALB/cmice (CharlesRiver)were acclimatized to specific

pathogen-free housing conditions for 2–3 wk, with a 12-h–12-h light–
dark cycle, before experimentation. The studies described here were
approved by the Animal Research Ethics Board of McMaster Univer-
sity (Hamilton, Ontario, Canada) in accordance with the guidelines of
the Canadian Council on Animal Care. Baseline and 24-wk control
V/Q and CT data were published previously in a related article (16).

CS Exposure Protocol
The mice were exposed to the smoke generated from twelve

2R4F reference cigarettes (University of Kentucky), with the filters
removed, for 50 min twice daily, 5 d/wk, using a SIU48 whole-body
exposure system (Promech Laboratories) for either 8 or 24 wk.
Details of the exposure protocol were reported previously (17). Av-
erage total particulate matter during exposure was 786 mg/L. Control
animals were exposed to room air alone. Before CS exposure, the
animals were acclimatized to the system for 3 d. Smoke exposure in
this system is well tolerated and results in increased levels of car-
boxyhemoglobin and cotinine (17).

Collection and Measurement of Specimens
Approximately 16 h after the final CS exposure, the mice were

sacrificed and bronchoalveolar lavage (BAL) was collected. The
lungs were removed and lavaged twice with phosphate-buffered
saline (0.25 mL followed by 0.20 mL). Total cell counts were
determined using a hemocytometer. After centrifugation, the
cell pellets were resuspended in phosphate-buffered saline, and
slides were prepared by cytocentrifugation (Shandon Inc.) at
9.66g for 2 min. Hema3 (Fisher Scientific Co.) was used to stain all
slides. Differential counts of BAL cells were determined from at
least 500 leukocytes using standard hemocytologic procedures to
classify the cells as neutrophils, eosinophils, or mononuclear cells.
The number of animals in each group for cellular outcomes was as
follows: 5 in the baseline group, 7 in the 8-wk control group, 8 in the
8-wk CS group, 4 in the 24-wk control, and 7 in the 24-wk CS
group. The left lung lobe was inflated to a pressure of 30 cm using
10% formalin, fixed, sectioned into 4 pieces, and embedded in
paraffin; 3-mm-thick sections were stained with hematoxylin and
eosin (H&E). Images of whole H&E-stained lung slices were ac-
quired at ·16 magnification and an image resolution of 2,560 ·
1,920 pixels, producing pixels 6.098 mm in length, on a DMRA
microscope (Leica Microsystems). Airspace enlargement was quan-
tified using Pneumometrics (version 1; Pneumometrics Software);
each data point for an animal represents the average of 4 whole
histologic slices obtained for the left lung lobe, with major airways
and blood vessels identified by the user and removed. Briefly, the
program converted the histologic image to a binary image and sep-
arated contiguous airspaces using a stepwise morphologic closing
operation. The program then automatically measured the dimen-
sions and perimeters of airspaces and provided the total area within
a range of airspace sizes. The number of animals in each group for
histologic outcomes was as follows: 5 in the baseline group, 7 in the
8-wk control group, 7 in the 8-wk CS group, 4 in the 24-wk control
group, and 6 in the 24-wk CS group.

Imaging Protocol
Imaging was performed as previously described (16). In brief,

the mice were tracheally intubated through the oral cavity after
anesthetization with ketamine and xylazine (90 and 6 mg/kg, re-
spectively). The animals were then ventilated (0.02 L/min, 125
strokes/min) on a rodent ventilator (model 683; Harvard Appara-
tus) with Technegas (Cyclomedica) (0.04–0.12 MBq/mL) for
15 min. After Technegas delivery, the animals were removed from
the ventilator and allowed to breathe freely. SPECT scans were
acquired on an X-SPECT system (Gamma Medica) using pinhole
collimators and a radius of rotation of 3.5 cm. A high-quality
ventilation CT scan was collected immediately after the SPECT
scan, also acquired on the X-SPECT system, with x-ray tube char-
acteristics of 75 kVp and 220 mA. After the ventilation SPECT and
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CT scans, the mice were injected with 11–15 MBq of 99mTc-mac-
roaggregated albumin via the tail vein. Perfusion imaging entailed
a CT and SPECT scan. Supplemental gaseous anesthesia was used
(isoflurane, 1%, 1 L/min) to ensure sedation throughout the imaging
procedure.

