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The global increase in asthma, chronic obstructive pulmonary
disease, and other pulmonary diseases has stimulated inter-
est in preclinical rat models of pulmonary disease. Imaging
methods for study of these models is particularly appealing
since the results can be readily translated to the clinical set-
ting. Comprehensive understanding of lung function can be
achieved by performing registered pulmonary ventilation and
perfusion imaging studies in the same animal. While ventila-
tion imaging has been addressed for small animals, quantita-
tive pulmonary perfusion imaging has not been feasible until
recently, with our proposed technique for quantitative perfu-
sion imaging using multiple contrast-agent injections and a
view-sharing radial imaging technique. Here, we combine the
method with registered ventilation imaging using hyperpolar-
ized 3He in an airway obstruction rodent model. To our knowl-
edge, this is the first comprehensive quantitative assessment
of lung function in small animals at high spatial resolution.
Standard deviation of the log (V/Q) is used as a quantitative
biomarker to differentiate heterogeneity between the control
and treatment group. The estimated value of the biomarker
lies within the normal range of values reported in the litera-
ture. The biomarker that was extracted using the imaging
technique described in this work showed statistically signifi-
cant differences between the control rats and those
with airway obstruction. Magn Reson Med 000:000–000,
2010. VC 2010 Wiley-Liss, Inc.
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One of the critical functions of the lung is to oxygenate
the arterial blood. This is accomplished by ensuring
effective gas exchange, which is indicated by matched
ventilation and perfusion (1), typically measured as the
ratio of the gas replacement rate and the blood flow rate
(V/Q). Traditionally, nuclear imaging techniques have
been used to study regional lung function (2). Quantita-
tive analysis of combined ventilation and perfusion is
typically performed using the dimensionless V/Q ratio.
The V/Q ratio is a log normal distribution in healthy

lungs, with a mean of �0.80 and a standard deviation
(SD) of �0.30 (3,4). More important than the value of V/
Q is the heterogeneity of the value of V/Q, especially
when studying a lung disease. It has been shown by
Sando et al. (4) that SD of V/Q is a reliable differential
biomarker that captures the heterogeneity of the V/Q ra-
tio when studying pulmonary diseases.

While nuclear imaging techniques have become a ‘‘gold
standard’’ for clinical imaging, the spatial resolution

offered by the technique is insufficient for imaging small

animals. With a large number of preclinical rodent models

of pulmonary diseases available, a need exists to develop

techniques that enable the quantitative assessment of re-

gional functional morphology in small animals (5).

MRI has not been at the forefront of pulmonary imag-
ing. However, with the development of lower echo time
(TE) imaging sequences (6) to overcome signal loss due
to susceptibility and the introduction of hyperpolarized
(HP) signal sources (7,8), there has been a growing inter-
est in lung imaging using MRI. While MRI is being
developed as an alternative in the clinics using HP 3He
(9,10) or paramagnetic 15O (11) for ventilation, and
dynamic contrast–enhanced (DCE) MRI for perfusion
(12), the technological barriers in developing these meth-
ods for small animal imaging have been significant.

Pulmonary imaging in the rat has been limited to ven-
tilation (7,13) imaging using HP 3He. There have been
few studies of ventilation/perfusion imaging in rats.
Researchers have attempted to study ventilation and per-
fusion in the same rat using HP gases and contrast agents
(14,15) or, very recently, using inert fluorinated gases
(16). While the techniques demonstrated that it is feasi-
ble to image ventilation/perfusion in rats, extracting
quantitative information at high spatial resolution has
remained elusive.

Recently, we proposed a technique for perfusion imag-
ing at high spatial resolution using DCE-MRI (17). This
was achieved by using a custom-built microinjector that
enables repeatable precise contrast injections matched to
the physiology of the animal. The imaging was per-
formed using a dynamic interleaved radial imaging
sequence (IRIS) combined with sliding-window keyhole
reconstruction that enables perfusion imaging at a spatial
resolution of 200 � 200 � 3000 lm3 and a temporal reso-
lution of 200 ms. In this work, we propose a protocol for
combined ventilation/perfusion imaging at high spatial
resolution.

