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Assessment of Regional Lung Function Impairment
in Airway Obstruction and Pulmonary Embolic
Dogs With Combined Noncontrast
Electrocardiogram-Gated Perfusion and
Gadolinium Diethylenetriaminepentaacetic Acid
Aerosol Magnetic Resonance Images

Nobuhiko Ogasawara, MD, Kazuyoshi Suga, MD,* Yasuhiko Kawakami, MD,
Tomio Yamashita, MD, Mohammed Zaki, MD, and Naofumi Matsunaga, MD

Purpose: To define regional function impairment in airway
obstruction (AO) and pulmonary embolic (PE) dogs with a
combination study of noncontrast electrocardiogram
(ECG)-gated perfusion and gadolinium diethylenetriamine-
pentaacetic acid (Gd-DTPA) aerosol magnetic resonance
(MR) images.

Methods: After acquisition of multiphase fast-spin-echo
(FSE) MR images during cardiac cycles in 14 AO dogs and
19 PE dogs, ECG-gated perfusion-weighted (PW) images
were obtained by subtraction between two-phase images of
the minimum lung signal intensity (SI) during systole and
maximum SI during diastole. Each dog subsequently in-
haled Gd-DTPA aerosol for 20 minutes, and subtracted
Gd-DTPA aerosol images were obtained from precontrast
and maximally enhanced images. ECG-gated PW images
were compared with intravenous Gd-DTPA-enhanced pul-
monary arterial perfusion phase (PAPP) images.

Results: ECG-gated PW images were consistent with Gd-
DTPA-enhanced PAPP images in all dogs, with significant
correlations in the affected-to-unaffected lung perfusion
ratios (P � 0.005). Gd-DTPA aerosol images showed suffi-
cient and uniform enhancement in the unaffected lungs. In
all the AO areas, these combined images showed the
matched perfusion and aerosol deposition defects. These
images showed perfusion defects without aerosol deposi-
tion defects in the relatively small embolized areas, but
showed the matched defects in the widely embolized areas
probably due to hypoxic bronchial constriction.

Conclusion: The combination MR studies may be accept-
able for noninvasively defining regionally impaired lung
function in AO and PE.
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ALTHOUGH A RADIONUCLIDE SCINTIGRAPHY is
widely used in the evaluation of regionally impaired
ventilation and perfusion in various lung diseases, this
technique has the inherent disadvantages of the need
to use radioactive substances and the poor spatial/
temporal resolution images. To resolve these problems,
several magnetic resonance imaging (MRI) techniques
have been proposed (1–12). Gadolinium diethylenetri-
aminepentaacetic acid (Gd-DTPA) aerosol and electro-
cardiogram (ECG)-gated short-echo-spacing half-Fou-
rier fast-spin-echo (FSE) perfusion MR images are also
expected to be widely available, noninvasive, low-cost
approaches (13–22). The ECG-gated FSE MR technique
enables the image acquisition of the pulsatile lung sig-
nal intensity (SI) changes during a cardiac cycle with-
out use of any contrast materials, and a subtraction
process between the systolic and diastolic phase im-
ages can be expected to provide lung perfusion images
(18–21). The aerosol MR technique provides efficient
Gd-DTPA aerosol deposition in the lung using an open-
circuit aerosol delivery system (13,22). A combination
study of these noncontrast ECG-gated perfusion and
Gd-DTPA aerosol MR images may have potential utility
for simultaneous assessment of regional perfusion and
ventilation in the same subject. This is the preliminary
experimental study to evaluate the ability of these com-
bination MR images in the definition of regionally im-
paired lung function in fundamental dog models of
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acute airway obstruction (AO) and pulmonary embo-
lism.

MATERIALS AND METHODS

Animal Preparations

In accordance with the guide for the care and use of
laboratory animals (23), and with approval by the Ani-
mal Care and Research Use Committee, a total of 33
adult beagle dogs (10.5 � 1.2 kg) were intubated with a
7-mm endotracheal tube after receiving sodium pento-
barbital (25 mg/kg) and ketamine hydrochloride (20
mg/kg). Small supplementary doses of sodium pento-
barbital (total dose ranged from 3.1–6.8 mg/kg) were
intermittently administered during the course of the
experiment as needed to maintain the steady heart rate
and respiration rate of the dogs during experiments.

