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INTRODUCTION

CINE PHASE CONTRAST MR IMAGING  (cine PCMRI) is a
method of velocity measurement, based on the principle
that transverse magnetization of spins moving in a mag-
netic field gradient develops a velocity-proportional phase
shift relative to static spins.1–3 Phase images, on which
signal intensity is proportional to velocity, provide two-
dimensional maps of flow velocity. This technique has
been documented for its accuracy both in vitro and in vivo
and clinically applied for many vessels including flow
quantification of cerebral arteries,4,5 portal veins,6,7 stroke
volume of ventricles8,9 and valvular regurgitation.10,11

The blood flow of the left and right pulmonary arteries can
separately be quantified with cine PCMRI.

99mTc-macroaggregated albumin (MAA) pulmonary
perfusion SPECT has been widely used for assessment of
pulmonary flow distribution.12–18 Regional distribution
of MAA is proportional to the regional arterial blood flow,
because the particles (10–60 µm) are micro-embolized in
the pulmonary vascular beds.

There have been a few reports on the good correlation
between left and right pulmonary flow determined with
cine PCMRI and distribution on planar 99mTc-MAA
scintigrams.19,20 The authors hit upon the hypothesis that
regional pulmonary flow can be quantified by means of
the left and right pulmonary flow measured with cine
PCMRI and the regional-to-total count ratio on 99mTc-
MAA SPECT images.

The purpose of this study was to examine the relation-
ship between left and right pulmonary arterial flow meas-
ured with cine PCMRI and distribution on 99mTc-MAA
SPECT, and to quantify the regional pulmonary flow with
the combined use of those techniques. We prospectively
evaluated the correlation and agreement between the left-
to-total ratios determined with 99mTc-MAA SPECT and
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those with cine PCMRI.

MATERIALS AND METHODS

Subjects
 Twenty patients were entered in this study (16 males and
4 females; age range 24 to 85 y; mean age 63.0 ± 14.3).
Their diseases were lung cancer (n = 8, one was compli-
cated by acute radiation pneumonitis), thymoma (n = 1),
esophageal cancer (n = 3), metastatic lung tumor (n = 1),
pulmonary artery sarcoma (n = 1), Swyer-James syn-
drome (n = 2), emphysema (n = 1), acute interstitial
pneumonitis (n = 1) and pulmonary thromboembolism (n
= 2). They had no congenital heart disease, malformation
of pulmonary vessels or liver cirrhosis causing a right-to-
left shunt. Table 1 shows their characteristics. 99mTc-
MAA perfusion SPECT and cine PCMRI were performed
within 24 hours before or after the other study.

99mTc-MAA Pulmonary Perfusion SPECT
After intravenous injection of 99mTc-MAA 185 MBq in
the supine position, SPECT was performed with a 3-head
gamma camera equipped with parallel-hole low-energy
collimators (Prism3000, Picker, Cincinnati, OH), and the
zoom factor was 1.0. The data were collected in 72
directions in 5° steps over 360° for 15–20 seconds in each
direction, and the matrix size was 64 × 64. The projection
datasets were prefiltered with a Butterworth filter, and
reconstructed with a Ramp filter without attenuation cor-
rection. A section thickness of 14.24 mm and pixel size of
7.12 mm were generated in the transverse planes. The data
processing was done on a computer (Odyssey, Titan 750).

The left and right lung contours were separately deter-

mined by an iso-count method with a threshold value of
20% of the maximum pixel counts for the individual
lungs. The left and right lung counts for each transverse
image were separately summed and the left-to-total count
ratio was calculated.

Pulmonary Flow Measurement with Cine PCMRI
All MR studies were obtained with a 1.5-T superconduct-
ing MR imaging unit (Signa Horizon LX 1.5, GE Medical
Systems, Milwaukee, WI) equipped with a torso phased
array coil. The cine phase contrast sequence was preceded
by a gradient echo sequence to determine the planes for
measuring the left and right pulmonary flow. As previ-
ously described,21 the double oblique planes for flow
measurement were positioned perpendicular to the left
and right pulmonary arteries and proximal to any branch
vessels, which were prescribed from oblique planes deter-
mined on transverse images. Cine phase contrast MR data
were collected with a 256 × 128 matrix and two signals
were averaged. Flow compensation in the readout was
used. The velocity encoding value was 150 cm/sec in 18
patients, and 240 cm/sec in 2 patients. Other imaging
parameters were set as follows: TR/TE, 30–40/minimum;
flip angle, 20°; field of view, 24 cm; section thickness, 5
mm. The data were retrospectively segregated into 16
images per cardiac cycle with plethysmographic signals
as time marks. A complex reconstruction of these data
produced two kinds of images; a magnitude image and a
phase image.