Ventilation imaging was performed using HP 3He (13)
and perfusion imaging was carried out using the IRIS
technique developed for DCE-MRI (17). A protocol for
combined V/Q imaging was designed that enables the
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acquisition of ventilation and perfusion images before
and after airway obstruction. Quantitative ventilation pa-
rameters were extracted by establishing a relationship
between the HP signal and 3He volume. Quantitative per-
fusion parameters were extracted using a singular value
decomposition technique developed for cerebral perfu-
sion imaging (18). V/Q estimates were extracted from the
ventilation rate and blood flow parameters. The SD of V/
Q before and after airway obstruction was calculated to
demonstrate that the technique is sensitive in detecting
statistically significant differences in the heterogeneity of
the distribution of V/Q ratio.

MATERIALS AND METHODS

Animal Model

Several rat models of pulmonary diseases have been pro-
posed by researchers, which include models of asthma
(19), hypoxic pulmonary vasoconstriction (20), pulmo-
nary embolism (21), emphysema (22), chronic obstructive
pulmonary disease (23), and airway obstruction (24). The
airway obstruction model proposed by Hedlund et al.
(24) is an attractive model for testing imaging sequences.
Some of the factors that make this model attractive are
robustness, reliability, and availability of internal con-
trol. Internal control can be implemented in two ways: a)
the obstruction can be administered during imaging to
allow pre- and post-airway obstruction imaging, and b)
the obstruction can be created selectively in one lung/
lobe, which allows the contralateral lung to act as a
control.

Airway obstruction is created by inserting a catheter
through the endotracheal tube, as shown in Fig. 1, fol-
lowed by injection of fast-drying surgical cement to cre-
ate the localized airway obstruction. The model was
developed previously by Hedlund et al. (24) to demon-
strate the sensitivity of HP 3He imaging of ventilation
before and after airway obstruction. We used the same
model to show the sensitivity of the V/Q imaging tech-
nique using HP 3He and DCE-MRI. Our hypothesis was
that the localized airway obstruction would lead to sig-
nificant reduction of ventilation, causing a lack of oxy-
genation to the region, which in turn would cause
hypoxic pulmonary vasoconstriction that leads to
reduced pulmonary blood flow.

Animal Procedures

All animal procedures were approved by the Duke Insti-
tutional Animal Care and Use Committee. A total of six
female Fischer 344 rats (Charles River Laboratories, Wil-
mington, MA) were perorally intubated and mechani-
cally ventilated at 60 breaths/min, with a tidal volume of
2.0–2.2 mL. The ventilator is designed to automatically
switch between the normal ventilation mode (mixture of
75% N2 and 25% O2) and the HP 3He delivery mode
(mixture of 75% 3He and 25% O2) (25). Perfusion studies
were carried out by injecting Gadolinium-diethylene-
triamine-penta-acetic acid (Gd-DTPA) contrast agent
(MagnevistV

R

; Bayer Healthcare Pharmaceuticals Inc.,
Pittsburgh, PA) in the right jugular vein via a 3-French
catheter. Airway obstruction was created in situ in the

magnet using a catheter (PE-10 tube) that was inserted
through a small opening in the tracheal tube. The length
of this tubing was such that approximately 100 lL of sur-
gical cement could be injected, followed by 500 lL of air
to ensure that the cement would reach the tip of the
catheter.

Anesthesia was maintained with 0.05-mL injections of
Nembutal (50 mg/kg, intraperitoneal (IP); Abbott Labora-
tories, North Chicago, IL) about every 45 min. Body tem-
perature was measured with a rectal thermistor and was
maintained at 37�C with a PID feedback-controlled heat
source (26). Solid-state transducers on the breathing
valve measured airway pressure and flow. Pediatric elec-
trodes were taped on the footpads for electrocardiogram
(ECG). All physiologic signals were continuously col-
lected (Coulbourn Instruments, Allentown, PA) and dis-
played on a computer using LabVIEW software (National
Instruments, Austin, TX) for the duration of the experi-
ment. These signals were also used to control the trigger-
ing for all the imaging sequences described. After the
studies, the animals were euthanized with an overdose
of anesthesia.