In 14 of these anesthetized dogs, the secondary bron-
chus in the unilateral lower lung was selectively oc-
cluded using a 5-French balloon catheter under x-ray
fluoroscopic guidance, by inflating the balloon with an
injection of 0.3–1.5 mL physiologic saline. After con-
firming adequate placement of the balloon catheter in
the selected bronchus, the balloon was deflated and the
catheter was fixed on the animal body. These dogs un-
derwent an ECG-gated perfusion MR study before in-
flating the balloon to evaluate the perfusion appearance
in the normal lungs. Thereafter, at 50 minutes after
inflating the balloon with injection of the same dose of
physiologic saline, these dogs again underwent an
ECG-gated perfusion MR study, immediately followed
by the Gd-DTPA aerosol and intravenous Gd-DTPA-
enhanced dynamic MR studies, as described below.
Soon after accomplishment of these MR studies, each
dog underwent x-ray fluoroscopy without withdrawing
the inflated balloon catheter from the obstructed bron-
chus to confirm an adequate placement of the intra-
bronchial balloon and to evaluate the volume change of
the obstructed lungs.

In the remaining 19 anesthetized dogs, under x-ray
fluoroscopic guidance, the unilateral pulmonary arter-
ies supplying blood flow to the lower lungs were selec-
tively embolized by injection of enbucrilate (Histoacryl,
B. Braun Surgical GmbH, Melsungen, Germany) via a
4-French pulmonary angiographic catheter (Cook,
Bloomington, IN). The catheter was inserted from the
jugular vein of the animals using the Seldinger tech-
nique. Enbucrilate released from a catheter produces a
coagulant soon after contact with blood, resulting in
variable-size pulmonary emboli (12,13). The emboliza-
tion was confirmed by pulmonary arteriography with a
rapid bolus injection of 12–18 mL of iopamidol (Iopami-
ron-370, Nippon Shering, Osaka, Japan) via the
5-French balloon catheter replaced at the pulmonary
artery trunk. Ten minutes after embolization, each dog
underwent the ECG-gated perfusion MR study, imme-
diately followed by the Gd-DTPA aerosol and intrave-
nous Gd-DTPA-enhanced dynamic MR studies.

ECG-Gated FSE Perfusion MR Images

All the MR experiments were performed using a 1.5-
Tesla MR system (VISART/EX, Toshiba Medical, Tokyo,

Japan) with a maximum gradient strength of 40 mT/m
and a slew rate of 150 mT/m/msec. Each dog was
placed in the supine position on a quadrature radio
frequency (RF) knee coil, and two copper electrodes
were placed in the anterior chest wall to obtain an ECG
gating. Mid-coronal localizer fast-gradient T1-weighted
images of the lung were initially acquired. In the AO
dogs, mid-coronal localizer FSE T2-weighted images
were also obtained to confirm adequate placement of
the balloon after inflating the balloon of the intratra-
cheal catheter as in x-ray fluoroscopy. Based on these
localizer images, a preparation scan of ECG-gated mul-
tiphase FSE images was obtained at the selected single-
slice level of the affected lower lung to determine the
trigger times after the R-wave for obtaining the diastolic
image showing the maximum lung SI and the systolic
image showing the minimum lung SI in each dog. In
this preparation scan, consecutive images were ac-
quired with an interval time of 20 msec between an
R-wave and the next R-wave, with eight shots and two
excitations (Fig. 1). The sequence parameters were as
follows: effective repetition time (TReff)/effective echo
time (TEeff)/echo train spacing � two R-R-wave inter-
vals/80 msec/4 msec, matrix � 224 � 256, field of view
(FOV) � 30 � 30 cm, and slice thickness � 20 mm. A
short echo train spacing of 4 msec and an effective TEeff
of 80 msec were used because they expected to show
high SI in relatively slow flow during cardiac diastole
and low SI in high blood flow during systole (13–16).
The relatively greater slice thickness of 20 mm was
applied in this preliminary study to obtain high SI in the
lung. The data collection was applied as half-Fourier
FSE, early echoes were placed near the zeroth encode,
later echoes were filled in at higher frequencies in k-
space, and the total echo train length was determined
using a contrast echo train length, the data points fill-
ing the half-Fourier part of the k-space, and a half
phase encode matrix. In each of eight shots, 34 lines of
echo train length, including the upper half of k-space of
20 lines and the lower half of k-space of 14 lines, were
acquired. One shot acquisition time was 136 msec for
this echo train length of 34 lines. In a total of eight shots

Figure 1. The multiphase short-echo-spacing ECG-gated FSE
MR sequence for a preparation scan. The consecutive mul-
tiphase images were acquired using eight RF pulse shots, with
an interval time of 20 msec between the R-R-waves on the
ECG. From this preparation scan, the trigger times after the
R-wave for obtaining the diastolic image showing the maxi-
mum lung SI and the systolic image showing the minimum SI
are determined.
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data collection, a total echo train length of 272 lines was
acquired. Therefore, 48 lines were removed for the k-
space from the first lines in the 160 lines in the upper
half of the k-space.