Regions of interest (ROIs) were set on the left and right
pulmonary arteries on a magnitude image, and then ap-
plied to the corresponding phase image. The signal inten-
sity in the ROI of each frame on the phase image revealed

Table 1   Clinical characteristics in 20 patients

Patient no. Age Sex Diagnosis Treatment Dominant site of pathology

1 78 M Lung carcinoma Post radiation Left lung
2 65 M Lung carcinoma (−) Left lung
3 78 M Lung carcinoma Post radiation Right lung
4 63 M Lung carcinoma Post radiation Left lung
5 78 M Lung carcinoma Post radiation Right lung
6 76 M Lung carcinoma (−) Left lung
7 64 M Lung carcinoma (−) Left lung
8 85 M Lung carcinoma, radiation pneumonitis Post radiation Right lung
9 72 F Thymoma Post radiation Mediastinum

10 65 M Esophageal carcinoma Post radiation Mediastinum
11 64 M Esophageal carcinoma Post radiation Mediastinum
12 54 M Esophageal cardinoma Post operation & radiation Mediastinum
13 47 F Metastatic tumors (−) Right lung
14 48 M Pulmonary artery sarcoma (−) Right lung
15 24 M Swyer James syndrome (−) Left lung
16 44 F Swyer James syndrome (−) Left lung
17 59 M Emphysema (−) Bilateral lung
18 62 M Acute interstitial pneumonitis (−) Bilateral lung
19 66 M Pulmonary thromboembolism Post anticoagulant therapy Bilateral lung
20 67 F Pulmonary thromboembolism Post anticoagulant therapy Bilateral lung
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the mean velocity. The flow volume (ml/min) was calcu-
lated by integrating the products of mean velocity and
area of ROI on 16 frames, and heart rate (/min). The left-
to-total pulmonary flow ratio was calculated from the left
and right pulmonary flow values.

99mTc-MAA SPECT and MR data were processed by
independent operators who were blind to the data ob-
tained by the other method.

Quantification of Regional Pulmonary Flow
We proposed the method of regional pulmonary flow
quantification with 99mTc-MAA SPECT and cine PCMRI.
The rationale of regional pulmonary flow quantification is
simple: The regional flow can be quantified by the con-
comitant use of the ratio of regional-to-unilateral total
count on 99mTc-MAA SPECT and the ipsilateral pulmo-
nary flow measured with cine PCMRI. We, therefore,
developed a computer program for quantifying regional

Table 2   Data obtained with 99mTc-MAA SPECT and cine PCMRI

Left/Total count Left/Total flow Flow measurement with cine PCMRI

Patient no. radio of 99mTc-MAA  ratio with cine PCMRI Left Right Total
% % ml/min ml/min ml/min

1 32 38 1100 1810 2910
2 47 45 2070 2530 4600
3 85 80 2580   640 3220
4 27 30   970 2250 3220
5 90 88 2570   360 2930
6 39 40 2310 1570 3880
7 43 43 1810 2390 4200
8 90 87 2040   300 2340
9 40 40 1670 2470 4140

10 50 51 1420 1380 2800
11 42 42 1480 2040 3520
12 34 32 1510 3190 4700
13 73 73 2990 1100 4090
14 98 97 4280   120 4400
15 43 41 2280 3280 5560
16 36 35 1450 2680 4130
17 49 50 1750 1750 3500
18 31 33 1100 2200 3300
19 52 52 2350 2170 4520
20 43 42 2140 2370 4510

Mean ± SD 52.2 ± 22.1 52.0 ± 20.8 1830 ± 930 1990 ± 770 3830 ± 800

Fig. 1    Linear regression of left-to-total ratio of pulmonary flow
determined by 99mTc-MAA SPECT versus by cine PCMRI.