Imaging Protocol: General

Helium (�1.0 L) was polarized using the spin-exchange
optical pumping technique (IGI.9600.He; Magnetic Imag-
ing Technologies, Inc., Durham, NC) (8). Imaging was
performed using a 2.0-T 18-cm horizontal bore magnet
(Oxford Instruments, Oxford, UK) with shielded gra-
dients (180 mT/m; GE NMR Instruments, Fremont, CA)

FIG. 1. Method of inserting a catheter through the side of the en-
dotracheal tube into the left or right main stem bronchus, selec-

tively blocking one side of the lung.
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interfaced to a GE EXCITE console running EPIC v.
12M4 (GE Healthcare, Milwaukee, WI). The console has
been modified to operate at 64.8 MHz to image HP 3He,
and at 85.5 MHz to image 1H. A dual-frequency birdcage
coil (7 cm in diameter and 7 cm in length) was used for
data acquisition. The animal was in a prone position on
a support cradle during imaging. Coronal and axial pro-
ton images were acquired to localize the animal within
the field of view (FOV).

The protocol, shown in Fig. 2, started with polariza-
tion, animal setup, ventilator and injection setup, and a
series of quality assurance checks. This was followed by
the perfusion imaging, which included (a) an anatomic
scan to define the coronal slice of interest just behind
the heart; (b) a single-injection DCE-MRI scan, imaged
using a dynamic radial acquisition sequence (17) to con-
firm the placement of the jugular catheter; (c) a T1 series
to estimate contrast agent concentration in the DCE-MRI
images; and (d) an IRIS image at high spatial and tempo-
ral resolution using four contrast injections to estimate
perfusion. Perfusion imaging was followed by a HP 3He
ventilation imaging protocol that included (a) a calibra-
tion image acquired using non-slice-selective static radial
acquisition sequence, and (b) a ventilation image
acquired using a slice-selective static radial acquisition
sequence. The animal was then administered the airway
obstruction by injecting �100 lL of surgical cement, fol-
lowed by �500 lL of air through the catheter placed in
the tracheal tube. The airway obstruction caused the air-
way pressure to increase, which was monitored using
the physiologic monitoring system. Ventilation and per-
fusion imaging were performed again following airway
obstruction.

The protocol for imaging ventilation and perfusion in
each rat before and after airway obstruction ensured that
there was enough time between two perfusion studies
for the contrast agent to wash out from the first perfusion
imaging experiment. The protocol also allowed sufficient
time for hypoxic vasoconstriction to occur after airway
obstruction. The protocol included imaging the anatomy,
estimating a T1 map, imaging perfusion with DCE-MRI
using IRIS (17), and imaging ventilation with HP 3He.
These imaging procedures were performed both before
and after airway obstruction.

The airway obstruction model is an instantaneous
model that creates a localized block in ventilation; how-
ever, we do not know the effect of the model on perfu-
sion. To understand the impact of the airway obstruction
on the changes in blood flow, DCE-MRI studies of pul-
monary perfusion were done before airway obstruction,
50 min after obstruction, and 100 min after obstruction
in one animal. This study was used to determine the
amount of time for hypoxic vasoconstriction to occur.
Imaging of ventilation/perfusion was performed in N ¼ 6
rats with the described imaging protocol before and 100
min after airway obstruction. Care was taken during the
imaging protocol to maintain the registration between
the different images.

Imaging: Anatomic

Anatomic imaging was carried out using a radial
sequence gated at end-expiration, which follows the fol-
lowing protocol. A total of 1600 views of k-space are
acquired to regrid the data on a 2562 matrix with 2�
oversampling by acquiring 20 views per ventilatory trig-
ger. Other scan parameters are as follows: TE/pulse repe-
tition time (TR) ¼ 0.7/20 ms, BW ¼ 62.5 kHz, FOV ¼
55 mm, and slice thickness ¼ 3 mm. The flip angle is set
to the Ernst angle given by

aErnst ¼ cos�1ðe�TR
�
T1Þ ½1�

where a is the flip angle, for maximum signal-to-noise-ra-
tio. The FOV, slice thickness, and the resolutions are
selected so that the datasets from all modalities (1H/3He/
DCE-MRI) are registered.