SPECT and CT images were reconstructed, fused, and coregis-
tered as previously described (16). Calibration of each CT image
for Hounsfield unit (HU) scaling was performed using a water-
filled tube included in each scan and air within the field of view
but external to the animal. A lung region of interest (ROI) was
produced for the ventilation CT images, as described previously,
using Amira 5.1 software (Visage Imaging). An example of an axial
slice of the lung ROI is shown in Figure 1A. In-house–developed
software was used to fuse the perfusion CT and SPECT images by
a process that maximized mutual information through rigid-body
transformation within the lung region as defined by the lung ROI,
as previously described (16). Mutual information–derived param-
eters obtained from fusion of the perfusion SPECT and CT images

were then applied to the ventilation SPECT and CT images. The
ventilation and perfusion datasets were then coregistered by re-
peating the mutual information maximization process through
rigid-body transformation of their respective CT images, again
within the lung segmentation.

Respiration-Gated CT Image Processing
and Quantitation

Inspiration- and expiration-gated CT images were produced
by applying RespGate software (RespGate) to all ventilation CT
projections (18). Respiration-gated images were then recon-
structed and calibrated as described for the ungated image used
in the V/Q analysis. Lung-associated air volume from respira-
tion-gated CT images was extracted by a method previously de-
scribed based on a segmentation of the entire thoracic cavity
(16,19). Functional residual capacity and tidal volume were cal-
culated from these data. To detect emphysematous changes,
thresholds of 2450 and 2550 HU were used because these val-
ues are indicative of severe alveolar destruction in mouse models
with the CT system used in this study (20).

Quantitative Per-Voxel Image Data Analysis
The coregistration of images allows for analysis of SPECT

and CT data on a per-voxel basis. Within the lung ROI, all voxels
have a density value (HU), relative ventilation and perfusion
counts, V/Q, and a log(V/Q) value (Fig. 1A); presented data
represent mean distributions of all voxels within the lung ROI
for each experimental group, unless otherwise stated. Ventilation
and perfusion values were converted to relative frequencies by
dividing the activity value of each voxel by the total activity in
the lung ROI. The relationship between ventilation and perfusion
data was determined by finding the Pearson correlation coeffi-
cient for the plot of the relative ventilation-versus-perfusion val-
ues in each voxel. V/Q ratios were calculated using the relative
frequency of both ventilation and perfusion, and a base 10 loga-
rithm was applied to provide a lognormal distribution. Analysis
of the log(V/Q) data involved calculation of the mean, standard
deviation (SD), and percentage of total lung volume greater than
62 averaged SDs from the averaged baseline mean log(V/Q), as
a measure of V/Q mismatching. Low log(V/Q) henceforth refers
to negative values greater than 2 SDs from the baseline mean,
and high log(V/Q) refers to positive values found by the same
process. Because of the use of the logarithmic scale, any voxel
for which only ventilation equaled zero was set to a log(V/Q)
ratio of 2N and any voxel for which only perfusion equaled zero
was set to a log(V/Q) ratio of 1N. These values were not in-
cluded in the calculation of the log(V/Q) mean and SD but were
included in measures of high and low log(V/Q). Any voxels for
which both ventilation and perfusion equaled zero were noted
and given a log(V/Q) value of zero. The number of animals in
each group for imaging outcomes was as follows: 5 in the base-
line group, 4 in the 8-wk control group, 7 in the 8-wk CS group,
6 in the 24-wk control group, and 7 in the 24-wk CS group.