Fig. 2    The plot of difference versus mean for left-to-total ratio
of pulmonary ratio by 99mTc-MAA SPECT and by cine PCMRI.
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pulmonary flow in any region. At first the ratio of the
unilateral pulmonary flow to the total count for the ipsilat-
eral lung was taken as the scale factor (ml/min/count), and
the scale factor per voxel volume (/min/count) was also
calculated (the scale factor divided by voxel volume).
Secondly, a ROI was placed on a 99mTc-MAA SPECT
image and the mean count per voxel volume in the ROI
was determined. Finally, the regional pulmonary flow
(ml/ml lung/min) was determined by multiplying the
scale factor per voxel volume by the mean count per voxel
in the ROI.

Statistical Analysis
Data are shown as mean ± SD. Linear regression analysis
and Bland-Altman analysis22 were used to compare the
data obtained from 99mTc-MAA SPECT and cine PCMRI.
A paired Student’s t-test was used to determine significance
of difference, defined as p < 0.05.

RESULTS

The data acquisition of both 99mTc-MAA SPECT and cine
PCMRI was successful in all patients. A summary of the

data obtained with 99mTc-MAA SPECT and cine PCMRI
is shown in Table 2. The left-to-total ratios obtained with
99mTc-MAA SPECT and cine PCMRI were 52.0 ± 22.1%
and 52.2 ± 20.8%, respectively, showing no significant
difference (p = 0.64). Four patients had total pulmonary
blood flows of 3000 ml/min or less, but the patients were
physically small individuals, and all had a cardiac index
greater than 2000 ml/min/m2. Figure 1 shows the linear
regression analysis of the left-to-total ratio obtained
with 99mTc-MAA SPECT vs. cine PCMRI. The ratio of
99mTc-MAA distribution (y) and the ratio measured with
cine PCMRI (x) showed an excellent correlation (y =
1.06x − 2.66, r = 0.99, n = 20, p < 0.001). Figure 2 shows
the agreement between the two methods according to the
Bland-Altman plot. The mean difference was 0.25 ± 2.3%
with 95% confidence interval −0.84 to 1.34.

A case of regional pulmonary quantification in a patient
(patient 8) with acute radiation pneumonitis is shown in
Figure 3.

DISCUSSION

In the present study we evaluated the relationship between

Fig. 3    (A) 99mTc-MAA SPECT images. (B) Scale factor per voxel volume of each lung is calculated
from SPECT and MRI data. (C) ROIs are placed on selected SPECT images. Regional pulmonary flow
in each ROI is calculated from the scale factor per voxel volume and the mean count per voxel.
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left and right pulmonary arterial flow measured with cine
PCMRI and the distribution in each lung on 99mTc-MAA
SPECT, and demonstrated good agreement between the
two methods. The results indicate that regional pulmo-
nary flow can be quantified by combined use of 99mTc-
MAA SPECT and cine PCMRI.

Cine PCMRI can provide noninvasive measurement of
blood flow velocity and volume. Cardiovascular applica-
tions have also been reviewed.23,24 Cine PCMRI of the
main pulmonary artery has been used for shunt volume
quantification in congenital heart disease25 and flow profile
analysis in pulmonary hypertension.26,27 With regard to
proximal left and right pulmonary arteries, cine PCMRI is
applicable to left and right main pulmonary arterial flow
quantification.19,21 Nevertheless, peripheral pulmonary
arterial flow measurements by cine PCMRI are limited
and nonrealistic due to several factors: a) artifacts due to
cardiac and respiratory motion and susceptibility effects
arising from air may result in erroneous measurement;
b) difficulty in determination of anatomically complex
vessels; and c) considerable time consumption due to the
increasing number of vessels.

Doppler echocardiography and right heart catheteriza-
tion (RHC) with a thermodilution catheter also enable
measurement of pulmonary arterial blood flow. Echo-
cardiography has the advantages of noninvasiveness and
simplicity, but the accuracy of flow measurement is
dependent on the operator’s skill and availability of an
acoustic window. With echocardiography, it is also difficult
to quantify blood flow in the left and right pulmonary
arteries separately. RHC has some limitations for the
assessment of low cardiac output,28 and is so invasive that
it is not suitable for routine and repeated patient assess-
ment.

99mTc-MAA pulmonary SPECT allows for the non-
invasive and quantitative study of the three-dimensional
distribution of pulmonary circulation and has been widely
used for pulmonary perfusion assessment.12–18 Recently,
MRI of pulmonary perfusion has become feasible and is
a promising technique for detecting lung perfusion de-
fects,29 but this technique cannot provide quantitative
assessment of pulmonary perfusion.