Imaging: Ventilation

Our protocol for ventilation imaging is carried out in two
steps: (1) using a non-slice-selective sequence for signal
calibration, and (2) using a slice-selective sequence to ac-
quire the slice of interest. The non-slice-selective
sequence is used for calibration of the signal intensity to
the volume of 3He. The slice-selective sequence is used
to image the same slice as acquired in the anatomic scan
to maintain registration. The imaging is carried out at
end-expiration using a variable flip angle technique (27).
Since the acquisition is carried out over multiple
breaths, the variable flip angle technique ensures that all
of the magnetization is completely destroyed at the end
of each breath to prevent corruption of signal from the
previous breath. The scan parameters for 3He ventilation
at end-expiration apnea are as follows: TE/TR ¼ 0.7/5
ms, band width (BW) ¼ 62.5 kHz, FOV ¼ 55 mm, slice
thickness ¼ 3 mm, 20 views per trigger. A total of 800
views were acquired to reconstruct a 2562 matrix. The
amount of HP gas used during the imaging is �2 mL/
breath, i.e., a total gas consumption of 80 mL.

Extracting ventilation changes for this study consisted
of estimating the distribution of 3He volume in the slice
of interest. The distribution of 3He in each voxel of the
slice was estimated by converting the signal intensity to
volume of HP gas. The technique was originally pro-
posed for quantitative analysis of ventilation in a mouse

FIG. 2. Protocol for imaging pulmonary and perfusion airway

obstruction.
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model of asthma (28). The quantification was carried out
by selecting two rectangular regions of interest that span
the width of the trachea, integrating the signal intensity
within those regions and mapping it to the cylindrical
volume contained in that region. The mapping of the sig-
nal intensity to volume of 3He is carried out by simply
taking the ratio of the signal intensity in that voxel and
the integrated signal intensity in the cylindrical region
and multiplying this ratio with the cylindrical volume of
the selected region. The underlying assumption is that
the cylindrical region of the trachea consists of pure 3He.
While this assumption is accurate for the inner regions
in the trachea, voxels at the edges may contain only par-
tial volume of 3He; however, this does not significantly
affect the estimation of volume of 3He. For slice-selective
images, however, we cannot guarantee that the trachea
will be visible in the slice of interest. To overcome this
problem, a non-slice-selective image was acquired to
estimate the calibration factor, and this factor was then
used to normalize the slice-selective images. By applying
the calibration to the slice-selective images, we could
estimate the distribution of gas volume in each voxel.
The quantitative estimation of gas volumes was per-
formed by an in-house MATLAB (The MathWorks Inc.,
Natick, MA) code.

Imaging: Perfusion

A single T1 map before the injection of the contrast agent
enables the conversion of signal intensity from a DCE-
MRI image into contrast concentration in each voxel,
which is then used in the estimation of perfusion param-
eters. A voxel-by-voxel T1 map is estimated using a se-
ries of images at a constant TR and different flip angles.
The details of the estimation of the T1 map are provided
in the next section. The imaging parameters for the fast
radial sequence used to capture the T1 series are as fol-
lows: TE/TR ¼ 0.7/4 ms, BW ¼ 62.5 kHz, FOV ¼ 55 mm,
slice thickness ¼ 3 mm, number of views ¼ 1600. The
images are acquired at suspended respiration for �8 sec
using a fast fixed-flip angle radial sequence. Images are
acquired at 12 different flip angles from 5� to 60� in
steps of 5�. The image was acquired for a 128 � 128
reconstruction. The data were zero padded to a 2562 ma-
trix and reconstructed to match the DCE-MRI data
acquired using IRIS.

A test scan at low spatial and low temporal resolution
is carried out using a single contrast injection with a
dynamic radial acquisition sequence (17) that undersam-
ples the k-space at each time point. Two-dimensional ra-
dial acquisition sequence parameters were TE/TR ¼ 0.8/
4.0 ms, flip angle ¼ 40�, FOV ¼ 55 mm, and slice thick-
ness ¼ 3 mm. Imaging is performed by suspending the
respiration for �8 sec and waiting for the first detectable
ECG pulse to trigger both the scanner and injector. The
triggering of the injector is delayed by 2 sec as compared
to the scanner to allow the acquisition of precontrast ar-
rival baseline images. Normal respiration is restored at
the end of the injection. Dynamic images are recon-
structed by regridding the acquired k-space lines on a
642 grid at a temporal resolution of 400 ms.