Data Analysis
Data were expressed as the mean 6 SEM. When age-matched

experimental groups were compared, statistical significance was de-
termined by unpaired, 2-tailed t testing (GraphPad Software Inc.).
Within an experimental group, results were compared between ex-
posure time points and baseline using a 1-way ANOVAwith Tukey

FIGURE 1. Representative SPECT and CT images. (A) CT and

SPECT axial slice images for animal at baseline. (B) Log(V/Q)
images in axial, coronal, and sagittal planes for all experimental time

points. Animals shown were chosen on basis of average SD, mean,

and ventilation-vs.-perfusion correlation values for dataset. Color

bar indicates values seen in associated log(V/Q) images. CS 5 cig-
arette smoke exposure; CT5 ventilation-associated CT; Ctrl5 age-

matched controls; Log(V/Q) 5 final calculated data; ROI 5 lung

region of interest seen as black overlay on CT image; Vent and Perf

5 ventilation and perfusion SPECT images, respectively, with color
scale increasing from red through yellow to white for both.
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post hoc analysis. In addition, 2-way ANOVA was applied to all
measurements to test for interaction between smoke exposure and
time. A P value of less than 0.05 was considered statistically sig-
nificant for all tests.

RESULTS

BALB/c mice were exposed to CS or, to provide age-
matched controls, room air for a period of 24 wk. V/Q
SPECT/CT images were acquired after 8 and 24 wk of CS
exposure. Visual inspection of log(V/Q) data indicated
increased heterogeneity and mismatching over time in
the CS-exposed groups as compared with their age-
matched controls (Fig. 1B). This mismatching was obvious
after 24 wk; however, no specific patterns of mismatching
were observed between animals within the CS-exposed
groups.
To further evaluate ventilation and perfusion distributions,

their association on a per-voxel basis was examined (Fig.
2A). The average ventilation-versus-perfusion distribution at
baseline had a proportion of voxels falling on the line of

unity, indicating perfectly matched ventilation and perfusion
values. Although this situation was largely unchanged in
age-matched controls, CS-exposed animals eventually lost
this feature. As a quantification of these data, the correlation
between ventilation and perfusion, measured by the Pearson
coefficient, did not change over time in control groups but
was significantly less in CS-exposed groups than in their
age-matched controls at both 8 and 24 wk (Fig. 2B). These
data indicate that V/Q mismatching caused by CS exposure
was present as early as 8 wk.

V/Q relationships were further qualified through the
distribution of log(V/Q) values, for which a decrease in
the peak and a widening of the curve were apparent with
increasing CS exposure (Fig. 3A). The mean log(V/Q) value
of the 24-wk CS-exposure group was significantly more
negative than that at baseline, in the 8-wk CS group, and
in the age-matched controls at 24 wk (Fig. 3B); a significant
interaction in the mean log(V/Q) was found between
time and CS exposure through 2-way ANOVA. The SD
of the log(V/Q) distribution, a measure of heterogeneity,

FIGURE 2. Relationship of ventilation and
perfusion distributions. (A) Baseline ventila-

tion-vs.-perfusion scatterplot representing

averaged data. x- and y-axes represent per-
fusion and ventilation, respectively; each

point represents ventilation and perfusion

value of a single voxel, and scale bar repre-

sents number of stacked voxels. Average
baseline distributions for ventilation and

perfusion are shown separately in axis-as-

sociated graphs. Line for V 5 Q (unity), as

well as lines for mean log(V/Q) and 2 SDs
from the mean, are shown. (B) Pearson cor-

relation coefficient (R) for assessing relation-

ship between ventilation and perfusion
counts. *P , 0.05 CS vs. age-matched con-

trol by 2-tailed unpaired t test. §P , 0.05 baseline vs. 24 wk CS by 1-way ANOVA with Tukey post hoc. BL 5 baseline.