The threshold value of 20% was used to exclude scatter
on 99mTc-MAA SPECT images in this study. Although we
preliminarily compared the left-to-total count ratio ob-
tained with five different threshold values (0, 10, 20, 30,
40%) with the flow ratio determined with cine PCMRI,
there were no significant differences among the threshold
values (unpublished data). Determination of lung con-
tours on 99mTc-MAA SPECT is especially necessary for
comparison with other methods such as CT or ventilation
SPECT.

It is necessary to determine each lung contour sepa-
rately on SPECT, because when the perfusion of a unilat-
eral lung is remarkably reduced such as in patients 3, 5, 8
and 14, the size of the affected lung is underestimated if

the same threshold value is applied. This separate deter-
mination of each lung outline allowed us to obtain excel-
lent agreement for the left-to-total ratio obtained with
99mTc-MAA SPECT and cine PCMRI despite various
perfusion abnormalities of the affected lungs among pa-
tients.

A right-to-left cardiac or pulmonary shunt causes ab-
normal extrapulmonary accumulation of 99mTc-MAA30

and results in overestimation in quantification of the
regional pulmonary flow. Our study population did not
contain any patients with right-to-left shunt, including
congenital heart disease, pulmonary arteriovenous fistula
and liver cirrhosis. In such patients, the quantification of
the regional pulmonary flow should be preceded by evalu-
ation of the shunt ratio for the whole body 99mTc-MAA
scans.

Serizawa et al.31 and Schuster et al.32 reported methods
for measuring regional pulmonary flow in vivo with
H2

15O and PET, based on a one compartment model. In
comparison with their methods, the theory of our method
is simple, based on the determination of flow volume at
the level of the main left and right pulmonary arteries with
MRI and regional flow ratio with 99mTc-MAA SPECT,
and avoids complicated procedures and the limitations of
PET.

The disadvantage of our method of regional pulmonary
quantification is that it requires two imaging methods, but
MRI provides morphological information on the medi-
astinum, heart and pulmonary hilar regions, and 99mTc-
MAA SPECT enables assessment of pulmonary flow
distribution. Recently, combinations of two or more im-
aging techniques are more frequently used in the assess-
ment of lesions such as fusion of PET and CT.

Abnormalities in the distribution of pulmonary perfu-
sion are seen in a wide variety of pathological pulmonary
vessels, including pulmonary embolism, pulmonary steno-
sis, primary pulmonary hypertension, Takayasu’s arteri-
tis and other types of vasculitis. Moreover, many airway
diseases or other causes can result in abnormal perfusion,
including asthma, chronic obstructive pulmonary disease
(COPD), infection, radiation therapy and chemotherapy,
etc. Quantification of regional pulmonary flow is useful in
analyzing the physiology and pathology of the lung, and
could be applied to assess response to therapy and make
a prognosis. Another potential clinical application is to
predict pulmonary function after lung or lobe resection,
but further studies are required to estimate the clinical
significance of measuring regional pulmonary flow.

Assessment of ventilation/perfusion (VA/Q) ratios is
significant because VA/Q unevenness is a prominent
cause of hypoxemia. Radionuclide study is the only
method to assess VA/Q unevenness among imaging meth-
ods. Recently, several attempts have been made to image
ventilation and perfusion distributions by means of dual
radionuclide SPECT, which is a useful method for evalu-
ating the regional VA/Q ratio,33–38 but the absolute values
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of regional VA/Q ratios have not yet been determined in
radionuclide examinations. Almquist et al.39  reported a
method to obtain regional VA/Q ratios with 133Xe and
SPECT, but this is not ideal because of underestimation as
the authors mentioned. In this study, absolute values of
the regional pulmonary flow were measured by our method.
Therefore, if a technique to quantify regional alveolar
ventilation volume is developed, the absolute regional
VA/Q ratios can be determined.

CONCLUSION

We demonstrated excellent correlation and agreement
between the left-to-total ratio of 99mTc-MAA distribution
and that of pulmonary arterial flow measured with cine
PCMRI. The results indicate that regional pulmonary
perfusion is quantified with the combined use of left and
right pulmonary flows measured with cine PCMRI and
the regional distribution on 99mTc-MAA SPECT images.
This is a simple, accurate and practical method for quan-
tification of regional pulmonary flow. Further studies
are required to estimate the clinical significance of this
measurement in various pathological entities.
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