High spatiotemporal resolution perfusion imaging was
carried out using IRIS (17) for the slice of interest. Imag-
ing was triggered at suspended ventilation (�8 sec) at
the arrival of the first detectable ECG pulse. The process
was repeated for four injections—between injections, the
animal was normally ventilated for 5 sec. During each
injection, the sequence acquired a unique set of k-space
lines such that a time-compressed dataset was super-
sampled and formed a reference dataset. This reference
dataset was used to fill the periphery of the k-space for
each individual time point using a sliding window-key-
hole technique detailed elsewhere (17,29,30). The flip
angle was chosen to be an angle higher than the Ernst
angle. Precontrast images were acquired before the con-
trast injection study and after injection to create a differ-
ence map. The difference map was primarily used to
eliminate the view-view signal variations that might be
caused due to factors other than the contrast injection.
The scan parameters for the sequence were as follows:
TE/TR ¼ 0.7/4 ms, BW ¼ 62.5 kHz, FOV ¼ 55 mm, slice
thickness ¼ 3 mm. A total of 8000 views were acquired
with four injections, leading to 2000 views/injection.
The 8000 views were divided into 20 individual samples
of k-space, leading to 400 views per image for a 2562

reconstruction, which is an undersampling factor of 2�.
A more detailed description of the acquisition and recon-
struction is provided in Mistry et al. (17).

Quantitative methods for perfusion imaging using
DCE-MRI have been developed extensively for cerebral
blood flow imaging (18,31) and adapted for pulmonary
imaging. The first step in the process was to estimate the
T1 at each voxel in the image before injecting the con-
trast agent. The estimation of static T1 values in vivo is
typically carried out by using fast imaging techniques
such as gradient recalled acquisition at steady state
(GRASS) (32), which uses a train of radiofrequency
pulses resulting in a signal equation given by:

SðaÞ ¼ So
sin að1� e�ðTR

�
T1ÞÞ

1� cos aðe�ðTR
�
T1ÞÞ

½2�

where a is the flip angle. The above equation can be
rewritten as:

SðaÞ
sin a

¼ mSðaÞ
tan a

þ Soð1�mÞ ½3�

where m ¼ e�(TR/T1), which allows us to estimate the T1

for each voxel by using a series of images acquired at dif-
ferent flip angles (a) (33).

Acquiring a series of these images at various flip
angles, typically 5�-60� in steps of 5� at a fixed TR of
around 4 ms, allows us to calculate a T1 image using
TOPPCAT plugin (34), within ImageJ (http://rsbweb.nih.
gov/ij/) (35), which was developed by the National Insti-
tutes of Health (Bethesda, MD, USA).

Blood flow, blood volume, and mean transit times
were calculated by an in-house MATLAB code that uses
the static T1 images and the signal intensity vs time
images captured using IRIS to generate contrast concen-
tration vs time images. The operator was prompted to
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select a region of interest in the pulmonary artery. The
artery was used as the arterial input function, which is
then deconvolved using singular value decomposition
from the contrast concentration vs time images for each
voxel to generate the pulmonary blood flow map (18,31).
Integrating the concentration vs time curves over time
generates the pulmonary blood volume maps. The ratio
of the pulmonary blood flow and the blood volume esti-
mates the mean transit time maps.

The images were analyzed using an in-house MATLAB
script that calculates the ratio of HP gas distribution map
(V) and the pulmonary blood flow map (Q). The calcula-
tions were carried out for both pre- and post-airway
obstruction, generating two sets of V/Q images. Histo-
grams of the log (V/Q) were generated for the obstructed
lung and the contralateral lung to study the heterogene-
ity of the V/Q ratio before and after intervention, result-
ing in four groups of data. The SD of the log (V/Q) was
extracted for these four groups and used as the quantita-
tive biomarker to analyze the effect of the airway
obstruction. The calculations were repeated for the N ¼
6 rats, and the data were pooled to create the mean his-
togram of the V/Q ratio in the injured and contralateral
lung before and after airway obstruction. The SD of log
(V/Q) was calculated for precontralateral lung, postcon-

tralateral lung, preinjury lung, and postinjury lung and
were analyzed using a Student’s t test to determine sta-
tistical differences within the groups.