Therefore, the first six lines in the eight shots were
removed. In the AO dogs, this preparation scan was
performed twice, i.e., before and immediately after
bronchial occlusion. Using the two determined delay

Figure 2. MR studies in an AO dog. A: A chest radiograph (left) shows the balloon catheter placed within the bronchus of the
left lower lung (left, arrow). The subtracted Gd-DTPA aerosol MR image shows the aerosol deposition defect in the left lung area
distal to bronchial occlusion (right, arrowS), with a focal aerosol hyperdeposition within the proximal lumens of the occluded
bronchi (FO‹). B: Before inflating the balloon (top), the ECG-gated diastolic phase image (TReff/TEeff � 824/80 msec) (a) shows
an apparently higher SI of the lung parenchyma and pulmonary arteries than does the systolic phase image (b). The subtracted
ECG-gated PW image (c) shows a fairly uniform perfusion, similar to the subtracted intravenous Gd-DTPA-enhanced PAPP image
(d). However, at 50 minutes after inflating the balloon (bottom), the ECG-gated diastolic and systolic phase images (e and f) show
a persistently high SI in the affected area (arrows), although the normally appearing SI loss during systole is seen in the
unaffected lung area. The subtracted ECG-gated PW image (g) shows the perfusion defect in the affected area (arrow), which is
nearly consistent with the subtracted intravenous Gd-DTPA-enhanced PAPP image (h, arrow). The location and extent of the
perfusion defect nearly match those on the Gd-DTPA aerosol deposition defect (A). * � The round structure is the descending
thoracic aorta (c, g). C: Before inflating the balloon, the time-SI curves of the lung parenchyma (top) and pulmonary artery
(bottom) on the ECG-gated preparation scan show the synchronized signal changes, with SI increases during diastole and
decreases during systole. Tmin � time delay after the R-wave showing the minimum SI, Tmax � time delay after the R-wave
showing the maximum SI, �SIECG � the difference between the maximum and minimum SI. D: At 50 minutes after inflating the
balloon, the curves of the lung parenchyma (top) and pulmonary artery (bottom) become almost flattened throughout a cardiac
cycle.
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times after the R-wave at the systolic and diastolic
phases in each dog, a two-phase scan of ECG-gated
FSE MR images was then obtained using 12 NEX to
increase the signal-to-noise ratio (SNR). The heart rate
of the 33 dogs varied from 97–191 beats/minute, and
TReff ranged from 584–1012 msec (mean � 867 msec �
72). ECG-gated image acquisition was completed
within five minutes in all these dogs. A diastolic phase
image of the ECG-gated two-phase images was then

subtracted from a systolic phase image, yielding a non-
contrast perfusion-weighted (PW) MR image.

Gd-DTPA Aerosol MR Images

A Gd-DTPA aerosol study was performed, as described
previously (13,17). Immediately after an ECG-gated MR
study, five consecutive precontrast images with a slice
thickness of 4 mm were obtained using a three-dimen-
sional (3D) fast-spoiled-gradient-recalled acquisition in
the steady-state technique, with interval times of one
minute at the same transaxial planes as in the ECG-
gated study, also as described previously (13,17).
Thereafter, the long tube of the aerosol delivery system
was connected to the intubated tube of the dogs, aero-
sol inhalation was started, and 20 consecutive postcon-
trast MR images during Gd-DTPA aerosol inhalation
were obtained with a 1-minute interval for 20 minutes.
The maximally enhanced expiratory phase image was
subtracted by the same lung-level precontrast image at
the same expiratory phase. This subtraction was per-
formed using two or three candidates of the precontrast
expiratory phase image by referring to the time-course
of lung SI changes, and the most adequately subtracted
image with the minimum misregistration was applied.