FIGURE 3. Log(V/Q) distribution. (A) Volume-

standardized distribution of log(V/Q) values
measured in percentage of total lung vol-

ume (%TLV). Baseline (black), 8-wk control

s, 8-wk CS-exposed d, 24-wk control h,
and 24-wk CS-exposed n are shown. (B)

Mean (top) and standard deviation (bottom)

of log(V/Q) distributions for all experimental

groups, calculated without 6N values. (C)
Percentage of total lung volume with log

(V/Q) mismatching. Mismatching was de-

fined as values greater or less than 2 aver-

age SDs from the average mean and include
voxels where V 5 0 (2N) and Q 5 0 (1N).

*P , 0.05 for CS vs. age-matched control

by 2-tailed unpaired t test. #P , 0.05 for
24-wk control or CS vs. 8-wk control or CS by 1-way ANOVA with Tukey post hoc. ¶P , 0.05 for baseline vs. 24-wk control by 1-way

ANOVA with Tukey post hoc. §P , 0.05 for baseline vs. 24-wk CS by 1-way ANOVA with Tukey post hoc. %TLV 5 percentage of total lung

volume; BL 5 baseline; ctrl 5 control.
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demonstrated no significant difference after 8 wk of CS
exposure when compared with baseline and age-matched
controls. After 24 wk of CS exposure, however, a significant
increase in SD was found, compared with not only age-
matched controls but also baseline and 8-wk CS exposure.
As reported previously (16), the age-matched control group
at 24 wk also demonstrated a significant increase in the SD
of log(V/Q) over that of baseline animals (Fig. 3B). There-
fore, while V/Q mismatch is progressive with age there is
still a significant increase in mismatching in CS-exposed
mice over controls at 24 wk.
The percentage of lung volume with low log(V/Q)

values—that is, reduced ventilation in comparison to perfu-
sion—was substantially increased in the group with 24 wk of
CS exposure, compared with the age-matched control, base-
line, and 8-wk CS groups (Fig. 3C). Further, there was a sig-
nificant interaction between time and CS exposure in these
low log(V/Q) values. The proportion of high log(V/Q) val-
ues, or voxels with greater ventilation than perfusion, was
increased in both the CS-exposed mice and the controls at 24
wk, compared with baseline. In this model, the proportion of
low log(V/Q) values was much greater than that of high log
(V/Q) values.
BAL samples were collected to provide insight into the

inflammatory environment associated with the V/Q mis-
matching observed. A significant increase in total leukocyte
number in the BAL was found at 8 wk for mice exposed to
CS, compared with controls, and this inflammatory burden
remained elevated up to 24 wk (Fig. 4). The absolute num-
ber of neutrophils was also significantly increased by 8 wk
of CS exposure, compared with age-matched controls, and
a further increase in neutrophils was seen after 24 wk of
exposure, compared with levels at 8 wk. The difference
between 8 and 24 wk also reflects a significant interaction
between time and CS exposure.
Airspace enlargement was measured in whole histologic

H&E-stained lung slices to determine the structural conse-
quences of CS exposure. Representative histology slices
from control and CS-exposed groups at 24 wk depict the
overall extent of airspace enlargement (Fig. 5A). Quantifi-
cation of all airspaces within the histologic images revealed
that their size distribution was not gaussian. Therefore, air-
space enlargement was analyzed by plotting the percentage
of total airspace area against logarithmic ranges of airspace
size to produce a simplified distribution. In animals exposed

to 8 wk of CS, the area associated with larger airspaces,
between 104 and 105 mm2, was significantly increased over
that of the age-matched controls. Animals exposed to 24 wk
of CS demonstrated a similar increase between 104 and 105

FIGURE 4. Inflammatory cell counts from

BAL. Total cell number (A), mononuclear

cells (B), and neutrophils (C) are shown.
*P , 0.05 for CS vs. age-matched control

by 2-tailed unpaired t test. ‡P , 0.05 for

baseline vs. 8- and 24-wk CS by 1-way

ANOVA with Tukey post hoc. #P , 0.05 for
24-wk CS vs. 8-wk control or CS by 1-way

ANOVA with Tukey post hoc. BL5 baseline.