RESULTS

Figure 3 shows a selected timeframe at the peak of con-
trast agent wash-in/washout from the DCE datasets for a
rat before airway obstruction, 50 min after airway
obstruction, and 100 min after airway obstruction. Note
the reduction in blood flow to the top-left lung (oval) at
50 min after airway obstruction and further reduction in
blood flow at 100 min after airway obstruction. This
study showed that airway obstruction caused hypoxic
vasoconstriction that increased over time. The study also
provided an estimate of the time it takes for the vasocon-
striction to set in, which is helpful in determining the
time between the intervention and postintervention
imaging.

Figure 4 shows a complete study that includes the
anatomic image, the ventilation image, the pulmonary
blood flow image, and pulmonary blood volume images
for one rat before and 100 min after airway obstruction.
The airway obstruction is localized to the upper left
lung, as shown by the oval selected in the ventilation

FIG. 3. Selected time frame

from DCE-MRI series (a) before
airway obstruction, (b) 50 min

after airway obstruction, and (c)
100 min after airway obstruction.
The images show reduction in

contrast concentration on the
top left lobe.

FIG. 4. Upper row (a–d) shows the anatomic, ventilation, pulmonary blood flow (lL/100 lL/sec), and pulmonary blood volume (lL)
image in a rat before airway obstruction. The lower row (e–h) shows the same set of images in the same animal after airway obstruc-
tion. There are visually detectable changes in the ventilation and pulmonary blood flow, as shown by the ovals.
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image (Fig. 4f). There are no detectable changes in the
anatomic image (Fig. 4e); however, there are noticeable
changes in the pulmonary blood flow and the pulmonary
blood volume (Fig. 4g,h) in the upper-left lung after air-
way obstruction compared to corresponding images
before airway obstruction (Fig. 4c,d). There are other
changes in the blood flow throughout the lung; however,
the changes in the upper-left lung can be easily picked
up by an observer for qualitative analysis. Further quan-
titative analysis of the data was performed using the SD
of log (V/Q) in six rats, as shown in Fig. 5.

Figure 5 shows the log (V/Q) images for three repre-
sentative rats from the group of six before (top row) and
after (bottom row) airway obstruction. The amount of
localized airway obstruction created in each rat is <15%
of the total lung volume. The bright boundaries of the
lung observed in rat #1 and rat #4 are likely due to slight
misregistration. The slight misregistration may be caused
by the changes in the lung volumes between ventilation
images that are acquired at end-expiration and perfusion
images that are acquired at suspended respiration. We
calculated the alignment mismatch to be �500 microns,
which corresponds to approximately two pixels. Care
was taken to exclude those regions in our analysis.

Figure 6 shows the histogram of log (V/Q) created from
six rats by combining the regions of interest in the
injured and contralateral lung for before and after airway
obstruction. The heterogeneity of the V/Q values in the
lung before airway obstruction is low, as indicated by
the SD of 0.26, which lies within the range of values
reported for normal rats, using other imaging techniques
(4). The heterogeneity of the V/Q values in the lung after
airway obstruction is higher, with an SD of 0.85.

Figure 7 plots the mean of the SD of log (V/Q) and the
variability as shown by the error bars for two regions,
namely, the control lung (contralateral lung) and the
treatment lung (injured lung) before and after airway
obstruction for all six animals. The injured lung shows a
significantly (P < 0.008) higher heterogeneity as com-
pared to the other groups. Even the variability of the
response for the injured lung after airway obstruction is
higher than the variability for the other groups, as shown

by the error bars. The mean of the SD for the three
groups (Pre-AO–control, Post-AO–control, and Pre-AO–
treatment) are within the normal values published in the
literature (4).

DISCUSSION

The proposed technique for combined studies of ventila-
tion and perfusion in a disease model performed well in
our initial evaluation. The work details the protocol for
performing combined imaging of ventilation and perfu-
sion in an animal and also applies the developed meth-
ods for quantitative ventilation and perfusion in a dis-
ease model of localized airway obstruction. The
technique uses the SD of the log (V/Q) as a biomarker to
study the heterogeneity of the V/Q distribution in normal
and disease conditions. Although only a small portion of
the lung is affected by the airway obstruction (typically
10–15%), the technique is sensitive to these changes.
The technique is sensitive in detecting the changes that

FIG. 5. Top row shows the log (V/Q) images created from three

rats from N ¼ 6, before airway obstruction (AO). Bottom row
shows the log (V/Q) images after airway obstruction for the corre-

sponding rats. The region of airway obstruction is small (approxi-
mately 15% of the lung) in all the rats.