Intravenous Gd-DTPA-Enhanced Dynamic MR
Study

Following the Gd-DTPA aerosol study, each dog under-
went a Gd-DTPA-enhanced dynamic perfusion MR
study with a three-second intravenous bolus injection
of a 0.1 mmol/kg dose of Gd-DTPA (Magnevist, Nippon
Shering KK, Osaka, Japan), using a power injector. The
dynamic images were acquired using a 3D fast-gradi-
ent-echo sequence, and the sequence parameters were
as follows: TR/TE � 2.6/0.9 msec, flip angle � 30°, slab
thickness � 80 mm, slice thickness � 8 mm, matrix
size � 96 � 256, rectangular FOV � 270 � 360 mm,
acquisition time � 2.8 seconds/scan. The center of the
slab was set at the same lower lung level as in the
ECG-gated MR study. A total acquisition time of 35
seconds produced a series of 12 or 13 transaxial im-
ages, and a series of 2 precontrast and 7 or 8 postcon-
trast images were obtained in each lung section. By
referring to the time-course of lung SI changes, the
pulmonary arterial perfusion phase (PAPP) image with
the highest lung SI increase was subtracted from the
second precontrast image at each lung level, which
yielded a Gd-DTPA-enhanced PAPP image.

Image Interpretation and MR Signal Analysis

The subtracted noncontrast ECG-gated PW and Gd-
DTPA aerosol MR images were viewed on a workstation
(VISART/EX, Toshiba Medical, Shibaura, Japan) by
two chest MR specialists (Y.K. and T.Y.) blinded to the
information about the affected lung regions. The
matching or mismatching of the perfusion and Gd-
DTPA aerosol defects on these images and the consis-
tency of the perfusion appearance between the noncon-
trast ECG-gated PW and intravenous Gd-DTPA-
enhanced PAPP images were interpreted. The final

Figure 2 (Continued)
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image interpretation was recorded after consensus was
established.

To evaluate the normal SI changes of various struc-
tures on the ECG-gated preparation scans before inflat-
ing the intrabronchial balloon in the 14 AO dogs, the SI
of the lung parenchyma, the pulmonary arteries/veins,
the descending aorta, and the inferior vena cava were
analyzed using a manually defined region of interest
(ROI). Lung parenchymal SI was measured using the
ROIs placed along the peripheral portions covering the
ventral and dorsal lungs, but to minimize any contri-
bution from large vessels and from the noticeable arti-
facts caused by fast cardiac motion. The time-course of
SI changes was obtained for each ROI, and the percent-
age of the delay time after the trigger R-wave showing
the minimum and maximum SIs against the R-wave
interval time (%Tmin and %Tmax), and the difference
between the maximum and minimum SIs (�SIECG �
(the maximum SI–background noise SI)–(the minimum
SI–background noise SI)) were estimated. The back-
ground noise was measured with a large ROI that en-
compassed the entire image background lateral to each
animal. In the two dog models, the lung parenchymal
�SIECG was measured for each ROI in the affected lung
areas and in the contralateral unaffected areas.

In the Gd-DTPA aerosol study, ROI analysis was also
performed in the peripheral portions of the affected and
unaffected lung areas. The relative lung SI increase
against the precontrast lung SI (%�SIaerosol) was esti-
mated, and the mean values at each time point after
aerosol inhalation in regional lungs were plotted on the
time-course curves. The precontrast lung SI was deter-
mined by averaging the measurements of the five pre-
contrast images. The maximum %�SIaerosol in each
lung region was then determined by averaging the lung
SI increases on the last three postcontrast images,
since the maximum enhancement was always seen on
these images.

In the intravenous Gd-DTPA-enhanced dynamic per-
fusion study, the mean lung SI was estimated in re-
gional lungs, using the same ROIs as those used for the
ECG-gated MR images, and the relative lung SI increase
against the precontrast lung SI (%�SIGd-DTPA) at each
time point was estimated using the following formula:
((postcontrast SI–precontrast SI)/precontrast SI) �
100%.

All the ROIs were placed independently by the two
interpreters (K.S. and N.O.), and the data were taken as
an average of the two measurements. The areas of the
ROIs in the lung parenchyma ranged from 2.1–5.8 cm2.

Statistical Analysis

Values were expressed as means with standard devia-
tions (SDs). Significances in the differences of the lung
SI between the diastolic and systolic phases and be-
tween the dorsal and ventral lungs in the normal lungs,
those of the affected-to-unaffected lung �SIECG and
%�SIGd-DTPA ratios, and those of the mean maximum
%�SIaerosol between the embolized and nonembolized
lung areas were evaluated by a paired Student’s t-test.
Significances in the differences of the mean �SIECG,
%Tmin, and %Tmax between the large vessels and lung

parenchyma were evaluated by an unpaired Student’s
t-test. Significant levels were accepted as P values of
less than 0.05. A linear regression analysis was also
performed to evaluate the correlation between the af-
fected-to-unaffected �SIECG and %�SIGd-DTPA ratios,
where a P value less than 0.05 was considered signifi-
cant for each correlation coefficient (r).