FIGURE 5. Assessment of airspace enlargement using quantitative
histologic analysis. (A) Representative whole-lung slices, stained with

H&E, for control (left) and CS-exposed (right) mice at 24 wks. (B)

Comparison of total airspace area associated with logarithmic air-

space size ranges; connected points represent distribution of air-
space area derived from whole-slice histologic quantification and

averaged across animals. Statistical analyses were confined to air-

space size ranges. Bracketed terms denote group to which statisti-

cal mark belongs. Major airways and vessels were removed before
quantitation. *P , 0.05 for CS vs. age-matched control by 2-tailed

unpaired t test. #P, 0.05 for 24-wk control or CS vs. 8-wk control or

CS by 1-way ANOVA with Tukey post hoc. §P , 0.05 for baseline vs.
24-wk control by 1-way ANOVA with Tukey post hoc. †P , 0.05 for

baseline vs. 8- and 24-wk control by 1-way ANOVA with Tukey post

hoc. ‡P , 0.05 for baseline vs. 8- and 24-wk CS by 1-way ANOVA

with Tukey post hoc. Ctrl 5 control.
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mm2 and showed a significant reciprocal decrease in air-
spaces between 103 and 104 mm2 (Fig. 5B). Increases in
airspace enlargement were also observed in control animals
in an age-dependent manner. Therefore, whereas a degree
of airspace enlargement was observed with age alone, ex-
posure to CS led to a significant increase in this pathology
at both 8 and 24 wk.
In contrast, CT densitometry was not different between

the 24-wk CS group and the age-matched control groups
(Fig. 6). Summation of air volumes in the lung yielded no
significant differences in functional residual capacity or tidal
volume between CS groups and their age-matched controls
(data not shown); however, a significant increase in func-
tional residual capacity was observed between baseline and
both controls and CS-exposed mice at 24 wk. Further, no
difference was observed in the frequency of voxels less than
2550 HU or 2400 HU (data not shown) between CS
groups and their controls, indicating no major volumes of
emphysema were present.

DISCUSSION

Continuing exposure to CS is known to have immu-
nologic and structural consequences (6) that eventually
lead to a reduction in gas exchange capability. The pro-
gression of this lung dysfunction and how the core
pulmonary processes of ventilation and perfusion are af-
fected are issues that are not well defined. The ability of
this methodology, and other similar 3-dimensional meth-
ods, to spatially examine the impact of varying patholo-
gies on gas exchange in the lung provides the necessary
tools to study complex and chronic diseases such as
COPD. Preclinical investigation of ventilation and perfu-
sion in models of COPD will allow for a better under-
standing of clinical disease progression by providing a
translational approach to measurement of these core lung
processes.
The approach taken in this study was to determine the

impact of sustained CS exposure on the lung and the abi-
lity to match ventilation to perfusion in this context. Pre-
viously in clinical studies, Jogi et al. have demonstrated

that V/Q SPECT is sensitive to COPD-related pathologies
(13), and Suga et al. have quantified the V/Q mismatch
due to emphysema in a per-voxel manner (14). Our results
affirm that V/Q methodologies, being functional measure-
ments, are sensitive to early pathologic changes that lead
to COPD but may not be apparent, even at a higher res-
olution, with anatomic imaging systems such as CT.
Because V/Q imaging is a common nuclear medicine
technique and SPECT/CT systems are increasingly used
(21), V/Q measurement could play an important role in
the diagnosis, treatment, and further understanding of
COPD (13,22,23).