FIG. 6. Histogram of log (V/Q) created by combining data for N ¼
6 animals before airway obstruction and after airway obstruction.

FIG. 7. Comparative graphs for the four different groups in the

contralateral and the injured lung before and after airway obstruc-
tion (AO).
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occur in ventilation and perfusion due to airway obstruc-
tion leading to hypoxic vasoconstriction.

The normalization method for ventilation provides re-
producible measures across the population of animals
studied. Using the signal intensity from the large airway
in the projection (nonslice selective) image allows one to
remove most signal variations arising from day-to-day
changes in polarization and polarization decay occurring
during the study.

Several factors affect the calculations of pulmonary
blood flow: regional vs global arterial input function, dis-
persion, and delay of the bolus. The factor that affects
our work most is the selection of the arterial input func-
tion. The imaging slice of interest, just behind the heart,
contains the major pulmonary blood vessels such as the
pulmonary artery, the pulmonary vein, and the descend-
ing aorta. By selecting the pulmonary artery as the arte-
rial input function, we minimize the delay and the dis-
persion of the contrast bolus. However, partial-volume
effects may be associated with the selection of the slice,
which in turn, affects the calculation of blood flow. But
the protocol we have defined includes a preinjury mea-
sure that is used as a reference to measure the change in
flow with greater confidence.

For combined imaging studies, one of the main con-
cerns is the registration between the ventilation and the
perfusion images. The ventilation images are acquired
over multiple breaths, using a respiratory-triggered
sequence, which is triggered at end-expiration that is
defined at 75% of the duty cycle of respiratory signal.
Perfusion images are acquired at suspended respiration
of approximately 8 sec, which means that the diaphragm
of the animal is relaxing during this time. It has been
observed that the location of the diaphragm in the chest
wall is slightly different for these two states, leading to a
slight misregistration of �500 microns (�two pixels) in
each dimension between the ventilation and perfusion
images. Currently, analysis of V/Q is performed using
regions that overlap between the two images. However,
we can correct for the misregistration by using image
registration techniques that use mutual information
(36,37).

In this study, we used the SD of log (V/Q) as the bio-
marker to study the changes before and after airway
obstruction. While an absolute change in ventilation and
perfusion might be interesting to study, it is effective to
directly report these values only if we can make an abso-
lute measurement, as these values may change from one
scanner to another and from one institute to another.
However, the effect on the heterogeneity of the relative
measures can still be compared across scanners and
institutions, making the biomarker robust and reliable.
While we can visualize blood vessels, as well as lung pa-
renchyma with MRI, we have avoided selecting the
larger blood vessels in our region of interest. The SD due
to the presence of smaller blood vessels has been
reported in the normal regions before and after the air-
way obstruction, and this accounts for the variability
that might occur due to the presence of blood vessels in
the region of interest in the affected lung. This variability
is much smaller than the variability in postairway
obstruction.

CONCLUSION

We have developed a protocol for combined quantitative
ventilation and perfusion imaging in the rat lung. The
technique provides consistent, reproducible biomarkers
that are very sensitive to changes/mismatch in V/Q. The
mean SD of log (V/Q), which is typically the biomarker
used in V/Q studies, was 0.26 prior to the injury for the
six animals studied. This mean is well within the range
of 0.16–0.30 reported by Sando et al. (4) and Rhodes et al.
(3). The variation of this metric (SD of log (V/Q)) was less
than 13% for all six animals. This shows statistically sig-
nificant differences between the control and the treatment
group of rats showing airway obstruction. The protocol
described here provides a critical quantitative biomarker
for image-based pulmonary function in the small animal.
The measures are readily linked to clinical methods
allowing direct comparison of preclinical and clinical
results. Our expectation is that this will prove valuable in
an ever-increasing number of preclinical applications.
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