RESULTS

Normal Dogs

ECG-gated FSE preparation scans before inflating the
balloon in the 14 AO dogs showed apparent SI loss of
the lung parenchyma during systole (Fig. 2). The time-
course of the lung SI changes was synchronized with
that of the pulmonary artery, although it was not syn-
chronized with that of the other large vessels (Table 1).
Both the ventral and dorsal lung ROIs in the diastolic
phase had significantly higher SIs than those in the
systolic phase (Table 2). The �SIECG was significantly
greater in the dorsal lung than in the ventral lung areas,
but without significant differences between the same
gravitational lung portions. The subtracted ECG-gated
PW images showed fairly uniform lung SIs, but with
gravity-dependent gradient, with only minimal respira-
tory motion artifacts and vascular ghosting. The pul-
monary arteries, at least to the subsegment levels, were
clearly visualized, while the pulmonary veins appeared
as lower SI structures.

AO Dogs

At 50 minutes after inflating the balloon, the affected
lungs in the lower lung sections showed persistently
high SI throughout a cardiac cycle on these preparation
scans, although the normally appearing SI loss during
systole was seen in the unaffected lungs (Fig. 2). There
was a significant difference in the �SIECGs between the
affected and unaffected lung areas (52.7 � 27.4 vs.
178.7 � 54.2; P � 0.0001). The subtracted ECG-gated
PW images showed apparent perfusion defects in the
airway-occluded lung areas in all these dogs, in con-
sensus of two observers (Fig. 2). On the subtracted
intravenous Gd-DTPA-enhanced PAPP images, the af-
fected lung areas were less enhanced than the unaf-
fected areas, with significantly lower %�SIGd-DTPA
(133.3% � 67.3 vs. 615.1% � 148.8; P � 0.0001). The
location and extent of these unenhanced areas were
consistent with those on the subtracted noncontrast
ECG-gated PW images (Fig. 2). However, after the PAPP
images, some enhancement of the affected areas was
seen, probably due to the anastomotic/collateral per-
fusion. There was a significant linear correlation be-
tween the affected-to-unaffected lung %�SIGd-DTPA
and �SIECG ratios (r � 0.720, P � 0.005), although the
mean �SIECG ratio was significantly greater than the
mean %�SIGd-DTPA ratio (0.30 � 0.14 vs. 0.21 � 0.08;
P � 0.01) (Fig. 3A).

In a Gd-DTPA aerosol study, the unaffected lung ar-
eas were gradually and uniformly enhanced with the
maximum %�SIaerosol of 217.8 � 62.4%, although no
noticeable aerosol deposition was seen in the affected
lung areas. Aerosol hyperdeposition, however, was seen
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within the proximal lumens of the bronchial trees sur-
rounding the balloon-occluded site in 10 of these dogs
(Fig. 2). The location and extent of the aerosol defects on
the subtracted Gd-DTPA aerosol images appeared to
nearly match those of the perfusion defects on the ECG-
gated PW images in all 14 AO dogs (Fig. 2). After Gd-
DTPA aerosol inhalation, the maximum supplemental
SI increases in the unaffected lungs in the intravenous
Gd-DTPA-enhanced PAPP images were 384% � 97, and
this enhancement was significantly greater than that of
Gd-DTPA aerosol (P � 0.0001).

In these AO dogs, the intratracheal balloon had been
adequately inserted at the target bronchi of these dogs
on the x-ray fluoroscopy immediately after the MR
study, without noticeable overinflation or volume loss
in the obstructed lung areas.

PE Dogs

On the ECG-gated preparation scans of the 19 pulmo-
nary embolic (PE) dogs, the SI of the embolized lung
areas was persistently high throughout the cardiac cy-
cle, although the SI loss during systole was apparent in
nonembolized lung areas. The subtracted ECG-gated
PW images visualized perfusion defects in the embo-
lized areas, in consensus of the two observers (Figs. 4
and 5). There was a significant difference in the �SIECG
between the embolized and nonembolized lungs areas
(180.3 � 40.2 vs. 48.4 � 22.7; P � 0.0001). The sub-
tracted intravenous Gd-DTPA-enhanced PAPP images
also showed the perfusion defects. The location and
extent of these perfusion defects were nearly consistent
with those on the ECG-gated PW images (Figs. 4 and 5).