We have demonstrated that V/Q mismatching progres-
sively increased during CS exposure in mice. The SPECT
results presented here indicated that low V/Q mismatch
predominated over high V/Q mismatch in the lungs of mice
exposed to 24 wk of CS. The CS exposure model caused
significant neutrophilia and monocyte infiltration whereas
only a slight increase in airspace enlargement was observed
after 24 wk. The V/Q profile observed in this context is
consistent with clinical MIGET data in which V/Q mis-
match was observed in GOLD stage I (9). MIGET studies
have also provided evidence that high V/Q values tend to be
present in patients with emphysematous pathology whereas
low V/Q values tend to be present in patients with greater
inflammatory indices and small-airway pathology (24,25).
Lower V/Q values have also been observed through PET
after acute exposure to CS in sheep (26). The dominance of
low V/Q mismatching in our model is therefore most likely
associated with airway narrowing and obstruction caused
by the increase in lung inflammation.

Although the effects of airspace enlargement in this model
were small, a significant increase in airspace area was found
in the size range between 104 and 105 mm2, indicating that
the effect was predominantly associated with larger airspaces
in the acinar complex. The impact of age on the lung struc-
ture was also apparent between baseline and the control
groups at either time point, as shown in Figure 5B. This
result lends strength to findings derived from CT images in
which an increase in volume was observed over baseline
values in both CS-exposed and control mice but no differ-

FIGURE 6. Respiration-gated CT densitom-
etry. HU density distributions in percentage

of total volume are shown for end-expiratory

(A) and end-inspiratory (B) breathing states.
Baseline, 8-wk control, 8-wk CS-exposed,

24-wk control, and 24-wk CS-exposed are

shown. ctrl 5 control.
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ence was found between these age-matched groups. Airspace
enlargement, as observed in control animals through both CT
and histology, was potentially involved in the increase in V/Q
heterogeneity, as measured by the SD of the log(V/Q), be-
cause these results increased with aging in the absence of
aberrant immunologic processes (16,27).
In addition to airspace enlargement and inflammation,

other pathologies associated with COPD likely contribute
to V/Q mismatching seen clinically. Inflammatory exu-
date, small-airway remodeling, increased mucus pro-
duction, and loss of tethering forces could lead to an
altered ventilation profile through the closure of small
airways. Although inflammation and airspace enlarge-
ment likely have a role in lung dysfunction, the levels of these
pathologies observed in this study may not adequately
account for all of the V/Q mismatching detected. A healthy
pulmonary vasculature could adapt blood flow, predominantly
through hypoxic vasoconstriction, to provide matched V/Q
(28). This system is impaired in COPD patients (29), and
vascular abnormalities have been identified in other models
of CS exposure in small animals (30,31).
Although murine models may not reflect all of the

pathologies associated with COPD at once, they allow
the study of individual aspects of disease. Our results
indicate that inflammation is likely responsible for some
of the V/Q abnormalities observed and that airspace
enlargement may have a limited role in this model. Further
work in several models of COPD pathologies will be
necessary to determine the relative contributions of these
pathologies to V/Q mismatching. Because smoking cessation
has been shown to reduce some inflammatory parameters
(32), the study of smoking cessation in this controlled system
will be a necessary step toward confirming the roles of the
pathologies observed toward V/Q mismatching and toward
demonstrating the ability of this methodology to investigate
therapeutic approaches.
Through a per-voxel analysis of V/Q, this study has

demonstrated that chronic exposure to the noxious and
particulate components of CS is enough to elicit alterations
in gas exchange capacity. V/Q mismatching is a sensitive,
noninvasive measure of lung dysfunction that can provide
insight into many of the pathologies and obstructions that
cause COPD. In COPD, and preclinical models thereof, the
ability to detect incipient disease is necessary to allow for
the investigation of the underlying biologic mechanisms.
Further, the ability to track progression provides a system in
which interventions can be tested. Within this CS exposure
model, V/Q SPECT has proven useful to establish both
detection and progression and can be used further in the
investigation of treatment options.
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