The mean %�SIGd-DTPA of the embolized lung areas
was significantly less than that of the nonembolized
areas (113.7% � 91.3 vs. 609.0% � 128.3; P � 0.0001).
However, after the pulmonary arterial phase images of
the intravenous GD-DTPA-enhanced dynamic study,
some enhancement of the affected areas was seen,
probably due to the anastomotic/collateral perfusion.
There was a significant linear correlation between the
affected-to-unaffected lung %�SIGd-DTPA and �SIECG
ratios (r � 0.621, P � 0.005), although the mean
�SIECG ratio was significantly greater than the mean
%�SIGd-DTPA ratio (0.27 � 0.12 vs. 0.18 � 0.13; P �
0.01) (Fig. 3B).

In the Gd-DTPA aerosol study, both the affected and
unaffected areas showed fairly uniform Gd-DTPA aero-
sol deposition in 13 of these dogs, with relatively small
embolized areas (Fig. 4). However, in the remaining 6
dogs, with widely embolized areas, Gd-DTPA aerosol
deposition was decreased in the affected lung areas
(Fig. 5). Overall, the mean maximum %�SIaerosol of the
affected areas was significantly less than that of the
unaffected areas (218.2% � 68.8 vs. 249.9% � 44.1;
P � 0.05). After Gd-DTPA aerosol inhalation, the max-
imum supplemental SI increases in the unaffected
lungs in the intravenous Gd-DTPA-enhanced PAPP im-
ages were 354% � 87, and this enhancement was sig-
nificantly greater than that of Gd-DTPA aerosol (P �
0.0001).

DISCUSSION

The present ECG-gated FSE MR sequence allowed the
image acquisition of the cardiac-dependent pulsatile

Table 1
ECG-Gated Perfusion MR Parameters in Normal Dog Lungs

Locations %Tmin %Tmax � SIECG

Lung parenchyma (N � 28) 16.6 � 1.9 53.6 � 3.3 174.3 � 50.4
Pulmonary artery (N � 28) 16.4 � 2.3N.S. 53.4 � 2.3N.S. 911.1 � 189.9a

Pulmonary vein (N � 28) 26.4 � 3.5a 44.7 � 3.7a 340.2 � 93.7a

Inferior vena cava (N � 14) 9.6 � 4.2a 52.3 � 8.1N.S. 740.4 � 437.9a

Aorta (N � 14) 12.3 � 3.7a 56.8 � 12.1N.S. 2167.3 � 484.2a

aP � 0.0001 compared to the mean parameter values in the lung parenchyma.
N.S. � Not significant.
SI � signal intensity, %Tmin � (delay time after trigger R-wave showing the minimum SI/R-R wave interval) � 100, %Tmax � (delay time
after trigger R-wave showing the maximum SI/R-R wave interval) � 100, �SIECG � (the maximum SI � background noise SI) � (the minimum
SI � background noise SI).

Table 2
Signal Intensity on ECG-Gated FSE Perfusion MR Images in Normal Dog Lungs

Right lung Left lung

Ventral lung
(N � 14)

Dorsal lung
(N � 14)

Ventral lung
(N � 14)

Dorsal lung
(N � 14)

Diastole arbitrary maximum SI 357.8 � 69.4 473.0 � 124.6 392.0 � 68.0 451.4 � 123.2

P � 0.0001 P � 0.0001 P � 0.0001 P � 0.0001

Systole arbitrary minimum SI 230.6 � 80.3 246.4 � 103.2 250.5 � 79.5 226.1 � 150.9

� SIECG 127.2 � 30.3 226.6 � 50.3 141.4 � 35.2 225.2 � 82.8

P � 0.0001 P � 0.005

SI � signal intensity, �SIECG � (the maximum SI � background noise SI) � (the minimum SI � background noise SI).
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lung parenchymal SI changes, and the subtracted non-
contrast ECG-gated PW images between the systolic
and diastolic phase images effectively visualized the
perfusion defects in the affected lung areas in both the
AO and PE animals. These perfusion defects were well
consistent with those on the subtracted intravenous
Gd-DTPA-enhanced PAPP images. The ECG-gated per-
fusion MR images allowed the subsequent Gd-DTPA
aerosol MR study in the same dog, and these combined
MR images effectively defined the matched or mis-
matched Gd-DTPA aerosol deposition and perfusion de-
fects in the affected areas. Although the present results
were preliminarily obtained only from the dog lower
lungs, with some different anatomical and physiological
characteristics from human lungs (11–13), this combi-
nation MR study may have potential ability for nonin-

vasively defining regionally impaired lung function as-
sociated with AO and pulmonary embolism.

The present ECG-gated FSE sequence provided the
images of cardiac-dependent pulsatile lung SI changes
by minimizing magnetic susceptibility associated with
the large air and tissue interface in the lungs (14–16).
The SI changes during a cardiac cycle in the normal
lungs may be caused by the blood flow velocity varia-
tions in the amount of dephasing and rephasing by
magnetic field gradients. In a relatively fast flow, phase
coherence generated with the 90° pulse in a multiecho
sequence is not completely refocused for any subse-
quent echoes, resulting in substantial reduction in the
SI (16,18–21). The signal loss during systole may result
from a flow void effect due to the fast flow velocity in the
vascular networks, and the recovered SI during diastole

Figure 3. The comparison be-
tween the affected-to-unaf-
fected lung %�SIGd-DTPA and
�SIECG ratios in the 14 AO
dogs (A) and 19 PE dogs (B).
There was a significant linear
correlation between the affect-
ed-to-unaffected lung %�SIGd-
DTPA and �SIECG ratios in
both the AO dogs (r � 0.720, P �
0.005) and PE dogs (r � 0.621,
P � 0.005). However, in these
two models, the mean %�SIGd-
DTPA ratio was significantly less
than the mean �SIECG ratio
(0.21 � 0.08 vs. 0.30 � 0.14; P �
0.01, and 0.27 � 0.12 vs. 0.18 �
0.13; P � 0.01, respectively).

Figure 4. MR studies in a PE
dog with a relatively small em-
bolized lung area. Pulmonary
arteriography (a) shows an em-
bolization of the branch of the
left lower pulmonary artery
with enbucrilate (arrow). The
subtracted Gd-DTPA aerosol
MR image (b) shows fairly uni-
form aerosol deposition in both
lungs. The subtracted ECG-
gated PW image (e) derived
from the diastolic and systolic
phase images (TReff/TEeff �
919/80 msec) (c and d) shows
a perfusion defect in the af-
fected lung area (e, arrow),
which nearly matches that on
the subtracted intravenous
Gd-DTPA-enhanced PAPP im-
age (f, arrow). * � The round
structure is the descending
thoracic aorta (e).
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may result from the slow flow velocity (16,21). This is
suggested by the results of our previous flow phantom
study using a water stream with variable flow velocities
ranging from 0–56 cm/second and the same FSE se-
quence used for the present multiphase ECG-gated
MRI, where a linearity between the SI loss of the water
stream and flow velocity was found in the flow velocity,
ranging from 7.2–57 cm/second (16). The greatest
�SIECG of the aorta and the lowest �SIECG of the lung
parenchyma can be explained by these flow effects,
although the lowest lung parenchymal �SIECG may be
partly caused by the susceptibility effect of the lung
tissues. The lung SI changes during cardiac cycles may
be mainly due to the pulmonary arterial blood flow,
since approximately 95% of pulmonary circulation is
normally supplied from the pulmonary artery
(11,12,21). In fact, Tmin and Tmax, representative of
the arrival time to the greatest SI loss and recovery in
the lungs, were synchronized with those of the pulmo-
nary artery. The pulmonary artery shows a peak inflow
at the middle phase of the cardiac systole, which may
correspond to the lung signal loss during systole
(18,19,21). The pulmonary veins show moderate speed
flow during the ventricular contraction period, but they
show a short, slow-flow phase before the atrial contrac-
tion period, which may correspond to the high lung
parenchymal SI during diastole (24,25). The greater SI
in the normal dependent lungs can be explained by the
gravity effects on pulmonary perfusion (greater blood
flow velocity), although the greater blood volume in
these lungs also may partly contribute to this greater SI
(2,4,18,19,26–28). Our previous flow phantom study

showed that the linearity between the SI loss of water
stream and flow velocity was lost in the relatively low
flow velocity of less than 4.3 cm/second, with almost
steady SI (16). Therefore, the lung SI difference between
systole and diastole might reflect only the greater blood
flow velocity change in the relatively large vascular net-
works, since blood flow in the alveolar microvascula-
tures is constantly slow, less than approximately 0.3–
0.5 mm/second (20,27–29). However, the present study
showed a significant linear correlation between the af-
fected-to-unaffected lung %�SIGd-DTPA and �SIECG
ratios in the lung parenchyma of the living animals. The
ECG-gated PW images can partly reflect the relatively
low blood flow fraction in the lung parenchyma in the
living animal. Further comparison with perfusion scin-
tigrams and/or pulmonary angiography is warranted in
this issue.

The present subtracted ECG-gated PW MR images
effectively visualized the perfusion defects in the air-
way-obstructed lung areas. Regional hypoxemia in the
hypoventilated lungs is considered to attribute to these
perfusion defects. Regional hypoxemia has a direct ac-
tion on the smooth muscle of pulmonary arteries and
partly on the small pulmonary veins, and elicits hypoxic
vasoconstriction leading to regional hypoperfusion (29–
35). These ECG-gated perfusion images also effectively
visualized the perfusion defects in the embolized lung
areas. However, both in the airway-obstructed and em-
bolized areas, the perfusion defect clarity against the
unaffected lungs was lower on the ECG-gated perfusion
images than on the intravenous Gd-DTPA-enhanced
PAPP images. It may be caused by the effect of signal

Figure 5. MR studies in a PE
dog with a widely embolized
lung area. Pulmonary arteriog-
raphy (a) shows the extended
embolization of the left lower
pulmonary arteries (arrow).
The subtracted Gd-DTPA aero-
sol MR image (b) shows de-
creased aerosol deposition in
the left embolized lung area
(arrow). The subtracted ECG-
gated PW image (TReff/TEeff �
782/80 msec) shows a perfu-
sion defect in the embolized
lung (c, arrow), which almost
matches that on the sub-
tracted intravenous Gd-DTPA-
enhanced PAPP image (d, ar-
row).
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averaging of the ECG-gated image acquisition, and may
be partly caused by the flow void effects associated with
the compensatory anastomotic/collateral perfusion in
the affected areas. As seen on the post-PAPP images of
the intravenous Gd-DTPA-enhanced dynamic studies
in the present animals, and as shown in previous stud-
ies, some anastomotic/collateral perfusion may be
present in the affected areas (9,12,13).

As frequently seen in the AO dogs, the central Gd-
DTPA aerosol hyperdeposition with defects in the distal
air space may be indicative of the presence of AO. Gd-
DTPA aerosol deposition to the obstructed wall should
be accelerated due to turbulent bronchial airflow in the
balloon-occluded bronchi (36–38). The decreases of
Gd-DTPA aerosol deposition in the widely embolized
lung areas in the present PE dogs may be partly caused
by transient regional bronchial spasms and lung stiff-
ening after acute pulmonary embolism (39,40). Be-
sides, Gd-DTPA aerosol may be preferentially diverted
to nonembolized lung zones, resulting in a temporal
local deposition defect in the widely embolized areas (40).

The present ECG-gated perfusion MR image has the
advantages of superior anatomic resolution, compared
with perfusion scintigrams, and no use of contrast mate-
rials, which allows a simultaneous Gd-DTPA aerosol MR
study. The Gd-DTPA aerosol MR image has the advan-
tages of wide availability and low cost, and no require-
ment of modification of MR hardware. As shown in the
present preliminary study, these combination MR studies
may have potential ability for noninvasively defining re-
gionally impaired lung function in AO and pulmonary
embolism. However, the drawbacks of these images in-
clude the subtraction process being sensitive to misreg-
istration due to bulk motion. The use of a respiration
navigator gating or normalized subtraction technique
may partly improve this artifact. The slice thickness of 20
mm of the present ECG-gated perfusion MR image should
be reduced to detect a small/ill-defined perfusion defect.
This perfusion image may be insensitive to very slow flow
velocity, as indicated by our previous water flow phantom
study, and the lowest blood flow limit in the peripheral
vascular networks of the lungs detectable with these im-
ages is unknown. This image may have difficulty in ob-
taining a high-quality image in extreme cases with very
low cardiac output and may fail to detect a perfusion
defect in the affected lung areas. Temporal global changes
in cardiac output may alter the affected-to-unaffected
lung contrast and may interrupt accurate interstudy
comparison in individual subjects. The ability of the com-
bination MR studies to detect smaller regions of lung
function impairment is also not clarified. Further studies
are warranted in these issues, and comparisons with per-
fusion scintigrams and/or pulmonary angiography in
various lung diseases are also needed to evaluate whether
the present ECG-gated image can be called pulmonary
perfusion image in the traditional sense.
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